Physics of
Highly-Ionized
Atoms

NATO ASI Series
Advanced Science Institutes Series
A series presenting the results of activities sponsored by the NA TO Science Committee,
which aims at the dissemination pf advanced scientific and technological knowledge,
with a view to strengthening links between scientific communities.

The series is published by an international board of publishers in conjunction with the
NATO Scientific Affairs Division

A

Life Sciences
Physics

Plenum Publishing Corporation
New York and London

C

Mathematical
and Physical Sciences
Behavioral and Social Sciences
Applied Sciences

Kluwer Academic Publishers
Dordrecht, Boston, and London

Computer and Systems Sciences
Ecological Sciences
Cell Biology

Springer-Verlag
Berlin, Heidelberg, New York, London,
Paris, and Tokyo

B

D
E

F
G

H

Recent Volumes in this Series

Volume 195-Metallization and Metal-Semiconductor Interfaces
edited by I. P. Batra
Volume 196-Collision Theory for Atoms and Molecules
edited by F. A. Gianturco
Volume 197-QCD Hard Hadronic Processes
edited by B. Cox
Volume 19B-Mechanisms of Reactions of Organometallic
Compounds with Surfaces
edited by D. J. Cole-Hamilton and J. O. Williams
Volume 199-Science and Technology of Fast Ion Conductors
edited by H. L. Tuller and M. Balkanski
Volume 200-Growth and Optical Properties of Wide-Gap II-VI
Low Dimensional Semiconductors
edited byT. C. McGill, C. M. Sotomayor Torres,
and W. Gebhardt
Volume 201-Physics of Highly-Ionized Atoms
edited by Richard Marrus
Volume 202'-Point and Extended Defects in Semiconductors
edited by G. Benedek, A. Cavallini, and W. SchrOter

Series B: Physics

Physics of
Highly-Ionized
Atoms
Edited by

Richard Marrus
University of California, Berkeley
Berkeley, California

Plenum Press
New York and London
Published in cooperation with NATO Scientific Affairs Division

Proceedings of a NATO Advanced Study Institute on
Atomic Physics of Highly-Ionized Atoms,
held June 5-15,1988,
in Cargese, France

Library of Congress Cataloging in Publication Data
NATO Advanced Study Institute on Atomic Physics of Highly Ionized Atoms
(1988: Cargese, France)
Physics of highly-ionized atoms I edited by Richard Marrus.
p.
em. -(NATO ASI series. Series B, Physics; v. 201)
"Proceedings of a NATO Advanced Study Institute on Atomic Physics of
Highly-Ionized Atoms, held June 5-15,1988, in Cargese, France"-T.p. verso.
"Published in cooperation with NATO Scientific Affairs Division."
Includes bibliographical references.
ISBN-13: 978-1-4612-8105-4
DOl: 10.1007/978-1-4613-0833-1

e-ISBN-13: 978-1-4613-0833-1

1. Ions-Congresses. 2. Atoms-Congresses. 3. Collisions (Nuclear physics)
-Congresses. 4. Quantum electrodynamics-Congresses. I. Marrus, Richard. II.
North Atlantic Treaty Organization. Scientific Affairs Division. III. Title. IV. Series.
QC701.7.N36 1988
89-16347
539.7-dc19
CIP

© 1989 Plenum Press, New York
Softcover reprint ofthe hardcover 1st edition 1989

A Division of Plenum Publishing Corporation
233 Spring Street, New York, N.Y. 10013
All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording, or otherwise, without written permission from the Publisher

PREFACE

The progress in the physics of highly-ionized atoms since the
last NATO sponsored ASI on this subject in 1982 has been enormous. New
accelerator facilities capable of extending the range of highly-ionized
ions to very high-Z have come on line or are about to be completed. We
note particularly the GANIL accelerator in Caen, France, the Michigan
State Superconducting Cyclotrons in East Lansing both of which are
currently operating and the SIS Accelerator in Darmstadt, FRG which is
scheduled to accelerate beam in late 1989. Progress i~ low-energy ion
production has been equally dramatic. The Lawrence Livermore Lab EBIT
device has produced neon-like gold and there has been continued
improvement in ECR and EBIS sources.
The scientific developments in this field have kept pace with
the technical developments. New theoretical methods for evaluating
relativistic and QED effects have made possible highly-precise calculations of energy levels in one-and two-electron ions at high-Z. The
calculations are based on the MCDF method and the variational method and
will be subject to rigorous experimental tests. On the experimental
side, precision x-ray and UV measurements have probed the Lamb shift in
the one and two electron ions up to Z=36 with increasing precision.
This work will ultimately lead to high precision tests in ions up to
uranium. In another area, the puzzling peaks observed in the positron
spectra resulting from heavy ion collisions in supercritical fields
persist, and attempts to explain them within the confines of conventional
physics have not succeeded. Experiments to test explanations based on
new particles have provided ambiguous or null results.
The physics of highly-ionized atoms has provided the scientific
base for exciting new developments in the field of x-ray lasers and
fusion diagnostics. Several novel schemes for pumping x-ray lasers have
evolved and led to the coherent generation of very short wavelengths.
Finally, increasing sophistication has evolved in the diagnostics of
fusion plasmas using x-ray and UV spectroscopic techniques.
The NATO sponsored ASI of June 1988 surveyed all of these
developments in a series of appropriate courses. This book is a
compilation of the resulting lectures. The efforts of many people
contributed to the success of this institute and it is appropriate to
acknowledge them here. Special thanks need to be accorded to my
colleague Jean-Pierre Briand who took much of the burden of the
organizing responsibilities on himself. Thanks are also appropriate for
Marie-France Hanseler who did a superb job of organizing arrangements
at Cargese.
R. Marrus
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PARITY AND TIME REVERSAL INVARIANCE IN ATOMS

P.G.H. Sandars
Clarendon Laboratory
Parks Road
Oxford
OX} 3PU
U.K.

INTRODUCTION
In these four lectures we discuss current work on the status of parity (P) and
time-reversal invariance (T) in atomic physics.
A feature of the treatment will be a
unified approach to parity non-conservation (PNC) without associated violation of
time-reversal invariance, P not TV, PNC with associated T violation, P and TV, and T
violation without PNC, T not PV. The approach will be primarily pedagogical, aiming
to give a feel for the subject; completeness will not be attempted; the reader interested
in more detail should consult the general reviews to be found in references }-5.
The structure of the lectures will be as follows:
LECTURE I will give the general background to the subject, starting with the
classical definitions of parity and time reversal, together with some simple applications.
This is followed by a discussion of the types of experiment and phenomena which test
the validity of P and T invariance in atomic physics.
We then continue with a brief
discussion of P and T in quantum mechanics.
To relate this to our present state of
knowledge from elementary particle physics, we briefly outline the history of P and T
violation and discuss the implications of present theories for atomic physics in the form
of additional terms in the atomic Hamiltonian. We then discuss the possible magnitude
of these and comment on the choice of atom and experiment which seem to be the
most favourable.
We follow this with a list of those experiments currently under way
throughout the world. Finally we make a few brief remarks about the status of atomic
calculations needed to interpret the experiments.
LECTURE II is concerned with P not TV experiments. We deal first with optical
rotation in heavy atoms. After outlining the general principles of such experiments and
discussing the principles of an ultra-sensitive polarimeter we specialize to bismuth and
discuss in detail the recent Oxford experiment 6. We continue with a brief discussion of
the experiment of Wieman 7 the latest in a series of beautiful experiments on electric
field induced transitions in Cs initiated by the Bouchiats (see ref. 3). We conclude the
lecture with a mention of an inger.1ous experiment proposed by Bouchiat et al. 8 to look
for parity violation using a stimulated emission technique.

LECTURE ill reports on experiments to look for atomic P and TV phenomena,
particularly electric dipole moments. We first deal with atoms with non-zero electronic

angular momentum. After discussing some conventional atomic beam experiments9, we
mention a novel laser experiment under development at Berkeley.
We then discuss
recent work on the TIF molecule at Yale 10 and conclude with the very beautiful optical
pumping experiments at Washington ll ,12.
LECI'URE IV deals with the atomic theory (see refs 22, 13) needed to interrelate
atomic experiments with the underlying physics. After some preliminary generalities, we
discuss the simple single particle approach and its limitations. We then discuss in some
detail the more complex calculations. needed to reach the desired accuracy, concentrating
on the many-body perturbation method.
We mention the most significant features of
the various calculations, though without any detailed discussion.
We conclude with a
tabulation of the results and a brief conclusion.

LECTURE I
1.1

T and P in classical physics
The classical versions of the two operators P, T are given in table 1.

Table 1

Space and time 'mirror' operations.

Symbol

'mirror' operation

P

x, y, z

T

~

~

-x, -y, -z

-t

The operation associated with parity is inversion, a sort of three dimensional mirror
through the origin; it consists of a mirror image in one plane plus a rotation. Time
reversal is actually motion reversal since clearly 'time' cannot be reversed.
It can be
imitated by running a film or TV recording backwards.

b

a

])

","
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...... ...

.

- ..... -)

~

-

~

2

1'•

..

Defines (~1-~2).Q
P and T invariant
FilUre 1.1

... ..,.

Defines ~lX~2.Q
P and T violating

In both diagrams the whole motion takes place in the xy plane.
In figure 1(a) the charges all lie in this plane while in
figure 1(b) they lie on the z axis.

Classical physics is invariant under these operations. This means that if a particular
motion is allowed so is its 'mirror' image. Figure 1 gives a pair of possible motions.
Figure 1(a) is allowed because its mirror image and time-reverse can be rotated into the
original motion; they are therefore P and T invariant. This is not true on the other
hand for figure 1(b) where the two mirror images are quite distinct from the original.
We see that figure l(b) could be used to define a handed coordinate system through the
The
triplet of vectors 21' 22 and Q the dipole moment of the charge distribution.
direction of time can also be defined through such a motion.
Another very useful way of putting this is to note that figure 1(a) can define the
scalar product (2\-22).Q which is even under both P and T whereas figure l(b) is
associated with (2\X22).Q which is odd under both P and T.
1.2

P and T violating phenomena

It is convenient at this stage to generalize the line of argument made at the end of
the previous section to discuss the sort of phenomena and experiments which would
We can do this in terms of
constitute evidence for violation of P or T invariance.
classical concepts since at some level every experiment must ultimately be expressed in
terms of macroscopic parameters. Specifically, an experiment to look for or measure P
or T violation must involve a combination of quantities which is odd under the
appropriate symmetry operation. Since we are interested in atomie .and optical physics,
we confine our attention to the set of quantities which describe the lowest order
interactions of an isolated atom, possibly placed in electric or magnetic fields, with a
photon in absorption, emission or fluorescence. The quantities of interest are set out in
table 2, together with their transformation properties under P and T.

With these transformation properties it is a simple matter to construct combinations
The detection of an
which are odd under the appropriate symmetry operators.
experimental result which allows the definition of such a signature would constitute
evidence for violation of that invariance. Thus detection of an absorption which depends
on the handedness !t.! of the photon would indicate parity non-conservation, whereas the

Table 2

Symbol

Symmetry properties under P and T for some important quantities
in photon atom interactions.
Property

Transformation property
P

J

angular momentum

k

photon propagation vector

(J

circular polarization of photon

T

+

+

linear polarization of photon

+

E

electric field

+

B

magnetic field

X

chirality of handed molecule

+
+

3

Table 3

Possible atomic signatures for P T violation.

P and T invariant
P not T violating

Q:·k , \: ' (Q:,·k, )(1£1 x~.k2)(Q:2 ·1£2)
Q:.~X§.

, J.k , k·§'

T not P violating
P and T violating

detection of an edm interaction J.E would indicate both P and T violation. We divide
our table into the four types of P T violation. We have not attempted to be complete,
but have included the majority of terms which are important in practice.
1.3

P. T. C and CPT in quantum mechanics

We now turn to the 'quantum mechanical description of P and T.
In
non-relativistic quantum mechanics the inversion operator P remains essentially as in
table I, but in Dirac theory it becomes more complicated because the large and small
components of the wavefunction have opposite parity and an additional component of the
operator is required to deal with this.
The quantum mechanical time-reversal operator on the other hand requires
considerable care since it must correctly reverse such 'motional' operators as momentum
It and spin r? The complex form of the former with It = -i1i~ suggests that complex
conjugation will play an essential part. To also get the correct effect on the spin, an
aditional operator on the spin is required. As is explained in detail in reference 14, the
time reversal operator must therefore be antiunitary and have the form 8 = UK where
U is a suitable unitary operator.
The fact that (I is antiunitary whereas P is unitary
have very important consequences as we shall see.
The charge conjugation operator is only properly defined in quantum field theory
and as we do not need to do so we shall avoid discussion of its detailed form. Suffice
to say, one can find a unitary operator C which turns particle into anti-particle.
For
our purposes, the most important property of C is that it combines with P and T to
form the anti-unitary operator CPT.
It is one of the most remarkable of theoretical
results that in all covariant local field theories CPT is required to be a good symmetry,
whereas there are no intrinsic requirements at all about P, T or C separately.
The
importance of this will be made clear in section 1.5.
1.4

Symmetry violation in atoms

Atoms satisfy P and T symmetry to a very high degree, but we are interested in
any possible violations and the extent to which they can be detected.
We assume
therefore that an atom can be described by a Hamiltonian containing a major piece H °
which is P and T invariant and a smaller piece HV which is not.
H

HO + HV.

Using perturbation theory as always we have in zeroth order
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where

I~f >

has well-defined parity.

L 11/ ~>
J

In first order,

.°IHvl Ii'.°>

<If.
J

i

W~ - w~

J

1

J

In the case of P violating Hamiltonians HV, the sum over j spans states opposite in
parity to >/tio, whereas if HV is T not P violating ~ f spans states of the same parity as
1/;;0.

Now the maJonty of the tests for P, T violation in which we are interested involve
interaction between an atom and an external electromagnetic field, either static or
dynamic. Thus in almost all cases we are interested in elements of the form

T~i

< "';

I

T

I >/t~

> + <

~~ I

T

I "'~

>

where T is a suitable interaction operator and the two states f and
be identical.

mayor may not

While the detailed calculation of Tri for a particular case may be extremely
complex there are certain very general remarks which we -'can make at this stage
concerning the various possibilities for P or T violation.
In making this analysis we
have assumed that the phases of the states ..;,e have been chosen in the standard way
which ensures that the reduced matrix elements of the spherical harmonics are real.
With this phase convention we can show for the various choices for HV:
(i)

P !!Q1 T violating. The matrix element of HV between opposite parity states
is pure imaginary as therefore are the induced transition elements Th
This
means that the diagonal electric dipole moment Elf; is zero; as we have
already seen, an edm requires P and T violation.
Circular polarization on
the other hand depends on Imag El fiMl ~i which is nonzero when Ml is the
normal transition element and El is induced by HV.

(ii)

P and T violating. Here the matrix element of HV is again between opposite
A
parity states but is now real, as is the induced transition element.
diagonal edm is now possible but the circular polarization will be zero.

(iii)

This case differs from the two above in that HV acts
T not P violating.
between states of the same parity, but it is pure imaginary in contrast to the
elements of P and T conserving terms. Thus P not T induced elements are
pure imaginary relative to the normal ones. One can quite readily show that
interference between an Ml induced by HV and an El transition induced by
an external electric field leads to an electric field induced transition rate
proportional to the T not P violating quantity f.£'.

Analysis shows that the rules (i) - (iii) are just those
observable phenomena with the symmetries set out in table 3.

1.5

required

to

produce

Historical perspective

In order to put our general observations concerning atomic P and T violation into
their elementary particle perspective we inject here a brief and highly selective history of
the interaction of particle and atomic physics in this area. An excellent treatment is to
be found in the book by Sachs 14 .
As the reader will be aware, prior to 1957 it was generally thought that P and T
invariance was universal in physics and therefore in atoms too. With the discovery of P

5

violation in (3 decay there was a flurry of interest in possible atomic implications both P
and T. But this died down quite rapidly on the P side because it seemed clear that the
weak interactions involved only charged currents and these would not yield direct
interactions of order G F . An additional factor was the realization that the P violation
was accompanied by C violation in just such a way as to keep CP an exact symmetry
and that through the CPT theorem, T invariance probably remained good. Nonetheless
there were a few pioneering experiments by the author and others in this period to look
for an atomic electric dipole moment.
The situation changed radically in 1964 with the discovery of the decay of the
violation, and indeed subsequently
some indirect evidence was obtained from detailed analysis of the K 0 decay for T
violation without the intermediate assumption of CPT. For details, the reader is referred
to the book by Sachs l4 •
The discovery of CP violation stimulated a range of
experiments to look for atomic P and T violation, essentially atomic variants of Ramsey's
famous experiment on the neutron edm (see ref. 12 for a review). This activity was
not accompanied by any serious work on atomic P not T violation because it was still
widely held that only charged currents existed.

Kf.

-+ 2lr which implied CP violation and hence T

The third revolution occurred in 1972 with the discovery of neutral currents in "
scattering at high energies. It was immediately realized by the Bouchiats l5 that atomic P
not T experiments were in fact possible at a significant level of precision. After some
initial confusion and contradictory experimental results, clear -.da.ta indicating the existence
of P not T violating atomic phenomena of the expected magnitude began to emerge
around 1980 - indicating that P violation in the weak interaction does indeed extend
right down to the very low energies involved in atoms (see ref. 16 for details).
The present situation is that for P not T violation we have a mature elementary
particle theory - that of Weinberg-Salam-Glashow - which is in agreement with all
available experimental evidence, including atomic which is now at about the 10% level of
precision. On the T violating side, there is now a consensus that the origin may lie in
the relative phases of the three generations of quarks, but there is no c1earcut
experimental evidence (see ref. 17). As a result interest in T violation in atoms has
again increased and will be discussed in lecture III.
1.6

The atomic Hamiltonian

In this section we summarise briefly our knowledge of the symmetry violating part
of the atomic Hamiltonian in the context of the elementary particle position outlined
above. As we shall see, the position differs in the three cases of interest to us and our
treatment varies accordingly.
I.6a

P not T violating
Here the Hamiltonian is well-known and can be written in the form:
P not TV

H

GF
--

2ii

~'Y

5

PN(r)

+

GF

2/i ~

~

where G F .is the weak interaction constant, 'Y 5 and ~ are the usual
pN!r) is a suitable nuclear density. The elementary particle physics
so-called weak charge Ow and magnetic moment !:!'W. Because the
is conserved Ow depends directly on electro-weak theory and is
structure effects. The value is given in terms of the Weinberg angle

6

PN(r)

Dirac operators and
is contained in the
weak vector current
free from nuclear
Ow byl8

where sin 2 8 w = 0.230 ± 0.005.
effects.

!!:.W

The deviations from integers are electro-weak radiative

is much more complicated for three reasons:

(i)

The direct electron-nucleon interaction is proportional to (1 - 4sin 20 W ) which
is small.

(ii)

It also depends on nuclear structure just as the magnetic moment does.

(iii)

There is an indirect mechanism whereby PNC nuclear forces produce an
anapole momentl9 which interacts electromagnetically with the electron giving a
term of the same form as the direct interaction. Calculations suggest that the
anapole may dominate for heavy atoms.

An important point to note here is that Ow is independent of nuclear spin and the
effect of the nucleons is additive so that it grows roughly proportionally with N (or Z).
Ilw. in contrast, depends on nuclear spin and its magnitude remain approximately
independent of atomic number.

I.6b

P and T violating

The situation is more complicated here and we
Hamiltonian in complete detail. The main terms are:

do

not

try

to

specify

the

HP and TV

+

C

5

The first term is the electron edm. the next three are the nuclear edm, magnetic
quadrupole and electric octupole moments interacting with the fields from the electron.
The final two terms are the T violating analogues of the nuclear spin independent and
nuclear spin dependent terms in the P not TV interaction.
The somewhat unfamiliar
forms of the edm interactions are chosen to automatically satisfy Schiff's theorem which
states that in the non-relativistic limit the edm on a charged point particle in
equilibrium makes no contribution to the energy.
The (t~-1) factor for the electron
retains relativistic effects.
The use of the so-called Schiff moment Qs which is
proportional to the nuclear radius cubed brings in nuclear size effects to overcome the
theorem.
The effect of these makes the Schiff edm term of the same order of
magnitude as the magnetic quadrupole and octupole terms.
An important difference between HPnotTV and HPandTV is that we have no accepted
theory for T violation and therefore no hard predictions for the magnitudes of the
P and TV terms.
There are some limits and guesses but experimentally the subject is
wide open.

I.6c

T not PV

Very little work has been done on this case and as far as the author
particle physics based atomic Hamiltonian has been proposed.
It is in fact
to write down a simple local interaction analogous to the P not TV and
terms. An effective Hamiltonian of the right form which is useful for model

HT not PV

C

5

1 -1

X 5

-2

.

(Q-1 - -2
Q ) + C 2 -I .

5 X

-

is aware no
not possible
P and TV
building is

g
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Once again the first term is independent of and the second term dependent on the
nuclear spin.

I.7

Effective dipole operators

As we pointed out in section 1.4 the most important effect of HV is to admix states
with either the wrong symmetry or phase giving rise to a modified transition operator
Tri'
An important feature of this is the way in which an induced electric dipole
moment depends on the electronic and nuclear angular momenta J and I.
This
determines selection rules and detailed dependence on hyperfine quantum numbers

P not TV
Here part of the operator is nuclear spin dependent and part not

The first term comes directly from the first term of HPnotTV and the second from the
second. The different dependence on I and ! mean that in principle these two terms
can be unambiguously separated by experiment.
P and TV
Hermiticity and T violation arguments show that the effective edm operator can be
written

where the parameters are state dependent.
There will in general be a number of independently measurable parameters and
these can be related back to particular originating terms. Thus the electron edm will
contribute to d 1 0' the nuclear to dOl' the magnetic quadrupole to d 21 etc.
It is
important to note however that if the hyperfine structure plays an intrinsic role in
determining DV then the above arguments become more complicated.
The triple
combination of electron edm, magnetic hyperfine interaction and electron electric dipole
transition operator can produce a contribution to do,; the hyperfine interaction transfers
the PNC effect from electronic to nuclear spin space. This is an important observation
which allows experiments on atoms with J = 0 to be sensitive to the electron edm.

1.8

Enhancement

The general order of magnitude of the P violating effects which we have been
discussing is given by the weak interaction constant G F = 2.18xlO-' 4 atomic units, or
probably even smaller in the case of P and T violating effects.
This very small value suggests that we must pick those optimum situations where
the effect to be observed is 'amplified' as much as possible.
In all cases of
experimental interest we make use of state admixtures of the form

admixture

matrix element
energy difference

It is clear that we need to choose the numerator to be large or the denominator to be
small - or both.

8

(i)

Heavy atoms

In the majority of cases the important atomic matrix element is between s 1/2 and
p 11 2 states with an operator heavily weighted to the origin. One finds

Z 3 holds for the spin independent P not TV and P and TV terms and for the electron
edm, Z 2 for the spin-dependent P not TV term and P and TV terms and for the
nuclear edm term.
This factor of 10 4 - 10 6 puts a heavy premium on the heaviest
atoms.
(ii)

Degeneracy

It was realized very early in this work that near degeneracy of the opposite parity
levels in hydrogen might give major enhancement factors. This is certainly so, but the
smallness of Z and technical problems seem to rule this out as a successful mechanism.

More recently, there has been considerable interest in the rare earths 20 where there
are dense overlapping configurations of opposite parity with numerous near coincidences.
It remains to be seen whether these are usable in practice.
1.9

Numbers

Let us now consider a few numbers. For our discussion we take as a typical state
admixture '" 10-' o. This will produce in turn an induced moment '" 10-' a ea O.
To
see whether such an admixed dipole could be measured, we must distinguish P not TV
where we are dealing with transitions and P and TV where we have an edm energy to
consider.
(a)

P not T

a 10-' a fractional effect is clearly very difficult to use but we can improve the
situation enormously by using forbidden or highly forbidden transitions with transition
dipoles, expressed in the same units of 10- 3 and 10- 6 respectively.
It is clear that
fractional effects of order 10- 7 are obtainable and these, as we shall see, are well
within the limits of current experiments.
(b)

P and T

an edm of 10-' a ea a in an electric field of 105 V/cm gives a frequency shift of
order 30 Hz. Since mHZ sensitivity can readily be obtainable in radiofrequency atomic
and molecular beam experiments, our canonical sensitivity can readily be achieved, and
as we shall see significantly exceded. Unfortunately, the effect of Schiff's theorem is to
markedly reduce the sensitivity to nuclear edm effects; the factor involved is of order
10- 4 - 10- 6 •
I.1 0

Atomic theory

A crucial element if a programme to look for and measure symmetry violating
effects in atoms is to be useful is that one has reliable atomic theory to relate atomic
experiment to fundamental quantity is of interest (see refs. 13, 22 for details).
Such
atomic theory normally goes through three stages:
(i)
(ii)
(iii)

Order of magnitude hand waving
Central field model, one particle calculations
Major calculations

9

The extent to which one moves down through these stages depends on the situation on
the experimental side.
Stage (i) is often adequate to indicate whether a project is
interesting and viable or not. If it is, stage (ii) must be carried through and is often
all that is required until it is clear whether the experiments can produce results of
significant accuracy.
If they do, then stage (iii) is required.
In the P not TV case
where accurate experiments are now available a major effort is now under way. This is
outlined in lecture IV. In the case of P and TV, where only experimental limits are
available, the majority of calculations have been at stage (ii) although some more
significant work is under way stimulated partly by the availability of computer codes and
expertise from the P not T programme and partly by the worry that the simple minded
stage (ii) calculations may possibly be significantly in error.
It is perhaps worth noting in passing that the major calculations require the
deployment of a wide range of relativistic, many-body techniques. PNC work now leads
non PNC work and suggests that calculations of ordinary properties for heavy atoms can
be made at an accuracy which significantly improves on what was previously thought
possible.
Survey of experiments

1.11

We bring this birds eye view of the field to its conclusion by listing in tables 4a,b,c
without discussion the types of experiment currently undeFway, together with a few
additional suggestions which are 'being seriously considered. More detailed discussion of a
number of the most recent investigations will be given in Lectures II and III.

Table 4a
Method

Element

Polarimetry

Bi, Tl
Pb

Seattle*, OXford*,
Moscow* ,
Novosibirsk*

E-field induced
fluorescence

Cs

Paris

Beam version
of above

Cs

Boulder*

Stimulated
emission

Cs

Paris*

E-field induced
absorption

Tl

Berkeley

nmr

Tl mol

Signature

x!·!!

Group/Status

Grenoble

~yro

?

idea

molecular
energies

?

idea

laser

* experiments continuing.
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P not T experiments

Table 4b

P and TV experiments

Method

Element

Signature

Group/Status

Atomic beam

Cs, TI,
Xe

J..g

Oxford, Berkeley*

Molecular beam

T1F

l·g

Oxford, Jiarvard,
Yale*, Leningrad*

Optical pumping

Xe, Jig

l·g

SeaUle*

Table 4c
Method

Element

Laser gyro

?

P nQ! TV experiments
Signature

Group/Status
idea

*experiments continuing.
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LECTIJRE II P not TV experiments
Rather than attempt to review past work which is admirably treated elsewhere 2,3, we
describe here the two most recent experiments on Bi, Cs and a novel technique
proposed to investigate Cs.
n,t

Optical rotation in bismuth

(i)

General Principles

If parity is not conserved, a pair of levels which have the same basic parity and
are joined by a magnetic dipole (M1) transition element can also have a small PNC E1
element admixed.
Because of the phase lag between electric and magnetic fields for
circularly polarised radiation absorption and refractive index will now depend on

(11.1)
and the interference term implies a difference between right and left polarizations.
Simple wave theory then allows one to show that for a single isolated transition plane
polarized light suffers a rotation
-471"

~R

I'pNC(" )

.

J [nM1 (J' ,Q)

1]

(11.2)

dQ

on passing through a region with parity conserving refractive index nM!'
1m

R

E1
M1

Here

pNC

(11.3)

is a measure of the degree of parity nonconservation and is the experimentally measured
quantity.
We see that <PpNcC J') will have the familiar dispersion shape of refraction
index near resonance.
At first sight one can increase its absolute magnitude by
increasing the optical path length f(nM!(J.,Q)-l)dQ but there is a limit to this since in
the resonance region where the refractive index varies with wavelength, an essential
requirement to separate it from background, there must also be absorption. It is useful
to note that at one absorption length at line centre, <PPNC = t R/2 at its maximum and
minimum. R is therefore a good measure of the magnitude of angle to be measured.
(li)

The bismuth transitions

There are two allowed M1 transitions in bismuth which are well suited to optical
rotation experiments since they fall in a convenient region of the spectrum:

12

6p 3 J

3/2

6 p 3 J'

3/2

876

6p 3 J

3/2

6 p 3 J'

5/2

648 nm

nm

We concern ourselves here solely with the 876 nm Iine 6, a detailed description of work
on the 648 nm transition has been given by Taylor et all.
This transition is more complicated than indicated in the section above first because
bismuth has nuclear spin 9/2 and there is a complex hyperfine structure but also because
in addition to the Ml transition amplitude there is also an E2 count interfere with Ml
(in the absence of external fields), the E2 does contribute both to absorption and to
Faraday effect which we use for calibration and test purposes. Provided that the nuclear
spin independent part of the PNC interaction is dominant, equation (II.2) still holds and
one can readily compute the spectral form to be expected for the optical rotation
hyperfine pattern. The result is illustrated in figure 11.1 below. The unknown to be
measured is the absolute magnitude which determines R. Calculation suggests that R will
be close to 10- 7 and we therefore use this value for illustrative purposes.
We note in passing that the situation changes markedly if the nuclear spin
dependent interaction is significant. This gives rise to an appreciably different hyperfine
pattern with the consequential possibility of separating the two effects.
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Figure 11.1

(a)

Theoretical PNC optical rotation profile <PpNC for R

(b)

Theoretical Faraday profile for B = 1 mG.
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(iii)

n.2

[]PlICAL

RCTATIDH REAL TlI1£

The Oxford 876 nm optical rotation polarimeter.

The apparatus
The apparatus which is sophisticated laser polarimeter is illustrated below

(iv)

Experimental method
One can distinguish four stages in the experiment.

(a)

Angle measurement

The basic technique for measuring the optical rotation <P has been described in
Tregidgo et a{13. A square wave modulation scheme consisting of angles <PM = +A, -A,
o is applied to the Faraday modulator with a period of 1 msec. The corresponding
signals leA), I(-A), 1(0) are integrated, normalized for laser intensity, and then used to
calculate '{J via the square law equation.

which gives

A

I(A) - I(-A)

2 I(A) + I(-A) -

21(0)

The denominator is proportional to the transmission of the system and is used to
measure the absorption spectrum and hence the optical depth.
(b)

Wavelength dependence

In order to utilize the complex signature afforded by the spectrum (figure 11.1), the
laser is scanned over a significant portion of the hyperfine pattern and the rotation angle
at each of a large number (128) of equally spaced frequency points is measured and
stored.
Simultaneoulsy the absorption is measured at each point as discussed above.
Occasionally, a known longitudinal magnetic field is applied and the hyperfine Faraday
spectrum is accumulated.
This is used to check on our understanding of the spectral
Iineshape - calculation of the Faraday effect contains many of the same input parameters
as does that for the PNC optical rotation. We note at this point that considerable care
is taken to reduce the residual magnetic field during the optical rotation runs to a value
comparable to the optical rotation - their separation will be discussed below.
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(c)

Double oven discrimination

A major worry in optical rotation experiments is the possible presence of a
wavelength dependent angle of purely optical origin which by chance mimics to some
extent the expected PNC spectrum and hence filters through as noise or as an erroneous
contribution.
A unique feature of the Oxford bismuth experiments is a double oven
system which al10ws a wavelength scan to be made with bismuth vapour present "oBi(")
and then a scan without bismuth but with no change in the optical system "oe( /,).
Subtraction of the two should leave only bismuth dependent effects.
(d)

Fitting
The rotation spectrum for a complete scan is fitted to a function of the form

for which the frequency scale, Iineshape parameters and average optical density have
already been determined. Five parameters are floated: Q and (3 are the scaling factors
for the PNC and Faraday rotation theoretical spectra "oPNd") and "oP( /'), while the other
three represent any unsubtracted background rotation as a quadratic infrequency Q(,'). R
is deduced from the fitted value of Q. An important feature of the fitting process is
the use of a sophisticated weighting procedure to take into account the effect on the
signal to noise of the differing absorption throughout the spectrum. Measurements are
made at an optical depth which optimizes the overal1 signal to noise on the final result.
This choice has the result that in some regions of the spectrum is almost totally
absorbing and the noise is dominated by residual detector background. It is clearly very
important to give most weight in the fitting procedure to the regions which have most
input on the final answer.
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Optical rotation as a function of frequency (a) single pass,
Open circles represent
(b) superposition of 58 traces.
points of low weight (ref. 6).
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(e)

Results

Figure II.3(a) ShOlNS the results from a single 'PBnae run over the red wing of the
hyperfine pattern, together with a best fit theoretical curve. Figure II.3(b) shows the
superposition of all 58 traces made in the experiment.
The frequency dependence is
dominated by 'PPNC<") since the contributions due to 'PP(") and Q(,') tend to average
out.
The final result from the Oxford experiment 6 is
R

(-10.0

~

1.0)10- a

in satisfactory agreement with Fortson's result 24 R = (-lOA:!: 1.7)10- a .
It is interesting to note
because there are one or
measurement is much smaller,
of overall accuracy cannot be

that the error quoted of ~1 xl 0- a is rather conservative
two unexplained features of the data; the error of
about 0.25xl0- a and there seems no reason why this sort
achieved in the near future.

In the slightly longer term, high precision analysis designed to pick out the pattern
predicted for- the nuclear spin-dependent term may allow the first observation of a
nuclear anapole moment.
This is expected to occur around the 1% level which is
within sight with improved techniques.
11.2

Electric field transitions in cesium

(i)

General principles

We discuss here the latest experiment to look for and now measure PNC effects in
the highly forbidden Ml transition 6s, /2 ~ 7s 1/2 in Cs. This is of course the transition
originally proposed by the Bouchiats in their pioneering paper 15 and the main weight of
experimental work has come from the Paris group25.
The relevant Cs energy levels are indicated in figure IIA(c).
In the presence of
external electric and magnetic fields the transition matrix element between a particular
pair of resolved hyperfine states FM ~ F'M' has three components

E
-E. -,

Stark:

A
ST

0-

Magnetic:

~l

- Ml J.kxE
-1

PNC El:

ApNC

+ i{3 J.EXE
-1

1m El

pNC J .1.

combining all three transition amplitudes, the transition probability between the particular
states is

The experimental design is chosen to optimise the PNC interference between A ST and
A pNC while minimising the PC interference between A ST and AM!'
In this arrangement
the laser, E and B are mutually perpendicular in the y, x, z directions respectively.
With this one obtains a transition probability proportional to:
I

F'M'
FM

x
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F'M'}2
{ CFM
°m,m' ~l

The first term is the pure Stark induced transition which depends on (J the 'so-called'
vector polarizability. The second term is the interference between the Stark induced and
M1 transitions which depends on M the M1 matrix element and as usual with M1
amplitudes reverses with propagetic direction k.
The final term is the PNC-Stark
interference which is the object of measurement.
All terms have a common angular
factor C~M' and of course with the geometry used only am = ±1 transitions are
induced.
We note that the PNC interference term changes sign with (a) the electric field E,
(b) the magnetic field B, (c) the handedness of the light E .j E z. and (d) the overall sign
of m and m', Le. from one end of the Zeeman pattern to the other. These reversals
are essential to separate the PNC interference term from the Stark induced terms which
are a factor 10 6 larger. We also note that the Stark-magnetic dipole interference can
be suppressed if both propagation directions for the laser ± k are used simultaneously.
It will be clear from the above that the PNC signature for this experiment is q:.k k.Qx!!
where q:.k is the handedness of. the laser radiation.
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The Colorado Cs experiment. (a) shows a schematic of the
apparatus, (b) indicates the details of the interaction region,
and (c) gives the energy levels involved.
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The apparatus

(ii)

A schematic of the apparatus is shown in figure IIA(a), with the details of the
interaction region in figure IIAb. The main features to be noted are:
(a)

A frequency stabilized dye laser glVlng approximately 500 mW of light at
540 nm with Iinewidth about 100 kHz.

(b)

The polarization control for alternating and controlling the handedness.

(c)

The enhancement cavity which both builds up the useful laser intensity and
produces the cancellation of the AsT x AMI interference.

(d)

A high intensity Cs atomic beam.

(e)

A magnetic field of 70 G which allows the Zeeman splitting to be resolved.

(f)

An electric field of

(g)

A liquid-nitrogen cooled silicon photo-diode to detect 6s 0+ 7s transition via
the 850 and 890 nm light in their subsequent decay cascade.

:!:

2.5 k V/cm.

Systematic effects

(iii)

Systematic effects are very important in this type of experiment because the
presence of the external fields allows the possibility of terms in the transition probability
which mimic the PNC interference. The most important of these with their magnitude
relative to the PNC term are
(a)

Misalignment of the electric field (E y) plus a stray field (/lEz) (0.01).

(b)

Stray field /lEy plus misalignment of the magnetic field (B x ) (0.04).

(c)

AsT - AMI interference combined with lack of k reversal and exact photon
handedness reversal.
Because the AMI ". 10 4 ApNC this effect only partially
cancels and its magnitude ranged from +0.5 to -0.6.

By intentionally enhancing single features of these effects thay can be investigated
and to a considerable extent dealt with.
The experimenters believe that no significant
contributions exist which mimic the PNC signal and have not been fully taken into
account.
(iv)

Data taking and results

A typical data run consisted of 8 h of data accumulation divided equally between
40+3 and F
5-.+4 transitions. The signal was analysed by subtracting <1pNC for
the F
the low frequency side of the Zeeman multiplet from that on the high frequency. The
result was corrected for systematic effect (c) which was about 50% of the PNC
interference in a majority of the runs.

=

=

The results obtained were 7

1m El pNC j B
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-1.51

:!:

0.18 mVjcm

(F

40+3)

-1.80

:!:

0.19 mVjcm

(F

30+4)

-1.65

:!:

0.13 mVjcm

(average)

This can be compared with the Bouchiat value -1.56 :!: 0.17 :!: 0.12 mV/cm 2S,26.
The vector transition polarizability is found by combining several experiments.
result adopted by Wieman et ai. 7 is

The

This yeilds

1m El pNC

=

(-0.88:!: .07) x 10- 11 eao'

A comparison of the measurements for the two hyperfine lines can provide information
on the nuclear spin dependent term. However, as can be seen this is zero within the
limits of error.
(v)

Very recently the Wieman group
improved precision 27 • They obtain

1m El

poe

/ (3

have

completed

a

similar

experiment

with

- 1.576(34) mV/em.

They also observe a small nuclear spin dependence in agreement with that predicted to
arise from a nuclear anapole moment.

n.3

PNC stimulated emission in cesium

(i)

General principles

A major problem in the Cs PNC experiments is the relatively low detection
efficiency for the 6s~7s transitions. In a very interesting paper Bouchiat et ais describe
a method which they are developing to overcome this difficulty by means of a technique
using stimulated emission.
The energy levels and transitions involved are illustrated in figure II.4(c). A probe
laser beam is tuned to the centre of one hyperfine component of the 7s~p transition.
Provided its intensity is sufficient for stimulated emission to be more likely than
spontaneous emission, any population in the 7s 1/2 state will produce radiation directed in
the forward direction. It is essential in such a scheme that the 540 nm laser tuned to
the 6H7s and the probe be pulsed. The signal would be observed as a pulse of gain
on the probe immediately subsequent to the 540 nm pulse.
An important feature of the scheme is that only one velocity group of atoms is
excited and detected so that Doppler broadening is avoided.
This allows the various
hyperfine splittings to be resolved.

(ii)

The PNC signature

The transition matrix was given previously in section II.2(i).
With this one can
work out the' density matrix of the excited state produced by a particular field
configuration.
With an electric field collinear with the laser propagation along the z
axis and the laser polarized in the x direction, one obtains alignment of the excited state
in the y direction from the (3U.E oXE 1 term (the Ct£'.£. term vanishes for this geometry).
However the PNC interference term on the other hand produces alignment at 45° to this
direction. This means that overall it produces a small rotation of the axis of alignment
around £.. Such a rotation is clearly 'handed'.
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This alignment can be probed by a linear polarized second beam and the gain will
have a component which depends on the pseudoscalar

Likewise one can show that if the probe beam is circular polarized the gain will be
different for right and left handed polarizations.
(iii)

Technical points

It is not appropriate here to discuss the detailed consideration of gain and signal to
noise given by Bouchiat et alB. Suffice to highlight two points:
(a)

The parity non-conserving assymmetry can be differentially amplified, by a
factor up to 10 in principle.

(b)

The signal to noise should be at least a factor 10 better than in the original
Bouchiat experiment, with further factors to come with improvements in laser
technology.

This new method is l;urrently being tested by exploring the presence of gain
anisotropy resulting from the parity conserving Stark amplitudes and encouraging results
have been obtained.

LECTURE IT! Experiments on P and T violation
m.l

The search for an atomic edm

(i)

Basic principles

If P and T are simultaneously violated then an atom will in general have an
In the absence of
electric dipole moment in addition to its magnetic moment.
complications due to nuclear spin and neglecting the quadratic Stark shift, the
Hamiltonian can be written

H

with

~

and

~

parallel the frequency of a transition M

~

M' will be

The edm term can be separated by looking for a change in frequency

-2dA

---J- E

z (M - M')

on reversal of the electric field with respect to the magnetic (or vice versa).
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Figure m.l

Schematic of early atomic beam apparatus to look for
atomic edm.
Taken from 1. Bellamy, D.Phil. thesis,
Oxford, 1966.

It was realized by Ramsey in the case of neutrons and by the author for atoms
that this technique was well suited to a beam resonance experiment using separated
oscillatory fields as illustrated in figure III.1 . Early experiments were carried out in Cs
and TI to give very low limits on the edm of those atoms.

(li)

The VxE problem

The major limitation in these experiments was the fact that the atoms in moving
through the electric field see a motional magnetic field yx~ which interacts with the
magnetic moment of the atom to give a spurious effect which reverses with E. Instead
of J.~ which violates P and T we have J.Yx~ which violates neither. Of course yx~
is perpendicular to ~ so that if ~ and ~ were exactly parallel then yx~ would be
perpendicular to the axis of quantization and give no first order effect. But the effect
is sufficiently large that alignment to a sufficient degree is very difficult.
An alternative approach adopted by the Oxford group was to use an atom with a
very large quadratic Stark effect. The axis of quantization was then determined by the
electric field and the frequency given by

hv

{-

d~

E+

gJ~BBz}

[M-M'] +

~aT[M2

- M'2]E2

by inducing a transition M ~ -M the frequency remains independent of aT but the edm
can be determined without complications from the yx~ effect since yxg is always
perpendicular to g.
This technique was applied to the (5p 56s) J=2 metastable state of Xe with the
result9

d

A

(0.7 t 2.2) x 10- 22 e em

This is one of the most sensItive experiments to an atomic (J;t(» edm.
However,
because of the rapid increase in enhancement factor for the electron edm, conventional
experiments in TI remain competitive.
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(iii)

Proposed new TI experiments

An alternative technique for dealing with the YX£ problem is to vary y.
An
important new atomic beam resonance experiment to look for an edm in the 6p 1/2 in
TI is under construction at Berkeley. The main features are

(a)

Two beam symmetry so that to a first approximation the +Yx£ will cancel
with the -Yx£.

(b)

Velocity selection which allows the magnitude of this term to be altered.

(c)

Optical state selection and resonance detection which both gives high
sensitivity and also allows good geometric determination of the beam path
since unlike in a conventional atomic beam the state selection is not done by
modifying the trajectory through the apparatus.

It is expected that this experiment will comfortably exceed the present TI limit

m.2

Nuclear spin dependent terms

The sensitivity of experiments such as those on Cs and TI described above to
nuclear effects is limited by the presence of the large VxE effect and other problems
resulting from the presence oJ electronic angular momentum and its associated magnetic
moment.
Two quite separate types of experiment have been proposed which are very
sensitive to nuclear spin-dependent P and TV terms.
The first of these is to use a
polar diatomic molecule and the second is carry out optical pumping in a J :: 0 atomic
state. We discuss these in the next two sections.
(i)

The TIF experiments

A number of years ago we pointed out 28 that a heavy polar molecule could be a
sensitive system in which to search for P and TV. The basic idea is that instead of the
applied electric field polarizing the atom directly one makes use of the very large
internal field in the molecule. The role of the external field is then simply to align
this molecule along with its external field along the desired direction and then to inverse
it. In such a molecule spin 1 nucleus will contain a term in its Hamiltonian of the
phenomenological form H :: -d2:.1 in which d is an effective coupling constant to be
measured.
In parallel electric and magnetic fields the normal spin flip resonance
frequency will have an addition M :: -2d 12:.11 and this has the opposite sign when E
and Bare antiparallel. In the field used in the experiments (20 kv/cm) the polarization
I0". ~ I :: -{).46 so that d :: -1.09 M.
Following the early experiments by the authors group28.29.30, improved results were
obtained by Ra msey31. More recently Hinds lO has reported an even more sensitive result.
His apparatus is illustrated in figure III.2. The first problem to be overcome is that the
nuclear spin flip .1mTl :: ±1 is not directly observable since the focussing system
discriminates between states of different 1M; I (and J of course). The solution which is
essentially the same as that proposed in ref. 28 is to use a triple resonance technique
If no
with subsidiary rf transitions taking place in the state selectors as illustrated.
transition takes place in the central region the second state selector undoes the effect of
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Schematic of the Yale TIF experiment and the relevant
energy levels (from ref. 10).

=

the first, the molecule reverts to the .M]
0 state and is focussed.- -If a transition takes
place this is no longer the case and the resonance is detected by a drop in signal level
at the detector.
Because only nuclear moments are involved it is possible to achieve
quite narrow resonance lines. The resulting sensitivity to any change of frequency as E
is reversed with respect to B is reflected in the very accurate limit on d achieved:

4f

[ - 2.2 t 2.1 ] x 10- 3 Hz.

A point to note here is that there is again no yx~ effect because the axis of
quantization lies along the average direction of the internuclear axis which is the same as
that for the effective electric field.
yx~ is once again automatically perpendicular to
the axis of quantization.
It is expected that the sensitivity of this experiment can be substantially improved
by various technical modifications.
(ti)

Optical pumping in xenon and mercury

In the very elegant and sensitive experiment by Fortson and his groupll, the
precession of the nuclear spins of xenon atoms in their 's 0 ground state was observed
in a magnetic field. Any change in the precession frequency when an applied electric
field is reversed relative to the magnetic field would be evidence for P and TV. Using
the obvious result that this change of frequency on .reversal Of is given by

bf

4d

e

(Xe) E

the Fortson group set the very low limit
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-0.3

±

1.1

]

x 10
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excm.

A schematic of their apparatus is given in figure II!. 3. The xenon nuclei are polarized
and their precession is analysed by spin exchange with optically pumped rubidium
vapour. The precessional relaxation time is very long - of order 500 seconds so that
the very great sensitivity is possible provided the adverse effects of residual magnetic
fields can be avoided. This is achieved by using the triple cell illustrated in the figure.
It will be seen that by taking the average precession frequencies the two outer cells and
subtracting from the centre one, the adverse effects of any residual magnetic field are
largely cancelled.
This technique has been extended to Hg and further work is underway32.
result
[

0.7 ± 1.5

]

x 10

-26

The

excm

is of similar precision but the higher Z here has given even greater sensitivity to nuclear
P and TV effects. Further appreciable improvements are expected shortly.

LECTIJRE IV PNC Theory
IV.I

Preliminary remarks

Atomic theory is essential to relate t,he measurements made by the experimenters to
the underlying nuclear or elementary particle properties.
Calculations of some accuracy
are clearly necessary in the case of P not TV because the experiments are already at the
10% level and will probably reach 1% precision in the near future.
Considerable care
and quite complex calculation is also required in the P and TV case, for a rather
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different reason. Here, as we have already seen, there is considerable cancellation of the
effects and the results can be quite different than one might naively expect. While quite
simple techniques sometimes do work well, one needs to go further to ensure that all
necessary subtleties have been included.
In all cases of experimental interest, the quantity measured is the El matrix element
We are therefore interested in the general PNC El
produced by PNC state mixtures.
matrix element

EI

PNC

L
e

< tl f

I !l

tie >

< t{;e

w. - w
I

e

I

PNC

H

I

tl i >

IV.l

+ ~

where Q is an appropriate dipole operator, HPNC is the PNC Hamiltonian, '" and Ware
eigenfunctions and eigenvalues of the unperturbed equation
H t{;

W '"

has an obvious meaning in terms of the interchange of HPNC and Q.
have an expectation value and an edm; when f l' i, a transition element.

~

When f

we

Before commenting on the detailed calculation of El PNC there- are a number of points
which need to be made:
(a)

While HPNC contains a large number of different terms, corresponding to the
different possible sources for P not TV and for P and TV, the majority are
single particle operators heavily weighted towards the nucleus.

(b)

The dipole operator Q on the other hand is weighted toward the outer parts of
the atom. Thus the calculation of El PNC requires a subtle interplay of the two
regions of the atom.
By and large it is the outer part which is the more
difficult.

(c)

Nonetheless because we are interested in very heavy atoms and we need good
representation of the wavefunctions at the origin it is essential to use Dirac
theory.

(d)

It is also essential to include the finite size of the nucleus, though results are
in general not very sensitive to the precise model which is adopted.

We conclude these preliminary remarks by some observations concerning the role of
empirical input in evaluating El PNc. We first note that such input is peculiarly important
in this area because we need not only to calculate the PNC quantity but to have some
idea of the reliability of our calculation. Unlike PC effects where we can compare our
theories with known results in certain test cases, we must look elsewhere to test for error
here. Of course, intercomparison between PNC results for different states and elements
can be very valuable, but it is essential to make as much use as possible of related parity
conserving data.
The earliest calculations used empirical data as direct input taking the matrix elements
of D from lifetimes and transition rates, the energies from observed spectra and by
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relating the PNC matrix elements to hyperfine interactions.
As the calculations become
more complex it was realized that the corrections which were needed to this procedure
were of the same order of difficulty as an a-priori calculation. Thus the main current
approach is to make major a priori calculations of both PC and PNC quantitites on a
similar basis.
A feel for the accuracy of the PNC effects can be obtained from the
However. the need to have the
reliability of the results for known PC phenomena.
maximum information available on the theoretical side suggests that there is a continuing
role for more sophisticated 'semi-empirical' treatments which combine elements of the
theory but also contain empirical input.

The single particle model and beyond

IV.2

The central field model of the atom is well known to give a very useful 'first
approximation' to the description of a very wide range of atomic phenomena and it is
therefore natural to use it for a starting point for calculations of El PNC. In its simplest
form equation IV.l can be written
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IV.2

where <Pf' <Pe. <Pi are solutions of an appropriate single particle (Dirac) Hamiltonian with
It is important to note that in general the sum over e spans all
eigenvalues ff etc.
single particle states of opposite parity to i. f. including core states as we shall see.
Two closely related methods have been developed to deal with the infinite sum over
states e:
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where w = ff - fi is zero when we are dealing with an expectation value.
Equations
IV.3b and IVAb are simple inhomogeneous equations which can be reduced to radial form
in the usual way and solved numerically for a specified h PNC and specified form of the
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unperturbed single particle Hamiltonian h.
Clearly, IV.3c must give the same answer as
IV.4c. We have spelt out these two alternative ways of calculation perturbing either with
h PNC or with g because this double procedure is mirrored in the more complex
calculations to be discussed in the next section.
Before we get into these more complex calculations it is convenient to describe here
in physical terms the limitations in this one particle model which have become apparent
over the years of work.
While not all the difficulties apply in every case, there is
sufficient common ground to justify a general comment. The main problems are:
(a)

Choice of an adequate single particle Hamiltonian

The main problem is to treat the outer reaches of the atom adequately and to get
good eigenvalues. This is essential both to ensure good values for the dipole and matrix
elements but also even more vital to get good energy differences between opposite parity
states on which the PNC admixtures depend.
(b)

PNC core polarization

Equation IV.2 contains only the direct action of h PNC, but there is also an additional
indirect effect where a different 'core' orbital is modified and the PNC effect is
transmitted onwards with the ordinary electron-electron Coulomb interaction.
This PNC
core polarization is somewhat similar to that well-known for the magnetic dipole hyperfine
interaction. As in this case, the onward transmission depends on exchange interactions.
(c)

Dipole shielding

IV.2 assumes that an atomic dipole transition element can be represented adequately
by the usual dipole operator. In reality, one knows that there are very strong collective
shielding phenomena always. present.
This follows from the observation that when an
extrenal field Eext is applied to an atom it must rearrange itself so that

(d)

(i)

the field at the nucleus is zero (gext + gint)r=O = O.

(ii)

the average field on the electrons is zero <r(grt + gfxt».

(iii)

the
average
field
on
.• (E~xt + Ei nt ) I1/-> = O.
< 1/-1 ~(T
1-1 -1
-1

the

electron

edm

is

zero

Near degeneracy

In this section we have assumed that it is possible to relate the many-electron
calculation IV.1 to a single one particle approximation IV.2.
This is often not true,
particularly where open shells with more than a single electron are involved. This is the
case in a number of the atoms of interest particularly bismuth where the breakdown of jj
coupling is very important and large mixing of' states of the same parity has to be
included. An even more extreme case occurs in the rare earths where two nearly lying
states of opposite parity are extremely complex and it is not possible at all to reduce IV.1
to IV.2.
IV.3

Many body perturbation theory (MBPT)

Because of the importance of calculations of PNC induced E1 transition elements and
electric dipole moments, a number of different theoretical techniques have been brought to
bear on the problem. But by far the most common is MBPT which because of its clear
diagrammatic representation and the ease with which different types of effect can be
separated and treated by the most appropriate method has become the basis for the
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majOrIty of the calculations made recently. Since our aim is to pass on a general idea of
what is involved in this work we confine attention to this method, details of which are to
be found in the text by Lingren and Morrison 33 .
(i)

Lowest order

MBPT divides up the many particle PC Hamiltonian into a single particle part and a
residual perturbation.

IV.5a

IV.5b

to which must be added HPNC and HE the PNC Hamiltonian and the interaction with an
external field, either static for the edm or time varying for the transition elements.
The solutions to H a are of course determinants and the combined perturbation of
H 1 +HPNC + HE is expressed as matrix elements between them. The essence of MBPT is
to reduce these many electron matrix elements to one and two particle form represented
by simple diagrams.
Thus figure IV.la,b represents equation IV.2.
We note that the
excitation out of the closed shell (b) into the open shells must be added to excitation out
of the open shell (a) to an unoccupied one to produce IV.2, a point which we have
already mentioned.
In figure IV.la,b the two open shell states can either represent the same state for an
edm or different states for a tranSitIon. While this figure represents the lowest order for
an open shell atom, figure IV.lc represents a transition from a closed shell to an excited

(a)

~
(c)

Figure IV.I
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~
(b)

A
(d)

Some lowest order PNC diagrams. (a) and (b) represent the
left hand term in equations IV.2. (c) represents a transition
in which a core electron is excited.
(d) represents part of
the expectation value in a closed shell in which the nuclear
spin dependent PNC Hamiltonian prodces an atomic electric
dipole moment.

state and figure IV.Id an edm proportional to
part of HPNC.
(ii)

l.g

induced by a nuclear spin-dependent

PNC Hartree-Fock

The next set of diagrams which we encounter are illustrated in figure IV.2. In these
the PNC interaction acts on a core state exciting it to an unoccupied orbital which then
interacts onwards via the Coulomb electron-electron interaction.
An important feature to
note is that the 'direct' process, at the bottom left of figure IV.2, is forbidden for all P
not T interactions and for P and T scalar interactions because of a combination of parity
and time-reversal arguments. Thus except in the case of the nuclear spin-dependent edm
only the exchange diagrams need to be included.

+

+
+

(

c<l.

, .:
~

Figure !V.2

...

The effect of HPNC and its iterations leading to PNC
Hartree-Fock.
The bottom left hand diagram is zero since
only exchange interactions contribute.

A number of years ago, we pointed out 34 that these diagrams simply consituted a set
of PNC Hartree-Fock diagrams in which each orbital was written as a sum of PC and
PNC parts.
IV.6
in which case the usual HF equations break up into two (the first order in PNC):
IV.7a

{ f i - h - V}
HF

I 1·PNC>

{h

PNC

+ VPHNFC}

11'>

IV.7b

Here V~~c is defined by a logical extension of the usual definition:
~NC

HF

~

core

< i

PNC

(I-P,2)e 2
4Tof

o r'2

> + <

(I-P J 2)e 2
4Tof

or 12

I
IV.8

h is simply a shorthand for the first three terms in H 0 (IV.5a).

29

Application of equations IV.7a,b and IV.8 is for the most part as straightforward as
solving the PC Hartree-Fock equations. The usual problems occur in deciding the most
appropriate definition for Vf&:'c when open sheIls are involved, but these are equaIly
A more complicated situation occurs when one has both a nuclear
present for VHF'
spin-dependent PNC term and an open sheIl.
Care must be taken to keep track of
perturbation terms which have been omitted from the particular set of equations solved.
Self consistent electric field treatment

(iii)

Figure IV.3 shows a number of diagrams in which the electric field perturbs the
states and the perturbation is then propagated as an effective interaction via the normal
electron-electron forces. The diagrams look very similar to those in figure IV.2e and this
is not surprising since both are single particle perturbations but here both direct plus
exchange are non-zero.
But there is a major difference when &. is a transition field
However even this
since we are evaluating a matrix element not an expectation value.
case can be incorporated intq the Hartree-Fock mechanism by using so-called TDHF
(time-dependent Hartree Fock) techniques.

c

c
-+

,+,, ..

~

Figure IV.3

,

•"

p
+

+

~

The effect of an external electric field and its iterations
leading to an appropriate self-consistent dipole field

The upshot is that the figures IV.3 can be treated by replacing each orbital 'Pi' by
where the <Pi'! satisfy4

<Pt, <pi

+

g Ii> + VHF Ii> - orthogonality

IV.9

where

< c

:;:

C

'!

>
IV.IO

The orthogonality terms ensure that <Pi'! are orthogonal to alI the occupied statese. w is
essentially the transition frequency. For an edm we put w = 0 and <p'! become identical
but equations IV.9 and IV.IO are still valid.
These equations too are straightforward to solve although again one has some
subtleties involved in the treatment of open shelIs since the perturbation is automaticalIy a
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vector operator. The resultant excitation of the core yields a vector for Vfu, as for the
nuclear spin dependent term it does not automatically do so for open shell excitation.
(iv)

PNC plus electric field

It should not surprise the reader that diagrams such as figure IVA in which both
PNC and electric field effects are involved can also be dealt with by equations of the
general form of IV.7 and IV.9 since both involve one particle operators.
However,
considerable care is now needed because we are interested in terms of first order in PNC
and first order in E the combination can produce a cross-term which has even parity and
which therefore modifies the PC equation.

(

(a)

Figure IVA

(v)

(b)

(a) is
Diagrams involving both PNC and electric field.
separable but in (b) both perturbations are in the same
excitation.

Higher order diagrams

While the processes described by the diagrams in figures IV.2, IV.3 and IVA contain
many of the most important physical effects, calculations to the accuracy now necessary
requires additional diagrams characterized by having two simultaneous excited states; these
involve genuine electron correlations which can't be treated by one particle methods. An
example is figure IV.5a which represents a modification to the potential in which the
electron moves. More complicated diagrams in which PNC and E are involved with the
correlation are illustrated in figures IV.5b and IV.5c.
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(

,

(b)

(a)

,

,

f

0'

~
~'

,

(c)

Figure IV.5
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IVA

Calculational points

A vast range of PNC calculations have been carried out over the years and space
does not allow detailed discussion: the interested reader is referred to reference 35. Here
we shall simply highlight some major points and difficulties in various calculations.

(i)

Computational methods

To the extent that the calculation consists of a series - perhaps self-consistent - of
single particle equations as discussed in sections IV.3(i) to (iv) it is now essentially
straightforward with well established and powerful codes. Occassionally some considerable
skill is required to achieve convergence. The order of difficulty changes completely when
we move on to genuine correlation diagrams which involve a simultaneous double sum
over excited orbitals. Three approaches have been adopted:
(a)

Double summation

The use of a number of 'tricks' to interpolate and extrapolate series of matrix
elements and also to reduce to manageable numbers the continuum contributions means
that it is possible to carry out a relatively straightforward evaluation of a double
summation.
The Novosibirsk group have exploited this in a very successful series of
calculations, both transition El and edm in the heavy elements Cs 36, T118, and recently
Bi37 •
(b)

Splines

The Notre Dame group have developed a powerful technique 38,39 in which the atomic
wavefunctions are expanded in a 'spline' basis set which has a number of very convenient
features for subsequent evaluation.
The double summation is now reduced to a matrix
manipulation for which very fast and powerful algorithms are available.
A number of
calculations on both El and edm in Cs, TI have been reported. A particular feature has
been the complete treatment of the correlation to lowest order.
(c)

Two particle operators

A technique which looks very promlsmg for PNC calculations although no calculation
has yet been reported has been developed by the Goteborg group. This involves turning
the double summation over excited states into a two particle differential equation.
Such
pair equations are relatively straightfoward in the non-relativistic limit and have been
much used in calculations of the correlation energy.
The relativistic approach which is
needed for PNC problems has a number of conceptual difficulties to do with negative
energy states. These are now well understood and PNC calculations can be expected in
the near future.
By whatever means these calculations are carried out, the computational load is a
major limiting factor.
It is to be expected that the new generation of very high
performance parallel processors will enable inore complex calculations to be carried out.
Features of particular calculations

(il)

(a)

Cs 6s

~

7s and edm in 6s

Cs seems a very straightfoward element for calculation.
The one particle part
contains the major part of the final answer and the calculations seem stable and
convergent. One initial problem was the difficulty in obtaining one particle energies for
some of the core states that were sufficiently realistic to be a basis for perturbation
theory.
The inclusion of correlation contributions to these energies has largely solved
these problems. An accuracy of order 1% seems quite feasible.

32

In principle, this is a one particle problem like Cs.
However, in practice a major
contribution to all the PNC effects comes from excitation of the 6s, h into the 6p shell.
The energies of the various possible 6s6p 2 levels are not well described by a single
particle model and this means that a conventional perturbation approach does not readily
converge. In fact a semiempirical approach turns out to have some merit.
In spite of
the difficulty El calculations of order a few percent have been reported - though there
are still some difficulties with the edm.
(c)

Pb: J = 0

~

1

This has some advantages for calculation because of the J = 0 starting state.
However no correlation calculations have yet been reported, presumably because the only
experiment is of limited accuracy. A potential difficulty is the breakdown of jj coupling
within the 6p 2 state.
(d)

Hi 6p3 J = 3/2

~

3/2', 5/2

A major problem here is the complexity due to the presence of three open shell
electrons. A complete calculation to lowest order in the residual Coulomb interaction has
been made and a more detailed calculation including some correlation has been reported
recently.
One can be optimistic' and predict that in due course calculations in this
element will approach the present limits of accuracy for say Tl.
(e)

Xe, Hg,

ISO

No particular problem is found in treating the effects of a direct nuclear spin
dependent interaction. Since we have a J = 0 starting point, symmetry requirements are
automatically satisfied.
A much more complicated situation arises when one attempts to calculate the effect
of an electron edm. This can only appear through a combined effect the magnetic dipole
field from the nucleus. This can either be 'direct' in which the electron edm interacts
with the yx!2 notional electric field, or indirect when the magnetiC hyperfine interaction
H hfs has to be combined with the edm interactiol1 HedIn and the interaction with an
external field H dip ' A problem of this sort with three perturbations is manageable in the
independent particle approximation, but rapidly beocmes very complicated when the two
particle Coulomb interaction is included. This is nonetheless a very important calculation
since the measurements described in lecture III have enormous potential accuracy and may
be the best source of limit on the electron edm.

(f)

TlF

This calculation 43 in a diatomic molecule is very different from all the others
reported because the 'electric field' is built into "the molecule along the internuclear axis.
The problem is complicated by the need to use relativistic functions close to the nucleus
when only non-relativistic functions are available for the molecule. The matching is not
unique nor is it quite clear that the requirement that the field vanishes at each nucleus is
properly satisfied. A much improved calculation is urgently required.
(h)

Nearly degenerate levels in the rare earths

A quite different type of calculational problem occurs in the rare-earths where there
are pairs of opposite parity states which are very close together 20 . In such a case one
must revert back to the full expression IV.l but with just a single term in the expansion
over excited states. Unfortunately, this enormous simplification is more than compensated
by the complexity of these rare-earth states. Calculations are urgently required.
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IV.S

Results

(i)

P not TV

Where
The present world situation for P not TV is summarized in table IV.l.
appropriate, the lecturer has arbitrarily combined perhaps incompatible experimental data
and has picked a highly subjective 'best' theoretical value.
In order to avoid continual
change of the theoretical value with particle physics input, it has become conventional to
express the theory in terms of Ow = -N and then to incorporate the small difference
through the scaling quantity 7/. Because the ratio of protons to neutrons is accurately the
same for all the elements considered here 7/ is constant for all transitions of interest. In
column 3 we view this as the quantity to be measured. The combined result
0.907 ± 0.038

7/

compares well with the standard model including radiative corrections:

with sin 2 Ow = 0.230 giving 7/ = 0.920. It is interesting to more that the reduction in
error by recent developments in Cs has meant that we have perhaps seen the PNC
contributions of the proton for the first time.
Only one limit has been given for the nuclear spin dependent term.
For Cs,
Wieman 27 has obtained the dimensionless constant defined by Khriplovich and co-workers l9
K

a

0.72 ± 0.39

Table IV.I

World situation for 7/

Experiment

Ow/ - N
7/ measured

Atomic
Theory
(OW = -N)

Bismuth 876 nm
R x 108

-10.1 ± 0.9

Bismuth 648 nm
R x 108

-10.48 ± 1.0

Lead 1.28 pm
R x 108
Cesium 539 nm
iEl x 1011

-9.9 ± 2.5

-10.4 ± 1.0

0.975 ± 0.13

-12 ± 3

0.865 ± 0.29

-10.4 ± 0.8

0.95 ± 0.25

0.848 ± 0.067

0.92 ± 0.08

0.91 ± 0.04

Cesium 539 nm*
Thallium 293 nm
iEl x 1010

0.89 ± 0.05
0.76 ± 0.14

Combined atomic result:
*Intermediate details are not given in in ref. 27.
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0.82 ± 0.17

0.93 ± 0.08
7/

=

0.91 ± 0.04

Table IV.2

Limits on P and T violating atomic quantities.

Quantity

System

Electron edm

TI

Nuclear edm

T1F

2 x 10- 21 excm

43

Schiff moment of nucleus

Hg

4 x 10- 10 exfm 3

12

Magnetic quadrupole
moment

Cs

10-4 IlNRN

44

Cs

Hg

2 X 10- 5 G F

12

CT

Hg

2.5 x 10- 7 G F

12

which is consistent
moment 27 .

with

the

predicted

Reference

Limit
- 2 x 10- 24 excm

magnitude

expected

from

12

a

nuclear

anapole

We conclude, first that the agreement at the 40% level above confirms that the
electroweak interactions are indeed present as expected at the very low energies involved
in atoms. Second, that an increase in precision to the 1% mark, if this proves possible,
will yield information on very interesting electro-weak radiative corrections.
Finally,
turning the argument around, we have a new and fascinating field of electro-weak atomic
physics which may prove very fruitful to our understanding of atomic phenomena.
(ii)

P and TV

We collect together in table IV.2 the best available limits for the various P and TV
atomic quantities. These limits should be taken as order of magnitude limits only pending
a more thorough understanding of the various calculations.
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QUANTUM ELECTRODYNAMICS (QED) IN STRONG COULOMB FIELDS:
CHARGED VACUUM, ATOMIC CLOCK, AND NARROW POSITRON LINES
Berndt Miiller
Institut fUr Theoretische Physik
J. W. Goethe Universitat
Postfach 11 19 32
D-6000 Frankfurt am Main, West Germany
INTRODUCTION
Slow collisions of two heavy atoms or ions offer a unique laboratory for the study
of the motion of electrons, and the behaviour of the QED vacuum, in very strong
electric fields. It is for this reason that the theoretical and experimental aspects of
such collisions have been studied very intensely during the last two decades. Early
on, theory focussed on the change of the vacuum state from a neutral to a charged
realization at a critical nuclear charge Zc = 173, and the associated spontaneous
emission of positrons of well-defined energy. Later, the view broadened into the quest
of gaining an understanding of dynamic phenomena caused by the time-dependence
of the collision process, e.g. dynamically induced pair production, K-shell ionization,
and delta-electron production. This will be discussed in the first part of my lectures,
however rather concisely, because an extensive treatise of this subject exists 111.
In recent years two further developments have attracted widespread interest:
the "atomic clock" phenomenon, and the narrow electron-positron coincidence lines
detected at GSI. The first of these, which allows for a fairly precise, model-independent
determination of nuclear reaction times, is by now well established and forms the
subject of the second part of these lectures. The narrow e+ - e- lines, on the other
hand, have been a surprising experimental discovery that is still controversial and
unexplained. After a (theorist's) discussion of the present status of the experiments,
I will present the pro-s and (mostly) con-s of various mechanisms that have been
suggested as eplanation of the data. Much of this discussion will be concerned with
the hypothesis that the lines are the result of the e+ - e- decay of new neutral
particles. The lectures conclude with some exciting aspects that will open up when
new accelerator facilities become available in the near future.
THE ELECTRON-POSITRON VACUUM IN STRONG ELECTRIC FIELDS

Definition of the Vacuum State
Let me begin with a simple, nonrigorous discussion of the concepts underlying
the definition of the vacuum state in QED of strong fields. In the presence of an
external Coulomb source J-:'zt the equations of motion for the electron-positron field
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q,(x) and the electromagnetic field .J,.(x) read:

("Y"(ia,. - eA,.) -

m.)q, =

(1)

0,

a,.P"V = eq,t"Y0"Yvq, + i:Z t •
(2)
Here and in the following, the 'hat' symbol indicates second quantized fields. In the
Heisenberg picture, which is most useful for our purposes, these equations specify
the time-evolution of the system, while the state vector remains fixed. Whenever
the external source is very strong, as it is the case in the situations of interest to us
here, the dynamical source may be neglected to lowest order on the right-hand side of
eq.(2), and the resulting solution, A~zt, may be inserted in the Dirac equation, eq.(l).
If used as the basis for a systematic iteration procedure this leads to a perturbation expansion in terms of the electric charge e (but not in the external charge Ze
!), known as Furry picture or bound state QED, which is the subject of Peter Mohr's
lectures [2]. The interested reader is referred to these lectures for more details. Note
that, in the presence of a large number of electrons, it is useful to replace the Coulomb
field of the nuclear charge, A~zt, by a screened Coulomb potential that accounts for
the average screening experienced by a given electron or positron due to the presence
of all others. Higher order corrections then describe the effect of fluctuations of the
electromagnetic field around the mean potential.

With this simplification the evolution of the second quantized electron field
operator can be solved exactly by an eigenfunction expansion

(3)
n

with help of a complete set of time-dependent single particle solutions of the Dirac
equation:

(4)
It is easy to see that the single particle operators bn are time- independent, even if the
external potential varies with time. In a static field the time-evolution of the Dirac
eigenfunctions is given by an energy phase, and the expansion for the field operator
becomes:

(5)

n

From the equal-time anticommutation relations for the Dirac field operator one deduces the well-known relations for the single-fermion operators

(6)

etc.,

in terms of which the second quantized Hamiltonian takes an especially simple form,
if the external field is static:

°+ ,Bm.) \lI(x)l_
A
At A
= "
LJ En(bnbn -

HA
= I
2 ! d3 x [\lIAt (x), (-iaV' - eaA- + eA

n

1
-).

2

(7)

The contribution of each mode is expressed in terms of the single-particle energy
En and the electron number operator b~bn, which has eigenvalues 0 and 1. If we
tentatively define the vacuum state 10) as the state of lowest energy in the given
external iield, we must choose the eigenvalue 0 for modes with positive energy En,
and the eigenvalue 1 for modes with negative energy, Le.

b~bnIO) = 0
bnb~IO) = 0
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for En> 0,
for En < O.

(8)

Introducing positron (or "hole") creation operators J~ for the electron annihilation
operators bn of negative energy modes, the Hamiltonian assumes the normal-ordered
form

(9)
where the energy of the vacuum state is given by a sum over all modes:

(10)
This expression for the vacuum energy is, of course, divergent and must be regularized
and renormalized properly, but this need not concern us here.
The main point to be noted is that the above definition of the vacuum state as
the state of minimal energy does not make much sense, because this state sometimes
is not accessible physically. The reason for this is that electric charge is conserved
exactly, so that only states with the same total charge can communicate. In order
to account for charge conservation, one adds the charge operator Q with a Lagrange
multiplier to the Hamiltonian, and looks for the state that minimizes (if - JLQ/e).
Here JL is the energy required to supply a unit charge to the system from outside.
This is JL = -me, because the system may emit a positron, carrying with it the rest
energy me' One can now go through the same steps as before, except that now the
discrimination between electron and positron states occurs at E = -me instead of

E=O.

More generally, the boundary between particle and antiparticle (hole) states is
called the Fermi energy E F , and the definition of the vacuum state corresponds to the
choice E F = -me' Other choices EF > -me represent configurations where a finite
number of electrons are present in states above the Dirac sea; in particular, E F = +m e
describes a neutral atom. Of course, any choice between two discrete bound states is
equivalent. In this way bound state QED can be formulated for many-electron atoms
in a unified way.

Properties of the Vacuum State
A mathematically very convenient method [3] to describe properties of the vacuum state is based on the Feynman propagator, which is defined as

iSF(x, x') = L:>l>n(x)¢n(X') (O(t - t')O(En - E F) - O(t' - t)O(EF - En))
n

(OIT (q,(x)q,t(x')"l) IO).

(11)

where T denotes the time-ordered product of c:>perators and E F = -me' In the presence of an external field SF is sufficient to completely specify the vacuum state. (If
one wants to include the effect of interactions among the electrons, all n-particle propagators must be known.) For example, the charge density contained in the vacuum,

can be expressed in terms of the Feynman propagator as

PfJQC(x) = -ie Z'-2:
lim tr(·"lSF(X,X')).

(13)
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Formally, the limit here must be taken symmetrically from the left and the right. A
short-hand notation, now for the full current four-vector is:

(14)
Similarly, with help of the propagator the vacuum energy can be written in the form

(15)
where HD(x) is the single-particle Dirac Hamiltonian in the external field that was
explicitly written in eq.(7). It is useful to consider the change of the vacuum energy
under a change in the external field by introducing a strength parameter>. that runs
from 0 to 1. Subtracting the trivial, and here uninteresting, vacuum energy in the
absence of an external field, we may write:

(16)
Inserting the previous equation and making use of the normalization of the singleparticle eigenfunctions <Pn(X), one can show that the vacuum energy can be expressed
in the following form:

The first term simply counts all electron states that have passed through the Fermi
surface when the external potential was switched on. Such states are usually called
supercritical bound states. The second term describes the interaction energy of the
vacuum charge density with the external potential. The number N,e of supercritical
states also occurs in the analogous expression for the total vacuum charge:

Quae = e:L(O(EF

-

En[AI'D - O(EF

-

En[oD) = eN,e,

(18)

n

where e denotes the electron charge. In other words: the total charge of the vacuum
is equal to the number of states that lie below the Fermi surface E F = -me, i.e. of
states bound by more than 2m•.

Supercritical Atoms
For atomic nuclei of normal nuclear density, the first bound state - the Is-state is predicted to acquire a binding energy of 2m. and become supercritical at a critical
nuclear charge Ze = 173. The next state, the 2Pl/2-state would 'dive' into the Dirac
sea at about Z = 190, and so on. This is illustrated in Fig. 1, which shows the energy
eigenvalues of atomic inner-shell states as function of nuclear charge Z [4,5J. Note
that s- and Pl/2-states exist for Z > 137 only when the finite nuclear size is taken into
account.
What happens when a bound states reaches the top of the negative energy
continuum at E = -m., is best described in terms of the formalism normally employed
for the -'treatment of autoionizing states, i.e. bound states imbedded in a continuum
[4J. Let us denote the just critically bound state by <P, and the negative continuum
states by tPE' E < -m•. We write symbolically:
(19)
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Figure 1. Relativistic energy eigenvalues of atomic inner-shell states. The calculations account for nuclear finite size and electron screening. The Is-state become
supercritical at nuclear charge Z = 173.
where He stands for the Dirac Hamiltonian of the atom with Z = Ze. Now we add
a few, Z' ¢: Z., protons to the nucleus and seek for the negative energy continuum
states of the supercritical atom with nuclear charge (Ze + Z'):

(He

+ Z'U(r))WE =

EWE

(E < -m.).

(20)

U(r) here stands for the Coulomb potential of a finite size nucleus, with U(r) = -l/r
for r > R, R being the nuclear radius. Eq. (20) can be solved analytically, when the
matrix elements of the additional interaction between continuum states are neglected,
by expanding:
WE = a(E)</> +

1.:-

dE'bE,(E),pE"

(21)

The result for the admixture of the critical bound state to a supercritical continuum
state of energy E is:
(22)
where

(23)
Eq. (22) express the fact that the bound state is drawn into the continuum by an
amount !:i.E and its strength is spread over a range of continuum states of width
r r = r -m.+AE. In other words, the bound state becomes a resonance. The inverse
width of this resonance gives the lifetime of the vacant supercritical state against
spontaneous creation of an electron- positron pair. Typical numerical values are
rr = 1 - 5 k~V, Le. r;1 = 10- 19 - lO- fS s.
In order to make quantitative predictions for the physical processes that occur
when the bound Is-state becomes supercritical, we must specify the precise way in
which the potential changes from subcritical to supercritical and, possibly, back to
subcritical strength. We have to distinguish three general cases:
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1. IT the bound state is initially occupied by an electron, nothing observable happens at all. The additional state joining the Dirac sea increases the vacuum
charge by one unit, but at the same time the discrete atomic bound state, that
carried a unit charge, disappears.
2. The bound Is-state is initially vacant, and the additional potential is switched
on suddenly and remains permanently. In this case a pair is created, the electron
occupies the supercritical state, and the positron is emitted with a narrow energy
distribution given by la(EW, see eq. (22). The narrow line at kinetic energy
E r = IEs(ls)l- 2m., where E s (ls) is the binding energy of the Is-state, is the
signature of spontaneous pair production. As Fig. 1 shows, E s and therefore E r
is a strong function of Z, changing by about 30 keV per unit of nuclear charge.
3. The bound Is-state is initially vacant, and the additional potential is switched
on for a finite length of time T. Unless T > r;l, the resulting spectrum of
created positrons will depend on the precise value of T, according to:

For T ~ r;l the width of this distribution is given by the lifetime of the
supercritical potential T- 1 , which expresses the uncertainty principle, whereas
for T > r;l the width is just the spontaneous decay width r r' The decay
probability is [1- exp( -rrT)], approaching 1 in the limit of large T. Thus, the
signature of spontaneous pair creation, viz. the narrow positron line, emerges
only when the surercritical field exists for a period of time that is at least
comparable to r; .
One may, finally, ask whether higher order corrections of QED, such as virtual
vacuum polarization or electron self-energy effects, can modify this picture substantially, e.g. prevent the "diving" into the Dirac sea. The answer was given in a number
of elaborate calculations [6,7,8] which showed that the corrections to first order in the
coupling constant e2 remain small at Z•. Moreover, the vacuum polarization correction for the critical Is-state, -10.7 keY, and the self-energy correction, +11.0 keY,
cancel almost completely. The resulting shift in the binding energy of the Is-state at
Z. is less than 1 keY, to be compared with a total binding of 1022 keY. There is no
reason to believe that higher order corrections would change this picture.

Strong Electric Fields in Heavy Ion Collisions
Atomic nuclei with charge Z > 170 do not exist, but electric fields of equal
strength can be generated transiently in collisions of two very heavy atoms or ions,
e.g. uranium and uranium with a combined nuclear charge Zu = (Zl + Z2) = 184.
Here the parameter that controls the intensity of the electric field is the internuclear
separation R. Of greatest interest for possible tests of QED of strong fields are
collisions at energies around the Coulomb barrier, Le. where the beam energy is just
sufficient to bring the nuclei into contact- in a head-on collision. At these energies,
typically about 6 MeV per nucleon (MeV lu), the nuclei move with velocity vic ~ 0.05
in the centre-of-mass frame, thus being much slower than the motion of inner-shell
electrons which move almost with the speed of light c. The adiabatic picture, where
one views the collision as a succession of snapshots with electrons moving in the
Coulomb field of two frozen nuclei, should therefore be an excellent starting point for
a more cbmplete description of the collision process.
.
This concept leads to the Born-Oppenheimer approximation, which defines quaslmolecular states CPi(r, R) as the eigenstates of the instantaneous two-centre Hamiltonian
(25)
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Figure 2. Adiabatic level diagram of the four innermost states of the (Pb+Pb) quasimolecule (Zu = 164). Solid lines: full two-centre potential; dashed lines: monopole
approximation.

with eigenvalue E,(R). Here VI and V2 are the screened Coulomb potentials of the
two nuclei. In general, the energies E,(R) decrease when the nuclei approach each
other, i.e. the binding energy of the quasi- molecular states grows with shrinking
nuclear distance R, as shown in Fig. 2 for the collision system Pb + Pb. The value
of R where the lowest electron state becomes bound by more than 2m. is called the
critical distance R e • After taking into account the finite nuclear radius and electron
screening the critical distance is 27 fm in U + U and 35 fm in U + Cm collisions,
respectively.
The effect of the collision dynamics on the single particle wavefunctions is obtained by solving the time-dependent Dirac equation

i :t 4>, (t) = HTC [R(t)]4>,(t)

(26)

with a prescribed nuclear trajectory R(t) and the initial condition that the wavefunction enters the collision in some specified adiabatic state at R = 00, i.e. in a
certain eigenstate of the individual atoms: 4>,(t = -00) = cp,(R = 00). The practical
solution of eq. (26) under the stated conditions is best achieved by expanding the
wavefunction 4>,(t) in terms of the adiabatic quasimolecular states:

4>,(r, t) =

L a,k (t)CPk (r, R(t))e-'Xk(t),

(27)

k

where Xk(t) = Ek[R(t)] is the adiabatic phase of the state k. The single-particle
occupation amplitudes a;k(t) satisfy a set of coupled differential equations ("coupledchannel" equations) of the form

a'k = -

L a;i(CPklaat ICPi) exp(iXk -

iXi)'

(28)

i#

The partial differential operator a/at acts on the parametric dependence of the basis
states cP, on the nuclear relative distance vector ii.
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One distinguishes a radial motion, Le. a change in the length IRI, and a rotational
motion, Le. a change in the orientation of R. Extensive investigations [9] have shown
that the rotational motion is of only minor importance in the processes leading to
ionization of strongly bound states and to pair production in collision systems with
Zu > 137. The reason is that these processes involve almost exclusive quasimolecular
states with angular momentum J' = in the united atom limit R -4 0, which have a
spherically symmetric density distribution in this limit. On the other hand, numerical
calculations have revealed that a very large number of such states must be retained in
the coupled equations 28 in order to achieve convergence [10]. It has, therefore, been
found to be quite appropriate to restrict the adiabatic basis to states with i =
not
only in the united atom limit but for all values of R. This procedure, which is known
as the monopole approximation, has proved to exceedingly successful in describing
inner-shell excitation processes and pair-production in systems with Zu > 137. As
shown in Fig. 2, the binding energies of the innermost quasimolecular states are well
reproduced in this approximation up to rather large distances R comparable to the
K-shell radius of the separated atoms. By contrast, inner-shell excitation and pair
production amplitudes are essentially determined at distances below a few 100 fm.

!

!'

In the monopole approximation, the two-centre potential V (r', R) is replaced
by its spherically symmetric part V (r, R) where rand R are now scalars. As the
wavefunctions l{Ji now also depend on the distance R alone, the partial differential
operator in eq. (28) can be replaced by the operator R~ The matrix elements can
be evaluated conveniently with the help of the Hellmann-Feynman theorem, and are
then tabulated for a large number of grid points in the variable R. Inclusion of electron
screening is very important to obtain quantitative agreement with experimental data.
In the calculations of our group screening is routinely described in the adiabatic
Hartree- Fock- Slater approximation for discrete as well as continuum states [11].
As long as the electron-electron interaction is described by an average screening
potential, Le. neglecting correlation effects, all observables can be expressed in terms
of the single-particle occupation amplitudes ai(t -4 00) [12]. For example, the number
of electrons excited into an initially vacant state i is given by

L

Ni =

2

laki 1

(Ei

>

E F ),

(29)

El<Ep

while the number of vacancies in a state below the initial Fermi surface EF is represented by
(30)
Ni =
lakil 2

L

.

El>Ep

In our calculations the Fermi level EF is usually chosen just above the 3S 1 /2 and 4Pl/2
states, respectively, because the higher states with i = have an orbital velocity that
is smaller than the ion velocity and are therefore ionized early in the collision with
very large probability. Eq. (30) also describes positron production, since a positron
can be viewed as a vacancy in the negative energy states forming the Dirac sea. The
expression for the number of particle- hole pairs, e.g. electron positron pairs, contains
two terms:

!

Ni,j

= NiNj

L L

El<EpEn>Ep

a7cialeja~jani

(31)

The first term obviously described accidental coincidences between a particle and a
hole, whereas the second term describes correlated particle- hole excitations, as can
be shown in perturbation theory. In the case of correlated emission of a free electronpositron pair one can ask for the possibility of an angular correlation between the two
particles. -The relevant formula is:
1\T

Hi,j

46

(8) _-

1\T

Hi

N-j

(11) (11)"1 2
+ -1 ~
L I~
Laki
alej

2 11 =±

Ie

lb)

10- L

1
0

50

100

*

"-

""-

150

"-

10- s
100

50

150

"-

"-

"-

200

b(fm)

Figure 3. Impact parameter dependence of (left) Pb K-shell ionization by Sm ions
for three bombarding energies and (right) Cm K-shell ionization by Pb ions at 5.9
MeV/u.

+ cos 8lR[ei~(L a~)a~;)')(L a~~)a~i)·)].
"

(32)

n

Here 8 is the angle between the direction of emission of the electron and that of the
positron, and the superscript (±) denotes the parity of the j = state, Le. (+) stands
for s-states and (-) for Pl/2 states. !:i. denotes the asymptotic phase differnce between
states with opposite parity, which turns out to be 11'". Clearly, a nonvanishing angular
correlation requires pair production in s- as well as Pl/2-states, and modifications can
be expected when the balance between the two contributions is changed.

l

The time-dependent coupled channel formalism based on the quasimolecular
picture, in combination with the monopole approximation, has proved to be extremely successful in describing experimental data on inner-shell ionization, electron
and positron emission in heavy ion collisions with Zu > 137. We cannot here give
a full account of this success, and only a few examples must suffice. Fig. 3, which
shows the impact parameter dependence of Pb K-shell ionization in collisions with
Sm nuclei (Zu = 82 + 62 = 144) at three different energies, and of Cm K-shell ionization by Pb projectiles (Zu = 96 + 82 = 178) at 5.9 Mev/u [13] clearly proves the
importance of including screening effects in the calculation for quantitative agreement
with experiment [11].
The 208pb nucleus is particularly suited for such experiments since it has no
low-lying excited states that could strongly contribute to K-vacancy production by
internal conversion. This fact has been exploited in many experiments, e.g. in the one
reproduced in Fig. 4 showing 8-electron emission in the collision system I + Pb (Zu
= 135). The comparison with theory is made for 8-electrons emitted in coincidence
with a Pb K X-ray, signalling the simultaneous presence of a K-vacancy in Pb [14].
The last figure shows a comparison of theory and experiment for positron emission in collision systems ranging from Zu = 163 up to Zu = 188, at energies around

47

10 6

1- Pb
<-

ELab = 500 MeV

lOS

Vl

~

--':£

.D

Z = 135
10 4

:l.

W
"0

c:
"0
b

N

"0

10 3
10 2
10 1
100

150

200 250 300
350
Electron energy c.m, (keV)

400

450

Figure 4. Spectrum of c5-electrons emitted in I + Pb collisions at 500 MeV beam
energy. Upper data: all c5-electrons; lower data: electrons in coincidence with a K
X-ray in Pb.
the Coulomb barrier. One sees how the contribution from strong field QED pair
production (dashed lines) increases 'rapidly in comparison with the nuclear positron
background (dotted lines). The sum of both contributions (solid lines) is in excellent
agreement with the measurements, without need foran overall normalization factor.

Supercritical Heavy Ion Collisions
As it has been formulated in the previous section the bound state interaction
picture is not directly applicable to supercritical collision systems, Le. those systems
where the combined charge of both nuclei is sufficiently large to let the quasimolecular
Is-state enter the Dirac sea at a critical distance R e • The difficulty resides in the
presence of the supercritical Is-state as a very narrow resonance (r ~ 1 keV) moving
rapidly through the negative energy continuum (dE j dR ~ 10 keYjfm). In order to
obtain numerically reliable results for the evolution of the occupation amplitudes in
thsee continuum states it would be necessary to include continuum states spaced by
much less than 1 keV at several points per 1 fm on the nuclear distance grid. This
is far beyond numerical possibilities. Besides, such a treatment would obscure the
nature of the physical process: a Is-electron would be represented by the coherent
superposition of amplitudes belonging to several continuum states and not by an
amplitude of its own, and the mechanism of spontaneous positron emission would be
virtually impossible to disentangle from other processes.
The difficulty can be avoided by employing an improved version of the autoionization picture discussed previously. One artificially constructs a normalizable
resonance wavefunction rpr for the supercritical Is-state, e.g. by cutting off a continuum wavefunction in the centre of the resonance at its first zero (more sophisticated
procedures have been devised and are routinely used [12]). In the next step a set of
orthogonal states rpE are constructed in the negative energy continuum with the help
of a projection technique. Those states are solutions of the projected Dirac equation

(E < -m.).

(33)

Since rpr and rpE do not diagonalize the two-centre Hemiltonian, there exists a nonvanishing static coupling between the truncated Is-resonance state and the modified
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negative energy continuum which describes the spontaneous decay of a vacancy in
the supercriticalls-state. As is eq. (23), the spontaneous decay width is given by the
expression

rE =

-

2

211'IVEI ,

(34)

Similarly the coupled differential equations for the amplitudes a;k(t} are amended by
a "spontaneous" matrix element that does not 'vanish in the limit where the nuclei do
not move:

Careful investigations have shown that the asymptotic amplitudes aik(oo) are
insensitive to the precise way of constucting the supercritical Is-state, although the
individual matrix elements may differ somewhat for the various procedures. This
means that the concept of "spontaneous" pair production has no unique definition in
the dynamical environment of a heavy ion collision, except in the limiting case when
the nuclei fuse (for some time) into a single compound nucleus. For collisions without
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nuclear contact, when the two nuclei move on hyperbolic Rutherford trajectories,
the contribution from the "spontaneous" coupling constitutes only a small fraction,
in any event. Accordingly, the calculations do not yield any perceptible change in
the predicted positron spectra for such collisions when one goes from subcritical to
supercritical systems. The total positron yield at fixed beam energy per nucleon for
Zu > 137 is predicted to grow at a very rapid rate that can be parametrized by the
effective power law
Up(Z) ex:
n ~ 20,
(36)

zn,

showing no discontinuity at the transition to supercriticality. The large value of
the exponent demonstrates the entirely nonperturbative nature of pair production in
collisions of heavy ions, indicating the coherent participation of an average number of
10 virtual photons in the process. The fact that this prediction has been verified in the
experiments at GSI is a major confirmation of our ability to accurately treat quantum
electrodynamics in strong Coulomb fields by the theoretical methods described above,
based on the adiabatic quasimolecular basis and the monopole approximation.
Besides being a source of strong electric fields, colliding heavy nuclei carry also
strong magnetic fields. The magnetic field strength can exceed 1016 gauss, probably
the highest value achievable anywhere in nature. The presence of this magnetic dipole
field leads to a splitting between the quasimolecular states with opposite spin projection perpendicular to the scattering plane, which reaches about 30 fm in grazing
collisions of the heaviest nuclei [15]. As a result of this Zeeman splitting the two spin
states are ionized with different intensity, so that a net polarization of the emitted 0electrons of the order of ten percent has been predicted. Unfortunately, this effects
seems to be hardly detectable in an experiment.
Recently, it was suggested by Scharf and Twerenbold [16] that the magnetic
dipole coupling could be the cause of oscillatory structures in the positron spectrum,
presumably as a result of interference of the magnetic dipole amplitude for pair production with the dominant amplitude from the Coulomb monopole field. The origin
of such
effect is not easy to understand, because it would imply the existence of
two different time scales for the magnetic and the electric field. Indeed, a subsequent calculation by Soff and Reinhardt [171, using superior numerical methods, has
not confirmed the results of ref. [161. Even when the magnetic dipole coupling is
included, the total positron spectra appear completely structureless.

an
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ELECTRONIC EXCITATIONS IN COLLISIONS WITH NUCLEAR CONTACT

The "Atomic Clock" Phenomenon
When in the course of a heavy ion collision the two nuclei come into contact, a
nuclear reaction occurs that lasts a certain time T. The length of this contact or delay
time depends on the nuclei involved in the reaction and on the beam energy. For light
and medium heavy nuclei the nuclear attraction is greater than, or comparable with,
the repulsive Coulomb force, thus allowing for rather long reaction times of the order
of 10- 2os or even more. For very heavy nuclei, in or beyond the Pb region, however,
the Coulomb interaction is by far the dominant force between the nuclei, so that
delay times are typically much shorter and probably do not exceed 1 - 2 X 1O- 21 S.
Nuclear reaction models predict that the delay time increases with the violence of
the collision, as measured by inelasticity (negative Q-value), and mass or angular
momentum transfer. [Some model calculations have hinted at the possibility of much
longer reaction times in collisions of strongly deformed nuclei right at the Coulomb
barrier [18]. More detailed investigations [19] and experimental studies have not
substantiated this conjecture, so far.]
That a delay in the collision due to a nuclear reaction can lead to observable
modifications in atomic excitation processes was recognized more than twenty years
ago (for the history and an overview of the field see [20]). Early investigations were
primarily concerned with light ion reactions, because extrem~ly long delay times can
occur there in the case of narrow resonance scattering. However, in these cases the
method is not of practical interest, because the delay time can be determined much
more conveniently from nuclear scattering data. As pointed out in 1979 by Anholt
and by Soff et aI., this is different for heavy ion reactions above the Coulomb barrier
(deep-inelastic reactions), since there no other model.,independent way of measuring
reaction times exists. The two main observable effects in such collisions are: (a)
interference patterns in the spectrum of 6-electrons [21], and (b) a change in the
probability for K-vacancy formation [22]. These effects have become known as atomic
clock for deep-inelastic nuclear reactions.
The origin of the atomic clock effect is most easily understood in a semiclassical
model for the nuclear motion, where the nuclear trajectory is described by the classical
function R(t) and the only effect of the nuclear reaction is to introduce a time delay
T between approach and separation of the nuclei, Le. R(t) = 0 for 0 ~ t ~ T. The
consequences of this assumption can be analyzed either in the atomic picture or in the
quasimolecular picture. As the latter is more appropriate for heavy projectile nuclei,
we shall base our discussion on it. To retain lucidity of the argument we further, for an
exception, make use of first-order perturbation theory for the excitation amplitudes
aik:
aik(oo) = -

1

8

r

dtR(t)(lpkl 8R Ilpi} exp[i 10 dt'(Ek - E i )].

00.

-00

(37)

The range of the main integral splits into three parts: (a) t < 0, (b) 0 ~ t ~ T,
and (c) t > T. Because R enters as a factor in eq. (37), the median part does not
contribute. For the last part one can rewrite t -4 t + T so that the integral runs from
o to 00. Because this exit part of the nuclear trajectory is just the time-reverse of the
entrance part, Le. R( -t) = -R(t), the amplitude from part (c) can be expressed as
the complex' conjugate of the amplitude a;k(O) from part (a) of the integral, except
for a phase factor resulting from the variable substitution in the phase integral in eq.
(37). Thus we find the relation:

(38)
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Figure 7. Atomic clock phenomena: (a) oscillations for fixed !:1Ej (b) osillations for
fixed T as function of transition energy.
where the energies have to be taken at the distance of nuclear contact. IT we write
aik (0) in the symbolic form aoeia, the final probability for excitation between states i
and k becomes
(39)
where !:1E = (Ek - E i ) is the transition energy. The excitation probability is obviously
an oscillating function, either of T for a given transition i --t k, or a function of
transition energy !:1E for fixed delay time T, as sketched in Fig. 7. The first case
applies, e.g., to the probability of K-vacancy production, which is dominated by
transitions from the quasiatomic 2Pl/2-state into threshold continuum states. The
second case occurs when c5-electron spectra are measured in coincidence with a nuclear
reaction.

In reality, of course, things are more complicated. Except in truly elastic collisions the outgoing trajectory is not a precise mirror image of the approaching trajectory. Furthermore, multi-step excitations play an important role in very heavy
systems, as discussed previously. The total excitation amplitude therefore contains a
mixture of contributions from different intermediate states, see eq. (28). The simple
expression, eq. (38), must then be replaced by the formula
a~(oo)

= I:a:ie-iEjT ajkt •

(40)

j

Finally, the nuclear delay time T is usually not sharply defined, so that an average over
a distribution f(T) of delay times has to be taken in eq. (39). The common result of
these refinements is a dilution of the interference patterns, Le. the oscillations become
less pronounced. For short delay times and a large uncertainty of T all that remains
is a partially destructive interference between the incoming and outgoing branches of
the trajectory, observable as a decrease in the K-vacancy yield or a steepening of the
slope of the low-energy part of the c5-electron spectrum.
A more serious objection appears to be that a nuclear reaction is a quantum
mechanical process that is not really adequately described by a classical variable such
as T. However, it can be shown that no new effects are introduced by the transition
to a quantal description of the nuclear reaction. As first derived by Tomoda [231, the
quantum mechanical analogue of eq. (40) is:

a~(oo) = I:a:iS(E
j
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+ Ei

-

Ej)ajkt,

(41)

where S(E) denotes the energy-dependent nuclear reaction S-matrix. The argument
of S(E) accounts for the fact that the energy at which the nuclear reaction occurs
depends on the energy absorbed by the intermediate electronic state. The total
measurable transition probability Pik(T) is obtained by averaging the square of eq.
(41) over the incident beam energy E. It can be shown [24] that this procedure is
tantamount to taking an average of the classical expression, eq. (40), over the delay
time T with the distribution function

f(T) =

i:

(42)

dE'eiE'T (S*(E)S(E - E'»au..

Quite remarkably this is the same expression for the distribution of nuclear reaction
times as occurs in the theory of crystal blocking. In some sense, therefore, the atomic
clock phenomenon can be understood as a microscopic version of the blocking effect.
Experimental Results
Over the last few years several groups have carried out experiments aimed at
the measurement of nuclear reaction times in deep-inelastic collisions with the help of
the atomic clock effect. Meyerhof and collaborators have concentrated on K-vacancy
production in U+U collisions, as determined from the K X-ray yield from uranium-like
fragments. The main experimental problem here is that highly excited uranium nuclei
have a strong tendency to fission, yielding no uranium-like K X-ray in such a case.
Somewhat surprisingly, Meyerhof's group has succeeded in identifying unfissioned
uranium nuclei even for reactions with a Q-value of -200 MeV, although only one
nucleus in 104 survives at this inelasticity. Another difficulty is that the nuclei partly
de-excite by internal conversion processes, e.g. ejecting a K-shell electron. This
contribution must be subtracted from the measured K X-ray yield.
The left part of Fig. 8 shows the reduction of the experimentally determined
K-vacancy yield PK as function of the reaction Q-value (note that PK is normalized
to the value 4). A comparison with the also reproduced theoretical relation between
PK and T indicates the steady increase of the delay time with increasingly negative
Q-value, up to about 1O- 21s for the most violent collisions.
The implications of these results are best analyzed in terms of semiclassical
statistical models, in which nucleon transfer between the two nuclei is treated in a
space of a few selected collective parameters, one of them being the nuclear separation
R, another the angle E> of the major axis of inertia to the beam direction. Two of
the most successful models of this type are those of Wolschin et al. [26,27], and that
of Feldmeier [28]. In Wolschin's model the evolution of the nuclear system along the
collective coordinates is described by Newtonian equations of motion:

8

- 8R (Ve

.2

+ VN ) + J.LRE>

e,

-'Yef(R)R 2

•

- 'YRf(R)R
(43)

where 'YR = (0.16 MeV/fm)-1 and 'Ye = (40 MeV/fm)-1 are the radial and tangential friction coefficients, respectively. Ve and VN denote the Coulomb and nuclear
potential, and the form factor of the friction force is given by f(R) = (8N /8R)2.
The nuclear interaction potential is taken as a proximity potential with a correction
term for dyn!l-mic deformations. The friction parameters have been adjusted to fit
the measured kinetic energy and angular momentum dissipation into internal nuclear
degrees of freedom.
Due to the deterministic nature of eqs. (43) the nuclear reaction time T and the
energy loss (-Q) are unique functions of the impact parameter b. The other models
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differ only slightly, except for the fact that in Feldmeier's reaction model a fluctuating
Langevin force 6F(t) is added on the right-hand side of eqs. (43). In this way also the
mean fluctuations in the collective variables for fixed b are determined. This feature
has so far not yet been fully exploited in the analysis of 6-electron spectra, although
first attempts to deduce the spread in the time delay distribution were made by the
group of Backe, Senger et al. [31] (see below).
The right part of Fig. 8 shows how the correlation between Q-value and delay time T, as extracted from the experiment of Meyerhof et aI., compares with two
versions of the Wolschin model. The solid line, denotes by (S), represents the model
of ref. [27], whereas the dashed line, labeled by (W), contains the prediction following ref. [26]. Clearly, the trend of an almost linear increase of T versus (-Q) is
reproduced, but the data indicate somewhat larger time delays. However, given the
large correction to the measured K X-ray yield for internal conversion, it is not clear
whether this discrepancy is significant. Another source of caution is the selection of a
very small fraction of all events by requiring unfissioned uranium-like nuclei. It is not
at all obvious that the reactions in this subset of all events should follow the average
trajectory attributed to all events.
The necessity of selecting a small subset of all events to avoid fission does not
exist in the second class of experiments, i.e. those measuring 6-electron spectra in
coincidence with a deep-inelastic nuclear reaction. This circumstance, when combined with the fact that one does not measure only a single~number, renders this
type of experiment superior to the X-ray experiment. Two groups have measured
6-electron production in deep-inelastic collisions at GSI over the past few years. The
TORI group (TH Darmstadt) uses a toroidal magnetic transport system that permits
the simultaneous measurement of electron and positron spectra, in coincidence with
mainly binary nuclear final states detected in parallel plate counters [29,30\. The
other group, a Mainz-GSI-Heidelberg-Frankfurt collaboration, has measured e ectron
spectra by means of an orange-shaped magnetic spectrometer that is inserted into a
large scattering chamber. The chamber also contains large-area particle counters capable of determining the nuclear kinetic energy loss with high accuracy also in fission
events [31].
The TORI group has analyzed the electron spectra measured in deep-inelastic
Pb+Pb collisions at 8.6 MeV lu in terms of a nuclear trajectory model involving several free parameters. To wit, the function R(t) was discretized inside the nuclear
interaction range, and the about ten discrete values R(t.l:) I R(t.l:) were fitted such that
the spectrum calculated from the perturbative expression, eq. (37), was is agreement
with the measured spectrum, apart from an overall normalization factor. These fits
are shown in Fig. 9 for a series of Q-value windows and for elastic collisions. The spectra and the fitted values ill R are also compared with the predictions of the friction
model of Schmidt et al. [27] (dotted lines). The dashed lines show the (unrealistic)
results that would be obtained on the basis of Rutherford trajectories. Also shown in
the inserts is the range of impact parameters associated with the respective Q-value
window according to ref. [27].
The right-hand part of Fig. 9, shows the fitted trajectory function R(t) for
the highest Q-value window 250 MeV < -Q < 450 MeV. Again, the dotted line
indicates the prediction of the friction model. As in the X-ray experiment discussed
before, the nuclear time delay extracted from the data is somewhat larger than that
predicted by theory. However, the discrepancy is just at the edge of experimental
uncertainties, and the general agreement must be regarded as quite spectacular. Our
group has solved the full set of coupled equations for the excitation amplitudes for the
Schmidt friction model, in order to see whether the agreement might be an artefact
of the perturbative treatment. Indeed, the deviations from the measured spectra are
somewhat larger, but more extensive studies are needed before final conclusions can
be drawn.
The experimental set-up pf the second group, around P. Senger and H. Backe
[31], is most suited to measure electron spectra in coincidence with scattering events
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Figure 10. a-electron spectra calculated for Pb+U collisions with binary (solid lines)
and ternary exit channel (dash-dotted lines).

leading to fission of at least one nucleus. They have recently studied the system
U+Au at a beam energy of 8.6 MeV lu, where the uranium-like nuclear fragment
fissions in most cases for 'negative Q-values beyond about 100 MeV. Concentrating
on these ternary events one can determine the nuclear time delay for the dominant
reaction channel.

In this case theory has to check whether the fission process, which occurs some
(unknown) time after the deep-inelastic reaction, has any influence on the predicted
8-electron spectrum. This question was studied by S. Graf [32], who extended the
coupled-channel code for the quasi-molecular occupation amplitudes O-ik to allow for
the presence of three nuclei in the exit channel. This does not pose any new problems
of principle in the context of the monopole approximation, but the complexity of the
calculations is increased considerably, because the basis states !Pi now depend on three
parameters corresponding to the three distances R 12 , R 13 , and R 23 between the three
nuclei. Limitations of data storage do not permit to tabulate the transition matrix
elements at a sufficient number of points, and therefore the matrix elements must be
recalculated for every single exit channel trajectory.
Fortunately, the calculations have shown conclusively that the influence of the
fission process on the electron spectra is negligible, as illustrated in Fig. 10. The calculation was performed for the system Pb+U at 8.4 MeV lu for the inelastic collision,
and at 6 MeV lu for the quasi-elastic collision. Assuming the same friction trajectory
in either case, the results for a binary exit channel (solid lines) are compared with
those for a ternary exit channel (dash-dotted lines). Here fission of the uranium nucleus was assumed to occur at a distance R J = 20 fm for the quasi-elastic collision and
at R J = 30 fm for the deep-inelastic collisions. No significant difference was found
when the distance of fission was varied.' The conclusion is that the a-electron spectra
are sensitive to the evolution of the di-nuclear system during the deep-inelastic reaction, but not to processes occurring after the end of the reaction, such as (sequential)
fission.
fig. 11 shows the measured a-electron spectra in ternary U+Au collisions for
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Figure 11. a-electron spectra measured in 8.6 MeV/u U+Au eollisions. The lines and
inserts represent fits to the data with a gaussian distribution of reaction times.

four different Q-value windows. The change in shape with increasing inelasticity is
clearly visible. The flattening of the spectra at high electron energy appears to be
the remnant of an interference minimum at about 2 MeV, corresponding to a nuclear
delay time in the range of 1O- 21 S. The lines drawn through the data points represent
an analysis in terms of first order perturbation theory with a gaussian distribution
of nuclear reaction times T., where the centre and the width of the gaussian have
been fitted to the data. The time distributions, reproduced in the inserts, show a
systematic shift towards larger reaction times for increasing (-Q)-value, but little
change in width.
Since the trajectories used in the analysis include also small transitory regions
required to smoothly join the velocity to Coulomb trajectories, the total time delay T
is somewhat larger than the parameter T•. Its value as function of negative Q-value
(or: total kinetic energy loss = TKEL) is shown in Fig. 12 (left part). The values
compare well- with those found in the other experiments discussed above. The right
part of Fig. 12 contains a comparison of the fitted trajectories with those predicted
by Feldmeier's friction model (dotted lines). The two solid lines in the exit channel
indicate the width of the gaussian distribution of reaction times. For (-Q) = 190
MeV the agreement is perfect, but for (-Q) = 350 MeV the friction model predicts
a larger delay time. A more detailed analysis of the data, e.g. as function of the
mass transfer between the nuclei, is possible and will provide a significant test of the
various nuclear reaction models.
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Positron Production in Delayed Collisions

In principle, the positron spectra contain the same information about nuclear
time delay as the electron spectra. However, because of their low emission probabilty,
positrons are not as useful from a practical point of view, at least in subcritical
collision systems. Nevertheless, positron spectra emerging from deep-inelastic heavy
ion collisions have been me~ured [29], and the first experimental observation of the
atomic clock phenomenon in heavy ion collisions came in fact from positrons [33]. The
yield argument does not necessarily apply to supercritical collision systems for two
reasons. Firstly, a reaction-induced nuclear time delay may allow for the detection of
spontaneous pair-creation in these systems, as will be discussed below. Secondly, a
tiny component of very long reaction times (T > 1020s) might become visible in the
positron spectrum, because the spontaneous emission mechanism acts as a kind of
"magnifying lens" for long delay times [34].
In order to see why this is so, we return to eq. (35) for the amplitudes iliA: in a
supercritical system, which contained the additional time-independent couplings VE
between the resonant bound state and the (modified) positron continuum states. The
presence of this coupling has the effect that the contribution to the integral in eq.
(37) from the central time interval 0 ::; t ::; T does not vanish any longer. The total
amplitude a1; for emission of a positron from the supercritical bound state contains
therefore an additional term compared with eq. (38):
a~(oo) =

_

e,T(E-E r )

aE(O) - a~(O) exp[iT(E - E r ) ] - VE

-

E-Er

1

,

(44)

where E r is the energy of the supercritical state when the nuclei are in contact. For
the U+U system this about E r = -700 keY, and for the U+Cm system one has
E r = -830 keY, depending somewhat on the degree of ionization. For T = 0 the new
term vanishes, but grows rapidly with increasing T. For delay times considerably
greater than 1O- 21 S the additional term in eq. (44) begins to dominate over the first
two terms , causing the emergence of a peak in the positron spectrum at the energy
of the supercritical bound state:

laT(
E 00

)1 2 = rE T2 sin2[(E 211"

E r )T/2]
[(E-Er )T/2J2'

(45)

The energy distribution has a width r(T) = 21l" /T as would be expected on grounds
of the uncertainty relation, and the total probability for positron emission grows
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Figure 13. Effect of a nuclear time delay on the positron spectrum. Left: subcritical
system. Right: supercritical system.

proportional to T. For very, very long delay times, T > f E1 , perturbation theory no
longer applies because the integrated emission probability approaches unity. One can
show that the energy distribution then goes over into a Breit-Wigner curve centred
at E r with width equal to the spontaneous decay width f E •
The emergence of a peak in the positron spectrum for strongly delayed supercritical collisions is strikingly demonstrated in Fig. 13, where the effect of a nuclear time
delay is compared for a subcritical system (Pb+Pb, Zu = 164) and a supercritical
system (U+U, Zu = 184). In the subcritical case the delay causes interference patterns like those already known from electron spectra, effectively reducing the positron
yield. In the supercritical case, on the other hand, the positron yield increases dramatically when the delay time exceeds about 3 x 1O- 21 S. Unfortunately, this is beyond
the range accessible for the average time delay in deep-inelastic reactions where not
much more than 1O- 21 S has been observed. Still, the situation may not be entirely
hopeless, because the intensity of the line structure grows with T and simultaneously
becomes more localized at the resonance energy. In principle, even a very small tail
of the delay time distribution f(T) could acquire sufficient weight to be visible in the
positron spectrum. Model calculations [35] have yielded that a fraction of 5 x 10-3 of
all events with a delay time of the order of T = 4 X 1O- 2os would clearly show up as
a peak on top of the dynamical positron "background".
As briefly mentioned in the introduction such long delay times could only occur
if an attractive pocket is present in the internuclear potential for supercritical collision
systems, for which no conclusive theoretical or experimental evidence exists at present.
But even if a pocket were there, the existence of a sufficiently large tail of long delay
times in the distribution f(T) is not ensured. Studies of a schematic model by Heinz
et al. and Pinkston [36] have not provided reason to be optimistic. Although very
narrow positron peaks were obtained for beam energies in a small window around the
Coulomb barrier, their intensity was much too low to allow for observation. But again
it must be emphasized that these models are too simple to permit definite conclusions
for the realistic case. These can come from experiments alone. So far, no evidence
has been found.
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THE GSI POSITRON PEAKS: STATUS OF EXPERIMENTAL RESULTS
Starting in 1980 line-structures were observed in the positron spectra from very
heavy collision systems by two experimental groups working at GSI: The ORANGE
collaboration (Miinchen-GSI) has made use of an orange-type magnetic spectrometer in combination with a direction sensitive solid state detector, whereas the EPOS
collaboration (GSI-Yale-Fankfurt-Heidelberg-Mainz) has combined a solenoidal magnetic transport system with high resolution solid state counters.
A few years later, in 1985, it was discovered that these lines are correlated with
similar structures in the coincident electron spectra. The most fascinating aspects of
this discovery were that the peak found in the sum energy spectrum of these correlated
electron-positron lines was much narrower than the lines in the singles spectra, and
that there is indirect evidence for back-to-back emission of the two leptons.
Although much has been said, written, and speculated about their unexpected
experimental results, the record of published papers in regular journals is rather thin
[37,38,39,40,41,42,43,54]. More extensive material is contained in some conference
reports and teview articles [44,45,46,47,48,49], which the interested reader may wish
to consult. For obvious reasons, the present discussion is from a theorist's standpoint,
and thus naturally biased and incomplete.

Structures in the Positron Singles Spectrum
When the line structures in the positron spectra were first detected at GSI,
they were associated with the spontaneous positron emission line that was predicted
by theory for supercritical collision systems with long nuclear time delay. This was
quite natural, because that had been the aim and inspiration of the experiments from
the beginning. For the first two systems that were investigated, U+Cm and U+U
[37,381, this explanation worked quite nicely; the position of the line agreed rather
well with the expected spontaneous emission peak. The measured spectra could be
described in the framework of schematic models involving the intermediate formation
of a long-lived (T ~ 5 x 1O- 20s) "giant" di-nuclear system (35,38,50].
Of course, the experimentalists were very cautious to make sure that the lines
would not be a trivial artefact caused by pair decay of some excited nuclear state.
This can be checked experimentally, since a pair-decaying nuclear state can always
decay in another way, either by photon emission (if the transition multipolarity is
not L = 0) or by internal conversion to a K-shell electron. The latter process works
for any multipolarity. The branching ratios for the various decays can be calculated essentially model independently, because the nucleus is small compared to the
wavelength of the emitted real or virtual photon. The photon and electron spectra
were measured simultaneously in the relevant energy range (beyond 1 MeV), but no
associated structure was found [37,38].
The observed line width of 70-80 keV provided a second argument against nuclear pair decay. If the structures were emitted from the scattered nuclei they would
have to be Doppler broadened due to the motion of the source. At 45° (lab) scattering angle the broadening would amount to 100 keV, Le. more than the observed
line width even for an intrinsically monochromatic structure. However, the positron
spectrum emerging from a normal nuclear pair decay is not monochromatic at all!
The energy of the transition is shared between the electron and the positron, and a
broad p,eak develops at the upper end of the positron spectrum only for heavy nuclei
due to Coulomb effects. Normal pair conversion could thus be ruled out by line width
arguments as well [371.
An intrinsically monochromatic positron line could, in principle, be caused by
a process called monoenergetic pair conversion, which can occur if an inner atomic
shell is not fully occupied. The electron can then be captured in this bound state,
and the positron carries away the full remaining energy. The sharply defined energy
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is characteristic of a two-body decay A· -+ (A+e-) + e+, whereas the normal pair
decay into a free electron-positron pair is a three-body decay A· -+ A + e- + e+.
Although a large number of inner-shell vacancies are created in the heavy ion collision, monoenergetic pair conversion is expected to be strongly suppressed, because
the vacancies are filled by transitions from outer shells within about 1O- 17S. This
filling time is at least two orders of magnitude shorter than the lifetime of nuclear
excited states. Therefore, a possible origin of the line structures by monoenergetic
pair conversion was ruled out, too, on experimental [37] and theoretical grounds [51].
The dependence of the line structures as function of combined nuclear charge

Zu = Zl + Z2 afforded a crucial test of the hypothesis that they could be attributed

to spontaneous positron production. The line must then occur at the positron kinetic
energy corresponding to the energy Ell of the Is-resonance that is imbedded in the
Dirac sea: E poak = IEll (ZiI) I - mo. The surprising result of such a study by the
EPOS collaboration [39] is shown in the left-hand part of Fig. 14: The position of the
peak was always in the range 350 ± 30 keV essentially independent of Zu! (It seems
now that the remaining fluctuations in the peak position are caused by the presence
of a multiplicity of lines.) For comparison, the expectation for a peak caused by
spontaneous pair creation in the strong Coulomb field is also shown in part (b) of the
figure. Starting at about 320 keY in the U+Cm system the line should move to lower
energies and decrease in intensity, assuming similar nuclear delay times for all systems.
For Th+Th (Zu = 180) the structure should be gone, unless a spherical compound
nucleus t~~A is formed - a scenario that is beyond imagination in the framework of
standard nuclear physics, because the Coulomb energy of such a configuration would
be much too high. The independence from Zu was also confirmed by an experiment
with Th+Ta (Zu = 163), where the same positron line appeared [55].
Positron experiments by the ORANGE collaboration [42] for subcritical collision systems, i.e. for Zu < 172, supported these findings and conclusively ruled out
spontaneous pair creation as origin of the observed line structures. Besides being
present in spectra from subcritical systems, the lines appeared in multiple structures,
at energies so much independent of Zu that their statistical significance could be improved by adding spectra from systems with different Zu [41]. This is illustrated in
Fig. 14 (right part) showing the added positron spectra from the systems Pb+Pb
and U+Au. Fig. 15 demonstrates that the observed structures fall into three groups,
at the positron energies 250, 330, and 400 keY, respectively, with an uncertainty of
about 20 keY. (Note that these are not the measured laboratory energies, but energies
corrected for Doppler shift, assuming that the source moves with the velocity of the
centre of mass.) When the EPOS data are added, more evidence for the two highest
energies, i.e. 330 and 400 keY, is accumulated.
The fact that the same structures appear in spectra from systems like Pb+Pb

(Zu = 164) and U+Ta (Zu = 165), where the involved nuclei have widely disparate

r:roperties - 208Pb is doubly magic with a first excited state at 2.6 MeV, whereas
38U and 181Ta are both strongly deformed with dense excitation spectra -, makes any
explanation in terms of nuclear physics rather unlikely. [In principle, fission could lead
to the appearence of the same daughter nuclei in both cases, but the fission mode
is experimentally ruled out by the coincident detection of both scattered nuclei.] A
second rather general argument against any nuclear origin of the positron peaks is
provided by the variation of the line intensities with nuclear charge. This was found by
the ORANGE group to be indistinguishable from the Zu-dependence of the dynamic
QED background, i.e. (da / dO)peak ex Z~o, as shown in Fig. 16. This would be natural
if the process responsible for the appearance of the line structures somehow involves
the strong combined Coulomb field of both nuclei, but it would be hard to understand
for a pure nuclear physics effect.
We conclude this section by summarizing the experimental results for the line
structures in positron singles spectra:
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Figure 16. Zu-dependence of the intensity of the positron lines (left part) and of the
QED background (right part).

• Lines have been observed for a large variety of collision systems, ranging from
Zu = 163 (Th+Ta) up to Zu = 188 (U+Cm) and involving nuclei with widely
different structure.
• The line positions appear to fall into several groups between 250 and 400 keV;
their width is about 70 keV, if all positron emission angles are covered. This
value corresponds to the Doppler width of a sharp line emitted by a source
moving with centre-of-mass velocity.
• A number of lines are common to different collision systems and to both experiments (ORANGE and EPOS).
• Nuclear pair conversion processes (A' -+ Ae-e+) appear to be excluded from
-y-ray and electron spectra, linewidth, and A-independence.
Finally, it should be mentioned that the line intensity may depend very sensitively,
almost erratically, on some yet unknown parameter, possibly the beam energy or
the target quality. This circumstance has been a constant source of worry for the
experimental groups, and it may well convey some important clue toward the origin
of the positron peaks (for a painstaking investigation of target effects, see ref. [53]).

Correlated Electron-Positron Lines
The A- and Z-invariance of the line energies strongly hint at a common source
that in itself is not related to the nuclei or the strong electric field, although the
strong Coulomb field might play a role in the production of this source. Since no
Z-dependenc4l is seen, the most natural candidate for such a source would be some
(neutral) object that moves with the velocity of the centre of mass and eventually
decays into a positron and a single other particle. (A two-body decay must be invoked to explain the narrow linewidth, as mentioned before.) Could the second decay
product simply be a second electron, Le. could it be that one sees the pair decay of
a neutral particle, XO -+ e+e-, with a mass somewhat below 2 MeV?
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Figure 17. Spectra taken from e+e- coincidence events in U+ Th collisions at 5.83
MeVlu (EPOS data), compared with computer simulations of pair decay of a neutral
particle and of a nucleus.
When the EPOS collaboration, inspired by this hypothesis, added an electron
counter opposite of the positron detector to their device in order to investigate this
question, they indeed found a correlated line structure in the electron spectrum at
precisely the same energy of 380 keV in the U+Th system [541. Fig. 17 shows the
published results, which contain a comparison of the measured spectra with Monte
Carlo simulations of the decay of a slowly moving neutral particle and of the pair
decay of one of the nuclei. An event required the coincident detection of an electron,
a positron, and two elastically scattered nuclei. Part (a) shows the positron spectrum
in coincidence with an electron in the energy range 340-420 keV; part (b) shows
the electron spectrum in coincidence with a positron in that energy range; while (c)
shows the sum energy spectrum under the condition that electron and positron energy
are the same within the limits provided by Doppler broadening from c.m. motion.
Finally, part (d) shows the difference energy spectrum for all events where the sum of
electron and positron energy is 760 ± 40 keV. Parts (e) - (h) show the same spectra,
but for adjacent energy windows. Evidently a clear peak is visible in any of the top
four spectra, but in none of the four reference spectra. The peak intensity is just
what would be expected if every positron in the singles peak shown in Fig. 14 is
accompanied by an electron of the same energy.
The computer simulations reproduced in the two bottom rows are quite conclusive: Pair decay of a slowly moving neutral particle XO of mass 1.78 MeV, parts (i)
- (1), nicely fits all the spectra of the top row, whereas nuclear pair decay, parts (m)
- (p), does not. In particular, the appearence of a peak in the difference spectrum
(last coll1mn) cannot be understood except for a two-body decay. That nuclear pair
decay does not even correctly reproduce the narrow sum energy line is due to the
fact that the nuclear pair is not emitted back-to-back, so that the linear Doppler shift
from the nuclear motion does not cancel. A second argument against nuclear EO-pair
decay comes from the coincidence yield, which saturates the positron singles line if
back-to-back emission is assumed. For the (1 +cos 0••) distribution of nuclear EO-pairs
the observed intensity of e+e- coincidences would be too high by a large factor [54].
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Figure 18. Sum and difference energy e+e- spectra in U+Th collisions at 5.82-5.87
MeVju (EPOS data), for prompt (top row) and delayed (bottom row) coincidences.
When the same system was remeasured in 1986, at 5.82-5.87 MeVju beam
energy, again narrow sum energy lines were found, but now at different energies
[52,55] (see Fig. 18). The top two subfigures show the sum and difference spectra
obtained requiring a prompt coincidence between the two leptons. A narrow line now
emerges at the sum energy E 1 = 809 ± 8 keV with a width f 1 = 41 ± 5 keV. The
two lower subfigures show similar spectra, now taken with the condition of a slightly
delayed coincidence, with the positron arriving about 5 ns after the electron. Such a
delay would not necessarily indicate that the positron was emitted after the electron,
but could simply mean that the positron followed a longer trajectory before it arrived
at the detector. This would occur if the positron is emitted at a large angle with
respect to the axis of the solenoidal transport system, being forced to move on a large
helical orbit. Fig. 18 shows that an even narrower sum peak appears for such events,
but now at the sum energy E 2 = 608 ± 8 keV and with width f 2 = 23 ± 3 keV. In
both cases there is also a broad peak in the difference energy spectrum, again around
equal energies of electron and positron.
For the next run, in 1987, the EPOS group modified their lepton detectors so
that electrons and positrons emitted forward from, or in front of, the target could
be distinguished from those emitted backwards. The two parts of the detectors will
be denoted by "F" and "B". The aim was to find out whether the leptons were,
indeed, emitted back to back as required by the particle decay hypothesis, or with
uncorrelated angles, or even preferentially in the same direction as in nuclear pair
decay. This could be done by comparing the combinations (FB+BF) and (FF+BB),
where the first letter indicates the part of the electron counter, and the second letter
that of the positron counter. Tests with a radioactive 90Sr source, which emits pairs
from a 1.77 MeV transition in 90Zr, proved that the discrimination could be achieved
if the pair is produced within a few mm from the target [56].
The measurements were this time performed with the collision system U+Ta for
reasons of target quality, and a broad range of beam energies around the Coulomb
barrier was investigated [56]. In the energy range 5.93-6.16 MeV ju a sum energy peak
was found for delayed positrons at E 3 = 748 ± 8 keV with width f 3 = 26 ± 5 keV. In
the higher energy range 6.24-6.38 MeV ju two peaks were observed, which appeared to

65

Table 1. Sum energies and widths of correlated e+e- lines observed at GSI
System

Expt.

U + Th
U + Ta
U+Th
U+ Ta
U+Th
U+Ta
U+U
U+Pb

EPOS
EPOS
EPOS
EPOS
EPOS
EPOS
ORANGE
ORANGE

Beam energy
(MeVJu)
5.82-5.87
6.24-6.38
5.83
5.93-6.16
5.82-5.87
6.24-6.38
5.9
5.9

condition
delayed
delayed
delayed
prompt
prompt
(180 ± 18)°
(180 ± 18)°

Energy
(keV)
608 ± 8
620 ± 8
760 ± 20
748 ± 8
809 ± 8
805 ± 8
815 ± 8
802 ± 8

width
(keV)
23 ± 3
20 ± 3
80 ± 20
26 ± 5
41 ± 5
30 ± 4
40 ± 15
32 ± 15

be the same as those discovered in 1986 in the U+Th system. The peaks could again
be isolated by selecting prompt or delayed coincidences. All the measured positions
and widths of peaks in the sum energy spectrum are listed in Table 1.
The two lines observed at the higher beam energy, i.e. the lines at 620 and
805 keY, were only visible in the spectrum from the detector combination (FB+BF),
indicating a back-to-back correlation of the lepton pair. This was more or less the
expected result, because trajectory simulations for the lines seen in the 1986 run with
U+ Th had yielded that the relative angle of emission had to be at least 150° to explain
the narrow width of the sum energy line. However, the 748 keY line seen at the lower
beam energies showed up preferentially in the FF detector. Moreover, the difference
energy spectrum in this case does not show a peak at equal energies of electron and
positron. Note that 748 keV is precisely the sum energy associated with the 1. 77 MeV
transition in 90Zr discussed above in connection with the radioactive source test. The
long lifetime of the 90Zr state (62 ns) allows to rule this explanation out on the basis
of timing measurements. Also, no line was seen at 1.77 MeV in the "(-ray spectrum,
but a transition of multipolarity EO has not been ruled out [56).
Intrigued by this discovery, the ORANGE group has added a second orange-type
magnetic spectrometer to their set-up, permitting simultaneous measurement of the
electron (forward) and positron (backward) spectrum. Since both lepton detectors are
subdivided into six azimuthal angular ranges of 60° ("pagoda" counters), spectra for
specific angular correlation, e.g. 60° or 180°, can be selected. In 1987 a first run with
U+U at 5.9 MeV Ju was carried out [57]. The sum energy spectra of e+-e- coincidence
events obtained in this run is shown in Fig. 19. The energies of the most prominent
line detected in the 180° correlated spectrum coincides almost exactly with one of
the two lines that appeared to be back-to-back in the latest EPOS measurement: 815
keY. As the figure shows, this line structure appears to be absent in the spectrum
taken for an angular correlation in the range 40° -170°, confirming the EPOS results.
A third line appears at about 630 keV sum energy, but no line was seen that could be
identified with the third EPOS energy (748 keY). The 810 keY line was also observed
in the system U+Pb.
Most recently, also the TORI group has measured e+-e- coincidences in the
U+Th system at 5.85 MeV Ju with kinematical conditions corresponding to a large
relative angle between electron and positron (70° - 180°) or to a small opening angle
(0° - 110°), respectively. As listed in Table 1, two line structures were found in the
backward correlated events at roughly the same energies as in the 1986 data of the
EPOS group. However, structures were also observed in the spectrum of forward
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Figure 19. Sum energy e+e- spectra measured in U+U collisions at 5.9 MeV lu with
the double-orange spectrometer. Solid line: 1800 ± 18 0 correlations; dotted line:
correlations with 40 0 - 1700 opening angle (scaled).
correlated events, and no firm conclusion about the opening angle distribution has
been reached so far [581.
We conclude the section by summarizing the experimental results for the correlated line structures in electron-positron coincidence spectra:
• Lines at 620 and 810 keY sum energy have been observed by the EPOS and the
ORANGE collaboration. A third line at 750 keY was only seen by the EPOS
group. The peaks seem to occur at the same positions in various systems, e.g.
U+Ta (Zu = 165), U+Th (Zu = 182) and U+U (Zu = 184).
• The width of the sum energy peaks lie in the range 20-40 keY; they are much
narrower than the positron singles peaks. The source must move slowly ((38 ~
0.05); if it is not at rest, the data imply an opening angle close to 180 between
the two leptons.
0

• The 620 and 810 keY lines appear to be caused by back-to-back emission. The
750 keY line in U+Ta could be forward correlated.
• The difference-energy spectra exhibit a broad peak near zero energy, indicating
that the lepton pair is not produced inside the strong Coulomb field, or in the
vicinity of a third body. Again, the 750 keY line in U+Ta appears to be an
exception to this rule.
• The e+e- coincidence line intensity exhausts the full strength of the positron
singles line, when the experimental efficiency is taken into account (da I dO ~
lOJLb/sr). [The line intensity appears to be smaller in the data taken by the
doubIe-orange spectrometer .J
• The different spectra obtained for prompt and delayed coincidences hint at nonisotropic emission of the lepton pair. This may also explain the lack of intensity
exhibited by the double-orange data.
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Thus almost everything appears to be compatible with the assumption that
one observes the pair decay of at least three neutral particle states in the mass range
between 1 and 2 MeV. These states must have a lifetime of more than 1O- 19 S (because
of the narrow linewidth) and less than about 1O- 9 s (because the vertex of the lepton
pair is within 1 cm of the target). Surely, a few pieces of data do not really fit into
this picture, e.g. the characteristics of the 748 keY line observed in U+Ta. But it
is by no means clear at the present time, whether these features provide conclusive
evidence against the particle hypothesis, especially if one is not dealing with simple,
elementary particle states.
Nevertheless, the very idea that a whole family of neutral particle states in the
MeV mass range should have remained undetected through more than 50 years of
nuclear physics research is hard to accept for the conservative mind. Most physicists,
when first confronted with the GSI data, have therefore tried to explain the data in
terms of known nuclear or atomic physics. As mentioned before, nuclear pair decay
would be the most natural explanation. In fact, it is rather easy to invent some
scenario that would give rise to nuclear pairs of the correct sum energy, e.g. due
to target impurities, deexcitation of fission products, neutron activation of the target
frame, and so on. However, none of those scenarios has yet stood up against a detailed
comparison with the experiments. As long as this is so, nuclear pair decay cannot be
considered as a viable alternative to the particle hypothesis. Similar remarks apply to
attempts to explain the GSI peaks in terms of atomic physics. None of the ideas that
were studied quantitatively have been successful, even if -they were based on plausible,
but unfounded, ad hoc assumptions. We will discuss some of these attempts later,
after a review of the neutral particle models.
THE CASE AGAINST NEW ELEMENTARY PARTICLES

In this chapter we will review the experimental arguments against the existence
of neutral elementary particles with mass below 2 MeV that can decay into an e+e- pair. We will see that precision experiments set severe limits on the permissible
coupling strength of such particles to the electron-positron field, but do not rule
out the full range of lifetimes relevant to the GSI peaks. Beyond that, dedicated
searches have now eliminated the possibility of an axion in the relevant mass range.
Beam dump experiments have closed the remaining lifetime gap for weakly interacting
point-like particles, but have left room for extended particle states. Bhabha scattering
below 2 MeV centre-of-mass energy, which is the unique model-independent probe for
the hypothetical particle states, has just begun to set new limits but is still far from
the sensitivity required to reject the particle hypothesis once and for all.
Limits on Light Neutral Bosons from Precision Experiments
Even when the hypothesis of a new neutral particle was first seriously discussed
[59,601, it was recognized that the precision experiments of quantum electrodynamics
provide stringent limits on the coupling of such light particles to the electron-positron
field and to the electromagnetic field. Tl).e strength of this argument lies in the fact
that any particle XO which decays into an e+-e- pair must couple to the electronpositron field. At least in the low-energy limit, the coupling can be expressed by an
effective interaction of the form:
(46)
where t/J denotes the electron-positron field, if> the XO field, and f j with i = S,P,V,A
stands for the vertex operator associated with the various possible values of spin and
parity of the XO particle. Given the interaction Lagrangian (46) one can calculate
the lifetime of the XO particle against fair decay as well as the contributions to QED
processes by virtual exchange of an X . The most sensitive of these is the anomalous
magnetic moment, because of the high experimental accuracy [611:
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Figure 20. Feynman diagrams for (a) pair decay ofXo, (b) contribution to the electron
anomalous magnetic moment, (c,d) positronium hyperfine splitting.

a:

ZP

= (g. -

2)/2

= (1159652193

± 4) x 10- 12

,

and its excellent agreement with the value predicted by QED [62]:
a~ED

=

(1159652230

± 52 ± 41) x 10- 12

•

where the first error is due to the uncertainty in the electromagnetic coupling constant
a = 0.00729735308 ± 33, and the second error contains the uncertainties in the
evaluation of the third and fourth order Feynman diagrams. A reasonable estimate
for the 95% confidence limit is L\a. < 2 X 10- 1

°.

As illustrated in Fig. 20, the contribution of a hypothetical XO particle to the
value of a. involves two vertices between an electron or positron and an XO, and are
thus proportional to the effective coupling constant ax. =
/41r. The same applies
to the decay rate TX 1 , which involves the square of an amplitude with a single vertex,
and to the contribution of an XO particle to the hyperfine splitting of the positronium
ground states. (The last process does not yield a limit rivalling that derived from
a. in accuracy, but permits to eliminate possible cancellations between contributions
from different particles to the anomalous magnetic moment [63,64].)

g;

The limits derived from these considerations [63] on the XO-coupling constant
and its lifetime are listed in Table 2. Particles with lifetime TX > 1O- 13 s cannot
be ruled out by this argument. Considering that the experimental conditions only
require a lifetime below about 1 ns, there remains an unexplored range of four orders
of magnitude in TX.
Similar upper limits can be derived for the coupling of an XO boson to other
known particles [631. That for the coupling to the muon, ax"" is about one order of
magnitude weaker because of the lower accuracy in the value of a".. A limit on the
product of the coupling constants to the electron and to nucleons is obtained from
the Lamb shift in hydrolfen and from the K-shell binding energy in heavy elements,
one finds aX.aXN < 10- 4. For scalar particles an extremely stringent bound on the
coupling to nucleons can be derived from low-energy neutron scattering: aXN < 10-9
[651. Special bounds for vector (gauge) bosons were considered by Zee [66]. Finally,
measurements of nuclear Delbriick scattering yield an upper limit on the coupling of
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Table 2. Limits on the coupling constant, lifetime, and pair decay width of neutral
bosons with mass Mx = 1.8 MeV derived from the anomalous magnetic moment of
the electron.
Particle
type
Sc~.lar (S)
Pseudoscalar (P)
Vector (V)
Axial vector (A)

Spin Vertex
J"
ri
0+
1

o-

11+

il's
"fJ.O
"fJ.O"fs

Max. coupling Min. lifetime
TX (s)
ax. = gl/47r
7 x 10 9
2x 10 13
1 X 10- 8
1 X 10- 13
8
3 X 104x 10- 14
9
5 x 105x 10- 13

Max. width
r~(meV)

3.0
6.8
16
1.4

a spinless XO boson to the electromagnetic field through an effective interaction of the
type

Lx "1"1 =

gs(E 2

L x "1"1 =

gp(E' H)</Jx

-

H 2 )</Jx

(scalar)
(pseudos€alar) .

(47)

The limits are: gs < 0.02 GeV-l and gp < 0.5 GeV-l. They provide lower limits for
the lifetime against decay into two photons: Tn(XO) > 6 X lO- 11s for a scalar particle
and T"1"1(XO) > 4 X 1O- 13 S for a pseudoscalar particle [67].

Inadequacy of Perturbative Production Mechanisms
One consequence of these results is that the particle hypothesis cannot be rejected off-hand. On the other hand, the condition that the coupling constant between
the hypothetical XO boson and the particles involved in the heavy ion collision, Le.
electrons and nucleons, must be very small creates severe problems for any attempt
to explain the measured production cross section of about 100 JLb by a perturbative
interaction of the type shown in eq. (46) [59,60,63,68]. (The treatment of ref. [69]
suffers from an incorrect treatment of nuclear, as opposed to nucleon, spin.) Also the
cross section for production by the strong electromagnetic fields present in the heavy
ion collision falls short by several orders of magnitude, if it is based on the Lagrangian
(47) or similar perturbative interactions [70,71,72,73,75,76,78].
A second serious difficulty with the interactions (46) and (47) is that they favour
the production of particles with high momenta due to phase space enhancement.
For collisions with nuclei moving on Rutherford trajectories the calculated spectra
typically are very broad, peaking at velocities /3x > 0.5. As discussed in the previous
chapter, the experiments would require an average particle velocity /3x < 0.05!
Both these problems could, in principle, be circumvented by the assumption
that a very long-lived, excited giant compound nucleus is formed [70,76], but only at
the price of violating other boundary conditions set by the experimental data, e.g.
the absence of a much larger peak in the positron spectrum caused by spontaneous
pair prod)lction [771. A further counterargument is that the emission of slow particles
is tremendously suppressed by phase space factors [78]. One might also consider the
possibility that the XO particles are somehow slowed down after production, but this
cannot be achieved with the interactions discussed above.
Two mechanisms remain, which can conceivably ensure the survival of the particle hypothesis: (1) a form factor that .cuts off production at large momenta [741;
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and (2) a non-perturbative production mechanism, e.g. production in a bound state
around the two nuclei [79,80,87]. Both mechanisms require particles with internal
structure. An additional advantage of a composite particle is that it would be expected to have a number of excited states, providing a natural explanation for the fact
that several narrow lines in the sum energy spectrum are observed at GSI. Models
for such particles are discussed in the next chapter.
Axion Searches
At first the axion, i.e. the light pseudoscalar Goldstone boson associated with the
breaking of the Peccei-Quinn symmetry required to inforce time-reversal invariance
in quantum chromodynamics, seemed like a plausible candidate for the suspected XO
boson. The interest in an axion was revived when it was realized that there was,
indeed, a gap left by previous axion search experiments for a short-lived axion in the
mass range around 1 MeV [81]. However, new experimental studies of J /if! and T
decays [82,83,84] quickly ruled out the standard axion [85].
The reason, why the heavy quarkonium states provide the best test for the
Peccei-Quinn axion, is that it couples to all quarks according to their mass, except
for a parameter x that determines the ratio of the coupling constants to quarks with
weak isospin +1/2 (u,c,t) and -1/2 (d,s,b). It is possible to modify the axion model in
such a way that the axion coupling to the light quarks (u,d) is-essentially independent
of the coupling to heavy quarks ['86,87]. However, even in these variant axion models
the coupling constants to the light quarks, gu and gd, remain predictable numbers, if
the axion mass is known. In terms of the quark masses m u , md, the pion mass and
decay constant m 1r ,I1r, and a basis symmetry breaking scale I:::; 250 GeV, on has:

mux

gU=T'

md

gd=-,

xl

ma =

m1rI1rV2mumd (

1)

21 (mu+md ) x+ -x ,

(48)

and a similar coupling to the electron, g., which is proportional to the electron mass
m.. The existence of a variant axion with mass above 1 MeV can therefore be ruled
out by experiments on e+e--decays of excited hadronic states involving light quarks,
e.g. pion decays and decays of excited nuclear states. There are also strong limits from
electromagnetic decays of strange hadrons, such as E+ ~ pe+e- and K+ ~ 7I"+e+e[88,89,90,91], and from neutral pion decay [92].
The rare radiative pion decay (71"+ ~ e+ve+e-) was studied at SIN in order
to search for a decay branch (71"+ ~ e+v</» where the axion </> decays later into an
electron-positron pair [93]. No such events were found, limiting the branching ratio of
this decay mode to less than 10- 1°. Variant axion models typically predict a branching
ratio of order 10-6 [94]. In order to rigorously eliminate all variant axions one must
turn to nuclear decays. Hallin et al. [95\ analyzed a new experimental studt< of the
rair decay of the 9.17 MeV 2+-state in 4N [96] and older experiments on °B and
Li, and showed that these combined results ruled out all axions that decay into an
electron-positron pair. Similar analyses by Bardeen et al. [97] and by Krauss and
Zeller [64] reached the same conclusion. (However, a variant axion below 1 MeV is
not yet completely ruled out, see ref. [98].)
Further experiments on the 3.59 MeV 2+-state in lOB [99], the 3.68 MeV ~ - -state
in 13C [lOOk the 15.1 MeV state in 12C [101], the 18.15 and 17.6 MeV l+-states in
8Be [104], and the 1.115 MeV state in 65CU [103] have also not shown any indication
for the presence of a short-lived, pair-decaying axion. Searches for a light, pairdecaying scalar or vector particle emitted in the decay of the 6.05 MeV 0+-state in
16
0 [101,104] have also been negative, yielding an upper limit of 2 x 10-9 for the
coupling constant Ci.XN of such a particle to nucleons. Of course, no useful limits
are provided for particles that interact only with leptons, not with quarks, except
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electromagnetically. (An experiment that does not rely on the coupling of the axion
to quarks was suggested in ref. [lOs].)
Beam Dump experiments
Beam dump experiments, in particular those with a high-energy electron beam,
are an excellent source of rather model-independent bounds on the properties of hypothetical light neutral particles. The idea behind these experiments is rather simple:
When an electron enters a solid piece of material, e.g. a lead block, it is slowed
down and deflected by collisions with the target electrons and nuclei. In particular,
the electron can be scattered off mass shell in the Coulomb field of a target nucleus,
and return to the mass shell by emission of a real photon. This process is called
bremsstrahlung. Of course, instead of radiating a photon, the electron can get rid of
its excess energy by emitting some other light neutral particle XO, if any exists. Except for effects from the particle mass and spin, the expected cross section is given by
the cross section for photon radiation, multiplied by the ratio of the coupling constant
of the emitted particle to the electron and the electromagnetic coupling constant:

dux
ax. du..,
dOdE = ~ dOdE·

(49)

An upper limit for the measured cross section for the XO-particle cross section hence
yields an upper limit for the coupling constant ax•. -- A simple formula for the
bremsstrahlung cross section has been given by Tsai [106] (see also ref. [107]).
However, for every beam dump experiment there is not only a lower bound for
the range of excluded coupling constants but also on upper bound, for the following
reason. The lifetime of the hypothetical particle against pair decay is inversely proportional to the ax•. For sufficiently large values of the coupling constant almost all
produced particles therefore decay inside the beam dump, and the e+e- pair produced
in the decay is absorbed in the target. It is clear that a good value for this other limit
requires a short beam dump, whereas high cross-section and low background require
a thick target.
Hence, the result of a beam dump experiment is a region of excluded values of
z
• In the analysis
ax., i.e. the coupling cannot be in the range ax~n < ax. <
one assumes that the neutral particles interact so weakly that they pass essentially
undisturbed through the target. For elementary particles this assumption is not
critical: for the SLAC experiment discussed below (ref. [110]) it has been shown that
even a nuclear absorption cross section as large as 50 mb per nucleon (this is more
than the total nucleon-nucleon cross section at high energy!) would not seriously
affect the limits derived from the data.

ax:

Three such beam dump experiments with high-energy electrons have been performed recently, at KEK [108], Orsay [109], and at SLAC [1101, and there exists a
relevant older experiment at much lower energy [111]. The conditions and results of
these experiments are listed in Table 3, where the excluded ranges of the coupling
constant are given for pseudoscalar particles of mass 1.8 MeV. For a scalar particle
the bounds would be similar, but for spin-one particles about one order of magnitude
better lower limits would be obtained. Also listed in Table 3 is a proton beam dump
experiment performed at Fermilab. Due to the production of secondary electrons and
positrons in the target, a limit is obtained also for the coupling to electrons.
Together, the experiments exclude the range of coupling constants ax. between
10- 14 and 10-7 , corresponding to lifetimes against pair decay in the range lO- 14 s
< TX < 10- 7s. When combined with the bounds derived from the electron anomalous
magnetic moment a. and by experimental conditions, the beam dump results conclusively rule out any elementary neutral particle as source of the GSI e+e- events. To
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Table 3. Excluded ranges of the coupling constant ax. of a pseudoscalar particle of
mass 1.8 MeV derived from beam dump experiments.
Experiment
Konaka et al. (KEK) [108]
Davier et al. (Orsay) [109]
Riordan et al. (SLAC) [110]
Bechis et al. [1111
Brown et al. (FNAL) [112]
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Figure 21. Feynman diagrams for (a) radiation of a neutral boson by an electron
scattering in the Coulomb field of a nucleus.

wit, the bound from a. gave ax. < 10- 8 (see Table 2), and the experimental conditions required a mean lifetime below 1O- 9 s, or ax. > 10- 12 • The remaining interval
is covered by the beam dump results.
Does this rule out the particle scenario altogether? As we shall see in a moment,
the answer is, no! (Whether that is good news or bad news, of course, is a question
of taste!) That there is still a "loop-hole" for neutral particles left was revealed by
a recent analysis by A. Schafer, who calculated the bremsstrahlung production cross
section for extended particles [113]. He showed that a finite form factor can invalidate
the experimental bounds, if the emitted particle has a radius of more than about 100
fm (lO-l1 cm). Let us try to understand why this is so.
In lowest order of perturbation theory the radiation emitted by a Coulomb
scattered electron is given by the sum of the two Feynman graphs depicted in Fig.
21. In order for the electron to be able to emit an XO-boson, e.g., in the left-hand
diagram it must be off mass shell. More precisely, its invariant mass must exceed the
sum of the rest masses of the two particles in the final state:
(50)
This means that the longitudinal momentum of the virtual photon must be larger
than a minim,al value Iklll > mx(m.+mx/2)/E, where E is the incident energy of the
electron. Since the Coulomb scattering cross section falls as Ikl- 4 , the bremsstrahlung
cross section is dominated by events where the invariant mass (p + k)2 just barely
exceeds the critical threshold. In other words: as seen from the rest frame of the
emitted boson, the electron is slow before and after the emission process. The width
of the momentum distribution of the electron in the XO rest frame, measured by the
Lorentz invariant variable p = [(p + k) . ql/mx, is of order mx.
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We are now in a position to discuss the effect of a finite form factor of the
XO-boson on the bremsstrahlung cross section. According to our considerations, the
characteristic de Broglie wavelength of the electron in the rest frame of the XO-boson
is given by ~/21r = (jJ-I) ~ mil. If this is much larger than the size Rx of the radiated
particle, the emission will remain unaffected, otherwise the emission of an XO will be
suppressed. The amount of suppression is expressed by the form factor Gx(jJRx ),
which has the limits Gx(O) = 1 and Gx(x) « 1 for x ~ 1. The bremsstrahlung cross
section will, therefore, be strongly suppressed if R x ~ mil ~ 100 fm.
This qualitative consideration is confirmed by the results of the complete calculation [113], which are represented in Fig. 22. The cross section is here expressed in
terms of the dimensionless strength function F(x), defined by

dux = 2(Za)2 ax . F(x),
dx
m;

(51)

where x = 1Q1/IPl is the fraction of the initial electron momentum carried away by the
XO-boson. The XO form factor has been assumed to be of monopole form
Gx(jJRx )·= 1 +

(~Rx)2·

(52)

In Fig. 22 the value of F(x = !) is plotted as function of R x for emission of a
pseudoscalar or vector boson. Clearly, for R x > 1000 fm the bremsstrahlung cross
section is so much reduced that the limits derived from the beam dump experiments
discuS&,ed above are no longer relevant.

The curious fact that F initially rises rapidly is explained as follows. The contributions from the two diagrams in Fig. 21 almost cancel for point particles, because
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Figure 23. Feynman diagrams contributing to Bhabha scattering. Only the s-channel
diagram (a) is resonant and can compete with the QED process represented by the
diagrams (c) and (d).

the exchange of the order of the vertex operators "Yo and "Y" or "Y5 changes the sign of
the scattering amplitude, leaving the magnitude almost unchanged. This cancellation
is gradually alleviated in the presence of a form factor and the cross section rises,
until the cut-off due to the finite size sets in. A consequence of this effect is that the
beam dump limits would actually become considerably sharper, not weaker, for an
.XO boson with a radius in the range between 1 and 10 fm! (This remark bears upon
the "micro-positronium" states discussed in the next section.)

Bhabha Scattering at MeV Energies
All the limits on the possible existence of a light neutral XO-boson discussed so far
were derived assuming that the particle has no internal structure. When one allows for
a particle with finite size, they become model dependent, as was demonstrated at the
example of the limits derived from beam dump experiments. Similar considerations
apply to the bounds from the anomalous magnetic moment, Delbriick scattering,
positronium hyperfine structure, and so on. The reason for this model dependence
lies in the fact that all these processes involve particles off their mass shell, either
the electron or the XO-boson, whereas all particles are on mass shell in the pair decay
XO -+ e+e-. A form factor, therefore, enters in different ways into these processes.
In order to obtain model-independent bounds it is necessary to consider the
process, in which the boson is produced on shell by electrons and positrons that
are also on mass shell. This process is called Bhabha scattering on resonance, and
represented by the Feynman diagram (a) in Fig. 23. Averaging over electron and
positron spin the cross section from this diagram alone is narrowly peaked around
the beam energy E R corresponding in the centre-of-mass system to the rest mass of
the XO-boson:

(53)
where E R = (m~/2m.) - 2m., and fJ.(x) is a: dimensionless function of order unity
that depends on spin and parity of ~he XO-boson [63]. Right on resonance, Le. for
E = E R , the cross section exhausts the unitarity limit for a single partial wave
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(54)

unless other final states, such as "Y"Y, "Y"Y"Y or VI/, contribute significantly so that the
partial e+e- width fj( is not equal to the total width f x . On the other hand, the
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Table 4. Upper limits for the resonance signal of a particle of mass 1.8 MeV in Bhabha
scattering at BLab = 29°. The energy resolution was assumed to be 20 keY.

P (0 ) V (1 )
0.7 %

1.3 %

8.0 %

0.7 %

QED Bhabha scattering cross section, described by the Feynman diagrams (c) and
(d) in Fig. 23, is of the order
(55)
At first glance, therefore, it appears as if the resonance caused by the new particle
would give a tremendous signal in Bhabha scattering. Unfortunately, this is only
so in the ideal world where the experimenter can measure an excitation function
with infinite energy resolution. (Here "infinite" meaI!s at least comparable to. the
decay width r x , which is of order meV, according to Table 3.) In reality, the cross
section must be averaged over a finite energy interval ~E, which depends on the
experimental conditions. The QED cross section (55) must then be compared with
the energy averaged resonance cross section
_1_
~E

f

2

dEux (E) = 21r (2J

+ 1) . r~ .

m~-4m~

~E

(56)

In practice, the energy resolution is not determined by the uncertainty in the positron
beam energy, but by the Fermi motion of the electrons in the target. If k F denotes
the Fermi momentum of the target electrons, the energy resolution is given by

(57)
At fixed beam intensity this value can be reduced only at the expense of scattering
rate, because the Fermi momentum is related to the electron density n. in the target,
viz. k F = (31rn.)l/3.
Most experiments have used low-Z targets, such as beryllium or hydrocarbon
foils. The energy spread for such targets can be calculated precisely, if the Compton
profile of the electron momentum distribution is known [114]. Such calculations give
a typical value ~E of about 20 keY, reducing the signal-to-background ratio by more
than 10- 6 • One therefore expects, at best, a resonance signal of about 1% of the QED
background. The maximal signal compatible with the limits from Table 3 is listed in
Table 4 for the various spin-parity assignments. With a reasonably intense positron
beam it is not difficult to obtain a statistical error of this size. The major difficulty
lies in the elimination of systematic errors, e.g. uncertainties in the determination of
the beam intensity, which is an especially serious source of error when the excitation
function is measured point by point.
The first Bhabha scattering experiment [115] was performed on a Th target (Z
= 90) because it was thought that the strong Coulomb field of the heavy nucleus
could playa role in the phenomena observed at GSI. Note that, according to our
above considerations, thorium with its high electron density forms the worst possible
target! Nevertheless, the energy spectra of scattered electrons and positrons were
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Figure 24. Energy dependence of Bhabha scattering in the invariant mass region
between 1.80 and 1.86 MeV, measured at Grenoble. No structure is seen at an error
level of 0.25%.
measured, and a line was observed in the coincidence spectrum at 340 keV. The experiment was repeated and confirmed by two independent goups [116,117]. However,
subsequent experiments by other groups [118,119] showed that this effect was caused
by contamination due to Compton scattering of 511 keV annihilation "f-rays in the
detectors.
Over the past two years, several groups have performed Bhabha scattering experiments with low-Z targets. The experimental techniques that have been used
differ widely, as do the positron sources. Some groups have made use of the broad
band spectrum emitted by radioactive sources [121,122,123,124,128], others have used
positrons produced by a reactor [125,129], an intense electron beam [126], or have accelerated slow positrons with an electrostatic accelerator [120,127,130]. While some of
the experiments have reported the observation of structures in the Bhabha scattering
excitation function [121,127], most have not seen an effect outside the experimental
error bars.
Presently, the highest sensitivity has been achieved by the group working at
Grenoble with reactor positrons scattered on a beryllium foil. The statistical and
systematic errors are below 0.5% [129]. The energy dependence, as measured in this
experiment, is fiat and shows no sign of a resonance in the invariant mass range 1.797
MeV < mx < 1.862 MeV (see Fig. 24). The upper limit for the energy integrated
resonance cross section is reported as 0.5 b'eV/sr, correspondini to the following
values for the e+e- width and lifetime of a hypothetical spinless X -boson:
r~

< 1.9meV,

TX

< 3.5

X

1O- 13S.

(58)

All structures reported by other experiments are clearly excluded by this limit. We
can conclude that the Bhabha scattering experiments have now reached a sensitivity
that allows to establish limits on new particles which are comparable to those derived
from other QED precision experiments. The crucial advantage of the new limits is
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that they are measured on mass shell and, therefore, independent of assumptions
about the structure of the XO-boson.
The present limit (58) is still several orders of magnitude away from the bound
set by the GSI experiments, i.e. TX < 1O-9 s. With the presently used experimental
techniques the limit certainly cannot be improved by more than a factor of ten, so that
the search for lifetimes above 1O- 12S requires new methods. One such technique may
be to make use of the smaller energy loss as a trigger on those events where the e+-epair was travelling as a neutral boson during part of its trip through the target [124].
Another way to improve the sensitivity is to search for inelastic scattering events.
Here the QED background is reduced because the bremsstrahlung process contains
one more order of Q. A positive signal would correspond to (radiative) transitions
between excited states of an intermediate particle, which is formed in a higher state
but decays back into e+e- in a state of lower energy. The Grenoble experiment has
reported a limit of 0.15 b·eV Isr for such events.
However, one has to bear in mind that such improvements in method usually rely
on rather specific model assumptions about the structure and the properties of the
sought particle. E.g., in the case of the energy loss technique one implicitly assumes
that the particle's size is sufficiently small so that electromagnetic polarization effects
in the target may be neglected. This condition is not satisfied for some of the models
discussed in the next section. It is not even clear that the XO-boson would escape
undestroyed from a thick target, or even a beam dump; in some specific models.
Nevertheless, such improved experiments would be very useful in eliminating large
classes of extended particle models, and serve to further tighten the already severe
conditions on viable models.

Correlated Two-Photon Lines
Any pair-decaying boson with spin different from one can also decay into two
photons. This prompted Meyerhof and collaborators to search for correlated narrow two-photon lines emitted in U+Th collisions at the Super-HILAC accelerator in
Berkeley. Unfortunately, the branching ratios for the decay modes e+e- and "1"1 are
strongl; model-dependent; their relative intensity can vary anywhere between 10- 5
and 10 [131]. Therefore, the absence of a signal does not allow to draw any conclusions. The experimental set-up consists of a large number of high resolution "I-ray
counters arranged in pairs opposite to each other at an angle close to 180°. Beam
and target conditions were chosen as in the 1985 experiment of the EPOS group, but
the scattered nuclei were not detected in coincidence.
A first experimental run did not reveal any narrow structure at a sum energy
in the range corresponding to the events observed at GSI, and an upper limit of
about 100 JLb was established [131]. A second, longer experiment again showed no
structure in the mass region between 1.6 and 1.9 MeV, but a very narrow (3 keY)
sum energy peak was found at 1062 keY [132]. Because of its narrow width, the
peak was originally not associated with a cascade of nuclear "I-ray transitions (but
see below!). This result initially obtained some further support by the fact that
experiments concerning pair production by "I-rays on atoms close to threshold have
consistently yielded results that were higher than QED predictions [133]. This excess
could, in principle, be explained by the production of an (extended) neutral particle
with the mass of the observed two-photon line [134]. Unfortunately, a recent repetition
of the :Berkeley experiment by the same group has shown that the two-photon line
must be attributed to a nuclear "I-ray cascade: The 32+ -+ 30+ transition (543 keV)
and the 30+ -+ 28+ transition (519 keY) in 238U combine to give a 1062 keY sum line.
For the given detector arrangement the line can appear very narrow due to kinematic
restrictions on the excitation of the nuclear high-spin states [135].
A particle that can decay both into an e+e- pair and into two photons will
also show up as a narrow resonance in the excitation function of electron-positron
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Figure 25. Diagrams for electromagnetic decay modes of a neutral boson: (a)
two-photon decay, (b) three-photon decay, (c) pair decay (r = 1-), (d) pair decay (other r).

annihilation in flight. Two such experiments, which are complementary to Bhabha
scattering, have been reported to date. The first experiment; performed at Johannesburg, did not show the presence of a resonance structure in the invariant mass
range 1.43 - 2.02 MeV [136J. This result allowed to set a limit of about 300 meV
on the width of resonances in this mass range. The second experiment, carried out
at the University of Tokyo, aimed at the invariant mass region 1.065 ±0.02 MeV.
Also here no indication for a resonance structure was found, and a very tight limit
r...,...,r••jr < 0.11 meV was established [137J.
MODELS OF NEW EXTENDED NEUTRAL PARTICLES

General Considerations
The postulate of new neutral particles with finite size, or substructure, can
simultaneously solve several general difficulties of any explanation of the GSI data in
terms of particle decay. These are:
• The fact that several line structures have been seen is naturally explained as
the decay of internally excited states of the same particle.
• The small velocity of the pair-decaying source may be explained in two ways:
either as a high-momentum cut-off due to the XO form factor, if R x > 20mi1 ~
2000 fmj or by production of the XO-boson in a bound state around both nuclei.
• A composite particle with electrically charged constituents could be efficiently
produced by some non-perturbative mechanism that requires the presence of
strong Coulomb fields.
• As already argued in the previous section, a general bonus is that all experimental limits are rendered irrelevant for a sufficiently large radius Rx, with the
exception of those derived from resonant Bhabha scattering.
Moreover, a general conclusion can be drawn with respect to the competition
between two-photon and pair decay. Unless the particle is a bound state of electronpositron pairs, or has a fundamental coupling to the electron field (as the axion
would!), the photon decay dominates for all states except those with spin one and
negative parity. The argument goes as follows: One may first rule out pair decay due
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to the weak neutral current, because this would yield a lifetime much longer than 1
ns. For electromagnetic decays, two-photon decay and pair decay via a virtual photon
(diagrams (a) and (c) in Fig. 25) are both of order 0: 2 , three-photon decay (diagram
(b)) is of order 0: 3 and pair decay via two virtual photons (diagram (d)) is of order
0: 4 • Decay into two photons is possible for all particles except those with spin one,
for these three photons are needed in the final state. On the other hand, pair decay
via a single virtual photon requires that the particle carries the quantum numbers
of the photon, Le. J7r = 1-. Thus pair decay dominates for a vector boson, threephoton decay is the main decay mode for an axial vector boson, and all other particles
would predominantly decay into two photons. (Again it must be emphasized that this
conclusion does not apply if the particle is already composed of one or several electronpositron pairs, which may be emitted without interaction with an intermediate virtual
photon.)
Two general routes can be taken by the theorist who wants to construct a model
of extended particles in the mass range between 1 and 2 MeV:
• One can speculate that there exists an undiscovered, "hidden" sector of lowenergy phenomena within the framework of the standard model of particle
physics, Le. within the SU(3) xSU(2) xU(I) gauge theory. This might be a nonperturbative, strongly coupled phase of quantum electrodynamics, low-energy
phenomena associated with the Higgs sector of-the Glashow-Salam-Weinberg
model, or some unknown long-range properties of QeD. It has even been speculated that the standard electromagnetic interaction between charged particles
with spin behaves quite differently at short distances than normally assumed in
perturbation theory.
• One can invoke new interactions which, for some reason that remains to be
explained, do not normally show up in experiments. Examples are many-body
forces between electrons and positrons that do not contribute in positronium, or
new light fermions that are confined by equally new, medium ranged interaction.
Both roads have been extensively explored during the past three years, overall with
little success. One must be aware that any attempt to fit a scheme of new low-energy
composite particles into the standard model faces awesome obstables, viz. the wealth
of experimental data and precision measurements accumulated over fifty or more
years. For the first class of models, Le. those models based on some obscure aspect of
the standard model itself, the problem is that there is essentially no free parameter.
Every conjectured phenomenon can be calculated reliably, at least in principle. Many
theorists, who took to this road, have (therefore?) speculated about states which are
so complicated in nature that their calculation is, at present, beyond technical means.
Nevertheless, a rather comprehensive no-go theorem for a class of e+-e- states has
been established, and calculations within lattice gauge theory have started to reject
speculations about new phases of QED.
Although free parameters can be introduced in abundance, the second route is
no less treacherous. A new force active in the MeV energy range can potentially show
up in every atomic, nuclear, or particle physics experiment. This has led, for instance,
to the rejection of speculations about many-body forces between electrons. On the
other hand, attempts to fit new interactions with consequences at low energies into
the standard model are not entirely hopeless. If some yet unknown interaction at
the TeV range could be responsible for the observed mass spectrum of leptons and
quarks, as technicolour models suggest, why should it not be possible to construct
new low-mass particles in a similar manner?
The scope of these lectures, clearly, does not permit to cover the full range of
composite particle models that have been proposed to explain the GSI data (for more
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details see refs. [138,139]). Maybe, the wide range of ideas that have been put forth is
best indicated by quoting a few titles of relevant articles. The list begins with "Is there
a tightly bound poly-positronium state?" [140], "Exotic states in QED?" [141] and
"Abnormal QED atoms" [142], then proceeds over such daring speculations as "The
production of a light new neutral particle in high-energy anomalon collisions" [143]
or "Are tachyons present?" [144] (remember: the big problem was to explain why the
source of the e+e- peaks appears to move so slowly!), and ends with the almost mystic
titles "Anomalous positron line and fractal time" [145] and "Quadronium: Rosetta
stone for the e+e-:- puzzle" [146]. (I apologize to anyone whose title is missing from
this brief list, but would deserve to be in it.)
In the following 1 will try to discuss the variety of models from rather general viewpoints in an attempt to emphasize the generic merits or problems of these
models, independent of their specific details. 1 will begin with the postulated highly
relativistic "magnetic" bound states of an electron-positron pair, which 1 will call
"micro-positronium" because of their suggested small size. General arguments have
been derived why such states with a dominant component in the single e+e- pair
channel do not exist within the framework of QED. I then discuss the hypothesis of
strongly bound states of several e+e- pairs under the keyword "poly-positronium".
Next, we will turn to speculations about a new ("abnormal") confining phase of QED.
Finally I will discuss some general merits and difficulties of composite particle models
in the context of a schematic model of meson-like bound states with a long-ranged
confining force.

Micro-positronium and the Virial Theorem
The idea that leptons can form (quasi-)bound states on a distance scale of about
10- 13 em due to the interaction of their magnetic moments has been entertained by
Barut and hi!> collaborators for many years [147]. They were first associated with
the GSI data by C.Y. Wong and Becker [148] on the basis of a two-body equation
that treated the magnetic moments of the electron and positron as those of classical, spinning point particles. This is clearly inappropriate because it does not take
into account the "Zitterbewegung" of relativistic leptons. Similar problems exist in
Barut's approach, where the binding force originates with the anomalous magnetic
moment which, as a radiative effect, is distributed over a region of the size of the
Compton wavelength (386 fm) around the bare electron, according to perturbative
QED [149]. Arguments that the form factor could shrink to dimensions of 1 fm due to
nonperturbative effects in the micro-positronium bound state [150] have never been
substantiated.
Moreover, it was shown by Geiger et al. [151] that Barut's equation fails to
reproduce the spectrum of (normal) positronium due to an incorrect treatment of
retardation effects. It therefore certainly cannot be relied upon to describe the highly
relativistic, hypothetical micro-positronium states. Also, such states could not even
be found as solutions of Barut's equation for a highly localized magnetic form factor
[151]. A resonance at 1.42 MeV obtained by Delmen and Shahin on the basis of an
approximate treatment of the Bethe-Salpeter equation [152] was also incorrect.
Recently, Wong and collaborators have made an attempt to derive strongly localized, quasi-bound micropositronium states in the framework of the quasi-potential
approach to th~ Bethe-Salpeter equation [153,154]. In principle, although not in practice, the two-body problem in QED can be treated exactly by this approach, and the
spectrum of positronium can be described correctly. The authors of ref. [153] found
that their interaction leads to singular behaviour in the 3p o channel which required
the introduction of annihilation terms into their equation, Le. naturally leads beyond
the two-body problem. At present, the method has not been sufficiently far developed
to allow a final verdict.
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However, a very general argument on the basis of the relativistic virial theorem
has been presented by Grabiak et al. [155,156] against the existence within QED
of quasi-bound states that are mainly composed of a single electron-positron pair.
Because it is quite illuminating, let us investigate the basic idea behind this argument
in some detail. We proceed in a number of steps:
(a) Let us start with an electron or positron interacting with a static potential
V (T). The motion of the particle is then described by the Dirac Hamiltonian

HD = -iii· V+ fJm.

+ V(T).

(59)

For a normalizable,eigenstate '110 with energy Eo one has

For a Coulomb potential V(r) = ±e2Jr one finds f·
0= (Wo!ili·

V - V(r)!Wo)

= (Wol - HD

VV =

+ fJm.IWo)

-V(r), and therefore

= -Eo + m.{Wo!fJIWo).

(61)

Now it is easy to see that the expectation value of the Dirac matrix fJ is always
less th~n unit~. One thus obt?,ins the general .inequality IEol < m., Le. that all
normahzable elgenstates must he below the contmuum thresho d.
.
(b) In order to see how this relation can be generalized to quasi-bound states,
Le. resonance states, one must study the derivation of the virial theorem by means of
scale transformations. This is implicit in the above equations, because the operator
f· V is just the generator of such transformations. However, whereas a normalizable
eigenstate does not vary under infinitesimal changes of scale, a continuum solution
does so. It is possible to show that the magnitude of this variation is inversely proportional to the energy derivative of the continuum phase shift, and hence proportional
to the resonance width in the case of a quasi-bound state [156]. The relation derived
above is therefore generalized to resonance states in the form

IE r •• I < m. + gr r ...

(62)

where g is a numerical factor of order one.
(c) The argument can be extended to arbitrary electromagnetic fields generated by point particles, where the interaction Hamiltonian is V (x) = e-y0"{1' A w The
electromagnetic potential of a point charge e satisfies the wave equation
(63)
where zl'(r) is the world line of the point charge and ul' its velocity four-vector. The
relativistic scaling operator (x· a) = x"a" yields the following relations:

(x·a)a"a"AI' = a"a"[(x·a)AI']-2a"a,,AI'
(x· a)6 4 (x)

-46 4 (x)

(x·a)xl' = xl' ,

(64)

and therefore one finds that (x· a) AI' also satisfies a wave equation like eq. (63), but
with the opposite sign of the charge, Le. with (-e). Hence, (x· a)AI' = -AI' , and
the remainder of the argument given under (a) and (b) goes through in the same way.
For N pairs, Le. 2N particles, the energy bound becomes:
(65)
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(d) The core of this argument based on the virial theorem is that the scale in
electrodynamics is set solely by the particle mass, here the electron rest mass m •. This
statement must be somewhat modified in the context of quantum electrodynamics,
because here a second scale, the four-momentum cut-off 11, has to be introduced in the
renormalization procedure. A detailed analysis [156] shows that the cut-off scale can
be absorbed in the renormalized mass of the electron, with the exception of correction
terms due to radiative processes, which are of order a. The final bound on the energy
of a resonance due to a quasibound state of N electron-positron pairs then takes the
following form:

IE[:+e-)N I < 2N(1 + calm. + gf reo,

(66)

where c is a numerical constant of order one, but depending (logarithmically) on the
spatial extension of the quasibound state.
From these considerations one can conclude that a narrow resonance that is
mainly composed of a single e+ e- -pair cannot occur at 1.6 or 1.8 Me V. This eliminates
the idea originally conceived by Wong and Becker to explain the GSI events as the
result of the decay of magnetically bound positronium states.
Poly-positronium
The argument presented in .the previous section cannot be used to rule out
states that are predominantly built up from two or more e+e--pairs. However, no
mechanism is known within the framework of QED for the strong binding required to
bring such states far below the threshold of at least 4m.. This constitutes the main
objection against recent claims that strongly bound states of two electron-positron
pairs ("quadronium") hold the key to the solution of the GSI positron puzzle [146].
An equation of Bethe-Salpeter type has been derived for this system [157], but no
indication for a strongly bound state has been found.
(The (e+e-)2 system is known to have a very weakly bound state with binding
energy of a few eV [158], which has the structure of an ordinary positronium molecule.
The analogous system (e+e+e-) was originally proposed as explanation for the GSI
events by Wong [159] when only the positron singles peaks were known. However,
the branching ratios for the interesting two-body decay modes (e+e+e-) -+e+'Y and
(e+e-)2 -+ e+e- are minute [160,161], eliminating any such possibility for reasons of
intensity. An attempt by Wong to circumvent this difficulty [162] turned out to be
based on an incorrect interpretation of the Dirac equation [1631.)
Thus, strongly bound (e+e-)n states, the so-called "poly-positroniwn" states,
appear to require the assumption that some new, non-QED force exists between
electrons and positrons [140]. On this basis, a rather satisfactory phenomenological
explanation of the GSI events could be constructed, if the poly-positroniwn system
would have a size of several 100 fm. The widths for decay into a single e+e--pair or
into two photons would then be roughly in agreement with the bounds derived from
QED. The states would be expected to be prod1,lced in the heavy ion collision by the
action of the strong electric fields with a cross section and kinematic charcteristics
similar to that of the QED pairs[140,164]. (The behaviour of micro-positronium in
strong electric fields was studied in refs. [165,166]. The latter of these seems to suffer
from an incorrect treatment of gauge invariance.)
Is the required new interaction between electrons and positrons compatible with
our knowledge of e+e- physics? E.g., one might postulate the existence of a short
range attractive many-body force that does not act between a single e+e--pair, thus
avoiding problems in electron-positron scattering at high energy and in the normal
positronium system that is well described by QED. The question was systematically
studied by Ionescu et al. [167], who considered the limits set by spectroscopic data
from heavy atoms on nonlinear interactions of the form

(67)
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where n is some integer greater than one. Such forces would contribute measurably
to the K-shell binding energy in heavy atoms, if the effective coupling constant >.
is too large. The following limits were obtained in this way: >.(n = 2) < 5 X 10- 4
and >.(n = 3) < 2 X 10-3 • On the other hand, the values of >. required to support a
poly-positronium bound state are at least 8(n = 2) or 130(n = 3), respectively [167].
Higher exponents n or even nonpolynomial interactions do not give more favourable
results. Thus, poly-positronium states based on a new e+ e- -interaction 01 type (67)
can be excluded.

Abnormal QED Vacuum
In spite of the fact that it is not tenable for the reason explained above, the idea
that the GSI events could be attributed to the decay of tightly bound e+e- states
has many attractive aspects. If a new interaction among electrons and positrons is
incompatible with atomic physics, and if the standard forces of QED do not appear
to support such states, one may ask whether the QED force between electrons and
positrons could not be modified by the action of very strong electric fields such as
those present in heavy ion collisions.

The first considerations in the context of pure QED were concerned with the
possible existence of collective modes in the electron-positron vacuum in intense external fields [168,169]. A high vacuum polarization density could indeed support plasma
oscillations of virtual e+~--pairs with a plasma frequency between 1.5 and 2 MeV,
which would predominantly decay into an electron-positron pair [169]. However, if
such collective excitations exist at all, they appear to be much too broad to be associated with the GSI events [168]. Furthermore, the strong fields are present only for
a very brief time, and it is not at all clear how these modes could survive sufficiently
long to give rise to narrow e+e- lines, simply on the basis of the uncertainty relation

IlE· Ilt

~

n.

A more radical approach is based on the hypothesis, first put forward by Celenza
et al. [141,172], that QED may possess an alternative vacuum state resembling in its
properties the normal vacuum of QCD (quantum chromodynamics), and that this
new vacuum may be formed in heavy ion collisions. Indeed, it has been known for
some time that the U(l) lattice gauge theory has a strong coupling phase, which
confines electric charges due to the formation of a condensate of magnetic monopoles
[170,171]. If a similar phase transition also occurs in the (non-compact) continuum
gauge theory with dynamical fermions, Le. in the QED of real physics, then the GSI
events might be explained crudely as follows [141,173,174] (see Fig. 26): A region of
the confining, strongly coupled phase of QED (shaded in the figure) is formed in the
vicinity of the colliding heavy ions due to the action of their strong electric fields. An
electron-positron pair may be captured in this region, where it becomes permanently
bound because the force between the two leptons is now of a long-ranged, confining
nature. The meson-like structure survives for some time after the collision of the
nuclei and finally decays into a free e+e--pair with simultaneous disappearance of the
"bag" of abnormal QED vacuum.
If one is willing to follow this speculation for the moment being, the multiplicity
of e+e- peaks observed at GSI may be naturally interpreted as decays of various
"abnormal QED mesons" [141,173,174,175,176]. Depending on the specific details of
the slightly different models, the energy splittings between the various GSI peaks can
be interpreted as mass splittings due to internal (radial or rotational) excitations or
differE!nt spin couplings of the QED mesons. Typical values required to fit the data
are K = (166 keV)2 for the slope of the linear confinement potential [174], or B =
(250 keV)4 for the QED bag constant [175], while the size of these states lies in the
range between 1000 and 3000 fm.
As alluring as the speculation of abnormal, confined e+e- states may be, one
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Figure 26. Schematic illustration of the "abnormal phase" interpretation of the GSI
events. See text for detailed explanation.

must be aware that it relies on an unproven hypothesis, viz. the existence of a second,
strongly coupled QED vacuum state. It is now quite clear that QED has a phase in
which chiral symmetry is broken, if the intrinsic coupling constant a is sufficiently
large (probably for a > a o = 1r/3) [177,178]. However, we"all know that in the
real world we have a ~ 1/137 « a o , which is why the normal, chirally symmetric
QED vacuum state is realized. The question is then, whether the strong electric fields
present in a heavy ion collision can somehow catalyze a transition to the abnormal
vacuum state, i.e. effectively increase the electromagnetic coupling constant beyond
the critical value.
This question was recently studied by Dagotto and Wyld [179], who investigated
lattice QED in the presence of an electric background field. They found that the critical coupling constant a o actually increases if an external electric field is present. This
behaviour is not really surprising, because it has an analogue in superconductivity.
There the superconducting phase, which exhibits confinement of magnetic fields (the
Meissner effect), is based on the condensation of Cooper pairs, Le. of electric charges.
This condensate is perturbed, and finally disrupted, by a strong external magnetic
field .. Similarly, the magnetic monopole condensate of strongly coupled QED is weakened by an external electric field, and a higher value of a is required to keep it in
existence. Dagotto and Wyld found that the chirally broken, abnormal phase altogether ceases to exist beyond a certain strength of the electric background field, where
it goes over to the charged QED vacuum already studied in Chapter 1 in connection
with supercritical nuclear charge Z. (This charged vacuum is also present in the lattice gauge theory.) The phase diagram of QED in the presence of an external charge
Z as function of the inverse (!) coupling constant a- 1 is shown schematically in Fig.
27. Thus, at present, the results of lattice gauge theory do not at all support the
hypothesis of the formation of abnormal QED meson states in heavy ion' collisions.
The question whether strong external electric fields may facilitate the transition
into a new, abnormal phase of QED, was studied by Peccei et al. from a more phenomenological point of view [180]. Their analysis of nonlinear effects in QED showed
that these are generally suppressed by a factor of order a, compared to possible naive
expectations relying on the large value of Z a. Another interesting, non-perturbative
approach to QED in strong background fields indicated the possible presence of thresholds in the production of virtual e+e- -pairs as function of the external field strength
[181]. However, this treatment suffers from severe analytic approximations whose
validity in the real physical situation is difficult to assess. Finally, it should be mentioned that the chirally broken, strongly coupled phase of QED may be stabilized by
the presence of a magnetic background field [182]. While this is not implausible, it
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Figure 27. Schematic representation of the phase diagram of QED. In heavy ion
collisions the diagram is explored along the dashed line.

is difficult to see how it would apply to heavy ion collisions at the Coulomb barrier,
where the magnetic fields are characteristically much weaker than the electric fields

(HIE < 0.1).

In conclusion, let me discuss some other problematic aspects of this speculative
explanation of the GSI peaks:

• Would the region of space filled with abnormal QED vacuum and the e+e--pair
confined in it detach itself from the heavy ions after the collision and somehow
lead a "life of its own"? This would require that the abnonnal QED phase can
be metastable even in the absence of a strong background field. No clear answer
to this question has been provided.
• The precise mechanism by which the QED meson states would decay into a free
electron-positron pair has not been described in the literature. Would the decay
occur still in the presence of the strong background field, or in a more or less
field-free region of space after the QED meson has left the interaction region?
It appears that the latter alternative must be realized, because a background
field would act as a third body that can absorb momentum, thereby destroying
the two-body characteristics of the e+e- decay. This, as we remember, was the
basis for the particle hypothesis in the first place.
• Would the QED meson states show up as resonances in Bhabha scattering?
It has been argued that they would not, because the strong electric field is
instrumental in their creation [1741. However, if the decay can occur in a fieldfree region, the creation should a]so be possible in the absence of an external
field, although the cross section for this process might be very small. Thus,
the states should be visible in e+-e- scattering unless time reversal invariance
is broken, for which there is no indication.

Other Models
A fair number of models for extended particles outside the scope of QED but
more or less within the standard model of elementary interactions, SU(3) xSU(2) xU(l),
has been proposed. In fact, the earliest theoretical speculation about particle creation and decay in association with the GSI positron peaks was based on the unified
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SU(2) xU(I) gauge theory of electroweak interactions [183]. The idea started from
the observation that this theory contains a doublet of charged Higgs bosons. Thus
one might suspect that the vacuum state of the Higgs field can be influenced by sufficiently strong electric fields. (The same model was later re-invented in ref. [184].)
However, a careful analysis of the field equations of the electroweak gauge theory reveals that any low-energy distortion of the Higgs vacuum can be absorbed in a gauge
transformation, Le. it does not correspond to a physical change in the vacuum state
[185]. This mechanism therefore does not work.
One might think of introducing a more complicated Higgs structure, where some
low-energy modes of the Higgs field survive as physical degrees of freedom, which may
be influenced by a strong electric background field [186]. A general problem of this
class of models is that the Coulomb interaction between the nuclei would be substantially modified at the same time, with drastic consequences for the Rutherford cross
section that have not been observed in the experiments. (This cannot be associated
with the slight deviations from elastic scattering observed by the EPOS collaboration.) Alternatively one may think of introducing a Higgs potential with two almost
degenerate minima [187]. This can occur naturally in the Coleman-Weinberg scheme
of symmetry breaking via radiative corrections. However, this scheme is obstructed
by the existence of large surface energy at the phase boundary caused by the high
barrier between the minima.
Neutral particles of low mass might also occur in the c:.olour-SU(3) sector of
the standard model, if the SU(3) gauge theory were broken on a length scale much
beyond 1 fm [78,188]. In these models the extended particles are regarded as some
nontrivial excitation of the electrically neutral glue field. The strong electric field
would therefore not be expected to be the cause of the production of the particles,
but perhaps the large number of baryons (almost 500) contained in the colliding nuclei
might playa major role. The broken colour models have not been studied in sufficient
quantitative detail to be put to a meaningful test against experimental facts.
The possibility that strong electromagnetic fields might influence the vacuum
structure of QCD has also been investigated. It has been shown that an effective
CP-violating "O-term" of the form occurs when electric and magnetic fields are simultaneously present [78,189]. Such a term would yield corrections to the coupling
between the electromagnetic field and an axion. Since the existence of this particle
has been ruled out, the effect does not seem to be of direct interest. The O-term might
cause nontrivial effects in the renormalization scheme, leading to the appearance of a
second mass scale in QCD [187], but this path has not been explored quantitatively.
The influence of electrically induced isospin breaking on the hadronic mass spectrum
also appears to be negligible [77]. A paper [190], which made the opposite claim in
connection with the Skyrme model, has not been substantiated.
Two experimental papers have claimed that neutral bosons in the MeV mass
range had been observed in nuclear reactions at high energy in emulsions [143,191].
The validity of these claims is hard to assess, although "anomalous" events in emulsion
experiments have a long, though not well-reputed, history. For the sake of completeness, we finally mention by reference only a number of rather esoteric suggestions for
the solution of the GSI positron puzzle, such as tachyons [144], QED strings [192],
and a fractal time dimension ~ [145].

A Schematic Model of New Extended Particles
In view of the fact that none of the specific models discussed above appears
to be a good candidate for the particle interpretation of the GSI events, it may
be worthwhile to study a schematic model of extended particles that has no direct
connection with known physics. Such a model, which resembles those studied in
the context of an abnormal QED vacuum state [141,173,174,175,176] was recently
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Figure 28. Bag containing two charged fermionic constituents y+ and Y-, as
schematic model for an extended XC-boson.
suggested by Schramm et al. [193]. Here one postulates the existence of a new kind
of electrically charged light fermions, called y+ and Y-, that interact among each
other by an also new, confining interaction. This interaction is not assumed to be
of electrodynamic origin, although it might be described by a strongly coupled U(l)
gauge group, and the Y-particles are not assumed to-have any relation to electrons.
Following the experience with QCD, the bound states of a Y+Y- -pair were
described in terms of the MIT-bag model but, of course, with a value Ex for the bag
constant that has no relation at all with the bag constant of QCD. (It will turn out
that the motion of the Y-constituents in the bag is non-relativistic for the preferred
values of the parameters; a confining potential model would, therefore, furnish a more
appropriate description. Such a model yields only minor quantitative modifications
[194] which are not essential in the present context.) Denoting the constituent mass
by m v' the total energy of a Y-bag of radius R x , representing the XC-boson, is:

M

x

= 411" R 3 B
3 x x

+ 2€( m vR x)
Rx

(68)

'

where € is the dimensionless eigenvalue of the Dirac equation with bag boundary
condition. € depends on mvRxi for m v = 0 the lowest eigenvalue is € = 2.04. The
expression (68) must be minimized with respect to the bag radius R x , which is thus
determined as function of the two parameters m v and B x of the model. H the total
bag mass M x is fixed, e.g. to the energy of one of the e+e- lines seen at GSI, a one
parameter family of solutions is obtained. The solutions are shown in Fig. 29 versus
m v as independent parameter. Taking M x = 1.8 MeV, one finds
~ 250 keY for
m v = 0, and the bag radius is about 600 fm. For larger values of m v one finds that
B x decreases while R x increases, which is desirable as we shall see. (Of course, m v
must remain smaller than
x = 900 keV.) A reasonable solution is, e.g., m v = 880
keY with R x = 4200 fm [193].

BiJ4

!M

In order to be compatible with the GSI data, the model must satisfy several
minimal requirements:
• The spectrum of excited states must be dense, but not too dense. In our
schematic bag model, excited states are separated by !:i.E ~ n1l"2 / R,km v' i.e.
about 40 keY for R x = 4200 fm. This is not incompatible with the splitting
between the lines observed at GSI.
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Figure 29. Bag constant (left axis) and bag radius (right axis) as function of the
constituent mass for M x = 1.8 MeV.

• The size of the particles should be sufficiently large to evade the limits posed
by the beam-dump experiments, i.e. Rx should not be smaller than about 1000
fm.
• The lifetime against electromagnetic decay must be longer than about 1O- 13S,
because of the bounds from ·QED and from Bhabha scattering. Since the decay
rates are proportional to R X3 , large radii are preferred.
• An efficient production mechanism requires that the strong electric fields present
in the heavy ion collision can strongly interact with the overall neutral XO boson.
This interaction is proportional to the electric polarizability of the particle,
which grows as the volume,

Ri.

The rates for decay into an e+e- -pair or into two photons according to the
Feynman diagrams in Fig. 25 are of order

(69)
where 'l/JIIII is the relative wavefunction of the constituents. For Mx = 1.8 MeV and
R x = 4200 fm one finds lifetimes between lO- 14 s and 1O- 13 S, but the precise value
will depend on details of the relative wavefunction. Even larger radii are preferable
from this point of view.
The interaction energy between our composite XO-boson and the electric field of
the heavy ions cannot be calculated perturbatively, because the available field energy
is much larger than the particle rest mass. To wit, the total available field energy
inside the bag volume is

(70)
where R N ~ 15 fm is the radius of the nuclear charge distribution. Schramm et al.
[193] calculat~d the interaction energy by solving the Dirac equation for the y± with
the two nuclei at the centre of the bag. This leads to a large reduction of the effective
mass of the bag state in the presence of the two heavy ions, e.g. two uranium nuclei,
from 1.8 MeV down to a mere 46 keVin the case of the special parameter set (mil =
880 keV).
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Figure 30. Schematic illustration of the strong binding of a composite XO-boson in
the field of two heavy ions.
The reason for this effect is just the same as that for the strong binding of Kshell electrons in the field of two heavy nuclei, which was discussed in detail in the
first section of this report. The negatively charged censtituent y- becomes bound
in a tight orbit around the two nuclei, while the positively charged constituent y+ is
repelled toward the edge of the bag, as illustrated in Fig. 30. The net result of this
rearrangement is a stronly attractive interaction between the XO-boson and the two
nuclei.
This has two major advantages: First, the lowering of the effective mass due
to binding will increase the production cross section tremendously. This was already
pointed out in ref. [72], where it was estimated that the electromagnetic production
cross section could approach the desired value of about 100 ~b, if the effective mass
is reduced below 300 keY. Another way to estimate the production cross section in
a heavy ion collision is to neglect the presence of the bag and to calculate the total
cross section for production of y+y--pairs in the same way as for e+ e--pairs in section
1. In this way one obtains similar values [194].
Secondly, the production of the XO-boson occurs in a bound state that moves
with the centre of mass of the heavy ions. When the nuclei separate, the binding
is strongly reduced, and the XO-boson may be released almost at rest in the centre
of mass, as desired according to the experimental results. Unfortunately, for the
specific set of parameters discussed here in detail the bag remains bound even to the
individual nuclei [193]. A certain fraction of XO-bosons may be stripped off by the
action of the collision dynamics, but these will not be slowly moving in the c.m. frame.
The particles that remain bound would decay in the presence of a third body, hence
its decay products (e+ and e-) would not exhibit the desired two-body characteristics.
This difficulty has not yet been satisfactorily resolved.
Is this schematic model compatible with what we know about QED, atomic and
high energy physics? Although we have constructed the model in such a way that
the e+e- -width of any single particle state does not violate the bounds imposed by
the precision experiments, the answer is not simple, because there exists an infinite
numbe,r of excited states that can contribute to certain physical processes. Let us
discuss two specific examples. In high energy e+-e- collisions a pair of constituents
y+y- could be created with high relative momentum. Because there is a confining
force between the y+ and y- one would expect that a force string extends between
the two particles that finally breaks into a multitude of y+y--pairs that eventually
form XO-bosons, just as the glue string between a high energy quark-antiquark pair
fragments into hadrons (see Fig. 31).
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Figure 31. Formation of a jet of y+y--pairs in electron-positron collisions at high
energy.

However, if one estimates the breaking rate of the y+-y- string according to the
standard Schwinger formula 1195]
(71)
where It = (32a Il B x /3)l/2 is the string constant, one encounters a surprise. For mil
= 880 keY one has BIj4 ~ 25 keY and It ~ (45 keV)2 = 1 MeV/A(with all = 1).
Multiplying the expression (71) by the volume V = EIII// B x when the string is fully
extended, one finds that the breaking rate is negligible by all comparisons:
dP
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Clearly, formation of a high energy y+y- jet does not occur. But then what are the
observable final states predicted by this model? At the moment we simply do not
know the answer to this question.
The second kind of process, where the large number of internally excited states
becomes relevant, is the exchange of virtual XO-bosons, e.g. in the vacuum polarization
correction to energy levels in muonic atoms (see Fig. 32). The interesting muonic
states have an orbital radius of 100 fm or less, Le. they are much smaller than the
XO-boson states in our schematic model. It appears therefore justified to neglect the
confinement force between the virtual y+y- -pair, so that the total contribution of all
excited XO-boson states to the vacuum polarization can be estimated by the Feynman
diagram shown in the left-hand part of Fig. 32 with free y± propagators. Because mil
is not much different from the electron mass me, this diagram yields a contribution
of almost the same size as the standard electronic vacuum polarization, and thus is
in flagrant contradiction to experiment. Is there a way out of this difficulty? One
mechanism that could possibly save our model is a short-range repulsive force between
the y+y--pair, so that the total y-y potential looks as illustrated in the right-hand
part of Fig. 3~. If the repulsion is sufficiently strong it would probably reduce the
contribution of the virtual y+y- -loop. However, one should not be too optimistic
about the prospects of saving the schematic extended particle model with the help of
such "tricks".
In conclusion, it seems fair to say that no convincing candidate for a model of
extended neutral particles exists at present that could provide an explanation for the

91

"'yy

Figure 32. Left: Contribution of virtual XC-boson exchange to vacuum polarization.
Right: y-y potential with short-range repulsion and long-range confining attraction.

e+e- peaks observed at GSI. The speculations about an "abnormal", confining phase
of QED have not been supported by results from lattice gauge theory. A schematic
model of composite XO-bosons runs into serious difficulties when the contribution to
vacuum polarization in muonic atoms is computed. If the GSI events are really caused
by the two-body decay of a neutral particle, its nature remains a mystery.
NON-PARTICLE MODELS

General Considerations
The difficulty of accomodating new neutral particles in the framework of established physics and the lack of success of all attempts to find their trace in other
phenomena beside the GSI electron-positron peaks has motivated the search for explanations of the GSI events that do not involve new particles. Because these models
must involve phenomena which almost look like particle decay, but not quite so, it
is useful to remind oneself of what constitutes a particle and what not. A "particle"
is a quantum mechanical state which has a definite value of energy, momentum, in~
variant mass, spin, and parity, or expressed in somewhat more formal terms, which
transforms under an irreducible representation of the Poincare group. In the eyes
of an experimentalist, any system that decays strictly back-to-back into an electronpositron pair of equal energy in some reference frame is a particle, and everything
else is not a particle. It is with phenomena of the latter kind that we are concerned
in this section.
Broadly speaking, three types of models not involving new particles have been
proposed: (1) Atomic physics models, invoking some complex process that occurs
during the collision of two heavy ions, but has not been taken into account in the
simplified description presented in section 1; (2) models which are based on some
specific nonlinear property of QED in 'strong fields; and (3) models which exploit
some scheme involving pair conversion processes of nuclear excited states. Some
aspects of these models have been briefly touched upon in the previous sections, but
we will here discuss all non-particle models in connection.

Models involving Atomic Physics
The possibility that complex atomic excitation mechanisms can produce structures in the electron and positron spectra observed in heavy ion collisions was emphasized by Lichten et al. [196,198]. Indeed, it is well known that the matrix elements
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(tpklajatltpi) in the coupled channel equations (28) can have pronounced structures
at some internuclear distance Ro, if one goes beyond the monopole approximation.
A typical example is provided by the rotational coupling between the 2PI/20" and the
2p/20" states, which has a large, broad peak at Ro ::::l 500 fm. Assuming an analogous
coupling also to states of the negative energy continuum, structures emerged in the
positron spectrum [196]. However, a dynamical calculation by Reinhardt et al. [197]
showed that this phenomenon is absent if one uses realistic single-particle matrix
elements in the coupled channel equations.
It was argued by Lichten that this absence of dynamic structures might be an
artefact of the single-particle approximation, and that many-body correlation effects
might possibly yield highly structured matrix elements at some particular value of
R [198]. No indication was given as to the specific nature of these correlations, and
it was not explained why they could be as narrow as the line structures seen in the
experiment.
A specific mechanism for narrrow structures was considered by de Reus et al.
[199], who took up an old suggestion that sudden rearrangements could occur in
the ionic charge clouds when the inner electron shells begin to penetrate each other
[200]. In principle, a sudden change in the screening potential could lead to rather
sharp structures in all matrix elements in the coupled equations, at a characteristic
two-centre distance Ro ::::l 2000 fm. The contribution to the pair creation amplitude
from this structure would interfere with the main contribution _CJ:"eated at very small
distances R < 50 fm by the strong electric fields. Depending on the value of the energy
of the electron or positron this interference would be constructive or destructive,
resulting in interference patterns similar to those predicted in connection with the
"atomic clock" effect.
Further study of this model revealed that such a general structure in the dynamic
matrix elements would ruin the good agreement of the calculations with experimental
data on the impact parameter dependence of K-shell ionization [201]. This problem
could be avoided, if the structure in the matrbc elements at Ro was assumed to be of a
particular nature, Le. extremely narrow (~R ::::l 50 fm) and oscillating with vanishing
total integral. Then the structure does not contribute to excitation processes with
low average energy transfer, such as ionization, but it is still actively contributing
to pair creation. Unfortunately, the effect of the structures was much reduced, even
in the singles spectra [201]. The effect essentially disappeared in the sum-energy
coincidence spectrum, when the same wedge-shaped cut was taken as in the EPOS
experiment, as shown in the right-hand part of Fig. 33. Besides the fact that the
model does not seem to work, it is not clear at present whether the assumed sudden
rearrangements actually exist. Rapid charge oscillations have been found to occur in
time dependent Hartree-Fock calculations [202], but their effect on pair production
has not been studied so far.
Several authors have claimed that the continuum matrix elements of the twocentre Dirac equation could contain resonance structures even in the adiabatic approximation, because charged particle may be captured along the molecular axis between
the two nuclei [203,204,205]. In one space dimension this is indeed correct, but the
phenomenon does not seem to occur for the real three-dimensional two-centre potential. A phase shift analysis of the positron continuum of the two-centre Dirac
equation did not reveal any resonance structure except the one caused by the supercritical bound state [207]. But even if such resonances would occur, their specific
location wouJd vary with nuclear distance R, so that it is hard to understand how
they could result in narrow spectral structures. (The mechanism suggested in ref.
[206] appears to be completely at fault, because the vacuum energy cannot be tapped
to create real pairs, unless the field is supercritical.)
Two mechanisms for the formation of structures in positron and electron spectra
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Figure 33. Left: Assumed structure in the matrix elements for dynamical pair production, attributed to sudden change in the screening potential. Right: Small structures
in the sum-energy spectrum disappear after averaging over experimental cuts.

have been proposed which are based on the presence of strong magnetic fields in the
heavy ion collision. The one that was based on the interference between the pair
creation amplitudes due to electric (monopole) and magnetic (dipole) coupling has
already been discussed at the end of the first section, where it was argued that it
does not work 116,17]. The second mechanism was based on the assumption that
the magnetic field produces Landau resonances in the positron or electron continuum
[208]. However, the numerical solution of the two-centre continuum states of the Dirac
equation in the presence of a megnetic dipole field showed that such Landau orbits
are absent [209]. Therefore, magnetic effects seem to be excluded as source of the
e+e--lines.

Models involving Nonperturbative QED
Phenomena associated with QED of strong fields are natural candidates for the
explanation of the GSI events. After all, the experiments were designed to study
this previously untested area of QED, especially spontaneous pair creation in strong
fields. As already argued in section 3, this particular process is excluded because it
would not give rise to a free electron. This remark also applies to the suggestion
of Scharf [210], whose criterion for enhanced positron production turned out to be
just spontaneous positron creation from a vacant supercritical bound state in a new
disguise [211].
The ideas of Dietz and Romer [212] appear to be misled by an incorrect interpretation of the solutions of the single particle Dirac equation. Their second-order
wave equation corresponds to the Dirac equations with both signs of the mass term
[h· (8 - eA) ± m]1/J = 0, so that half of their solutions are redundant. The failure
to eliminate these by some projection method leads to an apparent coexistence of
bound electron and positron states, which cannot be correct. Moreover, no plausible
argument is given why electron and positron lines should occur at some definite enrgy
in the continuum.
Suggestions of Lemmer and Greiner [168] and of Midorikawa and Yamaguchi
[169] the GSI lines could be caused by the decay of collective modes in the highly

polarized QED vacuum around the two nuclei have already been discussed in section
5. As argued in ref. [1691 the polarized vacuum in the vicinity of the two nuclei
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may be regarded as an electron-positron plasma with temperature T ~ 0.5 MeV
and chemical potential J.t ~ 1 MeV. Unfortunately, the mass of the plasmon mode
for these parameters is quite small (mp < 0.1 MeV), so that further, handwaving
arguments must be introduced to get into the relevant mass region 1-2 MeV. In any
case, the assumption of a homogeneous QED plasma over distances corresponding to
the plasmon wavelength appears to be questionable. The work of ref. [168] treats
the QED plasma problem around a high-Z nucleus in RPA approximation, correctly
taking into account the inhomogeneity of the Coulomb field. A broad peak at about
2 MeV is found only for Z = 169, but not for Z = 160. Besides the fact that the
peak is very much too broad, the strong Z-dependence makes this result useless as a
possible explanation for the GSI peaks.
A completely different approach to the strong field QED problem around a
high-Z nucleus was proposed by Hirata and Minakata [213], who applied fermion
bosonization techniques to QED in the monopole approximation. In principle, this
technique should yield the same results as calculations within the bound state interaction picture (see section 1), except that the interaction with the vacuum polarization
is treated selt-consistently. Since the first order vacuum polarization correction comes
out very small in the Furry picture (1% energy change) this should not lead to major
differences, at least in the static case. The calculations of ref. [213] yielded a value
Zc ~ 150 for the critical nuclear charge instead of Zc ~ 170. The difference might
be caused by an incorrect treatment of the asymptotic form of the vacuum charge
distribution. Notwithstanding this discrepancy, the problem of neutral oscillations
around the ground state was investigated by two groups [214,215], who found broad
structures in the energy range between 1 and 2 MeV. (In ref. [215] it was claimed
without proof that the modes have a width of 1 keV.) The location of the modes
depends too strongly on Z to explain the GSI data. The relation to the results of ref.
[168] is presently not clear.
Models involving Nuclear Pair Conversion
Pair decay of nuclear excited states is a well known source of e+e--pairs in
heavy ion collisions. As explained in section 3, the experiments were designed to
eliminate this background, and many experimental checks have been made to rule
this effect out as source of the narrow e+e--lines. Although the possibility that these
events are caused by nuclear pair decay has been considered again and again, no
working scenario has been found up to now. For details the reader is referred to the
experimental literature, in particular in refs. [44,45], and to ref. [51].
More recently, it was speculated that very narrow e+e--lines could be produced
by conversion processes, if long-lived compound nuclei with Z > Zc ("giant nuclei")
were formed [216,217]. In their supercritical fields most of the conversion strength of
the positron continuum is localized in the imbedded Is-resonance. For a given nuclear
transition energy then also the electron energy becomes well defined (but the emission
is not back to back!). More complicated versions of this scenario assume cascade
transitions involving intermediate bound states [216,218]. The cascade process could
also work in producing narrow e+e--lines in subcritical cases, e.g. when the first
nuclear transition ejects an electron from the K-shell, and this vacancy serves to
capture the electron from a second nuclear transition, the positron escaping with
sharp energy. The difficulties of this mechanism are the large Doppler broadening, the
lack of back-to-back correlation, Z- and A-dependence, the smallness of the relevant
conversion coefficients, and the short lifetime of a K-vacancy.
CONCLUSIONS AND FUTURE PROSPECTS
Before discussing some possible future prospects of the study of QED of strong
fields with heavy ions, let us briefly summarize the results of the previous sections:

95

• The narrow positron peaks and the even narrower e+e- coincidence lines appear to be well established experimentally. The different experiments give a
consistent picture overall, but a few aspects, e.g. the beam energy dependence,
require further investigation. It has also not been clarified, precisely under what
conditions the various lines appear and disappear, and why.
• From an experimental point of view the three most important questions that
remain are:
1. Are the electron and positron really emitted back to back, Le. do the

coincident pairs have a definite invariant mass?
2. What is the lowest nuclear charge Z for which the lines can be observed?
3. Is nuclear pair decay really excluded?

• On the side of theory, there is still some room left for the "new particle" interpretation, but it is shrinking rapidly. Elementary particles have been conclusively
ruled out, and the remaining alternatives are rather exotic. It is hard to believe
that any of them could be true.
• Other explanations have also been unsuccessful, and the "principle of the most
conservative assumption" is the only serious argument presently in favour of
nuclear pair decay.
• Bhabha scattering is. the unique method to look-for neutral particles without
specific model-dependent assumptions, but probably the required sensitivity
can only be reached with an e+-e- collider. It is not yet clear whether such an
experiment is feasible.
Finally, it may be good to come back to the original aim of the QED experiments
with heavy ions, Le. detecting spontaneous pair creation in supercritical electric fields!
Two routes are open to attack this problem. First, a distinct line is predicted to appear
in the positron spectrum for sufficiently long nuclear time delay, as discussed at the
end of section 2. Such long reaction times have not yet been observed for systems
with Zu > 170, but they are known to occur for lighter collision systems. Maybe they
can be found and put to use in the positron experiments with improved methods of
selecting nuclear final states, e.g. collisions with large mass transfer, large negative
Q-value, etc.
The second route becomes viable with the advent of fully stripped beams of very
heavy ions, now at Berkeley, and in the near future at GSI. Bringing the K-vacancies
into the collision increases the positron yield almost by two orders of magnitude [219].
Since this is true for spontaneously emitted positrons as well as for the dynamic
background, the use of fully stripped beams alone is not enough. However, one could
make use of the fact that there is no background in the electron spectrum due to
ionized atomic electrons if the projectile and target nuclei are both fully stripped.
Each emitted electron is then associated with a partner positron. It was recently
demonstrated by o. Graf et al. [220] thll-t, under such conditions, delayed collisions
would give a unique signal for spontaneous pair creation due to a change in the angular
correlation between electron and positron that occurs only in supercritical systems:
For nuclear delay times of 2 X 1O- 21S the normal forward correlation turns into a
backward correlation.
The reason for this behaviour becomes apparent from eq. (32), which shows that
the size of the angular correlation term depends on the amplitudes for pair creation
in the two partial waves Pl!2 and SI/2 together. In supercritical fields, however, their
reaction on a nuclear time delay T IS quite different. The supercritical SI!2-wave amplitude grows rapidly with increasing T, whereas the subcritical Pl!2-WaVe amplitude
actually shrinks. (This is analogous to the behaviour of the total positron spectrum
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in subcritical and supercritical systems, compared in Fig. 13.) Until this effect shows
up in the total positron spectrum T has to become quite large, but the effect on
the angular correlation is immediate, so that even moderately large delay times are
sufficient.
Of course, the feasibility of such experiments depends on many things, e.g.
the magnitude of the background from nuclear pair decay, but the situation does not
appear hopeless. With further studies of the yet unexplained narrow e+e- coincidence
lines, and with the prospects of colliding fully stripped uranium beams, the future
promises to remain exciting.
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INTRODUCTION
Atomic theory makes predictions for the properties and interactions of atoms.
Properties of interest include energy levels, lifetimes, transition probabilities, cross
sections, etc. This paper is concerned with the calculation of energy levels. A correct
method of making predictions must take into account relativistic effects, quantum
electrodynamic (QED) effects, and many-body aspects of atoms. In addition, the
method of calculation must be manageable so that numerical results can be obtained.
It is a current challenge to develop an approach that will meet these requirements at
a level of precision comparable to that of experiments. Among the available methods
are the Schrodinger equation, many-body perturbation theory, the Dirac equation,
Hartree-Fock methods, bound-state QED, and the Bethe-Salpeter equation.
Increasing precision in the theory is made through the following steps: The
nonrelativistic approximation, given by the Schrodinger equation, gives the gross
structure of atoms for the case of one or many electrons. At the next level, the Dirac
equation gives relativistic corrections in the one-electron case, but an exact manyelectron analog is not known. Finally, bound-state QED yields QED corrections that
presumably give the most precise predictions. Calculation of these corrections for
atoms with more than one electron is a task that requires more work.
To be more precise about what is meant by QED effects, we refer to corrections
that require renormalization such as the self-energy and vacuum polarization that
make up a large part of the Lamb shift. Self-energy corrections arise from the process
in which an atom emits and reabsorbs a virtual photon. Coulomb interactions of an
electron and the nucleus are modified by vacuum polarization effects in which the
exchanged photon excites a virtual electron-positron pair from the vacuum.
The structure of conventional theory for one-electron atoms in the external-field
approximation is shown in Fig. 1. External-field approximation refers to the fact
that the methods are based on the assumption that the nucleus is a fixed source
of an external potential. The starting point is shown on the top line. The basic
ingredients are the Dirac equation for an electron in the external potential of the
nucleus and QED. These can be combined to formulate bound-state QED which
then makes presumably complete predictions for energy levels in hydrogen-like atoms.
The other routes to predictions from the Dirac equation can be via nonrelativistic
approximations to obtain less precise predictions for properties of hydrogen.
Conventional theory employed for two-electron atoms is shown in Fig. 2. The
starting point is again the one-electron external-field Dirac equation plus QED. There
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Figure 1. One-electron atom theory

is no exact two-electron relativistic equation analogous to the Dirac equation, but
the Dirac equation and QED can be combined to produce the external-field BetheSalpeter equation, which is then the starting point for various approximate calculations. It is also possible to write bound-state QED for two electrons. In this case, the
perturbation expansion in interactions of the electron with the photon field produces
a series in liZ that is the relativistic analog of the conventional liZ expansion of the
Schrodinger equation.
For many-electron atoms, as shown in Fig. 3, the theoretical framework is similar
to the two-electron case, with the exception that there is no well-developed manyelectron analog of the external-field Bethe-Salpeter equation. Another difference is
the fact that for many electrons, the 1I Z expansion is effectively an N I Z expansion
where N is the number of electrons in the atom. This has the consequence that
an effective- potential many-body approach is more likely to be a useful method for
obtaining predictions from the theory than a straightforward perturbation expansion.
This paper will focus on the path through bound-state QED and numerical
methods.
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Figure 3. Many-electron atom theory

BOUND-STATE QED (FURRY PICTURE)
Bound interaction QED is formulated by starting with solutions of the Dirac
equation (with units chosen so that n=,C = me = 1)1

[-iii. V + V(x) + 13 -

En] </>n(X) = 0

(1)

with corresponding time-dependent solutions given by

(2)
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The potential in the Dirac equation is assumed to be the nuclear Coulomb field,
although the case where it is an effective potential for a many-electron atom will be
discussed briefly in the last section. The electron-positron field operator is expanded
in terms of electron and positron annihilation and creation operators as

L

1jJ(X) =

L

an<Pn(x) +

En>O

b~<Pm(x)

(3)

Em<O

where an is the electron annihilation operator for an electron in state n (En> 0),
and b~ is the positron creation operator for a positron in state m (Em < 0) with the
conventional anticommutation relations

etc.

(4)

Unperturbed states
The unperturbed state vectors are of the form

In} = a~IO}

(5)

for one-electron states, or

In} =

L cija!a~IO}

(6)

ij

for two-electron states.
For these states, the unperturbed energy operator is given by

Ho =

J

dx:1jJt(x)H D 1jJ(x):=

L

Ena~an -

En>O

L

Emb~bm

(7)

Em<O

where H D is the Dirac Hamiltonian

HD =

-ia· V + V(x) + f3

(8)

Interaction
Interaction between the electron-positron field and the photon field is provided
by the interaction Hamiltonian

(9)
where j is the current operator

(10)

AI'(x) is the ,<luantized photon field operator, and 8M is the mass renormalization
counterterm
8m [(11)
8M(x) = 2
1jJ(x),1jJ(x)]
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The magnitude of the mass counterterm coefficient Drn is fixed by the condition
lim

Za-O

~En(Za) -+

where ~En is the level shift defined below.
operators only, i. e.,

0

(12)

Commutators in j and DM refer to

[~(x), 1/;(x)]

(13)
Em>O,En>O

and not Dirac matrices.

Level shifts
It is convenient to introduce the adiabatically damped interaction Hamiltonian

(14)
with
(15)
as the basic interaction for the level shift calculations. The damping factor makes
terms in the perturbation expansion that are infinite in the limit E -+ 0 finite. In this
way, singularities that appear in separate terms of the level shift expression can be
seen to cancel if appropriate diagrams are included.
Time development of the fields is governed by
(16)
with the well-known solution
(17)
or, with the aid of the time ordering symbol T,
(18)
The S-matrix is defined by

Sf,A = Uf,A( 00, -00)

(19)

with the perturbation expansion
00

Sf,A = 1 + '"
L.....J S(j)
E,A

(20)

j=l

where
(21)
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A level shift !::lEn may be defined by

!::lEn = lim
~=~

(n!U.,.x( 00, O)[Ho + )"Hj(O) - En]U.,.x(O, -00 )In)
(nIU.,.x(oo, -oo)ln)

(?2)
_

Gell-Mann, Low2 and Sucher 3 show that

(nIU.,.x( 00, O)[Ho + )"HJ(O) - En]U.,.x(O, -00 )In)
if)..

2

f)
f) .. (nIS.,.xl n )

(23)

which leads to
(24)
for the level shift. In order to eliminate disconnected graphs, such as the one circled
with a dotted line in Fig. 4, the S-matrix element is factorized by taking advantage
of the fact that
(25)
where the subscript c means that only connected graphs are included; a connected
graph is one in which no subgraph that has no external legs can be circled without
crossing any lines in the graph.
Differentiation of the product form of the matrix element yields

or
(27)
where the constant term in (27) is the same for all levels and does not contribute to
transition energies. For future reference, the perturbation expansion of the ratio in
Eq. (27) is
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/
Figure 5. Feynman diagram for atomic
excitation followed by photon emission

>.!>.(S,,>.}c

(s'.>' )c

I
>'=1

=

(S~I)}c + 2(SF)}c + 3(S~3\ + ...
(1)

1 + (S, }c

+ (S,(2) }c + (S,(3) }c + ...

= (S~I)}c + 2(S~2)}c -

(S~I));

+ 3(S~3)}c -

3(S~I)}c(S~2)}c + (SP)}~

+ 4(S~4)}c -

4(S~I)}c(S~3)}c - 2(S~2)};

+ 4(S~I)};(S~2)}c -

(S~I)}~

(28)

+ ...

where

(S,.>.}c

= (nIS,.>.ln}c

(29)

(S~i)}c = (nIS~gln}c

Although the definition for the level shift is quite plausible, the question remains
as to how this definition relates to the physical line center displacement observed in
an experiment. This issue has been examined by Low in the context of QED by
examining the scattering process depicted in Fig. 5 which represents a hydrogen
atom excited by an external potential, denoted by an x, interacting with the virtual
radiation field in the intermediate state, and decaying by photon emission. 4 The triple
line between the vertices represents the full electron propagation function that takes
into account the resonant level shift and width that result from interactions with
virtual photons. Low demonstrated that the shift in the resonance center is equal to
high accuracy to the radiative level shift of the bound-state energy, which in turn is
given to high accuracy by the Gell-Mann, Low expression, as shown by Sucher. 3

Wick's theorem
To evaluate the time-ordered products of Fermion operators in the expressions
for the S-matrix, defined by

> ... > tA > ...

tB

(30)

where 7r is the number of nearest-neighbor exchanges to bring the order of the operators in brackets to the order on the right-hand-side of the equation, it is convenient
to employ Wick's theorems in the form:
T[ABCD ...] = :ABCD ... :

+ :ABCD ...
LJ

:

+ ...

+ : AB
CD. .. : + all possible contractions
LJ LJ
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(31)

~
'

...._------

contraction of A's
normal ordered 'I/J's
contraction of 'I/J's

Figure 6. Example of a second-order
one-electron Feynman diagram

Figure 7. Example of an operator Feynman diagram

The contraction symbol is defined by

AB = (OIT[AB]lO)
LJ

(32)

For two equal-time fermion operators, as in jll(X), the time-ordering symbol is defined
as

T[A(t)B(t)j = tA(t)B(t) - tB(t)A(t)

(33)

T [ABt(CD - DC)EF ...] = T[ABCDEF ...j

(34)

With this definition

for equal times in C and D. As a consequence, the current may be written in a simple
product form in T rather than as a commutator. In order to correctly generate the
vacuum polarization diagrams, contractions are made between all operators, including
those with equal-time arguments.
Feynman diagrams
This procedure leads to expressions that may be represented by Feynman diagrams or Feynman-diagram-like operator diagrams. For example, for one electron
in second-order, the diagram in Fig. 6 appears. In this figure, the external double
lines correspond to normal-ordered 'lj;'s, the internal double line corresponds to a contraction of 'lj;'s, and the wavy line corresponds to a contraction of A's. If the initial
and final electron states are left arbitrary, the expression may be represented by an
operator Feynman diagram with no external legs as in Fig. 7. This diagram can be
evaluated for.any set of external legs, such as a two-electron atom as shown in Fig.

8.

Propagation functions
The contraction of electron-positron field operators, denoted by the double line
in the Feynman diagrams, corresponds to the bound-electron propagation function
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+
Figure 8. Example of the operator in
Fig. 7 evaluated in a two-electron state

SF(X2,xd = (0IT[1jJ(X2)7/J(xdIIO)

=

!
-

1
= -2'
7rZ

L

4>n(X2)~n(X1)

En>O

L 4>n(x2)~n(xd

(35)

En<O

1

00

dz G(X2, i\, z(l

+ i15))'/e-'

. Z (t 2

-t,)

-00

In (35), G(X2,X1,Z) is the Dirac Green's function that satisfies the inhomogeneous
Dirac equation

[-ia.

'\7 2 + V(X2) +,8 -

Z] G(X2' Xl, Z) = 15(x2 - xd

(36)

For the purpose of calculations, it is useful to take advantage of the analyticity
properties of the Green's function in the complex z plane. The Green's function is an
analytic function of z, except for the bound-state poles and branch cuts corresponding
1

to the condition Re((l - z2)2) > 0, as indicated in Fig. 9. In that figure the poles
are denoted by filled circles and the cuts are denoted by heavy lines.
The photon propagation function, depicted as a wavy line in the Feynman diagrams, corresponds to the contraction of two photon-field vector potential operators
as in free-particle QED. It is given by

(37)
where

= -1.
27rZ

1

00

(38)

dqo H(X2 - x1,qO)e-'

. Qo (t 2

-t,)

-00

In (38), the photon Green's function H(X2 - X1,qO), that is the analog of the Dirac
Green's function in the expression for the electron-positron propagator, is given by
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Figure 9. Singularities of the Dirac Green's function
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Figure 10. Singularities of the photon Green's function

(39)

In this case, it is an elementary function calculated by evaluating the three-vector
integration in the first line of Eq. (38). The analytic properties of the photon Green's
function are depicted in Fig. 10. It is an analytic function of qo except for the branch
points of b defined in (39). The curved lines are branch cuts that insure that the
condition Re(b) > 0 is valid in the cut qo plane. The curve is the boundary Re(b) = 0
or Re( qo )Im( qo) = -0/2.
APPLICATIONS OF BOUND STATE QED
The formalism presented so far determines energy levels for the general case. In
the following, specific applications are examined.
Simple example: atom in an external potential
The interaction of an atom with an external potential is formulated by replacing
the vector potential of the quantized electromagnetic field by the external-field vector
potential in the interaction Hamiltonian. This example is sufficiently transparent
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Figure 11. Lowest-order Feynman diagrams for the
interaction of a bound electron with an external field
that all of the steps in the evaluation of the perturbation theory expression can be
displayed explicitly.
In terms of the electrostatic field </>(x), the vector potential is
A~(x) =

61'0</>(x)

(40)

This gives the interaction Hamiltonian

H1(x)

= -~

[7/j(x)-y°,t!'(x)] </>(x)

= !V(x) [7/j(xho,t!'(x)]

(41)

where V(X) is the potential energy of the electron. The first order S-matrix is

S~l)

= -i

J

d4 x e-f1tIT[HI(X)]

(42)

An elementary application of Wick's theorem yields

T [HI(X)] = V(x)T [7/j(x)-y°t!'(x)]
= V(x) [: 7/j(x)-y°t!'(x):

+ ~(x)-yo~(X)]

(43)

The Feynman diagrams corresponding to the terms in (43) are shown in Fig. 11 in
which the x denotes interaction with the external field. The connected part (S~l»)c
contains only the first term in (43). In the following, the expressions will be specialized
to the case in which the bound state is comprised only of electrons, which leads
to a considerable saving in writing. The evaluation proceeds with an elementary
integration over the time t

(S~l»)C =

-i

= -i

J
J

d4 x e-f1tIV(x)
d4 x e- f1tl

(r;a~</>~(x)am</>m(x))

Lei(En-Em)t</>~(X)V(X)</>m(X)(a~am)
nm

(44)

where

122

if

En = Em

if

En:/; Em

(45)

and where Vnm is the matrix element of Vex). The level shift is then given by

E(l) -- {--+O
lim 12 if(S(l))
{ c -- ""
L-J beEn, E m )V:nm (atn a m )

(46)

nm

For one electron in the IS state, the vector to which the expectation value refers is
just

lIS) = arslO)

(47)

so the expectation value of the product of annihilation and creation operators simply
yields

(a~am) =

bn,lSbm,lS

(48)

which gives rise to the standard first-order perturbation theory result for the energylevel shift
(49)

as expected.
Energy levels of one- and two-electron atoms
The principal application of QED in this review is the evaluation of energy
levels of one- and two-electron atoms. Only the interaction of bound electrons with
the virtual radiation field will be considered. In this case, the energy levels are in the
form of a series of even powers of the coupling with electromagnetic radiation since
only virtual photons, each of which enters with two powers of the coupling constant,
are involved
(50)

The zeroth-order energy in this formulation is just the Dirac eigenvalue E ni summed
over the electrons in the unperturbed state. In particular
E(O)

= (Ho)

(51)

where the unperturbed states and the action of H o are explicitly given by

Inljm) = a~limIO)
Holnljm) = Enilnljm)

(52)

for one-electron states, and by

Inljn'l'j' J M) =

L (jmj'm'ljj' J M)a~lima~'l'i'm' 10)

mm'
Holnljn'l'j' J M) = (Eni

+ En'i') Inljn'l'j' J M)

(53)

for two-electron states. Two-electron states are summed with vector addition coefficient weights to produce states of definite angular momentum. States that are sums
over nondegenerate products of creation operators are not considered here.
Perturbation expansion
The first correction

E(2),

E(2)

=

of order a, is given by

l~ ~ [(S~l»)c + 2(sF»)c] I"

(54)
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Figure 12. Feynman diagrams corresponding to
various contractions of the second-order correction

Note that the superscripts on E and on S have different meaning. The superscript on
E refers to the order in e, where Q = e2 / (47r), whereas the superscript on S denotes
the order in perturbation theory. The orders are mixed, because the current is of order
e and the mass renormalization term is of order e2 in the interaction Hamiltonian (9).
The Q at the end of the right-hand-side in (54) indicates that terms of order higher
than Q are discarded.
The term S~l) in Eq. (54) arises from the mass renormalization term in (9), and
its evaluation is similar to the evaluation of the external field perturbation discussed
earlier

(S~l»)C =
=

i

J

d4 x e- '1tl (8M(x))c

~i 8m L

nm

J

dx

¢>~(Xh°¢>m(x)8(En,Em)(a~am)+ O(€)

(55)

The terms in S~2) that correspond to two vertices are expanded by Wick's theorem schematically in Fig. 12. In that figure the two vertices are shown with zero,
one, and two contractions of the electron field operators on the left. The diagrams on
the right are simply more conventional ways of showing the corresponding terms. The
bottom two diagrams, circled by dotted lines, are disconnected and do not appear in
the final expression. The S-matrix element corresponding to the connected diagrams
in Fig. 12 is
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Figure 13. Operator Feynman diagrams for the terms in Eq. (57)

(S~Z))c =
x

_e z

J J
d4xz

{t L

+L

nm

nm

d4xI e-<lt2Ie-<ltdDF(XZ - xd

¢>n(xZhll<Pm(xZ)

L ¢>k(XI hll<pl(xd(ahalalam)
kl

¢>n(xZhIlSF(XZ, xd"yll<pm(xd(a~am)

-Tr [OYIlSF(XZ, xz)]

(56)

L ¢>n(Xlhll<Pm(Xd(a~am)} + CJ(a z )
nm

Evaluation of the integrals over tz and t l and substitution into Eq. (54) yields
an expression of the general form 6

E(Z) =

L

Bnk1mb (En

nklm

+ E k , E 1+ Em) (a~alalam)
(57)

nm
nm

The operator diagrams corresponding the these corrections are shown in Fig. 13.
The individual terms in this expression are examined in more detail in the following
sections.
ONE-ELECTRON ATOMS
In a one-electron atom, the main QED effects are the self-energy and vacuum
polarization. The two-particle exchanged photon operator in Eq. (57) vanishes.

Self-energy
In a one-electron state <Po, the self energy operator reduces to

(58)

nm
or
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Figure 14. Feynman diagram for the second-order
self energy correction in a one-electron atom

---~

Figure 15. The contour of integration C F and the singularities
of the integrand in the complex z plane in Eq. (59)

(59)

where
1

b= -i [(Eo - z)2 +i8J2;

Re(b) > 0

(60)

with the corresponding Feynman diagram shown in Fig. 14. The expression in Eq.
(59) follows from the appropriate terms in (56) integrated over t 2 , t}, and k o, with
the aid of the definitions in (35), (38), and (39), in the limit f -+ O. The contour CF
and the singularities of the integrand as a function of z in Eq. (59) are shown in Fig.
15.
Regularization
The integration over z in (59) is exponentially damped at large Izl, if X21 f= 0,
however the integral is not convergent due to the contribution near X2l = O. To make
the integral finite, a regularization scheme, such as dimensional regularization, PauliVillar;>, etc., is needed. In this context, the Pauli-Villars method is implemented by
making the replacement7
I I I
q2 +i8

-+

q2 +i8 - q2 _ A2 +i8

(61)

in the integrand in the expression for the photon propagator in Eq. (38). In coordinate
space, this corresponds to the replacement

126

e-bX21

e-bX21

e-b' X21

(62)

---+ - - - - - X21

X21

X21

where

b' = -i [( Eo - z)2 - A2

1

+ i8] 2" ;

Re(b') > 0

(63)

At the same time, the mass renormalization term 8m is replace by the corresponding
term calculated with the regularized photon propagator
8m -+ 8m( A) = -a

11"

(3

- In A2
4

3)

+ -8

(64)

The full regularized expression is then

(65)

which yields the finite physical result.
To evaluate this expression numerically, it is useful to deal with the singular
terms separately. This can be done by isolating a piece of the expression that is
simple to evaluate and contains the singular terms. Singular terms arise from the
large Izi region of the integration over z, which can be isolated in the first few terms
in the expansion of the Green's function in powers of the external potential. In
particular, in terms of the resolvent operator G( z), Dirac Hamiltonian H, free Dirac
Hamiltonian H 0, and the external potential V, that are related to the coordinate
space expressions by

G(X2,Xl,Z) = (x2IG(z)lxl)

(66)

etc., the resolvent can be expanded as
1

1

1

1

1

G(z)=--=
= - - - - - V - - + ...
H- z
Ho + V - z
Ho - z Ho - z
Ho - z
1
1
= ---V(
)2 +...
Ho - z
Ho - z

(67)

The terms on the second line of (67) give the leading behavior of G(z) for large
i.e., the definition

Izl,

(68)
yields

(69)
The asymptotic form GA is written in terms of the free Green's function, so it is
relatively simple to evaluate. The numerical evaluation in the region of large Izi is
thus implemented by making the separationS

G(z) = GA(Z)

+ [G(z) -

GA(Z)]

(70)
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for the Green's function in Eq. (65), evaluating the term corresponding to G A analytically, and evaluating the finite remainder numerically. Some details of the numerical
evaluation are discussed in the next section.
Numerical evaluation

Numerical calculations with the Dirac Green's function are facilitated by introducing radial Green's functions in analogy with the familiar two-component radial
wave functions defined by

I/> (x) = [ iI(x)x~(x) ]
n

(71)

ih(x)x':,,(x)

for solutions I/>n that are eigenfunctions of the Dirac spin angular momentum operator
with eigenvalue - I \ ,

(72)
and of the z-component of the total angular momentum operator J z with eigenvalue
Il-

(73)
Substitution of these functions in the eigenfunction expansion of the Dirac Green's
function

(74)
yields

-iiI (X2)x~(X2)h( Xl )x,:t" (x 1 )]
h(X2 )X':,,(X2 )h(Xl )X':~(Xl)

~he
~.

e.,

(75)
radial Green's functions are simply defined as the radial portion of this expression,

(76)
and, in analogy with the full Green's function equation

[-in. V + V( X2) + ,B -, z] G( X2, Xl, z) = c5( X2 2

Xl)

(36)

the radial Green's functions satisfy the 2 x 2 matrix radial Green's function equation

(77)
Substitution of the right-hand-side of Eq. (75) for G in (65) yields an expression
in which the integration over angles can be carried out completely with the result
expressed in terms of radial Green's functions and Bessel functions. The finite remainder term, corresponding to the second term in Eq. (70) and denoted with a B,
appears in this form as
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(Z)
ESE,B

·1 1 1

w
= --2
7r

00

CF

dz

0

z
dxzx z

00

0

Z

dXIXl

x LL!i(xz) [G~(XZ,Xl'Z) - G1,,,(x Z,x 1 ,z)] fj(Xl)A,,(xz,xd
"

(78)

ij

+ similar terms.
where the summation over K- runs over all nonzero integers, and the summation over
i and j runs over 1,2. For S-states, and for K- > 0, for example, the function A is

A,,(X2,Xl) = -K-bj,,(ibxdh~l)(ibx»

(79)

To numerically evaluate this expression, it is useful to take advantage of the
fact that solutions of Eq. (77) may be constructed from appropriately normalized
two-component solutions F< and F> of the homogeneous radial equation, regular at
x = 0 and x = 00, respectively, by writing9

In general, the solutions F can be calculated by various methods, including direct
numerical solution of the differential equation.
In the case of an external Coulomb potential, the solutions are known functions
given by

(81)

where M and Ware the Whittaker functions, and where a
1

1

= (1 - zZ) 2 , with

Re( a)

>

0, "( = Za, v = "(z/a, and>. = (K- z - ,,(2)2. In this case, numerical evaluation of the
functions F can be based on power series and asymptotic expansions of the Whittaker
functions. For example, for a wide range of the parameters a, (3, and x, the function
M .can be evaluated efficiently by carrying out a numerical summation of the power
senes
1

00

Ma,p(x) = x P+2 e- x / 2 LT(n)

(82)

n=O

with the terms T(n) calculated by the simple algorithm

T(O) = 1
T( n

+ 1) =

(n-(3+1-a)x
(n + 2(3 + :) (n + 1) T( n)

(83)
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The sum can be evaluated this way to a preassigned accuracy with the aid of the
rigorous error bound 1o
00

L

n=N+I

T(n) < N

N+2
+ 2 _ x T(N

+ 1)

(84)

valid for N + 2 > x. The remainder of the numerical evaluation consists of summation
over K and numerical integration over X2, xl, and z in Eq. (78).
Evaluation of the self energy based on this approach has been carried out for
the states with principal quantum number n = 1,2. Work is currently under wayan
such an evaluation for states with n > 2. Results for the IS, 2S, and preliminary
results for the 3S states are shown in Fig. 16. In that figure the numerical results are
expressed in terms of a function F(Zex) defined by writing

~ (Zex)4 F(Z)

E(2) _
SE -

7r

ex meC

n3

2

(85)

Oalculations for an extensive set of excited states is currently under way.ll
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Figure 16. Self energy for S states with n = 1,2,3

Vacuum polarization
The vacuum polarization in state ¢>o is given by

E~1 =

L Unmh(En, Em)(ala m} = Uoo

(86)

nm

with the corresponding Feynman diagram shown in Fig. 17. From the appropriate
term in Eq. (56), it follows that

E~1 =
130

J

dXI¢>l(XI)U(XI)¢>n(xI)

(87)

+ •••

+
Figure 17. Feynman diagram for the vacuum
polarization correction in a one-electron atom

where the potential energy U is

U(i"t) = in jdx2
27l"

1 _

_
1X2

- Xl

I ( dz Tr G(X2,X2,Z)
JCF

(88)

An effective charge density p can be identified by writing
- ) = -e jdU( Xl
X2

_

p(X2)_

1X2

- Xl

I

(89)

which leads to

p(x) =

~
27l"Z

(

JCF

dz Tr G(x,x,z)

(90)

for the vacuum polarization charge density.

Regularization
In order to isolate the infinite part of the charge distribution and carry out charge
renormalization, the vacuum polarization charge density is expanded in powers of the
external potential as illustrated in Fig. 17

(91)
Only odd powers appear as a consequence of Furry's theorem. The charge renormalization is thus isolated in the well-known Uehling term p(l)(x) which is first order in
the external potentiaL12,13 It is given in unrenormalized form explicitly by

p(I)(X)=~ ( dzTrG(I)(x,x,z)

(92)

G(I)(X,X,Z) = - j dy F(x,y,z)V(Y)F(y,x,z)

(93)

27l"Z

JCF

where

and where F is the free Green's function

F(X2,XI,Z) =

x

with = X2 - Xl and X =
in p(l)( x), the difference

Ixl.

[(;+ :2)ici.X+ f3 +Z] : : :

(94)

Since the infinite charge renormalization is contained
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Figure 18. Light-by-light scattering graph
in the third-order vacuum polarization

(95)
is finite. However, regularization is still needed in the third-order term due to the
spurious gauge dependent piece of the light-by-light scaJtering graph shown in Fig.
18. The physical third-order term is given by

(96)
where

-(3)( ~)

P

X

=

r

(3)( ~)

M~PM X

e [V( ~)]3

= -

371"2

X

(97)

The density p~)(x) is the third-order charge density calculated with the electron mass
in the electron propagator replaced by a hypothetical heavy mass M. This subtraction
removes the spurious piece of the third-order charge density. The physical higher-order
(third and higher-order) charge density p(3+)(x) is thus given by

(98)
Numerical evaluation

Evaluation of the vacuum polarization charge density is facilitated by writing it
in terms of the radial Green's functions described by Eqs. (75)-(77). Substitution of
the expression for the Green's function in (75) into Eq. (90) yields

p(x) =

f JCF[ dz L ~~I2:G~(x,x,z)
7I"Z

I<

71"

i

(99)

with the analogous results
(100)
and

(101)
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for the other terms in Eq. (98). These terms together yield an expression for the
finite physical higher-order charge density in terms of a truncated sum over radial
Green's functions

2:i 1 dz L

±K

p(3+)(x)

=

CF

K=±I

~; L [G~(X,x,z) - G~I)ii(x,x,z)]
i

(102)

+RK

where RK is the remainder after truncating the sum over "-.
At first glance, it appears that the terms in (102) corresponding to p are missing,
but in fact, they are all zero. This peculiar phenomenon is linked with the spurious
nature of the subtraction term. Despite the fact that the terms are all zero, the
complete sum over "- is nonzero as indicated by (97).
It is interesting to illustrate this phenomenon with a simple example. Consider
the expression S

r dx.!!:.f: x n(1- x) = Jot dx.!!:.-dx x = 1
Jo
dx
l

S =

(103)

n=1

If the summation is truncated after any finite number terms, the partial sum vanishes
SN=

1IdXdx~xn(l-X)=~xn(1-X) I
d

N

N

0=0

(104)

On the other hand, the remainder after any finite number terms contains the complete
value of the sum
(105)
These results are readily verified with the aid of the identity
00

L

n=N+I

n

x =

N+I

~ -x

(106)

The higher-order vacuum polarization was first studied by Wichmann and Kroll. 9
More recently, numerical evaluation of p(3+)(x) has been done for an electron in the
external field of a finite nucleus. For the model of a shell of charge for the nucleus,
radial Green's functions can be constructed with the aid of Eq. (80) from solutions
F obtained by matching Coulomb field solutions outside the nucleus to free-electron
solutions inside the nucleus. The solutions caI.l be evaluated numerically to give the
charge density. Gyulassy has carried out such a calculation for 1"-1 = 1,14 and Soff
and Mohr ls have carried out a similar calculation that includes higher values of '''-I.
Results of the latter calculation are shown in Fig. 19 and Fig. 20. In those figures,
the higher-order vacuum polarization density r 2 p(3+)(r) and the individual radial
components for 1"-1 = 1,2,3,4,5 are shown as a function of the radial coordinate r.
The total density is the solid line, and the individual components are the dashed
lines where the curve with the largest magnitude corresponds to 1"-1 = 1 and the
successively smaller magnitude curves correspond to increasing values of 1"-1.
The corresponding level shifts are obtained with the aid of Eqs. (89) and (87).
The level shift is conveniently parameterized by writing
(107)
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Figure 19., Vacuum polarization charge density
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System

R[fm]

1S 1/ 2

2S 1/ 2

2P1/2

2P 3 / 2

30 Zn

3.955

0.0020

0.0020

0.0000

0.0000

54 Xe

4.826

0.0059

0.0064

0.0004

0.0001

82 Pb

5.500

0.0150

0.0185

0.0035

0.0005

92U

5.751

0.0207

0.0272

0.0068

0.0007

100 Fm

5.886

0.0269

0.0377

0.0118

0.0010

Z = 170

7.100

0.518

0.764

3.75

0.017

~
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~
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Figure 20. Vacuum polarization charge density at short distances

Results for the level shifts for various nuclei are shown in Table 1. 15 In that table, the
values assumed for the nuclear radius are denoted by R.
TWO-ELECTRON ATOMS
The QED formalism described above can be applied to atoms with more than one
electron with a substantial increase in complexity due to electron interaction effects.
The most simple extension is clearly to two-electron atoms, so that case is considered
here in some detail. As discussed below, the high-Z two-electron atom provides a
framework to study the combined effects of correlation, relativity, and QED effects,
and presumably provides a useful prototype for the study of more complex atoms.
To touch base with a more traditional framework, the expressions for the energy
levels generated by QED are compared to the corresponding expressions generated
by the nonrelativistic 1/Z -expansion of the energy levels predicted by the Schrodinger
equation in the next two sections.
Two-electron: nonrelativistic

The two-electron Schrodinger equation

(

1 2
1 2
Za - -Za
- -V - -V - 2

2

2

1

r2

rl

a + -r21

__
)
E ) ¢ ( r2,
rl = 0

(108)

can be transformed with the substitutions
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(109)

Xi

ri=-

Za

to the form
(

1 2
1 2
--V'
- -V'
- -1 - -1
2

2

2

1

X2

Xl

1 1 +Z X21

W)

</>

'( X2,XI
_ _) = 0

(110)

in which the eigenvalue W depends on Z but not on a, and the energy level is given
by

(Ill)
If the term -ZI _1_
in Eq. (110) is treated as a perturbation, then the perturbation
X21
expansion for W yields
(112)
where W o, WI, ... are numerical constants. This expansion has been extended to
the study of relativistic corrections. I6 • 17 The generalization of this formula to include
all relativistic and QED effects is provided by the perturbation expansion in QED.

Two-electron: QED
The terms in the perturbation expansion provided by QED, as listed in Eq. (50),
are of the form

E(2n) = a nhn(Za)m ec2

(113)

This form for the perturbation expansion follows from the fact that the diagrams
corresponding to E(2n) contain n photons which give an explicit factor of an. That
factor multiplies a function hn that depends only on Za through the functional
dependence of the propagation functions and wave functions in the Feynman diagram
on the strength of the external potential. If we let
(114)
then

E = E(O)

+ E(2) + E(4) + ...

= [Jo(Za)

+ ah(Za) + a 2/4(Za) + ... Jm ec2

= [W~(Za)

(115)

+ W;(Za)Z-I + W~(Za)Z-2 + ...J (Za)2 meC2

For the orders studied so far in this expansion (up to E(4»), and presumably to all
orders, the QED calculation, in the limit of small Za, reproduces the perturbation
expansion of the Schrodinger equation as expected.
More precisely,
lim W:(Za) = Wi

Z",-o

(116)

Zeroth order
In zeroth order, the energy level is just the sum of the Dirac one-electron energies.
In particular
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Figure 21. Feynman diagram for one
exchanged photon in a two-electron atom

(0)

(117)

ED = E a +Eb

for a two-electron state consisting of electrons in one-electron levels a and b. It is
convenient numerically to not include the electron rest energy in the energy level so
we define
E(O)

= E~) -

2m e c2 = JC a b + d a b(Za)2

+ ... J(Za)2,m e c2

(118)

'V'

!o(ZOt)

Second order
In order a, the exchanged photon graph in Fig. 21 gives the dominant contribution to two-electron energy levels at high Z. This diagram corresponds to the first
line in Eq. (57), and is explicitly given by

(119)

where Tf = Eb - E a , is the difference between the eigenvalues of the zero-order hydrogenic states, and cJ! is the unsymmetrized two-particle Dirac hydrogenic product
wave function. Only the real part of the level shift is included in Eq. (119). In the
nonrelativistic limit, i.e., as Za -+ 0

(120)

where cJ! N R is the nonrelativistic hydrogenic wavefunction. The limiting form on the
right-hand side of (120) is just the nonrelativistic first-order Coulomb interaction that
yields the term WI in (112).
Exact values of the photon-exchange level shift E~1 can be obtained by elementary numerical integration of the expression in (119).6 The numerical values are
conveniently expressed in terms of a function P( Z a) defined by
(121)
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Figure 22. Feynman diagrams for two
exchanged photons in two-electron atoms

It is convenient to obtain a simple formula for the level shift for small Za by evaluating
the expansion of the function P in powers of Za. 18 ,6 For example, for the level
separation 23 8 1 - 23 P O , the expansion is

E~1 =

a(Za) [625~81

+ O.142833(Za?
+ O.099668(Za)4 + O.0789(Za)6 + ... ] m ec2

(122)

The remaining second-order graphs, shown in Fig. 13, are one-particle graphs
in which only one of the electron lines interacts with the virtual radiation field. The
corrections, from the second and third lines of Eq. (57), are the sums of the corresponding corrections for the Dirac hydrogenic orbitals. In particular
(2)

ESE

= ~aa

+ ~bb

(123)

and
(124)
or

(2) -_ ~ [(Za)4
F (Z)
E SE
3
a
a
rr
na

(Z)]
+ (Za)4
3 r b
a
n
D

mec2

(125)

m ec2

(126)

b

and

E~~ = ~ [(Z~)4 Ha(Za) + (Z~)4 Hb(Za)]
rr

na

nb

All graphs of order a can be combined into a single function of the form

E(2) = a!2(Za)m ec2'= W;(Za)Z-1(Za)2 meC2

(127)

as discussed above, that has the appropriate nonrelativistic limit.

Fourth order
The largest contribution to the corrections of order a 2 are contained in
(128)
and arises from the Feynman diagrams in Fig. 22 in which two photons are exchanged
between the two electron lines. To obtain operator versions of the two-exchanged
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OXl
Figure 23. Feynman operator diagrams for the no-, one-, and
two- contraction terms, and the second-order-squared term

photon diagrams, it is necessary to consider a broader class of diagrams in order to
cancel terms of order c 1 that occur in individual diagrams but not in the total.
Singularities arise from intermediate states that are degenerate with the unperturbed
state. The necessary diagrams appear in Fig. 23. They consist of no-contraction,
one-contraction, two-contraction diagrams, and the squared second-order diagram.
The two-exchanged photon contributions that correspond to the non-degenerate
intermediate states are given by

x {H (X4 - x2,En4 - Z)H(X3 - Xl'Z - E n3 )
t ¢>i2(X4)¢>t(X3)
_
x ¢>n4 (X4)Qp. Z _ Ei (1 _ i8) Qv¢>n3( X3)
2

(129)

x 8(En4

+ E n2 , E n3 + E nl )(a~4a~2anl an3 )

Evaluation of these terms is facilitated by carrying out a procedure broadly analogous
to the self-energy calculation. The contour of integration in the complex Z plane
is rotated, the Green's functions are expanded as a sum over angular momentum
eigenfunctions, and the Green's functions are evaluated with the aid of a finite basis
set. The preliminary results of such a calculation for the ground state of two-electron
atoms are shown in Table II. 19 The column labeled 6.E gives the total level shift,
6.Ecc denotes the shift due to two relativistic Coulomb photons, 6.EBrC gives the
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Table II. Contribution of the box and crossed box diagrams
to energy levels of high-Z two-electron ions: units of a.u.

Z

b.E

b.Ecc

b.EBrC

b.EQED

25

-0.17785

-0.16070

-0.01640

-0.00075

50

-0.23957

-0.17301

-0.06098

-0.00558

75

-0.35402

-0.20297

-0.13493

-0.01612

100

-0.57786

-0.27968

-0.24422

-0.04962

Table III. Breakdown of the box and crossed box contributions
by energy of intermediate electron states: units of a.u.

Z

b.E(+'+)

b.E(+'-)

+ b.E(-,+)

b.E(-'-)

25

-0.17657

0.00035

-0.00164

50

-0.23457

0.00436

-0.00936

75

-0.34804

0.01849

-0.02447

100

-0.57834

0.05464

-0.05000

shift due to one transverse and one Coulomb photon, and b.EQED is the remainder.
The contributions of the various two-electron intermediate states to the two-photon
shift are shown in Table III. In that table, the superscripts on the column headings
indicate the level shift contribution from intermediate state energies that are positive
for both electrons (+, +), positive for one and negative for the other (+, -) and
(-, +), or negative for both (-, -). In both tables, the numbers are preliminary, and
are currently being improved in accuracy.19 The calculated numbers determine the
dominant part of the function W~(Za) that has the correct nonrelativistic limit W 2 .
In addition to these terms, there are non-vanishing contributions from the degenerate intermediate states. The additional terms are the subject of current study.

EXTENSION TO MANY-ELECTRON ATOMS
The bound-interaction picture approach to relativistic atomic structure can be
extended to many-electron atoms in a way that is directly analogous to nonrelativistic
many-body perturbation theory. The formulation described above is correct for many
electrons, but due to the cumulative interactions of the electrons, the Coulomb field
solutions provide a poor zeroth-order approximation. To account for the cumulative
effects of the electrons, the zeroth-order states may be taken as solutions of the Dirac
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equation with an effective potential V(x)

+ <5V(X)

[-ia. V + V(x) + <5V(x) + f3 - En] cPn(X) = 0

(130)

The theory is exact, although slowly convergent, without the <5V correction in the
Dirac equation, so the original result is restored by subtracting a corresponding term
from the interaction Hamiltonian
(131)
where

<5V(X) = -e<5A o(x)

(132)

This formulation provides a framework for including QED effects in a many-electron
calculation in a consistent way. A well-chosen <5V can improve the convergence of perturbation theory. Further improvement is possible by summing subclasses of Feynman
diagrams to all orders in perturbation theory.
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RADIATIVE TRANSITIONS IN
ONE- AND TWO-ELECTRON IONS
Gordon W. F. Drake and A. van Wijngaarden
Department of Physics
University of Windsor
Windsor, Ontario N9B 3P4, Canada
INTRODUCTION
This series of lectures has a rather general title because it deals with a variety of
topics, both theoretical and experimental, which are related to one another. A great
deal of progress has been made over the past few years in the precision of measurements for one- and tw~lectron atoms. A parallel development of new techniques for
high precision caculations is opening the way to a wide variety of comparisons between
theory and experiment which are sensitive to higher order relativistic and quantum
electrodynamic (QED) effects. There are close connections between these lectures,
which focus primarily on the low to intermediate range of nuclear charge, and those of
Peter Mohr and Berndt Miiller, which describe effects in the high nuclear charge and
super-eritical field regimes.
The first lecture will begin with a review of the basic theory of radiative transitions in order to define the notation and lay the ground work for a discussion of the
interference effects which occur in the electric field quenching of hydrogenic ions. I will
then describe in some detail the quenching anisotropy method for measuring the Lamb
shift, which has recently yielded the most accurate available determination of the
Lamb shift in He+, thereby providing one of the most sensitive tests of higher order
QED corrections.
The second lecture will begin with a brief description of closely related quenching
asymmetry measurements which yield the level width of the 2p state, and the relativistic magnetic dipole matrix element for the 2 2S 1/2 - 1 2S 1 /2 transition. I will then
change topics to a discussion of new variational techniques for tw~lectron atoms.
These techniques now make it possible to improve the precision of existing calculations
by several orders of magnitude for nonrelativistic energies and relativistic corrections of
O( a 2 ). This improvement is necessary in order to match the accuracy of existing measurements. An important advantage of these techniques is that they can be extended
to higher members of the Rydberg series (at least up to n 10) with no serious loss of
accuracy. In' contrast, standard variational calculations suffer a disasterous loss of accuracy for the more highly excited states.
N

The third lecture will begin with a summary of the numerous small corrections to
the tw~lectron energy which must be included before a comparison with experiment
becomes meaningful. These are finite nuclear mass effects of O(J.L/M) and O(J.L2/M2),
relativistic corrections of O(a 2), relativistic reduced mass corrections of O(a 2J.L/M) and
QED corrections of O(a 3 Z4 ) and higher. For the QED terms, the two-electron corrections of O(a 3Z3 ) referred to as the "screening of the Lamb shift" are included in a
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nonrelativistic approximation in which the leading term is evaluated exactly, and the
relativistic corrections of O(a 4Z4 ) and higher are estimated from the corresponding
one-electron terms. An exact calculation of the tw~lectron relativistic corrections
has not yet been done, although progress on this topic is reviewed in Peter Mohr's talk.
A comparison with a wide variety of high precision transition frequency measurements
yields well-defined discrepancies which can reasonably be accounted for by uncalculated terms of O(a 4 Z4 ) and O(a 3 Z2 ). Finally, a brief survey will be given of the comparison between theory and experiment for high-Z tw~lectron ions.
RADIATIVE TRANSITIONS
This section begins with an overview of the decay mechanisms for the low-lying
states of one- and tw~lectron ions. Then the theory of spontaneous transitions is
briefly reviewed. This establishes the basic concepts and notation for a more detailed
discussion of relativistic magnetic dipole transitions and the quenching radiation asymmetries which allow one to measure the Lamb shift in one-electron ions.
Fig. 1 shows the low-lying states of one-electron ions together with their modes
of radiative decay. As is well known, the 2S1/2 state is metastable because ordinary
electric dipole (El) transitions to the ground state are forbidden by the parity selection
rule. For low Z ions, the dominant decay mechanisn is the simultaneous emission of
two El photons, giving a decay rate of

w(2El) = 8.22938102 6 S-1

+ relativistic corrections

(1)

(Drake, 1986). However, the relativistic Ml mechanism discussed below increases in
proportion to 2 10 and eventually becomes dominant for 2 ~ 43.
In the presence of an external electric field, the 2S1/2 state becomes mixed with
the close-lying 2Pl/2 and 2P3/2 states, making possible El and M2 transitions to the
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Energy level diagram for one-electron ions, showing the radiative
decay modes. The dashed lines indicate electric field mixing of the
2S 1/2 state with the 2Pl/2 and 2P3/2 states, leading to field-induced
El (electric dipole) and M2 (magnetic quadupole) transitions to the
ground state.

ground state. The external field mixing is represented by dashed lines in Fig. 1. The
rotational asymmetries discussed below arise from interference effects among the single
photon decay channels.
Fig. 2 is a similar diagram of the radiative decay modes for tw<>--€lectron ions.
Here, both the states 1s2s lS 0 and 1s2s 3S 1 are metastable. Calculations for the 2E1
decay mode from the 2 lS 0 state have recently been done to improved precision by
Drake (1986), and the decay rate has been measured in ions up to Kr 34 + (Marrus,
1986). The relativistic M1 decay rate from the 2 3S 1 state was first calculated by
Drake (1971, 1972a), Beigman and Safranova (1971), and by Feinberg and Sucher
(1971). These processes are of considerable astrophysical importance (see, for example,
Drake and Robbins, 1972; Blumenthal et al. 1972).
As in the one-electron case, the 2 lS 0 state of helium can be quenched by the
application of an electric field due to field-induced mixing with the 2 1P 1 state. However, fields on the order of 100 kV fcm are required because of the large electrostatic
splitting between the states. The quench rate has been measured by Petrasso and
Ramsey (1972). Their result of 0.926(20)F2(cmfkV)2s-1 (F is the field strength) agrees
with the theoretical value 0.932(1)F2(cmfkV)2s-1 obtained by Drake (1972b).
The wavy dashed lines in Fig. 2 indicate more exotic decay modes which become
increasingly important for the two-€lectron ions of higher Z. The 2 3p 1 - 1 lS 0 E1
transition is a spin-forbidden proce$s which accurs through mixing between the 2 1P1
and n 3P 1 states due to the Breit interaction (Drake and Dalgarno, 1969; Drake, 1976).
There is also a small contribution from doubly excited npn'p 3P oe intermediate states
(Drake, 1976). The M2 decay rate from the 2 3P2 state is discussed by Drake (1969).
Since it increases in proportion to ZS along the isoelectronic sequence, while the competing 2 3P2 - 2 3S 1 E1 rate only increases as Z, the M2 process becomes dominant for
ions beyond CI15+.
The very unusual E1M1 two-photon decay mode from the 2 3Po state is discussed by Drake (1985). Even though it is strongly suppressed, the rate increases in pro-

2 'So
M2.
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2

Fig. 2.

22

Energy level diagram for tw<>--€lectron ions, showing the radiative
decay modes for the low-lying states. The wavy dashed lines
indicate inhibited transitions which become important for high-Z
ions.
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portion to Z12, reaching about 46% of the allowed E1 rate in U90 +. The Munger and
Gould (1986) measurement of the 2 3S 1 - 2 3P2 energy splitting in U90+ relies on the
theoretical value for the E1M1 decay rate.
Theory of Spontaneous Transitions
Fig. 3 shows the basic Feynman diagram for the spontaneous emission of a single
photon. The corresponding transition rate is given by Fermi's Golden Rule

(2)
where

Vint = interaction energy operator
P = no. of final states per unit energy interval.
f
The basic parameters which characterize the emitted photon are
w = photon frequency
e = photon polarization vector
k = photon propagation vector (I kI = w/c).
Then
n 2dD.
f
P
(21l")3he

(3)

is the number of photon states of polarization e per unit energy and solid angle in normalization volume 'Yo The interaction energy operator is

ea·A* .

(4)

.. -1[21l"hw]1/2,
e e l·"k."r .
A
-I--r-

(5)

V int =

.
If the photon vector potential A is normalized to a field energy of hw per unit volume,
then

Collecting terms, eq. (2) becomes
wdD.

= [~:~] I (f Ia'~e-ik' ~ Ii) 12dD.

a

per unit time.

..

(6)

In the nonrelativistic limit, -+ Pfme, e- ik ' r ~ 1 and the above becomes the familiar
dipole velocity form of the transition rate.

hw

1

Fig. 3.
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/------------

f
Feynman diagram showing the basic lowest order process of
spontaneous photon emission.

For the 2S 1/2 state, El and M2 processes become allowed due to electric field
mixing with the 2Pl/2 and 2P3/2 states. A systematic way of incorporating all higher
multipole moments is to use the standard multipole expansion

ee- ik '; = [~] 1/2I,

{eM

it~~~* + i[kxelM it~~~*

M

+ i,.ffOJ3 [k, kxeh,M it~~~* + ... }
where

e±1 =

Til (ex

±

(7)

ie y),

and [a, bh,M denotes the vector coupled product

[a, bh,M
The

=

I , (l1m 1m2 12M ) am1 bm2
m1 ,m 2

it~~) are multipole operators with
>. = 1 for electric multipoles
>. = 0 for magnetic multipoles.

In the transverse or Coulomb gauge, they are given by
(l)

[L] 1/2gL+l(kr) YLL+1(r)
..

itLM = 2LTI

M

A

L+l]I/2
.. M
+ [2L+T
gL-l(kr) Y LL -1(f)

(8)
(9)

where the

YJ¥( r) are vector spherical harmonics defined by

YJ¥(f) =

(10)

I, y/m(f)e q(l1 m qlJ M)
m,q

(11)
and
.
_
zL
[~fZ2~2)2
Jdz) - (2£+1)!! 1-1lT2L+3) + 21(2 +3 (2£+5) - ...

]

(12)

is a spherical Bessel function. For low Z atoms, kr = wr/ c is small and one can make
the long wavelength approximation in which only the leading term of eq. (12) is retained. In the nonrelativistic limit, the four component Dirac operators reduce to the
equivalent nonrelativistic operators acting on two-component Pauli spinors

ea.it~V - l e.fJ. <P 1M ,

(13)

ea·it~~) i(V<P 1M)· [m~~2 +.fJ. ii]
ea·it~~) -d(V<P 2M )' [m~~6 + v'3J2 ii]

(14)

-l

and

where <PLM = gL(kr) h M(f), L = l x p, and ii = (eX/2)tJ. Here,
ment operator and X = Q'ao is the Compton wavelength.

(15)

ii

is the magnetic mo-
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Relativistic Magnetic Dipole Transitions
For the 2S 1/2 .... 1S1/2 transition, only the Ml term it~~) contributes, but even this
term vanishes in the nonrelativistic long wavelength approximation since iV<l>IM - - l
k(41r/3)1/2eM, and matrix elements are proportional to the overlap inte~ral. However,
relativistic corrections of O(/l'2Z2) and finite wavelength corrections of O[(wr/c)2] give
(16)

(17)
is the effective magnetic moment transition operator acting on nonrelativistic wave
functions. For the 2S 1/ 2 .... IS 1/ 2 transition, the matrix elements are
(IS)
(19)
The transition rate into solid angle dn is then
wdn =

[2~~] IMI 2{I[k xe]oI2 + 21[be]11 2}dn

S/l'2 Z2] eX.
with M = - [8IJ2

(20)
(21)

Summing over any two linearly independent polarization vectors e perpendicular to
results in

L [be]o 2 = sin2B
e

1

k

(22)

1

and
2
Thus

L 1[be] 11 2
e

= 1

+ cos 2B .

f dn = f f sinBdBdrp just gives a factor of 41r.

(23)
Using the nonrelativistic value

k = 3Z 211' yields the final decay rate

sa o

= 4k 3 M 2 /h
_ [/l'9 Z 10] -1
- 9'72 r

W(2S 1/ 2 .... IS 1/ 2 )

1

1

= 2.496xlO- 6 S-1

(24)

for H. (r = 2.41888xlO- 17S is the atomic unit of time.) This is much less than the 2El
decay rate for H. However, the Ml rate becomes dominant for Z > 43. Even for Hand
He, the Ml process produces observable interference effects in Stark quenching, as
discussed in the following section.
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Quenching Radiation Asymmetries
Basic formalism. The starting point for a discussion of quenching radiation
asymmetries is the time dependent Schr6dinger equation
ih#=H(t)it

(25)

where
H(t) = E

+ F(t)V

(26)

is the time-dependent Hamiltonian matrix in a finite basis set of strongly interacting
states, and
it = column vector of state amplitudes
E = diagonal matrix of field-free eigenvalues
V = interaction matrix with external field
F(t) = time dependence of external field.
To a very good approximation, the decaying nature of the states can be incorporated
by the use of the Bethe-Lamb phenomenological quenching theory in which one replaces each field free eigenvalue E- by Ej + irj/2, where rj is the field-free level width.
In the absence of external field perturbations, the field-free occupation probabilities
then decay exponentially with time as expected according to
(27)
However, complex quantum beat patterns can be obtained if an external field is present
to mix the decaying states (see, for example, van Wijngaarden et al. 1976; Drake 1976,
1988; Andra. 1974).
For the applications discussed here, assume that the external field E is switched
on adiabatically; Le. that F(t) is slowly varying compared with h/t::.E, where t::.E is
the energy splitting between the field-free states. For atoms or ions such as H and He
in fields up to several kV/cm, the only significant mixing is among the manifold of
states 2S1/2, 2Pl/2 and 2P3/2' For simplicity, we assume here that hyperfine structure
is absent. Then the wave function can be expressed as the time-independent linear
superposition
W(2s 1/ 2,m) = a( IE I)w O(2s 1/ 2,m)

+

L [bi~~~)Wo(2Pl/2,m') + bi~~~)Wo(2P3/2,m')1

(28)

rn'

where the matrices b(j) (j = 1/2, 3/2) are given by
b(1/2) = b(1/2)(IEl)u·E

(29)

b{3/2) = b{3/2)( IE I) [-~E-l

(30)

and the Eq (q = 0, ±l) are the irreducible tensor components of the unit vector E in the
electric field direction.
Since the energies of the 2S1/2 (mj=±1/2) states remain degenerate and are independent of the external field orientation, the form of equations (29) and (30) remains
valid to all orders of perturbation theory. The only explicit dependence on field
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strength is through the overall multiplying factors a( I£I),
To lowest order in the external field, they are given by

a = 1 + O( I £ 12 )
e I£1 <2Pl /211 11 1/2>
=------.[0(£

I£I)

and b{3/2)( 1£I)·
(31)

1 2s

b{1/2)

b{1/2)(

+

if/2)

e 1£ 1<2P3 / 211 1 11 2s 1/2>
b{3/2) = - - - - - - - v'IT(3'+ if/2)

(32)

(33)

where £ = E(2s 1 /2) - E(2pl/2) is the Lamb shift, 3' = E(2s1/2) - E(2P3/2) is the Lamb
shift minus the fine structure splitting, and f is the level width of the 2p state. The
reduced matrix elements in the numerators of equations (32) and (33) are as defined by
Edmonds (1960). The numerical values, including the leading relativistic corrections,
are
(2pl/2111112s1/2)

= ~(1 - -&a2Z 2 )

(2p3/211 1 11 2s1/2) =

~ ~aO(l

- !a2Z2) .

(34)
(35)

Higher order perturbation corrections due to the external field can readily be calculated
analytically, as discussed by Drake (1988a). Alternatively, one could perform an exact
diagonalization of the Hamiltonian matrix in the 2S1/2, 2Pl/2, 2P3/2 basis set to determine numerical values for the a and bU) coefficients.
The properties of the quenching radiation are determined by the matrix elements

Am,m'

..

= (ls 1/ 2,m Ia' ~e-ik' r 12s1/2,m')

(36)

between the unperturbed 1S 1/2 final state and the perturbed 2S1/2 initial state as given
by eq. (28). The complete 2x2 transition matrix A with elements Am,m' is

(37)
where
V+ = V1/ 2
V_

+ 2 V3/ 2

= V1/ 2 -

V3 / 2

+ M 3/ 2

M = M1/ 2 + 2i(k.:E)M3/ 2 •

(38)
(39)

(40)

The V and M coefficients above can be expressed in terms of reduced transition matrix
elements according to
(41)

(42)
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(43)
(44)
The reduced matrix elements, including the leading relativistic correction of order
o2Z2, are
(ls1/2I1lHtp)*1I2Pl/2) =

~(29/35)[1-(~iln2-ln3)o2Z2]

(ls1/2I1iHtp)*1I2P3/2) =

~(29/35)[1-(ii+iln2-!ln3)o2Z2]

(ls 1/ 211&' a~ 0)* 11 2s1/2)

= kaoZ203.y2i(24/34)[1 +0,419302Z2]

(ls1/211&.a~I)*1I2P3/2)

=

ik2i02°{7r(28/35)[1~.182102Z2] .

The physical sigificance of the terms in eq. (37) is as follows. V 1/2 and V3/2 represent the amplitudes for electric field quenching of the 2S1/2 state via the admixture of
2Pt/2 and 2P3/2 intermediate states respectively, with the emission of an E1 photon.
M3/2 is a small M2 correction. All three of these terms are proportional to the electric
field strength through the bO) coeffieients. The combination V. coines from transitions
with 6.m = 0 in eq. (36), and the E1 part of V_ comes from transitions with 6.m = ±1.
M 1/2 is the amplitude (or spontaneous M1 transitions as discussed in the previous section. This term is to a first approximation independent of field strength.
In addition to the vectors e, k and E, the quenching radiation also depends on
the electron spin polarization of the 2S1/2 state. This is specified, in general, by the
density matrix

(45)

.

where P is the polarization vector for the 2S1/2 state. The decay rate summed over
final atomic states and averaged over initial states is then

wdn =

2~~ Tr[pAtA]dn

(46)

where Tr denotes the trace.
In order to describe the emitted radiation, it is necessary to introduce two orthogonal polarization vectors et and e2 both perpendicular to k such that
(47)
An arbitrary polarization vector for the general case of elliptical polarization is then
given by

(48)
In particular, (J = 0, 1r /2, ... corresponds to linearly polarized light, and (J = 1r/ 4,
31r/4, ••• corresponds to right or left circularly polarized light. With these conventions, eq. (46) becomes

• ..

w(e,k,p)dn

e2 k

....

....

•

•

= 2iffi[Io + p·Jo + p·Jlsin2(J + E(el:el-€2:e2)J2cOs2(J]dn
(49)
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where

10

=!I V+1 2[1-(k

o

E)2]

+!I V_I 2[1+(k

0

E)2]

+ 2Im(M*V_)(k oE) + IMI 2
(50)

jo = (kxE){Re[M*(V++ V_)]- Im(V~ V+)(koE)}
j1 =

I V_1 2(k

0

E)E + Re( V~ V+)Ex(kxE) - Im[M* (V+ + V_)]E

+ Im[M*(V+-V_)](koE)k -IMI 2k

j2 =

(51)

(52)

!(I V+1 2 -I V_1 2)E + Re[M*(V+-V_)](Pxk) - Im(V~ V+)(PxE)

.
The dyadic notation

b:~

(53)
in eq. (49) is defined by

(54)
Eq. (49) contains a complete description of all the angular and polarization dependent phenomena which can be observed in the Stark quenching of the 2S 1/2 metastable state. Since M is smaller than V+ by a factor of O(.a2Z2), the dominant terms are
those containing only V+ and V_. The angular distribution of radiation from the main
polarization-independent term 10 is illustrated by the outer elliptical curve in Fig. 4.
The anisotropy which this represents is approximately proportional to the Lamb shift

Fig. 4.
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Polar diagram (not to scale) showing the contributions to
angular asymmetries in the field-induced quenching radiation
emitted by the 2S1/2 state. The outer elliptical curve is the main
Lamb shift anisotropy for unpolarized atoms. The clover leaf pattern
is the EI-El damping asymmetry for atoms with a spin polarization
vector P pointing into the page, and the inner dashed curve is the
corresponding EI-Ml interference asymmetry.

....

...

...

A

A

........

as discussed in the following section. The term -P·(kxE)Im(V~V.)(k·E) in p·Jo is
sensitive to the imaginary level widths in the denominators of equations (32) and (33).
The remaining part
This term produces the clover leaf pattern in Fig. 4.
p. (kxE)Re[M* (V.+ V_)] produces the innermost pattern in Fig. 4. Its measurement
determines the 2s .... Is magnetic dipole matrix element M.
The sin2,8 and cos2,8 terms in eq. (49) vanish on summing over photon polarizations. but can be observed with a polarization-sensitive detector. Although the sin2,8
term has not been observed, the cos2,8 linear polarization term has been measured by
Ott, Kauppila and Fite (1970).
As a final comment concerning eq. (49), the term involving Im(M* V_)(k. E) in
eq. (50) at first sight appears to violate time reversal invariance because k reverses
direction for the time-reversed process of absorption. However, as discussed by Mohr
(1978), if must also be replaced by -if in the denominator of V_, making the product
of both terms time-reversal invariant. The same sign reversals apply to similar terms
...........
...
in Jo, J 1 and J2, together with P .... -Po

.

It is instructive to consider the geometrical relationship between the polarization
of the emitted radiation and the angular anisotropy. Suppose that the z-axis is an axis
of rotational symmetry defined, for example, by an electric field. In the electric dipole
approximation where only the V. and V_ terms are retained, the radiation intensities
depend only on the orientation ore relative to the z-axis, and not on the direction of
observation. Then the polarization in the x-<!irection, as illustrated in Fig. 5, is

p=fv:i
y+

z

(55)

z

~----------y

x

Fig. 5

Illustration of the relationship between the polarization of
quenching radiation in the x-<!irection, and the anisotropy in the
total intensity (summed over polarizations) in the x- and
y-<!irections. The arrows indicate photon polarization vectors.
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and the rotational anisotropy R, defined in terms of the total intensities emitted in the
directions parallel (III = Ix + Iy ) and perpendicular (IJ. = Iy + Iz ) to the symmetry
axis is
R -}II

- 11+

}.L _
J. -

I x-I z

(56)

/x+ 2/y+Iz .

If the z-axis is a symmetry axis, then Ix

= I y , and it follows immediately that

2R

(57)

P=r=n

The above applies to any system for which the electric dipole approximation is valid
and an axis of rotational symmetry exists.
The Lamb shift anisotropy. We now consider in detail the case of an unpolarized
(:P=O) beam of 2SI/2 ions quenched by an electric field. Only the 10 term of eq. (49)
survives. Among its contributions, the 1M 12 term is negligibly small, and the small
Im(M* V_)(k. E) term averages to zero on reversal of k. Using (38) and (39) for V+ and
V_ and neglecting for the moment the M3/2 contribution, the remaining terms in 10
become

lo( 0) = 1V1/21 2 + Re( V~ /2 V3 / 2 )(1 - 3cos 20)

+ !I V3/ 212(5 -

3cos 20)

(58)
where cosO = k· E is the angle between the direction of observation and the electric
field direction. For convenience in relating the measured anisotropy to the Lamb shift,
define a parameter P by
(59)

P = V3/2/ Vl/2
so that
10(0)

IX

[1 + Re(p)(l - 3cos 2 0) + ~(5 - 3cos 2 0)]

(60)

.

For sufficiently weak fields, p can be expanded in a perturbation series with the leading
terms p = p(O) + O( I E 12), where (see equations 32 and 33)
p(O) =

.c

+

if p/2

3'

+

if p/2

.

(61)

The value of the real part of p(O) is approximately -0.1 for all low-Z ions. The corresponding zero-order anisotropy is
R(~ =

-3Re(p(0)) - !lp(0)12
2 - Re(p(O))

+ tlp(O) 12

.

(62)

Since p(O) is small, the value of R(O) is approximately -3.c/(23'), which has a numerical
value of NO.1 for all low-Z ions. The higher order finite field strength corrections are
of the form

(63)
If there is hyperfine structure, this expansion is only valid for very weak fields because
the Stark shifts soon exceed the field-free energy splittings. For stronger fields, one
must perform an exact diagonalization of the Hamiltonian in the basis set of strongly
interacting hyperfine states (van Wijngaarden and Drake 1978).
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Table 1. Input data for the analysis of the He+ anisotropy experiment.
Quantity

Value

E(2 2P3/2) - E(2 2P 1/2)
f(2p)
(oR/R(O))n
(oR/R(O))reI
(oR/R(O))M2
R(2)

175593.55(3) MHz
1.00307xlO IO S-I
-2.37xlO-S
0.64x10- s
-6.54x10- s
5.8467x10- 4 (kV/cm)-2

R(4)

-3.80xlO-6 (kV/cm)-4

There is a number of other small corrections which must be taken into account in
the interpretation of a high precision experiment. These are (i) contributions from
intermediate p-states with n > 2, and from final state perturbations, (ii) relativistic
and retardation corrections of order (aZ)2 to the E1 matrix elements and (iii) an M2
decay mode proceeding through the 2P3/2 intermediate state. All of the corrections can
be summarized by the formula
R

= R(O) [1 +

[ OR] + [ OR]

R\TfT

R\TfT

n

-+

reI

+ [ OR]

R\TfT

M2

]

-+

+R(2)IEI2+R(4)IE!4.

(64)

Using the numerical values listed in Table 1 for the coefficients appearing in eq. (64),
an effective experimental value for R(O) can be calculated from a measurement of R,
and hence the Lamb shift from equations (61) and (62).
The experimental details of our anisotropy measurements for He+ have recently
been described by Drake et al. (1988) and van Wijngaarden et al. (1988). As shown in
Fig. 6, a He+ ion beam containing 0.5% metastable ions is formed by passing 125 keY
N

A,

o

5. (with film)

He' (ts)
ion beam

I

.

I

0

b

Fig. 6.

Schematic diagram of the apparatus for the He+ anisotropy
measurement. The four metal rods in the quenching cell are
1.2700(2) cm in diameter and are supported 4.064(1) cm apart on
insulators. The length of the cell is 15.24 cm. 81 and S2 are
collimating slits with c = 7.117 cm and s = 21.996 cm.
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ground state He ions through a gas cell. The beam is then subjected to a static electric field in the quenching cell further down stream by supplying opposite polarities to
two pairs of cylindrical rods mounted on insulators in a quadrupole arrangement. The
resulting Ly-O' intensities Ii and III are detected simultaneously by measuring the photoelectric current from the photosensitive cones labelled At, A2, B 1 and B2. All data
were taken at a single field strength of 631.04 Vf cm at the center of the cell.
Beam contamination by ions other than He(2s) and He(ls) is kept small by the
following three strategies. First, the long 900 ns flight time from the exit of the gas cell
to the observation region allows the majority of highly excited ions to decay to the
ground state. Second, small transverse electric fields are applied between the gas cell
and the collimator to separate neutral atoms from the ion beam. Third, a small axial
electric field of 100 Vfcm is maintained between the electrodes of the prequencher to
ionize any highly excited states which might survive the long flight path from the gas
cell. (However, the main purpose of the prequencher is to apply a sufficiently strong
electric field to depopulate the 2 2S 1/2 state for purposes of noise determination.)
Each of the four photon detection systems shown schematically in Fig. 6 is actually a pair of identical detectors placed a small distance f. apart along the ion beam, as
shown in Fig. 7. The reason for the doubling of the counters is to increase the total
signal strength. The quench radiation passes through a photon collimator consisting of
a rectangular entrance slit SI and a circular exit slit S2, and then strikes a photosensitive cone P. The cylindrical holder C held at a positive. potential Vc = 67.5 V collects
the photoelectrons, and the high precision electrometer E (Keithley Model 642 LNFA)
measures the photoelectron current. The shields Sh prevent photons from crossing between the two collimation systems.
The photoelectric yield of a cone is known to improve as its angle is decreased.
However, in order to ensure that the detection system responds equally to photons of
different polarization (Patel et ai. 1987), the cone angles were left large (NI00 0). We
increased the photoelectron effic;;iency back to the 20% level by coating them with a
layer of MgF2 of a few hundred A thickness.

d

Sh

s +'===R=~::=""r1I=i"'==::J>-s,
c

Fig. 7.

156

Details of the photon detection systems At, A2, B" B2 shown in Fig.
1. The beam diameter (2p) is 0.165 cm, the width (20') of rectangular
slit SI is 2,489 cm, the diameter (2F) of circular slit S2 is 1.270 cm,
and the cone angles are 1000. The beam deflections (zo) 1 and (zoh
[see eq. (67)] due to the transverse quenching field have been
exaggerated for clarity.

We have introduced the above photoelectric detection system in place of standard photon counting techniques because of non-linearities which are inherent in photon counting. The problem is that all photomultipliers produce a distribution of pulse
heights which, for high photon fluxes, is weakly count-rate dependent due to variations
in the electron multiplication process. In addition, dead-time corrections become increasingly troublesome for high count rates. Both problems are avoided by directly
collecting and measuring the photoelectron current emitted from a large surface area
without further amplification. The disadvantage is that the photocurrents produced
are small. One must thus take care to ensure that stray electrons and low energy ions
created by collisions of the fast ion beam with the residual gas (",7 x 10-8 Torr) are not
detected by the cones. We suppressed such stray particles by imposing an axial magnetic field of 1l.8 G in the observation region, and by covering the exit slits 82 of the
collimators with thin aluminum films. The films are sufficiently thick to stop low
energy particles, but are thin enough to transmit Ly-a photons. In addition, a repeller
plate kept at -90 V was used to suppress electrons that might be ejected from the back
surface of the aluminum films.
The four detector systems shown in Fig. 6 were electrically connected together
into two opposite pairs with the total current from each pair being fed to one of the
electrometers. The analogue voltaJ!!e output of the electrometers was then connected to
the input of a digital voltmeter (Hewlett Packard Model 3457A). The final output
signal was normalized to the ion beam current and stored in a computer. The signal to
noise ratio for each of the two detection systems was about 1000.
The accuracy of an anisotropy measurement is ultimately limited by the linearity
(as opposed to absolute accuracy) of the photon detection system. As discussed above,
a direct measurement of the photoelectron current was used in place of standard photon counting techniques because of non-linearities inherent in photon counting. However, it is now necessary to verify that the current measurements do not suffer from
problems of their own.
One potential source of non-linearity is the finite voltage coefficient of the resistance in the input stage where the photocurrent is converted into a voltage signal. To
minimize this voltage effect, the necessary input resistance of 10 12 n was obtained by
connecting four resistors in series so that for typical currents of 10- 13 A, the potential
across any component resistor would be small enough (50 mV) so that the deviation
from linearity between the current and its voltage analogue at the input stage would be
less than 1 ppm.
The most important test is to show that the output voltage of the electrometers
varies linearly with the input voltage. This was checked by applying a dc voltage directly to the input of each electrometer. The small difference Vi - Vo between the
input potential Vi and the output potential Vo was then measured as Vi was varied
from 0 to 400 m V. The difference, which should ideally be zero, was found to increase
linearly with Vi at the rate of 48:1:2 p,V/V for one electrometer and 25:1:2 p,V/V for the
other. A possible deviation from linearity. as large as :1:2 p,V/V is still sufficiently small
to determine the intensity ratio r = 111/11. to an accuracy of :1:1 ppm. It is this high
degree of linearity at high photon fluxes which has allowed a dramatic improvement in
accuracy over our earlier measurements obtained by photon counting techniques
(Drake et al. 1979).
The directly measured quantity is the intensity ratio r = 111 /11.' which is related
to the anisotropy defined by eq. (56) according to

R = (r-1)/(r+1) .

(65)

A direct measurement of r would be greatly limited in accuracy because it requires a
knowledge of the relative sentitivities of the detectors. However, this limitation can be
avoided by measuring r for all four possible 900 rotations of the electric field in Fig. 6.
The rotations are easily accomplished simply by switching potentials on the quadrupole
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rods. If 0 is the angle between the electric field vector and, say, the A 1A2 axis, then
the intensity ratios r( 0) which can be measured are

r(O)

= A(O)/B(O)

r(1r) = A(1r)/B(1r)

r(1r/2)

= B(1r/2)/A(1r/2)

r(31r/2) = B(31r/2)/A(31r/2)

where A = Ai + A2 and B = B 1 + B2 are the sums of currents from the opposite pairs
of detectors. The currents are measured simultaneously, and represent time averaged
values. One then forms
r = [r(O)· r(1r/2) . r(1r) . r(31r/2)]1/4

(66)

which is independent of the efficiencies of the detectors.
The above photocurrents must be corrected for the background noise ("'0.5%),
defined to be the quenching signal which still persists when the 2 2S 1/2 ions are
removed from the beam by prequenching. The noise consists of rougWy equal parts of
electronic noise and a phot.on noise which originates from a "glowing column" of excited atoms created in the residual gas by the passage of the fast primary He+ ion beam.
A further correction must be introduced for the small 2El two photon decay component present in the original quenching signal.
A grand average intensity ratio was obtained from 66 runs of about one day,
each containing an average of 150 measurements of r for a total of 9930 individual measurements. The final result is is r = 1.267651193(7176). The estimated error in the
final figures obtained from a Gaussian fit to the data is given by the numbers in brackets. The corresponding R is listed in Table 2.

The measured R must be corrected for a number of small systematic effects in
order to obtain the equivalent lowest-order field free R(O) which can be directly related
to the Lamb shift. These are briefly discussed in the following paragraphs.
Table 2. Systematic and higher order corrections used to obtain the zero
order anisotropy R(O) and the Lamb shift £ from Rexp .
Quantity
measured anisotropy Rexp
detector non-lineari ty
2El two-photon decay
finite solid angle of detectors
and deflections of ion beam
relativistic angular shift
11.8 G Zeeman splitting
~xB electric field
finite quenching field effects
magnetic quadrupole transitions
mixing with higher np states
and final state perturbations
(aZ)2 terms in matrix elements
R(O) (sum of above)

.

£ [from eq.'s (61) and (62)J
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Value
0.118030142(2791)
0.000000000(354)
0.000002012(236)
0.000150115(259)
0.000006980(56)
0.000000230(1)
0.000000125( 1)
-D.000232222(60)
0.000007715
0.000002796
-D.000000755
0.117967137(2836)
14042.220(349) MHz

First, the quenching signal contains a small isotropic background from the spontaneous decay of the 2 2S 1/2 ions by 2El radiation, producing an apparent anisotropy
which is too low. Because the 2El decay rate of 8.23Z4 S-l is a factor of 4.74x 10 4 smaller than the field-induced quenching rate at our field strength of 631 V/cm, the correction is small. It was estimated to the necessary :1:10% accuracy from the known 2El
frequency distribution (Goldman and Drake 1980) and the known MgF2 photoelectron
yield (Lapson and Timothy 1973, 1976) for the photon detectors. The resulting correction is listed in Table 2.
Second, The intensities III and IJ. are signals which are observed over a small
angular range defined by the fimte slit sizes of the photon collimators. The solid angle
correction must take this into account, along with the effects of beam deflection by the
quenching field and the progressive depletion of the metastable state along the beam.
Once the corrections have been obtained for a single detector, they must be averaged
over the detector pairs shown in Fig. 7 with weighting factors equal to the relative radiation intensities. In addition, if the beam is assumed to be travelling in the y-direction, then the radiation intensity decays exponentially along the beam according to I(y)
= I(O)eo.. .t y, where If'y is the decay length due to quenching. The beam also bends due
to the transverse electric field in the z-direction, giving it a parabolic trajectory of the
form

z = Zo + >..y + tty2

(67)

where Zo is the beam deflection and >.. = vz/Vy is the velocity ratio in the z- and
y-directions, all evaluated at the center of the detector viewing region. Finally, tt =
lEI /4 Va, where Va is the accelerating potential for the ion beam. In terms of these
constants and the ones shown in Figs. 6 and 7, the observed anisotropy R is related to
the solid angle corrected anisotropy R c by

(68)
where
i0 2 = Z0 2

+ [>..2 + 2(tt -

,)zol [~+ F2(1

f0 2 =

+ [>..2 + 2(tt -

,)zol [a2t2

Z02

:4

2
t )] ,

+ F2(3t 2 :4

6t

+

2)]

and t = s/ d. Equation (68) assumes that the signals from opposite detectors are averaged so that first-Drder corrections from beam bending cancel out. For the present
experiment, Va = 125 kV, lEI = 631.04 V/cm and, = 0.1017 cm- 1. The above then
yields a solid angle correction of oR = 0.000150115(259).

.

.

Third, the observed intensity III emitted parellel to E in the laboratory frame by
the fast moving ions corresponds to emission at a small angle 8 = v/c to E in the
co-moving atoqlic frame. There is a similar angular shift for IJ.' but because of rotational symmetry about the field direction, this intensity is not affected. The net correction to the anisotropy is

oR = Rc(1- Rc)(v/C)2 .

(69)

Fourth, the Zeeman splittings of the n = 2 manifold of states in an axial magnetic field B produce corrections to the mixing coefficients W/ 2) and b(3/2) in eq. (28)
which cancel out to first order in IB I. However in second order, the- net effect is to

.
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enhance the Stark coupling between the 2 2S 1/2 and 2 2Pl/2 sublevels, thereby decreasing the anisotropy. For our field strength of 11.8 G, the correction to R is oR =
0.000000230(2). There is a further correction due to Bwhich results from the fact that
the transverse quenching field E deflects the ion beam, and hence it progressively acquires a velocity component Vz = AVy (see eq. 67) in the transverse direction. The resulting ~xB electric field is perpendicular to E, and the vector sum produces a net effective quenching field which is slightly rotated. For our experiment, the correction is oR
= 0.000000125(1).

Comparison with other Lamb shift measurements. Numerical values for the
above corrections, as summarized in Table 3, give a field-free anisotropy R(O) of
0.117967137(2836). Using equations (61) and (62), this corresponds to a Lamb shift of
14042.22(35) MHz. Table 3 presents a comparison of our value with theory and other
measurements. Our value is consistent with the older microwave resonance measurement of Lipworth and Novick (1957) and the very recent one by Dewey and Dunford
(1988), but not with that of Narasimham and Strombotne (1971), which lies about 4
MHz higher. It is also in excellent agreement with a calculation based on Mohr's value
for the electron self-energy as discussed below, but not with Erickson's. The latter
gives values which lie higher than Mohr's for all hydrogenic ions.
The significance of the results in terms of Lamb sh.ift theory can be illustrated by
writing the Lamb shift as an expansion in powers of aZ and a in the form (Drake 1982;
Mohr 1976, 1982, 1983; Johnson and Soff 1985)

.c = 8a(f~l~mc2 {A 40 + A 41 1n(Zat2 + AsoZa + (Za)2[A 62In 2(Zat 2
+ A61 1n(Zat2 + G(Za)] + (aj1r)[B 40 + O(Za)] + O(a2j1r 2)}
+ finite nuclear mass and size corrections.

(70)

Each of the constants A ij can be written as the sum of electron self-energy, vacuum
polarization, and anomalous magnetic moment contributions. In particular, the term
G(Za), which represents the sum of all higher order terms in Za, consists of the parts.
G(Za)

= GSE(Za) + Gvp(Za)

.

(71)

The finite nuclear size correction is predominantly a non-QED effect resulting from the
deviation of the nuclear potential from a pure Coulomb potential inside the nucleus.
Its calculation, including relativistic corrections, is discussed by Mohr (1983) and
Johnson and Soff (1985).
Table 3. Comparison of theory and experiment for the He> Lamb shift
(in MHz).
Experiment
14042.220 ± 0.349 a
14042.0

±

l.2 b

14046.2

±

l.2 c

Theory
14042.22 ± 0.5 e
14045.12 ± 0.5 f

14040.2 ± l.8 d

aDrake et at. (1988).
bDewey and Dunford (1988).
cNarasimham and Strombotne (1971).
dLipworth and Novick (1957).
ecalculated with Mohr's (1976, 1982) electron self-energy.
fcalculated with Erickson's (1977) efectron self-energy.
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The coefficients Ai' multiplying the various powers of Za in eq. (70) are all well
established. The term GlZa) represents the remainder of all terms of order a(Za)6mc 2
and higher. Calculations of G(Za) by Erickson (1977), and by Mohr (1976, 1982) and
Sapirstein (1981) differ by about 30%, which is much larger than the estimated ±4%
uncertainty of their calculations. Aside from possible additional uncertainties arising
from the value of the nuclear radius, the uncertainty in G(Za) determines the theoretical uncertainty in the final calculated value of .e. Since the G(Za) contribution scales
as Z6, as compared with the lower Z4 scaling of .e itself, the experimental precision
required for an equally significant test of G(Za) for ions of different Z scales as Z6/Z4
= Z2. Hence less precision is required for a high-Z ion than for a low-Z ion.
The various QED corrections to the n = 2 states of He+ have been recalculated
by Drake et al. (1988) for a nuclear radius of 1.673(1) fm (Borie and Rinker 1978),
using the other input data tabulated by Mohr (1983) and Johnson and Soff (1985).
The results are summarized in Table 4. The relativistic recoil term contains the recently calculated corrections by Bhatt and Grotch (1987), and by Erickson and Grotch
(1988). The latter decreases the Lamb shift for He+ by 0.039 MHz. The uncertainty in
the calculated .e comes almost entirely from GSE(Za) = -22.9±1.0 for He+. Since the
nuclear radius is exceptionally well known for He+ from muonic fine structure measurements (Borie and Rinker 1978), the uncertainty due to the finite nuclear size correction
is unusually small for this case.
Fig. 8 presents a plot of the observed deviation from the Mohr theory for a variety of hydrogenic ions where high precision measurements are available. The scaling of
the vertical axis by Z6 makes the size of the error bars roughly proportional to the sensitivity of the experiment to the value of G(Za). The figure shows no serious disagreement with the Mohr theory over the entire range of Z, while Erickson's values lie substantially higher. The hydrogen measurement apparently lies two error bars below
theory, but this result is clouded by uncertainties concerning the proton radius and the
corresponding nuclear size correction (Lundeen and Pipkin 1986). There is some indication that the experimental values are falling consistently below theory for Z ~ 15, but
there is as yet no clear disagreement.
Since the primary theoretical uncertainty comes from the GSE part of G(Za) in
eq. (71), it is instructive to extract an experimental value for GSE from the measurements by taking the other well-eltablished terms in eq. (70) as correct and subtracting
their contributions. The results are shown in Table 5, along with the values of the nuclear radii used and their uncertainties. [Not included in the table is the work of
Sokolov and coworkers (Sokolov et al. 1982; Palchikov et al. 1983) who effectively
measure the ratio .e/f p to very high precision.] Our value for He+ of GSE = 22.99±0.76, together with the value for 5 15+ (Georgiadis et al. 1986) of -19.45±0.52, provide the most stringent tests of theory. While the former is in agreement with theory,
the latter lies approximately two standard deviations below theory. This reflects the
possible discrepancy between theory and experiment in the total Lamb shift for larger
values of Z already noted above.
Table 4. Contributions to the Lamb shift of He+ (in MHz).
Contribution

2 2S 1/ 2

2 2P 1/2
-204.05

electron self--energy

14259.12±0.5

vacuum polarization

-426.95

-0.02

(a/ 7r) corrections

0.02

0.00

finite nuclear size

8.79

0.00

relativistic recoil
Total
Lamb shift

(.e)

-2.92

-0.09

13838.06

-204.16

14042.22±0.5

161

~

Ol

N

2.56(5)

2.711(14)

6Li
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1057.866(11) MHz

-8.32 :1:0.46:1:0.02

-19.55 :1:1.6:1:0.005

-19.23 :1:1.3:1:0.01

-19.45 :1:0.52:1:0.004

-19.82 :1:0.85:1:0.004

-21.46 :1:9.0:1:0.03

-23.4(1.2)

-8.050(4)

-18.11(6)

-18.34(8)

-18.57(11)

-18.81(14)

-20.42(39)

-20.72(45)

-22.49(88)

-22.9(1.0)

-0.600(8)

-0.442(1)

-0.444(1)

-0.446(2)

-0.449(2)

-0.469(7)

-0.473(12)

-0.500(16)

-0.508(17)

-0.517(20)

(GYP)t~eo.

part GSE of the term

(GSE)t~eo.

self~nergy

aThe first uncertainty listed is due to the experimental uncertainty in ..c, and the second to the nuclear radius uncertainty. Nuclear
size corrections to the self-energy and vacuum polarization terms have been subtracted for the high-Z ions.
blncludes Uehling and Wichmann-Kroll vacuum polarization contributions. The total G(Za) for a point nucleus is GSE + Gyp.
IGeorgiadis et al. (1986).
cMohr (1976, 1982).
hLawrence et al. ~1972~.
dLundeen and Pipkin (1982).
iLeventhal et al. 1975.
mWood et al. (1982).
eDrake et al. (1988).
jKugel et al. (1975).
oGould and Marrus (1983).
fLeventhal (1975{
kMiiller et al. (1988).
oMunger and Gould (1986).
gCurnutte et al. 1981).

75.3(4) eV

5.751(50)

70.4(8.3)0

38.24(2)

37.89(38)0

3.428(8)

238U

25.373(13)
31.34(2)

31.19(22)m

3.335(18)

20.25(1) THz

35CI
40A

25.266(63)1

3.247(4)

20.17(7)k

3339.(35)j

-17.09 :1:5.8:1:0.03

-22.90 :1:7.9:1:0.03

-17.12 :1:4.0:1:0.77
-10.44 :1:4.0:1:0.03

3343.0(1.8)

-26.19 :1:1.25:1:0.93
-22.91 :1:0.76:1:0.05

2215.6(7.5)h

2196.13(21) GHz

62737.(6)

14042.22(50)

(GSE)e~p.

2203.(11)i

14042.22(35)e

..ctheo .

32S

3.197(5)

2.900(15)

2192.(15)g

1.673(1 )

4He

19F
31p

62765.(21)f

0.862(20)

IH

1057.845(9)d

R N (fm)

Ion

..cexp .

Table 5. Comparison of theory and experiment for the total Lamb shift, and the derived electron
G(Za) in eq. (1). RN is the nuclear radius used.

The anisotropy method for He+ has not yet been persued to its ultimate limits of
precision. Since the largest source of error in Table 2 is statistical, the precision can be
improved by a factor of four simply by improving the signal strength and accumulating
more data. We are currently modifying the apparatus to obtain such an improvement.
This would bring the precision down to the 5 ppm level where other systematic effects
would begin to play an important role. However at this level, the measurement would
be an order of magnitude more accurate than existing theory. An improved He+ measurement, together with a similar improvement in precision for S15+, would severely
test theoretical calculations in the low to intermediate range of Z.
EI-El damping interference. Consider next the case where the initial 2S 1/2 state
is spin-polarized, as described by the polarization vector P. Then the term p·jo of eq.
(49) comes into play. Expanding the terms of eq. (51) in terms of the Vj'S and Mj's
yields

p·jo = P.(kxE)Re[M*(2Vt / 2+V3/2)] -3P'(kxE)(k'E)Im[V~/2(V3/2+M3/2)]

.

(72)
The second term above is called the EI-El damping interference term because it comes
primarily from the imaginary part of the cross product Vi /2 V3/ 2 . It therefore depends
on the imaginary level widths contained in the denominators of· Vt / 2 and V3/2. The
term M 3/ 2 in (72) can be neglected for low Z because it is smaller ba a factor of (aZ)2.
The angular dependence of the EI-El damping term is

(73)

..

...

...

...

...

assuming that P is perpendicular to the k, E plane, and 0 is the angle between k and E.
The intensity distribution is illustrated by the clover leaf pattern in Fig. 4. Since the
maximum intensity difference occurs in the directions 0 = 1r/4 and 0 = 31r/4, the
EI-El damping asymmetry is defined to be
tOO

-tOOL--------------------...J
Fig. 8.

Experimental values for the Lamb shift, shown as scaled deviations
from theory obtained with Mohr's electron self-~mergy. The methods
of measurement are denoted by (0) for microwave resonance, (6) for
anisotropy, (x) for quench rate and (0) for laser resonance. The U91 +
result is deduced from a decay rate measurement in two-electron
U90+ (Munger and Gould, 1986).
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_ 3ImW!t2f V3/2+ M 3I2)]

-

(74)

2011'/ 4)

Neglecting the relativistic and M3/2 corrections, this reduces in the limit of weak fields
to
3f IPI (,C-J)
A=-------4,C2_2'cJ+7J'2+ llf 2/4
independent of

(75)

IEI·

A high precision measurement of A for He+ has been carried out by Drake, Patel
and van Wijngaarden (1983), using essentially the same apparatus as for the Lamb
shift anisotropy measurement shown in Fig. 6. Nearly complete spin polarization can
easily be achieved by prequenching one of the 2S 1/2 (me:i:l/2) magnetic substates in
the presence of an axial magnetic field. As shown in l"ig. 9, a magnetic field in the
z-direction causes a well known crossing of the states 2S1/2,-1/2 and 2Pl/2,1/2 near 7000
G. The application of a small transverse electric field ca,uses the 2S1/2,-1/2 state to decay much more rapidly than.the remaining 2S1/2,1/2 state.
The measured asymmetry at IEI = 246.71 V/cm of 0.007603(20) for He+ is in
good agreement with the theoretical value of 0.0076209 (including finite field corrections). This provides direct experimental confirmation of the Bethe--Lamb phenomenological quenching formalism since the effect depends directly upon the damping terms.
Alternatively, if the experiment is interpreted as a measurement of the 2p lifetime T2p
= 1/(211'r), then the experimental value
T2p,exp. = (0.9992:i:0.0026)xl0- 10 s
falls within one standard deviation of the theoretical value
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Graph of the He 2S1/2 and 2PI/2 magnetic sublevel energies
(left-hand scale) as a function of magnetic field strength. The dashed
curve shows the 2S1/2 (mj=-1/2) level width (right-hand scale) for an
electric quenching field strength of 100 V/crn.

T2p,theo.

= 0.9972xl0- 10 s.

The accuracy of this measurement imp-roves substantially on the best previous
beam-foil result of (0.98±0.05)xlO- IO s (Lundin et al., 1970). For non-hydrogenic
systems, the most accurate measurements are for the resonance transitions of Li and
Na by Gaup et al. (1982), who achieved a precision of ±0.16%. However, the Li result
differs from the best theoretical calculations by a suprisingly large 0.8%. The origin of
this discrepancy is not understood.
EI-Ml interference. For a spin-polarized ion beam, the first term of eq. (72) introduces an additional rotational asymmetry. It is called the EI-Ml interference term because it arises from the cross-product between the field-induced El and spontaneous
Ml decay chanels. Its angular dependence is
(76)
assuming that P is perpendicular to the k, E plane, and 0 is the angle between k and E.
The intensity distribution gives rise to the left-right asymmetry shown by the innermost dashed curve in Fig. 4. Defining as before
(77)
then
(78)
In the limit of weak quenching fields and small Z, A reduces to
A

l+IJI2~Lf2.c~
= 2Q [ I+Re(p
+51p 27 +Q2]

(79)

where

Q=_

243~Z2~A1

128e2a~ IE

I

_ [spontaneous Ml rate] 1/2
lllduced El rate

(80)

and A1 is the relativistic magnetic dipole matrix element defined by eq. (21). Since the
Ml decay rate is only 2.496xl0- 6Z 10 S-I, Q2 is much less than unity for low Z ions at
practical quenching fields and may be neglected in the denominator of eq. (79). Then

A increases in proportion to 1fiE I as IEI -+ O. It may also be necessary to include a
contribution from two-photon transitions in the denominator of eq. (79) if the photon
detectors are sensitive to a broad range of frequencies other than Ly-a radiation.

Van Wijngaarden et al. (1985) have recently reported a measurement of improved precision for the EI-Ml asymmetry in He+, using an apparatus similar to the
.

one shown in Fig. 6. For a quenching field of IE I = 43.63 V fern, eq. (79) gives a theoretical asymmetry of 3.009 xl0-4, in good agreement with the measured value of
(2.935±0.337)xlO- 4 • If the experiment is interpreted as a measurement of the Ml matrix element, then A1 = -(0.273±0.031)a2eX in agreement with the theoretical value
-D.2794a2eX obtained from eq. (21).
~

The above is the only measurement of the relativistic Ml matrix element in
one-electron ions. However, the Ml decay rate from the Is2s lSI state to the ground
state has been measured in several two-€lectron ions, beginning with .the first laboratory observation of the process by Marrus and Schmeider (1972). -The ,two-electron ion
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measurements have recently been extended to Xe 54 + (Marrus et al., 1988), where higher
order relativistic corrections play an important role. For the two-electron case, the
matrix element of the magnetic dipole moment operator in a nonrelativistic approximation is (Drake, 1971)

(81)
where the spin dependence of the wave functions and operators has already been factored out, and PH = eh/2mc is the Bohr magneton. Using the Z-1 expansions for the
matrix elements tabulated by Drake (1971), the nonrelativistic decay rate is
(82)

= 3.2498xlO ll S-I.
The relativistic corrections can be estimated from Wrel/Wnr = 1.0348 together with the
one--electron relativistic correction to the Ml transition matrix element listed after eq.
(44); Le.
.

IwM I~ed IwM I~r :::: (1 +OAI930'2Z2)2 = 1.1345

.

The total relativistic correction factor is 1.0348x1.1345 = 1.1739, giving a decay rate of
Arel = (3.82±0.03)xl0 11 S-I, and a lifetime of Trel = (2.62±0.02)xl0- 12 s. The uncertainty comes primarily from uncalculated terms of O(0'2Z). The relativistically corrected lifetime is in agreement with the value (2.554±0.076)xlO- 12 s measured by Marrus
et al. (1988).
NEW VARIATIONAL TECHNIQUES AND HIGH PRECISION EIGENVALUES
FOR HELIUM

We turn now from one--electron atoms, which can be solved exactly in the nonrelativistic limit, to two-electron atoms such as helium. The theoretical study of helium
goes back to the early days of quantum mechanics, where approximate solutions to the
SchrOdinger equation provided important confirmations that quantum mechanics gives
a correct (nonrelativistic) description of atomic structure. Helium is the simplest system which incorporates the many-body nature of more complex atoms. The Hamiltonian
(83)
would be separable if it weren't for the last term arising from the electron-electron
Coulomb interaction, and one could then write the wave function in the product form
(84)
The Hartree-Fock method in fact corresponds to finding the best possible solution that
can be written in the form of (84) (with possibly some additional central field assumptions). For the Is 2 IS ground state of helium, the Hartree-Fock energy is about -2.863
a.u., whereas the exact energy is -2.903724 ... a.u. The difference of about 0.04 a.u.
or 1 eV is called the correlation energy.
Hylleraas (1928) first suggested writing the ground state trial wave function in
the explicitly correlated form
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w(lI,1 2) =

L

aijk

r~r~rt2 e-ar1 -j3r2 ± exchange

(85)

i, j ,k

where the aiJk are linear variational parameters for each combination of powers in (85).
The same tnal function is often expressed in terms of the equivalent variables

with r12 = 11 1 - 121· The usual procedure is to include all combinations of i, j, k such
that i + j + k $ N, where N is an integer, and then study the convergence of the calculation as N is increased. One can show that this basis set eventually becomes complete
as N -+ 00 so that, unlike (84), the exact solution can be expressed in the form of (85).
For any finite N, the aijk are determined by Schrodinger's variational principle

~=

E(W) =

Min.

(86)

which gives the system of homogeneous linear equations

BE - 0
8a ijk - ,

all

aijk

.

(87)

The solutions to (87) can he regarded from a more general point of view. If we
think of the functions in (85) as the members of a basis set
X/

-

rirjr k e-ar1 -j3r2
1 2 12

(88)

1=1,2,· .. ,P
where I denotes the 11th distinct combination of values for i, j, k, then the solutions to
eq. (85) correspond to finding the linear combinations
p

<Pm =

L alm)x,

(89)

I:1

which satisfy

(<Pml <Po> = om

0

(90)
(91)

Thus the solutions to eq. (87) are the same as what one would obtain by diagonalizing
the Hamiltonian in the orthonormal basis set constructed from the same set of functions. If there are P linearly independent functions, then one obtains P variational
eigenvalues em (m=I,2,' .. ,P).
An important property of the eigenvalues obtained above follows from the MATRIX
INTERLEAVING THEOREM, which says that when an extra row and column is added to a
matrix, the new eigenvalues fall between the old, with the new highest higher than the
old highest and the new lowest lower that the old lowest. Since by eq. (86) the lowest
eigenvalue is bounded from below by the true ground state, the higher eigenvalues must
similarly lie above the corresponding excited states, and move progressively downward
as P is increased. The result is summarized by the HYLLERAAS-UNDHEIM THEOREM
(1930):
When a Hamiltonian operator whose spectrum is bounded from below is
diagonalized in a P-dimensional finite basis set, then the P eigenvalues
are upper bounds to the first P energies of the actual spectrum.
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Table 6. Results of the calculation of Accad et al. (1971) for the
nonrelativistic ionization energy (Jor), relativistic correction (~JreI)
and <o(r d> for the n 1p states of helium.

<o(r12»

State

J or (cm- 1 )

2 1p

27176.688
12101.57

0.46772

0.000736

0.1734

0.000253

6818.1
4368.2

0.080
0.04

0.00011
0.0001

3 1p
4 1p
5

1p

~Jrel

(cm- 1)

(a.u.)

The optimization of the nonlinear parameters in eq. (88) provides a more difficult problem because the equations

oEj00: = 0,

oEj0{3 = 0

are transcendental. One must resort to a process of recalculating the variational eigenvalues for different values of 0: and {3 in order to locate the variational minimum for a
given state. This problem isfurther discussed below.
The Hylleraas method has been applied with great success by many authors to
the low-lying states of helium and helium-like ions, culminating in the 1960's and
early 1970's with the extensive calculations of C. L. Pekeris and co-workers (Accad et
al. 1971). Their work covers the singlet and triplet n Sand n P states up to n = 5 for
nuclear charge Z in the range 2 ~ Z ~ 10.
. Despite this large body of work, there remain important problems to be solved as
follows.
1. The calculations of Pekeris et al. give energies for the lowest-lying states accurate
to about 10- 9 a.u., using basis sets containing up to 560 terms. This leads to uncertainties in energy differences of ±0.0002 cm- 1, which is larger than the current levels of experimental precision (Martin 1987). The comparison between theory and experiment is
limited as much by a lack of knowledge of the nonrelativistic energies as it is by higher
order relativistic and QED effects. One might try to obtain higher accuracy simply by
increasing N. The problem is that the number of terms is given by

P = (N+1)(N+2)(N+3)j6

(92)

and so grows rapidly with N. In addition, numerical problems of near linear dependence in the basis set become progressively more severe as N increases.
2. An even more serious problem is that the accuracy of Pekeris' calculations (as measured by the rate of convergence with N) seriously deteriorates as one goes up the Rydberg series to more highly excited states. The point is illustrated by the data in Table
6. Approximately one significant figure after the decimal is lost each time n (the principal quantum number) is increased by one. There is clearly no point going beyond the
5 1p and 5 3p states, and even here, the accuracy is far short of what is required for
spectroscopic precision. The large body of high precision experimental data for transitions among high n states (Farley et al. 1979; Hessels et al. 1987) remains unanalysed
in terms of a priori calculations. The asymptotic calculations of Drachman (1985) become useful when the angular momentum L is also large, but there is as yet no overlap
region where the asymptotic expansions can be compared with the bounds provided by
direct variational calculations.
We have recently developed some new variational techniques which now make it
possible to improve the precision of calculated eigenvalues by several orders of magni-
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tude. An important advantage of these techniques is that they do not suffer from a loss
of accuracy as one goes up the Rydberg series to moderately high values of n (",10).
The following Sections will describe these techniques, together with the calculation of
relativistic, QED and finite nuclear mass corrections to the nonrelativistic eigenvalues.
Of particular interest here is a newly derived (Au 1988) connection between two-electron QED corrections for low-lying states, and long range Casimir-Polder type retardation corrections for high-lying states.
New Variational Techniques
Various strategies have been tried in the past to improve the convergence of variational calculations beyond the usual limit of :1:10- 10 a.u. For example, Fock (1954)
showed that an analytic expansion of the wave function about the points rl = 0 and r12
= 0 contains logarithmic terms and half-integral powers. Recently, Freund et al.
(1984) obtained ground state energies accurate to a few parts in 10 13 by including
terms of this type in relatively small 23O-term wave functions. For the 2 3p state,
Schwartz (1964) found a significant improvement in convergence when he included
terms of the form (rl + r2)1/2, but his final accuracy was limited to about one part in
10 10 with 439 terms. In addition, he found it necessary to carry 52 decimal digits in
the calculations, indicating possible problems of near linear dependence in the basis set.
These methods have not yet been extended to more highly excited states or states of
higher angular momentum.
A key ingredient of our new techniques is to double the basis set so that eq. (85)
becomes

i. j • k
:I:

exchange

(93)

Here, (angular function) denotes a vector coupled product of solid spherical harmonics
for the two electrons to form a state of total angular momentum L, and, as before,

Each combination of powers i, j, k is now included twice in eq. (93) with different nonlinear parameters at, fh and 0'2, fh. At first sight, one might think that this would
lead to problems of linear dependence, but in fact a complete optimization of the energy with respect to all four nonlinear parameters leads to well-defined and numerically
stable values for the parameters, with the two sets being well separated from each
other. For the first set of terms in eq. (93), the optimum values of 0'1 and fh are close
to their screened hydrogenic values 0'1 ~ Z and Ih ~ (Z-I)/n. These terms describe the
asymptotic behavior of the wave function. For the second set of terms the optimum
values of 0'2 and fh are much larger. These terms describe the complex inner correlation effects. The complete optimization therefore has the effect of producing a natural
division of the basis set into two sectors with' quite different distance scales - an
asymptotic sector (Sector A) and an inner correlation sector (Sector B). Recent work
by Kono and Hattori (1986) also makes use of doubled basis sets, but the lack of complete optimization and other constraints they place on the basis set limits their accuracy to a few parts in 10 10 ,
Nonrelativistic Eigenvalues
I will now describe in somewhat greater detail how the basis sets are constructed
and the nonlinear parameters optimized. One can take advantage of the near screened
hydrogenic nature of the excited states of helium by writing the nonrelativistic
Hamiltonian for infinite nuclear mass in the form H = Ho + V where (in atomic units)
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(94)
(95)
and Z-l is the screened nuclear charge. Although the above decomposition is unsymmetric in r1 and r2, the total Hamiltonian H remains symmetric. One simply interchanges r1 and r2 in Ho and V when operating on the exchange part of the wave function. The advantage gained is that the solutions to the zero order problem

(96)
are known exactly, and the eigenvalues

Z2

Eo=-~-

(~-V2

(97)

n

give correctly the first few figures of the true energy E. It is numerically advantageous
to include ?po(lsnl) in the basis set and to cancel algebraically the Eo contribution to
the matrix elements so that the variational principle applied to H - Eo yields directly
the correction to Eo. For example, matrix elements involving ?Po are simply

(98)
The final results would be the same without the subtraction, but the above procedure
saves several significant figures in the evaluation of matrix elements, particularly for
the more highly excited states.
With the ?Po term included, the complete variational trial function becomes

(99)
with

?P(l1,t 2 )

+

L

i, j •k

= ao?po{1s,nl)
[aijk Xijk(0'1,,B1)

+ bijk Xijk(0'2,,B2)]x(angular function)
(100)

The aijk terms of (100) represent the A Sector and the bijk terms the B Sector as described earlier. Not all terms need be included in both Sectors such that i+ jtk $ N. In
fact, one can show with some experimentation that truncations of the form i $ Nl, k $
N2 in Sector A have little effect on the energies. It is physically reasonable that high
powers of r1 and r12 are not important in the asymptotic region, and one can progressively reduce the maximum values of N 1 and N2 as one goes to more highly excited
states. Also the single term xooo should be omitted from the first summation since it is
nearly the same as ?po(ls,nl) when 0'1 and ,B1 are close to the screened hydrogenic
values. No significant truncation appears to be possible for Sector B without loss of
precision, and so all terms are included.
We next describe an efficient scheme for the complete optimization of all four a's
and ,B's. (There may be more than four for states of higher angular momentum where
additional types of angular functions are required). Since differentiation of eq. (100)
with respect to an 0' or ,B just brings down a factor of -r1 or -r2, the derivatives of the
variational energy with respect to the a's and ,B's are
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BE

;r.:-

Vat

BE =
"lJlf;,

IH - EI r 1¢(i\,t 2; at)

r2¢(12,t 1; at)

(101)

- 2(W tr IH - E Ir 2¢(11,t 2; 13t ) ± r 1¢(12,11; 13t )

(102)

= - 2(W tr

±

t = 1,2

with the assumed normalization (Wtr IWtr) = 1. Here ¢(1l,t 2; at) denotes the terms in
(100) which depend explicitly on at. An important simplification occurs because there
is no contribution to the derivatives from the implicit dependence of E on at or 13t
through the linear coefficients aijk and bijk. This follows because the energy is already
stationary with respect to first order variations of the linear coefficients. Once the first
derivatives are known, the second derivatives can be estimated by changing the at's
and 13t'S in the direction of lower energy and taking differences. Newton's method can
then be applied to locate the zero's of the first derivatives. Provided that the initial
a's and 13's are chosen close to a minimum, the procedure converges in a few iterations.
As an indication of the numerical stability, ordinary double precision arithmetic (about
16 decimal digits) is just adequate for the evaluation of derivatives and optimization of
the basis sets up to the largest ones used. However as a check, the final calculations of
wave functions and energies are done in quadruple precision (about 32 decimal digits).
This does not typically change the variational eigenvalues by more than a few parts in
10 14.
Mass Polarization Corrections.
To account for mass polarization effects, all of the calculations (including the
nonlinear optimization) are repeated with the Hamiltonian (94) and (95) extended to
include the mass polarization operator (J.L/ M)pl . P2, where J.L is the electron reduced
mass and M is the nuclear mass. First order perturbation theory gives the linear dependence of the energy on J.L/ M, but higher order terms are too large to be neglected at
this level of accuracy. The higher order terms could be calculated directly, but it is
simpler just to include the mass polarization term in the Hamiltonian from the outset,
and extract the higher order dependence on J.L/ M by differencing.
Numerical Results.
As a typical example, the variational eigenvalues for the 1s2p 1P and 3p states
are listed in Table 7. It can be seen that the accuracy of the Schiff et al. (1965)
56D-term calculation is achieved with only 240 terms.
The results are also
substantially more accurate than those of Kono and Hattori (1986) for basis sets of
comparable size. The extrapolated values are obtained by assuming that ratios of
successive differences continue decreasing at a constant rate. The uncertainty of 1 part
in 10 14 for the 2 Ip state and 5 parts in 10 14 for the 2 3p state is conservatively
estimated to be the entire amount of the extrapolation.
Concerning the nonlinear parameters, the optimum values are sharply defined
and independent of the values used to start the iterative optimization process. It is
inportant to carry the optimization up to the largest basis sets for two reasons. First,
the change is large enough in going from one basis set to the next that it does affect the
energy, and may produce a false impression of convergence if the optimization is not
done. Second, while al and 131 remain nearly constant, a2 and 132 increase nearly linearly with N. This behavior ensures that the two sectors of the doubled basis set remain
linearly independent, and is in fact necessary to preserve the numerical stability of the
wave function.
The optimum nonlinear parameters with mass polarization included differ only
slightly from the infinite nuclear mass case and the eigenvalues show a parallel pattern
of convergence. For the P-state example discussed above, the energy shifts due to
mass polarization are conveniently expressed in the form
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Table 7. Variational Eigenvalues for the P States of Helium (a.u.)
N

Number
of terms

2 1P

70
4
112
5
168
6
7
240
328
8
432
9
10
552
11
688
12
840
extrapolation
Lewis and
Serafino (455 terms)
Schiff et al. (560 terms)
Kono and Hattori (284 terms)
Schwartz (439 terms)
Morgan (213 terms)

2 3P

-2.1238430609942
-2.1238430837930
-2.1238430861444
-2.1238430864417
-2.12384308648797
-2.12384308649648
-2.12384308649750
-2.12384308649800
-2.12384308649807
-2.12384308649808(1)

-2.1331641578114
-2.1331641842173
-2.1331641903258
-2.1331641906805
-2.13316419076479
-2.13316419077680
-2.13316419077784
-2.13316419077883
-2.13316419077905
-2.13316419077910(5)

-2.1238430858
-2.1238430862

-2.1331641814
-2.1331641905
-2.1331641906
-2.133164190626
-2.1331641906735

-2.1238430684025

L\EM(He 2 Ip) = 0.0460445247(3)(ILI M) - 0.168271(I)(ILI M)2

(103)

= -0.0645724250(1 )(ILIM)- 0.204958(1 )(ILIM)2

(104)

L\EM(He 2 3p)

in units of 2RM, where RM = [1 - (ILl M)]R.,., and IL is the reduced electron mass
mMI(m+M). For 4He, (ILl M) = 1.370745663 x 10- 4. The leading coefficient above is
the first order perturbation coefficient (ih· ih) calculated for infinite nuclear mass, and
the next coefficient is obtained by subtracting the leading term from the directly calculated total energy shift due to mass polarization. This second order term may therefore
contain a small contamination from the next term of order (ILl M)3. However, the
above formulas are certainly adequate to calculate accurate mass polarization shifts for
values of ILl M in the neighborhood of the one used for 4He.
As shown by Drachman (1987), the order of magnitude of the average of the second order terms in equations (103) and (104) can be understood as a kinematical effect
as follows. The outer electron is pictured as moving in an approximately hydrogenic
orbit about an effective nucleus with charge +e and mass M +m consisting of the actual
nucleus of mass M together with the inner electron. This results in a slightly larger
effective reduced mass for the outer electron and hence stronger binding.
Relativistic Corrections.
Corrections of O(a 2 ). The relativistic corrections of O(( 2 ) are calculated by
evaluating the matrix elements of the nonrelativistic Pauli form of the Breit interaction
HI, H2 , ••• ,Hs as given by Bethe and Salpeter (1957). Since these terms are well
known and have been extensively discussed previously, the detailed formulas will not
be repeated here. However, it is important to realize that they contain one-€lectron
contributions from the nonrelativistic reduction of the Dirac equation, as well as
tw~lectron terms from e2/r12 + B, where B is the full 16-<:omponent Dirac form of
the Breit interaction. For S-states, the only terms which contribute are
2

L\Erel = -r(pi) + (H2) + m 2(ZoUl) + O(12)

(105)

where H2 is the orbit-orbit interaction. It arises in part from retardation effects in B.
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For states of higher angular momentum, one requires the spin-orbit,
spin-other-orbit and spin-spin matrix elements from the Breit interaction terms H3
and Hs. These are conveniently expressed in terms of reduced matrix elements according to (Edmonds 1960)

(,'L'S'JM IHso!'YLSJM) = (_I)L+S'+J

{i f f} (,'L'S'II Hso lI,LS)
(106)

and similarly for Hsoo. For P-states, the values of the multiplying factor are -1/3,
-1/6 and 1/6 for the diagonal elements with S = S' = 1 and J = 0,1,2 respectively.
For the off-diagonal element with S' = 1, S = 0 and J = 1, the factor is -1/3. For the
spin-spin interaction, which can be written in terms of irreducible tensors of rank 2,
the corresponding formula is

(107)
with the P-state multiplying factor being 1/3,-1/6 and 1/30 for J = 0,1,2. The reduced matrix elements are therefore related to the quantities Cz, Ce and D defined by
Schwartz (1964) according to

(2 3PIIHsoll2 3p)

= 6Cz

(2 3PIIHsooll2 3p) = 6Ce
(2 3PIIHss ll2 3p) = -lOD
The diagonal relativistic correction for infinite nuclear mass is then
LlEre1 = -

t

(pi) + (H2 ) + m 2 (Zo(1l) + 0(1 d)

+ (Hso ) + (Hsoo ) + (Hss ) .

(108)

Relativistic Reduced Mass Corrections. The relativistic reduced mass corrections
are corrections of O( Q 2 m/ M) arising from two sources. The first is from a transformation to center-of mass and relative co-ordinates in the Breit interaction itself, together
with the mass scaling of these terms as discussed by Stone (1963), and Douglas and
Kroll (1974). The second can be thought of as a second-order cross term between the
Breit interaction and mass polarization corrections to the wave functions. This contribution is straight-forward in principle to evaluate since one need only repeat the calculation of matrix elements with mass polarization included and subtract the results to
obtain the higher order correction. However, one important point concerns the calculation of

(109)
when mass polarization effects are included. The usual procedure is to use the fact that
the nonrelativistic wave function satisfies

(110)
with

(111 )

to transform (HI) into (HHoo), where
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(112)
is the form appropriate for infinite nuclear mass. However, if finite mass effects are
included, there is an additional contribution. It is convenient first to transform to reduced mass atomic units where distance is measured in units of aIL = (m//-l)a o and energy in units of e2 /a lL = 2(/-l/m)R oo• Then eq. (110) becomes

(113)
and

HHM) =

f[#tr[ViV~ - 2[1 + fIV,.V2fJ ~: .

(114)

If terms quadratic in (/-l/ M) are neglected, then the additional contribution is

a [l!:-]
(~HDM=-2
m 3A
2

M(JV,·V 2+ V,·V 2J)

2

e
aIL'

(115)

In calculating «(~H")M), delta function singularities iQ-volving 0(1,2) can be avoided
by letting
operate to the right in the first term of eq. (115) and to the left in the
second term so that 1 is just a multiplicative factor. One can show by direct calculation that this yields the same expectation values for the complete matrix element
(H~(M) as the equivalent form (Bethe and Salpeter 1957)

V, .V2

(116)
However, eq. (116) appears to be much more slowly convergent with basis set size than
(114), and so (114) is the more useful form. As an example, Table 8 gives the expectation values of the operators
(117)
and

G= (JV,·V 2+ V,·V 2J)/2

(118)

with (F) expressed in the form
(119)
The first term of eq. (119) is the matrix element calculated for infinite nuclear mass,
and the second is the change in (F) when the mass polarization term is included in the
Hamiltonian. Then, in atomic units
(120)
up to terms linear in (/-l/M). The (G) term raises the ground state energies of H- and
He by 0.000152 cm-' and 0.001455 cm-' respectively. For the 1s2s 'S and 3S states, the
shifts are 0.000128 cm-' and 0.000025 cm-'.
To summarize, the finite nuclear mass corrections can be written in the form
(121 )
where
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Table 8. Contributions to the matrix elements of (pi) /4 = (Fo) + (p'; M)[ (F 1 )
+ (G)] as defined by equations (117) and (118) the text (in atomic units).

(Fo)

State
H-ls 2 IS
He Is 2 IS
Is2s IS
Is2s 38
Is2p Ip
Is2p 3p

(G)

0.61563964(3)
13.5220168(1)
10.2796689(1)
10.45888519(1 )
1O.0292513215(1)
9.912093697(4)

(llERR)M = 111

-0.00063343(3)
-0.1758280(1)
0.0200726(2)
0.01062391(4)
0.3393(1)
-0.5923(1)

-0.0238770(2)
-o.9082723( 1)
-o.0797993( 1)
-o.01558432( 1)
-0.0767530999(1)
0.11975737(1)

+ 112 - (m/M){-¥(Pt) + 2[(H2) + 1rag (Zo(11) + 0(112)

+ (Hsoo ) + (Hss )]}

(122)
(123)

(124)

and (llERR)x is the second-order cross term induced in llErel by mass polarization
corrections to the wave function. For the 2 3p state, the various contributions to
(llERR)X listed in Table 9 agree with the E(i,7) (i=I, ... ,6) calculated by Lewis and
Serafino (1978), but the results here converge to several more significant figures. The
terms 111 and 112 are finite mass corrections to the Breit interaction discussed above.
It is instructive to investigate what happens to the above terms in the one-electron case. Here, 111 does not contribute and 112 reduces to

112

=-

(Z/2mMc 2)r- 1(p2

+ p~)

(125)

where p~ = r- 2t'(1'P)P' This term, when combined with the other terms in (3.18),
gives the one-electron operator Hb in eq. (42.2) of Bethe and 8alpeter (1957). Its expectation value is the well-known relativistic reduced mass shift
(126)
The values of the various quantities appearing in equations (108) and (122) are
summarized in Table 9. The uncertainties are estimated from the degree of convergence with basis set size. All of these quantities are substantially more accurate than
any previous calculation. for o(r 1), the expectation values are calculated by means of
the global operator derived by Hiller et al. (1978), modified to take account of the
(J.t/M)Pl·P2 term in the Hamiltonian (Drake 1988b). The modified operator is
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Table 9. Values for various matrix elements required to calculate relativistic and QED
corrections to the energy. Each quantity is expressed in the form < T> = < To> +
<Tl>(p,fM) a.u., where <T 1>(p,fM) is the change in the matrix element when the mass
polarization term PI' P2(p,/ M) is included explicitly in the Hamiltonian H = - (V 12 +
V22)/2 - Z/rl - Z/r2 + l/rI2.
matrix element

<T1>

<To>
He Is2p Ip

<pt>/4
<H2>/O'.2
11"<15(1 1»
11"<15(1 12 »
tl2/ (O'. 2m/M)
Q

10.0292513215(1 )

0.2625(1)

-0.02033047408(2)
4.00362331908(2)

0.1045056(3)
0.12376(3)
-0.010853(2)

0.002309601 (1)
-16.286503967(1 )
0.003374498(1)
He Is2p 3p

9.912093697(4)
<pt>/4
2
0.03508088684(1 )
<H2>/O'.
3.954827224(1
)
11"<8(1 1»
2
<3PIIHso Il3p>/O'.
0.207955244( 1)
<3PIIHsoo Il3p> /0'.2
-o.3088684536(5)
<3PIIHss I13p> / 0'.2
-0.1351209953(1)
<3PlltldI 3p> /(O'. 2m/M) -0.59732701(1)
-15.75868217(1)
tl 2/ (O'. 2m/M)
0.00381391791(1 )
Q

0.4728(1)
0.1523726(2)
-0.22525(3)
0.69869(1)
-0.959469(3)
-0.3244130(1)

He Is2p 3p - Is2p Ip

<3PIIHso lIlp>/O'.2
<3PIIHsoo lllp>/O'. 2
<3PlltldI 1p> /(O'. 2m/M)

0.1073194807(3)
-0.03876204224(2)
-0.07646528(2)

-0.054970(1 )
-0.0320412(3)

<

- 1 Z
1 or12 1 12
( 15(1 1) -2i
rr-rr;~-ryl

+~[Vl·V2-h11·(11·Vl)V2-h11·V2])

(127)

It can be seen from Table 10 that for the Is3p 3p and Ip states the &lobal operator
(127) gives about one more significant figure than a direct evaluation of (t5(r 1)'
For consistency with one--electron calculations, we will include the anomalous
magnetic moment corrections to Hso , Hsoo and Hss along with the other QED terms
described in the following section.
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Table 10. Comparison of matrix elements of oCr I) for infinite nuclear mass obtained by
use of the Hiller et al. (1978) global operator (127), and by direct calculation. The
quantity tabulated is (11'<0(r I» - 4) x 10 3•

N

1s3p Ip

1s3p 3p

No. of
terms

4
70
110
5
6
160
7
220
8
290
9
345
10
411
11
489
12
580
13
685
14
805
Accad et al.
(1971).

global

direct

global

direct

-1.293291
-1.293440
-1.293611
-1.293755
-1.293663
-1.293676
-1.293639
-1.293634
-1.293632
-1.293629
-1.293630
-1.2942

-1.290964
-1.292690
-1.293491
-1.294345
-1.293936
-1.293892
-1.293731
-1.293672
-1.293668
-1.293637
-1.293646

0.122234
0.121486
0.121852
0.121982
0.121898
0.121790
0.121820
0.121805
0.121812
0.121811
0.121813
0.1220

0.120471
0.120348
0.121968
0.122600
0.122212
0.121645
0.121832
0.121743
0.121796
0.121788
0.121808

Quantum Electrodynamic Corrections
Results for low-lying states. The analysis of Araki (1957), Kabir and Salpeter
(1957) and Sucher (1958) shows that in the nonrelativistic limit, the tw()-€lectron QED
energy shift can be expressed as the one-electron energy shift corrected for the electron
density at the nucleus, together with explicit tw()-€lectron terms dependent on (o(r 12)
and Q. In this approximation, the energy shift is
(128)
where ~EL

I

=

t Za 3 {ln(Zat 2 + In[z2Rydjf(nLS)] + M

+ 311'Za(ffi -

!ln2) + (Za)2[- tln2(Za)2 + C61 In(Za)2 + C60 ]

+ %OA042}(0(11) + 0(12»
~EL,2 = a 3

and

(¥ Ina +

11~4)(0(112) -

¥ a3Q

Q=111'lim(ri~(a)+47l"(-y+lna)0(112)'
a-+ 0

(129)
(130)
(131)

Here, I is Euler's constant and a is the radius of a sphere centered at rl2 = 0 which is
excluded from the integration over r12. We have calculated the Bethe logarithms correct to terms of relative order Z-I (Goldman and Drake, 1983, 1984) and expressed the
results in the screened hydrogenic form
(132)
where Info(nLS) is determined from the hydrogenic Bethe logarithms according to
(133)
The hydrogenic Bethe logarithms are tabulated by Klarsfeld and Maquet (1973). All of
the screening constants turn out to be quite small, indicating that eq. (132) may be
quite accurate even for neutral helium. As an example, the final results for the
P-states are
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Table 11. Contributions to the P-state energies of helium (cm- 1), using Roo =
109737.31569 cm- 1, a- 1 = 137.03596, /LIM = 1.370745633xl0- 4 and RM = 109722.273495
cm- 1. ~EM(1) and ~EM(2) are the first and second order mass polarization corrections
given by equations (103) and (104), and ~Est is the singlet-triplet mixing correction.

~E'2)

-27176.690015
1.385032
-{).000694

-29222.155521
-1.942356
-{).000845

-29222.155521
-1.942356
-{).000845

-29222.155521
-1.942356
-{).000845

~Erel

-{).467728

1.300852

0.314817
-{).000620

0.237533

-{).000158

0.0

E nr
~E'1)

0.0

~Eanom

0.001203

0.000158
-{).000284

0.0
-{).000014
0.000593
-{).000026

~EL.2

0.000126
0.000002
0.002009
-{).002096

Total

-27175.773489

~Est
(~ERR)M

(~ERRh
~EniJC

~EL.1

0.000131

-{).041087

0.000208
0.000263
-{).000026
-{).041 095

0.000132
0.000228
-{).000026
-{).041111

-{).001518

{).001518

-{).001518

-29222.838720

-29223.826851

-29223.903353

= In[19.6952298(Z + 0.00600)2]
In[((2 3P)/Ryd] = In[19.6952298(Z + 0.00475)2]
In[((2 1p)/Ryd]

(134)
(135)

The coefficints C61 and C60 in eq. (129) are state dependent. The values of C61 for the
Is, 2P1/2 and 2P3/2 states are 3.964530, 0.429167 and 0.241667 respectively. In parallel
with eq. (133) for the Bethe logarithm, the two--electron value for C61 is estimated to
be
(136)
After transforming from jj to LS coupling, this gives the values
C 61 (2

and

3p o) = 3.964530,

C61 (2 1P 1)

C 61 (2

3P 1) = 4.010363,

C 61 (2

3P 2) = 3.994738

= 4.002551.

For C60, the values obtained from an equation analagous to (136) do not differ significantly from the value -24 for the Is state,(Mohr 1974, Sapirstein 1981).
In addition to the above, there are anomalous magnetic moment corrections to
the spin-dependent operators Hso , Hsoo and Hss . One advantage of calculating these
corrections separately is that the statistically weighted sum over states vanishes for
each manifold of fine structure states. The diagonal contribution to the energy is
(Stone 1963)
(137)
This replaces the usual anomalous magnetic moment correction which normally
appears in the one-electron Lamb shift for 1 1- O.
Finally, the correction due to finite nuclear size can be estimated from the lowest
order expression
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Table 12. Comparison of calculated energy levels (in em-I) with
Martin's (1987) tabulation of experimental values. The calculated
energies are adjusted by 198310.773489 cm- I to bring the 2 Ip
reference state into correspondence.
Term

calculated value

1 ISO
2 ISO

0.110688
166277.541501
159856.078387
171135.000000
169086.870151
169086.946636
169087.934769
186105.071296

2 3S1
2 1P 1

23P2
2 3P I

23Po

3 1D2
33D3
33D2
3 3Dl
43Dl
5 3D I

186101.650790
186101.653305
186101.697503
191444.605211
193917.265921

Martin
0.00±0.15
166277.542(3)
159856.07760(50)
171135.00000(11)
169086.869782
169086.946208
169087.934120
186105.06984(9)
186101.64950(3)
186101.65204(3)
186101.69622(3)
191444.60399(6)
193917.26469(8)

difference
0.110688
-0.0005(30)
0.00077(50)
0.00000(11 )
0.00037
0.00043
0.00064
0.00146(9)
0.00129(3)
0.00126(3)
0.00128(3)
0.00122(6)
0.00123(8)

(138)
where R is the root-mean-square radius of the nuclear charge distribution and ao is the
Bohr radius. The accurate value R = 1.673 fm (Borie and Rinker 1978) is known from
fine structure measurements in muonic helium.. Numerical values for the above corrections are summarized in Table 11 for the P-states.. All quantities are given relative to
the corresponding term for the He+(1s) state so that its negative is a contribution to
the ionization potential.
The final results of the new high precision calculations for the low-lying S- and
P-states, and the D-states up to n = 5 are summarized in Table 12. For ease of comparison with the tabulations of Martin (1987), the calculated energies are re-expressed
with the 1s2p Ip state fixed at 171135 cm- I in conformity with his convention. The
required constant shift for all the states is 198310.773489 em-I. Since all quantities
have converged to more than the number of figures quoted, the differences shown in the
last column of the table must be attributed either to terms not included in the calculation, or to errors in the measurements. For example, it is known from the calculations
of Lewis and Serafino (1978) that there are spin-dependent co:r~ctions of about 0.00~4
cm- I to the 1s2p 3p J fine structure from the second-order mlxmg effects of the Breit
interaction, and other higher order terms. These terms account for the differences between theory and experiment for the 2 3p J fine structure. A full derivation of all the
O(a4 ) spin-independent operators in the two---component nonrelativistic approximation
has not yet been carried out, but these terms could reasonably account for the remaining discrepancies among the n = 2 states. What is harder to understand is why the
discrepancies seem to increase for the higher-lying states, tending to a constant value
of about 0.0013 cm- I for the n 3D sequence. The fine structure splittings for these
states are well reproduced but there is a further displacement of the 3 ID 2 state relative
to 3 3D2 of 0.0002 em-I. Since uncertainties arising from uncalculated relativistic and
QED effects are much reduced for these states, their positions can be taken as reliable
relative to the lower-lying states. It remains to be seen if a downward shift as large as
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0.0013 cm- I will emerge from future calculations of higher order relativistic and QED
corrections for the 2 1P state.
"Relationship to Asymptotic Expansions for Rydberg States. It is often useful to
regard a Rydberg atom as a distinguishable outer electron moving in the field of a polarizable core consisting of the inner electron and the nucleus. In this picture. the instantaneous Coulomb interactions lead to an effective potential of the form (Drachman
1982)
Veff

-~ [~r[~] + ~ [~r[- aQaB

=

6P]

+ O(W7 )

+ finite nuclear mass corrections

(139)
in units of e / ao. Here, ad is the dipole polarizability, aq is the quadrupole polarizability, P is a nonadiabatic correction etc. All of these instantaneous effects are automatically included in a complete Hylleraas-type variational calculation for a Rydberg state
if done to sufficient accuracy.
2

In studies of retardation effects in the long range interactions of Rydberr; electrons with the inner core (Kelsey and Spruch 1978), Au, Feinberg and Sucher (1984),
and more recently Au (1988), have shown that there are important corrections to Veff.
The form of the corrections depend on the dominant .. range of R ~ r2 values for the
outer electron. For R < ae/ a, the correction is

[a

[a

a 2 1i0] 4- 07r
7a 3 1i0] 3+ O[a 4 ( ao/ R)2]
D. V = "4

(140)

The first term is automatically included in a Hylleraas-type calculation as a correlation
correction to matrix elements of the Breit interaction. The second term is identical to
the lIQlI term in equations (130) and (131) if one makes the replacement rl2 -. Rand
neglects the 6(r 12) contact terms. The latter give rise to exponentially decreasing potentials in the asymptotic region, and so do not contribute to a 1/Rn type expansion.
However, the contact terms may still make a significant contribution in this inner
asymptotic range. Also the replacement rl2 -. R introduces errors of several percent for
only moderately excited states. For example, the percentage difference between
(1/d2) and (1/R3) increases slowly from 4.36% for the 1s3d state to 5.70% for the
1s8d state.
For R » ao/a, the terms in eq. (140) display what Au calls lICasimir behavior ll
due to the long range retardation effects.. Each term changes its R-dependence and the
two combine to give the single Kelsey-Spruch correction
a

D. V = 111r

[~r[~]

(141)

The difference between this and eq. (140) is what one might define as a genuine long
range retardation correction. The difference represents effects which would not be included in a straight-forward Hylleraas-type calculation for very high n states, with the
Breit interaction included in the usual way as a perturbation.

ENERGY LEVELS FOR HIGH-Z TWO-ELECTRON IONS
A detailed and in principle exact theory of relativistic and QED effects in high-Z
two-electron ions is described in Peter Mohr's lectures. However the calculations required are very lengthy, and final results may not be available for some time. In view
of the importance of the spectra emitted by two--electron ions in plasmas and astrophysical objects, and the large body of laboratory measurements which now exists, it is
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desirable to have approximate methods for extending the low-Z results described in the
previous sections into the high-Z region. The present section describes calculations
which take into account nonrelativistic and lowest order relativistic corrections to all
orders in Z-I, together with the higher order relativistic and QED corrections in a
one-electron approximation. The QED terms include tWQ-€lectron corrections to the
Bethe logarithm and to the electron density at the nucleus. The leading terms not
included are corrections of O(11'4Z4) a.u. and (11'2Z4p,/M) a.u., arising from relativistic
correlation and relativistic reduced mass effects.
As described previously (Drake 1979, 1982, 1985, 1988c) the calculation of energy
levels is based upon a diagonalization of the martix
H

= (H nr +

Bp + Hmp + E L+ Hns)LS + R(H D + V l2 + B)jjR-I -

f).

(142)

in the basis set of zero--order degenerate states of the same parity. For example, the
states 1 ISO, 2 ISO, 2 3S1, 2 3Po and 2 3P2 are all nondegenerate in zero order, and eq.
(142) is just a simple scalar equation. Only the states 2 3P I and 2 IP I are degenerate,
making (142) 2 x 2 matrix equation for this pair of states. The subscript LS on the
first group of terms means that these terms are evaluated in LS-coupling using high
precision correlated variational wave functions obtained from the nonrelativistic Schr6dinger equation. The subscript jj on the second group of terms means that these terms
are calculated with antisymmetrized products of one-electron Dirac spinors for nuclear
charge Z, which are most naturally expressed in jf-coupling. It is the jj -l LS recoupling transformation, and f). subtracts the contributions of order Z2, Z, 11'2Z4 and 11'2Z3
which are counted twice in the first two groups of terms. The net effect is that eq.
(142) sums to infinity the one- and tWQ-€lectron relativistic corrections of the form
11'2Z4, 11'4Z6, ••• and 11'2Z3, 11'4Z5, ..•. The meaning of the individual terms in eq.
(142) is as follows:
H nr = diagonal matrix of nonrelativistic eigenvalues.
B p = Pauli form of the Breit interaction matrix, including off-diagonal terms.
E L = diagonal QED corrections (see eq. 128-137).
H ns = nuclear size corrections.
HD = matrix of one-electron Dirac eigenvalues.
V I2 +B = matrix of relativistic electron-electron interactions.
The nuclear size corrections are the one-electron terms tabulated bj' Johnson and Soff
(1985) with tWQ-€lectron effects incorporated in analogy with eq. (133) for the Bethe
logarithm.
A detailed tabulation of energies for the n = 1 and 2 states of helium-like ions
up to Z = 100 has recently been given by Drake (1988c). A summary of the
comparison with experiment for the 2 IS O- 2 3PI and 2 3S 1 - 2 3PJ transitions is shown
in Table 13. In a few cases, results from recent multiconfiguration Dirac-Fock
(MCDF) calculations (Indelicato, 1987) is also available for comparison.
The recent high precision measurement of the 2 IP I - 2 ISO transition in Be++
Scholl et al. 1988) is in excellent agreement with theory. However, because of uncertainties due to 11'4Z4 contributions, the measurement confirms the calculated Lamb shift
for the 2 ISO state of 2.926 cm- I only to an accuracy of 10%. A similar situation exists
for the high precision 2 3PJ - 2 3S 1 measurements in Li+ (Holt et al. 1980, 1984; Riis et
al. 1986). Here, the calculated Lamb shift for the 2 3S 1 state of 1.013 cm- I is confirmed
to an accuracy of about 10%, although the potential accuracy is much greater.
For the higher members of the isoelectronic sequence, no marked systematic discrepancies are apparent for the 2 3Po - 2 3S 1 and 2 3P I - 2 35 1 transitions. Agreement
is satisfactory except for the single measurement at Z = 26, which is of low accuracy.
The MCDF calculations give substantially larger transition energies than the present
results.
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TABLE 13. Comparison of theoretical and experimental transition energies. Numbers
in brackets indicate the uncertainties in the final figures quoted. Units are em-lor eV
as noted with 1 eV = 8065.5410 em-I.

z

present work

experiment

2
18
26
36

3139.557~2) eV
6700.404 7)
13114.337 25)

-1 180
3139.553(36)b
6700.90(25)c
13115.45(30)c

4

16276.766(30) em-I

2 IP l -2 180
16276.772(7)d

3

18231.312(10)

cm- t

5
6
7

35393. 70~8)
43898.96 16)
52420.97 29)

8

60979.65(49)

9

69592.5(0.8)

10

78265.9(1.2)

MCDFa

IPt

3139.65
6700.75
13114.80

2 3Po - 2 3 8 1

12
13
14
15
16

95853
104787
113820
122970
132238

17
18
26
92

151186 13
233604 57
256.6(1.0) eV

2
3
5
6
8

141640~10l

18231.303(1 )e
18231.30188(19)f
35393.2 0.6)h
43899.00.1)i
52413.9 1.4 j
52420.0 1.1 k
60978.2 1.5 j
60978.4 0.6 k
69586.0 3.0 1
69590.9 3.5 m
78266.9 2.4 1
78265.0 1.2 k
95851 8 m
104778 ll)m
1138154)n
122940 30)0
132198 10)n
132219 5)p
141643 40)n
151204 9)q
232558 550)r
260.0(7.9)5
2 3Pt

3

18226.107(10) em-I

4
5
6
7

26853.039(30)
35377.40~8)
43866.22 16)
52429.20 29)

8

61037.67(49)

.9

69742.4(0.8)

10

78564.7(1.2)

12
13

182

96683(2)
106028(3)

-

2 38 1

18226.108(I)e
18226.11206(21 )f
26853.1 0.2 g
35377.2 0.6 h
43866.1 0.1 i
52429.0 0.6 j
52428.2 1.1 k
61036.6 3.0 j
61037.6 0.9 k
69743.8 3.0 1
69739.9 3.5 m
78566.3 2.4 1
78565.7 1.8 k
96683(3 m
106023(7 m

151277
233643

Table 13 (continued)

z

present work

3

18228.194(10) cm-\

4
5
6
7

26867.917(30)
35430. 02 8)
44021.94 16)
52720.06 29)

8

61588.98(49)

9

70699.8(0.8)

10

80121.6(1.2)

experiment

MCDFa

2 3P2 - 2 3S\

1

12
13
14
15
16

100253
111152
122743
135152
148497

17
18
20
22
26
29
36

162923 10
178577 13
214172 19
256685 28
36874547
483664 85
900012 202)

2
3
5
6
8

aIndelicato et at. (1987).
bDeslattes et at. (1984).
cIndelicato et at. (1986).
dScholl et at. (1988).
eHolt et at. (1980).
fRiis et at. (1986).
gLOfstrand (1973).
hEdll~n (1934).
iEdlen and LOfstrand (1970).
maker (1973).
kStamp (1983).
IEngelhardt and Sommer (1971).

18228.198(I)e
18228.19935(25)f
26867.9 0.2 g
35429.5 0.6 h
44021.6 0.1 i
52719.5 0.6 j
52720.2 0.7 k
61588.3 1.5 j
61589.7 0.6 k
70700.4 3.0 1
70697.9 3.5 m
70705.8 3.0 s
80120.5 1.3 1
80123.3 0.8 k
1002636 m
111157 6 m
122746 3 n
135153 18)0
1484935jn
148494 4 P
162923 6 n
178591 31jq
214225 45 u
256746 46 v
368960 125jr
483910 200 w
900034 160 x

178684
256807
368878
900179

mKlein et at. (1985).
nDeSerio et at. (1981).
oLivingston and Hinterlong (1982).
PGalvez (1986).
qBeyer et at. (1986).
rBuchet et at. (1981).
SMunger and Gould (1986).
tStamp et at. (1981).
uHinterlong and Livingston (1986).
vGalvez et at. (1986).
wBuchet et at. (1985).
xMartin (1988).

The measurement for U90 + by Munger and Gould (1986) requires some additional
discussion. The experimental 2 3Po - 2 3S\ energy difference was obtained indirectly
from a measurement of the 2 3P O decay rate, with allowance for the theoretical EIMI
two-photon decay rate to the ground state (Drake, 1985). The calculated energy difference of 256.6 eV consists of a 330.97 ± 1.0 eV contribution from electrostatic terms
(the first three columns in Table 2) and a -74.34 ± 0.40 eV contribution from QED and
finite nuclear size terms. The uncertainties of ±1.0 eV and ±0.40 eV come from the
uncalculated a 4 Z4 contribution and the nuclear radius uncertainty respectively. The
above numerical values are slightly different from the 330.4 eV and -75.3 eV used by
Munger and Gould because the present results include higher order tW<Hllectron corrections. The one-electron input data of Johnson and Soff (1985) is the same in both
calculations. Subtracting the 330.97 ± 1.0 eV electrostatic contribution from the measured energy difference yields a total Lamb shift (including finite nuclear size effects) of
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-71.0 ± 8.3 eV. The two-electron corrections included here somewhat improve the
agreement between theory and experiment over that reported by Munger and Gould
(1986). Their measurement provides one of the most stringent tests of the higher order
contributions to the one-electron Lamb shift.
The 2 3P2 - 2 3S 1 transitions present an interesting comparison with experiment
because of the rich availability of measurements up to Z = 36. The calculated values
appear to be falling progressively further below the measurements between Z = 18 and
29, but then come back into remarkably good agreement at Z = 36. Tills last measurement confirms the calculated Lamb shift for the 2 3S 1 state of 12703 cm- 1 to an accuracy of 2%. However, one cannot exclude the possibility that the good agreement with
theory is due to a fortuitous cancellation of uncalculated terms.
OUTLOOK FOR THE FUTURE
High precision calculations for neutral helium of the kind described here have
now been completed for the low-lying S- and P-states (Drake 1988b, Drake and
Makowski 1988), and the D-states up to n = 8 (Drake 1987). Preliminary results have
been obtained for the higher-lying P-states up to n = 10 with no significant loss of
accuracy. Tills indicates that there should be no serious problems in extending the
D-state calculations up to n = 10, and then proceeding on to study the G- and
H-states where a direct comparison with the asymptotic calculations of Drachman will
become meaningful, in addition to very interesting comparisons with Lundeen's high
precision measurements. However, there is clearly a need for a more thorough study of
the O( a 4 Z 4 ) relativistic corrections. The spin-dependent terms of this order are
known in a nonrelativistic Pauli form from the work of Douglas and Kroll (1974), but
no similar analysis exists for the spin-independent parts. For the higher Z ions, it will
be interesting to compare the results obtained in the previous section with formally
exact two-electron QED calculations as they become available.
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ABSTRACT
High temperatures or ,intense photon fluxes create highly charged ions in
astrophysical plasmas. The atomic properties of these ions determine heating and
cooling rates and opacities. The intensities of X-ray and ultraviolet spectral lines
provide diagnostics for plasma temperature, density, ionization state and elemental
composition. Here we discuss the solar corona, X-ray emitting binary stars and
supernova remnants, emphasizing the kinds of observations made, the important ions
and atomic processes, and the current and desirable levels of accuracy needed for the
atomic rates.
INTRODUCTION
Atomic processes are important in astrophysics both because they determine
the heating and cooling rates of many astrophysical plasmas and because they create the
spectral features which we observe. They provide diagnostics from which the
temperature, density, elemental composition and ionization state may be inferred.
Two very general considerations determine which ions are most important in
astrophysics. The first is elemental abundance. Table 1 shows the relative abundances
by number of the most common elements. Excluding hydrogen and helium, oxygen is
most abundant. Nickel is three hundred times less common than oxygen. While the
neutral or singly ionized species of elements much less abundant than these can be
observed by means of their absorption lines in the spectra of cool stars, it is difficult
enough to detect the highly charged ions of the abundant elements. X-ray lines of
multiply charged ions of elements less abundant than chromium have not been observed,
and their contributions to total heating and cooling rates of hot astrophysical plasmas
are negligible.
The second consideration is interstellar opacity. Photoabsorption by neutral
hydrogen and helium makes the interstellar gas opaque between about 200 A and 912 A
toward all but the nearest stars. Few stars beyond 100 parsec can be observed at these
wavelengths, while our galaxy is nearly 10,000 parsec in radius. Lines in this spectral
range are still quite important for solar studies, since interstellar opacity is not a
problem for observing the sun. Lines in this range are also extremely important to the
cooling rate of plasmas between about 105 and 106 K. The cooling curve, assuming
ionization equilibrium and the abundances listed in Table 1 is shown in Figure 1. The
power emitted in ergs cm-3 5-1 is given by A(T)nenH. The large peak in cooling rate
between 105 and 3X105 K is due to 2s - 2p transitions in C III, C IV, N 1\', N V, 0 IV,
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Table 1
Elemental Abundances from Allen (1973) modified
to fit Solar Flare Spectra
Element

Abundance

H
He
C
N
0
F
Ne
Na

1.00
.085
.00033
.000091
.00066
.000000040
.000083
.0000018
.000052
.0000025

Mg
Al

.......

..8
i

Abundance

Element

.000040
.00000033
.000016
.000040
.0000079
.0000040
.00000070
.000040
.0000040

Si

P

S
Cl
Ar
Ca
Cr
Fe
Ni

1.5

III

0

QO

s..

..

Q)

N

I

0
....
......
E:'

'<
QO

0

...l

.5
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Figure 1. The cooling coefficient A as a function of temperature. It is
somewhat density dependent at low temperatures, and an electron density
of 1010 cm-3 , typical of the solar transition region, was assumed.
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V and 0 VI. The cooling rate determines the temperature and gasdynamics of both
interstellar plasmas and the coronae of stars. For example, the peak in the cooling curve
is reflected in a deep minimum in the amount of gas as a function of temperature in
stellar coronae. In general, however, more astrophysicists care about X-ray, optical or
ultraviolet lines than about XUV lines.
At shorter wavelengths the opacItIes of other elements dominate. In
particular, the K absorption edges of C, 0 and Fe are prominent. For most purposes
the absorption by neutral atoms in the interstellar gas is most important, but some
bright X-ray sources contain enough highly ionized gas that the photoabsorption cross
sections of highly charged ions must be considered (Krolik and Kallman 1984).
The following sections discuss three types of astrophysical plasmas and the
atomic processes important in each. The types of instruments used to observe these
plasmas are described to provide a basis for discussion of the accuracy needed for
in terpretation of astronomical observations.
BINARY X-RAY SOURCES
a) Description
Highly charged ions can be found where temperatures are high or photon
fluxes are large, and X-ray binaries provide both conditions. A normal star and a
compact star orbiting one another 'produce hard X-rays if the normal star transfers mass
to its compact companion. When matter falls onto the compact star its gravitational
potential energy becomes kinetic energy corresponding to the free fall velocity of
thousands of kilometers per second. That kinetic energy must be thermalized, then
radiated away if the accreting matter is to settle onto the surface of the compact star.
If the compact star is a white dwarf -- a star of roughly one solar mass and a
size comparable to the Earth -- and the normal star is a rather small, ordinary star, the
system is called a cataclysmic variable. Its luminosity is on the order of the solar
luminosity, but about half the energy is emitted as X-rays. It may brighten every few
months by a factor of 10 - 100 (dwarf nova outbursts), or a nuclear explosion on the
white dwarf surface may cause a brightening by 5 orders of magnitude as a nova.

On the other hand, if the compact object is a neutron star -- again a solar
mass of material, but a radius on the order of 10 km -- the system is called an X-ray
binary. Nearly all the accretion luminosity is emitted as X-rays, with a typical energy of
10 keY. Most of these systems have orbital periods of a few hours to a few days. Mass
transfer can occur as matter is drawn off the normal star through the Lagrangian point
between the stars. In other cases the normal star emits a wind which the neutron star
can capture. Thermonuclear flashes can occur on the neutron star surface, but instead
of nova explosions they produce extremely intense X-ray bursts lasting just a few
seconds.
Finally, the compact object could be a black hole. Only three X-ray binaries
are considered strong black hole candidates, Cygnus X-I, LMC X-3 and A0620-00. In all
three cases, the mass of the compact object derived from the orbital period and velocity
seems to be larger than the theoretical upper limit for a stable neutron star.
There are several very hot regions in binary X-ray systems, though they are
not all presen~ in all systems. In most systems, the angular momentum of the accreting
material forces it to flatten into a disk. The gas must lose angular momentum to
migrate inwards, and in doing so it dissipates energy, heating the disk to ~ 105 K in
cataclysmic variables and 107 K in neutron star systems. The disk material is still
orbiting very rapidly just above the surface of the compact star. The associated kinetic
energy, which is half the total energy released, must be dissipated. in a thin boundary
layer. Depending on the accretion rate, the boundary layer matenal may be anywhere
between 105 and 108 K. Both cataclysmic variables and neutron star systems may also
contain winds or static coronae above the accretion disk. In both cases the gas is heated
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and ionized by X-rays from the central source, but the ions in the winds of CV's are
typically six times ionized, while in the neutron star systems most of the elements up to
iron are likely to be stripped.
The above description probably applies to the majority of X-ray binary systems,
but the compact component in some neutron star and white dwarf systems has a very
strong magnetic field. Fields up to about 3X 107 Gauss are seen in some cataclysmic
variables, and 1012 Gauss in some neutron stars. This field channels the accreting
material directly onto the magnetic pole. The accreting material then passes through a
standing shock front, which heats the gas to 108 K.
b) Types of observations
The X-ray and ultraviolet radiation from these systems cannot penetrate the
Earth's atmosphere, so they must be observed from satellites. The IDE satellite has
been operating for a decade now, observing the 1200 - 3200 A band at 6 A resolution or,
for stars which are bright in the ultraviolet, 0.1 A resolution. It consists of a small (45
cm diameter) telescope with two echelle spectrographs, UV to optical converters, and
vidicon detectors. In most X-ray binaries, IDE spectra show the resonance doublets of
C IV, Si IV and N V. In a few cases, such as recurrent novae, forbidden lines such as
[Fe XII] AA 1240, 1354 and lSi VIllI A 1440 are seen.
Most of the observations at X-ray energies hav.e been made with proportional
counters. The X-rays pass· through a thin plastic window into a gas filled chamber,
where they ionize the gas. Thin wires in the gas are held at high positive potential, so
electrons produced by an X-ray are accelerated toward the nearest wire, producing a
cascade of secondary electrons. Since the final signal (pulse height) is more or less
proportional to the energy of the incident X-ray, one can infer its energy. The efficiency
of these devices is very high, but the energy resolution is quite poor, typically AE/E = 1
at 1 keY. In fact, one generally can't uniquely determine the incident photon spectrum
from the pulse height spectrum. Rather, a model spectrum must be folded through the
instrument response and compared with the pulse heights. For X-ray binaries, a
blackbody spectrum or an optically thin thermal bremsstrahlung continuum is generally
used, with the interstellar absorbing column as an additional parameter. For most
observations, the limitations in signal-to-noise due to particle background and the
limited number of photons detected, together with the limited energy range of the data,
make it impossible to determine any spectral information beyond a continuum
temperature. As one gets better data, it usually turns out that more components, either
continuua of different temperatures or spectral lines, must be added to the model spectra
to obtain an acceptable fit to the data.
Many of the best observations at modest X-ray energies have been made with
grazing incidence telescopes aboard the Einstein and EXOSAT satellites. They are
nested sets of polished mirrors which efficiently reflect X-rays at angles of a few degrees.
The advantage of such a telescope is not an increase in collecting area, as it is for large
ground-based telescopes. Many proportional counters with areas larger than those of the
telescopes have been flown. Rather, the advantage comes from the reduction of the
background noise level by orders of magnitude, since the background is spread over the
entire detector, while the image of the X-ray source is much smaller. So far these
telescopes have observed up to 2 keY (EXOSAT) and 4 keY (Einstein) photon energies.
Most of these observations were made with proportional counters or microchannel plates.
In order to achieve better spectral resolution, both X-ray telescopes carried transmission
diffraction gratings which could be placed across the mirrors. Spectral resolution of
about d.5 -1 A was obtained between 44 and 95 A in the EXOSAT observations of the
magnetic cataclysmic variable AM Her.
In the not too distant future, greatly improved X-ray spectra are expected from
NASA's AXAF satellite and ESA's High-Throughput X-ray Spectroscopy Mission to be
launched in the mid 1990's. These will offer greater collecting areas and extend the
energy range to include the important Fe K feature at 6.7 keY. This will be coupled
with lower background, higher sensitivity detectors. At ultraviolet wavelengths the
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Hubble Space Telescope will offer a much larger telescope area and better detectors,
improving the quality of the spectra and making it possible to study time variablity of
the UV spectra on short time-scales.
c) Atomic processes
Where does atomic physics fit into all of this? IrOll is the abundant element
of highest atomic number, and even iron can be completely stripped in the hottest parts
of the accretion flow. Bremsstrahlung emission from electron collisions with hydrogen
and helium ions dominates the emission, and the spectrum is a continuum, perhaps
modified by electron scattering.
In many X-ray binaries, however, a corona above the accretion disk envelopes
the compact star and extends to about half the disk radius. In most models it is
supported by thermal pressure. The temperature is determined by a balance of radiative
cooling against compton heating (photons having hv > kT colliding with electrons) and
photoelectric absorption. Temperatures of a few million Kelvin are expected. The
ionization state of this gas is given by a balance between photoionization and radiative
recombination. Thus the most important atomic parameters are the photoionization
cross sections from the ground and low-lying metastable levels. Photoionization cross
sections of excited states are also crucial in determining the radiative recombination
rates and the intensities of emission lines resulting from the decay of the excited states.
For the most part, only hydrogenic cross sections are available for the excited levels.
Computed photoionization cross sections are available for the ground levels of most
astrophysically important ions (Reilman and Manson 1979; Clark, Cowan and Bobrowicz
1986), but it is difficult to assess their accuracy. Only a few calculations and no
measurements are available for the highly ionized species. An accuracy level of around
30% seems plausible for the photoionization continuum, but resonances can be
important for all but the simplest ions (e.g. Drew and Storey 1982).
The accretion disk corona may also contain enough hot gas that optical
depths to photoabsorption may be significant at some wavelengths. Cygnus X-3 is a
likely example of such absorption (L. Molnar, private communication). The depth of
eclipse as a function of energy does not match that expected for absorption by cold gas,
but it does show a feature of about the right strength to be the iron Kedge.
The strongest X-ray emission feature is iron KO'. It is a blend of lines
between 6.4 and 6.7 keY ranging from the resonance transitions of hydrogenic and
helium-like Fe XXVI and Fe XXV through the inner-shell transitions of Li- through Nelike ions, all the way down to Fe II. The lines of the higher ions are formed by direct
collisional excitation, while lines of the lower ions are produced by radiative decay
following K shell photoionization. The competing Auger ionization process is, of course,
important in determining the intensities of the inner-shell transitions. Thus one needs to
know collisional excitation cross sections, radiative and Auger rates, and recombination
rates.
So far, these iron features have been measured only with proportional counters
0.2) or gas scintillation proportional cbunters (~E/E ~ 0.1) in X-ray sources
other than the Sun. The equivalent width, defined as the ratio of line to continuum
intensity, can be measured quite accurately even at low spectral resolution because of
the lack of other significant spectral features in that energy range. It is also possible to
measure the centroid of the emission line energy to an accuracy far beyond the spectral
resolution if the statistical quality of the data is high enough. This makes it possible to
tell whether the feature arises from Fe XXVI (6.97 keY), Fe XXV (6.70 keY), Fe XVIIIXXIV innershell transitions (6.43 - 6.69 keY) or fluorescence of low ionization stages (6.4
keY). As an example, Pravdo et ai. (1977) found that the iron feature in the X-ray
binary HZ Her arises mostly from fluorescence, while Sco X-I, for example, seems to
show the Fe XXV line expected from hot plasmas.
(~E/E ~

More detailed information can, of course, be obtained with higher spectral
resolution observations. Kahn et ai. (1984) and Vrtilek et ai. (1986) have analyzed
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spectra of Sco X-I and a few other bright X-ray sources obtained with the Objective
Grating Spectrometer on the Einstein satellite. The resolution of 0.4 A makes it possible
to pick ~ut individual spectral lines over the 7 to 46 A wavelength range. The N VII line
at 24.8 A is strong enough to suggest an abnormally high abundance of nitrogen, which
indicates that the 'normal' star has evolved significantly by burning most of its available
nuclear fuel. The data are quite noisy, but there are several statistically significant
features at shorter wavelengths. The strongest, at 16 A, is a blend of Fe XVII, Fe XVIII,
and 0 VIII Lyf3 lines. Tim Kallman has been attempting sophisticated models of the
emission from hot, photoionized gas, but so far the fits are not adequate. His models
include recombinations to excited levels, which is a minor part of the emission in
collision ally ionized plasmas, but quite important in photoionized plasmas. It may be
that radiative transfer in the emission lines must be considered in detail, since the
optical depths to resonance line scattering may be substantial.
Cataclysmic variables are much less luminous in X-rays, and therefore few high quality
X-ray spectra exist. Swank, Ross and Fabian (1984) analyzed the 6.7 keV iron feature in
the spectrum of AM Her. They used models of the effect of electron scattering and
resonance scattering in the line to find the geometry of the X-ray emitting region.
Finally, we should say something about quasars. These may be a lot like
enormous X-ray binaries, with a 108 solar mass black hole replacing the compact object
and accreting mass supplied by stars which are torn appart when they come too near.
The physical conditions a short distance from the cen tral energy source may be quite
similar to those encountered in X-ray binaries, though the intrisic X-ray emission
spectrum has a non-thermal (F v goes as v-<», instead of a thermal shape. Iron K emission
features are not generally seen, possibly because at low spectral resolution they are
overwhelmed by the bright power law continuum. An extremely broad absorption
feature is seen at higher resolution in the spectrum of a BL Lac object (sort of a quasar
without optical or UV emission lines). It has been attributed to 0 VIII resonance line
absorption in a relativistic jet (Krolik et at. 1985).
At UV wavelengths, Lycr and lines of C IV, N V and 0 VI are observed.
These can be modeled with clouds of gas heated and ionized by the quasar continuum.
K shell photoionization follwed by Auger ionization dominates the heating, and
collisional excitation of the observed UV lines dominates the cooling. At present the
uncertainties in the atomic rates are dwarfed by uncertainties in the geometrical
structure and radiative transfer in these models.
SUPERNOVA REMNANTS AND HOT INTERSTELLAR GAS
a) Description
A star must support its own weight against gravitational collapse, so gravity
must be balanced by a pressure gradient, either normal thermal pressure or degenerate
electron pressure. If the stellar mass is less than 1.4 solar masses, or if a high central
temperature can be maintained by nuclear burning, there is no problem. However, once
a star has burned the material in its core up to iron, any further nuclear fusion would be
endpthermic. This explains the relatively low abundances of elements heavier than iron.
It also implies that after a massive star exhausts its nuclear fuel, the core will collapse to
form a neutron star or black hole, depending on the core mass. This collapse liberates
about 1053 ergs of gravitational energy, mostly in the form of neutrinos. The small
fraction of the energy which is transmitted to the outer layers of the star drives off a few
solar masses of material at velocities around 10,000 kmjs for a total kinetic energy of ~
1051 ergs. The optical display, which makes the supernova comparable in brightness to
an entire galaxy for several months, accounts for only a percent or so of the kinetic
energy of the explosion.
The expanding gas cools by adiabatic expansion to very low temperatures
and remains cold until it encounters the ambient interstellar gas. When that happens, a
blastwave moves out into the interstellar gas and a 'reverse shock' propagates back into
the ejected material. Last year's supernova in the Large Magellanic Cloud provides an
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excellent example. Before it exploded, the precursor star was a relatively hot star with a
strong stellar wind. Very early on, the interaction of the ejected material with this wind
produced some radio emission, but basically the wind just cleared out a large cavity
around the star. Thus the expanding gas is now heated only to a few thousand K by
residual radioactivity of Meo. A few months ago, though, IUE observations detected
emission lines of N III] >.1750, N IV] >'1486, and N V >.1240, He II >'1640, 0 III] >.1664,
and C III] >'1909 which reveal the presence of a circumstellar shell about a lightyear
(10 18cm) from the star. The shell was photoionized by an intense burst of UV radiation
from the exploding star, and it is now at a temperature of around 40,000 K (Fransson et
ai. 1988). In 10 - 30 years the fastest stellar ejecta will reach the circumstellar shell.
Depending on the relative densities, both the shell and the ejecta will be shock heated to
107- 9 K. The gas will be rapidly ionized, producing strong UV and X-ray line emission
along the way. Figure 2 shows a possible X-ray spectrum one year after the ejected gas
encounters the dense shell. This particular model assumes that the X-ray emission is
dominated by 108 K emission, which is expected for a density contrast of about 10
between the shell and the ejected gas.
Similar temperatures, though generally at lower densities, should be found in
most young supernova remnants, roughly up to 1000 years of age. The shocked stellar
ejecta usually dominate the emission at all wavelengths. By an age of 10,000 years, so
much interstellar gas has been swept up that shocked interstellar material dominates Xray and UV emission. Most of the volume in such middle-aged supernova remnants is
filled with hot, low density gas, typically 1 cm-3 and 2 X 106 K. -. SJower shocks in denser
regions of the interstellar gas heat' material to ~ 105 K. This gas can radiatively cool to
about 1000 K, producing optical and UV emission lines.
It is also possible that supernova remnants do not evolve in isolation. For
the interstellar pressure and supernova rate of our own galaxy, the cooling time of
million degree gas is comparable to the interval between successive encounters with
supernova shocks. It is therefore likely that something like half of the volume of the
galactic disk is filled with million degree gas at a density of 10-2 cm-3. This hypothesis is
supported by observations of interstellar 0 VI absorption lines toward distant stars and
a diffuse background of very soft (1/4 keY) X-rays seen over the entire sky (Cox and
Reynolds 1987). The hot interstellar gas may extend up into a halo above the disk of
the galaxy. Still hotter gas is found in rich clusters of galaxies. A cluster of hundreds of
galaxies is likely to contain a comparable mass of low density gas at temperatures near
108 K. The gas in some clusters is low enough in density and high enough in
temperature that its radiative cooling time is longer than the age of the universe, but in
many clusters the relatively dense gas near the cluster center is able to cool, producing
emission over the entire temperature range from 104 K to the cluster temperature.
In all these examples, one wants to determine the abundances of the elements to
test models of supernova explosions and n ucleosyn thesis, or to test hypotheses for the
origin of the hot gas in galaxy clusters. It is also necessary to find the temperature,
density and ionization state of the gas, as these determine the cooling time and the
energetics of the gas. These are also crucial to understanding the origin of hot cluster
gas and the structure of the interstellar medium.
b) Observations
Broad band X-ray images of many supernova remnants and galaxy clusters
are available, and the soft X-ray background has been mapped over the entire sky in
several X-ray bands. Interpretation of these images rests heavily on a huge collection of
atomic rates 'used to predict the X-ray line and continuum emission from hot, optically
thin gas. One of the most important spectral features is again the iron K feature at 6.7
keY, which occurs in a clean part of the spectrum. The continuum in this region is
produced by bremsstrahlung, so a measurement of its shape determines the electron
temperature. This can be combined with the iron line equivalent width and the model
calculations discussed below to find the abundance of iron relative to hydrogen. High
spectral resolution is not needed, and proportional counter or Gas Scintillation
Proportional counters have been extensively used for iron abundance determinations (d.
Rothenflug and Arnaud 1985).
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Figure 2. The predicted UV and X-ray emission one year after the
material ejected by supernova SN1987A strikes the circumstellar shell,
assuming a density constrast of about 10.
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At lower photon energies, hll < 4 keY, there are so many strong spectral
lines that they are completely blended together at proportional counter resolution. An
exciting improvement came with the Solid State Spectrometer aboard the Einstein
satellite. The Einstein telescope focussed X-rays onto a small, cooled semiconductor
chip. The number of electron-hole pairs produced by an X-ray gave a measure of its
energy. The device had an energy resolution of about 160 eV over the 0.5 - 4 keY range.
It produced spectacular spectra of supernova remnants, galaxy clusters and other X-ray
sources. Many of its most important results came from measurements of the Si XIII and
XIV lines (He- and H-like ions) at 1.8 keY. Though they are blended at SSS resolution,
the line centroid can be measured accurately enough to tell which dominates, and the
statistical accuracy is good enough to constrain models very tightly (Becker et at. 1980).
Hot gas can also be studied from the ground by means of a few forbidden
transitions in coronal ions. The best known is [Fe XIV] 3p2p3/2 -+ 3P2pl{2 at 5303 it...
These lines are difficult to study because they are faint, even in bright suprenova
remnants, but recent developments in Charge-Coupled Device detectors make them
much more accessible. They now provide an excellent complement to X-ray surface
brightness maps.
The next decade should see vast improvements in the X-ray spectroscopy of
extended astronomical objects. A charge-coupled device being developed for the
Advanced X-ray Facility will provide spectral resolution comparable to that of the SSS,
but extending to higher energies and coupled with good spatial resolution. Another
exciting development is the X-ray' calorimeter being studied at the Goddard Space Flight
Center and the University of Wisconsin. This is a tiny semiconductor chip at very low
temperature whose conductivity changes in response to the temperature increase caused
by the absorption of a single X-ray. A laboratory version has attained 17 eV resolution,
and the goal is several times better (Holt 1987).
c) Atomic Processes
To compute the emission line spectrum of a hot, collision ally ionized gas, we
must know its ionization state. This is determined by a set of equations for each
element
1

d

-n -dt n·I
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In'+1
1

(1)

Here ne is the electron density, ni the fraction of the element in ionization state i, and 'Ii
and O'i are the collisional ionization and recombination rate coefficients, both of which are
functions of temperature. For the hot gas in galaxy clusters, the time derivative in equation (1) is zero, since the gas is fairly quiescent over the age of the universe (10 10 years),
while the time constants 1/(n e'li) and 1/(neO"i) are merely 107- 8 years. The solution of the
equations with the left hand side set to zero, called the 'ionization equilibrium', is a function of temperature alone.
A recent tabulation of ionization and recombination rate coefficients and the
ionization balance is given by Arnaud and Rothenflug (1985). The strongest temperature sensitivity en tel'S through the Boltzmann factor e-)(/kT in the ionization rate. It is
easy to see that ni = ni+1 if 'Ii = O'i+i> and this tends to happen around x/kt ~ 5.
Therefore the ionization fractions of most ions peak at x/kt = 5 - 10. Elements are typically 3 time$> ionized at 105 K, 8 times ionized at around 106 K, and 15 - 20 times ionized
at 107 K. It is also worth keeping in mind that the dramatic increase in X from the Lilike ion (2s) to the He-like ion (1s) , together with a relatively low recombination rate for
the He-like ion, makes the He-like ion the dominant ionization stage over a wide range of
temperture for all elements.
In supernova remnants, on the other hand, the time constants for ionization
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or recombination are likely to be longer than the age of the remnant until the supernova
remnant reaches an age of 1000 - 10,000 years. Therefore, one must use an appropriate
initial ionization state and solve the equations as an initial value problem for each element of shock heated gas. Thus the ionization state is specific to a particular set of
supernova and interstellar gas parameters, and to the age of the supernova remnant. It
cannot be conveniently tabulated, but models for individual remnants must be compared
in detail with observed spectra (e.g. Hamilton, Sarazin and Chevalier 1983).
The collisional ionization rates in equation (1) have been computed with various methods. For nearly all astronomical purposes, the rate coefficient given by integrating electron velocity times ionization cross section over a Maxwellian distribution is used,
if only because of our ignorance of the velocity distribution in greater detail. Cross section calculations based on the Distorted Wave approximation (e.g. Younger 1983a) seem
to be the best available. Measurements exist for a number of ions, and the level of
agreemen t is generally ~ 20-30% (e.g. Gregory et al. 1987). The con tribu tion due to
inner shell excitation followed by autoionization can be quite important, especially for
Na-like ions (Cowan and Mann 1979).
The recombination rate is made up of radiative recombination, discussed above,
and dielectronic recombination, which tends to dominate in collision ally ionized plasmas.
The theory of dielectronic recombination is reviewed by Hahn (1985). As an example,
consider a Li-like ion in its 2s ground state which is struck by an electron on energy ('
and angular momentum fil. If (' is greater than the threshold energy E, the electron can
excite the ion to its 2p state and continue on with energy E-f. If f is less than E, the
excitation may still occur, but now the electron is left with negative energy, meaning
that it is bound to the ion in a state nl'.
Once the doubly excited 2pnl' level has been formed, the ion has two options. It
can autoionize, exactly reversing the capture process which created the doubly excited
ion. In that case, the net result of the whole encounter is an elastic scattering. On the
other hand, the doubly excited ion may emit a photon, most likely a 2p -+ 2s transition.
In that case, the system has reached the 2snl' bound level of the Be-like ion.
The cross section for capture to the 2pnl'state is related to the autoionziation
rate Aa by detailed balance. The branching ratio for the stabilizing emission of a photon
is Ar/(Aa+Ar), where A r is the radiative transition probability. Therefore, the dielectronic recombination rate by way of 2pnl' is proportional to

(2)
The Aa can be found by extrapolating the 2s-2p excitation cross section below threshold
in the Quantum Defect treatment. They vary as n-3 , and they are small for I larger than
about 6. For modestly charged Li-like ions, n levels up to a few hundred must be
included in the sum for the total dielectronic recombination rate.
Burgess (1965) computed dielectronic recombination rates for many ions and fit
the results to a simple function of oscillator strength and excitation energy. This General Formula seems to be good to around 30% accuracy for many ions, though
modifications are needed at low temperatures (Nussbaumer and Storey 1983) and for
dielectronic recombination by way of transitions involving a change in principal quantum
number, An rf 0 (Merts et al. 1976). It is also necessary to include other decay channels
in some' cases. Autoionization to intermediate excited levels can drastically reduce Q'di
(Jacobs et al. 1977). As an example for the Li-like ion, consider 2s + fi -+ 3pnl'. For
large enough n, autoionizations to 2p + f'l and 3s + f" I are energetically allowed, and
they are typically an order of magnitude faster than the inverse of the process which
formed the doubly excited level. Thus, they can reduce Q'di by an order of magnitude.
The relative importance of this effect tends to decrease with increasing ionic charge.
This is because Ar increases as 2\ while Aa stays fairly constant. As a result, Q'di is dominated by lower n doubly excited levels which are energetically incapable of autoionizing
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Figure 3. Dielectronic recombination rates of Fe XXIV predicted by
Roszman (1987), Nasser and Hahn (1983), Jacobs et al. (1977), and Smith

et ai. (1985).

to intermediate levels (e.g. Smith et al. 1985 for Fe XVII). No complete set of adi values
is available which properly treats autoionization to excited levels, but calculations do
exist for several iso-electronic sequences (e.g. Younger 1983b; Roszman 1987).
Unfortunately, there is less experimental guidance than there is for ionization
rates, mostly because the small cross sections make measurements difficult. Dielectronic
recombination cross sections have been accurately measured for Mg+ and 0 3 + (MUller et
ai. 1987), but under the influence of strong electric fields which field ionize ions above n
~ 40, and which mix the i values for lower n. A comparison of various computed dielectronic recombination rates for Fe XXIV is shown in Figure 3. The agreement is very
good at the lowest temperature, where the fl.n = 0 transition dominates, but factor of
five discrepancies arise for higher temperatures, where fl.n ~ 0 is important. One would
expect the Summers calculation, which did not include autoionization to excited levels,
to be an overestimate, while Jacobs et ai. (1977) overestimated this effect, giving too
small a rate. This still leaves a factor of two difference between the Roszman and the
McLaughlin and Hahn calculations, however. Considering the many ions for which the
better understood fl.n = 0 transitions dominate, 40% may be a reasonable estimate of
the uncertainty in dielectronic recombination rates.
What do the uncertainties in ionization and recombination rates mean for the
accuracy of spectral predictions? Given 20 - 40% uncertainties in both ionization and
recombination, we expect the predicted ratio of adjacent ionization states n;/ni+l to be off
by as much as a factor of 1.5. Some cases are better determined. For instance the rates
for H- and He-like ions are better known than most, and the lines of these ions are often
the strongest lines in the X-ray spectrum. In some other cases it doesn't matter very
much; nearly all the silicon is in the He-like ion between about 3X106 and 6X10 6 K, and
for many observations it doesn't really matter whether the fraction in the Li-Iike ion is
4% or 6%, since few astronomical observations have the dynamic range to detect the
weak lines of minority ions.
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II) general, though, the uncertainties in ionization state do matter. The ionization
rates increase rapidly with temperature due to the Boltzmann factor, e-x/ kT , and comparison of various ionization balance calculations shows that the uncertainties in the
rates lead to ionization balance curves of similar shapes, but shifted by about 0.1 in log
T relative to each other. Figure 4 shows an example, the ionization fractions of a few
iron ions as computed by the current version of the Raymond and Smith (1977) code
and by Arnaud and Rothenfiug (1985). The neon-like ion Fe XVII dominates over a
wide temperature range in both cases because its closed shell structure leads to a relatively small ionization rate compared with the loosely bound Na-like ion Fe XVI. Also,
the lack of a ~n = 0 transition in the neon-like ion implies a relatively small dielectronic
recombination rate. Computed intensities of Fe XVII lines at temperatures near the
peak of the ionization curves agree reasonably well for the two ionization balance calculations. However, the Fe XVI abundance is very sensitive to the Fe XVII dielectronic
recombination rate, and emissivity models with these two ionization calculations will
differ by a factor of three in the Fe XVI line intensities predicted. Many of the astronomical objects observed possess gas over ·a wide temperature range, and a shift of the
ioniozation curves by 0.1 in log T doesn't greatly affect the interpretation. However, an
overall change in the height of a curve, such as that of Fe XVI is bound to be important
for any observation of Fe XVI lines.
Models for the emission of hot gas in galaxy clusters have now been extensively
used to'derive iron abundances for many clusters. About half the solar abundance is
found in most cases (Rothenfiug and Arnaud 1985). Most of the clusters are hot enough
that direct collisional excitation of Fe XXV and XXVI dominates the 6.7 keV iron
feature, and the uncertainities in the atomic data are small. In some of the cooler clusters, inner shell excitation of Fe XX-XXIV and dielectronic recombination satellites to
the Fe XXV lines are important, so the atomic data uncertainties are correspondingly
greater. The observations have also revealed bright X-ray emission from the centers of
some clusters. Both the spatial and spectral distributions indicate cooler gas than the
mean cluster temperature. This is generally taken as a signature of a flow of radiatively
cooling gas, as up to a few hundred solar masses per year emit their thermal energy,
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settle into the gravitational potential of the cluster, and perhaps form low mass stars.
As mentioned above, supernova remnant models are quite individual, since the
ionization state depends not only on the temperature of the shock heated gas, but also
on its history. It is necessary to start with a model structure and composition for the
supernova precursor and an interstellar density. A hydrodynamics code is then used to
compu te the positions and strengths of the shocks and to follow the temperature and
ionization structure till the present age of the remnant. It is possible to acheive quite
good agreement with the available data, especially for the remnants which are simple in
appearance, since the 1 D treatments of the models are most reasonable in those cases,
but more detailed observations with future spacecraft are sure to require more detailed
models.

IV THE SOLAR CORONA
a) Description
The Sun produces energy at its center and radiates it away into space, so from
simple thermodynamics its temperature ought to monotonically decline outward. It is
observed, however, that above the photosphere (the surface of ~he sun as seen at visible
wavelengths), the temperature de.clines about 1000 K to a minimum of about 4600 K,
then rises again. It first rises slowly to about 10,000 K (the chromosphere), then
abruptly rises to 106 K through a narrow transition zone only 1000 km thick. Higher.up,
the solar wind emerges from the corona at a few solar radii. Typical densities are
10 12 cm-3 in the chromosphere, 10 10 cm-3 in the transition region, and 109 cm-3 in the
corona.
These are only average conditions, and a good deal of spatial and temporal variation is seen down to the smallest observable scales, around 1000 km in lateral extent and
a few seconds in time. Large scale structures of interest include coronal holes, which are
regions of open magnetic field configuration associated with high speed solar wind
streams. Densities and maximum temperatures are a little lower than in the quiet Sun.
Solar active regions are areas of strong, closed magnetic field loops which confine coronal
plasma. They are often associated with sunspots. Densities in the transition zone and
corona are a few times larger than in the quiet Sun, and maximum temperatures in the
coronal loops are around 3XI06 K.
Solar flares are energetic events which last a few minutes to a few hours. Densities are 1-2 orders of magnitude larger than in the quiet Sun, and temperatures reach
2-3XI07 K. Far more energetic particles are also present, as inferred from hard nonthermal X-ray emission and, in the most energetic flares, gamma ray emission, but these
are less important from the point of view of interesting atomic physics.
The basic question about all of this hot gas is "Why is it hot?" As men tioned
above, thermodynamics implies that it cannot he heated by radiation. In general terms,
the answer is clear. Convection, rather than radiation, transports most of the energy
flux through the outer third of the Sun. Some of the mechanical energy associated with
that convection must reach the solar surface, and as it dissipates in very low density gas,
it heats the gas to very high temperatures. Most mechanisms proposed for carrying this
mechanical energy involve acoustic waves steepening into shocks as they travel down a
density gradient, various sorts of MHD waves, or direct liberation of magnetic field
energy by reconnection of field lines. Acoustic shocks may dominate the low chromosph eric heating, but they do not carry enough energy to heat the layers above. Reconnection is almost certainly responsible for solar flares and other transient events, but the
plasma physics of this process is not understood. Alfven waves almost certainly supply
momentum and energy to the solar wind, and they may be important in heating the
quiet sun and active region coronae, but neither the flux nor the dissipation rate of these
waves is reliably known. Redistribution of energy by thermal conduction is quite
efficient above 105 K, and this greatly complicates attempts to understand the location
and nature of the heating.
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In order to understand the heating, we must understand the cooling rate,
A(T)n.nH, since that is what the heating must balance. The dependence on density
squared simply reflects the fact that binary collisions between electrons and ions excite
the ions to states which radiate away the energy. In addition to the energy balance, we
must find out about the mass balance, because material seems to circulate rapidly
through the whole temperature range. To assess the terms in these balances, it is important to have accurate diagnostics for electron density and temperature. We would
dearly love to have reliable diagnostics for electric and magnetic fields, but so far they
are available only for a few low ionization lines corresponding to the temperature
minimum region and chromosphere. Zeeman splitting (Chang and Noyes 1983) and
Stark broadening (Hinata 1987) are observed in Fe II, Mg II and H I.
b) Types of Observations
The immense photon flux from the sun makes high spectral and spatial resolution
observations possible. At X-ray wavelengths, Bragg crystal spectrometers use the verr
sharp peak in reflectance at the Bragg angle and various crystals to achieve .0008 - .02 A
resolution over the 1.8 - 22 A range. Proportional counters or microchannel plates can
be used as detectors. Despite the very low efficiency of these devices, due to the roughly
1% peak reflectivity, they obtain thousands of counts in the brighter spectral lines during solar flares. The spectrometers aboard P78-1 (McKenzie et at. 1980) and the Solar
Maximum Mission (Phillips et at. 1982) returned many excellent spectra. Calibration is
quite good as well, because the Bragg reflection efficiency changes slowly ~ith
wavelength. However, many of the Bragg crystal spectrometers are scanning devices,
sampling one wavelength at a time, and a solar flare may change considerably during the
scan time. Besides the instruments which covered the 5 - 22 A range, both P78-1 and
SM:M carried high resolution spectrometers which observed the K lines of the He-like
ions of Fe and Ca and their satellite lines. These have been extensively used to infer
temperatures and ionization states of flare plasmas.
At longer wavelengths, say 20 - 300 A, grazing incidence devices with diffraction
gratings are used (e.g. Acton et at. 1985). Most such instruments used so far use photographic film to record the spectra. They generally have excellent spectral resolution, but
the intensity calibration is unlikely to be better than 30%. At wavelengths longer than
300 A normal incidence spectrographs are used (e.g. Vernazza and Reeves 1978).
A major set of new solar observations should come from the Solar Heliospheric
Observatory (SOHO). An ultraviolet coronagraph will measure intensities and line
profiles of Lya, the N V, 0 VI and Mg X resonance lines, and /Fe XII] >'1240 as far as 9
solar radii above the Sun's surface to investigate the acceleration and heating of the
solar wind. A normal incidence spectrograph will measure line intensities and line
profiles in the 500 - 2000 A range. A grazing incidence spectrograph will observe shorter
wavelength lines.

In summary, the entire wavelength range from UV to X-rays can be observed at
spectral resolutions high enough to distinguish individual lines and measure line profiles,
though no single instrument covers the whole wavelength range. Absolute intensity calibrations tend to be good to around 30%, but the relative intensities of lines at neighboring wavelengths can be measured more accurately.
c) Atomic Processes
As mentioned earlier, the ionization state of the X-ray emlttmg plasma must be
computed from ionization and recombination rate coefficients. At coronal densities, the
ionization and recombination times are roughly 10-100 seconds, so ionization equilibrium
is usually a good approximation. The major exceptions are the initial rise phase of solar
flares (e.g. Mewe et at. 1985) and some steady flows up or down temperature gradients
(Mariska 1984; Doyle et at. 1985).
The ionization and recombination rates are as described in the previous sections
except that at solar densities the dielectronic recombination rates are somewhat reduced.
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To see this, recall that the recombined ion is initially formed in a doubly excited state,
such as 2pnl of a Be-like ion. If n is large, the rates for collisional excitation to other n'l'
levels can be larger than the radiative decay rate of the nl electron. The effects are complex, because two processes compete. First, the doubly excited 2pnl levels are initially
formed at low I, typically I < 7. This is because A.. in expression 2 is small for larger I.
However, collisions with protons can rapidly shuffle the excited electron from one I to
another. When the electron is shifted from low I to high I, the ion can no longer
autoionize, and the branching ratio for recombination goes to one, tending to increase
the dielectronic recombination rate. The second process. generally overcomes this
increase, however. Even after the stabilizing 2p -+ 2s + hv transition of the inner electron, the outer nl electron is susceptible to direct collisional ionization and to collisional
excitation to higher or lower n. These collisions effectively remove the dielectronic
recombination contribution from high n. Summers (1974) has made extensive calculations of the density dependence of dielectronic recombination rates based on matrix
equations for the level populations. As an example, the dielectronic recombination rate
of 0 VI is reduced by 30% at ne = 108 cm-3 and a factor of 2 at 10 10 cm-3.
Electromagnetic fields can have similar effects, both mixing I levels and imposing a
high n cutoff. These effects are more difficult to compute, and calculations have so far
been made only for a few ions. A field of a few Volts/cm can impose a cutoff around n
= 40, but Qdi by way of lower levels is increased by a factor of 3 - 6 (MUlier et al. 1987).
In sunspots, magnetic fields of 1800 Gauss are inferred from Zeeman splitting of Fe II
lines, and thermal motions of ions at 105 K imply effective -electric fields of a few
Volts/em.
Both density and field effects are smaller for .em ~ 0 inner transitIOns and for
high ionic charge. This is because the nllevels which dominate in these cases have low
n, and are less susceptible to collisions or fields. The basic reason is that the expression
2 is largest for Aa ~ Ar . Ar increases roughly as Z4 (for .::In ~ 0), while Aa stays roughly
constant with Z, but varies as n-3 . Thus, the peak n declines with Z. At the same time,
a given nllevel is more tightly bound for higher Z.
d) Collisional Excitation
To predict emission line intensities, we need to know collisional excitation rates.
These are given by

The collision strength, 11, is a slowly varying function of temperature, and w is the statistical weight of the ground state. The wavelengths and excitation energies of the
strong transitions are generally known from laboratory studies, so the major effort lies in
determining the collision strength.
Seaton (1975) reviews theoretical methods for computing collision strengths. Well
above threshold, the collision strength can be reliably computed in the Coulomb-Born
approximation. Unfortunately, it is almost always the collision strengths near threshold
we need. Ions are typically found at X/kT ~ 7. The excitation thresholds are typically
E/X ~ 1/4 for .::In = 0 and 2/3 for .::In ~ O. Therefore, for the important spectral lines
E/kT ~ 2-5, and electrons just above threshold dominate the excitation.
Coulon1b-Born calculations tend to overestimate collision strengths near threshold. Better results are obtained with the Distorted Wave approximation, in which the
wavefunction of the free electron is computed with the potential of the target ion, rather
than a simple point charge. An accuracy of around 20% is expected for uncomplicated
ions, and this is confirmed by laboratory measurements with crossed beam techniques
(e.g. Gregory et al. 1987) though the agreement is not as good for complica~~d io~s
(Lafyatis and Kohl 1987). Calculations are available for most .::In = 0,1 transitIOns In
isoelectronic sequences up through Ar-like (e.g. Mason et al. 1979).

203

The most sophisticated calculations include the coupling among all the important
reaction channels. These Close Coupling calculations naturally handle the resonances in
excitation cross sections which correspond to the autoionization to intermediate levels
discussed in connection with dielectronic recombination. This method requires relatively
large amounts of computer time, so it is used mostly when very high accuracy is needed
for line ratio diagnostics (e.g. Kingston and Tayal 1983) or when resonances make especially large contributions. In general, the resonance contribution to the excitation rate of
a strong allowed line is no more than 20%, but resonances often double the total excitation of forbidden or intercombination transitions (e.g. Dufton et at. 1978; Bhadra and
Henry 1980; Smith et at. 1985).
Another contribution which is sometimes important comes from dielectronic
recombination satellite lines. The stabilizing photon emitted during the dielectronic
recombination process is close in wavelength to the resonance transition, but slightly
shifted by the presence of the outer nt electron. In collisional ionization equilibrium, the
recombinations balance the ionizations of the next lower ion. Therefore, the rate of production of the satellite lines can be no larger than the ionization rate of the next lower
ion, which is generally much smaller than the direct collisional excitation rates of the
strong permitted lines. Exceptions occur for ions in the He-like sequence. The ionization
potentials of the next lower ions, which are Li-like, are quite a lot smaller than the excitation potentials of the He-like resonance lines. The ionization rates of the Li-like ions,
and therefore the excitation rates of dielectronic recombination satellites, are comparable
to the direct excitation rates, especially at the low end of the temperature range where
the He-like ion is found. Similar comments apply to the closed-shell Ne-like ions and the
loosely bound Na-like ions just below them.
Some intensity ratios are especially useful because they can be used as direct diagnostics for important physical parameters of the emitting gas. Density diagnostics are
especially crucial, because the density must be known to evaluate the energy balance of
the emitting gas. The radiative losses are given by the cooling coefficient times n.nH' and
the energy transport by thermal conduction is computed from the temperature gradient,
which in turn is computed from the absolute line intensities and n.nH'
A line ratio will be density sensitive to some extent if it involves a metastable
level whose radiative decay rate is comparable to the collisional deexcitation rate in the
density range of interest. For example, the Is2s3S levels of He-like ions are metastable,
and therefore the ratios of the forbidden Is2s 3S - Is2 IS line to the resonance
Is2p l p - Is2 IS line should be constant at low density, but decline for densities above a
critical ne' The radiative decay rates of these metastable levels go as a high power of Z
and therefore ne increases rapidly with the charge. Typical quiet solar corona and active
region densities are comparable to n e for 0 VII, making this the best diagnostic, while Ne
IX is appropriate for flares (e.g. McKenzie and Landecker 1982).
Other popular density diagnostics include line ratios dependent on the populations of the 2s2p 3p and 2s2p24p levels of Be-like and B-like ions such as C III and 0 IV
(e.g. Dufton et at. 1978). These are appropriate for transition zone densities, and are
widely used in analysis of EUV spectra. The corresponding levels in highly charged ions
such as Fe XXIII have very short lifetimes, so the line ratios tend to be in the low density limit even in solar flares.
Other important density diagnostics can be obtained from the populations of
states within of the ground terms of the B-like through F-like ions of iron. Ratios
among either 2s-2p transtions near 100 A or among 2p-3d transitions near 10 A depend
on the 'relative populations of, for instance, the 3PO,1,2 states of the C-like or O-like ion
(Mason et at. 1984).
In general, the density diagnostics yield results consistent with each other, but
with uncertainties approaching a factor of two. This is because there are generally three
or so collision cross sections and a radiative transition probability which go into computing the line ratio as a function of density, and if each is uncertain at the 20% level, they
add up. A further problem is that one is often limited to bright lines for reliable
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intensity measurements, and the ratio often varies more slowly than linearly with density. In the case of the 2p2 3p ..... 2s2p3p to 2s2p lp ..... 2s2 IS ratio of Be-like ions, the ratio
changes by only a factor of three over about an order of magnitude density range, so the
uncertainty in the line ratio measurement is magnified.
Temperature sensitive line ratios have recieved less attention, but they are also
important. They have been neglected mostly because few observations cover a
wavelength range which provides lines with a broad range of excitation potential, and
also because people generally expect that a temperature diagnostic should just yield the
temperature at which the ion peaks in ionization equilibrium. However, temperature
diagnostics have recently proven useful both in checking the ionization equilibrium predictions (Doschek and Feldman 1981). They also imply departures from equilibrium
which must be considered for a correct interpretation of emission line intensities and
which provide important insight into the energetics of the observed gas (Doyle et al.
1985).
One type of temperature diagnostic is the ratio of satellite to resonance lines for
He-like ions. The excitation energy of the satellite line goes as

while the excitation rate of the resonance line goes as
T- I /2 e-E / kT

so that the ratio goes as

where the excitation energy of the satellite line, E, is lower than that of the resonance
line by the binding energy of the nl electron which is captured. Since the observed satellites involve n=2, this energy difference is considerable, and the temperature sensitivity
of the line ratio is quite strong. Doschek, Feldman and Cowan (1981) have investigated
the line ratios of Fe XX-XXIII. They find that current ionization balance calculations
can account for most of the solar flare data with the assumption of ionization equilibrium.
The most obvious type of temperature diagnostic relies on the Boltzmann factor
in the excitation rate for lines of differing excitation potential. Doyle et al. (1985) compared EUV spectra of sunspot plumes with spectra of the quiet Sun. They found that
ratios of high to low excitation lines were smaller in the sunspot spectra by amounts
corresponding to lower temperature by about ~ log T ~ 0.1. This is about what is
expected for the shift in ionization balance at transition region temperatures for radiatively cooling gas at constant density. It suggests that the sunspot plume is composed of
material condensing out of the corona and coolirig without energy input. Unfortunately,
the uncertainties in atomic rates and in instrumental calibration made the result somewhat ambiguous. The data can be interpreted either as a shift from ionization equilibrium to lower temperatures in the sunspot, or as a shift from equilibrium to higher
temperatures in the quiet sun. The former is expected for a cooling flow above sunspots,
while the latter could arise from diffusion or from the net outflow of gas needed to supply the solar wind (Rousel-Dupre and Beerman 1981).
e) Comparisons
Two types of comparisons can be made to assess the accuracy of the model predictions. One can compare different theoretical calculations, or one can compare models
with observed spectra. Figure 5 shows the emissivity computed with the current version
of the Raymond and Smith (1977) X-ray emission code for a temperature of 106 K and
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0.2 A resolution. Horizontal lines denote the emissivities of the strong lines computed by
Mewe, Gronenschild and van den Oord (1985). The strong lines of H-like and He-like
ions (near 22, 28,33 and 40 A) agree quite well. In fact, the agreement is probably better
than the actual uncertainties in the calculations due to very similar choices of atomic
rates. At longer wavelengths, the strong lines include many lines of moderately ionized
iron, and both the ionization balance and the excitation cross sections are less well
known.
In principle, a stronger test of the calculated emissIvity is a comparison with
observation. In practice, this is difficult because one has no independent way of knowing
the temperature and density, and because there is no way to discriminate between observational errors and theoretical errors.
X-ray observations of high quality exist only for the Sun. McKenzie et al. (1980)
present the 8 - 22 A spectrum of a solar flare observed with the SOLEX experiment, a
Bragg crystal spectrometer flown on the P78-1 satellite. A different flare was observed
by Acton et al. (1985) over the 15 - 100 A range with a grazing incidence spectrograph
aboard a rocket. A composite spectrum can be obtained by scaling the spectra to the
same 0 VII >'21.6 intensity.
Plasma throughout the 104 to 107.5 K range is present in a solar flare. A model
spectrum is computed by specifying the amount of emitting material at each temperature, then adjusting the amount of material until the strongest-, most reliable lines are
matched. Figure 6 shows the ratio of observed intensities to predicted intensities. The
mean error is nearly 50%. This is probably composed of equal parts atomic rate errors,
observational errors, and errors due to the joining of spectra of two entirely different
flares by a single scaling parameter. Thus this comparison is consistent with a typical
error of 30% for the theoretical line intensities, as might be expected from the excitation
rates and ionization balances.
SUMMARY
A huge number of atomic rate coefficients is required for accurate interpretation of astrophysical X-ray and EUV spectra, in particular excitation, ionization, dielectronic recombination and photoionization cross sections and radiative transition probabilities for all
the ions of the dozen or so most abundant elements. The current level of uncertainty in
these rates seems to range from less than 20% for some of the simple, well studied ions
to worse than 50% for more complicated ions. The level of uncertainty in the atomic
physics has more or less kept pace with the level of observational uncertainty, but experiments planned for the next decade, including AXAF, XMM, and SOHO will require
more accurate theoretical models.
This work has been supported by NASA Grant NAGW-528.
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X-RAY LASERS
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ABSTRACT: Multicharged ions in laser-produced plasmas al"eable to provide soft
X-ray amplification. Conditions under which hot plasma columns act as X-ray
amplifyers are investigated in several laboratories. Plasma optical properties,
especially in relation with refractive index gradient and radiation trapping, are of
importance to reach large gain-length product values. Multilayer mirrors are now
available for designing X-ray laser cavities. Regarding X-ray laser pumping, the
theory of which requires detailed atomic-level population calculation to be joined
to hydrodynamical plasma modelling, experiments set off now two types of
mechanisms amongst many possible theoretical schemes. On the one hand,
recombination, during fast plasma cooling, populates high-lying ion levels more
rapidly than the first resonance levels. This is observed for the 2-3 transition of
H-like ions, especially for the line at 182-A wavelength in carbon which has shown
gain with a coefficient attaining 4 cm -1. This is also observed for 3-5 and 3-4
transitions of lithium-lIke ions, near 100-A wavelength. Gain coefficients are
between 0.5 cm- and 2.5 cm- 1. On the other hand, the balance between collisional
excitation by plasma free electrons and fast radiative decay produces population
inversions between 3s- and 3p-Ievels in Ne-like ions and between 4p- and
4d-Ievels in Ni-like ions. Ne-llke selenium has provided a gain coefficient of
5 cm- 1 at 206.3 A. Ni-like ions allow to extend this scheme to wavelenghts below
100 A. In view of their possible applications, X-ray lasers are expected to be by
far the brightest X-ray sources in laboratory.
I - INTRODUCTION
During the last years, conclusive experiments have demonstrated that
stimulated emission from multicharged ions is able to produce X-ray
amplification /1,21. That such ions are emitters of ex treme ultraviolet and X-ray
radiation is of course a knowledge familiar to physicists. Taking the simplest case
of hydrogenic ions as example, the energy of the optical levels reads:
(1)

Z being the charge of the core and n the main quantum number. For ten times
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charged ions, say, the transition between levels n=3 and n=4 will have an energy of
66 ev, the corresponding wavelength being of 188 A. a value which belongs to the
soft X-rays. But what has posed problem during tens of years is the no less
familiar relation between the spontaenous and stimulated emission coefficients
which, for transition between ieveis m and n, can be written as:
(2)

wherefrom spontaneous emission was meant to overlay completely the stimulated
processes in the short wavelength range. Then the X-ray laser was regarded as
definitively impracticable. However it must be kept in mind that the radiation
intensity is proportionnal to the emission coefficient Amn if and only if the
emitted photons do escape from the medium withol,lt interaction with other
emitters, i.e. if the emitting medium is very dilute or of very small dimension. In
any other cases the outgoing intensity is to be found on integrating an equation of
radiative transfer which expresses both absorption and stimulated emission due to
photon-ion interactions. For photon frequency v, this equation takes the form:
dI/dx

=(hv/4n)AjiNj~(v) +

+ (hv/c).I.Blj9i(Ni/91-

Nj/91)~(v)

(3)

where the N's are level populations, the g's, statistiGal. weights, ~(v) , a profile
function. The medium acts 'as an amplifier once the second term on the left hand
side is negative. Then the ability of the medium to amplify radiation is not a
matter of radiation frequency. Whatever is the spectral range under consideration,
the only condition to be satisfied for achieving amplification is that there exists a
population inversion between the levels j and 1. As a matter of fact, to use
population inversions between multicharged ion levels for producing
X-ray
ampllfication was suggested for the first time in 1967 /3/.
In the case of X-rays, however, the true difficulty was that, owing to the short
life-time of excited levels, a large amount of pumping energy must be brought into
the active medium in a very short time. Therefore a huge power was required if the
usual pumping techniques were to be used. Beside the lack of laboratory X-ray
source of power large enough for carrying out an effective optical pumping, such a
power would certainly have destructive consequencies for the lasing device. Other
methods of producing population inversion had to be found.
The fruitful approach has been opened by the study of the radiation produced by
dense hot laser-plasmas. Plasmas of temperature between 100 ev ( 10 6 K) and 10
Kev ( 10 8 K) are produced since many tens of years in laboratory for the
thermonuclear fusion research or merely for basic studies of atomic data or plasma
processes. They are made up of multi charged ions as well as of the free electrons
which have been pulled off from neutral atoms. There is a well known equilibrium
relation between electronic density Ne , electronic temperature Te ' ionization
energies E Z+ 1' E Z and ion abundances NZ+ 1and NZ' that is the Saha-Boltzman
relation:

NZ+1/N Z = 2(QZ+l/QZ)(1/Ne)(2mkT~h2)3/2 x
x exp-(EZ+ 1-E Z)/kTe )

(4)

where the Q's are the partition functions. If the plasma density is too small for
the collisional processes to ensure this statistical distribution, the ratio of ion
abundances will depend of atomic coefficients in a way which is simple only in
special cases, like in the corona model where:
(5)
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the quantities between brackets being the averaged cross sections of collisional
ionization and photorecombination.
One pecularity of laser-produced plasmas is that they have regions of very
large density. because they are produced in focusing an intense laser beam onto a
solid material. The early spectroscopic studies of laser-produced plasmas, in the
last 60's, revealed that, for many lines, the photons do not escape freely from the
medium. Moreover the observation of intensity anomalies led to thinck the
populations of some levels to depart from the statistical distribution given by
Boltzman's law. Then absorption, stimulated emission and population anomalies
were to be taken into account to explain the observed spectral features /4/. These
ideas did not meet immediatly a general agreement for, at the beginning, no
detailed population calculations existed. The large density of laser-plasmas
prompted to guess populations to be naturally statistically distributed rather
than swept away from equllibrium.
Various ways of working out this difficulty were conceived /5-8/ until the
development of calculation models showed that, in suitable conditions, population
inversions may occur in plasmas, without outer pumping system, but just as the
result either of plasma cooling during the recombination /9/, or of ion excitation
by free electron collisions at peculiar density /10/. Such calculations have been
extensively developped since this time so that, from the theoretical point of view,
the X-ray laser research is now one of the most import-ant application of the
multicharged-ion physics in plasmas.
II - HOT-DENSE-PLASMA COLUMNS FOR SOFT-X-RAY LASERS
Beside the multicharged ion atomic properties, which have an essential part in
the ability of the plasma to produce population inversions, there are other general
plasma features, regarding temperature and density distribution, time evolution,
integrated radiative properties. line shape perturbation and others, that are to be
known for the clarity of the pre!.entation of calculations and experiments.
1. Production of plasma colymns
The more usual technique of laser-plasma production consists in using
spherical lenses for focusing one or more beams of a powerful laser, like
neodymium or C0 2 laser, at the surface of a solid target. If this is made for
inertial confinement experiments, the target is spherical and its illumination must
be as smooth as possible on the whole surface. As for the geometry requiered for
X-ray laser experiments, it is cylindrical and the focusing nevices have generally
to make use of cylindrical lenses. Figure 1 shows the principle of the system in the
case of a single laser beam and a massive target. If a Nd-Iaser is used, the 1.06 l.l
laser wavelength can be reduced by cristal frequency doubling.
The plasma being expanding from the target surface towards the free vacuum
space, i.e roughly perpendiculary to the target, temperature and density vary along
the expansion direction. On the left of fig. 1, two curves ~1Splay. the shapes of
these variations. The electronic density Ne is max4mum ~ 1~, cm -3) very near the
surface and falls in quickly, so that it is about 10 1 -tO l cm 3 at a few hundreds of
microns. Let us notice ~he density region of interest for X-ray lasers to be
between t0 1,8cm-3 and 10 l cm-3. The maximum of the electronic temperature Te is
located at small distance from the target because the laser beam cannot propagate
beyond the critical ~ensit~ fixed by the equality of plasma frequency and laser
beam frequency ( 10 l cm - for 1.06 IJ). The maximum temperature is the important
parameter with regard to the highest ion charge produced in the plasma. It is
around 800 ev in the collisionally pumped laser and 200ev-300ev in the
recombination laser. It is to be mentionned that, in the second case, amplification
does not take place at the temperature maximum but during the plasma cooling.
Temperatures, densities and other parameters are obtained from hydrodynamical
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Figure 1. Cylindrical focusing' of a powerful laser beam onto
the target procilces a hot pla~a 'column'. The pIasa
properties are approximately constant along an axis parallel
to the surface but vary strongly from the target surface to
the empty region, as shown by the left curves. Density and
temperature are suitable for soft X-ray aQ)llflcatlon at
short distance (l.e.NI00 fJ ) from the target. The plasma
life-time Is of a few nanoseconds or less.
numerical codes and inserted in atomic calculations of level populations in order to
obtain the conditions of population inversion occurence.
Variation on time of plasma parameters is another important feature which is
closely related to the laser pulse duration. This one may be less than 100 ps and
goes up to a few ns. As an illustration of atomic and plasma parameter variation, we
present, in figure 2, some characteristics of an aluminum plasma produced by a 2.7 ns
laser pulse. The figure displays the temperature variation together with the Li-like
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Figure 2.
Ex~le
of calculated time-dependent Ion
abundances in aluminum laser-produced plasma. Dashed aera:
laser-pulse. SOlid curve: Li-Ilke ions. Dashed curve:
He-like ions. Dotted curve: electron temperature (max. at
210 ev). The vertical arrow points at the predicted moment
of the 3d - 5f population inversion outset.
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and He-like ion densities as functions of time. An arrow points at the beginning of
the calculated population inversion between levels of Li-like ions. More details on
this calculation are given further.
A very different way of producing plasma columns, using Z-pinch implosions, has
been proposed /11-13/. We just mention it here because, as far as we know,
amplification is not yet proved in this type of plasma.
2. Gain coefficient

The equation (3), in the first section, recalled the base of line radiation
tr-dnsfer calculation. On account of the way in which plasma columns are produced.
it makes sens to assume the plasma to be homogeneous in the direction of its axis
(see fig. 1>. Then the integration of equation (3) over the column length L gives an
expression of the intensity which can be written:
(6)

k being the absorption coefficient. S, the source function, or:
I = S'(e GL - 1>

(7)

for wavelengths at which the medium does amplify with a gain coefficient G. Both
expressions reduces to each other with the substitution:

G = - k ; S=-S'

(8)

Expression m is valid in the regime of weak amplification, often called the regime
of amplification of spontaneous emission (ASE). for which no saturation at ali does
occur in beam propagation. Weak saturation may appear when e L >> 1. Strong
saturation requires GL » 1.
Now, let i and j be the quantum numbers of two excited levels, the level j lying
above the level i; let v be the j-i transition frequency, <p(Y) the profile function of
the transition. gi and 9 j the statistical weights, Bi j' Einstein's absorption
coefficient. If one knows now to produce a population inversion in the plasma, the
gain coefficient will be:
G = (hv/c) ~(v) 9j B j

,jxAN

(9)

whereAN is the inversion density defined by:
(10)

From (7), one sees that measuring the intensity for two different lengths, L and I,
of the plasma column enables to determine the gain coefficient by the equation:
( 11>

It is also possible to compare the axial and transverse intensities I a and It. If the
plasma transverse inhomogeneity can be neglected and if the transverse
measurement integrates the whole of the plasma length, one has:
(12)

In non-equilibrium plasmas used as radiation amplifiers, population rate
equations have to be explicitely solved in order to calculate the upper and lower
level populations appearing in (10). These equations express the balance between
populating and depopulating processes. The values of their coefficients are fixed
with the help of separated calculations supplying the large number of collisional
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and radiative transition probabilities which are involved in the calculation. The
radiation intensities appear also in several terms of the rate equations. They are
themselves functions of population distributions. Then. in a general treatment, the
set of rate equations must be coupled with a system of radiative transfer
equations of the form (6) or <7>. If photoexcitation and photoionization contribute
weakly to the populations, they can be neglected and the populations are no longer
coupled to radiation. In practical cases, this assumption is valid for most levels
but the radiation trapping, the possible effect of which is explained below, can
change significantly the population of a few levels. Often the balance between
population and de-population of levels is a result from radiative decay and
excitation or de-excitation by electron impact only. Then the rate equation for the
i th ion level has the form:
dNi/dt

=

fuAkiN k - Ni fuA ik +

Ne~Nk< O'ki .v>

- Ne •NiL: < 0' i k . v>
k

(13 )

where A ki and A ik are Einstein's coefficients for spontaneous emission, <:O'ki.v>
the collision rate for the k-.i transition, and Ne , the plasma electron density. In
section III, the calcuiation results of rate equations for multicharged ions giving
experimentally observed amplification will be presented.
The second important. quantity in the gain coefficient definition (9) is the line
profile function ~(v). In first approximation 4J(v) may be replaced by the inverse of
the line width 1/6v . In plasmas, the spectral lines are broadened by the ion
thermal motion as well as by the collisions of emitting particles with other ions
and with free electrons. The Doppler effect due to the ion thermal motion at
temperature T yields the familiar Gaussian profile:
(14)
where:
(15)
M being the atomic mass of the emitting ions. It is convenient to calculate the
full-width at half-maximum of this profile in using the formula:
( 16)

where M is in grams and kT in ev's. In addition, the Doppler shift due to the plasma
expansion velocity is sometimes important but it can be calculated only by
numerical plasma modelling.
There is no general analytical expression of line profiles resulting from
collisional processes. Extensive theoretical studies have been performed only for
hydrogenic ions. Otherwise it is usual- to approximate the colllsionally broadened
profile by a Lorentzian curve, the width of which is difficult to estimate in many
cases. For hydrogenic ions, the ion-collision broadening prevails over the thermal
broadening at plasma electron density such that:
~e => 4.48x10 16 (Z4/n3) (kT/M)3/4

(17)

This criterion holds mostly in the line wings. The center of lines is dominated by
electron-collisions when:
(18)
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Figure 3. Kechanism of radiation trapping. a and bare
lasing transitions. c represents the radiative decay of the
lower-level 3 to the Ion ground level 2. Radiation trapping
occurs via the transition d which reduces the depopulation
rate of level 3.

where Q is a Gaunt factor of the order of the unity; n is the main quantum number
of the line upper level; Ne is expressed in cm -3, kT, in ev's, M, in grams /14/. It is
to be noticed that, when the width of the instrumental function is larger than the
profile function, the expression (7) of intensity is modified in a way which
depends on the shape of the profile. The modification is generally to be
determined by numerical integration.
3. Radiation trapping
If the physics of the the amplifying medium was perfectly plain, the plasma
column length increase should merely result in a proportional gain-length product
growth. However various impediments, like radiation trapping or variable
refractive index, are known to make the course toward X-ray lasers more difficult.
Refractive index will be discussed in the next paragraph. Here we explain why the
radiation trapping may set up a limitation of the gain when the plasma size
increases.

Radiation trapping is said to occur when photoexcitation either increases the
population of the lower level, or decreases the population of the upper level, of
the lasing transition. In both cases this leads to destroy the population
inversion. We will take the example of recombination lasers where the lower level
may be affected by such a trapping. An example involving the upper level can be
found in ref. /11 /.
Let us look at the diagramm of figure 3. For the sake of simplicity it is reduced to
one level for each main quantum number. Moreover the radiative transitions alone
are taken into consideration. The 5-3 and 4-3 transitions are assumed to yield
laser lines. The 3-2 transition drives the emptying of the level 3. If the
population of the level 2 is large, what occurs for instance if it is the ground
level, the probability of photon reabsorption from level 2 to level 3 can be large,
then reducing the 4-3 and 5-3 population inversion. Now the reabsorption rate is
a function of the plasma size. Let us consider first an isotropic plasma, not a
column. The radiation intensity for the 3-2 transition is in all directions:
(9)

where k is given by relations (8),(9 and (10) with j = 3 and i = 2. X is the plasma
radius. A criterion of the trapping efficiency is the intensity (19) to be large
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Figure 4. Rough representation of strongly anisotropic
radiative transfer In a plasma column produced from a
massive target (see equation 23>'

enough to balance the radiative de-excitation of the levei 3 when this last is
popuiated by the decay of levels 4 and 5. Then we writte:

After a short calculation, we deduce from (20) trapping to re-populate the level 3
once:
(21)

If the populations are just close to the inversion, this reduces to:

e- kX <= (A53 + A43 )/A 32

(22)

In the case of Li-like aluminum, this gives e-kX~0.3, i.e. kX~1.2. Owing to the small
broadening of the 2-3 line, such an optical depth is reached for plasma radius of
100 IJ or less.
Now we take back the column of plasma. If it is symmetric around its axis, like in
the fiber technique used at the Rutherford Laboratory 1151, the above treatment
remains valid, Xbeing the transverse radius of the column. But if there is a strong
asymmetry, like in some of our experiments using massive targets, the rate of the
trapping depends also on the length of the column. When the plasma id produced
from massive target, between the active part having an electronic density around
10 19 cm-3 and the target surface, takes place a dense plasma which does not
contribute to amplification. This is schematically shown on figure 4. Then the
trapped intensity cannot be represented by the isotropic term 4TTI in equation (20).
Let 1/1 and I I be respectively the intensity propagating along the axis and
perpendicularyto it. An estimation of the trapping can be made be made from the
new e<tuation:
- N3 A32 + N5 AS3 + N4A43 + (21/1 + I1.)(B 23 /c)(N 2 - (g2lg3)N 3 ) = 0

(23)

If I.i is dominated by the radiation coming from the dense plasma, it will not

depend on the size of the active plasma. On the other hand, since we have:

(24)
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there is a value of L, the column length, which is solution of (23). For Li-llke
aluminum, in using population densities calculated with the help of atomic and
hydrodynamical numerical codes /16/, we found that the lowering of the 3d-5f
population inversion (,,= 105.7 A), due to the 2p-3d radiation trapping ("= 52.4 A) ,
starts at L-4 mm.
Before to leave this topic, it is worth to notice the important part of the target
design in the cure of radiation trapping. For instance, for long plasma comlumns,
massive supports may be used if and only if they are free from the element used in
the active plasma, as well as from any strong emission in coincidence with the
radiation trapping wavelength.
4. Gradient of refractive index
The plasma refractive index n is related to the electronic density, Ne , and to
the wavelength of the radiation by the relation:
(25)
We have seen that, in general, Ne varies rapidly in the direction perpendicular to
the target surface (see fig. 1>. Therefore the plasma column has a transverse
gradient of refractive index Kh. It is known that this feature entails the curvature
of the radiation path, the curvature being:
1/R =

N!

~/n)

(26)

where til is the unit vector normal to the trajectory. Let assume the electronic
density to vary as:
N = N e(-x/J\c)

e

c

(27)

where Ac is the characteristic length of density decreasing ("gradient length") and
Nc ' the critical density. Then the radius of curvature will be:
(28)

that is to say, if the curvature radius and the gradient length are in cm, the
wavelength A in angstr6'ms and the density in cm- 3:
(29)

After a path of length L in the plasma, the deviation will reach a value
approximately given by (in cm):
(30)

This effect is important in experiments ,using plasma columns of several
centimeters and requiring a large electronic density for producing the population
inversion /17/. The deviation can be of several hundreds of microns. This results
in the beam leaving the amplifying region and the lowering of the net gain. In
recombination lasers, the electronic density is generally too low for this deviation
to be of consequence.
5. Multilayer mirrors
Ordinary mirrors are not available in the soft X-ray range. The refractive index of

solid materials is very near the unity and the reflection coefficients in normal
incidence are of the order of 10- 4• Realistic cavities for lasers can be designed
only since multilayer mirrors have been developped /18,22/. This, in turn, needed
a great deal of detailed data on optical constants that have been measured only
recently. These mirrors consist in piles of thin layers (see figure 5), alternatively
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Figure 5. Ex~le of IIIlltilayer mirror for
ultraviolet and soft X-ray radiation.

extreme

absorbing and transparent for soft X-rays, such that constructive interferences
occur and provide reflection like any interferential mirror. The reflection
coefficients are strongly dependent on the wavelength. The substratum surface
polish must be of high quality for achieving large efficiencies. Reflection
coefficients up to 50% have been reported. 5% to 20% is more usual.
These values, which are much lower than generally -required for laser cavities,
could be regarded as of .little interest in practical applications. However a
propitious feature of plasmas is to supply fairly large gain coefficients. Then, let
11 the intensity of the amplified beam at the output of the plasma column when no
mirror is used, 12' the intensity with the multilayer mirror set perpendiculary to
the propagation axis, R the reflection coefficient of the mirror, G an L as before.
It is easy to calculate that, for a parallel beam:
(31)

From this expression we see that, even with a 5% reflection coefficient, a single
reflection on the mirror will double the intensity once the gain-length product GL
reaches a value of 3. Observed gain coefficients are, at the present time, between
0.5 cm-1 and 5 cm-1, while the iength of plasma columns varies from a few
millimeters up to 6 cm. Thus multilayer mirrors can be used with large advantages
in many experiments.
III - AMPLIFICATION IN RECOMBINING PLASMAS
Regarding the production of population inversions, we have already mentionned
two types of mechanisms which are extensively studied from both experimental and
theoretical points of view. On the one hand, the rapid cooling of a plasma, after
the end of the laser pulse, gives rise to a large departure from thermodynamical
equilibrium, as a consequence of which population inversions appear between some
levels of the multicharged ions (see figure 2). Many results have been obtained
according to this scheme in H-like and Li-like ions. They will be summarized in the
present section. On the other hand, steady state population inversions are also
produced in some particular multicharged ions, as a result of the balance between
the collisional ground state excitation by the plasma free electrons and the fast
radiatiVe decay of low lying levels. This is known as the collisional pumping
scheme, used with Ne-like and Ni-like ions. It needs well defined values of plasma
density and temperature. The results obtained in this way will be presented in
section IV.
Though gain coefficients be smaller in the recombination scheme than for
Ne-like ions pumped by plasma free-electron collisions 123,24/, the former is
worthy of deep investigation on account of its comparatively moderate power
requirements. From wavelength scaling studies one expects lasing conditions to be
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Figure 6. Diagram of hydrogenlc C VI; amplification occurs
for the Ha-Iine, at 182.2 A.

reached nearA= 40 A with power density no larger than 10 13 W/cm u2 , while at least
one more magnitude order is required in the collisional scheme. Amplification of
spontaneous emission is already demonstrated in recombining plasmas up to 81 A
in hydrogenic fluorine 1251 and 65 A in lithium-like sulfur 1261.
Early considered at long wavelengths in neutral hydrogen 1271 , later on this
scheme has been extensively studied in H-like ions 128-33/.
1. Hydrogenlc ions .
Let us consider a plasma, Initially completely ionized. Due to the fast cooling, the
plasma gets out of equil1brium. Three body recombination populates strongly the
most excited levels of H-like ions and is followed by collisional-radiative cascades
to Intermediate levels. At the same time, owing to the free-electron low
temperature, electron-ion collisions from the ground level cannot balance the
radiative decay of the lowest lying levels. As a consequence, transient population
inversions occur between intermediate and lower levels. Inversions with respect to
the ground level have also been predicted, but the necessary cooling rate seems
too high to be obtained in experiments.
Adiabatic expansion.
It has been shown the adiabatic expansion of a freely
expanding plasma to be able to produce population inversion between n=3 and n=2
levels of H-like carbon, provided that the expansion rate of the plasma is
optimized by choosing an appropriate target geometry • The use of thin carbon
fibers allows a symmetrical illumination by the Nd-Iaser beams and suits well
rapid cooling requirements 128,291. The main transitions of interest in H-like
carbon are shown in the diagram figure 6. The 3-2 lasing-transition wavelength is
182.2 A.
Gain coefficient calculation needs two different kinds of calculations to be
brought together. First, the time history of the plasma is described by an
hydrodynamical model which includes only the gross feature of the atomic
composition. Second, the detailed atomic level populations are obtained by solving
219

-1

.,
Figure 7. Gain coefficient calculated as a function of time
for the 182.2-A line of C VI. Calculations are made for 4
different Nd-Iaser energies (ref. /29/).
a system of coupled rate equations. In figure 7 are displayed examples of the final
result of such calculations, after substracting the population of n=2 to the
population of n=3 level and making use of expression (9) above. The gain coefficient
is given as a function of time for various laser energies. This calculation has been
performed for the analysis of experimental results obtained with a 180 ps laser
pulse duration. One can see that the time scale of the population inversion is in
the nanosecond range. In fact, during the laser pulse, the 2-3 transition is
absorbing and it comes to be amplfying in a late stage of the plasma life, after the
end of the laser pulse. This behaviour is characteristic of the recombination
scheme.
A laser-beam focusing system especially suitable for thin fibre irradiation has
been developped at Rutherford Appleton Laboratory (UK). It consists in a
combination of focusing lens and off-axis spherical mirror which produces a line
focus free of transverse aberration. Up to six laser beams can be brought round on
the same thin fibre of 7-mm length. Various options in beam arrangement enable to
choose among different lengths. 50 - 200 ps laser pulse duration are used. The
frequency of the Nd-Iaser is doubled. A sketch of the interaction chamber can be
seen in figure 8. This system has been successfully used for measuring the
variation of the carbon 182.2-A line intensity as a function of the length of the
fibre. The result is the curve shown in figure 9 which exhibits an exponential
increasing with a gain coefficient about 4 cm -1 1341. In the same conditions, the
line at 135 A of the same ion has a linear variation, what corresponds to the
optical1¥ thin line behaviour.
A similar work, recently performed in fluorine 1251. has revealed three different
regimes according to the laser energy per unit length. A gain maximum of 5.5 cm- 1
has been observed at"= 81 A for ElL = 9 :!: 2 J/cm. At ElL = 16:!: 1 J/cm the gain is
reduced to 3 cm -1 while at ElL = 4 :!: 2 J Icm there is no gain at all. These three
regimes are well accounted by the numerical simulations which suggests that, in
the low energy case, the plasma ionization is too weak and, in the high energy case,
the plasma is too hot.
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Figure 9. On the left, line Intensity of the 2-3 transition,
at 182.2 A, of carbon C VI, versus the length of plasma
column. The exponential increasing is in agreement with a
gain coefficient of 4 em-I. On the ri~t, for caJ;larison,
intensity of the 4-2 line at 135 A, In the same conditions.

Magnetically confined plasma
An alternate scheme for obtaining population
inversions in a recombining plasma has been proposed and developped by Suckewer
et al. at Princeton University 130-32/. In order to increase the duration of the
population inversion up to several tens of nanaoseconds, the plasma is confined by
a strong solenoidal magnetic field, so that the plasma density is kept almost
constant while the electronic temperature is falling down, due to plasma radiation
losses.
A magnetic coil can take place around the plasma column because the target
illumination is Obtained at the focus of a long-focal spherical mirror, the room
around the column remaining free for the confinement device. However, in this
system the column length cannot vary without changing other plasma parameters.
Therefore the gain-length product has to be deduced from line intensities
simultaneously measured in axial and transverse directions, for one and the same
laser shot (see equation (12».
It has been shown that conditions for maximum gain are better in the off-axis
region of the plasma column than in the center. In the center the temperature is
maximum. It decreases rapidly in the outer region whereas the electron density
reaches a maximum off axis. Thus, recombination of bare nucleus of carbon to
H-like ions is maximum in the outer region. Figure 10 shows the gain coefficient
calculated as a function of plasma radius. The maximum gain occurs in a
few-tens-of-microns-wide annulus whose the radius is of 1.4 mm 132,35/.
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FIgure 10. Predicted radial prof! les of hydrogenic-carbon
182-A gain coefficient (k> and electron temperature (Te> in
the magnetIcally confined plasma column. The figure shows
that there Is a narrow hIgh gain region /35/.
EXPERlliENTAl ARRANGEIIENT WITH XUV IIIRROR

C,ollnq l ncidc nce
6

lIIirror

To XUV Alial
Monochrom./

Specltom.

Figure 11. Device producing a magnetically confined
laser-plasma at Princeton UnIversity. X-rays amplIfIed
durIng the plasma coolIng are receIved on the entrance slit
of the the axial monochromator. A multIlayer mirror,
represented In the left part of the figure, can be used for
Increasing the XUV path length through the plasma.
The sketch of the experimental set up is shown in figures 11 and 12. The
plasma is produced, along the axis of a 4-m radius spherical mirror, by a high
power C0 2 laser. The target consists in a solid carbon disc, possibly completed by
blades making the plasma more uniform (figure 11>. A small hole in the center of
the disc enables to measure the soft X-ray axial intensity. Slots are set in the two
observation directions in order to sele,ct the high gain region of the plasma (see
figure 10>. The length of the plasma column is around 2 em.
With a magnetic field of 90 kG, a gain-length product, G.L, as large as 6.5 has
been obtained at 182 A in the high gain region shown in figure 10. The CO 2-laser
pulse parameters were: E = 0.3 KJ, FWHM = 75 ns, power density = 5xl0 12 W/cm 2 .
In the,recombination phase, during Which the peak of the line was ogserved, the
electron temperature was 10-20 ev and the electron density, (6-7)xl0 l cm- 3 • More
recently a still larger gain (G.L =8) has been reported /35/.
A further and very impressive proof of amplification has been given by using an
X-UV multilayer spherical mirror. The reflectivity of the mirror at 182 A was
measured to be 12 %, whereas the increasing of the line intensity along the axial
direction, due to the mirror was about 120 % (see equation (31)>. This result is
shown in figure 13.
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Figure 13. On the left, enhancement of the 3-2 line of cS+
from transverse to axial observation. The gain G.L deduced
fran this measurement Is of 4.3. On the right, additional
enhancement due to the XUV spherical mirror (R = 12% ± 4%)
represented in fjgure 11.
Measurements of the angular divergence of the 182.2-A lasing line emission
have been also made with the same experimental set up /35/. To screen reflections
from the waJls of the vacuum chamber, a 1-mm-wide and 10-mm-high collimating
slit was installed ahead of the spectrograph entrance slit,. A device for precise
horizontal scanning of the axial spectrometer was added. Taking into account the
plasma-to-spectrometer distance, the horizontal displace ment of the spectrometer
can be expressed in terms of angular deviation of the line of sight. Results are
displayed for two values of the magnetic field, 35 kG and 50 kG, in figure 14. The
widths of the peaks at half max imum are about 5 mr. This value gives confirmation
that it is a narrow high gain region, like shown in figure 10, which supplies
practically all the 182-A line emission. It is suggested the shift at higher
magnetic field to be caused by a small tilt of magnet at high current, It is
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Figure 15. Comparison of the divergences exhibited by
various lines belonging to different elements.
interesting to point out that at lower magnetic field, 20 kG say, the divergence is
found to be significantly larger, namely 9 mr. The divergences of several lines,
belonging to various elements, have been compared in using relative angular
distribution measurements. In figure 15 one sees the curves obtained for the
182-A line of carbon (thin dashed line) as well as for some Li -like lines of ox ygen
and aluminum /36/. The 141-A line of aluminum and the 173-A line of oxygen do not
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show any angular concentration. However, as for the 154-A line of aluminum,
though much less peaked that the carbon line, it exhibits also emission directivity.
As a matter of fact, it is one of the Li-like lines which may be amplified in
aluminum plasma. This is the subject of the next paragraphs.
2. Lithium-like ions
Besides plasma expansion, the emission of line radiation may also take part to
plasma cooling. In this respect, lithium-like ions are interesting because the line
emission of the parent ion (He-like) is very intense. Another interesting feature of
Li-like electronic structure for producing population inversion~ is the
eX1nPtionall y fast radiative decay of 3d5/2 3/2 to 2P3/2 1/2 levels <10 1 sec- 1 in
Al +) owing to the large overlapping of the corresponding node less radial
wavefunctions • Hence, when the high-lying level populations grows large due to
radiativo-collisional cascades occuring in the course of plasma recombination, the
3d levels will easily turn out to be the lower levels of lasing transitions.
Calcuiations Calculations have been developped for ions from aluminum (Z = 13) to
calcium (Z = 20> /26,37-391 and also, to some extend, to titanium (Z = 22) and copper
(Z =27) 1401. Aluminum has been extensively investigated on account of his
importance in many experiments. That is why, results for this element are
presented below as typical examples of the scheme.
Lithium-like AII0+ ions have to be considered in an in~~rmed~ate plasmadensi ty range, comprised between the very high densities <10
cm - ), for which
pure.ly collisional LTE assumptions are satisfied, and the coronal range <10 16 tOU cm- 3), where de-excitations are purely radiative. At intermediate densities,
the dominant populating and de-populating processes are not the same for low
lying and high lying levels. The highest excited levels of AI 10 + tend to have
collisionally thermalized populations whereas the populations of low lying levels
are much more affected by radiative decays. In addition, at electron densities of
interest, the lowering of the ionization limit makes it unneccessary to consider the
levels above a maximum value of the main quantum number (n max 6-8) because they
are undistinguishable from the continuum levels. These are the proper conditions
for using a collisional-radiative (C-R) model.
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In practice, calculations of dnversion densities in realistic conditions are
carried out by using the All + C-R model in as a post-processor of a
ID - lagrangian hydrodynamical code which includes a description of the
ionization dynamics. The code is used in cylindrical geometry. An example of
lithium-like and helium-like ion abundances calculated as functions of time for a
2.7 ns laser-pulse has been given in figure 2 above.
The population distribution of excited states of lithium-like ions is obtained
at each moment by the solution of a system of coupled rate equations. The
optically thin approximation is made. It has been pointed out in Section II (&.3)
this approximation not to be valid for any target gemoetry because the 2p - 3d
radbation trapping may reduce the population inversion. The level diagram of
All + is displayed in figure 16 and the main features of the model are summarized
as follows:
a) The most excited states, which are
assumed in local thermodynamic
equilibrium (LTE) with each other and with the ground state of the helium-like
ion, constitute the "thermal band" which, for the present calculations, includes all
states of the Is 2nl 2LJ levels with n = 6 and n = 7. Higher excited levels are
neglected because their coupling with low-excited levels becomes negligible and
also because the ionisation limit, as already mentioned, is rapidly reached in hot
dense plasmas. Nevertheless, the choice of the limits of the thermal band is, to a
certain ex tent, arbitrary.
b) The low-lying first excited levels Is 22p of lithium-like ions behave as
quasi-degenerate with the ground level Is 22s rather than as ordinary excited
levels, especially when the electron temperature is large compared with the 2s-2p
energy difference (-22 ev). Due to high collision rate, the population ratios
between these three levels are likely to keep close to the LTE values, i.e. given
by Boltzmann's relation.
c) Since the levels which are the most involved in the direct ionisation or
recombination processes are mainly those of the thermal band (by collisional
processes) on one part, and the ground and quasi-degenerate low-lying levels (by
radiative recombination) on other part, it is assumed that, concerning the
intermediate bound levels, the difference between the ionisation and the
recombination rates is negligible compared to other processes (radiative decay,
excitation or de-excitation by collision with free electrons). Hence the set of
equations which determine the population densities of intermediate bound levels
may be written in the following form:
dNi/dt = I:N j Ajj + NeI:Nj<aJj.v> - NI x ( I : Ai j + Ne . I : < a i j . V»

(32)

where the summation indexes must be Umi~ed ~s indicated in (13). The index i
refers successively to each level from Is 3s SII2 to Is 25g 2G912 included.
Within the mentionned limits, the index j refers to any Li-like level including
those of the thermal band as well as the n = 2 levels
The major result of the full calculation is to show population inversions to
occur for several optically allowed transitions, i.e. 5f - 3d, 4f - 3d, 5d - 3p, 5f 4d and 5g - 4f in the plasma corona and after the end of the laser pulse, that is,
in the cooling expanding plasmas. In figures, the results will be displayed in
terms of the population inversion density,~N, according to equation (10). Figure
17 presents typical 3d - 5f density calculation for 0.6 ns laser pulse duration. In
this figure,~N is plotted versus the distance to the target at various times.
Figure 18 gives the temporal variation of 3d - 4f and 3d - 5f population
inversions as well as Ne and Teat a fixed distance from the target, for 2-ns
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Figure 18. Bottom: time-variation of 3d - 5f (solid curves)
and 4f - 3d (dashed curves) Inversion densIties In the space
region of the maximum ( 0.45 DIll from the target). Top:
plasma electron density and temperature at the'same place.
Laser-pulse duration: 2 ns. The arrow shows the top of
pulse. a) laser wavelength: 1.06 \1; flux density: 4 (;i/em;
b) laser wavelength: 1.06 \I; flux density: 12.7 GW/cm; c)
laser wavelength: 0.53 ~; flux density: 12.7 GW/em; d) laser
wavelength: 1.06 p; flux density: 21.6 GW/em
laser-pulse. If the profile is dominated by thermal Doppler broadening, the gain
coefficients, G, can be deduced of such curves in using equations (9) and (14). In
assuming the ion temperature to be about 15 ev at the moment of the gain peak, the
highest gain coefficient predicted by calculations reported in figure 18 should be
of 1 per centimeter for the unresolved 5f712-3d512 and 5f512-3d312 transitions.
In similar conditions, the plasma being produced by green (instead of infrared)
laser light, the predicted gain could be as large as 4.5 per centimeter for the 4f 3d transitions.
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Table L Gain coeff icients, at optimal density and
temperature, for 3-4, 3-5 and 4-5 transitions of elements of
Increasing atomic number. from ref. /41/.
Ion

AII0+

S13+

Ca 17+

N em- 3
e
T ev

10 19
17.4

10 19
19.1

5xI0 19
50

Transition
3d - 5f
3d - 4f
4d - 5f

A

105.7
154.7
334.4

G em-I

1.4
8.6
1.6

A

65.2
95.5
206.5

A

1.3
3.5
4.4

39.5
57.9
125

G

em 1

0.8
2
7.2

An important question of each pumping scheme is its ability of being extended
to shorter wavelengths, especially up to wavelengths about 40 A, that is, in the
so-called "water window" which is of great interest for biological applications.
Table 1 gives information in this respect for the Li-like recombination scheme. In
the table, the electron densities and the temperatures are the values providing the
largest gain for each ion. It must be noticed that the temperatures are not the
maxima at the top of the laser pulse but the temperatures required at the moment
of the optimal density, during the cooling phase. The table shows that the gain for
the 3-5 and 3-4 transitions decreases slowly when the atomic number increases. On
the contrary, the gain should increase rapidly for the 4-5 transitions.
Experiments. Experiments on lithium-like ions have been mainly developped by the
Laboratoire de Spectroscopie atomique et Ionique <Universit~ Paris-Sud), in using
the laser faclllties of Palaiseau (LULl> 123, 42-461. The main characteristic of the
experimental technique consists in the single-side lllumination of the target llike
in the sketch of figure 1>. This enables to make experiments even if only one laser
beam is available. Another advantage is that solid target plate supports can be
used, so that target preparation and adjusment in the vacuum chamber, are easier
and faster than in the case of thin fibers or foils. In particular, large size targets
can be easily prepared for the production of very long plasmas. But on the other
hand, the plasma expansion has not exactly the cylindrical symmetry of the
calculation model. Hence the comparison between experiment and theory may be
more difficult. An important example of that has been given in section II (&.4), in
connection with radiation trapping in the case of massive target (figure 4). Most of
the experiments in aluminum have been made in using 2 - 3 nanosecond Nd-l,ser
pulse duration. The power density on the trarget surface is of 2 - 5xl0 12 W/cm •
The experimental device involves a grazing-incidence X-UV spectrometer with
either a scintlllator plus an optical multichannel analyser (OMA) or a X-ray streak
camera as a detector. Thus time-integrated as well as time-resolved recordings
can be made. The relationship between both types of results is brought in by
numerical integration which involves the simulation of plasma temporal evolution.
An example is given in figure 19 which presents the result of an integration
performed in relation with
the analysis of preliminary time-integrated
measurements on sulfur, at 65 A 1261. One is starded from a trial time-dependent
function of the gain, preserving the general features of recombination scheme
shown, for instance, in figure 19. Line profile functions, depending on time and
space, have been introduced. Then gain (absorption) is calculated at wavelengths
separated by small intervals, so that one obtains a time-integrated absorption
spectrum of the plasma in the neighbourhood of the line of interest. This is
represented by the middle curve of figure 20. One sees that the temporal gain peak
(1 cm -1), exhibited by the upper curve, turns to a deep breaking in of the
time-integrated absorption spectrum. Finally the instrumental function changes
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Figure 19. Relation between the time-dependent gain (upper
curve) and the observable time-integrated absorption
spectrum (middle curve). The time-averaged gain reduces In a
line of absorption breaking In. The lower curve shows the
Intrumental broadening of the absorption line.
G

cm-1

I

2

o

Figure 20.
Gain as a function of time for the 3d - Sf
transition of AllOt (,,= 105.7 A) measured for a 0.7 em long
plasma column. La!J.er-pulse half-maximum duration: 2.5 ns;
flux density: 5xI0l~/cm2
this curve in the lower one, which fits fairly well the experimental results
reported in /26/.
Examples of time-integrated and time-resolved measurements performed on the
3d - 5f line of aluminum are shown in figures 20 and 21. In both cases relation (11)
has been used for pairs of lengths either for time-dependent or for
time-integrated I L and II'
Experiments about the 3d - 5f and 3d - 4f lines have also been carried out at
Rutherford Laboratory in using the thin fiber technique (same section, &. 1> /47/. A
thin aluminum layer was deposited on the carbon fiber. The laser pulse duration
was of 100 ps and the laser frequency was doubled (green light). Notwithstanding
these differences, the gain coefficient at 105.7 A has been found to be around 1.6
cm-1 for a 12 mm long plasma column. that is similar to the gain obtained at
Palaiseau. At 154.7 A, the gain coefficient 15_ of _2.5 cm-I, what seems to be a little
larger than Palaiseau's value /48/. This could be due to the shorter iaser
wavelength used at Rutherford, as suggested by the calculation of figure 18 c).
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Figure 21. Tlme-integratred gain measurement for the same
line as In figure 20. Emission spectra for the two plasma
lengths are displayed at the top of the figure; One sees
strong absorpt"ion peaks for most of the lines and the
absorption breaking In at 105.7 A, the wavelength of the
3d - Sf line.

As previously mentionned, the magnetically confined plasma technique has also
been used for aluminum Li-like ion study /36/. It has proved gain and small beam
divergence at 154.7 A (see figure 15). The analysis of the results leads to a value
of the G.L product about 3.7.
In the experiments described above, the length of the plasma column was of the
order of 1 cm and always shorter than 2 cm. The goal of the experiment presented
now was to investigate the soft X-ray lasing properties of a 6-cm long recombining
plasma column /49/. If the physics of the amplifying medium was really plain, the
plasma lengthening will result in a proportional gain-length product growth.
However we have seen, in the first section, that various impediments make the
course towards X-ray lasers more difficult. As a matter of fact, one can observe
that, in the case of plasma columns produced from massive targets, the gain
gnefficient decreases when the column length increases. This is explained by the
anisotropic radiation trapping discussed in the first section (&.3). The new
experiment has shown indeed that no gain can be observed with a 6-cm long plasma
column produced from a massive polish slab of aluminium.

Figure 22. Sketch of the experimental set up carried out at
LULl (Palalseau) for producing a 6-cm long amplifying plasma
column. Five beams are focused on the same line.
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Figure 23.
Photography of the vacuum chamber schowing the
five laser-beam entrance tubes.
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Figure 24. Top: silq)l i tied diagram showing the DlUl ti layer
mirror and a parallel X-ray beam focused on the focal
circle of the grazing incidence grating. 81 and 82 are two
slits limiting the beam; distances are given in mm. Middle:
diagram showing the maximum angular divergence accepted by
the sll ts. Bottan: diagram showing a possible reduction of
the divergence due to the reduction of the beam cross
section at the end of the plasma.
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The cure for radiation trapping needed to remove the dense plasma standing on
the side of the active section in the massive target case. This led to use as few
aluminium as possible for the target, that is to say a thin AI-layer (1000 A). The
support of the layer was still massive but made of material free of aluminium.
The framework of the experimental set-up is shown in figure 22 which
represents the arrangement of the five laser beams converging to the target.The
focal spot is a 6.4 cm x 200 u rectangular surface. The vacuum chamber and the
beam entrance tubes can be seen on the photography of figure 23.
The result presented below has been obtained in using a multilayer vue mirror
(see section I, &.5) which was set perpendiculary to the axis, at the plasma end
opposite to the detector. The mirror is spherical with a 6 cm curvature radius, so
that the mirror sphere centre is just in the middle of the plasma column. The
reflex ion coefficient of the mirror is put at the value of 5% deduced from
calculation for the 105.7 A wavelength. The scheme of the device, including the
focal-circle mounting of the spectrometer, is shown in figure 24. It is designed
with a view to select plasma emission having a strong directivity in axial
direction. Only parallel beams falling on the grating are perfectly focused on the
detector surface. Small beam divergence entails line broadening, given by relation:
(33)

/1"1\ = 2.08 x 8 mrad

Now, figure 25 shows the comparison between the spectra corresponding to
single-pass beam (mirror closed) and double-pass beam (mirror open) in the region
of the 3d - 5f (
105.7 A) and 3p - 5d ( "
103.8 A) transitions. One sees
double-passing to enhance the 105.7 A-line intensity much more than the 5%
reflex ion would do alone. It can be calculated from the experimental data that the
gain-length product is about 3, i.e. the gain coefficient about 0.5 cm- 1• In using the
relation (31) one can also calculate an "effective" gain-length product for the
double-pass beam. Its value is 4.

,,=

=

10S.7A

mirror

op.n

(Ron)

103.84

\

'-
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t
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t

Figure 25. Intensity increasing produced by a mul ti layer
mirror (r = 5%) for the 3d-Sf transi tion at 105.7 A, in
using a thin layered aluminium target (1000 A). Mirror
closed: single-pass beam. Mirror open: double pass beam. The
line narrowing is discussed in text.
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radius
r max 150 J.l
Gain

f=30mm

Figure 26. Top: gain profile assumed for the calculation of
a lenslike effect in the plasma. Bottom: Reduced section of
the reflected beam (solid line) inside the plasma and at its
boundary.

In addition a 30%-reduction of line width is observed in the case of the
double-pass beam.
In accordance with equation (33), this means that the
divergence of the beam at the entrance of the spectrometer has been reduced. This
suggestes in turn that a lenslike effect of the amplifying medium could reduce the
cross section of the beam at the end of the column 1501, so leading to smaller
angular beam spread, as shown in the lower diagram of figure 24. For illustrating
this process, figure 26 shows the reduction of the beam diameter produced by
double-passing in a column of 300 u diameter having the gain profile displayed at
the top of the figure.
The gain measured in this experiment with mirror leads to think that a laser
pumped by recombination should be feasible at 105.7-A wavelength in using a
multIlayer mirror cavity. In improving the reflection coefficient by a better choice
of mirror components, the saturation regime could be achieved in a six-pass cavity.
The amplification life-time in the Li-like recombination scheme should be long
enough for a 12-cm long cavity, consistent with the plasma column length.
IV - COLLISION ALLY PUMPED LASERS
With the collisional pumping scheme, we .reach the world of geant devices for
producing plasmas, of huge powers for plasma heating and also of large soft X-ray
amplifications. Most of the experiments have been performed with the laser NOVA
from Lawrence Livermore Laboratory, the largest Nd-glass laser in the world at
the present time. The power density available for producing plasma columns of
several centimeter length is about 10 14 W/cm 2 or more, that is, an order of
magnitude atmost two times higher than in other experiments. From the very first
experiment on selenium 1511, large gain coefficients have been obtained in 1-cm
long plasmas. They have been maintained later in 4-cm long plasmas 124/, and
afterwards extended to heavier elements 117/. Working with lighter elements,
which indeed require a little less heating, Naval Research Laboratory has ~roduced
gain for the same transitions with laser power density less than 10 1 W/cm 2
153,541. This large difference may pose problem about the total similarity' of the
population inversion mechanisms in both works. Experiments are also in progress
at the Centre d'Etudes de Limell 155/.
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Figure 27. Simplified level diagram of the n = 2 and n = 3
levels of Ne-like ions. showing the main transitions
producing population inversions between 3p and 3s levels.
Collisional pumping has been mostly considered for the multicharged ions of the
neon sequency. It must be kept in mind that there is no external electron source.
Collisional processes under consideration are uniquely due to plasma free
electrons. A simplified diagram of Ne-like ion level is plotted in figure 27. The
general features of population transfer between the various levels can be roughly
summarized as follows.
Th~ col~isiongl excitation rate from the ground level is approximately the same
for Is 2s
2p 3s and Is 2 2s2 2p5 3d level~. At. the same time. owing to
selection rules. the radiative decay from the Is 2 2s 2p5 3p to the grO~nd level is
strictly forbidden. whereas it is quite large from the Is 2 2s 2 2p 3s level.
Moreover there is a large rate of population transfer from 3d to 3p level by
radiative and collisional cascades. As a consequence. population inversion can
occur between the 3p and 3s levels provided that plasma free electron density is
chosen in a suitable range. Quantitative predictions must include dielectronic
recombinations. Rate equation calculations show that population inversions occur
only in a rather narrow range of electron density. At too low density. there is no
colllsional pumping and, when the density becomes too large, colllsional mixing
between the levels thrusts populations to statistical equilibrium.

Calculations need a very large number of atomic data of good accuracy /56/.
Having them. the rate equations of the colllsional-radiative model are solved in
close connection with plasma hydrodynamics simulation. The first quantitative
predictions of gain as a function of plasma density at various temperatures, for Mg
III, Ca XI and Fe XVII, have been reported in 1980 , the wavelengths lying mostly
between 500 a and 1500 A /57/. A great deal of work has been developped during
the last years at Livermore for Se XXV. Y XXX, Mo XXXIII and so on. the lasing
wavelengths being between 100 A and 200 A 124,58-601.
We show below a theoretical result obtained at Palaiseau for Ne-like strontium.
the lasing wavelengths of which are expected near 160 A /61/. The calculation
leading to gain curves plotted in figure 28 treats simultaneously 5 ionization
stages, from Sr XXVII to Sr XXXI. The Ne-like strontium (Sr XXIX) is described by
more than 50 levels. A less number of levels is used for neighbour ions.
It can be noticed, in figure 28, that the electron density as well as the
temperature needed for high gain production are significantly larger than in the
case of the recombination scheme (see for instance section III, table 1>. The high
temperature requirement leads, as already pointed out. to that experiments can be
made only with very large laser pm-ler. On the other hand, the large density will
give more importance to beam refraction in plasma than in recombination lasers.
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Figure 28. Ne-I ike strontium 3s - 3p predicted inversion
densities versus electron density, for a 800-ev temperature.
Level designations: n' 3 and 7, 3s IP1 and 3P ; n' 9, 10,
II, 15, 16 and 20, 3p IP I , 3P2 , 3p0' 3pl, ID2' /SO'
1. Ne-like ions

The experimental set up used at Livermore for gain measurements in Ne-like
ions is represented in figure 29. The length scale can be estimated from the
diameter of NOVA beams, i.e. 74 em. Targets are prepared for being used as
exploding foils /58/.
A number of results have been obtained with this device, especially for
selenium and molybdenium. The highest gain-length product that has been ever
achieved at the present time in X-rays is schown in figure 30. The intensity
increasing of the 3s 3PI - 3p 3P2 line, at 206,3 A, is plotted against the plasma
length. One sees that multiplying the plasma length by a factor 4 increases the line
intensity by 5 orders of magnitude. The gain-length product is about 15. This value
seems to be the limit laid down by the inhomogeneity of refractive losses.
Time-resolved recordings, associated to beam divergence measurements, have
shown that the history of the beam refractive deflection is complex. As a matter of
XRL foil on aluminum
support structure

On axis McPigs
spectrograph

~,~

?Off

axis
McPigs
spectrograph

Pinhole camera
TGSS Or streaked beam divergence camera
or beam divergence camera

Figure 29. Nova two-beam facility chamber set up /24/. XRL:
X-ray laser. TGSS: transmission grating streaked
spectrometer. HcPigs spectrographs are grazing incidence
grating devices with a gated microchanneI plate of large
size as the detector /24/.
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Figure 30. Line intensity of 3s - 3p transition (J= 2 to 1)
of selenium He-like versus tre length of plasma column. The
gain coefficient Is of 4 cm- /24/.
fact, the X-ray laser pulse is found at different times in different lines of sight.
This can be seen in figure 31 where the temporal evolution of the 206.3-A beam of
a 3-cm long plasma is displayed for two directions. The common time scale is
provided by the NOVA pulse. In 31 a) there is only a small deflection of 1 mr with
respect to the axis of the plasma column, whereas it is of 12.5 mr in 31 b). The
difference in occurence time between the two directions is 250 ps, i.e. an interval
whose the magnitude is similar to the x-ray pulse duration itself. This variation is
assigned to the steeper plasma density gradient at early time. Photon trajectories
propagating the plasma at that time are more refracted than later on, when
inhomogeneity has been smoothed by plasma expansion.
Measured and predicted gain coefficients for Ne-like selenium lines are
summarized in figure 32 /621. Calculations and experiment are in good agreement
with the well known exception of the J = 0 to 1 lines. Notwithstanding some
improvements in the introduction of dielectronic recombination in atomic
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Figure 31. Measured time history of the X-ray laser pulse in
two different lines of sight. a) within 1 mr of the
geometrical axis of plasma column; b) at 12.5 mr of the same
axis.
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Figure 32. Diagram showing the lasing lines of Ne-lil<e
selenium with observed (In parentheses) and predicted gain
coefficients.
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Figure 33. Simplified level diagram and
probabilities of neon-lll<e molybdenlum /17/.

transition

calculation, the observed discrepancy for these lines is not yet completely
elucidated.
Ne-like molybdenium provides lasing lines of shorter wavelengths, with gain
coefficients similar to the ones of selenium /17/. The diagram of figure 33 shows
typical values of the transition probabilities used in the ~nversion population
calculation. Plasma parameters are assumed to be Ne = 5xl0 0 cm- 3 , Te = 2 Kev,
Tj = 500 ev. Experimental results are presented in figure 34. Ne-like ytterbium as
also shown gain at 155.0 A and 157.1 A.
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Figure 34. Measurement of gain for 35 - 3p ilnes of Ne-like
molybdenium
2. NHike ions
The objective of producing an X-ray laser in the "water window" between the
K-edges of carbon and oxygen, i.e. near 40 A, for applications to biological
specimen imaging, has led to develop the theory of a Ni-like analog to Ne-like
scheme /59,631. This was necessary because, at so short wavelength, the Ne-like
scheme would require Gd 54 +. for instance, to be produced, and the necessary
irradiance should be more than 10 16 W/cm 2 • In the Ni-like sequency, the population
inversions are produced between the 4p and 4d levels /521.

3p,,, 4P,,, _ _....:;0~--,
3d,,, 41,,, ----'---,.-13904~ 1~9)
13~1 0 (49)

3d", 41,,,
1320 4 (37)

_ _~---,-

__O::- 1272.0 (35)
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-,I<---,,e.....-r--....:;2:...- 1242.8 (301
-7":........,,,e--r-_---'-_1238.0 (28) 4d
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4p

3d,,, 4p,., -.L-+....".'---,L-~'--...L..
3d).? 4p,,, -..L..--r.:"'-"-""T-""'t--:---'

........_->-

0

"'--..... 3d'. ground stele

Figure 35. Simplified diagram of Ni-like Eu energy levels.
Population inversions occur between 4d- and 4p- levels.
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Figure 36. Observation of gain at 65.60 and 71.04 A In
Ni-I ike europium /641.

The ground level is the 3d 10 closed shell. The dominant mechanism of 4d-Ievel
excitation is the collisional excitation from the ground state. A rapid radiative
decay from the 4p to the 3d level maintains the population inversion. A level
diagram of Ni-like europium is shown in figure 35. Lasing lines are expected
between 65 A and 105 A.
In the exper~ments, the target was an EuF 2 thin foil irradiated with a power

density of 7x10 1 W/cm 2 . The non-linear intensity increasing, for the 65.90-A and
71.04-A lines, is shown as a function of the plasma length in figure 36. The data
are fitted by gains of 0.6 and 1.1 cm- 1 respectively. The extrapolation of this
scheme has been explored in looking at Vb, in the spectrum ot which a 4p-4d line, at
50.26-A, has shown a non-linear increasing consistent with a gain coefficient of

1 cm- 1 /64/.

v - OUTLOOK
We have described in detail the two chief pumping methods used in the
experimental works intending to carry out X-ray amplifiers trom hot plasmas. In
the future, these methods will be very likely extended to new multicharged ions. It
must also be kept in mind that many other schemes are under investigation. So,
photoionization pumping of metastable levels could open the way to lasers having
low threshold pumping energy /65/. Pumping' with synchrotron radiation has been
calculated for ali-laser /66/. Large excited populations, leading to X-UV
fluorescence enhancement, have been produced by multiphoton excitation /67/.
Also charge-exchange excitation in ion-atom collision is a possible mechanism for
soft X-ray laser pumping /68,69/. It will belong to future experiments to provide
arguments fur or against each possible scheme, in showing at first the effective
production of gain.
We emphasized already that an important property of each pumping scheme is
its ability ot being extended to shorter wavelengths, up to about 40 A, where

interesting biological applications are possible. The schemes described above can
be extended to ions ot higher Z provided that plasma temperature is large enough.
The wavelength-to-temperature scaling differs considerably according to the
population inversion scheme. This is shown in terms of density flux deposited on
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Figure 37. In order to decrease the lasing wavelength more
energy must be spent for producing the plasma. This figure
shows how the density power onto the target does scale with
the wavelength for the collisional schemes' (Ne-Ilke and
Ni-Ilke Ions) and the recanblnation schemes (H-llke and
Li-llke Ions). The dashed vertical lines delimits the
'water-window' which Is of a great Interest for biological
appl icatlons.
target surface in figure 37 where the points below 50 A are calculated.
Lithium-like ion plasma allows an especially economical extension to short
wavelengths because. in t~iS case. lasing wavelength and plasma temperature have
approximately the same Z -scaling. The figure displays the "water-window" near
40 A. Inside this window. radiation is absorbed by the K-edge of carbon atoms of
organic molecules but not by the k-edge of oxygen of water molecules. Thus using
an X-ray laser in the water-window would make possible holographic imaging of
living samples.
As regards the comparison of X-ray lasers with other sources. besides
coherence and directivity. a very large enhancement will occur in their brightness.
Assuming "rea1istir experimental conditions in which the observed emitting area
should be 10- em. the solid angle at the entrance of the measurement device
being 10- 6 steradian. one finds approximately that the same number of 1 - 5x to 4
photons per pulse (for a 120-A line) are emitted by laser-plasmas and

Table 2. Comparison of soft X-ray sources
Source
Tokamak plasma

Pulse duration(sec) :

to- 1

Photons per pulse : Brightness (a.u.)
1 -

5xl0 4
5xl0 4

1
10 8
10 13

Storage ring

10- 9
2xl0- 1O

Undulator

2xl0- 1O

2xl0 3
2xl0 8

Soft X-ray laser

5xl0- 1O

10 12

Laser plasma
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1 -

to 8

2Xl0 16

tokamak-plasmas. But the pulse duration is 10 8 times shorter for laser than for
tokamak. leading to the same ratio. to laser advantage. between their brihtnesses.
Typical photon number and brightness are compared in table 2 for various sources,
in letting in a thermal line broadening of 0.02% for plasmas and using the same
band width for other sources. The estimate diS~laYed in table 2 is made out in
assuming a population inversion density of 10 1 cm- 3 in a 10 em long amplifying
plasma column.
However. as regards X-ray lasers. though large amplifications are observed in
plasma columns. it remains to reach the saturation theshold. at which there will be
approximately as much photons as inverted atoms in the plasma. Before this point.
the characteristic optical properties of laser-beam cannot be completely achieved.
It follows from the analysis presented in the previous sections. especially section
II. that this still requires improvements in target manufacturing and. on the other
hand. the development of multilayer mirror cavities coupled to long plasma
columns.
A number of applications are waiting for these achievements. In addition to
holography of living biological samples. interferometry. microscopy. X-ray imaging,
surface physics and physical-chemistry. are to be mentionned at once.
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SELECTED TOPICS IN X-RAY SPECTROSCOPY
FROM HIGHLY IONIZED ATOMS IN HOT PLASMAS
Elisabeth Kallne
Department of Physics I
Royal Institute of Technology
S 10044 Stockholm, Sweden
1.

INTRODUCTION

The purpose of these lectures is to highlight results achieved so far
in the field of X-ray spectroscopy from hot plasmas. The lectures are
divided into four parts: 1) general description of the plasma source, i.e.,
the environment in which the highly ionized atoms are embedded,
2) discussion of dominant atomic processes in the center of the plasma and
spectroscopic results related to the hot, quasi-stationary region,
3) discussion of results related to the plasma regions showing gradi nts in
the key parameters, i.e., when changes in radial profiles of electron
temperature and density are important and the atomic processes must be
studied in detail, and 4) discussion of fast time-varying phenomena
other spectroscopic results possibly related to processes not usually
accounted for.
In the two decades which have passed since X-ray spectroscopy gave the
first reliable results on ion temperature of hot laboratory plasmas from
line profile analysis of individual X-ray lines [1J we have seen both a fast
development and establishment of the experimental techniques to extract with
better accuracy and sensitivity some of the key parameters for mapping the
plasma behaviour. Additionally, the observations have contributed with
important results to the physics of highly ionized atoms. In this paper, we
will briefly discuss the first aspect and emphasize the questions related to
the atomic physics issues. Some reviews have recently been published on the
role of' atomic physics in fusion research [2,3J and the diagnostic aspects
of spectroscopy in general [4-7J. These lectures emphasize results related
to X-ray spectroscopy still achieving attention through new observations or
theoretical calculations. For more basic information on spectroscopy from
tokamaks the reader is referred to earlier references [8-10J.
In fusi~n research of today the parameters of the plasmas have reached
new domains compared to those achieved in previous machines. For example,
electron temperatures in excess of 10 keV have been reached at JET (Joint
European Torus, Abingdon, UK), ion temperatures of 15 keV and above have
been reached both at JET and TFTR (Tokamak Fusion Test Reactor, Princeton,
US), while electron densities still are in the range of 10 13 -10 14 cm- 3 • The
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volume of the plasma is also much larger than that of previous machines; at
JET the plasma volume is -140 m3 • These parameters imply that light atoms
are completely stripped of all electrons, while medium Z atoms (with higher
Z than for earlier machines; e.g., Ni 27 +, Kr 33 + and Mo 39 + for JET) are
stripped to few electron systems. Doppler broadening of spectral lines is
substantial for these hot ion temperatures. Furthermore, instrumental
distances are long compared to any atomic collision lengths and the discharge times are long compared to any atomic collision times.
ThUS, we expect the conditions in the central part of the plasma to be
determined mainly by atomic processes. On the other hand, boundary
conditions, i.e., effects of plasma-wall interactions [llJ, have proven to
greatly influence and determine the plasma behaviour also in the center of
the plasma. Therefore, there is an increased emphasis on experiments to map
and also to control and influence the boundary conditions and to explore
e.g., possible dependencies on confinement time for different boundary
conditions. In these lectures these issues will not be discussed but must
be referred to only [11,12J.
2.

THE PLASMA SOURCE

a)

Ohmic Heating Mode

The plasma source for the topics discussed in these lectures is always
a magnetically confined plasma produced by a tokamak. The plasma is thus of
low density (n e - 10 13 -10 14 cm- 3 ) and high temperature (T e - 2-10 keV, Ti 1-15 keV). The plasma is produced by an inductive current through a
transformer action (see Fig.l) and the plasma discharge is pulsed. Therefore, all the plasma parameters will show a time dependence following the
initial current ramp-up phase, a stable flat-top phase and a current rampdown phase. Figure 2 shows a typical plasma discharge time trace with (from
top to bottom) plasma current, electron density, additional heating power of
radio-frequency antennae, electron temperature and ion temperature.
The working gas, usually hydrogen or deuterium, is let into the vacuum
chamber in the beginning of the discharge. Typical filling pressures are in
the range of mTorr while the vacuum chamber initially is at a vacuum of 10- 9
Torr. The cleanliness of the vacuum chamber is important and the chamber is
therefore baked regularly and also kept at an elevated temperature of -150°C
during discharges. The interaction of the plasma edge with the vacuum
chamber is minimized through introduction of limiters. The vessel chamber
at JET is made out of inconel alloy (mainly nickel and chromium) and the
inner wall as well as the limiters are covered with graphite tiles. ThUS,
the main impurity elements entering the plasma will be carbon and oxygen (to
a few percentage level of concentration), while metal impurity concentrations are lower by one to two orders of magnitude.
In a typical plasma discharge the elements deposlted on the limiter
will re-enter the plasma and become successively ionized during the radial
diffusion of particles. Thus, radial distributions of the different ionization stages of the impurity elements will evolve and reach an equilibrium
distribution determined both by atomic collisions and by the particle
transport processes. Figure 3a shows a radial -distribution of the main
plasma parameters (electron and ion temperature, Te and Ti , and electron and
ion density, ne and nil at one time in the discharge. Figure 3b shows a
three-dimensional plot of the electron temperature with time and radius.
Under such stable conditions we can also describe the evolution of the
ionization stages and we obtain equilibrium radial shell distributions such
as shown in Figs.4a and b. These figures are examples of the shell
distributions for a light element, oxygen, and a heavier element, nickel.
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At these high electron temperatures low-Z impurities are fUlly ionized
and give contribution to the radiative power only in the very outer edge of
the plasma. The metal impurities, however, will be in the H- and He-like
stages in the center of the plasma and give rise to X-radiation from the
center and to VUV from the outer regions of the plasma. Measurements of the
radial distribution of the total radiated power show these features. An
example of results from such measurements is shown in Fig.5a where the Ohmic
input distribution and the total radiated power are shown. A clear radial
dependence is found and it can be seen from Fig.5b that the radiation from
the outer edge of the plasma can be explained as caused by radiation from
lower-Z elements such as oxygen. From analysis of these data we can not
only evaluate the total radiated power, its radial distribution and its
energy dependence, but we can also try to control the plasma discharge to
prevent detrimental losses to occur.
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b)

Additional Heating Mode

As the plasma current is increased the heating efficiency with Ohmic
heating only is decreased since the plasma resistivity decreases.
Instabilities are likely to occur with increasing current and, therefore,
additional heating by other methods than Ohmic heating is necessary in order
to reach the conditions for fusion and an ignited plasma.
At JET, ion cyclotron resonance heating (ICRH) [13J and neutral beam
injection (NBI) [14J are both used in combination and with Ohmic heating.
Presently, plasma currents up to 7 MA, NBI power up to - 10 MW and ICRH
power up to - 10 MW have been applied. The maximum recorded power with a
combination of the three heating methods is - 20 MW.
In ICRH, the resonance heating is applied directly to the bulk ions.
However, it might be necessary to specially inject minority ions, e.g., 'He,
to match the resonance frequency for ion cyclotron heating. Through collisions the various ion species will equilibrate in velocity distribution
although high energy tails of ions might persist in the plasma. The ICRH
usually causes large fluctuations in the electron temperature, so-called
sawtooth oscillations. These can be both of a regular periodic structure
(50-200 ms period) and evolve with a much longer duration sawteeth (monster)
oscillations [15J.
During NBI high energy deuterium particles (presently 80 keV at JET)
are injected to the plasma. Through collisions with the bulk plasma ions
the NBI energy is deposited. In addition to heating the bulk plasma ions
the momentum of the beam particles will also induce a toroidal rotation of
the plasma. For NBI power of some 10 MW the ion temperature increases from
- 3 keV to over 10 keV and the toroidal rotation velocity might be as high
as (2-4)010 5 mis, i.e., of the same order of magnitude as the thermal
velocity.
c)

Plasma Parameters

In a fusion project like JET, the goal is to reach plasma parameters to
achieve conditions for an ignited plasma with the reaction d + , ~ 'He + n.
ThUS, optimization of parameters, combination of different operating scenarios for a plasma discharge, is the main effort. Presently at JET, the best
achieved confir.ement criteria, i.e., neo'eoTi (where n e is the electron
density, 'e is the energy confinement time and T i is the ion temperature)
has a value of 3 010 20 m-' s
keV; to reach ignition a value of 5 010 21 is
required. The latest results obtai nee for the different fusion projects are
usually published at the plasma physics conferences [16-18J and will not be
discussed here.
At issue for these lectures, however, is that due to the optimization
and variation of parameters in the quest to produce the fusion plasma
follows, that the quasi-stationary period of the plasma might be short, also
in comparison with atomic times due to the occurrence of e.g., MHD instabilities. Thus, spectroscopic studies of atomic physics phenomena might be
possible only with the more modest operating scenarios of the plasma.
TherefOre, more basic information on the physics of highly ionized atoms in
hot plasmas will be obtained from (smaller) tokamak machines which are not
necessarily in the forefront of national or international fusion research,
while results obtained from machines like JET are more of direct relevance
for diagnostics of fusion plasmas. For example, observations from JET will
reveal much of the interplay between atomic physics and the phenomena related more to physics of impurities in fusion plasma such as particle transport, reCYCling, impurity accumUlation; some of these issues will also
become visible in these lectures.
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3.

X-RAY SPECTROSCOPY INSTRUMENTATION

The instrumental requirements at a pUlsed plasma discharge are both
survey recordings to identify spectral line features over a broad energy
range and high resolution line recordings for line shape measurements.
Furthermore, in the search for optimum plasma parameters for ignition, the
plasma conditions will vary considerably and spectrometers must be able to
cover a large variation in intensity (dynamic range of 3-4 orders of
magnitude or more). Additionally, one of the major new aspects of instrumentation is that it should be able to give spatial resolution in elements
of a few cm:s from an extended source of height 4 m and temporal resolution
to ms level in a pulse which can be 30 s long. Much of the spectroscopic
results obtained so far from tokamak plasmas have been obtained in a
parasitic mode, i.e., spectroscopy being one of the many diagnostics around
the machine. Usually, a large set of instruments are installed around the
tokamak. Fig.6 shows the diagnostic equipment installed around the JET
tokamak with the purpose to measure the many different plasma parameters and
also to measure, if possible, the same plasma parameter with several
different independent techniques. However, just because of the large
variation in plasma parameters, it is usually very difficult to have several
independent measuring techniques active simultaneously.
Spectroscopic instrumentation should, besides having the capability of
spatially and temporally resolved measurements, also cover the wavelength
range from visible to X-rays in order to observe the emission from the
different ionization stages evolving during the plasma discharge. Table I
shows an example of spectroscopic instrumentation installed to operate
simUltaneously during a plasma discharge at JET.

Neutron Activation System

Neutron YI.ld Profile
Me",uring System

Double Cry$tal
Spectrometer
Piasma Boundary Probe
V.U,V. Broadband
Spectroscopy

Single Point

Thomson SeaUenng

_

Neutnll Particle
Anatyse r

Active Phase
Spectroscopy

V.U.V. $pectro5COPY
Spatial Scan

Bolomete, Camera

Sort X·Ra~

Diode A".)'

NelJlron Ylold Profll.
Measuring System

Inleff.rometer

Hard X-Ray
Monhor
Time Resolved
Neutron Yield Monitor

High Resolution X·Rav
Crystal Spectrometer

Fig.6

----

2mm Microwave
Interferometer

Schematic of the diagnostic systems around the JET tokamak.

251

TABLE I
Spectroscopy instrumentation at JET
Wavelength
Range (A)
Visi ble

VUV

X-ray

Instrument

Information

4000-8500

1m Czerny Turner + OMA
interference filter+PM
poloidal array of PM:s
Czerny Turner + OMA

Survey
individual lines H,D,He,C,O,
Ha,bremsstrahlung
charge exchange spectroscopy

10-40
20-1200

Grazing Incidence
Flat-field, toroidal
grating

Line shape, Impurity Survey
Survey, Impurity
concentrations

Double Crystal
Double Crystal
Rowland Circle

Spatial Scan
Survey
Line Shape Analysis

1-24
1-24
- 2

X-ray instruments can either be coupled via a thin window (if A < 25 A)
or directly to the vacuum chamber. Most X-ray spectrometers in use have
been of traditional Rowland circle type with a large Be window being the
interface at the tokamak machine. Figure 7 shows two set-ups of X-ray
spectrometers presently in use at the large tokamaks JET [19] and TFTR [20].
The Bragg crystal diffracts the X-rays onto position sensitive detectors.
In present day applications stringent requirements are put on the detectors
to give good position resolution, large area and high count rate capability
[21-23]. Presently, resolution elements of less than 100 ~m over a length
of 10 cm have been achieved at count rates above several MHz.

Fig.7a Schematic outline of the
X-ray crystal spectrometer
at JET [19J.
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Fig.7b Schematic outline of the
X-ray crystal spectrometer
atTFTR [20J.

4.

BASIC DIAGNOSTIC INFORMATION FROM X-RAY SPECTROSCOPY

Before discussing results from X-ray spectroscopy in relation to atomic
physics of highly ionized atoms we will briefly discuss the basic diagnostic
information obtained from X-ray spectroscopy. In addition to the parameters
mentioned below, X-ray spectroscopy can give important information on other
plasma parameters such as electron temperature and density, neutral particle
density, magnetic and electric fields. These subjects require more
discussion of the atomic processes and will be discussed in Sections 5 and

6.

a)

Ion Temperature and Toroidal Velocity

The line profile (the width and position) of an individual spectral
line gives data on the collective motion of the emitting particles provided
other broadening mechanisms are negligible. The X-ray line of e.g., He-like
nickel (Ni 26 +, 1s-2p transition) at 1.58 A is well separated from the
resonance lines of other ionization stages and its width is determined by
the Doppler motion of the nickel ions in the hot plasma since other
broadening mechanisms such as Stark and Zeeman effect are several orders of
magnitude smaller at the conditions for a tokamak plasma produced in JET.
Additionally, the natural width of the transition is small. Typically, for
a plasma at an ion temperature of 5 keV, the Doppler brqadening is 5 eV for
Ni 26 +, while instrumental and· natural broadening is 0.5 eV and other
broadening mechanisms are another order of magnitude smaller. However,
there are other factors caused by for example the line-of-sight through the
plasma with radial variations in e.g., electron and ion temperature,
rotation velocity etc. [24-26J which can cause extra broadening. Therefore,
even the rather straightforward measurement of an individual line profile
requires plasma modelling for analysis and preferably other independent
measurements should be performed to support the analysis.
A high resolution instrument is required (ElfiE> 5000, typically
instruments in use have ElfiE = 10-20000) to measure the line profiles of
individual X-ray lines. Figure 8 shows examples of results on ion
temperature measurements at tokamaks. In Fig.8a an individual line profile
from the resonance line (ls-2p transition) in Ni 26 + is shown during Ohmic
and NBI heating, Fig.8b shows the time evolution of the ion temperature
during additional heating, clearly showing the requirement of high temporal
resolution (in the figure a time resolution of 20 ms is obtained) and Fig.8c
shows a comparison of results from different techniques of measuring the ion
temperature [27J. Although excellent data has been obtained on ion
temperatures from the hot tokamak plasmas, we still lack instrumentation to
give sufficient temporal and spatial resolution, simUltaneously.
b)

Impurity Identification and Measurement of Concentrations

From a spectral survey measurement the impurity content of the plasma
can be determined. Firstly, there are normally occurring impurities whose
concentration should be monitored from shot-to-shot and time resolved during
the discharge. Secondly, occurrence of a new impurity should be easily
observed to give precursors for any possible disruptive behaviour due to
unusual conqitions in the vacuum chamber.
To follow the impurity behaviour in the plasma, instrumentation is
needed which can give spectral surveys both spatially and temporally
reSOlved. Presently, there are only two approaches used for this task in
the X-ray region, spatially scanning rotating crystal [28J and spatially
scanning double crystal instruments [29,30J. Both of these approaches are
mechanically very requiring and there is no instrument of this type as yet
working automatically at a tokamak. On the other hand, the first
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presentation of radially resolved measurements, performed with a flat
crystal instrument of van Hamos type [31.32J scanning spatially on a
shot-to-shot basis. showed the importance of such measurements and also the
possibility to achieve both spectrally and spatially resolved X-ray spectra
with a not too cumbersome instrumentation.
The instruments should also be calibrated to make it possible to
measure absolute concentrations. ThUS, a calibrated X-ray source should be
connected to the spectrometer during normal tokamak operations to be able to
obtain the absolute efficiency of the instruments. This is usually not done
at the tokamak machines and therefore there are also several questions
relating to absolute intensities and calibrations [33J.
c)

Impurity Confinement Time

The confinement time of particles can ideally be measured if the decay
time of the emitted radiation is observed. A technique developed to measure
impurity confinement and transport properties is to purposely inject
impurity elements and to follow the decay time of the emission from different ionization stages [34.35J. An example of an impurity decay time trace
from JET is shown in Fig.9 for Li-like Ni (Ni 2s +). The experimental data
are shown as points and the predictions from a plasma impurity transport
model with various diffusion coefficients (D = 0.5, 1.0 and 1.5 m2 /s) are
shown with solid lines.
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5.

ATOMIC PROCESSES AND X-RAY SPECTROSCOPY FROM THE CENTRAL PLASMA REGION

The central part of the plasma is described as a homogeneous plasma
with no gradients in temperature and density (see Fig.3). An ionization
stage equilibrium can be predicted based on electron impact ionization and
recombination (as shown in Fig.~) assuming any time dependent variations of
plasma parameters are slow compared to atomic collision times. For example,
at an electron density of 10 13 cm- 3 it will take - 5 ms to reach Ni 26 +
through successive electron collisions and the "flat top" lasts for several
seconds. ThUS, during the quiescent phase of the plasma discharge (the flat
top of Fig.2) spectrosocopic observations can favourably be done to study
details of highly ionized atoms. Here, we will give a few examples of such
recent studies.
In the center of the hot tokamak plasma, low Z elements such as C and 0
are fUlly stripped and medium Z elements, such as iron and nickel, are
mainly present in the H- and He-like ionization stages. For these ions
studies now exist up to Z ; 28, Ni, [37,38,4J, while for lower ionization
stages also heavier elements such as Kr and Mo have been studied [39-~1J.
a)

Spectroscopy from Highly Ionized Atoms

The H- and He-like spectra have been studied in detail at several
tokamaks and here we wiil just mention a few results still receiving
attention. Figure 10 shows the H- and He-like spectra observed from the JET
tokamak [37J. The solid line represents the best fit of the theory to the
experimental data. Several points can be made from such a detailed
comparison. The absolute wavelengths predicted from the calculations must
be adjusted to agree with the experiment; in Fig.10 a systematic shift of
all calculated wavelengths of 2.9 rnA (0.2%) has been done for the best fit.
Shifts in wavelengths for different lines in the isoelectronic sequence of
He-like spectra have also been studied [~2J and agreement to within 1 rnA
between theory and experiment has been found. However, no abSOlute
measurements of these X-ray wavelengths from He-like lines observed in
tokamak plasmas have been done; absolute measurements with an accuracy of
< 20 ppm have only been presented for H-like CI and Ar observed from the
Alcator C tokamak [~3,~4]. It can also be observed from Fig.10 that there
is a disagreement between experiment and theory in the position of the lines
of the H-like Ni spectrum. No shift of the theoretically predicted lines
has been done in this case. Thus, there is still a need for accurate,
absolute measurements of wavelengths for these few electron systems.
b)

Ionization State Balance

A detailed comparison of theoretical predictions with experimental
spectra as shown in Fig.10 gives not only line positions but also relative
intensity results. To arrive at the solid line, however, requires not only
calculations of excitation rates for all the different atomic processes
populating the levels involved. It also requires calculations of ionization
state balance to obtain relative abundances of the ionization stages
involved in the observed transitions. As has been pointed out previously in
this paper, an ionization state balance has been assumed valid for the
central part of the plasma (coronal equilibrium). However, in order to
arrive at the best fit shown in Fig.10 it has been necessary to change the
abundance ratios considerably from those predicted from a corona eqUilibrium
calculation. For example, the ratios Ni 2s +, Ni2~±,Ni23+ to Ni 26 + are
deduced to be 0.7, 0.2 and 0.06, respectively, While predicted values are
0.33. 0.09 and 0.017, respectively. Similar results have also been found
from the TFTR tokamak at a higher electron temperature (~ keV) than for the
spectrum from the JET tokamak (3 keV) [38]. The relative abundance ratios
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differ by up to a factor of two between different calculations so there is a
need for more detailed ionization equilibrium calculations and evaluation of
accuracy of the calculations as well. Further comparisons with experimental
spectra should be done, preferably over a range of electron temperatures in
order to understand the difference in abundance ratios deduced from the best
fit of experimental data and those predicted from a pure ionization state
balance calculation for a homogeneous plasma.
The experimental spectra are observed along a horizontal line-of-sight
and modelling is included to take into account effects of radial profiles of
electron temperature and density. Of course, it would be preferable to have
radially resolved measurements in order to properly describe the ionization
stage profiles, although any deviations from values predicted from a
transport code are assumed to be small for the ionization stages from the
central part of the plasma.
c)

Temperature and Density Dependence

The He-like spectra have been commonly observed because of the
diagnostic possibilities which exist from the different line ratios in the
spectra [45,46J. Observations of line ratios from a well diagnosed plasma,
like from a tokamak plasma, are important, since they serve directly as test
of the atomic theory, i.e., rate coefficients for the atomic processes·
involved are measured. In general, good agreement (to within 10%) has been
found for line intensity ratios representing dielectronic recombination
[47,48J and electron impact excitation. However, there are still
uncertainties as to the main diagram lines in the He-like spectra. For
example, the ratio G (representing the sum (x + y + z)/w in the notation of
[46J) tends to be higher than predicted from a purely ionization balance
calculation. Since the observations are done along a chord (integrated
line-of-sight) the question of radial profiles of the impurity ionization
stages always linger as an uncertainty.
Recently, an analysis has been made on data from JET for line ratios of
the He-like Ni spectra with electron temperatures up to 15 keV. Deviations
in the main diagram line ratio x/w have been observed as well as in the
satellite ratio t/w [49J. This is the first time the theory has been tested
at these high electron temperatures and there is a need for better cross
section data at high energies.
From the analysis of spectra observed from plasmas we cannot directly
measure a cross section since the whole electron velocity distribution is
present and contributes to the excitation process. ThUS, we use rate
coefficients in the modelling of the plasma emission. Therefore, when we
observe deviations from the predicted theoretical line ratios this could be
signatures of e.g., non-Maxwellian distributions and not only errors in the
used cross sections. For example, there are clear evidences of nonMaxwellian distributions during electron cyclotron resonance heating [50J
causing changing line ratios in the He-like spectrum. We could, however,
also discuss the possibility of e.g., truncation of the Maxwellian
distributions during various plasma operation scenarios. These questions
are presently most interesting for the plasma physics and there is a need
for mqre experimental data even at the high electron energies in order to
separate effects of errors in the cross sections from any other effects such
as non-Maxwellian distributions.

6.

ATOMIC PROCESSES AND X-RAY SPECTROSCOPY IN PLASMA REGIONS WITH GRADIENTS

In the plasma regions of rapidly varying electron temperature and
density there will also be a strong influence of particle transport and the
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ionization stage distributions will no longer be described by a simple
atomic model. Figure 11 shows the nickel density distribution both for a
model using an ionization balance (corona) and a model including particle
transport [51J. Thus, measurements of radial distributions become crucial
since the issue of particle transport in tokamak plasma is still not understood and only described with phenomenological concepts.
Not only the ionization stage balance is influenced at the outer radii
but also the spectral features are remarkably changed shoWing that the
atomic processes producing the spectra are changing. A clear example of
this comes from the first radial scan observations of X-ray spectra from a
tokamak [32,52,53J. Figure 12 shows the spectra from He-like argon emitted
by a dense tokamak plasma with a central electron temperature of - 1.5 keV.
The top spectrum is from the central part and the two lower spectra are from
the outer regions with temperatures of - 800 eV and - 350 eV, respectively.
The dielect~onic satellite lines (K in Fig.12b) show first the expected
behaviour with increasing intensity when the temperature falls, while at
about 2/3 of the plasma radius the intensity drops suddenly. These results
showed for the first time clear evidence in characteristic X-ray spectra of
charge exchange recombination with thermal hydrogen. It should be
emphasized, that in addition to charge exchange becoming the dominant
excitation process instead of electron impact excitation to produce the
spectra from He-like argon there must also be sufficiently fast transport of
H-like argon to the edge (since the charge exchange process involves the
thermal hydrogen and the hydrogen-like argon).
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The interpretation of the origin of the spectral changes observed
in the n=2 to n=l spectrum, as shown in Fig. 12, could be verified with
observations of transitions from the high n states to the ground state
[53] as shown in Fig. 13 [32]. The resonant charge exchange process

at the low velocities present in this experiment (0.2-1.5 keY) will populate only low t quantum numbers of the resonantly populated n=8, 9 shell
[54, 55] and the deexcitation occurs through the Y-rast chain to the
ground state. It is interesting to note that the characteristics of this
process can be well described by a classical model [55] and the analysis
of this data could yield valuable infromation of the neutral density
distribution as discussed in [53].
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Observations of characteristic x-ray spectra from these high n states
from a hot plasma source complement nicely direct experiments on ion-atom
collisions. So, for example, it could be possible to observe and charac- ze
terize various collision processes, e.g., by using different fill gas in
the plasma (such as H and He from Fig. 13).
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Fig.13. Spectra from Is8p- to Is13p - Is2 transitions from two
different chords obtained in a) helium working gas and b)
hydrogen working gas [32].

Here the resonant charge exchange was probably not observed because it
would be outside of the spectrometer range (should occur at n = 7, 8 for
the He case of Fig. 13a). Not only the main diagram lines but also inner
shell and dielectronic satellite lines have been observed from the hot
tokamak plasma [56J. Identification of the satellite structure could be
done by comparisons with theoretical calculations and a systematic
structure of satellite lines originating from the higher n shells was
identified.
Observations of radial profiles of the lines in the spectra from
He-like ions become crucial to start to entangle the questions of importance of atomic processes, of radial transport and their relative importance in different temperature regions of the plasma. So, for example
observations of the different diagram lines from He-like argon spectra
[32J showed that the usually employed model to describe the radial emissivity from the plasma had to be modified by using a much stronger term
of recombination (by a factor of five) to get agreement between the observed profiles and those predicted by the model. Further information
to ~ntangle these questions must be obtained from simultaneous radially
resolved x-ray spectroscopy measurements. On the other hand we have here
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shown examples from X-ray spectroscopy from hot plasmas where a switch
of the atomic processes producing the lines in the He-like spectrum could
clearly be observed.
7. ATOMIC PROCESSES AND X-RAY SPECTROSCOPY IN TIME TRANSIENT REGIONS
The discussion so far has been concentrated on observations from the
plasma during the quiescent period of the plasma discharge. However, as
was pointed out earlier, and seen from Fig. 2, the plasma discharge
consists of a current ramp-up phase, a quiescent flat tup and a current
ramp-down phase in a simple Ohmically heated discharge. A more thorough
understanding of the atomic physics of the highly charged ions in the
hot plasma can only be obtained in the theoretical predictions can describe even the time-varying phases (which still are of long duration
compared to atomic collision times). A First attempt to introduce the
time dependence to the ionization-recombination model [57] showed that
during the various phases of the discharge different assumptions of the
excitation mechanisms has to be introduced. Here we can merely just
introduce this interesting issue, much more time-and space-resolved observations must be made from the hot plasma source to be able to conclusively describe the spectral features and the influence of the different
atomic processes.
In a similar way, although here much more obvious, to the interpretation of the results from the central stationary part of the plasma,
the ionization balance cannot be simply described by an ionizationrecombination model (corona). Different excitation mechanisms seem to
be important in the beginning of the discharge than during the quiescent
phase of the discharge. The model described in [57] proposed as a solution to introduce excitation by high energy electrons to explain the
relative line ratios in the He-like spectra observed from different tokamak
machines. On the other hand, particle transport could be much more important during the start-up phase as well as the different plasma-wall
interactions being responsible for the original release of the ions into
the plasma.
From Fig. 2 we also observe that during additional heating large
periodic oscillations occur in the plasma parameters. Thus, here we may
observe time varying phenomena on time scales comparable to the atomic
time scales and it becomes absolutely essential with temporally resolved
x-ray spectra to even commence some modelling on the atomic physics processes producing the x-ray spectra. Variation of central plasma parameters, such as electron temperature and density as shown in Fig. 2, might
also be followed by variations of radial distribution functions as discussed in Sec. 6. Indeed, by changing the plasma parameters in a systematic and controlled fashion it might be possible not only to understand
and predict the details of the X-ray' spectra but also the collective
phenomena responsible for the periodic oscillations. This, however,
requires extensive systematic experiments with the aim of understanding
the observations. Such experiments still remain to be done at the hot
plasma sources. Here, the new ion sources [58] might be more suitable
sources than the large and often cumbersome tokamak machines.
As a final remark in these lectures we will highlight some earlier
observations from tokamak plasmas still very intriguing but unexplained
phenomena. Fig. 14 shows observations of line intensity variation of the
doublet structure from H-like sulphur observed in the Alcator C tokamak
[59].
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The large fluctuations observed in the relative intensity ratios from
these lines were not re~ated to any obvious change in plasma parameters.
Nor could any systematic variation in line intensity ratios be observed
for these plasma discharges. Processes such as proton excitation (instead
of the normally dominating electron excitation) could change these line
ratios but not sufficiently to explain the experimental observations for
these plasma conditions. Thus, even in the central, quiescent phase of
the plasma discharge (where these observations were made) there might
be processes influencing the excitation of these relatively simple spectra.
It is clear that a wealth of atomic physics of highly charged ions could
be learnt from systematic and controlled experiments aimed at observing
with high spectral, temporal and spatial resolution X-ray spectra.
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THE PHYSICS OF SLOW, HIGHLY CHARGED ION ATOM COLLISIONS
A. Niehaus
Buys Ballot Laboratory
Princetonplein 5
3584 CC Utrecht, The Netherlands

1. A Short Review
This

review,

and also the following discussions,

will be limited to

collisions in a velocity range where the typical effects caused by the
large amount of "potential energy", carried into a collision system in
the form of the recombination energy of the highly charged ion Aq+, are
not too strongly perturbed by effects caused by the collision velocity.
This velocity region may be characterized by the condition
for

capture

of

the outer-shell electrons of neutral

vcoll~

1 a.u.

target atoms B.

Further, we will limit ourselves to processes involving more than one
"active electron". Single capture processes have been recently reviewed
[1], and extensive information on the recent development of the field of
multiple

capture

conferences

[2-4]

can best be obtained from the proceedings of

three

devoted to this subject. Here we only summarize the

most important steps in the development during the last years in order to
have a basis for the following somewhat more detailed outline of our
present understanding of the physics of multiple capture processes.
Multiple capture processes may be indicated as:
(1)

whereby, in the low velocity region, the (r+s-q) electrons may be thought
of

as

being "spontaneously" emitted,

partners

after

the

collision,

or

by

either by one of
the

the collision

quasimolecule

during

the
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collision.

For this kind of ionization the

term "transfer ionization

(TI)" is commonly used [5]. Except for results from some rather early
work

on reactions

[6,7]

of

type

for

(1)

ions with low q-values,

as

available from normal ion sources, nothing was known, as recent as ca

1975, for the more highly charged ions, where the potential energy of Aq+
is high enough to lead, in principle, to the ionization of several target
electrons.
The first step towards a better understanding for the case of high qvalues was

made

by carrying out

capture cross sections,

C1

systematic measurements

of absolute

q ,r' for a large range of q- and r-values and

for different collision velocities [8,9]. It was found that these cross
sections are very large (10- 16 - 10-

14

cm 2 ) and - for given values of q

and r - are virtually independent of collision velocity. The

q,r were
further found to increase nearly linearly with q, and to decrease systeC1

matically with the number (q-r) of captured electrons. An interpretation
of these data was hampered by the fact that processes characterized by
the value-pair
state (r)

(q,r) are not well defined:

the same final projectile

can arise for processes leading to different target charge

states (s), and, even for a final state defined by the triple of values
(q,r,s), the final state can, in general, be reached via different intermediate states of the collision system. In this situation, the logical
second step was
formation

of

coincidence

to carry out measurements of cross sections for the

defined

charge

measurements

of

states
cross

of

target

sections

S

and

projectile.

were

Such

in
q,r
several laboratories [10,11,12]. It turned out that, in general, to each
C1

performed

(r)-value there belongs a distribution of s values (s ) q-r), proving
that one or more electrons are emitted in the process. The s-distribution
was further found to increase in width with q and with the number (q-r)
of captured electrons, indicating that the potential energy set free by
binding (q-r) electrons in the highly charged ion is somehow responsible
for

the emission of

the

(r+s-q)

electrons.

These results led to the

formulation of a statistical model [13] which was based on the assumption
that

the

potential

energy

available

in

a

collision

system

is

equipartitioned among the target electrons. On the one hand, this model
explai~ed
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the measured charge state distributions for larger q- and (q-

r)-values rather well, on the other hand, however, it did of course not
explain 'where the electrons come from' - projectile, target, or quasimolecule - and, also, was apparently in contradiction with other experimental data that proved the processes to occur in a very "unstatistical"
way. Such data were obtained by the methods of "translation spectroscopy
(TS)"

[14,15,16]

and electron spectroscopy (ES) of the autoionization

electrons [17,18,19]. By(TS) it was shown that a final projectile charge
state r=q-l arises from two or three different processes, characterized
by distinct energy gains (Q) in the energy of relative motion. These processes

are,

single

capture,

double

capture

followed

by

projectile

autoionization and - in some cases - three electron capture followed by
the spontaneous emission of two electrons by the projectile. From the
values

of

the

corresponding energy

gains

in the case of double

(Q)

capture it was further evident that the electrons were very selectively
captured into states lying in a rather narrow region.. of binding energies.
The position and the width of this "population window" was further found
to depend in a systematic way on the charge state q and on the binding
e~ergies

of

the

target

electrons.

(ES)-measurements,

which

became

feasible with the advent of efficient sources for highly charged ions
[20,21] confirmed these conclusions for two electron capture and proved
that,

quite generally, also in case of multiple electron capture from

multielectron

target

atoms,

electron

emission

by

the

projectile

is

dominant [22,23]. In addition, these (ES)-measurements yielded a wealth
of new spectroscopic information on multiply excited few electron ions.
This information will be further outlined in the last section of this
paper. Regarding the capture process itself, it thus became obvious that,
instead of scheme (1), a more detailed scheme may be used, namely,

Ar+ + (r - (q-s))e This

decomposition of

simplifies

its

the

description

overall

( 2)

process

considerably.

into

The

two

first

successive steps
step

is

a

simple

(multiple) charge exchange process which, in principle, can be described
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by established methods such as
practice, however,

the Landau-Zener approximation [24].

In

such a description, which requires the evaluation of

transition probabilities at all crossings of the potential curves of the
quasimolecule,

can

only be applied

in

the most

simple

cases,

because

there exist, in general, infinitely many such crossings. It was therefore
desirable

to find

processes

at

a

simpler model

least approximately,

that would be able to describe the
and

to evaluate the large amount of

available experimental data in terms of physical quantities. For single
electron

capture

such

a

simple

model

had

already

previously

been

formulated (25], and had been found to be very successfull. This model is
based on the so called "overbarrier criterion" -

first applied to the

description

of resonant charge exchange [26]
which says that an
q
electron will be transferred from B to A + at a critical distance Rc at

which

the

top of

the potential barrier separating the Coulomb wells,
q
caused by B+ and by A +, has an energy equal to the level occupied by the

electron when bound to B. Recently, Barany et al (27] have formulated a
model for the description of multiple electron capture which is based on
the same

criterion.

This extended model allows one to calculate upper

limits of multiple capture cross sections without

the use of any free

parameter. However, it does not include in its formulation the possiblity
to make predictions regarding the final states the electrons occupy on A
and B after the collision. A formulation not having this limitation was
later proposed by the present author

[28]. This model will be used for

the discussion and the analysis of experimental data, and is therefore
outlined below in some detail.

2. The model
The main idea capture

does

in contrast to the earlier overbarrier models - is that

not

occur

"on

the

way

in"

when

the

collision

partners

approach, but rather "on the way out", when they separate. On the way in,
a

certain

number

of

electrons

originally

bound

to

the

target

become

"molecular",

because the Coulomb barrier between target and projectile

successively

ceases
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to

be

effective

for

these

electrons

at

critical

distances

Ri,. .
R~,

i

Rt
On the way out then, these molecular
electrons may be captured with certain probabilities by projectile or
target.

This capturing is caused by the rising Coulomb barrier which

separates the space accessible to the electrons at critical distances R~.
By applying
follows

the

overbarrier

criterion

for

each

target

electron,

it

that

the molecular binding energies E 1 , E2 ,
Et ••• , are
ordered in the same way as the target ionization energies 11' 1 2 , ••• It
••• , and that R~

> R~+l'

from the criterion that

etc. To calculate a certain critical distance R~
the

Coulomb barrier height

is equal

to the

binding energy Et , it is necessary to specify for the number of electrons
r t , (t' > t) that have been captured by the projectile at smaller

Ro
t ,. By neglecting the screening of "outer electrons"
throughout the collision, the distances R~ and R~(rt) can be calculated

distances

for a charge changing collision specified by the numbers r t , i.e. by
defining where each electron finally is captured. To characterize such a
well defined process, we use' a string (j) in which the position indicates
the index (t) and a "1" indicates capture by the projectile while a "0"
indicates recapture by the target. A process with string
(j)

- (10100000)

(3)

for instance, would indicate a process where the target electrons with
ionization potentials 11 and 1 3 are captured by the projectile, while the
others of the 8 electrons considered are recaptured or remain "atomic"
throughout the collision.
In order to contribute to the example process (3), the turning point
of a collision (Rrp) has to be smaller than Rj, the distance at which the
third electron becomes molecular on the "way in". For collisions with
turning points RTP < Ri (t .. to = 3) the probability for process (3) to
t
occur depends on t. Calling this probability p~j), we can express the
cross section in the straight line approximation generally as
(4)
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where x is the maximum number of electrons that can become molecular. The
probabilities

are

probabilities.

These

products

single

quantities of the model.

of

appropriate

the

electron

probabilities

single
are

the

electron
crucial

Quantum mechanically one would estimate these

probabilities from a projection of the molecular orbital at R~(rt) onto
atomic orbitals centered around projectile and target. Since it was the
aim to keep

the simplicity of

the model,

in the original version the

degree of degeneracy of the possible Coulomb-orbitals on projectile and
target was
m(t)
of

used

to estimate the capture probability.

Calling n(t)

the principal quantum numbers of the corresponding orbitals those

orbitals

separation -

into

which

the

electron

would

be

captured

and
i.e.

after

the single electron capture probabilities are simply given

by
( 5)

where

the

quantum

approximation

numbers

these

are

numbers

assumed

are

to

be

obtained

continuous.

from

the

In

Coulomb

atomic

binding

energies, which, within the model, are given by

EP(j)
t

ET(j)
t

i

It

+ q/R t -

It

i
q/Rt -

+

t

+ rt
0

Rt(r t )
q - r

0

(6)

t

Rt(r t )

for capture by the projectile, and by the target, respectively. In
(j)
addition to the cross sections crq,q-r' also the kinetic energy gain can
be calculated from the binding energies (6). Denoting the actual binding
energy of the (t)-th electron in a process (j) by g(j)
t

EP~j)

'

where

for capture by projectile
(7)

ET(j) for capture by target
t

The
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en~rgy

gain is simply

(e:(j) - I )
t
t

(8)

3. Absolute Cross Section
The model predicts absolute cross sections for capture processes. When
the predictions are to be compared
consider possible decay processes

to experimental data.

of

one has to

the initially formed atoms.

and

further. one has to sum over all theoretical cross sections which are not
distinguished

in the experiment. Tawara et al [29] have studied
collisions of I q+ with He at low collision energies for q = 10-41. They
determined absolute cross sections for

the fomation of I(q-1)+. Since

double capture is followed by autoionization for higher q. the measured
cross section a
1 contains all three theoretical cross sections a(10).
(0 1)
(11) q. qq
and a q
• In fig. 1 these cross sections are shown together with
aq
their
sum.
which should be
compared
points

to
taken

the

experimental

from the work of

Tawara et al [29]. The agreement
is

rather

good.

This

is

also

true for the average principal
quantum number predicted by the

100

model.

...
z
2

;:;
w
'"
'"'"0

[

10

Fig. 1. Model cross sections for

C.ll

single capture (l.0). (0.1). and
double capture (1.1 ) in Iq+/He-

0:
U

'collisions. The sum

(0,11

cross
the

sections
experimental

is

(~)

of these

compared
cross

to

section

for the formation of I(q-1)+ (.)
'00

10
CHARGE

q

[ 29].
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The advantage of the simplicity of the model is that predictions can
be

made

also

for

complicated

systems.

Although we do not

expect

the

predictions to be always as accurate as in the case of Iq+/He, we believe
that

the

relative

importance

of

the

vast

number

of

different

charge

changing processes is probably rather realistically estimated. In fig.

2

we show in which way for the system Arq+/Ar the "geometrical cross

Fig.

',eo..-

2.

Calculated

composition

of the geometrical cross section
. 2
a geom = ~(R~) by the individual
cross sections a(j) indicated by
q
the corresponding strings, for

leo .....

the

systems

limits

for

Arq+/Ar.

Predicted

autoionization

are

also indicated.

~Ri is divi.ded

section" a geom
up
into
the

"'EN
~oq

of

~~CCESS£S

c;

~

4

(r)

partial
°O'--'~-.k:_-L_-L--o-~---C6"-----:7--8:--PQO ... EC~I_E

C,.."'ilGE

partial

a~j).

sections

For

electrons
cross

the

cros~

capture

there are (q)

sections

.
a( J)
q

r

as

indicated by the strings (j) in

c;

fig. 2. For each individual

process the binding energy of each electron is predicted. This
allows

one

emission.
when

q

to

predict whether

the

process

leads

to decay by electron

Since the binding energy of the electrons generally decreases

increases,

there

arise

limits

on

the

q-scale

beyond

which

a

certain process is followed by autoionization. A few such limits for the
case

of

projectile

autoionization

is

autoionization

expected

for

q ;>

are

2.

Target

5 following the capture of

indicated

in

two or

three "inner" electrons by the projectile. Generally,

fig.

the prediction is

that projectile autoionization by far predominates.
q
For collisions of Ar + with Ar Astner et al [30] have obtained cross
sections for the formation of projectiles of charge (k) and target ions
of charge (s), using a coincidence technique. These cross sections as

q,k

are composed of several partial cross sections
the relation between the

a~j)

and the

a~,k

a~j). In table 1 we show

with the experimental values.

From the rather good agreement of all the numbers we conclude that even
in

complicated

systems

described by the model.
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the

main mechanism of

charge exchange

is well

Table 1.

Comparison of experimental cross sections (last column [30])

with model cross sections (last but one column) for the phenomenological
processes q ... k,s in Ar5+ + Ar ... Ar k+ + Ar s +. In the first column the
string (j) characterizing the different processes distinguished in the
model is given. The second column gives the absolute model cross section,
and in the third column it is indicated whether or not autoionization is
predicted for target or projectile. In the fourth column the phenomenological process to which a process of defined string (j) contributes is
indicated.
Process (;)

Auto-

f~12345

ionization

10000
01000
00100
00010
00001
11000
10100
100 I 0
10001
o I 100
01010
0100 I
00 I 10
00101
000 II

6.9
2.4

0.8
0.6
proj.

5
5
5
5
5

3.6

1.3
1.0
1.3
1.0
1.0
3.6

1 1010
11001
101 10
10101
10011
01 I 10
01 101
01011
00111
1 I I 10
11 101
11011
101 I 1

1.3
1.0
1.3
1.0
1.0
1.3
1.0
1.0
1.0
0.8
0.6
0.6

I I I

8.3

8.7

5 - 4. 2

Experimental

cross section

cross section

0[,0.')

0[,0.'1

5 -4.1

28

26

5 - 4. 2

10.9

7.8

5 - 3. 2

11.7

9.2

5 - 3. 3

9.2

8.4

5 - 2. 3

5.6

4.6

5 - 2. 4

1.0

0.9

5 - 3. 2

1.3
0.9

I I 100

oI

5-4.1
5 - 4.1
5-4.1
5-4.1
5-4.1

17.6

10.9
3.6

Phenomenological processes

-

3.
3.
3.
3.
3.

2
2
2
2
2

target

5 - 3. 3

target

5 - 3. 3
5 - 3. 3

target

proj.
pro).
proj.

5 - 3. 3
5 - 3. 3
5 - 3. 3
5 - 2. 3
5 - 2. 3

5 - 2. 3
5 - 2. 3
5- 2. 3
5 - 2. 3

target

5 - 2.4
5 .1. 4
5-1.4
5 -~ 1. 4
5-1.4
5-1.4

3.0
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4. Population windows
From measurements of the gain of kinetic energy
collisions
electrons

[31,32],
[33]

as

well

as

and of photons

within an energy window of a
process,
energy.
value.

while

the

model

from

[34]

Q in charge changing

measurements

of

autoionization

it is well known, that states lying

certain width are populated in a capture

described

so

This sharp value probably has

far

predicts

a

sharp

binding

to be interpreted as an average

By comparing the widths of the windows found experimentally, we

noticed that they tend to be larger at larger collision veloci ty. This
indicates a

dynamic origin.

Some dynamic behaviour can be incorporated

into the "static model" described so far, by taking into account that the
overbarrier

criterion

barrier height.

We

is

uncertain due

introduced

a

to

the

time

variation

"minimum uncertainty"

of

the

of

the

barrier

height which is given by

Ivrad .V'b

(9)

Vb

with v

the radial velocity and
the derivative of the barrier height
rad
with respect to the distance between the collision partners. In this way

E~j) defined in (6) are replaced by a Gaussian
distribution of binding energies, and, correspondingly, the energy gain Q
the

by

binding

a

energies

distribution

corresponding

to

of

energy

different

gains.

The

indices

widths

(t)

are

of

the

assumed

distributions
to

add

up

quadratically.
In

figures

3

and

4

the

Gaussian

distributions

calculated for the processes j :: (10), (01),

on

the

Q-scale
(11) in collisions of Ar 6+

and Ne 7+ with D2' are compared with experimental projectile energy gain
spectra for single capture. For the very small scattering angles arising
in these processes, and for the collision energy which corresponds to a
relative

energy

that

is

large compared

to

the

relevant

Q-values,

the

projectile energy gain-value differs from the corresponding Q-value by an
insignificant amount. The experimental spectra contain contributions from
pure single capture, and from double capture followed by autoionization
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"Gaussians"

<5

energy

for

the

processes

indicated by the strings. The absolute
cross

section

scale

relates

to

the

Gaussians.

[3Z]. Width and position of the theoretical spectra agree qualitatively

with the experimental ones. The two examples indicate in which way the
theoretical

"Q-window"

should

be

interpreted:

the

area

under

the

Gaussians corresponds to the maximum possible cross section. which is
realized

only if states are available in the

relevant energy range.

Following this interpretation the predicted cross sections are lower for
Ne 7+/ D than for Ar 6+/ D ' as indicated.

Z

Z

The Gaussian distribution of the individual binding energies of the
captured electrons lead to the prediction of a "population window" of
excited states. and. therefore. to a corresponding "predicted window" for
the electrons ejected in an autoionization process.
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For a

large number of collis ion sys terns Aq+/He, HZ the position and the

width of this "predicted window" was compared to the actual probability
distribution of the binding energies of the doubly excited states formed
by two electron capture [18,35,36]. This comparison was made on the basis
of the measured autoionization electron spectra. In case of autoionization

into

lines

one

final

directly

state

reflects

the

the

intensity

distribution of

probability distribution.

the

observed

Good qualitative

agreement was found in almost all cases.
In fig.

5 electron spectra arizing from autoionization following double

capture

are

shown.

These

spectra

are

mainly

due

to

population

of

(3.R.n'.R.' )-states which decay to the (ZpE)-continuum. The electron energy
"window" corresponding to this decay and to the calculated population

ls~3fn·(,_,s22t
0'2)

a~

1'1".3 c:::L:=:r::J 4
0 t=:Jc:=J
c::::=:z=z:::;
'==Jc::::::J ~20

~

o"

Fig.

:>

U

......

o

5.

Autoionization electron

energy spectra for
C4+/HZ-collisions.
indicated

section

predicted

The absolute cross

scale

relates

to

the

Gaussians. The count rate scales

~ rn ·• 5

8

the

are

u

window

and
Also

the

"Gaussians".
2onf:'-'2st

NS+/H Z-

same

for

the

two

experimental spectra.

is

indicated.

The

intensity

scales

for

the

two

experimental

spectra are comparable, and normalized to the absolute differential cross
section

scale

by

comparison

with

the

theoretical

Gaussians.

This

normaLization.

is somewhat arbitrary, however, the low cross section
4
observed for C +/H Z is well explained by the fact that states are only
available in the wings of the population window.
The variation of the spectra with collision energy may be characterized
as a broadening of the "population window" whose energy position does not
change. This is clearly seen in fig. 6 for the system 06+/ HZ •
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For electron spectra arising from collisions of the bare ions 0 8+ with He
and HZ the comparison is shown in fig. 7. In both cases states belonging
to

configurations

(3ln'1')

and

(4ln'1')

are

populated.

For

He

the

population window in electron energy is shown for decay of the populated
states

into

the

For HZ

(Zl' El' , ')-continuum.

the calculated window is

shown for decay into (Zl"El"')- and (3l"El"')-continuum. It is seen
that

the

rather

different

experiment,

are

qualitative

agreement

windows,

i.e.,

population

qualitatively
also

distributions

well

reproduced

includes

the

the same normalization of

by

"height"

observed
the
of

in

model.

the

the
This

calculated

the Gaussian relative to the

spectra leads to similar heights of the measured peaks relative to the
Gaussian.
The spectrum for HZ exhibits an interesting feature which is also found
in

other

systems:

although,

according

to

the

calculated

window,

the

intensity of the lines belonging to the states (31n'1') should increase
with n',

actually a

decrease of

the intensity is found.

This suggests

that there is some constraint regarding the energy exchange between the
two captured electrons,

favouring those two-electron states which arise

from the one electron states predicted for sequential single capture. For
the present case, the most probable one electron states are predicted to
4.6 and n Z = 3.9, and the half widths of both
approximately only t.n = 1. One therefore might say

have quantum numbers nl
n-distributions

is

=

that, according to the model an extra mechanism is required to realize
the

population

of

states

like

(n 1

=

3,

nZ

=

9).

The

situation

just

discussed is probably the same as the one encountered in several other
systems Zpn'l'

is

for instance N5+/ HZ observed

[37,381.

where the population of Rydberg series

Also

in

those

cases

the

height

of

the

corresponding autoionization lines, due to decay to the Zs-continuum, are
considerably lower than predicted by the model. As an explanation for the
occurrence of these lines electron-electron correlation effects have been
proposed [37].

s.

Angular momentum states populated by capture
The model, so far, does not account for an influence of the orbital

angular momentum of a state on its population in a capture process. For
the
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case of

single

capture recently a

first attempt has been made to

introduce

such

an

momentum,

caused

influence
by

the

by

assuming

relative

that

motion

of

the
the

electronic

heavy

angular

particles,

is

.

conserved and appears as orbital angular momentum in the state populated
i
by capture [39]. In this way only states with angular momenta L < V.Rt(L)

can be populated, with V the relative collision velocity and R~(L) the
critical overbarrier distance whose dependence
for.

While

this approach is certainly much

observed [40]

on L is also accounted

too simple to describe the

strong and seemingly irregular variations of the subshell

cross sections 0nl' it might be appropriate to describe the average value
of the angular momentum <L> within a shell. For several systems Aq+/H, HZ
a

comparison

experimental

of

the

velocity

dependence

data

of

Di jkkamp

et

al

of

[40]

the

has

calculated

been made

example we show in fig. 8 the result for the population of (n

by single capture

6
in 0 + /H collisions.

<L>

[39].

with
As

an

= 4)-states

Also shown is the result of a

somewhat improved description [41] which allows for a certain width 6L of
the

angular

momentum carried

particle motion.

into

the electronic state via

In all cases studied,

the heavy

the smooth increase of <L> with

collision velocity is well described by the model.
6. Differential cross sections
Recently
section

2

it

above

has
can

been

shown

easily

be

[4Z]

that

extended

the model as
to

allow

one

described
to

in

calculate

differentiaL cross sections.
Eq.

(3)

implies the assumption of straight line trajectories and simply
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means

that

the

cross

section

is

composed

contribute with probabilities p(j)
t

forces at each point of a

of

ring

shaped

areas

that

to the process. The repulsive Coulomb

trajectory are known within the model. These

forces change in strength each time an electron

i

'
t
and each time an electron becomes atomic again at RO(J) • The scattering
t
angle for a trajectory with impact parameter (b) may therefore be
calculated as a sum of deflection angles,
two

critical

distances,

approximation,

which

is

,

become~

molecular at R

caused by the forces between

Rk and ~
say. If we use the small angle
certainly appropriate here, the corresponding

deflection angle is simply
(10)
when the Coulomb potential is given by Ck/R in the region ~<R< ~ • The
scattering angle for the whole trajectory is then
ES
k k

S(b)

(11)

where the sum is taken over the appropriate pieces of the trajectory. An
expression

for

crudeness"

as expression (3)

projecting

the

the

differential

cross

section at

the

same

"level

of

for the cross section, is now obtained by
(j)
onto the angular range between

contributions A.P

scattering angles S(j)(b=R ) and tS(jr(b=R
t

t

~1

~1

):

(12)

The differential cross section for the process (j) thus becomes
N
E

t=t
Expressions

(13)

o

(10-13)

are

used,

together

with

the

relevant

expressions

given in ref. [28], where experimental data are compared with predictions
of the model.
Recently the first measurements of differential cross sections for well
defined final states were reported
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[43-45]. Due to the fact that large

impact

parameter

collisions

contribute

dominantly

to

the

capture

processes, differential cross sections peak at rather low values of E.0
(Collison energy x scattering angle'" 1-10 keV .deg). But because of the
same reason, these measurements are very sensitive to details regarding
the changes the "electron cloud" undergoes during the collision. For the
system 08+/ He

it

was

found

that

the peak in the differential cross

section at E.0 '" 4 [keV.deg] for capture of two electrons into states (nl

=

3, n2

=

4) is consistent with the assumption of "sequential capture" -

the mechanism also assumed in the model as described in section 2 - and
inconsistent

with a

one-step

two-electron capture mechanism

[43].

In

addition it was found that, in the case of multiple capture studied for
N7+/Ar, the assumptions made in the present model [28] regarding the
screening of the projectile charge by the "molecular" electrons is more
realistic than the assumptions made in the model of Barany et al [27]. In
cases of multiple capture followed by multiple ionziation, a comparison
of measured differential

cro~s

sections with predictions of the model are

complicated because it is not always clear which intermediate states characterized

by

the above

defined

strings

(j)

-

contribute

to

the

observed final state. In fig. 9 we show such a comparison for the
differential cross section a~,7 of the system Ar 9+/Ar. The experimental
curve is adapted from ref [45]. The theoretical curve is obtained using
the extended model as described above. The contributions of the following
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Comparison

of

the

experimental differential cross
4
section a ,7(0) for the process
9
Ar 9+ + Ar ~ Ar 7+ + Ar 4+ + 2e-

EX~·'\.

i

0

~ev

,,4

45],

with the prediction

based on the model (see text).
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strings are taken into account: one string (111100000) with the innermost

= 4, four strings ( •••• 10000) with to = 5, ten strings
with to = 6, and twenty strings with to = 7. The sum of all these
"1" at position to

contributions is finally smoothed with a Gaussian of .1

0

width. In the

figure it is indicated where the contributions belonging to a certain to
peak. It should be emphasized that both, experiment and calculation are
absolute. The quoted angular resolution of the experiment is

~.15°

• The

overall agreement regarding, absolute value, angle position, and width of
the two differential cross sections is very good. The absence of the
shoulder

in

the

experimental

curve

indicates

that

the

contributions

belonging to to

6 probably do not autoionize twice, and therefore do

not contribute to

0

4

4

,7 ' but rather to 0 ,6 • The processes belonging to
9
9
strings with to = 4,5 lead to the highest excitation of the captured
electron and

therefore

should

be

responsible

for

the

measured cross

section, because emission of two electrons is most probable. This seems
to be confirmed by the measurement.
7. Spectroscopic information
In connection with atomic spectroscopy, one interesting aspect is that
electron capture into highly charged ions is a rather selective process,
which in addition is well enough understood for predictions to be made as
to which states are mainly populated in certain collision systems Aq+/B.
In this way it is not only possible to choose a suitable collision system
in order to study certain states, but also to control the population of
states to a certain extent - for instance by using different target atoms
with a given Aq+, or by using A(q-l)+ and Aq+ to populate the same states
after capture. Such methods may yield additional information needed to
identify states observed. In this connection it is important to emphasize
that double electron capture has been shown to conserve electron spin for
light

ions

and

two

electron

targets

[46].

Therefore

the

possible

multiplicity of the states populated is known, and can be controlled by
choosing appropriate systems.
Since multiple electron capture

leads

in general

to multiply excited

states that usually autoionize faster than radiate, the method of optical
spectroscopy of states formed by capture processes has been limited to
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single capture [47,48]. The main spectroscopic information that can, in
principle,

be obtained using multiple electron capture, will certainly

have to come from electron spectroscopy. In the case of states formed in
two-electron capture from two-electron targets
method

is

straight

forward

and

can

the application of this

presently

be

performed

with

an

accuracy comparable to the accuracy achieved for optical spectroscopy in
the

X-ray

region

(t1e: -.leV) •

In

the case of multiply excited

states

formed by capture from multielectron targets electron spectroscopy will
have to be combined with the coincident detection of charge

state

contribution

of
to

the

double capture.
summarize here

the

target,

electron

in

order

spectra

separate

from

decay

at least -

out

of

the

the

dominant

states

formed

by

Such measurements have not yet been performed. We will
some

recent

results

concerning states formed by double

capture from two-electron targets.
One
concerns

rule
the

which

has

been

confirmed

quite

&enerally

[17,18,19]

decay of doubly excited states by electron emission:

the

decay occurs with very strong preference into the nearest continuum. An
example for this behaviour is also the 0 8+/ RZ spectrum shown in fig.7.
The states 06+(4ln'1') that lie above the (3l m l')-limit decay completely
to (3l"e:l"'), and not to (Zl"e:l"') as they do below this limit. No
exception

to

principle

quantum number.

( •• Zpe:l)

this

rule

has
For

been
the

found

for

branching

continua
to

that

continua

from states such as ( •• 3ln'1') one finds

differ

( •• Zse:l)

in
and

typically a ratio of

- 5 in favour of the (Zpe:l)-continuum [18].
Another rule, which seems to hold for the light ion-systems studied so
4
L-configurations of the

far, concerns the fluorescence yield for Li-like
type (lsZln'l'),
selection

rule:

which are forbidden to autoionize because of the spin
the

fluorescence

transitions within the quartet

yield

for

the

system is close to

allowed,

100%

optical

[36]. Only the

lowest quartets, 4p o and 4 p e, which are not allowed to decay radiatively,
at least partially decay by (forbidden), autoionization, as evidenced by
the existence of the corresponding K-LL-Auger lines [36].
The energy
like,

positions of many doubly- and triply excited levels in Re-

Li-like,

and

Be-like

ions

spectroscopy with an accuracy of ca

have

been

measured

.1eV [18,19,38,49].

by

electron

In some cases
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they

have

been assigned

and

compared

to

theoretical calculations.

An

example for such a comparison is shown in Fig. 10 for Li-like OVI ions of
the

configuration

(ls2121').

Instead

of

level-energies

we

show

wavelengths corresponding to optical transitions from the doublet states
to the ground state (ls 2 2s)2 S , and first excited state (ls 2 2p)2 p o. These
so

called

optical

"dielectronic

spectroscopy

autoionizing
using

the

[SO].

transitions

center

satellite

of

to

lines"

have

also

been

measured

by

From our electron energies, arising from
(ls 2 )l S , we have obtained the wavelength

gravity

energies

for

the

final

states

[51].

The

resulting wavelengths are listed in Table 2.
In Fig. 10 the widths of the heavy vertical lines indicate the quoted
uncertainty,

which

for

our

data

ranges

comparison with recent calculations [52 -

from

0.005

to

0.001

A.

54] demonstrates that accurate

experimental data for doubly excited Li-like ions are still needed.

Table

2.

Wavelengths

of

lines

as

obtained

from

the dielectronic satellite
electron

spectra

due

autoionization of the upper states indicated.
Transition
upper state

(lS 2 2p)2 po
(1s 2 2s)2 S

(ls2p2)2S

21.789

(ls[2s2p]3 po)2 p o

21.848

(ls[2s2p]l po)2 po

22.025

(ls2p2)2D

22.124

(1 s2p 2)4 p

22.328

"
"

(1s 2 2s)2

S

(ls 2 2p)2 p
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Wavelength

lower state

(1s 2 2p)2 po

The

(1s2s2p)4 p o

22.372

(1 s2s 2 / S

23.012

[A]

to

2
ls2p
1s2s2p
2p O2p 2
2
'2 P
0
S

?

I

t

,

m_n

I I.
I I
II

'.

I

s-t

II

h
\

a-Cl

I

I

e-,

j-I

22.2

22·0

21·8

I

Bely- Oubau et al (1981)

Va,nshte,n /Salronova ( 978)

NICOIOSI/ToncIeIlO

\

q.r

I

Chen (986)

;

..II

I,

2
ls2s
2
S

ls2s2p
4 p 4 pO

I

I

II

I

ls2p2

I

(1977)

o-p

u.v

THIS WORK
2-4

228

22·6

23-0 A

.! Wavelength

Fig.10. Comparison of wavelengths of the dielectronic satellite lines
evaluated from electron spectra
spectroscopy

[ref.

(Nicolosi/Tondello (1977):

49],
ref.

with results from optical
40)

and with theoretical

results (Vainshtein/Safranova (1978): ref. 52; Bely-Dubau et al. (1981):
ref. 53; Chen (1986): ref. 54).

A case of special spectroscopic interest are the doubly excited He-like
ions in states of configurations with two equivalent electrons, because
for these states electron correlation is very important [e.g.

55]. We

have measured electron spectra arising from autoionization of states of
4+
the (3131' )-configura tions of C
and 06+ [56]. Autoionization occurs
into (2s,p). The measured spectrum is shown in Fig. 11. It consists of a
superposition of lines which are partially broadened because, due to a
rather

short

target

is

lifetime,

still at

a

autoionization occurs when the doubly charged
distance

of

v.~

(v

=

relative

velocity,

lifetime), which leads to a (PCl)-shift and -broadening of the line. The
PCI-shift is given by [57]

~ {1 _
2.v.~

v

I~

~
e

I

}

qT - target charge
-+-

(14)

v - electron velocity
e
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13 CS'(60keV)onH

10"

T

•

2

r

C '(313l')
r

I

I

C5'(2[')

I

PCI-broadened

Fig.ll.

electron

-shifted
arising

from

and
spectra

collisions

of

the

bare ions C6+ with HZ' The part
corresponding

to

decay

of

the

doubly excited states (3131')

:>
o
u

(Zl' , El ' , , )

is

vertical

bars

shown.

~

The

indicate

theoretical positions shifted by
the
to

PCI-shift
the

the

that

theoretical

respective

corresponds
lifetime

states

of

(see

text).
20
EMI TER

The

•

J

25

J

1

I'

30

FRAME E ERGY

!

I

[e ]

level energies and lifetimes .. for the (3131')

states of C4+ have

also been calculated (58-60]. In Fig. 11 we have indicated. by vertical
lines.

the positions obtained when the theoretical energy positions are

shifted according to relation

(14)

using the theoretical ..-values. One

notices that. within the accuracy of the measurement the theoretical peak
positions agree very well with the experimental ones. This suggests that
both.

theoretical

correct.

energy

positions

and

lifetimes

of

the

states

are

A more detailed evaluaton of the measured spectra in terms of

the known line-shapes (57] leads to a more stringent test [61].
Finally.

we would like

to point out

that.

in principle.

spectroscopic

information of the types outlined above for states populated by capture
of two electrons. can also be obtained for states populated by capture of
three and more electrons. Of especial interest would be states belonging
to configurations with three equivalent electrons. Spectra obtained for
C6+/Xe show features which indicate that such states are in fact
populated (6Z]. To study such spectra in detail it is necessary to carry
3
out the measurements in coincidence with the detection of Xe +.
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ELECTRON COOLING RINGS

D. Liesen
GSI Darmstadt
P.O. Box 11 05 52
D-6100 Darmstadt, West-Germany

INTRODUCTION
Currently, there is a worldwide boom of plans and proposals for heavy-ion storage rings
with beam cooling. This boom has three main reasons:
1. Many heavy-ion accelerators are operating successfully all over the world; thus, a lot of

experience in design, construction, and operation of such accelerators is available;
2. The development of new ion sources and injectors (EBIS, EBIT, CRYEBIS, RFQ, etc.)
yielded beams of highly-charged ions near .the space-charge limit;
3. The invention of methods to 'cool the beams' and to achieve extremely high phase-space
densities enabled experiments which would never have been performed before.
In this framework, R. Manus, the director of the 'NATO Advanced Study Institute on
Atomic Physics of Highly Ionized Atoms', asked me to present a series of lectures on 'Electron
Cooling Rings'. I gladly accepted this invitation - again for three main reasons:
1. Cargese is a very pleasant place with an stimulating atmosphere - also for physics;

2. To be able to present some of the basic physical concepts of storage rings and electron
cooling to physicists who want to use cooled heavy-ion beams for experiments. In most
of the 'conventional' accelerator-based experiments, the accelerator merely is a source
for the appropriate ions at some energy, emittance, and momentum spread. In contrast,
in most of the experiments at a cooler ring the ring itself is part of the experiment,
because one uses internal targets, performs experiments in the cooler, and sometimes
utilizes the beam itself as target. Thus, it is inevitable that users of those beams know
about the basic ingredients of accelerator and cooling physics in order to be able to
design <l;nd perform experiments within the limits imposed for a safe operation of the
machine.
3. To demonstrate that the quality of a stored, cooled ion beam is a challenge for new
experiments which could not have been performed with ion beams from a conventional
accelerator. Such experiments will become possible because stable ions and exotic,
radioactive isotopes in any charge state and with high phase-space densities will become
available.
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Based upon these points, the lecture will be divided into three parts: In the first
chapter, basic principles of 'accelerator phycis for user' will be presented (my excuses to all
the colleagues who know everything about accelerator physics !). After that we will discuss
the method of electron cooling of an ion beam; this naturally leads to the third chapter which
deals with cooling electron-ion recombination processes. It is my hope that especially the
subject of the third chapter may indicate the large variety of experiments on atomic and
plasma physical questions which can be performed in the electron cooler.
Some words about the references concerning chapter I, are in order. The first chapter
deals with general features of storage rings which are discussed in a variety of books and papers. In order to avoid not to give appropriate credit to all of the authors, the Refs. [1,2,3,4]
contain a (by far not complete) subjective survey of the latest publications on this subject.
In these publications almost all of the relevant papers are quoted. Numerical examples presented in the following always rely on the design parameters of the ESR which currently is
constructed at the GSI Darmstadt. Note that 'ESR' means '~xperimentier-~peicher-Ring',
and not '~xperimenteller ~peicher-Ring.

ACCELERATOR PHYSCIS FOR USERS
The storage of a beam of particles in a ring is a rather. ambitious task. This is easily
seen by a simple comparison: The earth performed up to now about 3 . 109 revolutions around
the sun - on an astronomical time scale. A beam of particles stored for 1 h in a ring with a
revolution frequency of 1 MHz performs almost the same number of revolutions - but on a
daily-life time scale. In space, the boundary conditions for a stable orbit of the earth around
the sun are almost ideal: One particle bound by a well-known force and 'moving in a very
good vacuum'. In a ring, the situation is much worse: Many particles which interact with
external forces and among themselves, are travelling in a vacuum (typically 10- 10 - 10- 11
Torr) which is by far not as good as in space. It is obvious that stability of the trajectories of
the particles is an important constraint for a successful operation of a storage ring.
The stability of the earth's motion on its equilibrium orbit around the sun is guaranteed
by the gravitational force. In a storage ring, a particle is kept on its closed equilibrium orbit
by the bending forces of magnetic fields. Supposed, this particle moves around the ring on a
trajectory which lies in the center of the beam pipe; in German one would call it a'Sollteilchen'.
However, in a ring not only the 'Sollteilchen' but a beam of particles is to be stored. These
particles are produced in a source and transferred into the ring by an appropriate injector.
Due to the production mechanisms in the source and the finite acceptance of the injector,
the beam enters the ring with a distribution of lateral displacements, angles, and momenta
around the 'Sollteilchen'. Since every particle in the beam travels around the ring on its own
closed orbit. The beam is spread around the central orbit.
In order to achieve a stable motion also after the many revolutions the particles perform
in the ring, the beam must be focused in the two transverse directions. The combination of
bending and focusing elements which in a rin,g are closed in themselves, is called the lattice
of a ring.
The basic ingredients of a lattice are dipole magnets which bend the beam around,
and quadrupole magnets which focus the beam towards the central orbit. The magnetic field
of a quadrupole brings a particle which in one transverse plane moves away from the central
orbit, bar.k to the axis, while a particle in the orthogonal plane is deflected further from the
axis (see Fig. 1). If the planes of focusing and defocusing are periodically switched, an overall
transverse focusing is the net effect - just as for series of converging and diverging optical
lenses. this method is called 'strong focusing' or 'alternating-gradient focusing'.
The transverse focusing leads to oscillations of the particles around the central orbit,
the so-called betatron oscillations because they were first studied for particle trajectories in
a betatron. It can be shown that these transverse oscillations are to first order described by

294

x
------~

For-ce on on
Ion beam moving
inlo lhe plane
of dr-owing

Mognetic

Figure 1. Cross section of a quadrupole magnet.

an equation of Hill's type:

(1)
where y is the displacement from the central orbit ('Sollbahn') in any of the two transverse
planes, s is the longitudinal coordinate, p is the bending radius in a dipole, K (s) is the focusing
strength, and I1pjpo is the relative deviation from the design momentum Po (see Fig. 2). For
a ring of circumference L, the periodicity of the lattice implies

+ L)

= K(s)

(2)

C(s)yO + S(s)y~ + D(s)l1pjpo
C'(s)yo + S'(s)y~ + D'(s)l1pjpo

(3)

K(s

The general solution of this equation reads:

yes)
y'(s) =

where C(s) and S(s) are two independent solutions of the homogeneous equation, and D(s)
is a particular solution of the inhomogeneous equation. C, S, and D are called the principal
trajectories (Cosinelike, Sinelike, and Dispersion).
Ignoring the momentum deviation (thus setting I1pjpo = 0), two real solutions of Hill's
equation may be written in the form

y

ay ' Jf3(s)cos('I/J(s)

+ 5)

and

y =

(4)

ay ' Jf3(s)sin('I/J(s)

+ 5)

These solutions demonstrate that the particles perform pseudo-harmonic oscillations
around the central orbit with an amplitude
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s
"Sollbahn"

Figure 2. Sketch of a particle trajectory in a ring; y( s) is the displacement from the 'Sollbahn'
with radius p in any of the two transverse planes, and s is the longitudinal coordinate.

(5)
and a 'betatron phase'

7/J(s) =

J

ds
(3(s)

(6)

which both vary as function of the longitudinal coordinate s; 5 is an arbitrary constant phase.
The function (3(s) is called the 'betratron function' which is an intrinsic property of
the lattice. More precisely, one deals with two betatron functions which may be different for
the two transverse planes.
Let us consider the cosinelike trajectory in more detail; from Eq. (4) one obtains:

y(s)

ay.j(3( s) cos(7/J( s)

y'(s)

dy
ds

+ 5)

a
{
1 ,
}
= - V{3(s)
sin(7/J(s) + 5) - 2{3 (s)cos(7/J(s) + 5)

(7)

which is a parametric representation of an ellipse in the (y, y') phase plane (Fig. 3). One may
look to this ellipse in two alternative ways: Either one considers an ensemble of particles with
the same amplitude at a given point s of the trajectory but with different phases 0 ~ 5 ~ h,
or one selects one particle with a fixed 5 and follows the evolution of the betatron phase 7/J( s)
for many revolutions at a fixed point s. In both cases, the point (y(s),y'(s» moves around
Jln ellipse centered at (0,0) (the 'Sollbahn'). The variety of amplitudes and phases for all the
particle leads to a corresponding number of smaller or larger ellipses in the phase plane.
The area of the phase space ellipse is given by

F

= 1ra y .j{3(s). V~
= 1ra;.
(3( s)

(8)

It can be shown that the area of the ellipse stays constant and that only its shape and
orientation vary if the particle trajectories are transformed through the accelerator. Thus, one
obtains the important result that the phase space density is invariant (Liouville's theorem).
This is true if the particle energy stays constant and if processes like intra-hearn-scattering,
residual gas scattering, and beam cooling are neglected.
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A(s) = y'max(s)

y(s)

£(s) = Ymax(s)

Figure 3. Emittance ellipse in the (y( s). y'( s» plane with E( s) being the beam envelope and
A( s) being the maximum divergence.
The important theorem on the phase space density leads to a special notation in Eq.
(7), the emittance (, by

F =

(9)

11"(

With this expression, the particle trajectory on the outer of all the ellipses can be
rewritten as

y(s)

-IfVf3(s)cos('I/J(s) + 0),

(10)

from which the 'beam envelope'

E(s)

(11)

and the beam divergence

A(s)

= Y:"a",(s) = -If ..

1+

(~f3'(s)f
f3( s)

(12)

are obtained. E( s) and A( s) are shown in Fig. 3. Thus. knowing the beam emit tance ( and
the betafunction of the lattice, the size and the divergence of the beam can be calculated from
Eqs. (10) and (11).
Finally; we note that varying the energy of the particles, the emittance of the beam
varies by virtue of Liouville's theorem as ( - IIp. Thus, acceleration decreases and deceleration increases the emittance.
The number Q of betatron oscillations per revolution can be calculated from Eq. (6)
1

Q = 27r

f

ds

f3(s)"

(13)
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This number is called 'the tune' of the accelerator. Generally speaking: The stronger
the focusing the larger is the tune (in 'weakly focusing' machines the tune is smaller than
1, thus there is less than 1 betatron oscillation per revolution). Certain values of the tune
have to be avoided in order to prevent resonances between the betatron oscillations and the
structure of the machine. Unavoidable imperfections of the elements of the structure may
cause a disturbance of the trajectory which (depending on the tune) builds up with every
passage and finally leads to beam loss. In principle, one should avoid the following values of
the horizontal tune Qh and the vertical tune Qv (corresponding to the two transverse planes).

where
k,l,m = O,±I,±2,±3...

(14)

In practice, it is extremely difficult to avoid all the resonances given by Eq. (13);
fortunately, only the lower resonances cause serious trouble.
Up to now we have considered only the trjactories of particles with zero relative momentum deviation from the design momentum. A particle with momentum deviation will
follow a 'dispersed orbit' described by Eq. (3). For particles with momentum p I- Po a
closed orbit emerges with a displacement D(s) flp/po around which the particles perform
betatron oscillation. The function D( s) which is an intrinsic property of the lattice, is called
the 'dispersion function'.
A particle with an off-momentum flp will leave a bending magnet with an angle which
is somewhat different from the angle of the 'Sollteilchen'. If the number of betatron oscillations
per revolution is an integer one, the subsequent angular deviations will build up and lead to
beam loss. Thus, a finite dispersion in a circular accelerator is possible only if Q is different
from an integer.
A simple consequence for the size of the beam pipes of a ring can be drawn from the
above considerations: The size of the beam pipe should be large enough to accept a particle
beam with a horizontal width of

and a vertical width of
It is of economical and practical interest, to keep A h and Au which determine the
'aperture' of the machine, as small as possible. Thus, an ambitious aim in accelerator physics
is finding a way to reduce the amplitude of the betatron oscillations and the momentum
spread - in other words: To reduce the phase space of the beam, keeping in mind Liouville's
theorem. The advantages of such a reduction of transverse and longitudinal phase space also
for experiments, especially for high-precision experiments, are obvious.
Since changes of the momentum of the particles will lead to different paths around the
ring, also different revolution frequencies result. The change of the revolution frequency w
with momentum is calculated as follows:
From

298

with 2JrR

= length

of the orbit, one finds

d{3
{3

dw
w
mv-y

Since from P

m{3c-y
d{3
{3

and from E

mcz-y

dR
R

-

=

1 dp

-yz

p- ,

(15)

p/{3c
dE
E

{3z dp ,
p

dp
p

1 dR
CtR

one obtains with

dw
w

=

(~Z- Ct)

dp
p

( 16)

In Eq. (15) we introduced the 'momentum compaction Ct' which relates the change of
the orbit length dR of a particle to the momentum change dp. From Eq. (15) follows that
the revolution frequency increases f~r Ct < 1/-Yz and decreases for Ct > 1/-Yz with increasing
momentum, while for Ct = 1/-Yz the revolution frequency is independent of the momentum.
The point Ct = 1/-ri is called the 'transition gamma' and mc z 1't is called the 'transition
energy' of the machine. In most cases, 1't is approximately equal to the horizontal tune Qh,
so that
(17)
The transition point is critical for the longitudinal (momentum) focusing of a beam in
a ring. Longitudinal focusing is achieved if a bunched beam is injected into the ring, and if
this beam is passed through a T f cavity in the ring. If a voltage of the form

v (t)

= Vo sin { nw (t - to)}

is applied to the cavity, then the energy of the particles is changed across the cavity by

/1E

= qV(t) = qVO sin{nw(t-to)}.

(18)

In Eq. (17) q denotes the charge state of the ion and n is the harmonic number of the
particle revolution frequency w. If the phase wto is adjusted so that the 'Sollteilchen' passes
the cavity at t = to, the 'Sollteilchen' will suffer no energy change. Particles which are faster
than the 'Sollteilchen' (/1p = p - Po > 0), pass the cavity earlier (t, < to) and get a kick
which slows them down; vice versa, lagging particles (tz > to) are accelerated (Fig. 4). As a
net result, the longitudinal T f focusing leads to phase oscillations of the particles in a bunch
around the phase of the 'Sollteilchen', thus keeping them in the bunch. These oscillations are
called 'synchrotron oscillations'. They are stable for energies below and above the transition
energy of the machine, if the phase of the T f 'system' is properly adjusted. However, at
transition ene&gy the revolution frequency is independent of the momentum. Therefore, the
T f system cannot focus the particles longitudinally at the transition point, and one usually
avoids operating a ring near the transition energy.
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Figure 4. Time dependence of a voltage applied to a r f cavity for momentum focusing; the
'Sollteilchen' is the one that passes the cavity at t = to with Veto) = o. Particles travelling
too fast arrive at tl and lagging particles arrive at tz. For 'Y ~ 'Yt the T f field leads with proper
phase adjustment to acceleration of lagging particles and deceleration of preceding particles.

A finite momentum spread fj,plpo of the beam leads to an effect which is called "chromaticity", namely a shift of the tune of the machine as function of fj,plpo. The bending and
focusing strengths which determine the tune, depend on the momentum of the particle. A
deviation fj,p from the design momentum Po causes a first order tune-shift (or a betatronwavelength shift) of
fj,Q =

~ fj,plpo

(19)

which is proportional to the relative momentum spread fj,plpo. The factor ~ is called the
chromaticity of the machine; its counterpart in optics is the chromatic aberration of an optical
lens system. Since one has to avoid the many dangerous, closely spaced Q resonances (given
by Eq. (13), a tune spread Q ± fj,Q should be kept as small as possible for a safe operation
of the machine. Thus, the chromaticity ~ which depends on the betatron function and the
focusing strength, has to be compensated. This can be achieved by inserting higher-order
magnetic multipole fields - such as sextupoles - into the ring.
Based on these considerations one should be able to understand the function of most
of the components of the lattice of a storage ring, an example of which gives the ESR in Fig.
5. The maximum bending power of the magnets ("the magnetic rigidity") is 10 Tm leading
to a maximum energy of 2.2 GeV for protons, 834 MeV lu, and 556 MeV lu for fully stripped
Ne and U, respectively. The ring circumfere,nce is 108.36 m at a mean radius of 17.246 m.
This ring is currently built at GSI-Darmstadt.
However, an essential part is still missing in our simplified description of a storage ring,
namely the process of particle accumulation. This can be achieved by a method called "rfstacking", the idea of which is as follows: A number of particles, called. "bucket", is trapped
after the injection into the ring on a special orbit, the "injection orbit". Then this bucket is
accelerated by an rf-field at constant magnetic bending fields towards an outer orbit in the
vacuum chamber. After the rf-field is switched off, the particles in the bucket will debunch
on their orbit. Next, the rf is switched on again to take care of the next injected bucket,;
this bucket is again accelerated to another stacking or bit close to the previous one. This
procedure is repeated until the available phase space of the ring is filled with particles. The
slight disturbance of a bucket on a stacking orbit by the rf-field applied in order to stack the
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Figure 5. Design of the ESR (Experimentier-Speicher-Ring) lattice with a circumference of
108.36 m. The ion beam will be injected from SIS (Schwer-Ionen-Synchrotron) and extracted
either by fast or slow extraction. The cooling device and the set-ups for experiments will be
installed in the two straight sections. The abbreviations used for ion-optical and diagnostic
elements are: SM = Septum Magnet, PU = Pick Up, SE = Slow Extraction, FS = Fast Extraction, F = Focusing (in the plane of drawing), D = Defocusing. Smaller UHV components
are not shown.
following bucket, can be minimized by an artful choice of the rf-voltage applied to successive
buckets.
In most cases, the transverse and longitudinal phase space accepted by the ring is not
the decisive factor which limits the number N of stored particles. This number is rather
determined by effects introduced by the collective interactions of particles among themselves
and with the surrounding, for example the vacuum pipe.
The trajectory of a single particle in a storage ring is determined by external forces
which are caused by focusing, bending, and accelerating fields. However, in an intense beam
the behaviour of the particles differs from that of a single particle; because the beam represents
a considerable electric charge and current. Both of them generate electromagnetic fields
which are determined by the charge distribution and the boundary conditions imposed by the
surroundings of the beam (impedance and geometry), and which act back on the particles
("self forces") [5]. The two most important consequences of the self forces for the ESR
beam will shortly be described: The space-charge limit due to a spread of the betatron tune
caused by the space-charge field and the longitudinal microwave instability limit imposed by
electromagnetic wake fields reflected from the metalic walls of the vacuum pipes.
The space-charge of a beam which strongly depends on charge and mass of the ions
stored, leads to a shift !:!Q of the tune of the machine. The maximum tolerable shift for a
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safe operation of the machine limits the number of stored particles - to [6]

N,c,ma",

f
7rA
= -rq
2 l1Q -B
9

f3 2 -y 3 f_

(

+

1

assuming l1plpo

If!j;+Q-)
-Q
f_
+

0

(20)

In Eq. (19) A and q give the mass number and the charge state of the ion, r =
1.54587· 1O- 1B m, B f is the bunching factor, Le. the peak to average ion current, 9 is a form
factor between 1 and 1.5, f3 and -yare the usual relativistic variables f3 = vic, -y
(1_f32)-1/2,
f+ and f_ are the larger and smaller of both the transverse emittances, and Q+ and Q_ the
corresponding betatron tunes. Note that B f = 1 for a coasting beam. From the number of
stored particles one finds the circulating particle current

=

I = N· f3cl L = N· f
where L is the circumference of the ring and
the particle energy E (in units MeV I u) via

(21)

f is the revolution frequency. f3 is connected to
(22)

with Eo = 931.48 MeV lu the rest energy of atomic mass unit'lL.
Table I [6] gives in the ESR for different particle ene!gies E the maximum number
of 23BU+92 ions which can be stored according to Eq. (20) under the following assumptions:
t:J.Q = 0.05, L = f+ = 17rJLm, B f = 1 (coasting beam), 9 = 1.5, ar,d Q_IQ+ = 1. The
correspondent particle current is calculated from Eq. (21). The last column gives lower limits
for the momentum spread l1plpo of the beam. Below these values, the intenity is mainly
limited by microwave instabilities rather than by space charge effects.
Table 1.
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As mentioned before, electromagnetic fields ("wake fields") created by the beam itself
are reflected from the metalic surface of the surrounding beam pipe, and interact with the
beam. A slight perturbation of the density of the beam can grow exponentially and lead to a
"microwave instability" by the coupling of the beam current to the corresponding perturbing
wake-field. This coupling usually is described by coupling impedances: ZII for longitudinal
and Z 1 for transverse fields. A detailed presentation of the rather complicated calculation of
coupling ,impedances is found in [5].
For simplicity, we will give here only the threshold number Nil of stored ions at which
a longitudinal microwave instability (LMI) will occur for a coasting beam with a relative
momentum spread l1plpo (the so-called Keil-Schnell stability criterion) [7]:
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)2

(23)

F is a form factor in the order of unity, and n is the mode number of the wake-field, in
general some multiple of the revolution frequency f. One may consider Eq. (22) alternatively
as a criterion for the minimum momentum spread required for stability at a given number of
stored par~icles. Above this minimum momentum spread a fast longitudinal mixing in the
beam prevents a growth of the instability. This stabilizing effect connceted with the spread
is called "Landau damping". A discussion of Landau damping is beyond the scope of this
article, but it can be found in many textbooks on plasma physics. Note that according to Eq.
(22) a beam with zero momentum spread is always unstable!
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Figure 6. Approach of equilibrium of emittance and momentum spread due to Intra-Beam-Scattering as a function of time for 10 10 U+ 92 ions stored in the ESR [9]; the
initial values were f = 0.7811" mm mrad and Ap/po = 1.2.10- 3 .

The main problem in evaluating Eq. (22) is the rather poor knowledge of the coupling
impedance ZII of a ring. A reasonable guess for ZII of the ESR is IZIII = 30n which has been
used with 'Yt = 2.66 to calculate the minimum values of Ap/po in the last column of Table 1.
Finally, we mention a third intensity-limiting process which is of special importance in
heavy-ion storage rings, namele the "intra-beam-scattering (IBS)". With growing phase-space
density the number of elastic <;:oulomb collisions between ions within the beam increases. In
every binary collision, kinetic energy and momentum is exchanged between the partners (in
all of the three planes). These microscopic interactions which have to be distinguished from
the macroscopic space-charge effects, may lead to an excitation or a damping of betatron
oscillations and momentum spread. The IBS-theory of Piwinski [8] predicts that the IBS rate
increases with N q4 A -2, thus for fully stripped ions (q = Z) with N Z2. Figure 6 shows the
result of numerical calculations based on Piwinski's theory for the temporary development of
emittance and momentum spread of a beam of N = 10 10 stored U+ 82 ions [9]. Values of 1.01
and 10 m were used for the variable 'Y and for the betafunction in both transverse directions,
respectively, and the dispersion function was D = O. The initial values of emittance (0.7811"
mm mrad) and momentum spread (Ap/p = 1.2.10- 3 ) were chosen to be far from equilibrium.
After a time in the order of 100 msec an equilibrium is reached due to the net exchange of
energy and momentum between the different degrees of freedom. The equilibrium state is
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Figure 7. 'Stability diagram' for J27+ ions stored in the ESR at 110 MeVlu with respect to
Longitudinal Microwave Instability (LMI) and Intra-Beam-Scattering (IBS) [10]. Note that
only the white area is stable against LM!.

characterized by an increase of the emittance (about a factor of 6.5) and a reduction of the
momentum spread (about a factor of 0.6).
A general plot of the L'MI- and IBS-intensity limits for a beam of J27+ at 110 MeVlu
is presented in Fig. 7 [9]. Note that only the points (N, l1plPo) lying in the white area are
stable according to the Keil-Schnell criterion. The line "IBS" represents for an emittance of
2.5 11' mm mrad the number of points (N, l1p/po) with a longitudinal intra-beam scattering
rate of 5 sec- 1 which corresponds to an IBS-time of 200 msec. Thus, 1011 stored J+21 ions at
l1plpo = 3.10- 4 and I' = 2.511' mm mrad (black circle) is on the safe side with respect to
IBS, but not on the safe side with respect to LM!.

ELECTRON COOLING OF HEAVY-ION BEAMS
The process of intra-beam-scattering lead via an exchange of energy and momentum
between the three degrees of freedom of the beam particles from an initial non-equilibrium
to a final equilibrium state. This suggests a description of the corresponding parameters in
thermodynamical terms, i.e. in form of a temperature equilibration. In fact, in a coordinate
system moving with the average velocity of the particles, the transverse and the longitudinal
motions of all the individual particles due to the betatron oscillations and the finite momentum
spread appear as a sort of "thermic motion". Therefore, a characterization of this motion by
a "beam temperature" T; is reasonable.
In the co-moving system, this temperature is defined by

(24)
where M is the rest mass and l1vlI' l1vh' and l1v v are the longitudinal, horizontal, and vertical
velocity spreads of the particles. The symbol "*" indicates that the corresponding variables
are mea~ured in the co-moving system.
An expression for the beam temperature in the lab-system is obtained as follows:
From the relativistic momentum P = mv-y, one finds l1vlI = ((Jc/,'?)l1plPo, and with
l1vlI = -y-2l1v~ one gets for the longitudinal temperature
(25)
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The transverse temperature Til follows by noting that for the transverse velocity
spreads (1.. stands for both transverse planes with coordinate y)
Llvl.

= dy*jdt* = dyjdt* = -ydyjdt = -y{3cdyjds

(only for the time a Lorentz-transformation has to be applied). Combining this expression
with the equations for the beam envelope and divergence, Eq. (10), one finds
(26)
so that finally

(27)
Equation (26) demonstrates that the beam temperature is given by the transverse emittances
due to the betatron oscillations and the momentum spread. It is clearly very exciting to
reduce the temperature of a beam when it is stored in a ring, and to achieve thereby an
extremely "brilliant" beam with very small amplitudes of the betatron oscillations and a very
sharp momentum distribution around the design momentum.
Such a cooling of the beam offers many experimental advantages and opens possibilities
for new experiments:
• high particle densities for fixed target and for colliding and j or merging beam experiments,
• storage and accumulation of 'hot' exotic nuclear reaction products even at low production rates,
• highly charged ions (at the ESR bare, H- and He-like ions up to U) also at small projectile
energies (note that without cooling the beam emittance £ ~ 1jp, so that deceleration
blows up the emittance),
• compensation of "beam-heating" from intra-beam and residual-gas scattering and from
gradual growth of the amplitude of the betatron oscillations due to machine errors,
• compensation of energy-loss and small-angle scattering in an internal target.
The two latter points especially demonstrate the importance of cooling: Cooling extends the lifetime of a stored beam. Therefore, the beam particles can interact many times
with the target atoms which finally leads to an increase of the event-rate in an experiment.
Now the question for an appropriate refrigerant arises. Remember that in the sense
of Eq. (26) cooling of a beam means the reduction of the phase space of a given number of
particles. In order to satisfy Liouville's theorem, a coupling of the beam to an outer system
by a non-conservative force, for instance a frictional force, is needed. G. Budker [11] was
the first to point out that a "cold" beam of electrons moving at the same velocity parallel
to the "hot" ion beam on a straight section of the ring could provide a refrigerant. The
Coulomb forces between electrons and ions cause a friction between both the beams leading
to an equilibration of their temperatures, because the circulating ion beam passes many times
a beam of continuously supplied, fresh, core electrons.
In a series of experiments, Budker and his coworkers demonstrated the successful working of electron cooling of proton beams [12]. Additionally, this group elaborated the theoretical
framework of electron cooling [13]. Up to now, electron cooling has been applied only to proton beams. But based on the experience gained, an increasing number of projects for electron
cooling of heavy ion beams has been pushed forward dllIing the last few years. A comprehensive review of the proton experiments and of the new projects can be found in Ref. 14.
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In this context we mention that also other cooling mechanisms are known: Radiation cooling
of electron beams by the emission of synchrotron-radiation, stochastic cooling and laser cooling. These mechanisms will not be treated in the present paper which concentrates only on
electron cooling.
Let us estimate in a simple way the characteristic cooling time Tc in which a heavy ion
beam can be cooled by an electron beam. We will consider the collisions between ions and
electrons in a binary model which clearly illustrates the physics of cooling. A plasma-physical
treatment which certainly is more adequate to the problem but much less instructive, can be
found in a paper by Sorensen and Bonderup [15]. In Coulomb collisions between ions and
electrons kinetic energy and momentum is exchanged between both the partners. The net
result of this exchange can be described as a collisional energy loss per unit distance dE" Ids"
and is given by [16].

Z2 e 4

dE" Ids" = 47rn:--2 • L,
m(v")

(28)

where n" is the density of electrons and m their rest. mass, v" is the relative velocity between
ions and electrons. L is the "Coulomb-logarithm",
L = in (bma.,lbmin) ,

where bma ., and bmin are the upper and lower bounds of the impact parameters of the collision.
Noting that the upper bound bma ., is approximately given by the Debye shielding length AD

kT
41rn;e

bma ., = AD =

--2

()-1/2 [em]

= 7.4.10 2 (TleV)1/2 n:/em- 3

and the lower bound by the distance of closest approach in a head-on collision

one finds

for typical values of T = 0.5 eV, n: = 109 cm- 3 and (v"le) = 10- 3 • Thus, to a good
approximation L :::::: 10 for all nuclear charges Z.
The equation for the collisional energy loss which originally has been derived by Bohr,
may be interpreted as a friction force F" in the rest frame with a momentum change per unit
time
dp"
"dE"
= -F = - .
dt"
ds"
From this momentum change a cooling time °T; can be derived.
"p"

Tc

=

dp"ldt"

=

m

M

"3

(29)

47rn;e 4 LZ2(v)

With Tc , = -yT; and n e = -yn:, Eq. (28) can be transformed into the lab-system; additionally,
a factor TJ which gives the ratio of the length of the cooling section to the circumference of
the ring, has to be introduced. With
Te

=

e2
me 2 '

Ti

=

e2
Eo' M

=

AEo, and j

=

en e f3e

where j is the current density of the beam, one finally finds the cooling time
system
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Tc

in the lab-

(30)
The cooling time increases linearly with the ion mass and with the third power of the
relative velocity and decreases linearly with the electron current density, and quadratically
with the nuclear charge.
As a numerical example we consider a beam of 200 MeV /u U+ 92 ions which corresponds
t01 = 1.22and{3 = 0.57. Forv"/c ~ 1O-3,i = lA/cm 2 ,andTJ = 2.10- one obtains
from Eq. (29) a cooling time T c = 32 msec.
This simple model has obviously to be extended since it ignores the fact that the
relative velocity between electrons and ions is not a singly-valued function but a distribution
whose width is determined by the temperatures of the ion beam (Eq. (26) and of the electron
beam. Also the latter beam has a finite temperature T e which is composed of different parts
as the temperature of the cathode, ripple of the high-voltage power supplies used to accelerate
the electrons up to the energy of the ion beam, imperfections of the beam transport system,
etc.
If f (ii;) denotes the velocity distribution of the cooling electrons and iii the velocity
of an individual ion, then (in analogy to Eq. (28) the friction force is given by [17].

2

(31)
From this equation one obtains the cooling time in the lab-system
(32)
with
0e

Vcl./{3c (the divergence of the electron beam)

and
(h

0;

= {{3(s)h +

(v

(3(s)v

+

1 lJ.p

(~~)

2}1/2

(33)

k is a form factor whose numerical value depends on the velocity distribution of the cooling
electrons: for a Maxwellian distribution, k = 3/ (2~) = 0.6.
In the years 1974 - 1976 the first cooling experiments in Novosibirsk gave cooling times
smaller than expected [18]. A short time later, this effect of 'fast cooling' was explained by
two reasons [13]: The flattened electron velocity distribution and the magnetized electron
beam.
The flattening of the original velocity distribution near the cathode in longitudinal
direction is a pure kinematical effect. If near the eathode the electrons have some effectie
temperature T eff = m(t::.v e )2/2, then their energy after acceleration in an electric field with
voltage Vo will be

Ee

m
2
= eVo + T eff = "2
(vo + t::.v e )

V

(relativistic: e o + T ejJ = (-y - 1) mc 2 ).
For t::.v e << vo, the longitundinal velocity spread in the lab-system is therefore
t::.Veli

ejJ
=T
mvo

(relativistiC: t::.vell

= {31T'jf).
me

With lJ.veli = t::.v;1I (relativistic: t::.vell = 1- 2 lJ.v;lI) one obtains for the longitudinal electron
temperature in the co-moving system

307

m (

Tell = -

2

I (
AVeli ) 2 = T;I
- E relativistic: 1i1 =
4

e

T;ff

2 2

2(3 -y mc

2

)

•

Since Tell - Tel. - Teathode! the electron temperature is longitudinally flattened with
a ratio

The important consequence of this flattening for cooling is the reduction of the form
factor k for the cooling time (Eq. (31) [17]: For a flattened distribution, k = 1/21r == 0.16;
this leads to a cooling time which is about a factor of 4 smaller than for a Maxwellian velocity
distribution (k == 0.6).
Nature was very kind to cooling, because besides the flattening it made a second present
in form of the "magnetized electron beam". From the equations for the cooling time T e follows
that T c - j-I. 50 a high current density of the electron beam is necessary for short cooling
times. However, high current densities cause large space-charge forces, both in longitudinal
and in transverse direction [19]. Let us estimate the transverse force in order to get an idea
about the transverse blowing-up of the electron beam.
Using the Gaussian law one finds for the radial force in the co-moving system
_

e2 n"

F" == __e y ,
y
2io

where y stands for both transverse components. The resulting "transverse acceleration" in
the lab.-system is easily obtained from the force.
dy'

(34)

ds

With the following design parameters of the E5R: j
1 AI cm 2 and electron-beam
radius y == 2.5 cm, one obtains for -y == 1.22, (3 == 0.57 (corresponding to 200 MeV lu kinetic
energy of the ions)
dy'
ds

mrad
::::: 3 - - .
em

Thus, the beam divergence grows about 3 mrad per cm. This blowing-up of the electron
beam is prevented by a longitudinal magnetic guiding field of typically B ::; 1.5 kg. In this
field, the transverse acceleration of the electrons is transformed into a macroscopic rotation
of the whole electron beam around its longitudinal axis with a frequency [19]
wy

==

1 dF; Idy

en"

;--B--

__
e
:::::

2i OB

9MHz

for n: == 10 8 cm- 3 and B == lkGauss.
Additionally, all the individual electrons rotate around the longitudinal magnetic field
lines with the cyclotron frequency

eB == 17.6MHzBIGauss

-ym

-y

and a gyration radius
Tc

==

which is about 15 /lm for B == lkGauss, T == 0.2 eV, and -y = 1. Note that in a
plane perpendicular to the beam direction the overall motion of the electrons consists of the
superposition of both the frequencies wyand We resulting in an epicyclic trajectory.

308

Ion Beam

r

Solenoid

, ...

Electron Collector
Toroid

Solenoid

Figure 8. Design of the ESR Cooler. Electrons from the gun are directed into the 2.5 m long
cooling section and then bent into the collector by toroidal magnetic fields. Solenoidal fields
guide the beam in the straight sections.
Concerning cooling it turned out [15,17,19] that the high-frequency part of this trajectory which is in practical cases given by the cyclotron frequency We' is the important one. The
corresponding gyration radius divides the number of Coulomb collisions between electrons and
ions into two domains: Into 'adiabatic collisions' with impact parameter b ~ T e and into 'fast
collisions' with impact parameter b « T e • The time it takes for an electron for one Lamor
revolution is r
w;l
5.7.10- 11 sec. Collisions with b ~ Te last for times in the order of
9
AD/V' = 5.2.10- sec for typical values Tel. = 0.5 eV and
= 108 cm 3 • Therefore, during
an adiabatic collision the electrons appear to the ions as "Lamor disks" moving on parallel
lines rather than free electrons with some transverse and longitudinal velocity distribution.
As a consequence, the exchange of transverse temperature between electron and ion beam becomes very small and the effective "cooling temperature" seen by the ions is the longitudinal
electron temperature Tell' This temperature is due to the flattening effect very small, so that
for these collisions the effective 0 e in Eq. (32) becomes negligible and the cooling time T e
decreases correspondingly.
In fast collisions with b « T e the electrons appear more or less as free electrons and
0 e is determined by the transverse velocity Ve.L of the electron beam. Since it is not easy
to derive analy~ical expressions for the cooling time for fast and adiabatic collisions, we only
give approximative, but instructive formula for the cooling force which can be derived from
Eq. (Hi31). With the abbreviation

=

=

n:

one finds
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Figure 9. Design of the electron gun. C, A, and G denote cathode, anode, and ground
potential, respectively. The black stripe along the axis results from a superposition of many
individual electron trajectories at 330 keY.
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if v;
if v;
if vi

.

~ T.)

It is interesting to note that up to now no theory of the cooling forces in collisions
with b ~ T c is available - but it is also to note that the theoretical results for fast and
adiabatic cooling converge in the limit b --+ T c [15]. Notwithstanding of a theory available or
not: Nature granted cooling times shorter than originally expected by the happy coincidence
of flattening and magnetization of the cooling electron beam [18].
As an example for the design of an electron cooler, Fig. 8 shows the cooler planned
for the ESR [20]. The electrons are generated and accelerated in a gun (upper part) which
is shown in detail in Fig. 9. Then they are directed into the cooling section (250 cm long)
by a toroid and finally bent to the collector (lower part of Fig. 8). The layout is planned for
electron energies between 2 and 330 keV and is supposed to deliver electron currents of 10 A
at a beam diameter of 5 cm. Computer simulations of the performance suggest longitudinal
magnetic fields between 0.1 and 3 kGauss [19]. Concerning Fig. 9 it is to note that the broad
black band along the axis of symmetry which represents the shape of the electron beam,
corresponds to very low temperatures T., not only on the macroscopic scale of Fig. 9 but also
on a microscopic scale.
Let us finally mention that besides all the requirements implied by the physcis of
electron cooling, large technical problems are encountered in the construction of an electron
cooler. The main technical problem stems from the necessity of velocity matching between
electrons and ions. This condition leads to a relation between the kinetic energy of the
electrons E e and of the ions E of the form

mc 2

E. = --E,
Eo
from which the acceleration voltage Vo for the electron beam is obtained.

(35)
Equation (34) shows that for ion energies above several MeVju a high voltage system is
needed in order to accelerate the electrons to the corresponding energy. Especially at high
ion energies (~ 200 MeV ju) the construction of an appropriate gun (Vo ~ 110 kV) and an
appropriate collector may cause considerable technical problems.
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ELECTRON-ION RECOMBINATION PROCESSES IN A COOLER

It is quite natural that dealing with electron cooling of heavy ions, a simple, but
fundamental question arises: What about those processes in which ions capture a cooling
electron ? Recombination changes the charge state of the stored ions and will therefore lead
to beam loss - except in cases where a ring is operated in a special multi-charge mode.
Thinking about recombination processes, one finds three important aspects:
1. Recombination reduces the lifetime of a stored beam;

2. Recombination provides a tool for diagnostics of both the ion and the electron beam;
3. The photons (and/or the electrons) emitted with the recombination can be used for
spectroscopic experiments.
In the following we will discuss these three aspects in more detail. For simplicity we
will consider only recombination processes between bare ions and electrons.

Collisional Radiative Recombination
Three body
Recombin~tion

COl

R~i~tive

Electron
C~pture

K

Figure 10.
Schematic
Three-Body-Recombination.

plot

of

the

Radiative-Electron-Capture

and

of

the

Cooling electrons can be captured by bare ions only if a third particle is involved which
takes care of energy and momentum conservation. The third particle may be a photon or an
electron:
A+ Z

+e

--+ A+(Z-l)

+

hw

(36)

(37)
The process described by Eq. (35) is known as 'Radiative Electron Qapture (REC)',
and the process given by Eq. (36) as 'Three-body recombination'. A schematic representation
of both the processes is shown in Fig. 10.
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Let us first deal with the first of the three aspects mentioned above, which obviously
is very important for accelerator physics. The REC is the time-reversed process of photoionization, the cross section of which has been calculated already in the year 1930 [21]. With
the principle of detailed balance the REC cross section for capture into a shell with principle
quantum number n is obtained from the photoionization cross section [22].
(38)
where E I , is the Is binding energy, and E; is the relative kientic energy between ion and
electron in the co-moving frame of reference. Introducing the electron velocity distribution
!(v;), one can calculate the total REC-rate per ion and sec in the ion rest frame from
(39)
with a being the recombination coefficient
(40)
Inserting the expression (38) and summing up over all n one finds for a completely
flattened electron velocity distribution [23]
/1

(XREC

2

3.02Z {I1.32Z
= - - - In--~

..;pr; +

(kT.)

1{3}

-Z2

•

10-

where T. is the transverse temperature of the electron beam.
distribution one finds:
Ma:r:

~ 2

13

3

[cm Isec]

(41)

For a Maxwellian velocity

/1

(XREC ~ ;(XREC·

It follows from Eq. (40) that (XREC roughly scales as Z2.2, thus with a somewhat larger
power than the cooling rate (~ Z2). Figure 11 shows the recombination coefficients for REC
as a function of the nuclear charge at a temperature of 0.2 eV for both velocity distributions.
The total REC-rate in the lab. system is obtained from Eqs. (38) and (40).

(42)
where the factor 1'2 sterns from the Lorentz-transformation of time and electron density. As
an example: For 500 Me V lu projectile energy one finds from Fig. 11 for the flattened velocity
distribu tion
5·1O- 2 sec- 1
1.5 . 10- 2 sec- I

for U+ 92
for Xe+ 54

Thus, the time-constants TREC = Tric are of the order of 20 sec and above which is
considerably larger than the cooling times T e •
Concerning the three-body recombination the situation is much more complicated because many open channels are open in this case:
After a three-body recombination into a shell with principal quantum number n

(43)
the capture electron may be collisionally re-ionized:

(44)
excited:
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Figure 11. REC recombination coefficients as function of the nuclear charge Z for an electron
temperature of 0.2 eV. aM and at are calculated from a Maxwellian and a completely flattened
(T." = 0) electron velocity distribution, respectively.

(45)
de-excited:

(46)
or radiatively de-excited:
A+(Z-l)(n) ...... A+(Z-l)(n')

+

hw (n'

< n).

(47)

The problem now consists in the calculation of the 'net rate capture' in this complicated sequence of events which with the REC included has been called 'collisional radiative
recombination' [24]. Numerical calculations have been performed for hydrogen-ion plasmas
first by Bates et al. [24] and later in a more refined way by Stevefelt et al. [25]. Stevefelt
and coworkers succeeded in fitting their numerical r~sults by a simple analytical formula. It is
however not clear, how this formula should be scaled to higher values of the nuclear charge Z.
Bates and coworkers gave a prescription how to scale their results to larger Z; unfortunately,
these scaling prescriptions are only of limited profit for the parameters which are typical for
the cooling of heavy ions (n. ~ 1Q8 cm -J, kT.
1 eV, and Z > 10).
Therefo~e, we developed a model [26] based on the simplifying considerations by Byron
et al. [27] rather than performing extended numerical coupled-state calculations. Byron and
coworkers realized that under equilibrium conditions a pronounced minimum in the total rate
of de-excitation of atoms as a function of the principal quantum number n of the excited
states exists. This minimum occurs, because on one hand the collisional de-excitation rate
strongly increases with the principal quantum number, whereas on the other hand the radiative
transition probability rapidly decreases with n, and the equilibrium population of excited

:s
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states passes through a minimum. If n* is the principal quantum number of the excited states
at which the minimum of the sum of the collisional and radiative rate appears, then the net
rate of recombination is limited to the rate of de-excitation of the level n* or of a bottleneck
of levels around n* [25].
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Figure 12. Reduced binding e!lergy (-f* = RZ 2/(n*2kTe )
electron density for three different electron temperatures.

It can be shown [26] that the recombination coefficient
(42 - 45) is given by

lor U ions as a function of the

for the collisional processes

acoll

3

acoll

n:Z
3
= 2.0· 10 -27 -(kT
- 4 - 5 [em / sec]
) .

(48)

c

and that the recombination coefficient
2.1. 10- 13

°ra.d

+

9.6.10-14

a.ad

Z1.5
(kTc )0.25

for the radiative processes (46) is given by

(_f*)1.25 e - E ·

41°
(kTc ) '

-E'

dfe-El.n {(n* - 1)2

n( f)2

-

(n(f? - /) }.

(n *

-

1)

(49)

In Eq. (48) we used the reduced energy
(50)
with R being the Rydberg constant. The dependence of acoll on Z and kTc can easily be
verified using simple classical [23] or dimensional [28] arguments. The first term on the rhs
of Eq. (48) stems from the total radiative decay of the state n* and the second term from
the radi,ative decay of all states n above n* to all states below n*. f*, the reduced energy of
the state with principal quantum number n* (the state at which the minimum occurs) can be
calculated from the solution of

- V + 3.83) +

( kT )3.75
1.87.10 13 n* ~0.5 (_f*)3.58( -f*

=

-

0.25)

=0

(51)

c

Figure 12 shows -f* for Z
92 as function of the electron density for three different
values of the electron temperature. In the collisional limit
- t 00, where radiative transitions
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Figure 13. Total recombination coefficient for U ions at an electron density of 10 8 cm- 3 as
a function of the electron temperature. The dashed line represents the collisional contribution CXcoll' the dotted curve the radiative contribution CXrad' and the dashed-dotted line the
contribution CXREC from radiative electron capture, whereas the solid line gives the sum.

are of minor importance only (note that Tcoll - n;, while Trad - ne ), -€" approaches 3.83,
independet of Z (cf. Eq. (50)). This corresponds to the well· known fact that the timereversed process of the three-body-recombination, the electron impact ionization, reaches a
maximum cross section at electron impact energies of about 3 - 4 times the binding energies
of the electron to be ionized.
With the REC, the collisional and the radiative part the total recombination coefficient
can be written as
(52)
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Figure 14. Comarison of the present results (solid curves) for the total recombination coefficient with extrapolations of the numerical results of Bates et al. (dashed curves) and Stevefelt
et al. (dotted curves) for a H-plasma to high Z.
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Figure 15. Time constant Tlo .. of a U+ 92 beam as determined by recombination losses as a
function of the electron temperature. At high ion-beam velocities the data shown have to be
multiplied with the relativistic variable 1'2.

where CXREC is given by Eq. (40), CXcoll by Eq. (47), and CXrad by Eqs. (48 - 50). Figure
13 shows the total recombination coefficient for U+ 92 at <l;n electron density of 108 cm- 3
as function of the electron temperature. The dotted line represents the radiative part, the
dashed line the collisional part, and the dashed-dotted line the REG. The sum of all the three
contributions is given by the solid line. It is clearly seen that for cold beams (Tc < 0.1 eV) the
collisional part dominates, while for temperatures above 0.2 eV CXcoll is completely negligible
and the REG governs the total recombination.
The dependence of cx on Z at the same electron density is shown in Fig. 14 for
two different electron temperatures (solid lines). Figure 14 also presents a comparison to
extrapolations of the rather sophisticated Dllmerical calculations of cx in Hand H-like plasmas
by Bates et al. [24] (dashed lines) and Stevefelt et al. [25] (dotted lines). The extrapolations
to high Z were made using strictly the scaling prescription given in Ref. 24 (~ Z2.4) although
this prescription is supposed to apply only to low Z and to temperatures far beyond those
plotted in Fig. 14. The rather good agreement between the three different sets of data is
quite encouraging.
In analogy to Eq. (41) we can calculate a time constant Tlo.. = (necx171'-2 )-1 in the
lab. system with cx given by Eq. (52). Since l' is in the order of 1 for present heavy ion
storage rings, we plot in Fig. 15 Tlo .. = (necx17 )-1 as function of the electron temperature for
U+92 at different electron densities. Note that for typical ESR parameters (n e = 108 cm- 3
and T e = 0.2 eV) the time constant for total recombination of a U+ 92 beam is about 10 sec
and is thus larger than the expected cooling time. However, it is obvious from Fig. 15 that
recombination will become a severe problem when electron cooling of heavy ions is envisaged
at substantially smaller electron temperatures.
Let us now corne to the second and the third aspect of electron-ion recombination
mentioned above which are in some respect connected to each other. A rather simple, but
for daily operation useful diagnostic tool consists of a measurement of the total REG photon
emission rate as function of the relative velocity between electron and ion beams. Since the
recom~ination coefficient strongly increases with decreasing relative velocity, the REG photon
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Figure 16. REC recombination coefficient for U 92 + as function of the relative kinetic energy
between electrons and ions (lower scale). The upper scale gives the acceleration voltage
detuning \U - Uol of the electron beam for an energy of the ions of 500 MeV /u. The electrons
are described by a completely flattened velocity distribution with a temperature of 0.2 eV.

emissIOn shows a maximum if both beams are completely tuned. This is shown in in Fig.
16 which presents the REC recombination coefficient for a flattened velocity distribution as
function of the relative energy in the co-moving frame (lower scale). The connection between
the relative kinetic energy E. in the co-moving frame and the acceleration voltage \U - Uol
in the lab. system (Uo is the acceleration voltage of the electron beam for complete tuning)
is found by a Lorentz-transformation:

\U - Uol

13 l' +1 [gEe
"01'0 + 1
= Uo--;::::
u<
13~ 1'0
mc 2
1301'0

J2E

O.

mc 2

(53)

Note that even for small E. the detuning U - Uo in the lab. system becomes rather
large. This 'scale-spreading' can be very helpful also for experiments in which transitions of
electrons (bound-bound or bound-free) are studied.
A much more detailed diagnosis of both the beams can be performed by a energyresolved measurement of the REC photon spectrum. The energy- and angle-differential REC
recombination coefficient has been calculated by us for different distributions of the electron
velocity [29]. Instead of presenting here the somewhat lengthy analytical expressions which
can be found in Ref. 29, we show in Fig. 17 the photon-energy and emission-angle differential
REC recombination coefficient as function of the photon energy for Ar+ 18 (REC into the
ground state). A fixed transverse electron temperature of 0.2 eV and the two longitudinal
temperatures of 2.10- 3 eV and 2.10- 5 eV, resp~ctively, were used for the calculation. The
emission angle considered is 0 = 0 0 which corresponds to photon emission parallel to the
direction of the beams. Note that the energy scale still has to be transformed into the lab.
system (which results in a blue shift for 0 = 0 0 ) and that Eo denotes the Is binding energy for
Ar+ 17 . Obvi9usly, the REC photon spectrum associated with this recombination coefficient
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shows a very interesting dependence on the photon energy. A sharp edge just at the binding
energy Eo and a fast decrease with increasing photon energy leads to the spike at Eo whose
height and width are determined by Tell (the width is about equal to Tell)' At higher photon
energies the spectrum decays almost exponentially with a decay constant which is determined
by the transverse electron temperature.
Clearly, from a precise measurement of such a REC spectrum not only the binding
energy of the state into which the electron has been captured, but also the transverse electron
beam temperature can be determined. The latter point which is important for the diagnosis of
the beams, should be attacked predominantly at low Z ions, because the width of the spectrum
is (independent of Z) ~ kTel. and the resolution of the spectrometer needed to observe the
small asymmetry of the spectrum might be high enough only at small REC energies. Let us
finally note that the finite emittance and velocity spread of the ion beam (its temperature Ti)
can be taken into account by replacing Tell by Tell + RTili and Tel. by Tel. + RTil.' respectively
[29]. Thus, the ion temperature broadens the spectrum, so that a time and energy resolved
measurement of the REC spectrum enables a determination of the time dependence of the
ion beam temperature and thereby of the cooling time. Measurements of such spectra will be
an intriguing task for the next future and may bring new data which are of importance for
atomic, plasma, and accelerator physics.
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PHYSICS OF THE EBIS AND ITS IONS

Robert W. Schmieder
Physical Science Department
Sandia National Laboratories
Livermore, CA 94551
INTRODUCTION
Low-energy/high-charge-state ions are extraordinary objects. Chemically, they
are the most reactive species in the universe; they will locally destroy any piece of matter
they come close to. Interaction of one such ion with any molecule will result in the nearly
instant explosion of the molecule. They present almost a "black electrostatic hole" to
electrons regardless of where they are found. A single bare Xe ion, Xe 54 +, could in
principle extract more than 10,000 electrons from a solid surface, more than 200 times the
charge of the ion.
The atomic and interaction physics of these ions are intrinsically interesting, but
the ions also are important in technology. They are constituents of hot plasma devices
such as X-ray lasers and fusion reactors. They are sought for injection in heavy ion
accelerators that must have the highest charge-to-mass ratio ions available. Trapped in
confined spaces, they will readily undergo phase transitions to ordered states, showing a
whole range of mechanical properties that could be important to designs of machines to
study them. They are useful for diagnostics of plasmas and have potential for extending
high-precision spectroscopy to higher energies.
In spite of their importance, it's not easy to produce these ions. Various laboratory
sources have been, and are being, developed. Among these, the Electron Beam Ion
Source (EBIS) has the potential to produce ions of higher charge state (while still keeping
the ion energy low) than any other laboratory source. It accomplishes this feat by
electrostatically trapping the ions for long times and subjecting them to repeated impacts
by an electron beam. Recent developments in EBIS technology, including a
"breakthrough" due to the introduction of ion cooling that helps keep the ions in the trap,
suggest that heliumlike uranium, U90+, at enerfles around 1 keV/Q will be obtained
eventually, and that reaching bare uranium, U9 +, is feasible. However, the technical
challenge is 'sufficiently great that so far most effort has gone into understanding the
physics of the sources; we are just now beginning to actually use the sources to study
atomic processes.
Because the physics of the sources and the physics of the ions that can be studied using
these sources are so tightly linked, we tend to think of "EBIS Physics" as meaning both
the physics of the source and the physics of the ions produced by the source. More
importantly, in the absence of a friend with a source, anyone contemplating experiments
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with these ions has to face the daunting task of developing one. Therefore, we will review
both the sources and their applications.
Our purpose here is both to summarize the current state of the EBIS art and to
stimulate new ideas for the development and application of the EBIS. Since several
reviews of the EBIS are available, we shall not attempt to be comprehensive. And since
this is meant to be a working paper rather than an archival one, we will take the liberty,
where appropriate, and with appropriate disclaimers, to be slightly speculative or
suggestive. Time 'Will tell whether any of these ideas will bear fruit.
Historical Background and Related Devices
The EBIS was developed by Donets and co-workers in the Soviet Union beginning
in the late 1960's [1]. After two decades of develupment, Donets apparently has
succeeded in producing Xe 54+ and possibly higher charge states of heavier elements. The
outstanding success of the Dubna group has stimulated development of these devices in
many laboratories. Donets has provided a series of reviews of the EBIS [2, 3,4, 5, 6].
Pioneering work was done by Arianer and co-workers in developing the CRYEBIS
at Orsay [7, 8,9].
Every few years a workshop is held that brings together the people actually
building EBISs. The proceedings of these workshops have been informally published [10,
11, 12, 13].
The idea of trapping ions to obtain high charge states is not new. One of the early
schemes was the HIPAC [14], in which an electron cloud was confined by external
magnetic fields. Ions would be trapped in the potential well of the electron cloud, and
would reach high charge states after a long "cooking" time. This device proved
unworkable due to vacuum problems. A device very closely related to the EBIS was the
Electron Ring Ion Trap (ERIT), developed principally as a spectroscopic source [15, 16,
17, 18, 19]. In this device, ions were trapped in the potential well of a toroidal ring of
electrons confined by a transverse magnetic field. Extensive modelling and preliminary
experiments showed that the ring would generate ions up to Xe 54 +, but the scheme
proved unworkable because instabilities destroyed the ring in times much less than the
times necessary to reach the high charge states.
Another device closely related to the EBIS is the Electron Beam Ion Trap (EBIT).
developed at Lawrence Livermore Laboratory (LLNL) by Levine and Marrs [20]. Thi~
device is essentially a short EBIS: it traps the ions in a very short, very intense electron
beam. Already it has shown remarkable success in producing spectra of ions up to Au 69+.
The importance of this new device can hardly be overstated, since it is a small and
relatively inexpensive means for studying very high charge state ions. It is, however,
principally a spectroscopic source rather than an ion source, hence will be limited in its
ability to provide extracted ions for beam-target experiments. The EBIT and EBIS are
really complementary: the former emits photons, the latter emits ions. In this review, we
shall include remarks about the EBIT when they are germain to the EBIS.
~lectron Cyclotron Resonance Ion Sources (ECRIS) have proven to be reliable and
to produce large amounts of high charge state ions [21]. However, because the electron
cloud is not as hot as the electron beam in the EBIS, the ECRIS cannot reach as high
charge states as the EBIS. Furthermore, although the extracted currents are large, the
beam quality is poor compared with the EBIS (in which essentially all the ions are
extracted in a narrow pencil beam). Thus, although the ECRIS is being widely used and is
certainly useful for certain atomic physics experiments, it cannot compete with the EBIS
when the highest charge state and beam quality are crucial.
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Another important recent development is the production of low-energy/highcharge-state ions by recoil from heavy ion impact [22]. This source potentially is capable
of competing with the EBIS: typical is ions of iodine up to 140+ by impact of 2 GeV lJ75+ on
HI gas [23]. The energies of the recoil ions are very low; they are emitted at 90° from the
beam, and can be extracted and trapped [24, 25]. The charge state spectrum is quite
similar to an EBIS operated in DC mode and therein lies the difference: with the EBIS one
has the ability to confine the ions for longer times, and the distribution peaks at higher
charge for longer time. And of course, to generate recoil ions one needs a high energy
heavy ion accelerator ahead of the target, typically a 10-20 person operation; the EBIS is
a 2-3 person device and is potentially capable of producing more ions.
PHYSICAL PRINCIPLES OF THE EBIS
The EBIS, shown schematically in Fig. 1, makes use of a magnetically confined
electron beam with energy typically several times the ionization energy of the ions, i.e.,
from several keY to several hundred keY. Ions are electrostatically trapped in and around
the beam, radially by the electron beam itself and axially by a set of electrodes ("drift
tubes"). The trapped ions are subjected to repeated impacts by beam electrons, and
proceed in time to higher charge states. Eventually some process such as recombination
or ion loss prevents further ionization, and an equilibrium is established.
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Schematic of an EBIS. (1) electron gun; (2) drift tubes; (3) beam collector; (4)
ion extractor; (5) ion transport optics; (6) gun bucking magnet; (7) main
solenoid; (8) collector bucking magnet; (9) ultrahigh vacuum chamber. (Above)
The axial magnetic field; the small side lobes are due to the bucking coils.
(Below) The voltages applied to the various elements. The potential experienced
by the ions on the axis varies smoothly between these limits, except that the
presence of the electron beam makes the potential slightly more negative.
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Table 1.

Levels of Approximation to the EBIS

Zeroth

PERFECT EBIS

Single isolated ions in uniform
electron beam flux

First

CLASSICAL EBIS

Equilibrium between ionization
and neutralization by residual
gas; static unifof!TI
distributions of ions of fixed
energy

Second

DISTRIBUTED EBIS

Equilibrium nonuniform spatial
distributions of various
particles with fixed energies

Third

PLASMA EBIS

Dynamics; collective effects of
many particles; time dependent
abundances and distributions
particle heating and cooling;
beam instabilities; plasma
effects

Last

REAL EBIS

Experimental device

This device, as with all plasma devices, is extremely complex, and complete
models of real devices are not yet available. We can, however, identify several levels of
approximation that provide simplified models; these are summarized in Table 1.
Depending what the question is, one model may be sufficient, or it may be necessary to
invoke a more complicated one.
The model of the Perfect EBIS is useful as a guide to the fundamental lower limit of
trapping time. Most past modelling has been based on the equilibrium model of the
Classical EBIS. It is only very recently that the spatial distributions of ions, and ion
heating and cooling, have been considered, i.e., the Distributed EBIS. Following
preliminary experiments at Lawrence Berkeley Laboratory (LBL), work at LLNL and
Sandia National Laboratories (SNLL) has shown that the trapping of heavy ions can be
enhanced by the presence of light impurity ions. This description of the beam/trapped-ion
system as a plasma (rather than as independent particles in an external field) is leading
to new understanding and significantly better performance of the EBIS. The net result is
clearly a "breakthrough" in EBIS development.
The Perfect EBIS ("Oth approx. ")
Neglecting all other effects except

* Trapping of the ions, and
* Ionization of ions by impact of beam electrons,
all the electrons will be stripped from the trapped ions, mostly one at a time. Given
enough time, all the ions will be reduced to bare nuclei. This device could be called a
Perfect EBIS, and could be considered a "zeroth" approximation to a Real EBIS. This
approximation actually will be a reasonable model for times very much less than the time
of electron pickup from the residual gas.

324

The product of the mean time 't(Q) for an ion to reach charge state Q when
irradiated with a constant flux J of electrons of energy E producing single-step ionization
events is
Q-l

J't(Q) =

L
1
q=O <Jlq,q+l)

This relation is useful for getting a rough idea of the engineering requirements for
generating any desired ions. The ionization cross sections <Ji(q,q+ 1) can be estimated
from any of several semi-empirical formulas [26]; that of Lotz is most often used. The
energy of the electron beam is most logically selected at the peak of the ionization cross
section, typically about twice the threshold energy. The beam flux J depends on the gun
cathode and the profile of the magnetic field into which the beam is injected. Given J, the
above relation gives the times necessary to trap the ion to reach any desired charge state.
Table 2.

0
Bare

Ions Attainable with a Perfect EBIS

Ne
Z=lO

Ar
Z=18

Kr
Z=36

Xe
Z=54

Au
Z=79

Ne 1O +
2x102O
3 keY
7 ms

Ar 18 +
2x1021
9 keY
67 ms

Kr 36 +
3x1022
40 keY
1s

2x1023
80 keY
7s

Xe S4 +

Au 79 +
6x1023
180 keY
20 s

U 92 +

Ne 8 +
8xlO 18
0.6 keY
0.3 ms

Ar 16 +
Ix 1020
2 keY
3 ms

Kr 34 +
2x1021
7 keY
67 ms

2x1022
20 keY
0.7 s

Xe S2 +

Au 77 +
6x1022
45 keY
2s

U90+

Ar 8 +
Kr 28 +
3x1018 3x102O
0.3 keY 4 keY
0.1 ms IOms

2x1021
8 keY
67 ms

Xe44 +

Au 69 +
6x1Q21
17 keY
200ms

U82+

Kr 18 +
1xlO 19
1.5 keY
0.3ms

2x102O
5 keY
7ms

Au 61 +
lx1021
12 keY
33 ms

U74+

5xlQ21
20 keY
167 ms

Xe 18 +
6xlO 18
1 keY
{).4 ms

lx1020
4 keY
3ms

AU 43 +

US6 +

Au 2S +
2xlO 19
1.5 keY
0.7ms

U38+

U

Z=92

2x1024
300 keY
67 s

-----------------------------------------------------------------

2
He-like

10
Ne-1ike

2x1023
70 keY
7s
3xlQ22
30 keY
1s

-----------------------------------------------------------------18
Ar-like

36
Kr-1ike

54
Xe-1ike

Xe 36 +

7x1020
7 keY
23 ms

6xlO 19
4 keY
2 ms

Key: Ion
It [e-/cm2j, requirement from ionization cross sections
E beam energy, about 2x ionization threshold
t confinement time, assuming I=3x1022 e-/cm2
Ref. [6], except Au, which is interpolated.
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Typical values of J't(Q), the peak beam energy E, and ionization times are listed in
Table 2. To get the ionization times, we assumed a beam with about 5000 Ncm 2 , a rather
high but not unobtainable value. From this table, we can see that confinement times of
some seconds are necessary to reach high charge states of heavy ions. This fundamental
requirement will run headlong into the limit imposed by residual gas in the trap.
The Classical EBIS

e" 1st approx. ")

The Perfect EBIS approximation fails due to the presence of residual gas in the
vacuum system, which causes:

* Neutralization of the ions by electron pickup .from residual gas
* Ion generation from residual gas
* Ion charge changes due to charge exchange with other ions or free electron capture.
The result is an equilibrium in which the average charge state is determined by the
competition between the ion ionization rate and the ion neutralization rate. This device
could be called a Classical EBIS. It represents a "first" approximation to a Real EBIS, and
is the most widely used model. The challenge in building such a source is to maximize the
ionization rates while minimizing the neutralization rates. In practice, this means
generating extremely intense, high energy electron beams and implementing an
extraordinarily good vacuum (well below 10- 10 Torr). Tfiis approximation still neglects
loss of the ions from the trap~ which can be due to several causes.
The equilibrium charge distribution is easily determined from the equilibrium rate
equation:
n(Q+I)
n(Q)

ne O"j (Q,Q+ 1) Ve
no O"c(Q+I,Q)VQ+l

where n(Q), fie, no is the number density of ions of charge Q, of the beam electrons, and of
the residual gas, respectively; O"c(Q+I,Q), O"j(Q,Q+I) is the cross section for electron
pickup from neutral gas and for electron impact ionization, respectively; and vQ+I.v e is the
velocity of ions of charge Q+ 1 and of electrons, respectively. The equilibrium charge state
can be estimated by setting the ratio n(Q+I)/n(Q) = I, and calculating the right-handside of the above relation for increasing Q until it exceeds 1. Alternatively, for any desired
charge state, we can calculate no as the upper limit to the residual gas density (i.e.,
pressure) which can be tolerated.
The residual gas causes another problem: it contributes light ions that are trapped
in the beam, neutralizing it and ruining the electrostatic trapping after a finite time, called
the "compensation time":

where O"iD is the cross section for electron impact ionization of the residual gas. If we set
tc equal to the ionization time 't(Q) to produce charge state Q, we get another limit on the
residual density no. The lower value of no is taken as the requirement for the EBIS.
The Distributed EBIS ("2nd approx.")
The Classical EBIS approximation fails because the spatial distributions of the
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ions and beam electrons are nonunifonn. The ions oscillate within the potential well, both
radially and axially. As they execute their orbits, they see a varying potential and varying
electron beam current density. Thus, the evolution of the charge states is not simply
calculable from the average densities. For instance, it may be necessary to account for
trajectories that take the ions outside the beam; trajectories are possible in which the ion
is bound to the beam but rarely enters it. Thus, we must account for

* Nonunifonn spatial distribution of ions, including halo trajectories, with consequent
changes in ionization and neutralization rates.
In addition, other effects can occur:

*
*
*
*
*
*
*

*

Ion loss from the trap due to wall losses and extraction.
Ion gain due to injection.
Modification of the electrostatic potential by local accumulation of secondary electrons.
Compensation of the self-repulsion of the electron beam by accumulating ion charge,
causing beam shrinkage.
Concentration of ions and low energy electrons nonunifonnly along the beam due to
changes in potential.
Radial focussing of the ions by the magnetic field.
Reflux of neutral gas from structures due to X-ray and ultrayiolet photons and pulsed
beams.
Ion loss due to drift after neutralization.

These various effects, mostly associated with spatial distributions of particles of
fixed energies, could be considered a "second" approximation to equilibrium EBIS
behavior. We will call this device the Distributed EBIS. Understanding the EBIS in this
approximation can suggest techniques for enhancing its perfonnance, such as controlling
the axial drift tube potential to compensate for nonunifonn magnetic field and ion space
charge.
Ion Trajectories. In general, the motion of an ion bound to the beam is a rapid
precessing transverse oscillation around the beam center, plus a relatively independent
bouncing "between the end barriers. The radial frequency is of the order COl = 300 VnefM,
where ne is the beam electron density and M is the mass (in AMU) of the ion. For a
typical EBIS, this is about 10-100 MHz. The ions rotate about the beam axis with the
Larmour frequency CO2 = QeB/2M, which is of the order of 1-10 MHz. The axial oscillation
frequency is about co3 = vJ2L, where V z is the ion axial velocity and L is the trap length.
This frequency will range up to perhaps 1 MHz. Since the ions typically are confined for
seconds, it is obvious that they undergo many oscillations during their confinement, and
their phases are essentially random.
We assume that the trap in the EBIS is very long and very thin, and approximate
the electrostatic potential as the sum of a radial and an axial part, which are independent:
V(r,z) = c1>(r) + '¥(z).
The hamiltonian is then
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The trajectories r=(r,e,z) are easily found using Hamilton-Jacobi theory in
classical mechanics.

<l>1=(01t =M(01

f dr 1/YSdr)

f
f

<1>2 = (02 t = e + J

dr 1/r 2YS12fr)

<1>3 = ffi3t = M ffi3

dz 1/ YS3(Z)

where
S 12(r) = 2M[W - Qe<1>(r)] - (1/r2)[J - (1/2)QeBr2]2
S3(Z) = 2M[K - Qe'¥(z)]
These trajectories are functional relationships between r and the constants of the
motion, which we write as (E,<I»: E=(W,J,K), where W is the transverse kinetic energy, J
is the angular momentum around the axis, and K is the axial kinetic energy; <I> =(<1>1,<1>2,<1>3)
= «(01t,(02t,(03t), where (01,(02,(03 are the radial, azimuthal, and axial oscillation
frequencies. The velocities v are found from the trajectories by differentiation with respect
to time.

a

Fig. 2.
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b

Typical radial trajectories of ions trapped in an electron beam. It is assumed that
the ions are created inside the beam, which has uniform current density. (a) A
, 131Xe 8+ ion created with zero initial kinetic energy. Beam energy 50 keY; beam
density 6x10 11 e-jcm 3 ; magnetic field 5 T; the radial amplitude of the motion is
0.01 em. (b) A 131Xe 1+ ion created with 50 eV kinetic energy and large angular
momentum. The radial amplitude of the motion is 0.025 em. In both cases, the ion
attempts to fall radially to the center of the beam, but is deflected away from the
axis by the axial magnetic field.

Fig. 2 shows typical trajectories of ions trapped on an electron beam of unifonn
current density. The motion is a combination of the radial oscillation in the electrostatic
field of the beam, on which is superimposed the azimuthal cyclotron motion of the ion
around the magnetic field. Several points are noteworthy:
(1) The ions are trapped to the beam even when their trajectories take them

outside it;

(2) Ions created at rest with no angular momentum never pass through the axis.
They begin falling toward the axis, but the magnetic field deflects them and they miss it.
The result is a quasi-periodic multi-cusped rosette trajectory;
(3) Ions with angular momentum parallel to the magnetic field will be deflected
more away from the axis, while ions with angular momentum antiparallel to the magnetic
field will be deflected less away from the axis. Ions with just the right antiparallel angular
momentum pass through the axis, while those with more pass outside it, enclosing it
within the trajectory.
Distributions. The calculation of the ion distributions can be fonnulated in a very
general and powerful way, using classical hamiltonian mechanics [27]. The technique is to
assume they are uniformly distributed in the phase of their periodic motion and use a
series of transfonnations to convert this distribution to distributions over space, velocity,
energy, speed, etc. The transformations are generated by calculating the trajectories of
individual ions in the electrostatic and magnetic fields.
Let do = G(r,v)drdv be the number of ions of given charge Q with position rand
velocity v in the phase space volume drdv. Since the distributions can be parametrized by
(E,<\l) just as well as by (r,v), we define a distribution F(E,<\l) such that the number of
ions F(E,<\l)dEd<\l with E,<\l in dEd<\l is equal to G(r,v)drdv. The two distributions are then
related by
F(E,<\l) = J(rv/E<\l)G(r,v)
where J(.. ./...) is the Jacobian
J(rv/E<\l) =

I dv/dE
dr/dE

dr/d<\l
dv/d<\l

which can be calculated directly from the trajectories r(E,<\l), v(E,<\l). Note that J is a 6x6
matrix. Now we transfonn the phase <\l to another variable s:
F(E,s)

= J(E<\l/Es)F(E,<\l) = Id<\l/ds I Es

F(E,<\l)

where the subscript Es emphasizes that J is written explicitly in tenns of E and s. Now
we define a reduced distribution over the variable salone:

f(s)~

f

F(E,s) dE .

Finally we impose the requirement that the ions undergo many oscillations, i.e.,
that the trajectory phases are uniformly distributed:
F(E,<\l)

= F(E)
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Using this we find
f(s) =

f Idsd<l>lEs F(E) dE

This result allows us to calculate the distribution of the ions in any variable s by
making an assumption about the distribution in energy. The assumption of random phases
is built into this result.
Because of the separability of the transverse and axial motions, the distribution
F(E) separates into transverse and axial parts F12(El,Ez)F3(E3); the reduced
distributions separate similarly:

where

These relations can be used to find other distributions starting from an assumed
distribution in energy and angular momentum. For instance, we can calculate the
distribution in energy S3 = K' resulting from collisions of various types, and distributions
in space and velocity alone.
A simple but interesting specific case is that of ions trapped inside a beam of
uniform current density. If we neglect the angular momentum (1=0) and the cyclotron
motion (B=O), the radial potential well is harmonic, et>(r) = (l/2)arZ, and the ion motion is
pure harmonic radial oscillation with frequency ooQ = YQea/M. In this case, the double
integral f12(Sl,SZ) reduces to a single integral, which can be evaluated for various cases.
First, given a collection of ions with a distribution FQ(R) of amplitudes R, the radial
spatial distribution will be

and the radial velocity distribution will be

If we start with a distribution FQ(R) and some process (such as electron impact
ionization) changes the ions to charge state Q', the two radial amplitude distributions will
be related by
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This relation allows us to infer what happens to the radial distributions as the
ionization progresses toward higher charge states. Indeed, it can be shown that the
mean-square-radius of the distribution is

This clearly shows that, in the absence of other heating, successive ionization
causes the ions to be concentrated more toward the axis. The same analysis shows that
the mean radial velocity of the ions increases in proportion to YQ.
Some examples of radial distributions for xenon ions created at rest at one radius
as the charge increases are shown in Fig. 3. The general trend is obvious: initially, the
ions spend most of their time near the turning points, producing a distribution peaked at
the amplitude. As Q increases, this peak is pulled inward and broadened.
The Plasma EBIS ("3rd approx.")
The Distributed EBIS approximation fails due to a variety of processes that alter
the energies and/or abundances of the ions and electrons; for instance:
30a
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Radial distributions of xenon ions trapped in an electron beam, as the charge is
increased by ionization. The Q=l ions all have the same energy, hence the same
radial amplitude; this produces the distribution peaked near the turning point. As
the charge increased, the distribution becomes concentrated more toward the
axis, and the spike at the peak amplitude is smoothed and broadened.
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Axial ion acceleration due to focusing of the electron beam in a nonunifonn magnetic
field.
Ion heating and diffusion by electron impact, ion-ion collisions, collective processes
such as beam instabilities.
Ion cooling by similar processes.
Extraction of residual gas due to ionization in axial field gradients.
Change of the potential within the beam due to interaction with conducting electrodes
such as drift tubes.
Fluid instabilities.
Microwave generation.

All these effects, most of which involve change of particle energies and collective
fields, are described within classical plasma physics, and could be considered a "third
approximation" to EBIS behavior. This device is called the Plasma EBIS.
During 1987-88, experiments at LLNL [20] and SNLL [28] indicated that heavy
ions could be trapped in the EBIS far longer than expected based on the classical models.
Since then, much data has been obtained that show that the enhanced trapping occurs
when impurities are present; it is due to heating of light ions and cooling of the heavy ions.
Apparently a dirty EBIS is better than a clean one! This wonderful circumstance is a kind
of miracle that may well the allow these devices to live up to expectations developed from
more naive models. In retrospect, it should have been obvious that impurities would
enhance the ion yield: it has been common knowledge in the ECRIS community that
"magic" gas mixtures produce significantly enhanced yields of high charge states [29].
And what is good for the ECRIS may be as good for the EBIS!
As described above, a standard assumption of the classical model [3] is that the
residual gas will be ionized by the beam, and the ions will accumulate inside the beam
until the compensation time, when the ion charge equals the electron beam charge. At that
time the beam is neutralized, and there is no longer a radial potential well. After
compensation, the ions drift freely away, the steady state being maintained by the
constant supply of residual gas. This means that ionization of previously trapped heavy
ions will stop, freezing the charge state distributions.
That something is wrong with this picture is seen from the following data, taken
from experiments with the LBL/MOD EBIS at SNLL: direct observations of the time
dependence of the yield of residual nitrogen ions showed te = 20 ms, consistent with the
known cross section for ionization of nitrogen gas at the measured pressure P = 10-9 Torr.
But ions of xenon gas bled into the trap were found up to at least Xe40 +. The time
necessary to reach this charge state is 't(Q)= [cr (Q-l) Ve nel- l = 10 s for the 100 Ncm 2
beam. The mystery is how the Xe ions could be trapped for times so much longer than the
compensation time. Extensive experiments at LLNL [30] have directly and spectacularly
demonstrated trapping of heavy ions for very long times, up to several hours.
Ion Heating. It came as a surprise to EBIS workers that the compensation time
could be exceeded. First hints that the classical model was inadequate came from
experiments on ion heating [31] although several persons had remarked on the plasma
properties of the EBIS [9, 32]
Ion heating alone can produce enhanced trapping of heavy ions, without invoking
any cooling mechanism. Assume the bare beam produces a radial well <1>0. In steady state
with no heating, the beam is completely compensated by residual gas ions, and there is no
radial well. If now the ions are heated, they will be driven out of the beam, leaving it less
than fully compensated. This occurs because the residence time of the ions is
tr=<I>/(dE/dt), where <I> is the radial well depth and dE/dt is the heating rate. The fractional
compensation is then f=trflc and the radial well is <I>=(I-f)<I>o=[I+(I/tcdE/dt)]<I>o. A small
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number of heavy ions can now be trapped in the reduced radial well for relatively long
times, so long as their heating rates are much less than the heating rates of the residual
gas ions. Since the heating mechanism could involve nonlinear plasma effects, the rates
could be very sensitive to the ion species. Thus, we are led to conclude that complete
compensation of the EBIS beam never occurs, and the compensation time limit can be
greatly exceeded, so long as the number of trapped heavy ions is kept small.
Eventually, of course, all ions, including heavy ions, are heated and escape from
the trap. Thus, we are led to the image that there is not a single time for reaching
equilibrium in the EBIS, but several times characteristic of the different ions. Direct
evidence for this is shown in Fig. 4, in which the residual gas ions are observed to be
constant, but the Xe ions are still evolving to higher charge states after 1 s.
Direct evidence of residual gas ion heating is shown in Fig. 5, obtained from the
LBL/MOD EBIS operated in the leaky mode [28]. Here, the energy of the extracted ions
is plotted as a function of the barrier voltage. The presence of ions at energies above the
drift tube potential, observed by allowing them to spill over the end barrier, shows that
they can receive up to 20 e V or more before being lost.
Ion heating will be important not only to the production of high charge states, but
also to any experiments that attempt to resolve energies of the order of the ion
temperature. For instance, if we wished to decelerate Q=50 ions tb study low energy
impact phenomena, we would begin to lose part of them as we resolved their energy to
less than the ion temperature.
The relative importance of various mechanisms of ion heating in the EBIS are not
yet known. Several possible mechanisms are listed in the Table 3.
Certainly direct beam electron impact is one obvious heating mechansim. This is
usually formulated as Landau-Spitzer heating. Its rate [33],

where the cross section
CJei

=4

f2it

2
(Qe
)2 In A
kT
e

is proportional to Q2. Clearly, this heating mechanism becomes more serious for high
charge states. A widely quoted calculation of direct collisional heating by Becker [34]
indicated heating would prevent attaining ions above about Q=50. Such calculations led to
widespread pessimism in the future of the EBIS: many thought it would never produce
really high charge state ions.
Ionization heating occurs when the charge state of an ion in a potential well is
increased. The ,ion oscillates across the well between its turning points. If it suddenly
changes from Q to Q'>Q when it is not at the bottom of the well, the position and kinetic
energy are unchanged, but the depth of the potential well increases. When the ion again
falls into the well, this increase appears as kinetic energy. Thus, as the ion charge rises,
so does its mean kinetic energy in the trap. The analysis on distributions given above
shows that the mean kinetic energy is proportional to Q. This kind of heating, however,
does not lead directly to loss from the beam, since the ions are confined even more tightly
as their charge increases. Rather, this mechanism will be important if this input of energy
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Demonstration that the classical compensation time of an EBIS can be exceeded.
Residual gas ions reach equilibrium within about 10 ms, but the heavier xenon
ions are still evolving toward higher states after I s, at which time the
distribution peaks near Xe 30+. This is a magnetically analyzed spectrum: the
residual gas peaks are: D=02+, E=N2+, F=C 2+, G=03+, H=N3+, I=C3+. These
spectra were obtained on the LBL/MOD EBIS, operated as a Gated EBIS by
continuously bleeding in xenon gas and confining the ions for the indicated times.
At bottom is a residual gas spectrum obtained with the EBIS operated as a
Leaky EBIS. The fact that the peaks in the Gated spectra are much wider than in
the Leaky spectrum is evidence that the ions are being heated in the trap, hence
acquiring a distribution of energies. Data from Ref. [78].
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Demonstration that ions from a Leaky EBIS are monoenergetic. The current in
the analyzing magnet (which measures the ion momentum) is plotted as a
function of the voltage on the barrier drift tube. When that barrier exceeds the
trap voltage, the extracted ions have higher momentum. Ions measured were
N3+, peak H in Fig. 4. Data from Ref. [78].

Table 3.

Ion Heating Mechanisms in the EBIS

Landau-Spitzer

Beam electron-ion elastic collisions

Ionization

Increase of charge state of an ion in aa
external potential, with conversion to
kinetic energy

Plasma ionization

Increase of charge state of an ion in a
plasma, with collisional conversion to
kinetic energy

Plasma waves

Coupling of ion to coherentcollective fields
of the plasma; waves may be generated by
instabilities

Ion-ion collisions

Elastic energy transfer from heavy ions to
light ions
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can be converted to other forms, coupling to other particles, and coupled back on the ions
themselves.
For ions in a plasma, there are analogous ionization heating mechanisms. One of
these, called "Raman heating" [35] or "ion proximity heating" [36], results from the fact
that the ion fmds itself in the potential of another ion at a distance about the shielding
radius R s. When the ion charge jumps from Q to Q+ 1, it gains an energy

which is converted to kinetic energy by ion-ion collisions. The heating rate is then
dE/dt =

~E Ile

O"ii V e

where O"ii is the cross section for ion-ion collisions. If there is an externally imposed
potential <1>, the energy jump is altered:

~E = e<l> [1

- exp

(~- ~)~
kTe

kTj ~

This predicts ion heating if Ti<Te, no heating for Te=Ti. and ion cooling for Ti>Te. If
Ti«Te, the heating rate reduces to the rate for Raman heating.
Another heating mechanism is the coupling of plasma wave energy to the ions. The
waves can be generated by instabilities, driven by the input of energy with the electron
beam. For this to occur, the diameter of the beam must be larger than the Debye length,
i.e., it must act like a plasma. This may well be satisfied for an EBIS beams, especially
high-current beams. A variety of instabilities is possible [37], including Penning
oscillation, backward-wave oscillators, and various two-stream instabilities. One of
these latter, the modified rotational electron-ion two-stream instability, was shown [38]
to have growth rates significant for an EBIS. In fact, the fear of such instabilities led
Levine to propose making the EBIS very short, eventually developing the concept of the
EBIT. Whether instabilities actually pose a significant limit on EBIS performance is still
open to question, but it may be significant that the best results from several laboratories
were obtained with relatively low currents (typically 15-25 rnA), well below· the limits for
generating instabilities.
Ion Cooling. As shown so beautifully by Levine, Marrs, and others on the EBIT at
LLNL [39], ion cooling is the key to making an EBIS work well. The results are nothing
short of spectacular: Au 69 + ions cooled by adding Ti impurities have been trapped for 4
hours! Since the compensation time for that system is of the order of seconds, these
results dramatically demonstrate that the classical barrier of beam compensation can be
exceeded.
The light ion impurities dramatically increase the intensity of the heavy ion X-rays
emitted from the EBIT, as shown in Fig. 6 [30]. This is assumed to result from increased
density, which in turn results from lower loss, presumably by heavy ion cooling.
The following simple physical picture emerges: energy enters the plasma with the
electron beam. The beam ionizes the ions, which increases their radial potential energies.
As the ions oscillate within the radial potential well, their potential energy appears as
kinetic energy (ionization heating). Direct beam impact increases their transverse kinetic
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Increase of X-ray luminosity of trapped ions due to cooling, which increases the
trap time, hence the number of trapped ions. (a) without cooling; (b) with cooling.
Data from Ref. [30].

energy (collisional heating). Ion-ion collisions cause the energetic heavy ions to transfer
energy to the low energy light ions. This cools the heavy ions, and they are confined
deeper in the potential well of the beam. Heating of the light ions drives them out of the
trap to the walls, and new cold ions are created by beam ionization of the residual gas.
The steady state is one of cold gas passing through a hot one, the former carrying away
thermal energy and cooling the latter.
In order to see these processes at work, we have simulated this system with a
Monte Carlo code [40]. The code follows the three-dimensional trajectories of a
numbered collection of ions moving in the collective field of the electron beam and all the
ions. Ions exchange energy in coulomb collisions; ions that gain energy get into
trajectories taking them outside the beam. Ions lost to the walls are replaced by thermal
residual gas ions. Charge states of the ions evolve according to the time spent in the
beam.
Typical results for a model system are shown in Fig. 7. It is seen that the beam
heating tends to drive ions of all types out of the trap; ultimately they would reach the
wall and be lost. Ion-ion collisions cool the high charge state ions, keeping them in the
trap longer.
The equilibrium charge state distributions, shown in Fig. 8, also exhibit the effects
of the ion-ion collisions.
Levine and co-workers [41] have also carried out computer calculations of
evaporative cooling in the EBIT. Their model includes essentially the same physical
effects as those just described (beam heating, ion-ion collisions, and ion wall loss), but is
a based on plasma approximations for the rates. Furthermore, they assume that the
heating is due to the transverse elastic momentum transfer from electron-ion collisions,
rather than ionization heating. This assumption will apply more to the very highest charge
states, for which the ionization proceeds very slowly and there is plenty of time for
collisional heating. They obtain a variety of results, including radial distributions, heating
rates, and ion temperatures. Together with the experimental results, these calculations
are quite convincing that the mechanism is roughly as described above, namely ionization
and collisional heating and collisional cooling of the heavy ions, collisional heating and
evaporation of the light ions.
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Radial distributions of ions in a distributed EBIS. The light N7+ ions are spread
into a thick sheath due to heating, but the Xe 54+ ions are confined near the axis
due to ion-ion collisional cooling. These calculations were done with a Monte
Carlo code that assumes 400 N7+ and 100 Xe S4 + ions are trapped in a 2 keY
beam with 1=25 Ncm 2 and radius a=0.018 drift tube radius is R=O.5 cm and axial
barriers are at z=±60 cm. The magnetic field is 3 kG. Initially the ions are
randomly distributed across the beam with thermal velocities.

The LLNL plasma code calculation has the advantage of being simpler and faster
than the Monte Carlo trajectory code, but it does assume that the plasma rates are
applicable to the very tenuous, tiny non-neutral "plasma" of the EBIS. Another advantage
of using a plasma description is that various analytical results emerge. For instance,
Lyneis [42] quotes the following formula for the confinement time of an ion in the ECRIS:

where L is the trap length, M and Q are the ion mass and charge, Zeff is the effective
charge in the plasma, ni is the ion density, and Ti is the ion temperature. If it really is true
that what is good for the ECRIS is good (or the EBIS, we might expect the confinement
time to rise as Tr S/ 2, showing the strong advantage of even a little cooling.

Fig. 8.
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•

Evolution of xenon ion charge states in an EBIS. The first seven distributions
include neutralization from residual gas, but no collisions (Classical EBIS). The
next distribution includes beam ion heating, which reduces the trap time and
therefore the mean charge state. The bottom distribution includes ion-ion
collisions, which cause cooling of the ions, increase of the trap time, and increase
of the mean charge. The conditions were chosen to reasonably simulate the
LBL/MOD EBIS. From Ref. [40].
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Ion heating and cooling probably ultimately limit perfonnance in a Real EBIS that
has good vacuum and good beam quality. The challenge is to minimize the ion heating and
implement schemes for cooling the ions. In practice this means controlling the detailed
space-time-species distributions in the trap, and possibly implementing clever schemes
for selectively extracting energy, such as an external beam of cold particles. Furthennore,
it might mean implementing external fields to dynamically control beam instabilities, or
selectively extracting undesirable species (for instance, based on their charge-to-mass
ratios). One thing seems clear: a slightly dirty gas in an EBIS is better than a very clean
one!
The EBIS as a Plasma Device. It has been a major step forward to regard the
EBIS as a plasma device. The extraction drift tube is quite similar to the extraction
cathode in arc plasma ion sources. The light ions evaporated from the beam form a sheath
around it. The similarity of the electron beam to a conducting wire also can be noted: low
energy electrons that are either produced in the beam or wander into it are very rapidly
heated by the "drag" force (elastic impact). Thus, the beam acts much like a positively
biased wire that carries away any electrons that encounter it and also repels excess
positive ions to form the sheath. It is perhaps surprising that it took so long to abandon
the simple independent-particle models of the EBIS and think of it as a plasma device.
But now that that has been done, we can hope that new engineering developments will
help the EBIS reach its potential.

PRACTICAL EBIS SOURCERY
There is, of course, a vast difference between the physics of the EBIS as described
in the previous section, and actual machines that have been built. The physicist engaged
in building an EBIS for use in physics experiments must constantly play the engineering
realities against his proposed experiments. An EBIS probably is too complicated to build
for a single physics experiment. In this section we describe Real EBIS's, machines that
have actually been built, and the kinds of physics experiments that can be done on them.
The emphasis is on the interplay between the design/performance and the experimental
requirement.
The "Typical EBIS"
A "Typical EBIS" has a solenoidal magnet about 1 m long generating an axial field of
a few T which is extraordinarily straight and uniform. In the bore of the magnet is inserted
a series of perhaps 20 drift tubes, each a few em long and internal bore 5 mm. The drift
tubes can be independently held at potentals of 1-3 kV. The electron gun generates a
beam of energy 3-50 keY, which is compressed by the magnetic field to a diameter of a
few hundred microns. The current is 10-100 mA, the current density 100-1000 Ncm 2 . The
vacuum in the main chamber is around 10-9 Torr, but may be less in the drift tubes. Ions
are generated in the beam by bleeding a noble gas into one of the drift tubes. The ions are
confined longitudinally by biasing the end drift tubes 20-50 V more positive than the trap
drift tubes. They are extracted by reducing one end barrier, allowing them to exit axially
through the drift tube. The ions are separated from the electron beam by reducing the axial
magnetic field with a bucking coil to a few Gauss over several em, allowing the electrons
to expand by coulomb repulsion onto a water-cooled collector. The ions pass into an
extraction drift tube and out to the transport optics.
This "Typical EBIS" has taken 3-5 years to design and build, and cost perhaps a
million dollars, including overhead. It utilizes much standard accelerator technology such
as high voltage and ultrahigh vacuum components. But it also includes some high
precision components, such as the solenoid, that have advanced the state of the art. The
design of the electron gun and beam collectOr, and matching them to the solenoid, has
340

been a major effort. The internal components have been carefully designed not only to
maintain precise axial symmetry, but also to withstand the rigors of thermal cycling during
baking and cryogenic cooling. Because of the critical vacuum, the source is seldom opened;
it is designed with sufficient redundancy and backup to live through normal component
failures.
The "Typical EBIS" behaves as its designers expected, but much time is required to
find the best combination of operating conditions. Much time is spent waiting for the
vacuum to settle down after venting, and tuning the various electrical and ion- optical
voltages. When tuned up, the xenon ions analyzed by a 90° bending magnet show a
regular series falling off toward the highest charge states. The machine is stable over long
times, and produces essentially the same results day after day. This machine will last 5
years, to be replaced by one producing greater beam density and better vacuum.
The Leaky EBIS
The simplest way to inject ions into the EBIS is by a continuous bleed of neutral gas
through a leak valve. After the gas atoms are ionized, they are extracted continuously by
allowing them to "leak" out axially over the end potential barrier. This mode is entirely
DC. We call this device a Leaky EBIS [28].

100

+'
+2

10

+3

(/)

z

Q

u..
0

a:

+4

w

lD

:E

=>

z

w

>
i=

0.1

«
...J
w

a:
0.01

o .001 '-1000

+5

~'::-::------~_:_::_---L.-------:-:'=:_---::II"---__:_:!

1050

1100

1150

BARRIER VOLTAGE (V)

Fig. 9.

Demonstration of a Leaky EBIS. The numbers of carbon ions of different charges
were'measured as a function of the axial barrier voltage. The Q=l ions are
created from the residual gas, hence show no trapping effect with increasing
barrier voltage. For higher charges, the barrier at first increases the trap time
and therefore the yield of the ions, then cuts off the axial extraction, forcing the
ions to drift radially to the wall. In these measurements, the ions were created in
the trap at 1100 V, and the upstream barrier was set at 1120 V; these are
indicated by the vertical lines. The trapping enhancement of the CS+ ions is about
300x. Data from Ref. [28].
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Ions extracted from the Leaky EBIS are monoenergetic. A demonstration of this is
shown in Fig. 5, in which the ion energy, measured as the current in the analyzing magnet,
is plotted as a function of the exit barrier voltage. This result shows that so long as the
barrier is less than the drift tube voltage (1100 V in this case), the ions leaking out are at
1100 eV/Q. But as the barrier is raised, only those ions that have been heated to the
barrier voltage can leak out. As soon as the ions reach the barrier voltage, they leak out,
with the result that the extracted ions are monoenergetic to within about 1 eV/Q.
The numbers of various residual gas ions extracted from the Leaky LBL/MOD EBIS
are shown in Fig. 9. These data show clearly that the yields of ions of charge state Q=1
are not enhanced by the end barrier, but that higher charge state ions are enhanced due to
their longer containment time. The greatest enhancement is found for the optimum
compromise between increasing the confinement time and increasing the radial losses.
After all, if the end barriers exceed the depth of the radial well, all ions must go to the
walls. The yields of ions falls exponentially as the barrier is increased beyond 20 eV. This
exponential tail is characteristic of a quasithermal distribution of ion energies. From the
slope we can obtain the ion temperatures: about 6 eV for Q=1 and about 15 eV for ions
with Q=3-6.
The Leaky EBIS is a compromise between no confinement and complete
confinement/dump. It is an improvement over the time-of-flight TOFEBIS [43] in which
the ions make only a single pass through the beam, and- the charge states obtainable in
this mode are surprisingly high: the LBL/MOD EBIS, a rather modest machine in terms of
beam current density, has produced ions up to Xe40+, near the ionization threshold for the
beam energy. Much the same has been observed on the Frankfurt EBIS and on CEBIS I
(Cornell) operating in the leaky mode.
The Gated EBIS
If the working gas is continuously bled into the EBIS, but the ions are held back by a
relatively high axial barrier until they are suddenly released by dropping the barrier, we
can enhance the confinement over the Leaky mode. We envision the cycle as starting with
cold neutral gas which is ionized and heated by the beam, eventually reaching an
equilibrium when the radial loss rate equals the neutral supply rate. This equilibrium will
have higher mean charge and ion temperature than the leaky mode, since the confinement
time is longer. We call this device a Gated EBIS.

The data in Fig. 4 showing the evolution of Xe charge states continuing for at least 1
s, in spite of the fact that the residual gas had reached equilibrium at 20 ms, were taken in
the Gated EBIS mode. At the time these experiments were done, it was slightly
mysterious how the gating could enhance the high charge states, since it was assumed
that the 20 ms compensation time would stop the Xe evolution. With the realization,
supported by this observation and the EBIT results, that heavy ion cooling allows the
compensation limit to be exceeded, the Gated EBIS is quite understandable.
Pulsed EBISs
Another significant improvement is realized if the working gas can be injected as a
pulse, rather than bled in continuously. Now the low charge states are quickly depleted,
reducing the supply of electrons for neutralization. Thus, although the confinement time is
not longer than in the Gated EBIS (in which the gate is closed until equilibrium is
reached), the ions reach higher charge states before attaining equilibrium. Extraction of
the ions using pulsed injection could be either in leaky mode or gated mode.
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Pulsing a neutral gas sufficiently fast into an EBIS is problemmatical. Various
schemes, including laser vaporization and fast valves have been tried without much
success. A better way is to inject the gas as low charge state ions from an external
source [44]. This has great advantages in terms of control of the pulse duration and
intensity, and maintaining purity.
The pulsed/leaky mode is convenient for studying ion heating in an EBIS, since a
fixed leaky barrier automatically releases the ions when they reach the top of the barrier,
without fear of transients altering the local potential. Typically one might inject ions for 10
I.l.s and watch them leaking over a 10 V barrier for some seconds, inferring the heating
rates from the time profile of the leak rate. This is essentially how the EBIT is operated: a
burst of ions from the external source, a MEtal Vapor Vacuum Arc (MEEVA) [45], is
injected and a fraction trapped "almost forever" (some hours).
The pulsed/gated mode is the best way to obtain the most ions of the highest charge
state, and is the only way to study the evolution of the charge states in time. The strategy
is as follows: heavy ions are injected in a pulse and the end barriers are closed, trapping
them. Light coolant ions are injected continuously, serving to keep the heavy ions in the
beam where they are ionized at the maximum rate. As soon as equilibrium between
ionization and neutralization is reached, the barrier is dropped and the ions are extracted.
The cycle then repeats. This is the way Donets and co-workers m~asured the progress of
ionization in KRION II [46, 47, 48], .demonstrating the expected behavior of the EBIS and
obtaining ionization cross sections for high charge state ions.
Mechanical Design
In the absence of a quantitative model of the EBIS, most designers so far have opted
for conservatism: the magnetic field had to be extraordinarily straight, the electron beam
had to be extraordinarily laminar, the vacuum had to be extraordinarily good. The defense
against ignorance was overkill: if a good vacuum works well, avery, very good vacuum
will work very, very well. This approach undoubtedly was very costly, and contributed to
the reputation that an EBIS is a tricky, complicated, expensive gadget. Seldom was there
much more basis for these assumed requirements that an isolated estimate, using models
of the Perfect or Classical EBIS. But since the actual conditions in a Real EBIS were
relatively poorly understood, one was never certain whether these requirements were
essential or just so much added bother.

With the development of the image of the EBIS as a distributed plasma device, and
the introduction of ion cooling, some of these requirements can be seen more clearly. The
emphasis currently is on understanding and managing the various particle species, and
keeping the ions inside the beam. There is also an emphasis on making smaller, simpler,
cheaper machines of equivalent performance.
A general criterion can be given for design tolerances in the EBIS: the shift in the
potential seen by the trapped ions due to a flaw must be much less than the depth of the
potential well inside the beam. Violation of this criterion will lead to ions moving outside
the trap, thereby reducing the yield of high charge states.
Certain ~echanical aspects appear to be crucial to satisfying the design tolerance
criterion: a straight and uniform magnetic field, axial symmetry and good alignment, and a
laminar beam. In addition, the ionization balance requires ultrahigh vacuum, and extracting
useful ions requires high voltage stability and good ion-optical design. We will offer a few
remarks on each of these topics, based on the general experience of the EBIS community.
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The Magnetic Field
An EBIS magnet wants to have a field that is both straight and uniform. The
straightness requirement arises because the beam interacts with the conducting drift tube
wall. Shift of the beam from the tube axis alters the potential inside the beam. Generally it
is assumed that the beam must be held in the center of the tube to within a fraction of its
diameter, typically 0.1 mm. Based on this criterion, field straightness of 1 part in 1()4 has
become a general standard. This means that the magnetic axis can deviate no more than
0.1 mm over the length of aim solenoid. This is clearly a very challenging requirement.
The uniformity requirement arises because the beam density, and therefore the
potential well, depends on the value of the field. As the beam enters the magnet it is
compressed. If the axial field varies along the axis, so will the potential well seen by the
ions, and axial ion pooling will result. Generally, one estimates that a change of 0.1 % is
tolerable. However, further understanding of the plasma aspects of the EBIS may show
that this estimate is too restrictive; it is possible that the general diffusion of charged
particles, much more extensive than previously appreciated, will act to smooth the profile,
and more reasonable magnets could be used.
The most recent superconducting EBIS magnets are those for the Kansas State
University CRYEBIS [49] and the Sandia Super-EBIS [50]. The specifications for both
these magnets called for straightness and uniformity roughly as given above. Extensive
field mapping by Stockli has shown that the KSU magnet has succeeded in achieving its
specifications, and preliminary results on the Sandia magnet indicate the same.
Axial Symmetry
It is easily appreciated that maintammg axial symmetry is essential to EBIS
operation. Symmetry can be ruined by several causes, including misalignment, thermal
and gravitational distortion, and electrical asymmetry.

One of the most difficult problems in practice is the seemingly trivial job of aligning
the EBIS. The fringing field of the magnet is determined by external devices, including
bucking coils, possibly iron shields, and structures with nonunity susceptibility. Since the
beam starts and ends in the fringing field, the conditions for proper injection into the
solenoid are critical. Misalignment will cause reflection of the beam, with consequent
vacuum degredation if it hits structures. CRYEBIS II apparently suffered from this
problem.
It is not enough to optically align the several components. Brown and Feinberg [51]
mapped the LBL EBIS with a rotating Hall probe, a technique that has a long history [52,
53]. Stockli used a similar device to very carefully map the KSU-CRYEBIS magnet and
find ways to correct the inevitable sag [54]. The Dubna group has used a similar
technique [55]. Kostroun [56] emphasizes that using the beam itself to locate the
magnetic axis is the most reliable. The Sandia magnet was designed with a vertical axis
to minimize distortions due to gravity. The only other EBIS's with vertical axis are the
one in Novosibirsk, a relatively low performance machine, and the EBIT, which is so short
that field straightness is not as important.
The designer of an EBIS is well advised to pay careful attention to symmetry. It is
not necessarily the best plan to simply include enough screw adjustments to permit
multiaxis motion for alignment; a better defense probably is to carefully select materials,
maintain axially symmetric geometry, use alignment keys, and hold tolerances.
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This last remark applies especially to the problems of thermal distortion. We ask
that these machine go through multiple cycles from baking temperatures (say 200 0q,
down to LHe temperature, 4 K, and hold certain dimensions within tenths of a mm. Even if
all the parts were aligned at room temperature, during the cool-down some will shrink
more than others, leaving gaps or exceeding elastic compression strengths. The system
may not make it to cryogenic temperatures still aligned even the first time, much less
through repeated thermal cycles. Again, the defense is to carefully select the materials for
compatible thermal properties and design the parts with symmetry in mind. For instance,
in a cryogenic system, one always wants to hold an insulator inside a metal sleeve, so
when it cools the sleeve contracts tightly onto the insulator. If the insulator were on the
outside, it would pull away from the cold metal, or be broken during the bake as the metal
expands.
Laminar Beam
It is believed that a laminar beam is essential in order to prevent ion loss. Very high
field gradients associated with nonlaminarity, together with the possibility of instabilities,
could, and likely does, cause heating of the ions. This conclusion is supported by general
observations that more laminar electron guns have produced better behaved EBIS's.
Designing an electron gun for laminarity is not a job for -amateurs. Codes are
available that are considered to be both correct and relatively easy to use [57, 58], but
considerable experience is needed to design a really good gun.
There is a general trade-off that is useful: more laminar beams can be obtained with
low perveance guns. The perveance is defined as P = W 3/ 2 , where I (in A) is the current
extracted when the anode voltage is V (in V). A value P = 2x 10-6 = 2 Jlpervs is typical of
guns that are used for high beam compression, but matching the optics of the gun to the
solenoidal magnetic field is tricky [59]. Instead, if one uses a gun with P = 0.01-0.1
Jlpervs, the entire optics is more nearly paraxial, and the beam can be made more laminar.
Lower total current is the price paid: a P= 0.1 Jlpervs gun operating at V = 10 kV will emit
100 rnA. In order to get higher current from a cathode of the same size, we could use
single crystal LaB6, which can emit up to 20 Ncm 2 with reasonable lifetime.
Ultrahigh Vacuum
The vacuum requirements for an EBIS at first appear formidible, but they are
reasonably within the state of the art. Benvenuti [60] reviews techniques for achieving
pressures into the 10- 14 Torr range. Recognizing that the main source of residual gas in a
cryogenic system is dissolved hydrogen diffusing out of the metal parts, the general
strategy is to pre-bake these parts in vacuum at sufficiently high temperature to boil off
the dissolved gas, or to generate an impermeable layer on the surface that will inhibit
diffusion across the surface.
More specifically, it is found that commercially supplied stainless steel and copper
outgas at roughly 10- 12 Torr-liter/s-cm 2 . Aluminum is much better, about 10- 13 Torrliter/s-cm 2 . Vacuum firing each of these metals reduces the rates by at least an order of
magnitude. For instance, stainless steel is to be baked at 950°C in 10-6 Torr vacuum for
at least 1 hour: A lower temperature bake in air has a similar effect: a 100°C bake of
aluminum in air reduces its outgassing rate below 10- 14 Torr-liter/s-cm 2 , although later
baking in vacuum may remove the protective oxide layer. In the absence of these
preparations, the system will never reach pressures below the high 10- 10 Torr range.
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Benvenuti remarks that unbaked copper gaskets in Conflat-type flanges may contribute
more gas than all the rest of the system.
A variety of pumps must be used on this system if it is to efficiently pump all
gasses. The best vacuum is obtained with cooled bakeable getter pumps [60]. Although
in general the more pumping area the better, placing the pumping surface strategically to
intercept the main sources of gas and prevent them from entering the trap is most
important. Systems like this cannot really be treated as lumped; the origin and
distributions of the various species must be understood. In this regard, using xenon as the
working gas may have an unexpected benefit: it is well-known that frozen layers of noble
gases efficiently pump hydrogen. If xenon were bled into the end drift tubes of an EBIS
(as it has been in several machines), it would creat a local pump just where needed to
prevent incoming hydrogen from passing into the trap.
High Voltage and Ion Optics
In most experiments using extracted ions, the energy of the electron beam need not
be controlled precisely; it only needs to be relatively near the peak of the ionization cross
section. However, there is an important class of experiments in which a sharp resonance
or threshold for excitation or ionization is used to identify the process or to alter the yield
of ionic states. Experiments in the EBIT on dielectronic recombination [6 I] are of this
kind: variation of 32 V in the impact energy. was enough to move completely off the DR
resonance for Ni+ 26 . In order to resolve the details of such resonances, we would require
the beam energy to be regulated to within, say 5 V. For power supplies in the range 100
kV, this is a significant challenge. An effective strategy would be to sense the ripple and
drift, and feed it back to the trapping drift tube.
Since there will be few ions of the highest charge state, it is crucial that these be
extracted and transported to the target with good efficiency. The designer wants to
minimize the distance to the target, and select optical elements with minimum
aberrations. This problem is straightforward, and there are many texts on the subject
[62]; it is just crucial in these devices to do it.
Real EBIS's
EBIS devices have been developed in about fifteen laboratories worldwide. In Table
4, we list the major devices, and provide herewith a few comments.
The KRION II source of Donets has apparently outstripped (!) all others. Donets
reports [6, 81] producing bare Xe, Xe 54+, in this machine. This implies a performance J't =
2 x 1()23 e-/cm 2 , sufficient to produce heliumlike uranium, U90+. The required trapping time
of 6 s also implies that the vacuum is below 10- 12 Torr, and that the ions are being cooled
in the trap. Donets indicates [3] that cooling is accomplished by periodically injecting fully
stripped light ions by a switching technique: the light ions are produced in a drift tube
outside the trap, and by dropping the voltage momentarily they are allowed to enter the
trap. Although Donets does not say how many Xe 54 + ions are produced, he has
previously quoted 109 Ne lO+ and 108 Kr 35 + ions. As spectacular as this performance is, it
is still another order of magnitude in J't to reach the goal of bare uranium, U92+. It seems
likely that this order of magnitude should be sought not in increasing current density but in
increasing trapping time and decreasing neutralization.
Donets has used KRION II in a series of measurements to demonstrate the physics
of the EBIS, such as increasing charge state with trap time, and to obtain electron impact
ionization cross sections for high charge states of the noble gases [82]. The latter was
done by fitting rate equation solutions to the observed charge state distributions. Donets'
papers contain a great deal of information about the behavior of the EBIS.
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Table 4. Some Real EBISs

Lab

Person (s)

DUBNA

Donets

ORSAY

Arianer

STOCKHOLM
FRANKFURT

CORNELL

Borg
Becker,
Kleinod
Kenefick, Harnm
Abdulmanov
Brown, Feinberg
Kaneko,
Tawara, et.al.
Kostroun

SACLAY
LIVERMORE
SANDIA

Gastineau, Faure
Levine, Marrs
Schmieder

KANSAS
TOKYO

Stockli
Okuno

TEXAS
NOVOSIBIRSK
BERKELEY
NAGOYA

Name
IEL
IEL-2
KRIONI
* KRION II
* KRION III
SILFEC
CRYEBIS I
CRYEBIS II
* CRYSIS
TOFEBIS
* Frank. EBIS
Texas EBIS
* Novo. EBIS
BEBIS
PROTO-NICE
NICE
* CEBIS I
* CEBIS II
* DIONE
* EBIT
*LBUMOD
* Super-EBIS
* KSU-CRYEBIS
* MINI-EBIS

Purpose
Proof of principle
Source development
Injector
EBIS physics
Source development
Source dev., physics
Injector
EBIS, ion physics
Injector
Source development
Source development
Injector
Injector
Test, instability study
Test
Coll. physics
Atomic..phYSics
Atomic physics
Injector
Spectroscopy
EBIS dev., ion physics
Atomic, ion physics
Atomic physics
Collision physics

Reference
[1, 63]
[64]
[2,46]
[5,47
[5]
[8,65]
[7, 8]
[9J
[66J
[43J
[67J
[68J
[69]
[70]
[71]
[72]

[73,74]
[75]
[76]
[20]
[77]
[78]

[79]
[80J

* Operating 1988-89

# The Stockholm machine is a copy of CRYEBIS II and was built at Orsay.

KRION I is being rebuilt at Dubna. This device, shown in Fig. 10, uses iron pole
pieces to reduce the fringing field of the superconducting magnet.
DIONE routinely produces large numbers of low-energylhigh-charge-state ions:

Ix 109 Ar 16+ ions in 70 ms [83]. Its superior cryogenic vacuum design apparently is

effective in maintaining purity of the ion spectra, but nothing is known yet of the effects of
ion cooling in this source. It is used exclusively as an injector.
Several sources, including NICE in Nagoya [72], the Frankfurt EBIS [84], and the
LBL/MOD EBIS [77] at Sandia, have been operated mostly in DC mode, as Leaky
EBIS's. These machines seem to perform similarly; in Fig. 11 is shown typical charge
spectra. Similar results were reported by Kostroun on CEBIS I [85] and by Herrlander on
CRYSIS [86]. Taken together, these results reasonably represent the state of the art of
EBIS's outside of Dubna. The NICE machine was used in a beautiful series of
experiments to measure electron capture cross sections for ions in single collisions with
light neutral atoms [87].
The Berkeley EBIS, BEBIS, is an exceptional case [70]. It was built by making a
sandwich of four large room temperature copper coils, with spacers between them. The
ripple in the axial field was reduced by an ingenious soft iron insert, and iron pole pieces
at the ends reduced the field at the gun and the collector. This machine was used to study
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Fig. 10. The KRION-S. This source is a rebuild of KRION I to enable it to operate with
higher beam voltage. The pole pieces at the end are iron; there are no bucking
coils around the gun or collector. From Ref. [81].

instabilities in the beam and their apparent effects on the ion spatial and charge state
distributions [31]. With its warm bore, relatively poor vacuum, and low energy beam, it
was not designed to produce very high charge states. When it was decommissioned, it
was moved to Sandia Livermore, and rebuilt into LBL/MOD EBIS [77]. The upgrade
involved improving the vacuum, replacing the 2.8 Ilperv gun with one of 0.26 Ilperv,
replacing the drift tube structure, and adding extraction and transport optics and an
analyzing magnet. Operated as a Leak~ EBIS, it surprised almost everyone by producing
ions up to, and possibly beyond, Xe 0+. This was the first suggestion, apart from the
results on EBIT, that the compensation time limit due to residual gas, could be exceeded.
It was quite amazing to see such high charge states produced in a machine with such
relatively poor vacuum (approx. Ix 10-9 Torr).
The results on EBIT were far more amazing, of course. Using X-rays emitted from
the trapped ions as a measure of the number of ions in the trap, Levine, Marrs, and coworkers [88, 89] were able to confine heavy ions of barium and gold for hours. As
described earlier, it is now clear that ion-ion collisional cooling is responsible for this
spectacular performance. In the light of this knowledge, the results on LBL/MOD were
fortunate: the poor vacuum actually enhanced the ion yield.

Fig. 11. Typical charge state spectra from Leaky EBIS's: (a) Rare gas spectra in the"
Frankfurt EBIS [94]; (b) Iodine spectrum from NICE (Nagoya) [87]; (c) Xenon
spectrum from the LBL/MOD EBIS [78]. The LBL/MOD data were taken using
isotopically enriched 136Xe. It may be noted that Xe 26 + and 125+ are slightly
peaked in their abundance; these ions have closed· n=3"~hells.
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The most recent EBIS's are the KSU-CRYEBIS, built at Kansas State University by
Stockli and co-workers [49, 90 91], illustrated in Fig. 12, and the Super-EBIS, built at
Sandia National Laboratories by Schmieder and co-workers [78], illustrated in Fig. 13.
The KSU-CRYEBIS was patterned after the Orsay CRYEBIS. It is built around a 1
m, 5 T superconducting solenoid with an 8 em dia. cold bore. It is surrounded by a steel
shield that confines the magnetic field. The bore and magnetic axis were measured coaxial
to within 0.1 mm, and the central field line deviates from the optical axis by no more than

I

-------

---- -

I

-'----(

Fig. 12. The KSU-CRYEBIS. (Upper) Outside view. The magnet is held within the
cryostat by radial tension adjusters. Liquid helium enters through the stack at
the top. The entire magnet is surrounded by an iron shield. The source sits on a
200 kV platform. (Lower) Cross section through one comer of the KSUCRYEBIS, showing the radial adjuster, heat shields, and the superconducting
magnet itself. From Ref. [91).
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0.05 mm over the length of the bore. Transverse field is less than 0.04 gauss. Running in
persistent mode, the magnet consumes 8 liters of LHe per day. The gun is the same as
used on the EBIT; it has a tungsten cathode and a perveance of 0.5 Ilpervs. The entire
source is mounted on a high voltage platform, allowing the energy of the extracted ions to
be adjusted from a few keV/Q to 200 keV/Q. The source was completed at the end of 1988
and frrst operated in early 1989.
The Sandia Super-EBIS (Fig. 13) is constructed on a vertical axis, to minimize
deviations from axial symmetry. The gun is at the top, about 4 m above the floor, and the
collector is about 2 m below. Ions are extracted through the collector and electrostatically
bent through 90° into the horizontal beam pipe. The source is built around a 1.2 m
superconducting solenoid producing 5 T in the 15 em dia. cold bore. There is no external

a

Fig. 13. The Sandia Super-EElS. (a) Elevation, showing the assembly in the nonmagnetic stand. The super-conducting magnet is supported on the ring at the top
of the stand; the gun is in the spool at the top, and the collector is in the spool
just below the magnet. The ions exit the system and are turned into the beam
tube by a 90° electrostatic bend. (b) (p. 352) Cross section of the Super-EElS. The
magnet can be put on the gun/collector axis by a set of radial and axial adjusters.
From Ref. [78].
351

ELECTRON GUN

b
GAS INJECTOR

SC MAGNET

DRIFT TUBES

COLLECTOR

EXTRACTOR

TRANSPORT OPTICS

Fig. 13. continued.
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magnetic shield. The stray field between the collector and the electrostatic bend is
uncompensated. Rectangular compensating coils are used to cancel the stray field in the
beam pipe. The entire stand and supporting structures are non-magnetic stainless steel.
Specifications called for straightness and uniformity of the solenoid field comparable to
that achieved on the KSU-CRYEBIS. The strategy was to pay the builder [92] to assure
coaxiality of the field and bore, thus obviating the need for a magnetic map. A novel
feature of the magnet design is that the welded bellows which provide vacuum isolation
are pulled down into the annular space between the Illagnet and the vacuum vessel,
allowing the end of the magnet to be open for greater access.
The Super-EBIS is modeled more after KRION II. The gun operates up to 75 kV and
is immersed in the fringing magnetic field in order to achieve greater laminarity; the
cathode is LaB6 to obtain the requisite current density. A novel technique was used to
support and align the drift tubes: a 6.4 cm dia. longitudinally stretched aluminum rod was
gun-drilled with a 3.2 cm dia. bore. The drift tubes are stainless steel, 5 cm long, allowing
precision machining; they are slid inside the aluminum tube, together with alumina
insulators. At cryogenic temperatures the aluminum clamps firmly onto the drift tubes,
aligning them to the bore (and magnetic) axis. This source was scheduled to be completed
in early 1989.
Simpler EBIS's
Several people have begun to wonder if a smaller, simpler EBIS could be made with
acceptable performance [93]. The Frankfurt group has proposed two ideas [94]: first, a
periodic structure of permanent magnets has long been known to be useful for transporting
an electron beam, and could be the basis for a simple, inexpensive EBIS. Second, a high
voltage gun similar to that used in welding has a cross-over point where the electron
density is very high, even without the use of an external field to focus the beam. This
high-density section could be exploited for making a magnetic field-free EBIS.
How to

Desi~n

an EBIS

For the physicist searching for a source of low-energy/high-charge-state ions, the
EBIS offers a great deal of performance and versatility. But if he is not fortunate enough to
have a friend with one, he may be faced with building his own. This enterprise will take
him on a detour from basic physics into the applied physics of the machine - a study
fascinating in its own right but not necessarily appreciated at the outset. For such
persons we provide here a few remarks and recipes for designing an EBIS.
Suppose we want to build a machine to completely ionize the L-shell of uranium
(Z=92), Le., to produce U90+. The ionization potential 189 of the last electron is 32.8 keY,
so to maximize the ionization cross section we will want our electron beam to have
energy about 90 keY. We estimate J't using the simple formula [32]:
cr(Uq+

~ U(q+l)+) = 1.6 x 10- 13 [ln~R0~;;»J

.

for q = 82...90, which gives the approximate performance requirement:
J't(U90+) = 2 x 1()23 e-/cm 2
Now we assume that we will work hard to design a highly compressed electron
beam, getting J = 3000 A/cm 2, or 2 x 1022 e-/s-cm 2. This implies we must confine the ions
for
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Now we assume the ions pick up electrons from the residual gas (which is hydrogen
atoms, ionization potential I(H) = 13.6 eV), with the cross section [95]
(JO(09O+

~

U89+) == 1.4 x 10- 12 (Q=89)1.l7 [I(H) = 13.6]-2.76
= 2 x 10- 13 cm 2 .

Now we further assume that we will implement ion-ion collisional cooling, and
succeed in keeping the 090+ temperature below about 10 eV/Q (roughly the trapping
potential per charge), or about kT(U90+) == 1 keY. The mean velocity for these ions is
v(U90+) == 105 cm/s. Now the ionization equilibrium of the Classical EBIS shows that the
residual gas density must be limited to

== 6 x 1()6 atoms/cm 3

This requirement drives us to make the drift tubes and much of the rest of the
apparatus from carefully baked aluminum, and to protect the trapping region from gas
influx by elaborate differential pumping. Every part that can contribute residual gas is
selected and processed to reduce outgassing and inhibit transport. The drift tubes and as
much of the rest of the apparatus as possible will be held at cryogenic temperatures.
Compatible with this, and in order to make the magnetic field as straight and uniform as
possible, we decide to use a superconducting solenoid. We add two years to the schedule.
At Ee = 90 keY, the beam travels at Ve = 0.526c, and has electron density
De = Jive = 1.3x10 12 e-/cm 2 .

We assume that at most we can trap 1% of the electron charge density as heavy
ions, or about 10 10 e-/cm3. The ion density is
n(U90+) = 108 ions/cm 3 .
Suppose we want to have 105 U90+ ions incident on an external target in a single
dump, but that we can extract and successfully transport only 10% of the ions from the
trap. This means we must have
N(U90+) = 106 ions
in the trap, and it will have to have a volume AL = 0.01 cm 3. We decide to make the trap L
= 10 cm long, that is, shorter than previous machines, in order to reduce the likelihood that
convective instabilities will disrupt the beam and heat the ions. The beam will have an
area A = 10-3 cm 2, or a diameter about D == 0.02 cm. The total current in the beam is I =
JA= 3 A.
In order to achieve the required current density, we assume we will compress the
beam coming from the cathode by 300x, based mostly on computer simulations. The
cathode -will have to emit about 20 Ncm 2 , which means we will have to use LaB6 rather
than the more convenient tungsten. The cathode will have area 3 N20 A/cm 2 = 0.15 cm 2,
or a diameter 0.2 cm. In the absence of a better idea, we believe the higher the magnet
field, the better, so we opt for the highest field obtainable with a reasonable
superconducting solenoid, namely 10 T. The cathode will have to sit in a field of 10 T/300 =
0.333 T. Studying the profile of the fringing field fall-off, we decide we will need to provide
additional end solenoids to obtain the right profile. We expect to need an additional
solenoid at the collector to reduce the field to zero there.
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Having completed the preliminary specifications, we begin to contemplate the overall
layout. In order to withstand the high beam voltage, we decide to use gradient columns to
bring the beam into and out of the trap. Additional solenoidal magnets are required to
keep the beam confined within the columns and match the gun to the central solenoid. We
decide to combine the superconducting coils and drift tubes into a single assembly. For
simplicity we forgo a series of drift tubes, opting instead for a single trap consisting of a
central drift tube and two end electrodes. The bore of the magnet itself will fonn the trap;
there is no need for a separate central drift tube. We decide to keep the trap at high
potential, and therefore the ions will fall to ground during extraction, acquiring a kinetic
energy of about 8 MeV. The ions will be transported at this energy, and decelerated
again at the target. We reserve space to provide radiation shields for parts cooled to LHe
temperatures. Our first sketch of what this machine might look like is shown in Fig. 14.
We contemplate the challenging engineering requirements, and how to do this within 3
years and a million dollars. Imperiously, we decide to go ahead. In our spare time we
begin to think about an EBIS that could produce bare uranium, U92+!
EBIS EXPERIMENTAL TECHNIQUES
We have seen that the EBIS can produce a reasonable number of low-energy/highcharge-state ions, objects that will be of interest to a variety -of fields of physics. The
physical constraints of the source will most influence what experiments can be done with
these ions. In the simplest sense, we can divide the experiments according to: (1) Ions
contained within the trap; (2) Ions extracted to a target.
In the rest of this section, we describe some of the practical aspects of doing physics
experiments with EBIS ions, within these two broad categories.

Fig. 14. Conceptual sketch of an EBIS for producing U90+. (1) Electron gun; (2) gun
bucking magnet; (3) combination HV gradient tube and superconducting guide
field magnet; (4) trap electrodes; (5) central trap and superconducting magnet;
(6) collector bucking magnet; (7) collector; (8) radiation shield; (9) HV (90 kV)
feedthrough.
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Observin~

Ions Inside the EBIS

Looking into an EBIS is not easy; the intrinsic nature of the trap leaves little room
for access ports. In spite of this several successful experiments have been carried out.
Briand et al. [96], looked through a hole in the gun cathode of SILFEC with a Si(Li)
X-ray spectrometer and detected X-rays from trapped Ar ions. Varying the beam energy
between 2 and 3 keY, they observed a variation in the X-ray yield consistent with KLL
dielectronic recombination resonances of Ar 12 +, Ar13+, Ar 14 +, and Ar15+. The lowresolution X-ray spectrum included overlapping spectra from unresolved KLM...KXY
resonances from the various ions. Furthennore the ±15 eV resolution of the beam energy
was too poor to separate the spectra from different charge states.
A similar experiment was carried out on CEBIS I [97], looking up the end of CEBIS
I toward the cathode with a Si(Li) detector. A broad spectrum was recorded, tentatively
identified as resulting at least partially from bremsstrahlung and characteristic X-rays
from metal parts of the structure. Donets has carried out much the same experiment with
better collimation, and has observed characteristic X-rays from ions in the trap [81].
Schmieder [98] used a Si(Li) detector looking transversely into the LBL EBIS (after
it was moved to Livennore but before it was modified to b.ecome LBL/MOD). A hole in
one of the drift tubes allowed the X-rays to pass into a tube between the coils and exit
through a Be window 80 cm from the beam axis. K X-rays of argon gas leaked into the
trap were observed, together with bremsstrahlung, which showed a sharp cutoff at the
beam energy. When the beam was switched on suddenly, the bremsstrahlung showed a
transient increase generated from reflux of gas from the collector as shown in Fig. 15. The
Ar line showed a transient decrease associated with beam pumping of the argon gas out
of the drift tubes. This study showed that the X-ray emission could be used as a
diagnostic for the gas dynamic processes occuring in a pulsed EBIS.
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Fig. 15. X-ray spectrum from argon ions trapped in the LBL/MOD EBIS. The spectrum
consists of the Ka peak at 3 keY and a bremsstrahlung continuum ending near
the beam energy (5 keY). From Ref. [98].
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Motivated by the great interest in emission spectroscopy of trapped ions, the Sandia
group attempted to provide a radial access port in the Super-EBIS [50]. There were two
problems: fIrst, the port would necessitate a break in the solenoid windings, resulting in a
ripple of about 1% in the axial fIeld, which was considered unacceptable. Second, the port
allowed direct access to the bore, which was considered a hazard for maintaining the
ultrahigh vacuum. After much effort, the attempt was abandoned.
Many of the diffIculties of performing in-situ spectroscopy in an EBIS were solved
with the invention of the EBIT [39]. By replacing the solenoid with a Helmholtz pair, a
radial port was possible that provided direct access to the trapped ions. A consequence is
that the trap is much shorter than a normal EBIS, hence can hold far fewer ions. Thus we
see the complementary nature of the EBIS and EBIT: the former is more useful as a
source of (extracted) ions, the latter is more useful as a source of (emitted) photons.
It is clear that providing the optical port provides much more than the option for
atomic spectroscopy. Any process in which a photon is emitted becomes accessible for
study, for instance, electron impact excitation and recombination. In this regard, looking
into the EBIT is superior to extracting the ions from an EBIS and attempting a crossedbeam experiment. However, there are also many processes which do not generate
photons, in particular processes such as charge exchange and secondary electron
emission. For these processes, there is little alternative but to extract the ions.
High Energy Ions Inside the EBIS
Although the primary appeal of the EBIS is the fact that the high charge state ions
have very low kinetic energy, once the EBIS is available it can easily produce ions of
much higher energy. This happens automatically during extraction: the ions are carried
with the electron beam into the collector, which is held at a voltage near that of the
electron gun. As the beam is decelerated, the ions are accelerated, and pass through the
collector at high energy. For instance, the EBIS in the design example above has a beam
energy of 90 keY; the collector probably would be biased at about Vc = 85 kV (leaving the
electrons with enough energy so their trajectories can be controlled). The U90+ ions are
accelerated across this potential, reaching 85 keV/Q, or E (U90+) = QeVc = 7.7 MeV.
For studies in which the charge state of the ion is not important, such as kinetic
damage of solids, nuclear scattering, high energy sputtering and secondary electron
emission, the EBIS would be an excellent source of heavy ions in the range 1-10 MeV.
The EBIS realizes its advantage over conventional electrostatic accelerators by virtue of
the very high ion charge. Furthermore, its small emittance will allow these ions to be
focussed into a very small spot (roughly the diameter of the beam). If 105 8 MeV U90+
ions were produced in a single pulse from the proposed EBIS and focussed onto a solid in
an area 10- 3 cm 2 , the resulting energy density would easily exceed the latent heat of
vaporization of the solid: a crater would be produced!
Extracting the Ions from the EBIS
As soon as we contemplate extracting the ions from a source, we want to know the
properties of this source: how many ions, their energies, their angular spread, and so on.
We would l~e to have some measure for comparing the EBIS with other sources such as
the ECRIS and the recoil ion source. There are various fIgures of merit such as brightness
and emittance, which are measures of the number of particles emitted per unit time within
a region of parameter space (e.g., per unit area and solid angle). However, lowenergy/high-charge-state ions bring with them a qualitatively new function not present in
other sources, namely the large amount of potential energy per particle. For most
experiments involving slow highly charged ions, it is this enormous potential energy that
drives the reactions: the amount of damage to the target and the yield and nature of
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secondary products will depend strongly on the ion's potential energy. Thus the concepts
of emittance and brightness, which keep track only of particles and not their energies, omit
an essential aspect of such sources.
The author [99] has proposed a figure of merit particularly relevant to sources of
highly charged ions in general, and the EBIS in particular. This quantity is called
"Quightness," [100] and has units of energy flux spread: W/cm 2 -sr. It is an extension of
the well-known quantity "brightness." The Quightness of a source of ions is defined as

C=

L

C(Q) = _l_dN(Q) U(Q)
AQ dt

C(Q)

where dN(Q)/dt ions of charge Qe are emitted per unit time from area A into solid angle
The quantity U(Q) is the total potential energy of the ion, equal to the sum of the
ionization potentials of all charge states up to (but not including) Q:

Q.

Q·l

U(Q) =

L Iq

q=O

Values of U(Q) for selected ions of Ne, Ar, Kr, Xe, Au, and U are tabulated in Table 5
[101].

Table 5.

Q

1
8
9
10
16
17
18
34
35
36
52
53
54
77
78
,79
90
91
92
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Ne
Z=IO

20
934
1130
3492

Total Potential Energies (eV)

Ar

18

14
567
990
1469
5810
9930
14356

Bold: bare ion

Kr

Xe

Au

U

13
11
496
421
729
601
1001
807
3533
2620
4121
3026
4761
3463
40581
23403
57877
25612
75813 _'_ 27914
120948
161219
202519

8
451
582
731
2393
2783
3240
17117
18658
20255
58761
63796
68972
332980
424495
517750

6
409
534
694
2078
2458
2865
15763
17192
18687
54230
57320
60486
211269
222495
233960
501560
631133
762953

36

54

79

92

For relatively large Q, the following fonnula gives a surprisingly good approximation
to U(Q) [99]:

Q J2
Z 1(2Z-I)

U(Q) == Qb

b=3- 400 + S

where U(Q) is in eV. In fact, the relation U(Q) = Q2.8 is not a bad approximation. The
range
iQ3 < U(Q) < Q3
includes essentially all the ions with Q> 10, including partially filled K, L, and M shells.
These approximations are adequate for estimating the Quightness of various sources of
low-energy/high-charge-state ions.
Now we must specify what is meant by the area A and solid angle Q of the EBIS.
Apart from a factor of order unity, AQ is the emittance [62]. As shown in Fig. 1, the ions
are separated from the electron beam in the collector, after they have been accelerated to
the collector voltage Vc. At great distance the ions appear to emerge from an area roughly
the size of the electron beam. The solid angle of the beam is roughly the square of the
ratio of the transverse ion velocity to its longitudinal velocity, i.e., the ratio of transverse
kinetic energy W =i Mvt to longitudinal kinetic energy energy K =i Mv~. Now Wi s
roughly Q times half the radial well depth <1>0, and K is Q times the collector voltage
difference Vc. Thus.
Q = 1t

{Vr \2 = 1t<1>0
v z/

2V c

•

The well depth <1>0 (in V) is
<1>0 = _1_ Ie = 479 Ie [A]
41tEo V e
VVe[kV]

where Eo = 8.85xlO- 12 MKS and we used (1/2) meve2
sterradians, sr)

= eVe. This gives the solid angle (in

If we assume the collector and gun are at the same potential, Vc= Ve. We also
recognize Pe ~ IdVe3/2 as the beam perveance. Thus
Q = 0.024 Pe[llpervs]
where 1 Ilperv = 10-6 A/V3/2. For an EBIS with Ie = 0.1 A and Ve = 30 kV, we find Q
5xlO-4 sr. This is a half-angle of VQ/1t = 12 mrad = 0.7 deg.

=
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An indication of the magnitude of the Quightness for a typical EBIS is obtained by
the following: assume that 106 ions/s of Q = 50 [U(Q) = Q2.8 = 5x104 eV] are emitted
from an EBIS beam of area 10-4 cm2 into a solid angle of Q = 5x10-4 sr. This would give
C(50) = 200 W/cm 2-sr. The yield of lower charge states is higher, but the potential
energy is lower. If we assume 108 ions/s of charge Q = 30 [U(Q) = Q2.8 = 104 eV], the
same EBIS would give C(30) = 5x1020 eV/s-cm 2-sr = 2 kW/cm 2-sr. Since an EBIS
typically will emit perhaps 5 nearby charge states, the Quightness would be about C = 10
kW/cm 2-sr. We emphasize that this is due only to the ion potential energy-there is no
kinetic energy.
In comparison, typical of the ECRIS [42, 104] is an extracted ion current of 3 nA of
Xe 30+ [dN(Q)/dt = 6x108 ions/s, U(Q) = Q2.8 = 104 eV] ions from an exit area rou~hly 1
cm 2 into a solid angle 10-3 sr. This gives C(Q) = 6x10 15 eV/s-cm 2-sr = 0.1 W/cm -sr, a
figure significantly lower than for the EBIS. At the upper limit of the available charge
states the yield falls exponentially [29], and is very small above Q=40. The EBIS is seen
by a comparison of C(Q) values to be superior for charges above about Q=30. This
advantage is achieved mainly by reaching higher charge states in much smaller cross
section and with smaller divergence. Of course, the ECRIS emits much larger quantities of
lower charge state ions, so its Quightness C summed over these charge states may
actually be comparable to the EBIS.

We emphasize the importance of the low emittance ofthe EBIS: the emittance of a
circularly symmetric uniform source of area A is E=VAQ /1t 2 . The area of the EBIS source
can be taken to be the area of the beam, typically A=1O- 5 cm2. Using Q = 5xlO-4 sr, we
find £=7 mm-mrad. Other estimates [32] and computer calculations [7] gave values near
5 x 10- 2 mm-mrad, which can be compared with 200 mm-mrad for a typical ECRIS [24].
The much lower emittance of the EBIS translates directly into ability to extract the ions
and focus them onto a target, which is just what the experimental physicist wants to do.
Transport of the Ions to a Target
Except for imperfect optics, there should be little loss in transport of the ions to a
target. From the cross section for electron pickup from nitrogen by low-energylhighcharge-state ions [105, 106, 107], crc(Q,Q') == 5xlo- 16 Q1.l2, we can estimate the lifetime
in residual gas at 10-9 Torr to be 3 ms for Q=50. This is much longer than the few Ils
needed for 1 keV/Q ions to cover several meters to a target.
Solid Targets
Perhaps the simplest experiment with extracted ions is to let them impinge on a
solid target and look at the products. The advantage is that the target is thick (opaque!),
so every incident ion creats an event. The difficulty is sorting the events into meaningful
pieces. There will, of course, be a multiplicity of secondary particles, including electrons,
sputtered atoms and ions, photons, and possibly molecular species. Thus, depending on
one's background and interest, a whole range of detectors and spectrometers will be
bolted onto the target chamber.
Donets and co-workers [4] observed X-ray spectra generated from argon and
krypton ions incident on a solid copper target (Fig. 16). Actually the target was inside the
EBIS, a few cm beyond the collector, so the charge states were not separated. However,
by varying the confinement time, the distribution of the extracted ions could be peaked at
different charges. For instance, 1.8 and 4.8 s confinement times gave significantly
different relative amounts of 1(r35+ and 1(r36+. The Kcx recombination lines emitted from
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Fig. 16. Medium-resolution Kr34 + Ka X-ray spectrum from Kr35 + ions incident on a
copper target. (a) The experimental tecnnique; (b) the observed spectrum,
showing overlapping peaks ascribed to multiple spectator electrons. This
spectrum is plotted on a wavelength scale; (c) Part of the predicted line structure
for the Kr34+ Ka , plotted on an energy scale. From Ref. [109].
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the target show satellite structures associated with the different charge states.· In low
resolution these appear as broadening and shifts (108), but in higher resolution distinct·
lines identified with specific numbers of L-sheII vacancies are seen [109, 110].
One expects that the Auger spectrum resulting from EBIS ions approaching a solid
surface will be rich and interesting. The electron spectroscopic techniques are
straightforward [111, 112]; only the incident ion is exotic. One quantity of great interest is
the yield of secondary electrons as a function of charge state, for ions of very low kinetic
energy. The yield should demonstrate the Auger cascade mechanism [113].
Gross surface damage is also possible with extracted EBIS ions incident on a solid.
In contrast to the high energy bombardment described above, the damage would result
from the potential energy of the ions. The technique is embarrassingly simple: put the
target in, irradiate it, take it out and look at it. A variety of analytical tools is available for
detecting and characterizing the damage, but since it probably would differ from that done
by low charge state ions only on the atomic scale, one would expect to use microscopic
imaging. A most interesting instrument for this application is the scanning tunneling
microscope (STM), which can image individual atoms on a solid surface. An STM is now
available commercially [114, 115], and one could easily fit into a target chamber or be
used off-line.
Crossed-beam and Beam-gas Experiments
Experiments with EBIS ions in which charge change occurs are relatively easy.
Since individual charge-separated ions are easily detected with electron multipliers, the
signature of such events is large and relatively free of interference. Thus, even though the
number of ions available from the EBIS will be relatively low, every ion can be used. For
instance, the group in Nagoya used iodihe ions up to 141 + to measure the total charge
capture cross sections when these ions are incident o~ neutral gases [87].
Crossed-beam experiments involving an exotic target, such as an excited atom, an
ion, a molecular cluster, or even an electron, are likely to be difficult due to the inability to
make a thick target. With so few of the highest charge ions coming from the source, a
relatively thick target is essential for a reasonable count rate. For example, one might
contemplate crossing the extracted EBIS beam with a dense electron beam in hopes of
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producing fluorescence due to impact excitation to radiating bound states. We might ask
to cause excitation of the 2p53p ISO state of neonlike Se24+ by passing the ions through a
focussed electron beam. Excitation would be registered by detection of a 3p ISO ~ 3s IPI
photon at 183A. Electron beam targets of 0.3 Ncm 2 have been produced [116], and this
could be magnetically compressed to higher densities, but even for a relatively dense
electron beam, say 10 A/cm 2, the estimated count rate is only 3/min. To complete a
reasonable spectral analysis of the fluorescence would require counting times of weeks or
months. The message is that when we think of EBIS ions we are thinking of very exotic
species, and there are relatively few of them. Seeing how they interact with common
matter is easy, but if we want to see how they interact with another exotic species,
probably there just aren't going to be enough of them.
Extracted Ions as Diagnostics for In-beam Processes
Actually, it probably is possible to make a sufficiently dense free electron target for
EBIS ions, if extracted ions are used as the indicator of a specific electron-ion chargechanging process occurring inside the EBIS. If we assume that the extracted ions are
representative of the trapped ions, we should be able to detect, say a resonant
recombination or ionization by monitoring changes in the charge state distributions as the
beam energy is changed. To be specific, assume that the EBIS is operated in the Leaky
mode, and ions Q leaking over the barrier at energy QeVb are detected. When the beam
voltage is tuned to a dielectronic 'recombination resonance for the ion Q, some of those
ions will have their charge reduced to Q-l, and these will see a lower barrier (Q-l)eVb
through which they will readily pass into the extraction system. The signature will be a
decrease in the extracted Q ions and an exactly corresponding increase in the Q-l ions.
Since all other ions remain unchanged, they can be used to normalize the counts; the
differential yields are then directly attributable to the recombination process.
External Electron Target
Another technique for studying electron-ion interactions would be to pass the
extracted ions through a second EBIS. A 5000 A/cm 2 electron beam presents a flux of
3xl0 22 e-/cm 2-s. A 1 keV/Q Xe 54 + ion has a velocity 2.8x107 cm/s, and would pass
through aim beam in 3.5 Ils. Thus, any process with cross section larger than 10- 17 cm 2
will occur during the transit, presumably to be registered by the change in charge of the
exiting ion. If we obtain 105 ions per EBIS confinement/dump cycle, and want at least one
event per cycle, we are sensitive to cross sections of 10- 22 cm 2. Clearly the limitation is
due to the optically thin target; it would be better if we could trap the ions in the target
beam for the cycle period, say 10 s, which would increase the event rate to 3x104 per
cycle. The problem is that processes competing with the one being studied could alter the
charge state distributions, ruining the advantage of the long trap time.
Trapping of Extracted EBIS Ions
In the past few years, physicists have become much more aware of the potential of
ion traps for carrying out precision experiments [117]. Although the EBIS itself is an ion
trap, it probably is such a noisy environment that it would not be suitable for experiments
of this kind. Hence it is reasonable to think of extracting the ions from the EBIS and
transporting them to another trap. Some thought has been given to the transfer of a DC
beam to a trap [118], but trapping EBIS ions is different from trapping low charge state
ions. The main difficulty that must be faced is the huge cross section for neutralization by
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the residual gas. For U90+, residual gas density of 6x106 cm-3 would limit the trap time to
10 s. If we want to trap such ions for times significantly longer than this, we will have to
attain truly spectacular vacuum, the equivalent of less than 10- 14 Torr. This is not
hopeless, however, since the trap could be small and simple. One might make it of very
pure beryllium fIred in ultrahigh vacuum, with thick walls held at a temperature below I K,
surrounded outside by a hydrogen getter such as uranium. The ions would be introduced
through a very long, small diameter hole that was opened only briefly. Trapping could be
done using superconducting coils to form a magnetic well, or electrostatic forces could be
applied by segmenting the trap with very small ceramic spacers.
The Limits to the Art and Science
With the introduction of ion cooling, there is every reason to believe that the EBIS
can achieve performance predicted when it was thought that the ion heating could be
ignored. It is rather easy to foresee the production of U90+. However, ionization into the
K shell of very heavy elements requires beam energies above 100 keY, and this involves
a different technology. It appears that once ion cooling is fully understood and controlled,
the next step will be to increase the beam energy. For long trap times it will also be
necessary to understand and improve the ultrahigh vacuum environment. Whether the
resources to build such an EBIS could be marshalled in the near future is at present
unknown.

PHYSICS WITH EBIS IONS
Much of the interesting physics of EBIS ions is associated with their high charge
state and low energy. The criterion for "low kinetic energy" can be written roughly as
follows: in the EBIS all ions are created in the trap held at voltage yo; when extracted
they acquire kinetic energy QeVo. We want this to be less than the total potential energy
of the ion:
QeVo < U(Q)
In a previous section we remarked that U(Q) in eV can be approximated by Qb,
where b is slightly less than Q3. The physical origin of this is easy to see: if we imagine
the ion Q is produced as a series of hydrogenic ions of ionization potential Q2 Ry, then
Q

U(Q) =

L

q2Ry =l..Q(Q+I)(2Q+I)Ry= ~3 Ry

q=1

6

3

where we assumed Q» 1. In the spirit of these approximations, we can write
V0< {

Q2 K shell ions
Q2J2

otherwise.

According to this criterion, Xe 36 + are slow ions ("EBIS ions") if Vo < 0.65 kV. For other
ions we have Vo (Xe 54 +) < 2.9 kV; Vo (U90+) < 4 kV; Vo (09 2+) < 8.5 kV.
Another aspect of high charge state ions, even those at high energy, is due to the
presence or absence of vacancies. Various nuclear processes are sensitive to atomic
structure: either a bound electron is necessary to turn the process on, or it turns the
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process off by filling a needed vacancy. Thus, nuclei can be made "radioactive" or not by
simply altering the number of electrons attached to them.
Since the ions are atoms, much of the interest in them lies within the purview of
atomic and nuclear physics. However, we will also find interest from the perspective of
chemistry, multibody physics, surface physics, plasma physics, precision measurement,
and some aspects of applied technology. A complete review of all these interests would
take us too far from our present purpose. What we can do is focus on a few selected
experiments in which ions of the very highest charge state available are crucial. These are
the experiments that would most benefit from a source like the EBIS, and which help
motivate those of us who build them.
Spectroscopy of U90+
Heliumlike uranium represents a classic exotic atom, so remote that 20 years ago
the mere thought of it generated laughter. But in the past few years, Gould and coworkers [119, 120], using the Berkeley Bevelac, not only succeeded in making it, but also
measured transition rates and the Lamb shift. The Lamb shift agreed with QED
predictions but the precision was not very high. At 218 MeV/AMU, the ions are flying
past the detectors at 0.59c. At this velocity, the transverse Doppler shift is significant,
and with only 105 atoms/s, the accuracy was limited by statistics. Drake [121] shows
that the Is2p 3Po state radiatively decays to the Is2 ISO state not only in the allowed EI
mode, but also in the mixed two-photon ElM I mode, the latter being 40% of the former.
Gould remarks that measuring these spectra under Bevalac conditions may be difficult,
and suggests that a source of low energy U90+ ions might be better. As shown in the
design exercise above, it appears feasible to build an EBIS that could produce U90+, at an
energy and cost much below the Bevelac! The n=2 states would be populated by
collisional excitation by the electron beam and to a less extent by recombination from
U91+.

Mohr [122, 123] reviews QED effects in high Z atoms, and Deslattes [124]
discusses the requirements of precision spectroscopy on hydrogenlike and heliumlike ions
for meaningful tests of fundamental theory.
Multiply Excited Atomic States
Inner electrons of heavy elements are so tightly bound to the nucleus they act
almost independently, interacting relatively weakly with each other. A consequence is
that it is exceptionally difficult to get more than one electron at a time in an excited state.
But we would like very much to do so, since they would interact relatively more strongly,
providing the opportunity to test other terms in the hamiltonian. For instance, the high
nuclear charge provides energy to drive Auger transitions, and the electron-electron
coupling provides the switch to tum it on. Rau [125, 126] discusses the classification of
high-lying 2-electron states, emphasizing that if n' == n, the atom is best described as an
electron-pair bound to the "grandparent" ion. He also emphasizes that these states are
relatively long-lived, and are not obtained by photoexcitation.
The good ,news is that the EBIS provides a way to produce these multiply excited
configurations that is both efficient and easy. The mechanism is multiple electron capture.
Janev, Presnyakov, and Shevelko [127, 128] discuss multiple electron capture
occuring when a low-energy/high-charge-state ion encounters a target with loosly bound
electrons, such as a helium atom. There are two ways the ion can capture two electrons:
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(1) in two successive one-electron captures; and (2) in a single simultaneous 2-electron
capture. At low impact energy, the first process dominates; at high energy the latter
dominates. In either case, the net result is
XQ+ + A ~ X (Q-2)+ (nl;n'l') + A2+

For very large Q, capture of both electrons into excited states dominates capture of
one or both electrons into the ion ground state. Experiments by Mann and Schulter 129]
confirmed the reality of process (2) for 0 6+ + He, and Muller, Salzborn, and Klinger [130,
131] observed 3e- and 4e- capture processes, the latter presumably sequential.
We thus can expect that allowing EBIS ions to interact with a multielectron target
will efficiently produce an ion with two or more excited electrons. At low energies, a
semi-empirical cross section for capture of k electrons is [95]

where 10 is the first ionization potential (in eV) of the target and Ak , Bk' and Ck are
empirical constants [128]. For k=2, Ak = 1, Bk = 0.7, and Ck = 2.8. For large Q and small
I, essentially all the captures, including multiple captures, will be to multiply excited
states, which then will decay by an Auger transition with probabilty (relative to radiative
transition) [127]

Although the Auger yield falls quickly with increasing Q, its distinctive signature (an
emitted electron) will make detection easy. Matthews [III] reviews ion-induced Auger
spectra.
.Collision Physics
There is little need to emphasize the value of the EBIS as a source for studying the
basic collisional processes involving ions, atoms, and electrons. The intrinsic interest in
charge transfer processes for low-energylhigh-charge-state ions are reviewed by many
authors [26, 132, 133, 134]. In particular, we note that Donets and Osyvannikov [48, 82]
used the EBIS to obtain electron impact ionization cross sections for low-energylhighcharge-state ions by fitting solutions to rate equations to the charge distributions of
extracted ions as a function of confinement time. The ability of the EBIT to access specific
excitation and recombination processes [88, 89] will undoubtedly lead to a sudden rush of
new measurements of electron-ion interactions. Fig.17 shows a dielectronic
recombination spectrum obtained on the EBIT [61].
Ion-ion charge exchange is notoriously difficult experimentally, since both collision
partners are exotic. For resonant exchange, the cross section falls exponentially due to
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Fig. 17. Cross-section for KLL die1ectonic recombination of Ni 26 +, measured with the
LLNL EBIT. The vertical lines are the theoretical predictions. From Ref. [61].
the coulomb repulsion [128]. But it is thought that this process"might form the ultimate
limit to the ionization balance in the EBIS. Therefore, we might expect that fitting the
observed equilibrium (long confinement time) charge distributions to equilibrium rate
equation solutions would lead to improved knowledge of these processes.
Ion Gas Crystals
Several theorists recently have used computer simulation of collections of trapped
ions to predict that if the ions interact sufficiently, they will spontaneously form ordered
spatial structures similar to crystals and shells [135, 136, 137]. These structures exhibit
a wide range of mechanical phenomena such as shear and wave propagation. In order to
prevent "melting" of these ordered states into a disordered gas, the ion thermal energy
must be kept below the interparticle interaction energy. Thus, if the ions have charge Q,
interparticle spacing 0, and temperature Ti, the parameter

must be large, typically r> 100. Clearly, a defense against being unable to cool the ions
sufficiently is to give them high charge. Since r increases as Q2, one gains relatively more
from increasing Q than from decreasing Ti.
These ordered states have been observed in ion traps using laser cooling to reduce
the ion temperature Tj. We might ask whether the, ions in an EBIS would crystallize. That
is, wiIl the ion-ion collisional cooling keep the trapped heavy ions cool enough for them to
freeze?
Assume that there are 106 Xe 54+ ions in the EBIS. If the ions are all confined within
the beam, which has area 10-4 cm 2 and is 100 cm long, the ion density is 108 cm· 3 , or a
mean interparticle spacing 0=0.002 cm. The coulomb interaction potential between ions
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separated by this distance is Q2 e2fD = 0.2 eV. Now the temperature of the ions is roughly
Q times the potential well depth (say 20 eV), or about 1000 eV, from which we find r ==
2x1O-4. Since the ion temperature is so much larger than their interaction temperature, we
conclude that the ions in the EBIS do not crystallize.
Coulomb Explosion
Electrons are the glue that cements nuclei together; in its absence, matter would
quickly fly apart due to coulomb repulsion. One expects that if we suddenly removed a
significant number of electrons from a small volume of a solid, the remaining material
would quickly and violently disassemble. This process is called "coulomb explosion;" it
has been discussed for years [138] but never clearly observed.
Earlier we noted that it would be possible to focus EBIS ions on a solid with enough
energy to crater it. This is not, however, coulomb explosion; it is kinetic energy driven
sputtering. We would seek coulomb explosion at very low ion energies; as the ion
approaches the surface, it extracts electrons by field emission. For a limited range of
velocities, it is postulated that the ion will capture electrons successively into high-lying
quasi-atomic states which then eject the electrons by Auger transition. This process,
called "Auger neutralization" [139], has the potential to_ extract many electrons; the ion
acts like an "electron pump," pulling the electrons out of the solid and casting them away
in a quasi-continuous process. Since this process costs about 20 eV per electron [113], a
large number of electrons could in principle be pumped out of a solid; U90+ could extract
perhaps 40000 electrons. We emphasize, however, that the process has so far been
observed only for relatively low charge state ions; it is unknown whether the
extrapolation to low-energy/high-charge-state ions ("EBIS ions") is correct. The
proposed experiments are simple in principle: the yield of sputtered particles would
approach a finite value at low incident energies, instead of falling to zero.
The processs of coulomb explosion occurs readily in rare gas clusters, where the
binding energy is so small that ionization leads quickly to fragmentation, sometimes
phrased as evaporation of the superheated cluster [140]. Computer simulations [141, 142,
143] indicate that the charge migrates around before fragmentation, and that the pattern of
fragmentation is sensitive to these dynamics. Ionized clusters remain stable only if they
have more than a critical number of atoms, e.g., 30, 45, and 72 Pb atoms for 2-, 3-, and 4times ionized. It appears reasonable to expect that low-energylhigh-charge-state ions
could provide a means for ionization heating and coulomb explosion of more strongly
bound clusters, such as oxides.
Ion-surface Interactions
If the ions do not actually cause disruption of a condensed material such as a solid,
but come close enough to be interact with it, the ion can be considered a probe of the longrange interactions. One way to make ion-surface interactions more gentle is to let the ion
impact at glancing angles, and observe the changes in the ion trajectories or emission. For
instance, Burgdorfer and co-workers [144] develop a detailed model for resonant charge
transfer in glancing ion-surface collisions. Andra and co-workers [145, 146] emphasize
the symmetry-breaking aspects of the interaction, which results in strong anisotropy of
emission from the scattered ion. These authors show that the effects become much larger
for high charge states, hence one could anticipate that an EBIS would be an attractive
source for such studies.
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High Precision Mass Measurements
Various authors have explored the Penning trap for making precision measurements
of ion masses [147]. Van Dyck [148, 149] emphasizes the advantages of using
multicharged ions in the trap. He suggests that if it were possible to trap U91 + and U92+,
the mass difference ~M = M(U91+) - M(U92+) would show the binding energy of the Is
electron, some 130-140 keV. This result, if sufficiently precise, could impact QED
calculations, perhaps yielding more precise values for small corrections.
Faced with no source of low energy U91+ and U92+, Van Dyck proceeds to layout a
design for an ion trap to produce them, a device almost identical to the EBIT. He proposes
using cyclotron resonance to cool the ions, selectively purging the trap of unwanted ions,
and finally extracting them to another trap for weighing. Since the experiment is of value
to QED only for very heavy bare and 1- or 2-electron ions, it is obvious that the EBIS,
EBIT, or some equivalent device is the only way.
Beta Decay into Bound States
Takahashi and Yokoi [150] describe a mode of nuclear decay not yet observed,
namely beta decay into bound atomic states. In normal nuclear beta decay (neutral
atoms), the emitted fast electron quickly exits from the atom; the likelihood of being
captured is very small. But if there happened to be a K-shell vacancy at the moment of
nuclear decay, there would be an appreciable probability of capturing the beta. Normally,
of course, there would never be a K vacancy at the moment of decay. But if the atom were
highly ionized, either to one electron or the completely bare nucleus, the vacancy would be
there waiting. Thus, a normally stable nucleus would be induced to radioactively decay by
merely stripping its electron away.
Several specific nuclei, all fully stripped, have been proposed for seeking this
process [ISO, 151]:
163Dy66+ ~ 163H0 66+

Tl/2= 27 d

187Re75+ ~ 1870s75+

Tl(2= lOy
Tl(2 = 19 Y

The experiment would involve fully stripping and storing a collection of the parent
ions, and looking for the conversion into the daughter. Note, however, that neither the
charge nor the mass number of the ion changes; roughly the net effect is to convert a
neutron into a proton, and nothing else. Detecting this change in real time will pose a
challenge. It was proposed [152] that the ions be stored for varying lengths of time, then
extracted, neutralized, and chemically separated to measure the increase in daughter
nuclei. But storing such ions for such long times in attainable vacuum appears impossible.
Instead, we propose that the daughter ions be detected in real time by their
characteristic K X-ray emission. Electron capture from the residual gas will produce
constant source of X-ray emission from the trapped ions. But the spectrum from a
hydrogenlike Dy65+ (Z=66) will differ form the spectrum of heliumlike H0 65+ (Z=67), due
to the shielding by the captured beta in the latter. In addition to capture/cascade emission,
a relatively small number of the betas could be captured directly in the L shell, producing a
prompt K X-ray characteristic of the hydrogenlike ion. Thus a measurement of the
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emission spectrum should show satellites characteristic of the daughter nucleus, and
evidence for the process.
We emphasize that this process does not even occur in ions unless they are high Z
and very highly stripped, preferably to bare or one electron, and observing the effect
requires trapping them at low energy. The EBIS appears to be the only way to study this
mode of nuclear decay.
Monoenergetic Nuclear Pair Production
By now it is common knowledge among physicists that a narrow peak is seen in the
energy spectrum of positrons emitted in energetic heavy ion collisions [153, 154].
Identifying the origin of this peak has occupied dozens, perhaps hundreds, of enthusiastic
physicists for about five years. The range of proposals put forth to explain the peak is
dazzling, and the breadth of experiments showing that it is maddeningly invariant to
experimental parameters is impressive. At present the best bet is that it results from the
decay of a previously unknown neutral bound state, called only apologetically a "new
particle."
Among the plethora of possible processes occuring during the collision, besides the
sought-for direct production of positrons in the super-critical vacuum of the combined
nuclei, one expects nuclear coulomb excitation [155]. One takes this seriously because
the width of the positron peak is consistent with nuclear lifetimes. Given the excited
nucleus, it is energetically possible for it to decay by photon emission and internal
conversion, which do not produce positrons, and by internal pair production, which does. If
the nucleus does produce the e+e- pair and the pair escapes from the atom, the positron
energy spectrum is a broad continuum, not the observed peak. But if the pair is produced
and the electron is captured in a bound atomic state, the positron will be monoenergetic.
Could this be the origin of the peak? Concensus is that it is not, because one does not
expect any K vacancies to be available to capture the electron.
Whether or not this mechanism is important in the heavy ion collision experiments,
it is of interest in its own right. The problem is that K electrons effectively mask the
process. The K electrons do two things to the spectrum [156]: they suppress the
monoenergetic positron yield by 3 to 5 orders of magnitude by using up the K shell
vacancies, and they provide electrons for the internal conversion process, making it 102 to
10 3 time as probable as pair conversion, thereby using up excited nuclei uselessly.
Lichten and Robatino [157] suggest that the collision experiments should use bare
uranium nuclei instead of uranium ions. But the only present source of U92+, high energy
accelerators like the Bevalac, produce them at 1 GeV/AMU, a long way from the 8
MeV/AMU needed in the positron experiments. What is needed is a source of low energy
bare uranium nuclei. Perhaps in the light of this review, it is not fantasy to suggest that
the EBIS is likely to be the only source of these ions.
Applications to Technology
As a final word, we mention briefly that the EBIS is useful for several rather applied
problems. For instance, electron-ion streaming plasma instabilities are easily accessible.
All one needs to do is increase the beam current and load it with ions; it will rapidly selfdestruct due to the instabilities. The effects on the ionization balance are seen by
monitoring the charge states of extracted ions.
Of course, one of the major reasons for building EBIS's in the first place was as
injectors for· accelerators. Presently, DIONE at Saclay, the EBIS at Novosibirsk, and
CRYSIS at Stockholm are being used for that purpose.
The EBIS is also an ideal device in which to study collective ion acceleration [103].
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Much effort has gone into understanding how clouds of electrons can capture ions and
drag them to very high energies. Clearly, the higher the ion charge, the greater the
tolerable acceleration. With its high trapping potential and good control of the trap and
diagnostics, the EBIS would be an ideal device with which to investigate some of these
processes.
Finally, perhaps the most mundane application of the EBIS is to vacuum technology:
it is the best vacuum gauge in the world. An expensive one, naturally, but there is no
other way to measure the density of residual gas in the 10- 15 Torr range. If the EBIS could
be made simple and inexpensive, perhaps a whole new range of vacuum science would be
accessible.
ACKNOWLEDGEMENTS
I would like to thank Prof. R. Marrus not only for the opportunities provided by the
1988 NATO Workshop in Corsica, but also for fruitful and stimulating collaboration and
discussion on the subject of highly ionized atoms, dating back to 1969. Several colleagues
kindly provided data and information about their EBIS projects in advance of publication,
including J. Arianer, R. Becker, J. P. Briand, I. G. Brown, E. D. Donets, J. C. Faure, C. 1.
Herrlander, V. O. Kostroun, M. Levine, R. E. Marrs, V. P. Ovsyannikov, M. P. Stockli,
and H. Tawara. Information on gas mixing in the ECRIS was provIded by F. Meyer and C.
Lyneis. The author is grateful to his colleagues at Sandia who have contributed to the
development of this subject, including C. L. Bisson, S. Haney, N. Toly, A. R. Van Hook,
and J. Weeks.
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[II]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

E. D. Donets, V. I. IIyuschenko, and V. A. Alpert, Preprint JINR R7-4124, Dubna
(1968).
E. D. Donets, IEEE Trans. Nuc/. Sci. NS-23, 897 (1976).
E. D. Donets, Sov. Phys. Part. Nuc/. 13, 387 (1982).
E. D. Donets, Physica Scripta T3, II (1983).
E. D. Donets, Nucl. Inst. Meth. B9, 522 (1985).
E. D. Donets, "Electron Beam Ion Sources," in I. A. Brown, Ed., Ion Sources
(Wiley, New York, 1989).
1. Arianer, A. Cabrespine, and C. Goldstein, Nuc/.lnst. Meth. 193,401 (1982).
1. Arianer, A. Cabrespine, C. Goldstein, T. Junquera, A. Courtois, G. Deschamps,
and M. Oliver, Nucl. Inst. Meth. 198, 175 (1982).
1. Arianer, et aI., Physica Scripta T3, 36 (1983).
B. Wolf and H. Klein, Eds., Workshop on EBIS and Related Topics, Rept. GSIBericht P-3-77, Darmstadt (1977).
J. Arianer and M. Oliver, Eds., 11 EBIS Workshop (May 12-15, 1981).
V. O. Kostroun and R. W. Schmieder, Eds.: Proc. 3rd IntI. EBIS Workshop Cornell
University, USA (May 20-24, 1985).
A. Herscovitch, Ed., Proc. Inti. Symp. EBIS and their Applic., Brookhaven (Nov.
14-18, 1988).
G. S. Janes, R. H. Levy, H. A. Bethe, and B. T. Feld, Phys. Rev. 145,925 (1966).
R. W. Schmieder, Rept. LBL-2476, Lawrence Berkeley Laboratory, (1973); also
Electron Ring Accelerator Group Rept. ERAN-221 (1973).
W. W. Chupp, A. Faltens, E. C. Hartwig, D. Keefe, G. R. Lambertson, L. J.
Laslett, W. Ott, J. M. Peterson, J. B. Rechen, A. Salop, and R. W. Schmieder,
Proc.IX Inti. Con! High-Energy Accelerators, Stanford, USA (1974), p. 235.
J. M. Hauptman, L. J. Laslett, W. W. Chupp, and D. Keefe, Proc. IX Intl. Con!
High-Energy Accelerators, Stanford, USA (1974), p. 240.
R. W. Schmieder, Phys. Lett. 47A, 415 (1974).

371

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

372

H.-U. Siebert, et aL., "Possibility of Using Spectroscopic Methods in Investigation
of Some Beam Parameters of the Collective Heavy Ion Accelerator," JINR
Comm. P9-9366, Dubna (1975).
M. A. Levine, R. E. Marrs, J. R. Henderson, D. A. Knapp, and M. B. Schneider,
Physica Scripta T22, 157 (1980).
Proc. IntL. Conf ECR Ion Sources and AppLic., Michigan State Univ., East Lansing,
MI, USA (Nov. 16-18, 1987).
I. A. Sellin, J. C. Levin, C.-S. 0, H. Cederquist, S. B. Elston, R. T. Short, and H.
Schmidt-Bocking, Physica Scripta T22, 178 (1988).
R. Mann, Z. Phys. D3, 85 (1986).
H. Winter, "Production of Multiply Charged Ions for Experiments in Atomic
Physics," in Ref. [25], p. 455..
R. Marrus, Ed., Atomic Physics of HighLy Ionized Atoms (Plenum Press, New
York, 1983).
D. H. Crandall, "Electron-Ion Collisions," in Ref. [25], p. 399.
R. W. Schmieder, Physica Scripta T22, 312 (1988).
R. W. Schmieder, "The Leaky EBIS," Bull. Amer. Phys. Soc. March, 1988, and to
be published.
M. Mack, J. Haveman, R. Hoekstra, and A. G. Drentje, "Gas Mixing in ECR
Sources," in Proc. 7th Workshop on ECR Sources, Rept. Jul-Conf-57, KFA,
Julich (1986), p. 1 5 2 . ,
M. B. Schneider, M. A. Levine, C. L. Bennett, J. R. Henderson, D. A. Knapp, and
R. E. Marrs, "Evaporative Cooling of Highly Charged Ions in EBIT: an
Experimental Realization," in Ref. [13].
M. A. Levine, R. Marrs, and R. W. Schmieder, NucL. Inst. Meth. A237, 429
(1985).
R. Becker, H. Klein, and W. Schmidt, IEEE Trans. Nucl. Sci. NS-19, 125 (1972).
L. Spitzer, Physics of Fully Ionized Gases (Interscience, New York, 1956).
R. Becker, "Acceleration and Heating of Multiply Charged Ions in Dense Electron
Beams," in Ref. [11], p. 185.
R. M. More, in Laser Program AnnuaL Report, UCRL-50021-84, Lawrence
Livermore National Laboratory, (1984), pp. 3-68.
P. Hage1stein, "Physics of Short Wavelength Laser Design," UCRL-53100,
Lawrence Livermore National Laboratory (1981).
A. A. Galeev and R. N. Sudan, Basic PLasma Physics (North-Holland,
Amsterdam, 1984).
C. Litwin, M. C. Vella, and A. Sessler, NucL. Inst. Meth. 198, 189 (1982).
R. E. Marrs, C. L. Bennett, M. H. Chen, T. Cowan, D. Dietrich, J. R. Henderson, D.
A. Knapp, M. A. Levine, M. B. Schneider, and J. H. Scofield, "X-ray
Spectroscopy of Highly-Ionized Atoms in an Electron Beam Ion Trap (EBIT),"
Preprint UCRL-99699 (1988).
R. W. Schmieder and C. L. Bisson, "Heating and Cooling of Ions in the EBIS:
Monte Carlo Model Calculations," in Ref. [13].
B. M. Penetrante, M. A. Levine,. and J. N. Bardsley, "Computer Predictions of
'Evaporative' Cooling of Highly Charged Ions in EBIT," in Ref. [13].
C. M. Lyneis, "ECR Ion Sources for Cyclotrons," Lawrence Berkeley Laboratory
Rept. LBL-22450 (1986).
R. Becker and H. Klein, IEEE Trans. NucL. Sci. NS-23, 1017 (1976).
J. Faure, B. Feinberg, A. Courtois, and R. Gobin, NucL. Inst. Meth. 219, 449
(1984).
I. G. Brown, 1. E. Galvin, J. E. MacGill, and R. T. Wright, AppL. Phys. Lett. 49,
1019 (1986).
E. D. Donets and A.I. Pilein, SOy. Phys. JETP 45,2373 (1975).
E. D. Donets and V. P. Ovsyannikov, JINR Rept. P7-9799, Dubna (1976).
E. D. Donets and V. P. Ovsyannikov, "Production of Nitrogen, Oxygen, Neon, and

[49]
[50]

[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]

[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]

Argon Nuclei in the Cryogenic Electron Beam Ion Source," JINR Rept. P710438, Dubna (1977).
M. P. Stockli, J. Arianer, C. L. Cocke, and P. Richard, "The KSU-CRYEBIS," Proc.
10th IntI. Conf. Applic. Accel. in Res. and Ind., Denton, TX (Nov. 7-9, 1988).
R. W. Schmieder, K. Battleson, D. Buchenauer, A. R. Van Hook, J. Vitko, J.
Weeks, L. Hansen, R. Wolgast, V. O. Kostroun, and R. Becker, "Specifications
for the Superconducting Magnet for the SNLL EBIS," SNLL EBIS Technical
Note TN-Ol2 (1986).
B. Feinberg, I. G. Brown, K. Halbach, and W. B. Kunkel, Nucl. Inst. Meth. 203, 81
(1982).
H. Nishihara and M. Tereda, J. Appl. Phys. 39, 4573 (1968).
H. Nishihara and M. Tereda, J. Appl. Phys. 41,3322 (1970).
M. P. Stockli, C. L. Cocke, J. A. Good, and P. Wilkens, "Magnetic Precision
Alignment of a Long Horiwntal Ultra-Straight Solenoid," in in Ref. [13].
Yu. V. Kulikov, V. P. Ovsyannikov, and A. Yu. Starikov, "Measurements of
Magnetic Field of Superconducting Solenoid," JINR Rept. P9-88-263, Dubna
(1988).
V. O. Kostroun, "Electron Beam Alignment in an EBIS," in Ref. [13].
W. Hermansfeldt, Stanford Linear Accelerator Report SLAC 166 (1973).
R. Becker has made substantial improvements to the Hermansfeldt code of
particular use to EBIS design.
R. Becker, "Magnetic Compression into Brillouin Flow," in [KS85].
C. Benvenutti, J. Hengevoss and E. A. Trendelenburg, Vacuum 17, 495 (1967).
D. A. Knapp, R. E. Marrs, M. A. Levine, C. L. Bennett, M. H. Chen, J. R.
Henderson, M. B. Schneider, and J. H. Scofield, "Dielectronic Recombination of
Helium-like Nickel," LLNL Rept. UCRL-99921 (1988).
A. Septier, Focussing of Charged Particles, Vol. 2, Ch. 3,4 (Academic Press, New
York, 1967).
E. D. Donets, V. I. Illuschenko, and V. A. Alpert, Proc. 1st Conf. sur les Sources
d'lons INSTM, Saclay, (1969), p. 625.
V. A. Alpert, et al., Preprint JINR D7-5769, Dubna (1971).
1. Arianer and C. Goldstein, IEEE Trans. Nucl. Sci. NS-26, 3713 (1979).
S. Borg, H. Danared, and L. Liljeby, "CRYSIS - A Status Report," in Ref. [12], p.
47.
R. Becker, H. Klein, and M. Kleinod, Rept. GSI-P-3-77, Darmstadt (1977), p. 3.
R. W. Hamm, L. M. Choate, and R. A. Kenefick, IEEE Trans. Nucl. Sci. NS·23,
1013 (1976).
W. G. Abdulmanov et al., Proc. 10th ConI. High Energy Part. Accel. 1, 345 (1977).
I. G. Brown and B. Feinberg, Nucl. Inst. Meth. 220,251 (1984).
H. Imamura, Y. Kaneko, T. Iwai, S. Ohtani, K. Okuno, N. Kobayashi, S.
Tsurubuchi, M. Kimura, and H. Tawara, Nucl. Inst. Meth. 188, 233 (1981).
N. Kobayashi, S. Ohtani, Y. Kaneko, T. Iwai, K. Okuno, S. Tsurubuchi, M. Kimura,
H. Tawara, and T. Hiro, Rept. IPPJ-DT-84, Inst. Plasma Phys., Nagoya Univ.
(1984). In Japanese.
V. O. Kostroun, E. Ghanbari, E. N. Beebe, and S. W. Jansen, in Ref. [11], p. 30.
V. O. Kostroun, E. Ghanbari, E. N. Beebe, and S. W. Jansen, Physica Scripta T3,
47 (1983).
V. O. Kostroun, in Ref. [12], p. 55.
B. Gastineau, J. Faure, and A. Curtois, Nucl. Inst. Meth. B9, 538 (1985).
R. W. Schmieder, K. W. Battleson, M. A. Libkind, A. R. Van Hook, and 1. Vitko,
"The Sandia EBIS Facility," in Ref. [12], p. 69.
R. W. Schmieder, C. L. Bisson, S. Haney, N. Toly, A. R. Van Hook, and J. Weeks,
"The Sandia EBIS Program," in Ref. [13].
M. P. Stockli and C. L. Cocke, Rev. Sci. Inst. 57, 751 (1986).
K. Okuno, "Performance of MINI-EBIS Cooled by Liquid Nitrogen," in Ref. [13].

373

[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]

[89]
[90]
[91]

[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]

374

E. D. Donets, private communication (1988).
E. D. Donets and V. P. Ovsyannikov, Sov. Phys. JETP 80,916 (1981).
J. Faure, "Le Point sur Dione," Lab. Natl. Saturne Rept. LNS/SD Dione 87-133
(1987).
R. Becker, M. Kleinod, and H. Klein, Nucl. Inst. Meth. B24/25, 838 (1987).
V. O. Kostroun, private communication, 1988.
C. J. Herrlander, private communication, 1988.
H. Tawara, Ed., "The Collected Papers of NICE Project/IPP, Nagoya," Rept. IPPJAM-43, Nagoya Univ., Japan (1985).
R. E. Marrs, M. A. Levine, D. A. Knapp, and J. R. Henderson, "Measurement of
Electron Excitation and Recombination for Ne-like Ba46+," in H. B. Goodbody,
W. R. Newell, F.H. Read, and A. C. H. Smith, Eds., Electronic and Atomic
Collisons (Elsevier, Amsterdam, 1988).
R. E. Marrs, M. A. Levine, D. A. Knapp, and J. R. Henderson, Phys. Rev. Lett. 60,
1715 (1988).
M. P. Stockli, K. Cames, C. L. Cocke, B. Curnutte, J. S. Eck, T. J. Gray, J. C. Legg,
and P. Richard, Nucl. Inst. Meth. BI0/11, 763 (1985).
M. P. Stockli, K. Cames, C. L. Cocke, B. Curnutte, T. J. Gray, S. Hagman, J. C.
Legg, and P. Richard, "The Kansas State Atomic Collision Physics Facility
Dedicated to the Studies of Atomic Interactions of Highly Charged, Low and
Medium Energy Ions," Proc. Xl Natl. Con! Particle Accel., Dubna, (1988).
Also see Ref. [13].
.
Cryogenic Consultants, Ltd., London.
V. O. Kostroun, private communication (1987).
M. Kleinod, R. Becker, and H. Klein, "Progress Report on the Frankfurt EBIS," in
Ref. [13].
A. Muller and E. Salzborn, Phys. Lett. 62A, 391 (1977).
J. P. Briand, P. Charles, J. Arianer, H. Laurent, C. Goldstein, J. Dubau, M.
Lovlergue, and F. Bely-Dubau, Phys. Rev. Lett. 49, 1325 (1984).
B. M. Johnson, K. W. Jones, V. O. Kostroun, E. Ghanbari, and S. W. Janson, "Xray Spectra from the Cornell EBIS (CEBIS-I), in Ref. [12].
R. W. Schmieder, "Observations of X-rays in the EBIS," EBIS Tech. Note TN-017
(1986).
R. W. Schmieder, "Quightness: A Proposed Figure-of-Merit for High Charge
State Ion Sources," in Ref. [13].
N. Rostoker, in Ref. [99].
1. Scofield, LLNL, private communication, 1989.
C. L. Olson, "Collective Ion Acceleration with Linear Electron Beams," in Ref.
[103].
C. L. Olson and U. Schumacher, Collective Ion Acceleration (Springer-Verlag,
Berlin, 1979).
R. Geller, F. Bourg, P. Briand, 1. Debernardi, M. Delaunay, B. Jacquot, P. Ludwig,
R. Pauyhenet, M. Pontonnier, and P. Sortais, "The Grenoble ECRIS Status
1987 and Proposals for ECRIS Scalings," in Ref. [21].
H. Ryufuku and T. Watanabe, Phys: Rev. A19, 1538 (1979).
R. E. Olson, "Electron Capture Between Multiply-Charged Ions and One-Electron
Targets," in Ref. [107], p. 391.
N. Oda and K. Takayanagi, Eds., Electronic and Atomic Collisions (North Holland,
Amsterdam, 1980).
E. D. Donets, S. V. Kartashov, and V. P. Ovsyannikov, "Production, Identification,
and Ion-at-Surface X-ray Spectroscopy of Kr3S+ and Kr36+," JINR Rapid Publ.
No. 20-86, Dubna (1986).
W. Wagner, E. D. Donets, V. Danin, and S. V. Kartashov, "Spectrometry of
Characteristic X-ray at Hydrogen-like Neutralization Kr35+," JINR Rapid Publ.
No. 4(24)-87, Dubna (1987).

[110]

[111]
[112]
[113]
[114]
[115J
[116J
[117]
[118]
[119J
[120J
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128J
[129]
[130]
[131]
[132J
[133J
[134J
[135]
[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]

G. Zschornack, G. Musiol, and W. Wagner, "Dirac-Fock-Slater X-ray Energy
Shifts and Electron Binding Energy Changes for all Ion Ground States in
Elements up to Uranium," Rept. ZfK-574, Akademie der Wissenschaften der
DDR, Zentralinstitut fur Kernforschung, Rossendorf bei Dresden (1986).
D. L. Matthews, "Ion-Induced Auger Electron Spectroscopy," in Ref. [112], p. 433.
P. Richard, Ed., Atomic Physics - Accelerators (Academic Press, New York,
1980).
U. A. Arifov, E. S. Mu1hamadiev, E. S. Parillis, and A.S. Pasyuk, Sov. Phys. Tech.
Phys. 18, 240 (1973).
L. K. Technologies, Bloomington, IN
Digital Instruments, Santa Barbara, CA
R. Becker, A. Muller, Ch. Achenbach, K. Tinschert, and E. Salzborn, Nucl. Inst.
Meth. 89, 385 (1985).
A. Barany, A. Kerek, M. Larson, S. Mannervik, and L.-O. Norlin, Eds., Proc.
Workshop and Symp. Phys. of Low-Energy Stored and Trapped Particles,
Physica Scripta T22 (1988).
R. B. Moore and S. Gulick, Physica Scripta T22, 28 (1988).
H. Gould, Nucl. Inst. Meth. 89, 658 (1985).
C. T. Munger and H. Gould, Phys. Rev. Lett. 57, 2927 (1986).
G. W. F. Drake, Nucl. Inst. Meth. 89, 471 (1985).
P. J. Mohr, "Relativistic and QED Calculations for Many-Electron and FewElectron Atoms," in Ref. [123], p. 301.
J.-P. Briand, Ed., Atoms in Unusual Situations (Plenum Press, New York, 1986).
R. D. Deslattes, Nucl. Inst. Meth. 89,668 (1985).
A. R. P. Rau, "High Excitation of Two Electrons," in Ref. [126], p. 491.
R. S. Van Dyck, Jr. and E. N. Fortson, Eds., Atomic Physics 9 (World Scientific
Publ. Co., Singapore, 1984).
R. K. Janev, L. P. Presnyakov, Phys. Rep. 70,1 (1981).
R. K. Janev, L. P. Presnyakov, and V. P. Shevelko, Physics of Highly Charged Ions
(Springer-Verlag, Berlin, 1985).
R. Mann and H. Schulte, Z. Phys. D4, 343 (1987).
A. Muller, H. Kinger, and E. Salzborn, Phys. Lett. 55A, 11 (1975).
H. Kinger, A. Muller, and E. Salzborn, J. Phys. 88, 235 (1975).
M. Barat, "Charge Exchange Processes Involving Multicharged Ions: The
Quasimolecular Approach," in Ref. [25], p. 365.
E. Salzborn and A. Muller, "Transfer Ionization in Collisions of Multiply Charged
Ions with Atoms," in Ref. [134].
F. Brouillard, Ed., Atomic Processes in Electron-Ion and Ion-Ion Collisions
(Plenum Press, New York, 1986).
J. P. Schiffer and P. Kienle, Z. Phys. A321, 181 (1985).
A. Rahman and J.P. Schiffer, Phys. Rev. Lett. 57,1133 (1986).
A. Rahman and J. P. Schiffer, Physcia Scripta T22, 133 (1988).
I. S. Bitenskii, M.N. Murakhmetov, and E. S. Parillis, Sov. Phys. Tech. Phys. 24,
618 (1979).
E. S. Parillis, Dokl Akad. Nauk. SSSR, Ser. Fiz. 37, 2565 (1973).
E. Recknagel, "Small Atomic Clusters," in Ref. [126], p. 153.
H. Haberland, "What Happens to a Rare Gas Cluster when it is Ionized?" in Ref.
[142], p. 597.
J. Eichler, I. V. Hertel, and N. Stolterfoht, Eds., Electronic and Ionic Atomic
Collisions (North-Holland, Amsterdam, 1984).
J. G. Gay and B. J. Berne, Phys. Rev. Lett. 49, 194 (1982).
J. Burgdorfer, E. Kupfer, and H. Gabriel, Phys. Rev. A35, 4963 (1987).
H. J. Andra, R. Zimmy, H. Winter, and H. Hagedorn, Nucl. Inst. Meth. 89, 572
(1985).
H. Hagedorn, H. Winter, R. Zimmy, and H. J. Andra, Nucl. Inst. Meth. 89, 637
(1985).

375

[147] H.-J. Kluge, Physica Scripta T22, 85 (1988).
[148] R. S. Van Dyck, Jr., Physica Scripta T22, 228 (1988).
[149] F. L. Moore, D. L. Farnham, P. B. Schwinberg, and R. S. Van Dyck, Jr., Physcia
Scripta T22, 294 (1988).
[150] K. Takahashi and K. Yokoi, Nucl. Phys. A404, 578 (1983).
[151] P. Kienle, "Studies of Radioactive Decay of Completely Ionized Nuclei in a Heavy
Ion Storage Ring," Preprint GSI-86-57, Darmstadt (Dec.,1986).
[152] S. Datz, L. H. Anderson, 1. -Po Briand, and D. Liesen, Physica Scripta T22, 224
(1988).
[153] G. Soff, "Electron Excitation Processes and Quantum Electrodynamics in High-Z
Systems," in Ref. [25], p.I77.
[154] B. Muller, "Quantum Electrodynamics (QED) in Strong Coulomb Fields: Charged
Vacuum, Atomic Clock, and Narrow Positron Lines," in R. Marrus, Ed.,
Physics of HighLy Ionized Atoms (Plenum Press, New York, 1989). [This
volume].
[155] F. Bosch, "Superheavy Atoms - Electrons in Strong Fields," in Ref. [123].
[156] U. Muller, T. de Reus, J. Reinhardt, B. Muller, W. Greiner, and G. Soff, Phys. Rev.
A37, 1149 (1988).
[157] W. Lichten and A. Robatino, Phys. Rev. Lett. 54, 781 (1985).

376

ELECTRONIC INTERACTION OF MULTI-CHARGED IONS WITH
METAL SURFACES AT LOW VELOCITIES

H.J. Andra
LAGRIPPA - CEA-CNRS - C.E.N.-Grenoble
F-38041 Grenoble Cedex, France
1) Definition of topic
The goal of this lecture is to cover the main steps to our
present understanding of the interaction of Multi-Charged Ions
with Metal Surfaces at Low Velocities starting with the work of
Hagstrum on moderately charged ions (q = 5) dating from 1954
[1]. This readily allows to establish the relation between this
particular topic and the much wider theme of Electronic Interactions of Ions with Metal-Surfaces which was covered in another
lecture recently [2]. The interpretations of Hagstrum were confirmed by Arifov at al. [3] in 1973 via theoretical model calculations and verified by experiments with charge states up to q =
7. With the invention of powerful sources for the efficient production of highly charged ions [4,5,6] a renaissance of these
studies with further increasing charge states up to q = 12 has
considerably improved the experimental techniques and possibilities in Groningen [7], Oak Ridge [8], Grenoble [5], and Moscow
[6]. These experiments have produced a considerable amount of
data for which a consistent interpretation is presented in this
lecture. It will give new insights into the dynamic interaction
of a multi-charged ion in front of a metal surface.
With the underlined specification all interactions of a
multi-charged ion with the bulk of the metal are excluded from
this lecture. The surface is therefore defined as the vacuummetal interface in front of the first atomic layer. Only in
exceptional situations the interaction of an initially multicharged ion with the first or second atomic layer will be included in the discussions.
Many ,aspects of the more general ion-surface interaction
have been discussed in ref. [2] to which the reader is referred
to including the references therein. Additional citations are
given only for the examples discussed here and are therefore far
from complete.
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2) The trajectory of an ion interacting with a metal surface
The trajectory of an ion close to a metal surface depends
on the interaction potential V(z) between the ion and all surface atoms and the potential Vim due to the image charge. The
potential V(z) is obtained as the superposition of the contributions VA(r) from all surface atoms. The potential VA(r) sterns
from the Coulomb repulsion between the ion and one particular
surface atom due to imperfect screening by the electrons at decreasing distances r.
The interaction potential VA(r) is generally expressed by
the product of two terms [9]
VA (r)

=

(Zl 'Z2 Ir)

(2.1)

• 0(r/a)

where the first describes the Coulomb repulsion and the second
the screening with the screening length a(Zl ,Z2). Various forms
of the screening function 0(u = ria) have been described in the
literature [9,10] which fit best to different relative velocity
regimes of the collision partners. As an example may serve here
the Thomas-Fermi-Moliere potential [11]
0(u)
with

=

0.35·exp(-0.3~u)

a = 0.8853·ao I

+ 0.55·exp(-1.2·u) + 0.1·exp(-6·u)

(.[Zl + .[Z2 )2/3.

(2.2)
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Fig. 1 a) Reflection of ions with two different
energies from a single crystal surface. b) Planar
potential for Li+-W(110) interaction including
the image potential.
The resulting ion-surface interaction potential V(z) is
indicated in fig.1a. It is corrugated at smaller distances and
becomes more and more planar at larger distances from the first
atomic layer. In this planar region the sum over all surface
atoms may be replaced by the so called planar potential [12]
which becomes for our example
(2.3)
fpl (u=z/a)= 1.167·exp(-0.3·u)+0.45·exp(-1.2·u)+0.017·exp(-6·u).
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where ~ is the density of surface atoms per unit area in a.u.
and Z is measured from the first atomic layer. The example for a
Li·-ion interacting with a W{l10)-surface is shown in fig.1b.
To this planar potential the image potential Vim has to be
added in order to obtain the total ion-surface interaction potential U{z). When an ion with charge q is approaching the surface from infinity it is subject to an attractive image force
~

=

_qz. <,~-~I m ) / (4· I~-~I m 13

)

(2.4)

which yields an image potential
VI m = _qZ / {4· (Z-ZI m) ) .

(2.5)

According to the so called jellium model of metals the jellium
edge is located at ZJ = d/2 and the plane of the induced surface
charge, i.e. the mirror plane, at Zim = d/2+dzlm in front of the
first atomic layer. d is the lattice constant and 1 < dZlm < 2
ao [13,14,15]. With the distribution of the induced surface
charge centered at Zim and with a half width of about dZlm it is
obvious that this image potential is valid only at distances Z >
d/2 + 2·dzlm ~ 6 ao. Vim is therefore set constant for Z < 6 ao·
in order to approximately construct the total ion-surface interaction potential U{z) for a Li·-ion interacting with a W{l10)surface in fig.1b.
With the potential U{z) depicted in fig.1b a Li·-ion with
an initial energy of 20 eV approaches the surface up to the
turning point at about 1.4 ao and then returns to be nearly
totally reflected. The potential of this example clearly shows
that only rather low vertical velocity components parallel to
the normal of the surface (O.Ol < Vv < 0.05 ao corresponding to
2.5 < E < 50 eV/u) are admitted in order to limit the interaction to the geometrica~ region in front of the surface. An ion
arriving with a higher charge close to the first atomic layer
sees of course a higher repulsive potential and is thus reflected up to higher Vv. This allows an adiabatic (or quasi-adiabatic) treatment of the electronic interaction between the ion and
the metal surface. At these conditions the probability of the
ion penetrating the first surface layer of atoms of an ideal
metal surface becomes very small (< 0.05). As soon as higher
vertical velocities are used fractional penetration into the
bulk will occur so that attempts have to be made to subtract the
signals stemming from this penetration from the total signal,
attributed mainly to the interaction in front of the surface.
In the planar region one expects nearly perfect specular
reflection whereas in the corrugated region a wide angular scattering distribution is expected. It is obvious from fig.1a that
this angular distribution (including interference effects) carries information on the surface structure and indeed this technique is being widely used to determine the structure of surfaces with hyper thermal He beams (< 100 meV) and in particular
the distribution of adsorbed atoms on such surfaces [16,17,18].
Following the above discussion of the
vious that impinging ions in higher charge
ence higher potentials which can, however,
Furthermore charge exchange processes will
change of the ion-surface potential during

potentials it is obstates will experionly be estimated.
cause a dynamic
the interaction so
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that a clear-cut prediction of the ion trajectory becomes impossible for the time being. Taking e.g. the image potential as
an example one can estimate the energy gain of an initially
multi-charged ion under the assumption of a continuous neutralization while it is approaching the surface from infinity. If the
first electron is captured by an ion with q = 9 at Zo = 59 ao
and the next electrons are captured after aequidistant intervals
~z = (zo-d/2)/q, in order that the ion be neutral at z = d/2,
one obtains an energy gain of
q

dE z I i 2 /(4·
1 =1

(~z'i-dzlm»

=

51.76 eVe

(2.6)

This corresponds to a vertical velocity towards the surface of v
= 15684 m/s for Ar. This velocity then sets a lower limit to the
interaction time of the ion with the surface even for the case
where its initial velocity at large distance from the surface
was close to zero.
In view of these problems of the dynamic behavior of the
ion-surface potential one may adopt a simplified approach for
the following discussion of the electronic interaction of projectiles in front of the surface. It will be sufficient to assume that the projectile is either reflected from the surface or
that one observes quantities which are not very much affected
when the projectiles penetrate into the surface.
3) Image potential seen by the atomic electron at intermediate
and large distances
The image charge not only creates an attractive potential
for the ion charge q as a whole but allows in more detail the
description of its influence on an ionic electron bound to an
ionic core with an effective charge Zcore. The concept of the
image charge is an ingenious approximation for the description
of the interaction of all electrons of the conduction band with
the ionic electrons [19]. In this approximation a valence elec-

E'I

+

a
Fig. 2 a) Construction of the image potential of
a valence electron. b) Modification of terms of a
negative ion and of a neutral atom due to the
image potential.
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tron in the primed coordinate system of the ionic core sees an
additional image potential besides the core-potential
Vim(r',Z-Zlm) = Zcore/D-1/4de
de

Z-Zlm+Z'

(3.1)

as defined in fig.2a.
The term 1/4de is obtained when approaching the electron
from infinity towards the surface with a fixed ion in front of
the surface. When expanding Vim(~,Z) in terms of z' [20] the
image potential
Vi m(Z

I ,

Z) = ( 2 Zc 0 r e -1 ) / 4· (z - Z1 m) -

(Zc 0 r e -1) • Z ' / 4· (z - Z1 m) Z+. . .
(3.2)

in the primed coordinate system of the atom is obtained which
has the following consequences on the atomic terms involved,
depending on Zcore which forms with one valence electron an ion
wi th charge q':
Zcore= 0, q'= -1: Vim(Z',Z)= -1/4·(z-Zlm)+ ·z'/4·(Z-Zlm)Z

(3.3')

With Zcore = 0 the valence electron forms a negative ion
which is exposed to an electric field 1/4·(z-Zlm) Z and the
eigenstates of which are shifted downwards by -1/4· (Z-Zim) when
the ion approaches the surface.
Zcore = 1, q' = 0

Vim (Z' ,Z) = 1/4· (Z-Zim)

(3.4)

With Zcore
1 the valence electron forms a neutral atom,
the eigenstates of which are shifted upwards by 1/4· (Z-Zim) when
the atom is approaching the surface.
Zcore= 2, q'= +1: Vil1(Z',Z) = 3/4·(z-Zlm)- z'/4·(Z-Zlm)2

(3.5)

With Zcore = 2 the valence electron forms a positive ion
which is exposed to an electric field -1/4·(z-Zlm)2 and the
eigenstates of which are shifted upwards by 3/4· (Z-Zim) when the
ion approaches the surface.
Zcore = q, q' = q-1 :
Vim(Z',Z) = (2·q-1)/4·(z-Zlm) -

(q-1)·z'/4·(z-Zlm)2

(3.6)

With Zcore = q the valence electron forms a positive ion
with charge q-1 which is exposed to an electric field -(q-1)/
4· (Z-Zlm)2 and the eigenstates of which are shifted upwards by
(2·q-1)/4· (Z-Zll1) when the ion approaches the surface. For the
model case of q = 9 one obtains thus a level shift at Z = Zo Zim = 57 ao of dE = 2.03 eVe This is a considerable shift which
has to b~ discussed later on.
The unprimed and primed coordinate systems in fig.2a for
the surface-(lab-)- and for the ion-frame, respectively, will be
used throughout this lecture.
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Fig. 3a,b,c Ion(atom)-surface charge exchange processes.

4) Ion-surface charge exchange processes
Charge exchange between ions(atoms) and metal surfaces is a
long known phenomenon. The different types of processes possible
have been summarized by Hagstrum in an excellent review [21] and
are depicted in fig.3. The electronic properties of the metal
surface are described by a conduction band with Eo being the
depth of the potential well for the free electron jellium model
(independent free electrons imbedded into a continuous and constant positive charge distribution) and ¢ the workfunction to
yield the Fermi energy EF = -(Eo-¢) as measured from the bottom
of the well whereas Eo and ¢ are measured from the vacuum level.
If an ion at a given distance in front of the surface has
an occupied term above the Fermi energy (or Fermi edge) of the
metal this term is facing an empty continuum and can consequently resonantly loose one electron into this continuum via an
adiabatic single electron tunneling process which is called
Resonance Ionization (RI). If on the other hand the ion has an
empty term below the Fermi edge this term is facing a completely filled continuum so that it may gain an electron via Resonance Neutralization (RN). From this simple picture in fig.3a
one can deduce at once that the neutralization of a scattered
ion beam will strongly depend on the energetic position of the
Fermi edge relative to the corresponding atomic ground state.
The well known Langmuir-Taylor detector [22] for Alkali atoms at
thermal energies may serve as the best example for a long existing and very successful application.
&lso indicated in fig.3a is a charge exchange process between a filled core level of the metal and an empty deep lying
ion term which are separated accidentally only by a very small
energy gap. If the kinetic energy of the ion is sufficient to
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bridge this energy gap a Ouasi Resonance Neutralization (ORN)
can take place.
Besides the single electron resonance charge exchange phenomenon the electronic interactions involving two electrons,
which we call in general Auger transitions, are playing an important role in the exploration of the ion surface interaction.
One may distinguish two classes of Auger processes:
The Auger-Neutralization (AN) in fig.3b and the AuaerDeexcitation (AD) in fig.3c. In an AN process an electron from
the conduction band of the metal jumps into some lower lying
vacant ionic level (i or j). For reasons of energy conservation
this jump is possible only when another electron of the conduction band takes up the released energy and is excited either
into the continuum (AN) or into empty states of the metal above
the Fermi energy (AN'). It is to be noted that the AN' process
to the ionic term (j) occurs in competition to a RN process the
relative importance of which has to be discussed later on.
In an AD process an ion excited in a (metastable) term (j)
is dexcited in front of the surface via an electron which jumps
from the conduction band to some lower lying-vacant ion-level
(i) forcing the excited ionic electron (j) to leave into the
continuum again for reasons of energy conservation. Also indicated in fig.3b is a Core Auger Neutralization (CAN)-process
from a low lying core level of the metal to an empty ion term
under excitation of a conduction electron into the continuum of
the metal. This process occurs in competition to the QRN process
in fig.3a. Furthermore a Core Auger Deexcitation (CAD)-process
may occur in fig.3c which is, however, in strong competition to
AD transitions, except for particular situations.
In all five cases of Auger transitions these so called
direct processes (a) cannot be distinguished from the corresponding exchange processes (~) (dotted lines) where the initial
electrons are interchanged.
In competition to the AD process one has to consider
Radiative Deexcitation (RD) which becomes possible after an RNor AN'-process if a very low lying empty ionic term exists so
that the fluorescence yield may become important.
5) Transition rates of RN and RI processes
Due to the energy shift of the ionic energy terms (induced
by the image charge) such a term may be below the Fermi edge and
is therefore being neutralized when the ion (atom) is at large
distance but may move above the Fermi edge and is being ionized
when the ion is approaching the surface. This behavior implies a
dynamic treatment of the interaction along the whole ion
trajectory in front of the surface.
The coupling matrix element between the electrons of the
ion and the metal is governed by the operator Z/r [23], where Z
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Fig. 4 a) Visualization of the tails of the squares of the
metal wavefunctions and of their overlap with an atomic
wavefunction. b) Transition rates for the charge exchange
between some alkalis and metals.

is the effective charge of the ion "seen" by the electron to be
exchanged. For the case of RI the discrete term of the ion interacts via this transition operator with the empty, near resonant continuum states of the metal. The density of these states
[24] in the free electron model is
(5.1)
It is proportional to ~£ and continues up to the maximum value
n(Eo) at the ionization limit. It is only the multiplication of
neE) by the Fermi function which differentiates between occupied
and unoccupied states:
n ( E) '= n (El • (1 +exp [ ( E- EF ) /k' T] I .

(5.2)

With this density of the continuum states the Golden rule may be
applied
W(S-l)

=

2·11·

I<EIZ/rla>12

to obtain the ionization rate

(5.3)

n (E)
W(S-l)

as given in fig.4b.

Since this ionization rate depends on the overlap of the
metal and the atomic wave functions as indicated in fig.4a,
which both decay exponentially 'with distance it can immediately
be deduced that the ionization rate has to depend exponentially
on the distance Zj of the ion from the surface in fig.4b. In
fact for many practical applications [21] the rate can be approximated by
w(Zj)

= A-exp(-a-zj

).

(5.4)

Taking a 2s-atomic wave function, however, as an example in
fig.4a one can deduce in addition that this exponential behavior
is only valid for distances where the non-exponential internal
structure of the atomic wave function is not overlapping yet
with the tail of the metal wave function.
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Furthermore the concept of unperturbed atomic wave functions is only valid for a small overlap with the potential well
of the metal, i.e. for distances ZJ > <rD, 1>. For smaller distances modified atomic wave functions have to be used [25] so
that deviations from the exponential behavior of w(ZJ) may
occur.
Without going into any detailed arguments it is said [23]
that the rate of electron exchange is independent of the population of the metal continuum. The rate for resonance ionization
canthus be set equal to the rate of resonance neutralization
when the ionic term is facing an occupied continuum with the
same n (E) •
One last but important feature can furthermore be deduced
from the exponential tails of the metal wave functions into the
vacuum. These tails decay proportional to exp(-2·b·zJ) where b =
h//2·m·(Eo-E) so that the exponential tails of the energetically
lowest electrons are considerably shorter than those for electrons near the Fermi energy or those which are even higher lying
in energy. The same general statement applies to atomic wave
functions the exponential tails of which become shorter and
shorter with increasing binding energy as measured from the
ionization limit. As an important consequence the rate for resonance charge exchange at a given distance Z of the ion from
the surface decreases drastically with increasing binding energy
of the atomic and metallic electrons involved.

6) Transition rates of AN- and AD- ,rocesses
A qualitative understanding of the transition rates of the
AN/AD processes can again be derived from the structure of the
transition matrix element and from the spatial extent of the
metal- and ionic wavefunctions as shown in fig.5a,b for the
specific case of H+-neutralization on aluminium [26]. As for RN
we can use the "Golden Rule" to express the transition rate WAN
as a function of the density of the final continuum states n(E")
and of a matrix element. Into this matrix element enters the
< overlap I > = < <I>(ls,rl)

I

<l>1D

(k,E,rl) >

(6.1)

and the
< overlap II >

=

< <1>. (k' , E ' , r2)

I

<l>c

(k" , E" , r2)

>

(6.2)

"weighted" by the operator 1/r12 ~ 1/(rl-r2) where r12 is the
distance between the two electrons involved. Due to antisymmetrization direct (full lines) and exchange (dotted lines)
matrixelements have to be taken into account. For the ion being
at a given distance Zt from the surface the <overlap I> in
fig.5a becomes largest when E is approaching Er due to the increasing exponential tail of the metal wavefunction with increasing E. At the same time the <overlap II> stays roughly constant
because the energy difference E"-E' = E-E(ls) stays constant independent of E' which may vary along the double bar which is
proportional to the number of possible initial states for this
given E. In fig.5b E is lowered and E-E1S is reduced. Consequently the <overlap I> is considerably reduced due to the shorter exponential tail of <I>.(k,E,rl) but the <overlap II> is
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b

Fig. S Derivation of the AN-rates with the help of the shapes
of the wavefunctions; a) for a large energy gap between E and
H(ls), b) for a small energy gap between E and H(ls).

strongly increased due to the smaller energy difference E"-E'
with respect to the situation in fig.Sa. It is to be noted,
however, that the double bar is much shorter.
As for the RN-process the <overlap I> is responsible for
the behavior of the AN/AD-transition rates as a function of
distance from the surface which thus drop off exponentially as
for RN. Without discussing the modifications by the exchange
contributions the AN-probability can now be set proportional to
the square of [«overlap I » ' «overlap II»]2 times the number
of initial states times the density of final states. With the
arguments given above on the overlaps, we can thus roughly conclude that all states of the conduction band above the energy of
the H(ls) ground term do contribute to the AN-transition rate
with slightly increasing probability with E up to a maxi-mum at
E = Er. Although each particular E,E' ,E"-AN-transition probability is clearly smaller than any RN-transition proba-bility it
is the large number of states involved in AN which may lead to
comparable total transition rates for AN as for RN. This may be
particularly the case when comparing with unfavou-rable RN-cases
as indicated in fig.Sb where the <overlap I> (responsible for
RN) at the given distance is very small.
The comparison of RN- and AN-transition rates in fig.4
clearly supports these considerations since the resonance
transition rates are observed to be systematically higher than
the AN-rates except for the unfavorable case of H+ on Al just
mentioned which is of the same order as the corresponding AN-
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rate. Not included in this figure are favorable AN'-cases when
the energies E,E(b) becomes small as shown in fig.3b. Here again
the AN- and RN-transition rates are expected to be of similar
size but this has still to be shown in a proper calculation.
7) Where do RN/RI- and AN/AD- transitions take place?
This question has been answered in ref.[2] for three different situations of receding and approaching ions which do also
well apply to the various stages of the interaction of a multicharged ion with a metal surface. In contra~t to ref. [2], however, it is the multi-charged ion approaching the surface which
undergoes the most important electronic transitions. Therefore
only the case of an ion approaching the surface will be considered here. The case of a reflected and receding ion will play
only a minor role during this lecture so that it is referred to
ref.[2], chapter 5.
As will be shown later the most important electronic process for a multi-charged ion approaching a metal surface is
Resonance Neutralization (RN) at large distance from the surface. If level-shifts due to the image potential and level
widths can be neglected one can assume that RI is not counteracting RN at any time. Under the assumption of an adiabatic
interaction the neutralization probability Po can then be given
for a level below the Fermi-edge by a straight forward differential rate equation
dpo (Zj ) Idt

= wo

(Zj ) • [i-po (Zj )]

= wo

(Zj ) .p. (Zj ) ,

(7.1)

where [i-po (Zj)] = p. (Zj) is the probability that the ion has
not yet captured an electron on its way from infinity to the
distance Zj from the surface. Using dt = dZj/vv and p. (-) = 1
one obtains
p. (Zj)

= exp

[-1:0
Zj

(Zj ') • (dZj , Ivv) ]

(7.2)

.

The probability of the electron capture to take place at the
position Zj in the element dZj is then

which reduces with the approximation wo (Zj)
pt (Zj , Vv ) • dZj

=

=

A·exp(-a·zj) to

(A/vv)· exp [-a. Zj -A· exp (-a· Zj ) I (a· Vv ) ] • dZj.

(7.3)

This function pt (Zj , vv) gives a range of dis tances where the
electron capture may take place. It is strongly peaked with its
maximum at the distance
Zjf = (l/a)·ln[A/(a·vv»),

(7.4)

which is called the "freezing distance" [27] and which is often
taken as "the distance" where the electron capture takes place
on the average. This capture distance Zf = d/2 + Zjf is largely
dominated by the factor A and shifts only slightly towards the
surface for higher Vv and away from the surface for lower Vv .
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With even less stringent assumptions the same considerations and formulae apply to the AN/AD transitions, except for
WAN replacing WD. See ref. [2], chapter 7.
8) Auger-Neutralization spectroscopy
Besides the famous calculation [28] and application of the
AD-process as a detection scheme in the early Lamb-shift experiments [29] it was in particular the systematic study of the
AN-process by H.D.Hagstrum [1,21,30,31] which can now be considered as the foundation of the field of Ion Neutralization
Spectroscopy (INS). Hagstrum's goal was to develop an alternative technique for the measurement of the density of states of
metals by observing the electron spectrum following AN. To this
end he used an experimental scheme [30] of which a modern version by M.Delaunay et al. [32J is shown in fig.6 which will be
relevant for the next chapter too.
A polycrystalline W-target is placed at a pressure of 24-10- 8 Pa in the center of three hemispherical grids G1-G3 and a
hemispherical collector C (180 0 -LEED system) (a simple spherical
collector in Hagstrum's original work). T~e achievement of this
vacuum was an extremely difficult task in 1953 so that Hagstrum
devotes several pages of reference [31J to vacuum problems !
Singly charged He+ ions from an electron impact ion source were
mass and momentum analyzed and then directed via a lens system
onto this target after sputter cleaning with Ar+ ions. For the
measurement of energy distributions the grids 1 and 3 were connected to the target (biased if necessary), a retarding potential was applied to grid 2 (to the collector in Hagstrum's original work), and the electron current emitted from the target
surface was measured via the collector as a function of the
retarding potential either biased or simply to ground. For the
measurement of the total yield of electrons emitted per ion the
target was biased or grounded and all three grids were connected

Fig. 6 Experimental apparatus for the measurement
of yield and spectra of secondary electrons emitted
when ions approach a metal surface.
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Fig. 7 Electron spectra observed when He+ is
approaching a W-surface at three different energies.
Reconstruction of the electron spectrum for Vv = O.

to the collector to form a simple collector as in Hagstrum's
original work [30]. The determination and subtraction of spurious currents from reflected ions is very well described in
this latter reference.
The electron spectra and their reconstruction obtained from
He+ interacting with a clean, polycrystalline W-surface are
shown on the left side of fig.7. Assuming the free electron jellium model [13-15] for the conduction band of W with Eo = 9.7
eV, constant AN-transition rate for all values of E (see fig.5)
and no effects from level shifts or level broadenings one can
construct the electron spectrum to be expected. An Auger-transition from EF to the He ground term yields the replica of the
density of states, hatched vertically, with E"max = 15.48 eV
while an Auger-transition from E = 0 to the He ground term
yields the replica of the density of states, hatched diagonally,
with E"mln = -3.92 eV. When allowing now Auger-transitions from
all metal states 0 < E < EF one expects the complete energy
spectrum of the emitted electrons in full line which is a selfconvolution of the density of states of the metal. Since E"mln
is negative the low energy part of the spectrum cannot escape
from the metal.
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It was these observations which led Hagstrum to hope that
the n{£)-distribution could possibly be recovered by a deconvolution of the observed spectrum. One has to note, however, that
serious problems for such a deconvolution have emerged from his
work during the years thereafter. His own critical analysis
sheds the best light on the inherent limitations of this method
in particular in comparison to similar problems in photoelectron
spectroscopy, the well accepted technique for probing the electronic structure of solids and surfaces. In his excellent review
on the comparison of both techniques [21] Hagstrum comes to the
conclusion that both techniques should corroborate in order to
obtain the best possible results.
Another striking feature in the experimental spectra, which
represents a serious problem to the initial goal of Hagstrum, is
the strong dependence of the spectral shape on the incident
energy. The corresponding He velocities for energies between 40
and 1000 eV lie between 0.02 and 0.1 a.u. of which the upper
value is somewhat above the limit of the validity of the adiabatic or Born-Oppenheimer approximation. Hagstrum [1,31] therefore
attributes the observed modifications of the spectra to time dependent effects to which another aspect was added in ref. [2].
In order to avoid these problems connected to the incident
velocity of charged particles Hagstrum has used the lowest possible ion energies of about 5 eV in his systematic study of the
INS. [21]. More recently G.Ertl et al. [34-37] have further improved the INS by using neutral rare gas atoms in metastable
excited states at thermal velocities. The metastable states lie
above the Fermi edge so that the atoms approaching this surface
are resonance ionized at large distance so that a singly charged
rare gas ion is continuing to approach the surface at thermal
energy plus the energy due to the attractive image force. Under
such conditions one can expect the velocity dependent effects to
be as small as possible and the authors could indeed successfully employ this method for the study of modifications of n{£)
due to the adsorption of atoms or molecules on a surface.
9) Early studies of highly charged ions interacting with
metal surfaces
To the great surprise of Hagstrum low energy electrons were
dominating the AN-spectrum when the charge state of Kr-projectiles impinging at 200 eV on a clean tungsten surface was increased from 1 through 4 as shown in fig.S - a behavior which he
also found for the other rare gases [1,31]. He further observed:
i) that the electron yield r (number of electrons emitted per
incident ion) increases with ionic charge and hence with total
potential energy available in the ion;
ii) that faster and faster electrons are produced with more
highly'charged ions but that the mean energy of the ejected
electrons is relatively independent of ionic charge;
iii) that r drops slowly with increasing ion energy.
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From the observations i) and ii) he concluded that the main
features can be well interpreted if one assumes that multiply
charged ions are neutralized in a series of approximately isoenergetic steps of mean energy de". This conclusion was confirmed by a theoretical model calculation by Arifov et al. [3]
in 1973. The authors consider RN and subsequent Auto Ionization
JAIl as well as AN processes between a surface and Hydrogen-like
states of highly charged ions. The wavefunctions of these states
are, however, approximated by an adapted simple exponential
only.
~Dl

= 1/~

(9.1)

'exp(-r/b)

With these functions the authors obtain the average energy of an
ejected electron to be (15-2'_)eV < de" < (30-2·_)eV. On this
basis they assume de" to be a constant for all ions so that the
electron yield r has to become a linear function of Wq - the
total potential energy of the ion which is set free when neutralizing it in free space or of Wq ' when neutralizing it in front
of a metal with workfunction _:
(9.2)
This relation for the so called Potential Emission (PE) could be
experimentally confirmed for highly charged ions of the rare
gases interacting with a molybdenum surface up to q = 7 [3].
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Fig. 8 AN-spectra observed when Krions with various charges interact
with a W-surface.
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See ref.[39] for more details.

10) Recent investigations of the electron yield per ion
With the invention of powerful sources for the efficient
production of highly charged ions [4,5,6] a renaissance of these
studies became possible with further increasing charge states in
Moscow [6], Groningen [7], Oak Ridge [8], and Grenoble [5]. A
review by P.Varga on this more recent work has just appeared
[38] .

The setup in Grenoble is chosen and shown in fig.9 as an
example since its electron detection scheme corresponds closely
to Hagstrum's method and was shown already in fig.6. This detection assembly sits at the end of a dedicated ultra high vacuum
beam line which allows to achieve via two differential pumping
stages a pressure of 5.10- 8 Pa in the target region. Ions extracted from an ECR ion source operating at 10 or 14 GHz were
q/m-analyzed, transported via an electrostatic lens system to
the insulated target chamber, decelerated, and focused on a
cleaned, polycrystalline tungsten target. The cleaning was performed by Ar+-sputtering and flash heating of the target. Target- and electron collector- currents were measured at the positive deceleration potential so that total electron emission
yields r and spectra could be measured down to ion energies of
5 eV/u, corresponding to a vertical velocity vv~3·104 m/s.
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Fig. 10 Electron yield for Arq+-ions
versus Vv. Shaded area indicates contribution from KE.
A typical result for the electron yield r is shown in fig.
10 [39). From the data for q = 2 the authors deduce that the
Kinetic Emission (KE) of electrons is not negligible so that the
r observed is generally composed of r = rePEl + r(KE). Under the
assumption that PE is negligible for q = 2 the KE can be obtained from the shaded area and can be accounted for in measurements with q > 2 by subtracting this slowly increasing KE-contribution via a linear extrapolation. The data in fig.10 thus
represent dominant PE which after subtraction of KE clearly increases with q and decreases slowly with vertical velocity above
1·10~

m/s.

This interpretation is valid, however, only when the KE
does not depend on the charge state q of the ion. This supposition is questionable since higher charge q implies stronger
time dependent electric fields seen by the collision partner and
hence higher ionization probability or secondary electron yield.
Therefore a q-dependent increase of the KE may be expected and
has been clearly observed in ion-atom collisions at high energies (40). In the case of ion-surface collisions a systematic
comparison of r and in particular of r(q)-r(q') as a function of
q and velocity could eventually allow a separation of KE(q,v)
and PE (q , v) .
To this end a very promising technique has recently been
employed by H. Winter and his team [41), which allows to study
the detailed statistics of the secondary electron emission when
ions with charge q approach and hit a metal surface. As shown in
fig.11a the ions are directed onto a sputter cleaned polycrystalline Au target at 0 volt which is situated inside a cage at 20 volts. The design of this assembly is chosen such that an extraction electrode at +3.5 kilovolts allows to direct and postaccelerate all secondary electrons from the target onto a silicon detector at +30 kilovolts. The trajectories shown are for
electrons emitted at an energy of 20 eV into a solid angle of
2n. With respect to the time resolution of the silicon detector

393

p rOJccll1es

CCfleCllon
pales

b

a

I

q

ES Ar • (q= 1-4) --> Au
0.'

electron
detector
(+30 kV)

'J
extraclion

electrode
(+3.5 kV)

E
c:

0.3

~

0.2

~

:cco

b

= 16 keY

q

,.

0

G

.Q

0

C-

..

I'l:l 2.
B 3.

0.1

0.0
0

n

6

Fig. 11 a)
Experimental setup for measuring electron emission
statistics. Typical electron trajectories are shown.
b) Statistical distributions of emitted electrons for Ar q + (q =
1-4) approaching a polycrystalline Au-target at 16 keV.
and its electronics.the PE and KE are sUdden and the difference
in travel times of electrons emitted with energies between 1 and
50 eV is negligible. Hence the pulse height registered by the
detector corresponds to the number of electrons emitted in a
single event of one ion interacting with the surface and the
pulse height distribution yields correspondingly the statistics
of the electron emission of these events. In order to transform
these pulse height distributions into distributions of Wn of
probability of emission of n electrons per ion, it is necessary
to determine Woo Wo is obtained either via extrapolation of a
Poisson- or Polya-distribution or via normalization of the distribution to the total yield of electrons r using the relations

r = I n.Wn
o

I Wn

o

= 1.

(10.1)

To this end a measurement of the ion current in a Faraday cup
next to the target is carried out. One of the first results is
shown in fig.11b for Wn of Ar(q = 1-4) interacting at 16 keV
with a polycrytalline Au-target. Obviously the averaged n increases with q as expected from equ. (9.2) but the resulting r
is somewhat too high -- a systematic observation which the
authors attribute to residual gas absorption layers on the target. Once using better cleaned surfaces this technique promises
to be particularly well suited to study the extra PE and eventually the extra KE when increasing q over a large variety of
velocities.
When plotting the data of fig.10 after the subtraction of
the KE at Vv = 4'10 4 m/s and at Vv = 2,10' m/s as a function of
Wq in fig.12a,b, respectively, one observes in fig.12a the
linear dependence of r on Wq as predicted by the formula (9.2).
For fig.12b, however, a systematic deviation from the linear
dependence is observed which the authors ascribe to the higher
vertical velocity. They argue that the time T = zo/vv available
for the ion within a given surface distance zo becomes shorter
and shorter so that the multi-step neutralization becomes less
and less complete before the ion hits the surface. This implies
that an increasing fraction of Wq cannot be converted into free
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electrons so that r has to decrease with increasing vertical
velocity. This effect is found to be and has to be more pronounced for high q-values because the number of iso-energetic steps
is increasing with q.
11) Analysis of electron spectra
A more detailed analysis of the electron spectra [42-44,
52,53] sheds, however, more and different light on the data in
Figs. 7 through 12 and on the interpretation above. Hagstrum's
data in fig.S already imply a very slow but steady increase of
the mean energy dE" of the emitted electrons with increasing q.
This increase of dE" becomes more pronounced when 2p-holes are
existing in the incoming Ar-ions for q ~ 9 which give rise to
significant Ar-LMX (M ( X ( ?) Auger emission at around 200 eV
as shown in fig.13 and first observed in ref. [53]. With a LMXAuger-contribution of as low as 1% to r the mean energy dE" is
nevertheless increased by 13 % from dE" = 14.9 eV to dE" = 16.8
eV. It is thus obvious that the reduction of the r(Ar 9 +)-value
with respect to the straight line in fig.12b is at least partially due to this difference in dE" of 13 %. S.T.de Zwart
[43,44] could indeed show that the deviation from the straight
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Fig. 13 Electron yield and spectrum per eV for Ar 9 +
approaching a W-surface.
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Fig. 14 Differential electrostatic electron
spectrometer (ESA), decelerating lens system
and target manipulation for the work in
refs. [43,44].
line in fig.12b is close to constant for all vertical velocities
from Vv = 1.3.10 4 mls to Vv = 3·10~ mls in contrast to figs.12a,
b which show a clear vertical velocity dependence. Whether these
differences are due to the different experimental techniques or
data treatments has still to be shown.
This latter remark seems necessary since de Zwart's differential electron spectrometer in fig.14, which accepts only a
small solid angle of all electrons emitted, is not ideally suited for measurements of r, since it requires at every energy and
incident angle of ions an additional measurement of the angular
distribution of the electrons. This has been done by S.T.de
Zwart for various situations from which he could draw even further conclusions [44]. Nevertheless his spectrometer is better
suited for the observation of spectral features and in particular for the observation of the Doppler effect of the LMX Auger
electrons of Ar 9 + in fig.15a. With these results he could verify
that the Auger electrons are emitted from freely moving projectiles in front of the surface which start to disappear and wash
out, however, in fig.15b for v~rtical velocities higher than
4.10 4 mls while saturating for vertical velocities below 3.10 4
m/s. This is related to the former noted interpretation that the
time T of interaction with the surface starts becoming too short
for a complete filling of the 2p-hole of Ar 9 +. One has to recall
in addition that an LMX-Auger transition leaves at least one Mhole which has to be refilled for a complete neutralization
after the LMX-Auger transition has occurred. The vertical velocity Vv required for a complete neutralization of Ar 9 + has
therefore to be smaller than 3.10 4 m/s. These results and considerations corroborate very well the findings in Grenoble where a
strong increase of r is found consistently in this low vertical
velocity domain for N(q+) (see fig. 24), Ne(q+) [42], and Ar(q+)
[39] without reaching the saturation of r at vv~3·104 m/s.
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121 Renewed interpretation of the PE
In spite of some discrepancies in the data from the different groups a slightly renewed interpretation of the PE-phenomenon emerges due to an improved comprehension of the RN- and
AN- processes and stimulated by the systematic measurements of
the electron spectra.
When an ion with Zcore = 9 is approaching a metal surface
its energy levels are shifted upwards due to the image potential
according to equ. (3.6). At a distance of 57 ao from the image
charge in front of the surface this amounts to 2.03 eV ! For
initially unperturbed hydrogenic levels with 10 ~ n ~14 and in
resonance with the conduction band such a shift of 2.03 eV represents a strong perturbation. For the calculation of any electronic interaction of this ion with the surface the unperturbed
wavefunctions would thus be at first sight completely inadequate. For this reason wavefunctions have been constructed by
solving the Schrodinger equation using the complete ionic-,
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image-, and metal-potential seen by the electron in order to
calculate the resonance charge exchange rate [25,45] between the
metal and the ion as a function of the distance. Unfortunately
both authors use the same erroneous image potential seen by the
electron and find thus reasonable results only for Hydrogen
while for increasing Zcore the rates turn out to be too high for
large distances [45]. One is left therefore with a situation to
either repeat these calculations with improved image potentials
or to search for approximations which correspond to the basic
physics involved.
Choosing the latter approach one can argue that the use of
unperturbed wavefunctions without energy shift is not such a bad
choice after all: The image potential of an ion with Zcore = 9
at a distance of 57 ao would shift the n = 12 level from 7.65 eV
binding energy to 5.62 eV, i.e. very close to the binding energy
of the n = 14 level of 5.62 eVe From the point of view of the
total potential seen by the electron in such a n = 12 state the
image potential reduces the total potential and thus causes a
reduction in binding energy and consequently also an increase in
the spatial extension of the wavefunction -- at least in the
direction towards the surface. Since it is this spatial region
close to the surface which, according to-·chapter 4, is responsible for the electronic interaction between the ion and the
surface one has to use a spatially expanded n = 12 wavefunction
with some Zeff corresponding to the above energy shift. Furthermore it was concluded in chapter 4 that only the region of the
exponential tails of the wavefunctions are admitted to a perturbational calculation. The number of oscillations of a high n
wavefunction is thus of no importance at all - only the spatial
extension of its exponential tail counts for the treatment of
the electronic interaction process by the Golden Rule. One' can
therefore to a good approximation replace the expanded n = 12
wavefunction by the unperturbed n = 14 wavefunction, the spatial
extension of the exponential tail of which corresponds approximately to the one of the n = 12 wavefunction shifted in energy
by 2.03 eVe It is of course understood that the n = 14 wavefunction is used only for determination of the distance where
the capture of electrons from the surface sets in. For the calculation of internal properties of the ion, however, like its
auto-ionization-rates, the nr = n-2 = 12-wavefunction with the
appropriate Zeff should be used. To a first approximation the nr
= 12-wavefunction with Zcore will be used in this lecture.
With these arguments in mind the unperturbed energetic
situation of an ion with Zcore = 9 approaching a surface with
_ = 5 eV and to = 10 eV is thus shown in fig.16. The ionic terms
with 10 < n < 14 are in resonance with the conduction band and
can therefore be populated by RN- and AN'-processes. As an example the ns-wavefunctions for n = 14 and n = 9 are shown, the
spatial extent of which clearly favour RN-processes to the term
energetically closest to the Fermi edge. This argument equally
well applies to AN' which is most likely to occur with transitions of type (j) in fig.3b into terms closest to the Fermi
edge. It is important to note that such AN'-processes do only
produce electrons which heat up the metal but which are not
ejected from the metal! AN-processes producing electrons with til
> 0 are negligible in comparison to RN as is visible from the
negligible overlap of the (n = 9)-wavefunction with the metal
wavefunction at the Fermi edge in fig.16. For the ion with Zcore
= 9 the population of the terms with n = 14,13,12 (nr=12,11,10)
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Fig. 16 Rydberg-levels of an ion with Zcore = 9 in front
of a metal surface. The overlap of the n = 14,s and of the
kr-metal-wavefunctions clearly indicates the dominant near
resonant RN- and AN'- processes.

take therefore place dominantly via RN and AN' and sets in at
distances of about Zo = 60 ao. For this estimate only geometric
arguments have been used. In a refined
discussion the transition rates and the freezing distances have
to be calculated.
To this end a straight forward numerical calculation of the
RN-rates as a function of the distance z of the ion from the
surface has been carried out (for an analytic approximation see
ref. [44]). In equ.(S.3) hydrogenic ~Dlm wavefunctions with quantization axis along the normal of the surface and standard boxnormalized metal wavefunctions for a potential well of to = 10
eV (see e.g. ref.[46]) have been used for an integration from Zj
= 0 to Zj = lOb, with b = h/12·m·(to t) and Zj being counted
from the jellium edge. The resulting RN-rates as a function of
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Fig. 17 a) Transition rates for resonant capture into
Zcore = 9, n, 1, m = 0 levels as function of distance
from the jellium-edge. b) Variation of the transition
rate with 1m I.
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Zj are compiled in Figs. 17a-c for Zcore = 9 and a combination
of n,l,m - values. According to the spatial electron density
distribution of the wave functions one obtains within the n = 14
manifold the largest rates for 1 = 0-4, m = 0 in fig.17a which
then systematically decrease with further increasing I-values at
constant m = O. The same behavior is shown in fig.17a for the n
= 12,10 manifolds at reduced RN-rates corresponding to their reduced spatial extension. For all n,l-levels the wavefunctions of
the ImJ-states possess a reduced spatial extension along the zaxis w1th increasing Iml-values. Correspondingly one obtains a
reduction of the RN-rate with increasing \ml-value as shown for
n = 14, 1 = 2, Iml = 0,1,2 in fig.17b. These trends are a replica of the spatial structure of the wavefunctions "first
touching" the surface. It is therefore obvious that electrons
will be captured preferentially into the lowest 1- and m- values
within a n-manifold. For the total capture of an electron into a
n-manifold the capture distance Zf (see equ.(7.4 )) has to be
determined with the sum
Wn

n- 1

I

1=0

1

I

.=0

w(n,l,m)

(12.1)

of the rates which then allow to deduce A and ZjO (w=l) in order
to calculate a with equ. (5.4). With this value for a equ.(7.4)
is used with Vv = 5-10 4 m/s to obtain the freezing distances
where the averaged capture of an electron takes place:
Zjf + d/2 :::: Zf
Zf (n = 14)
Zf (n = 12) :::: 48.5 ao
Zf (n = 10) :::: 35.5 ao

(\Il)

= 61.5 ao

(12.2)

This table clearly indicates that the n = 14(nr = 12)-level
which is closest to the Fermi-edge obviously dominates the first
capture of an electron so that one can set Zo = Zf (\Il). This discussion could be refined by using Stark-eigenstates as basisfunctions in the image field. The relative behavior of the
n,l,m-capture probabilities would, however, not change except
for coherences which are of no importance for the following.
After the capture of the first electron into a 14s-state,
the whole level-scheme in fig.16 has to be shifted slightly
upwards due to screening. For the case of Zcore = 9 the screening is assumed to yield Zeff = 8.7 for the next electron to be
captured. It will thus again be captured into a n = 14(nr = 12)
-level the energy of which still is below the Fermi-edge. As
soon as this electron is capt~red strong correlation will cause
autoionization for which one can estimate the rate depending on
the final term nf of the ion with Zcore = 9. Only terms with nf
S 9 are considered which allow a free electron to be ejected
with energy e" > O. A model calculation is based on the use of
uncorrelated hydrogenic s-wavefunctions for the bound states and
Coulomb s-wavefunctions for ZIt = 8 for the free electron. The
result of this simple estimate is shown in fig.18 and suggests
three significant features:
i) The rate of AI is rather low (of the order of 10 13
these high lying Rydberg levels.
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Fig. 18 Autoionization rates for two electrons calculated
with initial and final uncorrelated Hydrogenic s-wavefunctions and s-Coulomb-wavefunctions. The arrows indicate
the direct transitions (black for the ejected electron) and
their widths the transition probability in units given in
the lower center of the figure.

ii) The rate of AI is peaked at the lowest possible energy E" of
the free electron and drops rapidly with increasing energy E".
For n = n'
but both constant and nf = variable the rate drops
roughly proportional to c(n,n') ·exp(-c'·E") and for n = n' =
constant and nf = variable the rate drops roughly proportional
to c"(n,n')/E". This behavior is indicated in fig.18. It depends
on the structure of the wavefunction of the free electron and is
thus very similar to the behavior of photo-ionization probabilities as a function of the energy of the free electron.
iii) The constants c(n,n') and c"(n,n') are increasing with decreasing n' (see left half of fig.18) and also with decreasing n
= n' (see right half of fig.18).
These observations hold for two s-electrons in the hydrogenic approximation for all n,n' ,nf (1 = l' = If = 0) terms. The
inclusion of the 1,1' ,If = 0 terms does not increase the AIrates considerably so that the overall behavior corresponds to
fig.18. In the two-electron approximation the high Rydberg
levels (with AI-rates of only 10 13 S-I) form thus a bottleneck
for the neutralization of a highly charged ion in front of a
surface, since the total time available in front of the surface
is only of the order of Zf/vv ~ 10- 14 + 10- 13 s.
All presently existing data on the interaction of highly
charged ions with surfaces suggest a significantly higher AIrate (see ref. [2J) for these high Rydberg levels. The following
model may therefore be adopted: After the capture of the first

401

two electrons further electrons will be resonantly captured
still at large distances and still into high Rydberg levels
until the combined Coulomb correlation of all these electrons
increases the AI-rate to values > 101~ S-1. It has to be noted
of course that an increasing number of electrons in a given nshell will lower the binding energy per electron so that they
may move energetically above the Fermi-energy. This then allows
efficient re-ionization into empty metal-states so that further
resonant capture first into the (n-1)-shell, then into the (n2)-shell and so on will become more important until a sufficiently large number of electrons is accumulated in such high
Rydberg levels so that the AI-rates eventually become high
enough. Such a detailed discussion of the capture- and AI-processes becomes thus extremely complicated. These details are
furthermore of not much help since the time-energy uncertainty-at the high AI-rates required -- introduces an energy uncertainty of a few eV so that the distinction of specific levels
becomes useless. On the average one therefore better has to
speak of a continuous flow of electrons towards Rydberg levels
with binding energies close to _ until the number of electrons
in these levels becomes sufficient to provoke high enough AIrates via multiple Coulomb correlation.
This exciting new situation of the de-excitation dynamics
of a multiply (q-times) excited ion can unfortunately not be
treated theoretically for the time being. Nevertheless this
extreme state of nature is new and very stimulating and merits
intensified studies since it may lead the way to questions like
the stability of such excited multi-electron systems. For the
time being, however, one has to assume a model on the basis of
the results shown in fig.18: For a mUltiple Coulomb correlation
the dependence of the AI-rates on the energy of the free electrons will still dominantly depend on the structure of the wave
function of the free electrons and will thus stay similar to
that shown in fig.18, with the absolute rates increased,
however.
This implies for the first AI-processes that electrons will
preferentially drop from a binding energy of ~ _ to a binding
energy of only ~~ 2·_ in order to liberate electrons with the
smallest possible kinetic energy, corresponding to a distribution shown at the outer left of fig.18. For the first or second
electron at binding energy ~~ 2'_ the AI-rate will again be too
low for an immediate pursuit of their descend to lower energies.
During continued flow of resonant electrons towards Rydberg
levels of Eb ~ _ and during continuous AI with liberation of
free electrons with very small kinetic energy a new bottleneck
will thus exist at Eb ~~ 2·_. 'It will exist until enough electrons are accumulated in this region of Eb in order to provoke a
sufficient AI-rate for the further descend of electrons to Eb ~~
4·_ - again liberating preferentially electrons with the smallest possible kinetic energy. This type of liberated electrons
of very small kinetic energy thus readily explains the dominant
maximum observed in the electron spectra at very low energies
which is indeed found to be at lower energies than predicted by
Arifov et al. [3].
During further continued flow of resonant electrons towards
Rydberg levels of Eb ~ _ and during further continuous AI with
liberation of free electrons with very small kinetic energy a
~istribution Qf Ilectrons in the ion will develop (called DOE
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for the following) which corresponds to a convolution of exponentials of the type exp(-c· [Eb-~]) and of functions of the type
C'/(Eb-~). The total number of electrons involved in this dynamics stays of course close to the initial charge q.
While this DOE energetically further drops down into the
potential well of the ion the screening for the outer electrons
increases such that the quantum number n(Eb = ~) to which the
continuous flow of resonant capture proceeds will steadily decrease. Simultaneously the screening for the inner electrons of
this DOE will stay very small so that the energy levels and AIrates of fig.1S are still valid for these electrons in a purely
hydrogenic case. (In a case with core electrons, like Ar 9 +, the
internal energetic structure has to be taken into account of
course.) Consequently the DOE will energetically stretch out
further and further in a peculiar manner such that the binding
energy Ebmax of its maximum stays close to a few times ~ while
its tail proceeds to higher and higher binding energies. The AI
of the outer electrons with ~ < Eb < = 2·Ebmax of this DOE will
further contribute to the electrons emitted at very low energy
while the AI of the inner electrons with Eb > 2·Ebmax of this
DOE will produce free electrons with systematically increasing
energy -- with small propabilities, however. This readily explains the rather slow increase of the mean energy of the emitted electrons dE" as observed for instance in fig.S.
The ion is thus completely filled from the outer shells by
a DOE, the maximum of which will stay in the region of binding
energy of a few times ~. Simultaneously the energetic descend of
the tail of this DOE is accelerated due to increasing AI-rates
of pairs of inner electrons of the DOE at decreasing n-values.
An equilibrium for the filling process (neutralization) of an
ion will thus develop which will depend on Z and on the initial
charge of the ion, i.e. also on its structure. For small Z
(Z<10) and high q (q=Z) the acceleration of the tail of the DOE
versus low n-values may dominate whereas for medium Z (10 < Z <
30) and medium to high q (Z/2 < q ~ Z) the relative stability of
the maximum of the DOE (the bottleneck at higher n-values) may
dominate.
The energy uncertainty and the statistics of all low energy
AI-transitions (see fig.1S) will obscure any structure in the
low energy part of the electron spectrum. The quantum structure
of the ion will therefore start playing a role only for AI(Auger)-transitions involving lower lying shells so that discrete structures in the electron spectrum may occur. Such transitions start occurring when the f~rst electron in the tail of
the DOE reaches one of the lower lying levels while (q-1) electrons are still in higher n-shells. The high resolution spectroscopy of the resulting Auger-transitions may give a handle to
study the time development of the DOE when details of LMX- (see
fig.15b) or KLY-transitions (M < X < ? and L < Y <?) can be resolved ana can be measured as a function of the vertical velocity. For ions with initially low charges q <
4 such structures may be expected in a well resolved electron spectrum at
some tenths of eV while for initially higher charges q > = 4
structures above 50 eV may start occurring. For the latter case
the well resolved high energy LMX Auger electrons may serve here
as example, which are observed by Delaunay et al. [39,42] and de
Zwart [44] in Figs. 13 and 15, respectively, when Ar 9 + with a
hole in a low lying 2p-shell is used.

=
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13) Re-analysis of the electron spectra
The scenario of the neutralization dynamics presented in
the foregoing chapter implies that inner shell Auger-transitions
will take place at some intermediate time of the total neutralization process. When the vertical velocity of an ion approaching
the surface is increased it is therefore these inner shell transitions which will disappear first when the time T = zo/vv available in front of the surface is reduced. This is in very good
agreement with the observations in fig. 15b by de Zwart or by
Delaunay who clearly see the Auger electrons emitted from Ar 9 +
disappear much faster than the electrons at lower energy when Vv
is increased. The higher Vv becomes the more inner shell holes
survive up to very small distances from the surface, and the
lower Vv becomes the more inner shell holes are filled before
the ion touches the surface.
This feature experimentally allows to establish a time
scale for the filling of inner shell holes of various ions when
plotting the integral of the intensity of Auger-transitions filling this hole as a function of Vv. To this end S.T.de Zwart
[44] has integrated the electron intensities of fig.15b from 175
to 300 eV, corrected the integrals for dif-ferences in the angular distribution, which depend on the energy of the ion, and
plotted the so obtained total yield of LMX Auger electrons in
fig.19. When assuming with chapters 7 and 12, that the distance
zo = Zt (_) ~ 61.5 ao is rather independent of Vv and when furthermore assuming that the depth of penetration of the ion, from
which clearly resolved Auger-structures can still be observed,
is small compared to Zo, fig.19 can directly be converted into a
time scale for the filling of the 2p-hole of Ar9+ in fig.20. It
is striking to see the data follow an exponential very well with
a mean time for the filling of the 2p-hole of Ar9+ of T(2p) ~
5.10- 14 s and with a value of saturation of rsat ~ 0.35 Auger
electrons per ion. In a further refined discussion the velocity
dependence of Zt (_) in equ. (7.4) and the penetration depth of
the ion still emitting LMX-Auger-electrons in the same energy
range should be included.
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Fig. 19 The total yield of electrons with energies in
the range from 175 to 300 eV as derived from fig.15b.
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From T(2p) one can first of all deduce that WAI in the
high n-Ievels has to be of the order ~ 1'101~ S-I. One may also
roughly estimate a mean time for the neutralization of Ar 9 + of
T(neutral) z 2'T(2p) when applying the logic of the model in
chapter 12. Such a mean time for the neutralization requires
extremely low vv-values in order to complete the neutralization
in front of the surface. As pointed out in chapter 2, however,
very low energies of the ion allow to consider a high degree of
reflection so that the time available for the final neutralization grows faster than proportional to l/vv. This readily explains the strong increase of the total electron yield as mentioned at the end of chapter 11 and shown in fig.24, since the
final neutralization yields again large numbers of low energy
electrons. It has to be noted that the ion will come quite close
to the first atomic layer when being reflected at very low energies or when entering into the surface at higher energies. These
are distances where the rates for direct AN- and AD-transitions
or QNR-, CAN-, and CAD-transitions of fig.3a,b, c, respectively,
become non-negligible. All these transitions may therefore contribute during a small fraction of the total time available for
the neutralization process in competition to the RN-AI-transitions which continue to dominate at larger distances from the
surface.
From fast Z 0.35 in Figs. 19,20 instead of the expected
value of 1 electron per ion S.T.de Zwart [44] draws important
conclusions on the detection efficiency of LMX-Auger electrons
emitted isotropically from an ion in front of the surface. Since
the reflection probability of electrons directed towards the
surface is very small [47] he expects to detect only 50 % of the
LMX-Auger electrons. This value lies within the error bars of
the 45 % observed when the integration of the electron spectrum
is carried out from 120 to 300 eV (filled circles in fig.19) as
justified by the curves in fig.21 where it becomes evident that
the whole structure from 120 to 300 eV is related to the
presence of the 2p-hole in Ar 9 + •
The detailed structures of the electron spectra in figs.15b
and 21 and in particular their significant dependence on the
energy of the ion may serve to indicate some information on the
time development of the DOE during the neutralization of Ar 9 + in
front of a metal surface. S.T.de Zwart [44] has very well recognized that the structures observed belong to LMX-Auger tran405
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Fig. 21 The LMX-Auger structure as a
function of the initial charge state.
Note the difference in scale between
q = 9 and q = 8. Assignment of the
electron configurations.

sitions where M S X S P. With the help of experimental [48-49]
and theoretical [50] values on the Ar 7 + (2p~3snl)-Ar8+ (2p6)-AItransitions he could assign the 3s31-, 3s41-, 3s51-, and 3s61fractions of the spectrum. It thus appears that the dominant
peak at 212 eV is due to LMO-Auger-transitions. This is a very
important observation which is fully consistent with the modei
in chapter 12 and allows therefore some preliminary
interpretation.
Since the screening for inner shells is small while outer
shells are heavily populated one can assume the validity of the
AI-rates for pairs of electrons in the hydrogenic approximation
of fig.18. One may thus plot the AI-rates for a (n' ,1'= 3s) -)
(n",l"= 2s) transition under emission of one ns-electron with 4
S n S 7 in fig.12 as a function of the realistic energies of the
n-levels derived from fig.8b [31] with Eb (n' = 3 and n" = 2)
fixed at the unscreened values of Ar g + [32]. These rates should
of course be improved by taking into account the structure of
Ar g +, all transitions with non-zero angular momentum, and the
existence of many electrons in the n = 4-7 shells, but for a
first guidance to an interpretation they may nevertheless be
used here. These rates WAI have to be multiplied in a first approximation by the number of electrons in the n-shells in order
to reproduce the intensities of LMX-{X = n)-Auger transitions in
the spectroscopic structures observed in Figs. 15b and 21.
Taking into account the relative widths of the 3snl-contributions in fig.21 one obtains with the histogram of intensities in
fig.22 the three relative populations in the n = 4,5,6-levels,
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Fig. 22 Reconstruction of the averaged
relative electron distribution in Ar g +
as deduced from the LMX-Auger spectrum.

depicted as black bars with identifications P4 ,p~ ,P6, respectively. These po-values represent approximately the DOE as expected from the model in chapter 12 at the moment when the LMXtransitions take place, i.e. when on the average one electron
has arrived in the n = 3 shell. For the completion of the DOE
one has to keep in mind that the total number of electrons in
the DOE should not exceed q and that the screening by the
acquired electrons in n = 3,4,5,6-levels shift the n > 6-levels
considerably upwards (e.g. Eb [n = 7, Zeff = 6]= 10 eV) so that
only one or two levels are left below the Fermi-edge for the
DOE. This problem sheds of course some doubt on the energy position and identification in Figs. 21 and 22, since only unscreened 3snl-configurations have been considered there instead
of taking into account increased screening with increasing n.
Like all the other approximations mentioned this problem has to
be analyzed more carefully in the future when more and more
experimental data exist for comparison.
When one accepts the interpretation in fig.22 the spectroscopic details of the LMX-Auger electrons offer an excellent
tool for the study of the time development of the DOE. The significant differences in the spectra in fig.15b(a.) at 45 eV ion
energy and fig.15b(c.) at 500 eV clearly demonstrate the great
potential in this type of approach. One may e.g. conclude that
the spectrum in fig.15b(a.) shows the DOE at a very late stadium
of the neutralization and consequently has significantly less
3s61-intensity compared to the spectrum in fig.15b(c.) which is
the result of a DOE at an earlier stage of the neutralization.
Also very exciting is the possibility indicated in fig.21
with the existence of LMX-Auger transitions in Ar O+ where normally a 2p-hole does not exist. It is well known, however, that
ECR-sources produce ArO+-beams with small fractions of Ar o +(2p~3s)-metastable ions in this particular case with again one
2p-hole (note the reduction of intensity in fig.21b by a factor
of about 30 with respect to the one in fig.21a). Since the 3selectron is existing already in the incoming ion a slightly
earlier stage of the DOE should appear in the LMX-Auger spectrum
of fig.21b compared to the spectrum in fig.21a where the DOE has
to develop further in time for the creation of the 3s-electron.
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The statistics of the data in fig.21 is not good enough, however, in order to clearly detect a difference, but a slight
shift of the 3s6l-contribution to higher energy (less screening
!) and a stronger high energy tail in fig.21b may be noted.
One can conclude therefore that the high resolution electron spectroscopy will certainly become a very powerful tool for
the future study of astonishing details of the neutralization
dynamics of highly charged ions in front of metal surfaces on a
time scale of 10- 13 to 10- 14 S ! In particular the systematic
study of ions with small Z (Z<10) and high q (q~Z) as well as
medium Z (10 < Z < 30) and medium to high q (Z/2 < q s Z) should
proof or correct the model of chapter 12.
The electron spectroscopy has already proved to be a very
powerful tool in the domain of higher Vv where, according to
fig.20, an increasing probability exists for the survival of a
2p-hole in Ar 9 + or of inner shell holes in any ion up to very
short distances from the surface. As mentioned earlier, in such
a situation the rates for direct AN- and AD-transitions and in
addition for the QNR-, CAN-, and CAD-transitions of fig.3a-c,
respectively, become non-negligible. All these transitions may
therefore contribute at higher vertical yelocities to the neUtralization process .in competition to the RN-AI-transitions
which dominate at vertical velocities Vv < 5.10 4 m/s. As a consequence more and more ~oderately resolved structures will occur
in the electron spectra with increasing vertical velocity. Some
of these structures may, however, also stem from pure intrametal Auger transitions which occur to refill the core holes of
the metal after QNR-, CAN-, or CAD-transitions. Most of the
spectral features obtained in Oak Ridge [52,53] can so be explained when velocities Vv ~~ 5.10 4 mls are assumed. This Vv
corresponds to an energy of Ar of 550 eV at which, according to
fig.20, ~ 27 % of the 2p-holes survive up to the first atomic
layer. This situation corresponds to the use of 80 keV Ar in a
geometry with grazing incidence [2] of 5° on a highly polished
Au-target so that the appearance of Au-NNV-Auger transitions in
the electron spectrum is no surprise. It is due to a QNR-, or
CAN-, or CAD-transition from the Au-N-shell to some lower lying
empty level in Ar 9 + taking place very close to the surface or
already below the first atomic layer. In a similar manner all
the data obtained in Oakridge with highly charged 0- and N-ions
can be interpreted [52,53,54].
The high quality spectroscopy of these inner shell transitions taking place in the close vicinity of target atoms could
reveal interesting information on the hole-situation of ions at
higher velocities. Kinetic emission (KE) may, however, spoil a
lot of the overall structures to be expected in these spectra.
KE certainly increases with respect to the simple relation
derived from fig.10 when ions with inner shell holes (or residual charge qr) penetrate the surface at velocitie~ Vv ~~ 1·10~
mls (see discussion in chapter 10). This increase of KE may be
one reason for the insufficient quality of the spectra existing
so far with the emphasis on the QNR-, CAN, and CAD-transitions.
A quality of the order of that in Figs. 15 or 21 has to be obtained in order to draw further conclusions on the neutralization dynamics of the ion. For the time being the phenomenon of
these transitions as such is therefore the major concern of the
experimentalists involved.
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14) Re-analysis of the measurements of total electron yields
The appearance of discrete high energy structures in the
electron spectra destroys the physical basis of the simple relation for the electron yield r to be proportional to Wq . Instead the total energy released by free electrons per ion should
now be related to Wq . Defining n(t") = dr/de" one obtains for
the total energy released by free electrons
(14.1)
where the second term accounts for the fact that RN feeds the
ion with electrons approximately from the Fermi edge and that AI
has to overcome _ in order to produce a free electron. Not included in these definitions are the AN-processes which excite
electrons into the continuum of the metal ~ , the RD-deexcitations (significant for high q-values) (ERAD), and a geometric
factor which has to be introduced due to the emission of 50 % of
the free electrons with velocity vectors pointing into the metal
of which an as yet unknown fraction is reflected (see the discussion of fig.19). One can therefore relate Eq to Wq by where
Eq
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< 0.4·_-r (roughly estimated from the relative rates),
for ions with q < 13, and 0.5 < Cgeom < 1. The ex-

Eq

pression (14.1) for Eq requires a rather precise absolute knowledge of the whole electron spectrum particularly at high energies. This region has so far been measured only in a few cases,
unfortunately, with moderate absolute accuracy and with an intermediate part missing_ An attempt with a linearly interpolated
intermediate part is nevertheless being made here to integrate
the spectra of N6+ impinging at vv = 1.1-10~ m/s on W [32] in
fig.23 and of Ar 9 + impinging at Vv = 7-10 4 m/s on W [56] to
yield Eq (N6+) = 443 eV = 0.54-Wq and Eq (Ar 9 +) =324 eV =0.32-Wq ,
respectively, for which uncertainties are difficult to estimate.
As striking result one notes that Eq is a larger fraction
of Wq for N6+ than for Ar 9 + although the interaction time T is
shorter for N6+ because of the higher vertical velocity and because of the smaller Zo. More important radiative energy losses
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Fig. 23 Yield versus kinetic energy of electrons
emitted when N6+ is approaching a clean
polycrystalline W-target at 900 eV energy.
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Fig. 24 Total electron yield per ion
as a function of the vertical velocity
of Nq + (q=4-6) approaching a W-surface.
for Ar 9 + are not likely to be responsible for this different
behavior because the radiative transition--~ates are on the contrary higher to fill 'the K-hole of N than to fill the L-hole of
Ar. ERAD and EAN can therefore be neglected for the further discussion of these results. The key to a consistent interpretation
may be the observation that for N6+ the largest contribution to
Eq is stemming from values of En above 60 eV while for Ar 9 + more
than 50 % of Eq stems from values of En below 60 eV. This difference suggests that the K-hole of N is filled with a probability
close to one during the interaction time T while the L-hole of
Ar is filled only with a probability of the order of 0.5 in
agreement with fig.20. As a conse-quence the refilling of the Lholes in N after the KLL-Auger transition will set in at higher
vertical velocities than the refilling of the M-holes in Ar
after the corresponding LMX-Auger transition. Therefore the
steep rise of r due to the filling of the L- or M- holes, respectively, under emission of low energy electrons will set in at
higher velocities for N than for Ar in good agreement with the
observations of r at the lowest vertical velocities [56]. From
these observations and and their interpretations it is, however,
also obvious that the neutralization is not completed in either
case before the penetration of the surface occurs since otherwise a saturation of r would show up at the lowest vertical velocities similar to the saturation of the LMX-Auger yield in
Figs. 19 and 20. In order to better detect such a saturation
effect, rand Eq should better be plotted as functions of 1/vv
for vv being still smaller than all present data. It should
however, be noted that still other mechanisms might be responsible for the steep increase of r at the very low velocities.
15) X-ray spectra
From the model in chapter 12 and from fig.20 one can immediately deduce that Ar 17 + or Ar ia + at Vv ~ 5.10 4 m/s will keep
their 1s-hole with very high probability all along from the beginning of the resonant capture of electrons at Zo
110 ao into
n = 28 (!) of Ar 17 + up to the surface layer of atoms. Although
the time T = zo/vv available to fill the 1s-hole is

=
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Fig. 25 X-ray spectrum of Ar 17 + ions incident
on a Be-target with an energy of 420 eV/nucleon.

roughly doubled with respect to Ar 9 + at the same velocity the
neutralization dynamics 'of Ar 17 + will last considerably longer
than that of Ar 9 +. Besides the RN-AI-processes discussed in
chapter 12, Ar 17 + has sufficient K-fluorescence yield (11.8 %)
[57] to allow for the observation of np
1s radiative decays,
indicated as RD-transitions in fig.3c.
E.D. Donets et ale [58-61] were the first to observe these
transitions in the interaction of Ar 17 + with a beryllium target
at an energy of 0.4 keV/u. The Ar 17 + ions were produced by the
EBIS-source KRION-2 [58,59] and directed onto a Be-target inclined 84° with respect to the ion beam. The X-rays are observed
through a window of 0.1 mm Be with a Ge-detector at 90° with
respect to the ion beam. The result is shown in fig.25. The
spectrum is decomposed into three contributions [61] which are
compared with the Ka - and Kp- lines of neutral Ar (broken vertical lines) and with the Lyman-series of He-like Ar 16 + (full
vertical lines). The first component is attributed to the 2p ~
1s-transition which is shifted by +69 ± 11 eV with respect to
the Ka-line of neutral Ar. The second component is attributed to
the 3p ~ 1s-transition which is shifted by +215 ± 40 eV with
respect to the Kp-line of neutral Ar. The third component is attributed to np ~ 1s-transitions with n ~ 4. Taking into account
the absorption in the Be-window, in air and in the detector itself, it is found that the Kp-line is about three times more intense with respect to the Ka-line than in neutral Ar. Furthermore it is noted that the spectrum in fig. 25 does neither
change significantly with the target material (cleanness not
specified) nor with a reduction of the energy from 420 to 50
eV/u.
An analysis of these observations [61] allows to conclude
that the positions of the Ka- and Kp-lines are consistent on the
average with an emission from Ar-atoms with one K-hole, four Lholes, and two or three M-holes. From the halfwidths of the components 1 and 2 in the spectrum it is derived that the statistics of all combinations of L-holes from one to eight do contribute.
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This analysis is fully consistent with the model in chapter
12 and corresponds to a rather late stage of the development of
the DOE in the lower n-levels. This is due to the fact that the
K-X-rays are on the average only emitted when the non-radiative
transitions have filled already the L- and M-shells with the
probabilities mentioned. High resolution X-ray spectra observed
with a crystal spectrometer could thus deliver very helpful
information on this stage of the development of the DOE in the
same way as the Auger-spectra in Figs. 15b and 21 give detailed
insight into the neutralization dynamics. The KLY-Auger spectra
of Ar 17 + would be of corresponding importance. One obstacle for
high resolution X-ray and Auger studies could, however, be the
statistics of the large number of electrons involved which may
wash out detailed structures in the spectra. It is, however,
known that only the L-electrons have a significant influence on
the 2 ~ 1 transition energies so that all other electrons may
be neglected [64]. A first such measurement is thus eagerly
awaited for. It has to be added, however, that X-ray measurements suffer somewhat from the fact that the distinction between
X-rays emitted in front of the surface and the ones emitted inside the bulk is much less obvious than for Auger electrons. In
order to avoid this difficulty the vertical velocity has to be
reduced to values where the dominant fraction of the ions is reflectd from the surface. The geometry of grazing incidence [2]
offers great potentials for such studies.
The measurement of X-ray spectra could be extended with the
same ion-source to Kr3~+ interacting with a eu-surface at 0.4 to
8 keV/u [62] in a very similar manner as the Ar 17 +-measurements.
The observed spectrum can again be decomposed into three contributions at 12.88, 15.0, and 16.0 keV, respectively. The analysis
suggests on the average an emission from a Kr-ion with 1 K-hole,
6 L-holes, and a filled M-shell. This corresponds to a DOE in
the lower n-levels at an earlier stage of development compared
to the one of Ar 17 + which can readily be explained by the increased total 2 ~ 1 transition probability in Kr3~+. These
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(3019 eV)
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Fig. 26 X-ray spectrum from Ar iS + interacting with an AI-surface in comparison
to the spectrum obtained with Ar 17 +.
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radiative transitions thus sample the very first electrons of
the DOE arriving in the n = 2 shell.
More recently the measurements with Ar 17 + interacting with
surfaces have been repeated with an ECR-source in Grenoble [5]
by J.P. Briand and S. Essabaa [63] under very similar conditions
as those of Donets et al .. Their results indeed confirm the observations of Donets et al. for all aspects discussed. The same
group has also been able to observe the interaction of Ar 18 +
with an AI-surface in fig.26. Although the Si(Li)-detector used
did not allow to resolve hypersatellite- and satellite-lines it
is noted that the positions of the lines are significantly shifted to higher energies compared to the results with Ar 17 +. This
is obviously due to the hypersatellite component which sterns
from the transition with initially two K-holes. Conclusions going beyond those drawn from the results with Ar 17 + are, however,
not possible so that again measurements with better resolution
are eagerly awaited for.
16)

Discussion and Summary

The measurements presented in this lecture clearly show
that the whole field of the neutralization of ions in front of
surfaces, is still in its infancy due to the small number of
adequate ion-sources available in the past. Most experiments
(except for one or two) have been of exploratory character and
suffer consequently from a lack of good resolution and statistics. Theoretical work on ions or atoms multi-excited in outer
shells (more than 2 electrons) is not known, so that models
have to be used which go far beyond existing theories.
In recent years a remarkable increase of the number of ECR
sources available for low energy physics can be noted which will
supposedly boost the field to exciting new horizons. One purpose
of this lecture was therefore to suggest interpretations which
may stimulate the discussion on future experimental and
theoretical work.
The model presented allows a consistent description of all
data on Potential Emission (PE) within the adiabatic approximation which excludes high vertical velocities and consequently
also most contributions from Kinetic Emission (KE). It accounts
for the dominance of the very low energy part of the spectra of
secondary electrons as well as for the rather slow increase of
the averaged kinetic energy of all electrons with increasing
charge of the ion. In essence it suggests high resolution measurements of the very low energy spectrum (taking into account
all contact potentials) in order to proof that this spectrum is
peaked at 0 S £ S 2eV.
The model also accounts for the LMX- and KLY-Auger transitions observed and suggests the deduction of populations of nshells from a careful analysis of the fine structure of the
Auger spectra. It furthermore allows to conclude that the plotting of the integral LMX- or LMY- intensities (or maybe even of
individual Auger-decay channels) as a function of the inverse of
the vertical velocity gives access to the pursuit of the time
development of the electron distribution in the ion during neutralization. This procedure allows to establish internal clocks
for the neutralization dynamics on a time scale of 10- 14 to 10413

13S. For the shortest times accessible the model suggests to
plot structures in the spectrum (whenever resolved) as a function of l/vv which correspondend to AN-, AD-, or CAN- and CADtransitions and occur when the ion arrives close to the first
atomic layer with a large number (~q) of inner holes.

All these suggested studies are of course supposed to produce important feed-back for the improvement and refinement of
the model so that a clear-cut picture of the physics may evolve
in due time.
The experimental work has to be corroborated of course by
theoretical investigations of the physics of a large number of
simultaneously excited electrons in high n-levels. The interaction of a highly charged ion with a metal surface allows for
the first time in physics to populate such high n-levels abundantly by resonance transfer from the conduction band. Unfortunately the resulting multi-excited ion will always be subject
to a strong polarisation by the image charge and to a continued
electron exchange with the metal so that the ideal multi-excited
system in an isotropic environment cannot be studied in this
way. An alternative method for the production of less perturbed
multi-excited systems may therefore be the resonant capture of a
limited number of equivalent electrons into highly charged ions
from metal-clusters with a well defined number of atoms. The
post collision Coulomb interaction is of course also present in
this case as a non-isotropic perturbation of the multi-excited
system. It can be assumed, however, that the Coulomb-exploding
cluster is a less severe perturbation than a surface. These
experimental possibilities may perhaps encourage theoreticiens
to attack these extremely difficult but exciting problems.
It is of course evident that inner shells are much less
polarized by the image charge. The calculation of inner shell
Auger- or X-ray-transitions with a great variety of M-, N-, 0-,
p- shell populations should therefore be justified in an isotropic approximation. As shown for the X-ray measurements such
information would be very helpful for the interpretation of
future experimental work.
All data clearly show that the ions in front of the surface
passess extremely inverted populations which strongly suggest
their exploitation for X-ray lasers. It is of course obvious
that densities in slow ion beams are far from being sufficient
for superfluorescent emission processes. One can, however, envisage that the expansion of a laser produced plasma against a
metal surface could help to better localize an extremely high
density of highly charged ions with strong inversion compared to
a freely expanding laser produced plasma.
When increasing the charge of the incoming ion, a key question becomes more and more important: How fast can a metal, a
semiconductor, and finally an insulator supply the large number
of electrons required for the neutralization dynamics. This very
interesting problem of the electron-dynamics in a surface and of
the charge exchange with such a surface could probably be solved by an inter-disciplinary effort of theoreticiens from the
various fields involved - supported of course by corresponding
experiments.
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THEORY OF ATOMS IN DENSE PLASMAS

R. M. More
Lawrence Livermore National Laboratory
University of California
Livermore, CA 94550
1.

INTRODUCTION

Laser Plasmas and High-Charge Ions
High-charge ions are easily produced in the laboratory by intense
pulsed laser radiation. With laser intensities of 10 13 to 1015 Watt/cm 2 ,
the surface of a solid target is heated to temperatures of 200 to 1000 eV
and the target material is strongly ionized (Fig. 1).
identified by their x-ray line emission.

The ions are

Neon-like and nickel-like ions

are easily produced and identified because they have closed-shell
configurations.
For example, a recent study by Tragin et al. (1988) gives the spectra
of ions having Z

73 to 82 in charge states 41+ to 53+ (Fig. 2).

The

spectra show prominent series of equally spaced peaks (line clusters)
resulting from transitions in a sequence of ionization states (Fig. 3).
Such high-Z spectra have been analyzed by Bauche-Arnoult, Bauche, and
Klapisch (1979, 1982, 1985); each line-cluster is identified as a family
of transitions between two electron configurations; the cluster position
and width are calculated by a rigorous moment expansion technique, the
UTA

Transition Array) method.

(Unres~lved

Qualitatively one can predict which ions will be produced by the rule
that the charge state Q increases until the ionization potential I(Z, Q)
~

13.6 eV (Q/n)

2

is a few times the temperature kT.
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Solid target

Figure 1 In the hot dense plasma produced by laser irradiation, the atoms
of any target material are strongly ionized.
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Figure 2 A sampling of ionization states identified in recent
laser-plasma experiments.
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Figure 3 Laser plasma spectra of lead showing spin-orbit split unresolved
transition-arrays (Tragin et al., 1988).

A unique feature of laser plasma spectroscopy is that these ions occur
20 /cm.
3
~ 10
At such high density the ions are close

at high densities

together and perturb each other with strong electric fields; due to the
density they also receive frequent impacts by ambieQt free electrons.
This raises a fundamental question:

what does the dense plasma

environment do to the structure and behavior of high-charge ions?
In this paper we examine one popular theoretical description, the
average-atom model, which results from generalizing the usual atomic selfconsistent field theory to finite density and temperature.

Our goal is to

identify strengths and weaknesses of this theory and to relate it to
simpler theories which give qualitative insight and/or rapid computational
modelling.
The paper includes discussion of several recent results including a
WKB method for calculation of atomic matrix-elements, a new formulation of
non-equilibrium rate equations for the average-atom model and analysis of
electron population correlations in non-equilibrium plasmas.
Spherical-Cell Model
The spherical-cell model is a basic theoretical picture of highdensity atomic structure.

It has a long history (Slater and Krutter,

1935; Morse, 1940; Mayer, 1947; Feynman, Metropolis and Teller, 1948).
The more recent work combines this cell model with quantum self-consistent
field theory (Rozsnyai, 1972; Liberman, 1979; Perrot and Dharma-Wardana,
1982; Cauble et al., 1984).
In the cell model the nucleus is at the center of a spherical cavity
of radius R ; outside the cavity there is a continuous positive charge
o
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density P+' usually taken to be uniform (Fig. 4). There are Z electrons in
the cavity so the cell is neutral as a whole. The external region is
neutral point by point because the positive charge density is assumed to
be neutralized by a gas of free electrons.
determined by the volume per ion,

The ion-sphere radius R is
o

(1-1)

One imagines the plasma to be made up of these ion spheres packed densely
together.

In the high-density case, the Coulomb repulsion is strong

enough to prevent other ions from entering into the ion sphere.

Figure 4 Schematic representation of the spherical-cell model.

The

cross-hatched region represents the continuous positive charge
density, neutralized by an electron gas.

The cell itself

contains a nonuniform electron gas and one nucleus at the center.

The potential Ze/r of the central nucleus is modified by bound and
free electrons to produce a short-range self-consistent electrostatic
potential V(r).

Four basic equations are used to calculate this

potential, the Schroedinger equation,

ft2

2

--2
V
m
422

~

s

- eV(r)

~

s

(1-2)

Laplace's equation,
(1-3)
Fermi-Dirac statistics,

+ exp(c s -

1

(1-4)

~)/kT

and the addition of one-electron charge-densities,
n(r)

=I

s

ps

I~s (r)1 2

(1-5)

In the one-electron Schroedinger equation, s represents the complete
set of quantum numbers for a spherically-symmetric system, so that s
(n, 1, m, 0) for nonrelativistic bound-states.

The shell degeneracy Ds is

Dn1 = 2(21 + 1)
D

(1-6)

n

Degenerate sublevels of given n, 1 are assumed to be equally populated so
that the total electron density n(r) is spherically symmetric.

Both

bound and free states must be included in Eqs. (1-2, 4 and 5).

The

chemical potential ~ is determined by the condition of electrical
neutrality in the cell.
The potential V(r) is self-consistent if it simultaneously solves
Eqs. (1-2, 5).

Self-consistency is achieved by iteration.

The plasma density enters through the boundary conditions.

Because

the ion sphere is assumed to be electrically neutral, the electric field
on its surface must vanish.

The potential is usually also required to

vanish at R :
0

av
ar

0

v

=0

at

r = R

o

(1-7)

In the model the exterior environment is electrically neutral so the
potential V(r) remains zero for all r > R ; of course, this feature
o
of the model is not very realistic. At small radii the nuclear potential
is dominant, so V(r)

~

Ze/r.

What is the difference between the isolated ion and the same ion in a
dense plasma environment?
come from two sources:

In the spherical-cell picture the differences

the gas of free electrons, and the constraint of
423

neutrality in a finite cell.

The free electrons tend to maintain the ion

in an excited state, especially at high densities.

This appears in the

Fermi functions p which assign nonzero average populations to excited
s
states. The boundary condition, Eq. (1-7), transfers the electrostatic
effect of neighbor ions and this will change the ionization potential,
photoelectric absorption edges and atomic matrix-elements.

At high

enough compression the electron eigenstates are progressively destroyed
by increasing interaction with the neighbor ions.
A Critique
It is not difficult to make technical improvements to the theory
sketched above.

For example, one can introduce a local-density exchange

and correlation potential, or one can use the Dirac equation for oneelectron wave-functions (Liberman, 1979).

One can describe the external

plasma using the radial distribution function g(rJ

~btained

from a fluid-

structure theory or Monte-Carlo simulations (Perrot, 1982).
However these changes do not alter the basic framework which consists
of electrostatic self-consistency, the spherically symmetric average
potential V(r), the. one electron wave-functions t , and the use of average
s

populations given by Fermi functions in thermal equilibrium.

(This last

step is the "average-atom" approximation.)
The self-consistent field theory faces two difficult questions
directed at this basic framework.
First, is it realistic to represent neighbor ions by a smooth charge
distribution when they are really point charges?

In general, we expect

that the neighbor ions destroy the spherical symmetry of the environment,
generating microfields, quadrupole fields, etc.

We expect the neighbor

ions to intrude into the cell, perhaps developing quasi-molecular states
with the electrons already present, perhaps carrying along extra
electrons.

The ions surely cause Stark broadening, which is omitted from

the spherical-cell model and must be added by hand.

In addition, the ion

environment modifies the free-electron states, as happens in solids where
one has the formation of energy-bands and band-gaps.
Second, what does the average population ps mean?

For a plasma which

contains a mixture of hydrogen-like, helium-like and some lithium-like
ions, the "average ion" will have vacancies in its K-shell and fractional
populations in its L-shell.
424

Do average ions with these populations

behave anything like the real thing?

Section 4 will examine particular

nonequilibrium states of a plasma in which the average-atom model
predicts far too much or far too little radiative emission.

Many of these

difficulties can be traced to correlations in the populations of electrons
of different shells.
Applications and Experiments
The ionization state Q(p, T) is calculated from the spherical-cell
model as follows:

one assumes the free electron density in the plasma to

equal the value n(R ) of the electron density at the outer edge of the
o
spherical cell. Then the number of free electrons per ion is
Q = 4 11' R3 n(R )
o
0
3

(1-8)

This definition can be debated (More, 1985) but it is simple and easily
used (Fig. 5).
From calculations of Q(p, T) we identify two main ranges in densitytemperature space.

For low-density and/or high-temperature conditions,

the ionization depends mainly on temperature.

This is thermal ionization.

On the other hand, at low-temperature high-density conditions the free
electrons become degenerate and all the bound-states which exist are fully
occupied.

The ionization rises with compression almost exclusively due

to progressive destruction of bound states caused by overlap with
neighboring ions.

This is the range of pressure ionization, believed to

be important in dense cool stars such as the white dwarfs, but also seen
in laser-driven shock-wave and implosion experiments.
In the Thomas-Fermi version of the spherical-cell model, the
ionization state Q(p, T) is a smooth function of density and temperature
(Fig. 5).

The quantum versions give similar results, rarely different by

more than 10% (of Z), but show effects of shell closure, so that He1iumlike or Neon-like ions occupy a somewhat larger range of temperatures than
in the Thomas-Fermi calculations.
Figure 5 refers to an equilibrium plasma.

In optically thin layers of

low-density plasma, radiation can escape and the photon population falls
far below the black-body distribution.

In this case, radiative

recombination and line emission advance relative to their inverses,
resulting in a less-ionized plasma made up of less-excited ions.

In the

limit of low densities, one has isolated ground state ions ("coronal"
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Figure 5 Ionization contours (Q

= I,

2, .•• , 12) for aluminum plasma

calculated by the Thomas-Fermi version of the spherical-cell
model.

The nearly vertical ionization contours indicate

pressure ionization; at the low densities the ion charge depends
primarily upon'temperature.

plasma).

For these conditions one must solve NLTE (non-equilibrium) rate

equations described in Section 4.
The pressure can be calculated by a method like Eq. (1-8).

One

assumes the electron pressure is essentially the pressure of a freeelectron gas calculated from the values assumed at the outer edge of the
ion sphere,
p == n (R )

e

0

kT

Equation (1-9) is appropriate for nondegenerate free electrons.

(1-9)
The

electron pressure can be corrected for degeneracy, exchange and
correlation effects, and there is also an extra pressure associated with
the ion kinetic energy.
A pressure calculated this way, based on the spherical-cell model and
supplemented by simple representations of chemical and solid-state bonding
effects, is able to reproduce experimental hydrodynamic data for strong
shock-waves and plasma expansion over an extraordinary range of physical
conditions (More, Warren, Young and Zimmerman, 1988).
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The pressure and energy determine plasma flow or expansion and
therefore represent an inteface between fundamental atomic models and the
experimentally observed behavior of matter at extreme conditions.
While the comparisons do not test the detailed spectroscopic features
of the average-atom theory, the calculated pressure is very sensitive to
the treatment of pressure ionization and the modification of continuum
states by density effects; thus the experiments are able to convincingly
rule out certain versions of the cell model (More, 1985).
The expansion of laser plasmas is described by hydrodynamic
calculations.

For example, in one-dimensional plasma motion, the

hydrodynamic state of the plasma is defined by the density p(x, t), the
velocity v(x, t), and an internal energy density E(x, t).

The planar

hydrodynamic flow is then determined by

AA
at

av
p at

-

~x(pv)
pv -av
ax

L

at [P(E + ;2)J =

Q.Q
ax

L [P(E + ;2) vJ
ax

L (pv)
ax

Qg

(1-10)

ax

To evaluate the right-hand side of these equations, we need to know the
pressure p(p, T), where the temperature T is readily extracted from the
energy-density, and we need to know the heat-current q(x, t).

The heat

current can result from electron heat-conduction or from radiation
heat-conduction.
Experimental plasma hydrodynamic flow has been compared with
theoretical calculations in a number of geometric configurations (Fig. 6).
Charatis et a1. (1986) report holographic determinations of the plasma
density and comparisons with

hydrodynami~

simulations; this work was

aimed at producing a characterized plasma for x-ray laser research.

Some

recent laser-driven shock-wave research is reported by Ng (1986) and
Fabbro et a1. (1986).
One of the most important applications of the spherical-cell
calculations is the prediction of x-ray absorption and emission cross-
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Examples of hydrodynamic flows:

Foil
expansion

Pellet
implosion

Shock
generation

Figure 6 Typical geometries used to test equation of state data resulting
from self-consistent field theories.

The foil expansion data is

taken with detailed holographic interferometry.
been studied with time-resolved x-ray images.

Implosions have
In stepped flat

targets, shock-wave travel-times are measured by streak-camera
recording of the shock breakout through the rear surface.

sections.

The cooling by loss of x-ray energy is a significant aspect of

plasma expansion dynamics.

The opacity is defined as the (averaged) x-ray

absorption cross-section per gram.
Each part of the average-atom model is used in the calculation of
opacity.

The eigenvalues

En~

determine the photon line spectrum, hv

- En'~'· The populations Pn~ enter because the line emission or
absorption rate is proportional to the number of electrons in the initial

En~

(one-electron) state multiplied by the number of holes in the final state.
The one-electron wave-functions are used to calculate matrix-elements and
oscillator-strengths.

Continuum wave-functions are used to calculate the

photoelectric absorption spectrum including the changes caused by highdensity screening phenomena, principally a shift in the continuum boundary
(threshold).
There are many questions about these calculations.

What is the

relation between the real spectrum and the theoretical lines calculated
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as differences of average-atom eigenvalues?
a description of line-broadening?
dependent line-spectra?

What is the best way to add

Are there line shifts, i.e., density-

The existence (and sign) of line shifts has been

a key question for recent theory and experiment.

While the simplest use

of the average-atom model predicts substantial red shifts, a somewhat more
careful analysis finds little or no line shift (More, 1985).

Evidently

the actual plasma line-shift is largely a reactive effect associated with
electron-impact line-broadening, and rarely larger than an asymmetry of
the line (Griem, 1988).

This question of line shifts directs our

attention toward the electrostatic structure of high-charge ions in dense
plasmas and the practical question how to select the screened charges
which characterize the motion of radiating electrons.

2.

SCREENING IN THE SPHERICAL-CELL THEORY

Electrostatics and Screening
An effective charge z* is often used to write energy-levels or matrix-

elements for a many-electron ion in hydrogenic form in order to take
advantage of the known properties of the hydrogen atom.
In order to give a precise definition to this

effectiv~

charge, one is

led to re-examine the textbook ideas of inner and outer screening (Slater
1951, Sommerfeld 1934, Condon and Shortley 1967,
1957).

Bethe and Salpeter

Here we give a brief development of these ideas which are

important for the definition of the effective charge Z*, for the
calculation of the electrostatic part of the equation of state, and for
the physics of line shifts produced by high density conditions.
Given a self-consistent electrostatic potential V(r), we can define an
effective charge or screening function Z(r) by
V(r)

= Z(r)

e/r

(2-1)

Clearly Z(r) equals the nuclear charge at small radii, so Z(O) = Z.
the potential vanishes at R ' then Z(R )
o
o

= o.

If

This representation of the

potential is very natural.

However a different effective charge is obtained by writing the
electric field inside the atom as

I E(r) I = -

dV/dr

= Q(r)

e/r

2

(2-2)
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When Q(r) differs from Z(r), it is possible that Q(r) will be more
pertinent because the force on electrons is determined by

E.

Comparing Eqs. (2-1, 2) we see
Q(r)

dZ
- r dr

= Z(r)

(2-3)

Since Z(r) decreases with radius, Z'(r)
larger than Z(r).

= dZ/dr

< 0 and therefore Q(r) is

The difference is often substantial, as in Fig. (9).

We must ask which effective charge gives the best description of the
physics.

For example the hydrogenic photoelectric cross-section is
4

proportional to Z , a strong sensitivity.

For emission or absorption

of radiation the acceleration of electrons is the essential process and
therefore the radiative cross-sections is probably be governed by Q(r)
rather than Z(r).

We must still decide which radius is most important

for any given transition; this can be done by semiclassical methods (see
Section 3).
The significance of these two effective charges becomes clear if we
recall the two ways to write Laplace's equation,

L !L (r2 dV)
2 dr
dr
r

411'en(r)

(2-4)

Using the first combination of derivatives we have
Q(r)

Z-

I

r

411'r

'2

n(r') dr'

(2-5)

o

This is just Gauss' law:

the electric field at radius r is determined

uniquely by charges inside that radius.
screening or screening interior to r.

Thus Q(r) reflects inner
From the other combination of

derivatives we find
dZ
dr

I

Ro

411'r' n(r') dr'

(2-6)

r

Thus dZ/dr is entirely determined by electrons outside radius r.
Combini~g

these equations, we have:

Theorem 1.

The potential V(r) can be uniquely decomposed into the

potential of a core of charge Q(r) and the potential produced by
concentric outer shells of charge density n(r') at radii r' > r,
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V(r)

Q..C..r.U - e
r

I

R

o

4'll'r' n( r ') dr'

(2-7)

r

Atomic processes such as thermal excitation, ionization and production of
inner-shell vacancies typically contribute to the first term.

Effects of

the plasma environment enter through the second term.
The next theorems express the total electrostatic energies in terms
of Z(r), Q(r).

The proofs are very easy.

The results are used to work

out the thermodynamic functions and to justify the simplified screenedhydrogenic model of Section 4.
Theorem 2.

The electron-nucleus interaction energy is given by

(2-8)
Theorem 3.

U

ee

- e

2

The electron-electron interaction energy is given by

I

4'll'r

2

n(r) dr

(2-9)

This formula can be referred to as an outer build-up rule, because it
sums the electrostatic interaction of each shell of electrons with other
electrons outside that shell.
Theorem 4.

The total electrostatic energy U
tot
4'll'r

2

n(r) dr

U

en

+ U

ee

is
(2-10)

This equation can be called an inner build-up rule because it calculates
the electrostatic interaction of each shell of electrons with a core of
charge Q(r)e.
The representations given in Eqs. (2-8 to 10) avoid doubly counting
the electron-electron interaction because they count in one direction
only.
A Generalized Bohr Model
In order to see which effective charge is important, we first consider
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~

Inner-shell
electron
~

=n-1

Figure 7 Schematic Bohr model for an electron moving among other bound
electrons.

an electron moving in a circular orbit in this self-consistent potential
with velocity v ' using the Bohr model (Fig. 7).
n
n
equations are:

at radius r

The basic

(2-11)
mv

n

r

n

= nn

(2-12)

The first equation represents Newton's law and the second is the Bohr
quantization rule.
r

v

Solving these equations,
(2-13)

n

2

n

Q(r ) e Inn

(2-14)

n

Thus these dynamical quantities depend only upon Q(r ). However the energy
n
En depends also on the electrostatic potential. Using Eq. (2-3) we find

(2-15)

E

n

In the second expression, the first term is a generalized hydrogenic
formula which contains the electron kinetic energy and bonding to the
core.

The second term represents a shift in the energy zero due to the

surrounding (outer) electrons.

Thus the energy involves both inner

screening in Q(r ) and outer screening in Z'(r ).

n

n

Quantum Treatment OE a Core Electron
We now give a slightly more elaborate derivation of the same result
by a variational method; the trial function will be taken to be (Fig. 8)
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Radius r

Figure 8 Schematic trial function for a core electron.

~n2,(r)

= Arn

e

-a.r

(2,

=n

(2-16)

- 1)

which is the hydrogenic wave function for angular momentum 2,

=n

- 1.

The

coefficient A is determined by normalization, and a. is the variational
parameter.
The expectation value of the radial and angular kinetic energy is then
2

K

= ~m f

I

V~

2

1

4~r2

dr

2 2

= ~2:

(2-17)

The potential energy is the average
U

=_f

Z(r) e
r

2

1

~

12

4~r2 dr

(2-18)

In the integrand we use the Taylor's series expansion of Z(r) around a
radius r

n

= n/a.

which locates the maximum of

4~r

2

n(r).

With this expansion

(2-19)
(K + U) = 0 or a. = Q(r )/a n. The
a.
2
n
0
most likely orbit radius is then r = a n /Q(r ) in agreement with the
non
Bohr model, and the energy is again

The total energy is a minimum for aa

E

(2-20)

n

It is useful to go one step further and calculate the screening by a
shell containing P electrons having the wave-function
n
other bound electrons, we find

~n2,.

Ignoring
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Q(r)

Pn~

Z -

- e

-2CLr

(2CL~)j)

!n
j=O

(2-21)

k.

and
P

-.n

Z' (r)

r

e

n

2n-l (2CLr)j
L
j!
j=o

-2CLr

(2-22)

The second formula gives a useful result,
P e

..1L

eZ' (0)

r

(2-23)

n

This is equal to the potential inside a thin spherical shell of total
charge - e P located at radius r • Having constructed Z'(r) and Q(r) in
n
n
Eqs. (21, 22) it is easy to construct the potential from Z(r) = Q(r) + r
Z'(r).
In this case, as in general, Q(r) is nearly constant near the nucleus
while Z(r) decreases linearly there; this linear decrease reflects the
constant potential produced by exterior charges.
The potential constructed by use of Eqs. (2-22, 23) has the functional
form introduced by Klapisch (1971) under the name parametric potential.
It turns out to be useful that this is an analytic function of radius so
it can be used for calculations which require deformation of contour
integrals (Section 3).
Effect of an External Electron Gas
Next we consider a nucleus of charge Ze at the center of a uniform
spherical distribution of electrons in a sphere of radius R ' The
o
electrons have constant density n = Z/(4~ R3 /3) and we impose the boundary
condition V(R ) = O.
o

V(r) = Ze + 1 Ze (L)2
r

o

Then

2 R

o

R

0

J. Ze
2 R

o

(2-24)

and so
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Y-i (~o) ]

Z(r)

Z[1 + ~ (~o

Q(r)

Z[1 - (~oYJ

(2-25)

(2-26)
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Figure 9 Effective charges Q(r), Z(r) calculated from the self-consistent
potential for a niobium plasma at density 0.1 g/cm 3 and
temperature of 200 eV.

In the outer portion of the ion sphere,

Q(r) is substantially larger than Z(r).

Again we see that Q(r) is constant near r

o while

Z(r) has linear

variation there.
This system - the point charge in a uniform electron gas - has some
similarity to the results of the dense plasma self-consistent field
theory (Fig. 10).

For reference we give expressions for various average

properties

uen

Ze
- J7

U

!L..

2

ee

2

J

2

3
n(r) d r

.3. Z2 e 2
2 R
0

nCr) nCr') 3
d r d 3 r'
I r - r' I

.3. Z2 e 2
+ 5 R
0
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Figure 10 Effective charges Q(r), Z(r) for a point charge in a uniform
electron gas with parameters chosen for comparison to Figure 9.

L Z2 e 2
10 R
o

<V(r»

Ze
10 R

;L

2

o

(2-27)
We obtain something more useful by a slight extension of this uniform
electron-gas picture.

Instead of a point charge Z, we consider a ground

state ,ion core of charge Q in a uniform free-electron gas of density

Q/(4~R3/3).
From this approximate picture we obtain approximate formulas
o
for the total energy and other quantities:

we add the energy required to

ionize the ion to the Qth charge state, the energy of the free electrons
(e.g., 3/2 Q kT in the nondegenerate limit) and the interaction energy in
Eq. (2.27).
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However there are corrections to this simple picture and the value of
the spherical-cell approximation is what it tells us about the
corrections.

First, at high densities the ions are often excited and the

excitation energy represents a significant heat content comparable to the
free electron kinetic energy.

Second, the free electrons can be (weakly)

polarized by the potential of the ion, so they are not exactly uniform,
and this increases the Coulomb energy of Eq. (2-27).

Third, the

electrons can have resonance states in the potential of the ion, so they
are not simply free electrons in the ordinary sense.

3.

EIGENVALUES AND MATRIX-ELEMENTS (SEMICLASSICAL METHODS)
To explore the physical content of the self-consistent field theory

we would like explicit formulas for electron energy-levels and
wave-functions, even if they,are only approximate.

The variational

method gave Eqs. (2-16, 20), but they are limited to states of large
angular momentum.

The semiclassical (WKB) theory gives more general

results and also provides a powerful new method for approximate
calculation of atomic matrix-elements.

With this approach we can see the

effects of screening (by bound or free electrons) in a very clear fashion.

WKB Wave-Functions
We consider the radial motion of electrons in a spherically symmetric
self-consistent potential V(r).

Radial wave-functions can be constructed

from WKB travelling waves,
( )

~n~

~ ± (r) = - - - e

n~

±i[~n~(r) - ~/4]

(3-1)

Jq(r)

The phase integral
r

J

r

~n~(r)

and radial wave-vector q(r) are

q(r') dr'

(3-2)

l

1/2

q(r)
The wave-vector

(3-3)

~~(r)

and the phase-integral

~(r,

is min times the classical (radial) velocity,
E,

~)

is lin times the classical action

function, so Eq. (3-1) is entirely constructed from classical ingredients.
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Bound-electron energy-levels are determined by
r

J

r

2

q(r') dr'

(n - lI. - 1/2)

(3-4)

11'

l

where r , r are inner and outer turning points, defined as zeroes of
2
l
q(r), and n is the principal quantum number.
A WKB approximation to the quantum wave-function is
(3-5)

Equation (3-5) gives a satisfactory result in both allowed and forbidden
ranges, and no additional connection formula is needed (see Eqs. (3-14,
15) below).

In our work the normalization cnll. is determfned by the following
equivalent equations:

1

-!!L

1 Re

(3-6)

q(r)

2

(3-7)

In Eq. (3-7), dEnlI,/dn is a derivative defined by differentiating Eq. (3-4)
rather than a finite difference.
These formulas refer to electrons in an arbitrary spherically
symmetric self-consistent potential.
calculated in closed form.

For hydrogen everything can be

The WKB energy-levels are Enll.

=-

as in quantum mechanics.
1/2
[(r - r )(r - r)]
, where
2
l
r l ,2

e, =

= (aon2 IZ)

[1

2 2

Z e 12a n
o
The wave-vector simplifies to q(r) = (K Ir)

2

n

+ e]

(3-8)

.1- (lI. + 1I2)2 /n2

(3-9)

The phase-integral is
11'

4>nlI,(r) = rq(r) + n[2" + sin
where we define
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-1

11'

51 (r)] - (lI. + 1)
2 [2" + sin

-1

5 (r)]
2

(3-10)

(3-11)

(3-12)
The normalization is ICn~12 = 2z2/a~n3, an equation which paraphrases a
well-known classical result (Kepler's third law).
For the Coulomb potential, the classical bound-state orbit is an
ellipse given by

r

=

(1 - £2) (a

1 -

£

o
cos

n 2 /Z)

e

This is derived by differentiating

~(r,

E,

with respect to

~)

~.

The quantities q(r), ~(r) and t(±)(r) can be extended to complex
values of radius r (More and Warren, 1989a,b).

For this extension it is

necessary to employ the half-integer quantum number exactly as in Eqs.
(3-3, 4).

The wave-vector q(r) has a pole at r

=0

and a branch-cut from

r l to r 2 along the real axis, and no other singularity. Across the
branch-cut, q(r) changes sign, which physically corresponds to the
possibility of incoming or outgoing velocities.

t~i)(r) also has a branch-cut from r l to r 2 , with
(3-13)

Again, the branch-cut corresponds to exchange of incoming and outgoing
waves.

At r

~

0 and r

~

=,

the limiting behavior of the Coulomb WKB

functions is
t(+)
n~

An~

~-

r

~

t(-)
n~

Zr/na
0
t(+) ~ Cn~ e
n~
n
r

~

B

n~

r

(-)

tn~

~+l

(r

~ D

n~

rn e

~

(3-14)

0)

-Zr/na

0

(r

~

=)

(3-15 )

t~~) has improper behavior in both limits, but its coefficients An~'
Cn~

are purely imaginary so this improper (growing) term is automatically

removed by Eq. (3-5).

t~i) is decreasing in both limits, and its

coefficients Bn~' Dn~ are real. For this reason tn~ is well-behaved and
even accurate to a few percent except near the turning-points. Thus with
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Eq. (3-5) there is no need for an additional connection formula. The
reality property is apparently quite general (More and Warren, 1989b) but
for the general potential q(r) might have complex turning points which
would complicate the analytic properties.
WKB Matrix-Elements
The results of this section were reported for the first time at the
NATO summer-school on Atomic Physics of Highly-Ionized Atoms.

The

question is how to calculate radiative matrix-elements using WKB wavefunctions.

This has proven difficult because the matrix-element is the

integral of an oscillatory function, so small errors in the wave-functions
can give large errors in the integral.

Since the WKB wave-function has

singularities at the turning points, the direct numerical evaluation of
the matrix-element is neither easy nor very accurate.
Our new method consists of writing

=12 Re

Rn'~'
n~

f

t(-)(r) r t(+) (r) dr
~

(3-16)

n'~'

This step will be called the restricted interference approximation.

The

integral proves to have a saddle-point at a complex radius r which is
s
found by writing
~(-)()
xn~

r

r

~(+)

xn'~'

=

( )
ig(r)
r _ e

(3-17)

The saddle-point is the solution of g'(r )
s
matrix-element is then
n'~'

R~

=1
2

O.

The WKB result for the

R

(3-18)

e

This is a (nearly) closed-form expression for the matrix-element.
and Figs. (12-17) give a sample of the results.

Table I

Equation (3-18) is nearly

always within about 10% of the exact" answer, for both large and small
matrix-elements.
Equation (3-18) proves to have a remarkable physical interpretation
which goes a long way to clarify the classical limit of a quantum
transition process.

The interpretation is based on a geometric

construction shown in Fig. (11).

We rotate the orientation of the

classical orbits for initial and final states until the two orbits have
second-order orbit-contact.

For the hydrogenic transition n,

1 (n' > n) the orbits intersect at a radius
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Figure 11

Semiclassical picture for the radiative transition 3p - 5d in
a hydrogenic ion.

The classical elliptic __orbi ts intersect with

second-order contact at a radius r , given by Eq. (3-19), which
i
proves to be close to the saddle-point r in Eq. (3-18) for
s
transitions n, ~ - n', ~ + 1.

TABLE 1
Dipole matrix-elements for the Coulomb potential, atomic units
Transition

percentage
difference

WKB R(n,l,n',l')

Exact R

2p
3p
4p
5p

1.2510
0.4782
0.2796
0.1910

1.2903
0.5167
0.3046
0.2087

3.04
7.45
8.21
8.49

28 - 3p

3.1439

3.0648

2.58

2p - 3d
2p - 38

4.6123
1.0019

4.7480
0.9384

2.86
6.76

38 - 4p

5.7413

5.4693

4.97

3p - 4d
3p - 48

7.6298
2.6982

7.5654
2.4435

0.85
10.42

3d - 4f
3d - 4p

9.9253
1.4379

10.2303
1.3023

2.98
10.41

1s
1s
1s
1s

-
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4(~

a

+ 1)

--..Q

(3-19)

Z

In examining numerical data, we discovered that the saddle-point is
approximately
r

(3-20)

s

Evidently the radiative transition occurs as a "quantum jump" from initial
to final orbit during second-order orbit contact, when the two orbits have
nearly the same position and velocity.

This is particle language.

In

terms of wave-mechanics, the transition is a three-wave interaction
process.

The initial and final electron waves are coupled to the

electromagnetic field and satisfy the momentum-matching condition (q

= q'

+ k) over the interaction region, whose size is measured by the factor
[l/g"(r )]
s

1/2

in Eq. (18).

The picture is supported by looking at examples.

These show 1.) the

matrix-elements are larger for transitions having a larger interaction
region, 2.) transitions in which n and

~

change in the opposite sense

have no second-order orbit-contact and much smaller matrix-elements, and
3.) for a series such as Is

~

np, the geometry of orbit intersection is

constant for n > 3 or 4 and so is the saddle-point. The matrix-element
312 which comes from the normalization of
changes only by a factor lin
the upper-state wave-function, Eq. (3-7).
More and Warren (1989a,b) use the restricted interference
approximation defined by Eqs. (3-6, 3-16) to calculate matrix-elements
for a variety of systems, including dipole and quadrupole line-transitions
in hydrogenic ions; photoelectric transitions and sums over series of
transitions; Debye-screened Coulomb potentials; bound-electron screening
in high-charge ions; spherical harmonic functions and their matrixelements; and of course the one-dimensional harmonic oscillator.
almost every case the results are within

~

In

10% of the exact quantum

matrix-elements.
The~e

is a surprise in all these results.

Equation (3-6) does not

give wave-functions normalized in the usual sense, i.e., the integral of
1~12 is not unity. This is true because the integrals of ~(+) ~(+),

~(-) ~(-) are not small, at least not for low quantum numbers.

If we

included these terms, in either the matrix-element or the normalization
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3d -41
2p -3d

2s -3p
1s -2p
2s -4p
3p -4s

3p _4d
3s _4p

2p -3s

-2p -4d

3d _4p

1s -3p
1s _4p

Hydrogenlc transitions
10. 2

10.4

Quantum oscillator strength 1 )
Figure 12

Comparison of WKB and Quantum calculations of the oscillator
strength for the first few transitions of hydrogenic ions.

(or both), the WKB results would not be very good.

Why is it better to

omit these terms?
It emerges that there is a coherent semiclassical mechanics which
exists (semi-concealed) in the WKB wave-functions.

For example, we have

discovered through a mixture of analytical and numerical calculations
that for each of the systems studied the WKB wave-functions obey a
remarkable one-sided orthonorma1ity relation,

=

(3-21)

The quantum numbers are those for which the quantum states would be
orthogonal, i.e., for the radial wave-functions the result refers to
states of the same angular momentum and different principal quantum
number.

(It is usually necessary to restrict this equation to s < s').

When Eq. (3-21) is not exactly true, it is a very good approximation
(e.g., for the Coulomb potential the integrals for s

~

s' are

~

.01; for

the harmonic oscillator they are zero).
Equation (3-21) is an extraordinary mathematical fact, because the
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Hydrogenlc transitions
10-li '-10-li

....1..

10-4
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--'-_ _----'

10-2

Quantum oscillator strength f ---)

Figure 13

Comparison of WKB and quantum calculations of oscillator
strengths for the first 2500 transitions of hydrogen.

The

results vary over seven orders of magnitude and always agree
to 10-15%.

WKB wave-functions have turning-point singularities in the range of
integration.

It is a surprising physical result, because a fundamental

quantum property is emerging from integrals over classical velocities and
action functions.
Equation (3-21) gives a degree of justification for the use of the
WKB approximation in the calculation of Franck-Condon factors, i.e.,
overlap integrals between wave-functions of different Hamiltonians (for
examples, see Miller, 1974 or Niehaus and Zwakhals, 1983).
For calculation of matrix-elements, there is an additional physical
picture,which helps understand why one should omit the terms t(+) t(+) in
Eq. (3-16).

The terms omitted would correspond to a back reflection at

the radiative transition, i.e., a jump from an incoming initial state to
the outgoing part of the final state (Fig. 11).

It is physically evident

that such a back-reflection has small probability because the photon
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momentum is small compared to the electron momenta, and therefore it is
natural to omit the contribution of these terms.
For transitions with An

=

In - n'l «n, n', it is well known that the

matrix-element reduces to a Fourier component of the dipole moment taken
along a single classical trajectory having the average quantum number.
(Kramers, 1923; Percival and Richards, 1975; Naccache, 1972).

This

relation is one of the original expressions of the correspondence
principle; however it is not nearly so general or reliable as Eq. (3-18).
For example, the application to the photoelectric effect would involve an
extreme extrapolation because there is no meaningful average of bound and
free trajectories.
Equation (3-18) is entirely straightforward in this case and
continues to give a reasonably accurate answer (Figs. 14-16).

The WKB

saddle-point is a continuous "function of energy through zero energy and
the low-energy photoelectric cross-section is an extrapolation of the
series-limit line-absorption cross-section •

-

...- 1 0 4

51~
:>

lII:

1

1

10

100

1000

hv(keV)

Figure 14

Hydrogen photoelectric cross-section (cm 2 /gram) for absorption
£rom the Is state calculated by WKB, exact nonrelativistic
quantum and Kramers methods.

The WKB results are within about

15% of the exact over a large range near the threshold, but
begin to fail at extreme high energy where the cross-section
becomes very small.
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hv(keV)

Figure 15

Hydrogen photoelectric cross-section for absorption from the
2s state.

WKB Theory for the Screened-Coulomb Potential
The WKB approximation can also be used to study matrix-elements for
high-charge ions in which the Coulomb potential is screened by either
bound electrons or an external plasma.

Comparison with available

numerical results shows that the WKB method works again for this
application (More and Warren, 1989a,b).

100

1000

hv(keV)

Figure 16

Hydrogen photoelectric cross-section for absorption from the
2p state.

The WKB method is quite accurate for the large

cross-section near the absorption edge.

446

For the Lyman series (transitions Is
is to greatly reduce the matrix-element.

np) the effect of screening

~

This was shown for a

Debye-Huckel screening model by Weisheit and Shore (1974) and Hohne and
Zimmerman (1982).

Bound-electron screening has the same effect, as shown

in Fig. (17).
The WKB method helps understand exactly why the matrix-element is
reduced by screening.

For the cases considered, the screening has little

or no effect on the inner-state (Is)

wave~function,

but causes the outer

state to relax outward, so that it occupies a larger volume.

This change

reduces the normalization constant of the outer-state wave-function and
thereby reduces the matrix-element.

In the WKB calculation, this is the

only result of screening, to an accuracy of a few percent.

15 -> 2p
o

- 10
.c

-1

C,

15 -> 3p

c:

f!
'lii

o
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o
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o
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~

.~

o
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--WKB
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Figure 17
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a

Approximate calculation of oscillator strength for line
absorption from the K-shell in Molebdenum ions.

The WKB

approximation is compared to relativistic quantum calculations
performed by D. A. Liberman.
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An important job for the future is to extend this analysis to a wider

class of transitions and a greater variety of screening conditions, to
identify the general behavior of matrix-elements of high-charge ions.
One can visualize what is possible in this approach by looking at the
WKB representation of energy-levels in a screened-Coulomb potential.

In

this development, the essential step is to introduce an average orbit
2

aon IQ(r ) for the state n, ~, and to expand the potential in
n
a Taylor series near r = r (Sommerfeld, 1934). The series can be
n
rearranged to give
radius r

n

=

V(r)

(3-22)

The result is a constant eZ'(r ) associated with outer screening, a Coulomb
n
potential governed by the core charge Q(r ), and an additional non-Coulomb
n
potential which vanishes -quadratically near r •
n
With this representation of V(r) it is natural to divide the WKB phase
integral into a Coulomb part, defined by neglecting 6V(r), and a correction
generated by 6V(r).

This gives an explicit equation for the quantum

defect:

E

(3-23)

n~

; (f

~~(r)

dr -

f

~~)(r)

Various well-known properties of
expression.

~n~

dr)

(3-24)

are easily read off from the WKB

It is also straightforward to use the quantum defect to

parametrize the fine-structure splitting of term values (More, 1982).
This approach to the quantum-defect theory has the advantage that it
equally handles core-electron (inner) and plasma (outer) screening
phenometta.
If one confines attention to the effects of core-electron screening,
there is the well-known method of Bates and Damgaard (1949) which was
recently applied to radiative matrix-elements of high-charge ions by
Clark and Merts (1987) and Oumarou et al. (1988).
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4.

ELECTRON POPULATION CORRELATIONS AND THE SCREENED-HYDROGENIC MODEL
The most controversial aspect of the self-consistent field theory is

the use of average populations which assign fractional occupations to the
one-electron states.

Can we develope a more precise idea of the

consequences of this approximation?
For deeply bound levels or even for excited states of isolated ions,
the ion configuration is (presumably) instantaneously defined by integer
populations.

This means that the Hamiltonian is nearly diagonal in a

representation based upon number operators which have integer eigenvalues;
the off-diagonal terms are associated with configuration interaction and
with environmental perturbations which transfer electrons between states.
For high densities and/or loosely bound electrons the Hamiltonian is not
diagonal in the number representation because the co1!ision-induced
transitions become very rapid.

In this limit it is more natural to base

the theory upon the average populations which remain well-defined.

For

these reasons the average-atom model is usually considered to be
essentially correct at high densities.
For LTE plasmas, we can show that average populations give adequate
results for many purposes.

However, for non-LTE plasmas there are certain

physical situations in which the approximation clearly disagrees with a
more fundamental approach (see below).

In these cases the key ingredient

turns out to be correlations between the populations of different states.
It is possible to study correlations with a simplified atomic model
based on screened hydrogenic energy-levels (Slater, 1951; Mayer, 1947).
The screened charges and energy-levels are algebraic functions of the
populations, so they can be evaluated rapidly and it becomes practical to
calculate and/or average millions of configurations if necessary.
this method we can make precise comparisons of the two theories:

With
the

detailed configuration accounting (DCA) theory, based on configurations
defined by integer population of one-electron states, and the average-atom
(AA) theory, with continuously variable average populations.
Even without an accurate line spectrum, the (screened) hydrogenic
model is able to reproduce the ionization potentials to enough accuracy
to give a reasonably good idea of plasma ionization balance and the rates
for electron-impact and radiative processes.

This information is

obviously useful for applications.
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The screened hydrogenic model is therefore often applied to plasmas in
equilibrium and non-equilibrium (non-LTE) conditions.

For example, Post,

Jensen et al. (1978) gave tables of impurity radiation and cooling rates
for low-density plasmas in magnetic fusion reactors, calculated from this
theory.

Rosen et al. (1979) used the hydrogenic model to compare LTE and

non-LTE simulations of laser irradiated disk targets; this work showed the
great importance of non-LTE ionization balance in laser-produced high-Z
plasmas.

The model can be used for low-Z or high-Z elements and even for

mixtures of materials, to test the effects of impurities or trace elements
in a plasma.
Some recent development and applications are described in papers by
Zimmerman and More (1980), More (1982), Yabe et al. (1987), Berthier
(1985), Tsakiris and Eidman (1987), and Perlado and Minguez (1986).

Screened Hydrogenic Energy-Levels
A hydrogenic electron configuration is specified by giving the numbers
of electrons in states of principal quantum number n. Thus, P is the
n
2
population of the nth shell, restricted to the range 0 -< Pn -< Dn
2n.
It is assumed that electrons of the nth shell experience an effective
charge Q calculated by a linear screening formula,
n
(4-1)

The effective charge Qn is an approximation to the inner-screened
2
charge, which occurs in the electric field IE(r)1 = Q(r) e/r • Screening
constants a

nm

are introduced because the electrons of shell m are not

entirely inside the average orbit radius r

of shell n, even when r <
n
m
The linear screening formula assumes the overlap between shells m and

r •
n
n is independent of ionization state.

This approximation is most

accurate for high-charge ions.
As in Eq. (2-13), the hydrogenic average orbit radius is
(4-2)

In Eq. (2-23) we found a potential e P /r inside a shell of charge -e P
m m
m
at radius r . The outer screening energy of shell n is taken to be e P
m
n
times this potential with a screening correction for overlap of shells n,

m:
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e2 _
Pm
e2 _
Pn
_
_
1. (]
(]
+
I r
mn
2 nn r
m>n
m
n

E(o)
n

(4-3)

In terms of the effective charges of Eq. (2-3) this outer screening energy
represents E(o) =-e 2 Z'(r).
n
n

be

are taken to
The one-electron eigenvalue En and total ion energy E
ion

En

E(o) _
n

I

Eion

n

Q2 e 2
n
2 a

( Q'n
2 a

0

o

n

(4-4)

2

-:')

P
n

(4-5)

Equation (4-4) immediately recalls Eqs. (2-15, 2-20).

Equation (4-5) may

be understood as an application of the inner build-up rule of Eq. (2-10);
as the ion is assembled, shell by shell, each new shell added has a
2 )p the
kinetic energy (mvn2/2)Pn and a po t en ti a 1 energy _(Q2n
e 2 /a
onn
interaction with the ion core.
Although Eqs. (4-1 to 4-5) are assumptions here, they closely parallel
the results derived in section 2 and thereby provide an algebraic model
for the quantum self-consistent field theory.

Additional support for the

model is given by consistency properties we now describe.
The eigenvalue En is the ionization potential for removing electrons
from shell n, i.e., there is a Koopmans' theorem:
(4-6)

E

n

This relation is important in the development of the statistical
mechanics.
In the quantum self-consistent field theory it is well known that the
sum of eigenvalues doubly-counts the electron-electron interaction energy.
The hydrogenic model has an exact analogue of this relation,
Eion =

I

n

En Pn - Uee

(4-7)

Here the electron-electron energy U is determined by the outer buildee
up rule as
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u

ee

= XE(O)
n
n

P

(4-8)

n

This equation parallels Eq. (2-9).

Together, Eqs. (4-1 to 8) give an

algebraic model with the same formal structure as the self-consistent
field theory.
Therefore we can employ E
({P , P , ••• }) as an effective Hamiltonian
ion
1
2
for atomic structure. It has the advantage that it is diagonal in the
basis of eigenstates of the shell populations Pn '
Now we want to explore the difference between the DCA theory based on
integer populations P and the AA theory which uses average populations
n
coming from Fermi-Dirac statistics. We can solve the hydrogenic model
both ways and compare results; in this way we can identify structural
differences which do not depend on the accuracy of the hydrogenic
screening model but rather have a general significance for any averageatom theory.
The accuracy of the screening model is limited because it neglects the
~-dependence

of one-electron eigenvalues and also neglects the term-

splitting of many-electron states (an example is given below).
Nevertheless, with an optimized set of screening coefficients (More,
1982) the model is qualitatively correct, and tracks the large changes in
one-electron energy-levels produced by variations in the ionization state.
There is the possibility of developing a more accurate screening model
(Parker, 1986; Perrot, 1988) but for such a model to be equally useful it
should retain something like the internal consistency expressed in Eqs.
(4-1) through (4-8).
Hydrogenic Configurations
Hydrogenic configurations are defined by assigning integer populations
to the principal quantum numbers, i.e., by a set {Pn } where 0 ~ Pn ~ Dn
2n 2 for , each integer P.
The symbol s is used (here) to denote a class of
n
states having this configuration.
The ion charge Q and number of states in the class s are

Q= Z -
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XP
n n

(4-9)

(4-10)
For example, carbon-like ground-state ions have a hydrogenic
configuration {p }
n

= {2,

4, 0, 0, ••• }.

The corresponding nonrelativistic

quantum states are

**

15 states

**

40 states

**

15 states

1D, 3D, 3S, 5S)
Is 2
2s3
2p 1
(P,3P,

In this case the nonrelativistic Schroedinger theory has three
configurations which split to give 12 terms
total of 70 eigenstates.

(1.~.

coupling) having a

In the hydrogenic model these 70 states are

degenerate, forming a single hydrogenic configuration.
correctly gives Cs

= 70

Equation (4-10)

for this example.

The high degeneracy of the hydrogenic spectrum obviously leads to a
grossly oversimplified line spectrum.

By the same token it reduces the

number of configurations to a manageable total.
Equilibrium Populations and their Correlations
In thermal equilibrium, the number density N of ions in state s is
s
given by the Saha equation, which we write
Ns = a Cs exp ( -

Eion(s) + Ffree(Q, p, T»)
kT

(4-11)

Here C is the number of states in the class s, taken from Eq. (4-10),
s
Eion(s) is the ion energy, taken from Eq. (4-5), and Ffree is the Helmholtz
free energy of Q free electrons in the ion sphere. For ionization states
sufficiently near the average, F
p is the chemical potential.

(Q, p, T) is a constant plus pQ, where
f ree
The coefficient a is fixed by the requirement

that N add up to the correct total ion density.
s
The Saha equation can be rearranged, for example, one can divide
Eion(s) into a ground-state energy Eo(Q) plus an excitation energy

~s

=

Eion(s) - Eo(Q); then one can sum over excited states to obtain an equation
for the ratios of populations of ion charge states.
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The Saha equation is adapted to moderately high density plasma
conditions by adding an extra free energy for the electrostatic
interaction of electrons with the ions, which can be taken from Eqs.
(2-27) or some more elaborate theoretical picture.

(Griem, 1964; More,

1981; Hummer and Miha1as, 1988.)

Noninteracting Electrons
If the electrons did not interact, the eigenvalue En would be a
constant EC independent of the configuration and the ion energy would be
n

linear in the populations,
E

C

L En

ion

n

(4-12)

P
n

In this limit the Saha equation would give ion populations

N
s =

n,

~

[k

Dn :
)
(Dn _ Pn ):

C
e

p) P IkT J
_(E c _ p):T)"n
n

_(E c _
n

+ e

(4-13)

This equation applies to integer populations P • However, it is just
n
the Fermi-Dirac distribution written in the detailed configuration (DCA)
language, because the averages are
D
n

<P >
n

1 + exp(E

c

n

<P

n

Pm>

= <Pn >

(4-14)

- ~)/kT

(4-15)

<Pm>

In real high-charge ions, and even in the screened hydrogenic model, the
electrons interact and these formulas are no longer exactly valid.
raises an interesting fundamental question:

This

how does the Fermi-Dirac

statistics generalize to interacting electrons?

LTE Average-Atom Model
A similar result can be obtained for interacting electrons in the
screened hydrogenic model.

This is done most simply by writing a free-

energy function,
(4-16)
where
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(4-17)

'ion = - k! (Pn log :: + (Dn - Pn > iog (::))
This is the equation for the entropy of non-interacting Fermions.
Unfortunately, while the electron interaction effect on the energy E

ion
is given by Eq. (4-5) we do not have a corresponding simple formula for
the entropy of interacting electrons.
Now the condition of minimum free energy

of

o

gives the average-

atom model,
D

n

p

n

1 + exp (E

n

-

(4-18)

~)/kT

En = aE i ~lapn is the eigenvalue evaluated with the populations Pn
replaced by their averages.

where

The result is fundamental to the average-atom theory but the
derivation is not rigorous -- it is based on minimizing an ad hoc free
energy.

However Eq. (4-18) can be tested by comparison with numerical

calculations which exactly solve the Saha equation.

"(Green, 1964; More,

1981; Grimaldi and Grimaldi-Lecourt, 1982; More, Zinamon and Zimmerman,
1988.)

The results show that Eq. (4-18) holds to an accuracy of 5% to

10%, and that populations of different shells are independent to similar
accuracy:
<P

P > - <P > <P >
nm
n
m

=

11

0

<P > < P >
n
m

n;fm

(4-19)

These correlations between populations in different shells are caused by
the electron-electron interaction; when the population of an inner shell n
is large, the outer shell m is less strongly attracted to the nucleus and
is therefore likely to contain fewer bound electrons.

However because the

correlation effect is not strong, the results really provide support for
the neglect of correlations in the average-atom theory.
Nonegui1ibrium Electron Populations and Correlations
The most interesting laser-plasma experiments involve non equilibrium
atomic dynamics (NLTE conditions) and we require an average-atom theory
for these processes which will have practical advantages of giving a good
overall idea of nonequilibrium ionization balance with a minimum of
computation.

Such a model is part of many modern laser-plasma computer-

codes (e.g., Rosen et a1., 1979).
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The question poses itself what are the deficiencies of this simple
atomic model.

To analyse this question, we must arrange to make

systematic comparisons with a more fundamental approach.
At sUfficiently low densities, one can readily formulate
nonequilibrium atomic rate equations involving the same language as the
Saha equation:

ions in specific charge and excitation states, and a

matrix of rates for transitions between these states.

This approach is

entirely satisfactory for systems with one or two electrons, where the
number of states is limited.

(McWhirter, 1965; Duston and Davis, 1980;

Hagelstein, 1981.)
For experiments on many-electron ions the number of relevant excited
states increases and the direct approach begins to become more difficult.
Under these conditions there is a need for some type of hybrid theory,
which combines accurate rate equations with for certain levels with a
cruder treatment of the other ionization stages or excitation states.
(Busquet, 1982; Lee, 1987; Itoh et al., 1987.)
Another useful approach is the formal analysis of the density
dependence of systems of atomic rate equations.

(Salzmann, 1979;

Klapisch, 1988).
In this section we describe an approach based on adding corrections
to the average-atom model, specifically those associated with electron
population correlations.

This method was recently proposed for

dielectronic and autoionization processes by More, Zimmerman and Zinamon

(1988).
In the detailed configuration theory, nonequilibrium atomic processes
are described by a linear rate equation.

Each ion is assumed to have a

definite ion charge and excitation state, summarized in a formal quantum
number s.

For the hydrogenic model, s denotes the set of populations {p }
n

and in the more general theory s is a complete set of quantum numbers.
is the number density of ions in the state s, and obeys the DCA rate

Ns

equation
dN
----!!

dt

gain)

I N s ' ( rate
s' ....s
process
s'~s

- N
s

I

process

lOSS)
(rate
s-ts"

(4-20)

8 1 8"

Here one sums over the gain terms, which are transitions from other states
s' to s, and over loss terms, transitions from s to other states s".
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Any

specific transition s

~

stl appears as a loss term in the equation for N
s
The processes are

and as a gain term in the rate equation for stl.

excitation, de-excitation, ionization and recombination.
Let f(s) be any well-defined function of the state s:

this could be,

for example, the ion energy or the population of the L-shell in the ion s.
The average of f(s) is
<f(s»

= L f(s)
s

(4-21)

Ns/L Ns
s

The sum in the denominator is the total ion density.

The average < f(s) >

is time-dependent because the populations N are time-dependent.
s
easily establish the following basic rate equation for < f(s) >:
:t < f(s) >

=

L /

[f(stl) - f(s)]
process,,\:

lOSS)~
( rate

One can

(4-22)

s~s"

s~s"

Because the population P is a unique function of the ionization/
n
excitation state s, this equation can be used to derive a rate equation
for the average one-electron population < P >.
n
for the NLTE average-atom theory.

That will be the basis

Line Transitions
We first consider radiative transitions between a pair of levels of
principal quantum numbers nand m (e.g., K and L shells).

We assume there

are Pn electrons in shell nand (D - P ) vacancies in shell m (n < m).
m
m
Then the rate of change of the average < Pm > due to these transitions
is

~
dt <Pm>

=+

<Pn (Dm - P)
m Rnm n v> - <Pm·(Dn - P)
n Rmn ( n v + 1»

(4-23)

This follows from Eq. (4-22); the first term corresponds to absorptions s
s' where the state s has populations [PI' ••• , Pn , ••• , Pm' ••• ], and
during the transition, P decreases by one and P increases by one. The
n
m
coefficient is therefore + 1 = (Pm + 1) - Pm. The second term corresponds
to spontaneous and stimulated emission, transitions in which P increases
n
and Pm decreases by one electron. The coefficient is then (Pm - 1) - Pm
~

-1.

Expression of the n

m rate as Pn(D - Pm) R n can be understood
nm v
m
two ways, i.) by the kinetic argument that the rate of transitions is
~
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jointly proportional to the number of electrons able to make the
transition and to the number of available final states, and ii.) by a
detailed balance argument based on the ratio of equilibrium ion densities
Ns for the initial and final states. Both arguments assume that the
electrons are randomly distributed over subshell states by rapid
collisional transitions n,

~,

m ~ n,

~',

m'.

The rate coefficient R is
nm
2

R

nm

R

mn

L !!:L
D mc f nm
m

(4-24)

is the one-electron radiative rate averaged over states in "the

indicated initial and final shells.

For the oscillator strength f

one
nm
can use the Kramers' formula or an improved version which uses effective
charges Q to describe the large effects of bound-electron screening
n
(More, 1981).
For reference we also form the rate equation for < PnP >:
m
P _ 1) (UPWard)
m
rate

!L<p P>
dt
n m

+ «Pm - Pn -

1)

(do:~:rd )

(4-25)

In Eq. (4-25) the upward rate is the expression Pn(Dm - Pm) Rnm n v as in
Eq. (4-23).

The Average-Atom Radiative Rate
The average-atom approximation results from neglecting correlations
between the populations of upper and lower states in Eq. (4-23), so the
rate is replaced by
dP

----!!!

dt

Pn (Dm

P ) R n - P (D - P ) R (n + 1)
m
nm v
m n
n
mn v

(4-26)

This is the contribution of line radiation to the average-atom rate
equation for Pm'
processes.

There are also derivatives dP /dt from many other
m

The average-atom Eq. (4-26) for the radiative rate has two properties
required for a satisfactory description of atomic radiation processes.
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First, it reduces correctly to the LTE (equilibrium) limit, where the
rate of any process must equal that of its inverse without considering
other processes.

For the rate equation of Eq. (4-26) this occurs if the

rate coefficients R and R are equal,
nm
mn
Rnm
R=exp
mn

(E+h-E)
n
v
m
kT

(4-27)

=1

To obtain exact cancellation between emission and absorption we require
Eq. (4-27) and also, of course, the electron populations must be the
equilibrium Fermi-Dirac functions and the photon distribution must be a
Bose-Einstein function with the same temperature.
Second, the solution of Eq. (4-26) obeys an important inequality.

If

Pm = 0, the rate equation implies that dPmIdt -> O. Likewise, if Pm = Dm,
it is evident that dPm/dt < O. Thus the calculated ~opu1ation is bounded
by

o ~ Pm -<

(4-28)

Dm

The result P of averaging integer populations also is obviously
m
constrained by the same inequality (as is the LTE Fermi function
approximation for P ).
m
Electron-Impact Excitation Rate
The average-atom rate equation for electron-impact excitation is very
similar.

In this case we again consider transitions n

m and have the

decoup1ed rate equation
dP

---!!!

dt

= n e Pn (Dm - Pm) Enm - n e Pm(Dn

Pn )

E

mn

(4-29)

The rate coefficient E
nm is
v>
E = L <a
nm
D
nm
m

(4-30)

where u

nm is the electron-impact cross-section.

The detailed balance relation for this reaction takes the form
E
-n!!l
E

mn

exp

(4-31)
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Collisional-Radiative Plasma
To see how the NLTE average-atom theory works, we begin with an
approximate representation of a low-density plasma, in which we consider
an ion with a partially filled valence shell of principal quantum number
g and examine the coupling to states in an excited shell n.

The rate

equation including electron-impact excitation and radiative decay is

dP

n
---dt

= ne

Pg (Dn

Pn )

Egn -

Pn (Dg

-

Pg )

Rng

(4-32)

As written, Eq. (4-32) omits stimulated emission of the n

~

g radiative

transition and the inverse line absorption process; this omission is
reasonable for an optically thin plasma without line trapping, in which
the resonant photon population is negligible, but in many real plasmas
(especially dense laser plasmas) the approximation would require
correction.
Equation (4-32) also omits collisional de-excitation, collisional
excitation or impact ionization out of the excited states, and 3-body
recombination into the excited state.

These processes become less

important as the electron density is reduced (the rates are of order n 2 );
e
however for high quantum numbers the rates are large and these process
cannot be neglected; the populations for highly-excited states reach
equilibrium with the continuum.
Finally, Eq. (4-32) omits cascade processes, such as impact excitation
to a shell m > n followed by radiative decay to shell n, or impact
ionization followed by radiative recombination.

The cascade rates are

comparable to the terms included in Eq. (4-32), at least as far as density
dependence is concerned; they are omitted from Eq. (4-32) only for
simplicity.
All the processes mentioned are usually included in the computational
implementation of the average-atom model.
If the state g corresponds to a partially-filled valence shell, so
the typical ion in the plasma has an open-shell configuration, then
neither Pg nor (D g - Pg ) is very small.
Then the steady-state solution of Eq. (4-32) is
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Pn

n

- P

D

n

n

Pg~-8n
E
_ _...

(4-33)

e D _ P Rng
n

g

At low densities P

n

«D

n

and the left-hand side is approximately P /D •

Thus the excited state population is proportional to n

n

e

n

at low densities,

which shows why processes like impact ionization out of the excited state
2

are O(n ).
e
The result in Eq. (4-33) is close to that obtained from the
fundamental detailed-configuration approach:

the excited state

populations are linear in the electron density because (in this model) to
have an excitation, one must wait for an electron impact, and the excited
state lasts a time determined by the spontaneous radiative decay-rate, so
the population is fixed by the ratio of these rates.
Closed-Shell Plasma
Now we ask what happens in the case of a plasma populated by closedshell ions.

It might be difficult to create such a plasma in the

laboratory, because there would normally be ions of other charge states.
However as a thought experiment we consider a purely neon-like or heliumlike plasma and neglect any other charge states.

This idealized plasma

is of course just what is desired for certain types of x-ray laser.
We assume that the majority of ions are helium-like ground-state ions,
which have P = 2 and P = 0, but that there are also a small number of
K
L
helium-like excited ions with P = P = 1. By straightforward averaging
K
L
we see
< PL(D

K

- PK) >

P
L

'"

(4-34)

but also
(D

K

- P )
K

(4-35)

P
L

Thus we have
<PL(D K - PK»
»
PL(DK - PK)

1

(4-36)

In this case, the average of the product is much larger than the product
of the averages, so there is a strong correlation between the populations.
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Why is this?

What is the meaning of the strong correlation?

The clue comes from examining the (incorrect) average-atom radiative
rate; it is proportional to the denominator in Eq. (4-36) and therefore
the AA radiative rate is much too small.

The physical reason is that

omitting the correlation, as in the average-atom description, gives the
false impression that the (few) excited electrons have a difficulty to
radiate because of a shortage of K-shell holes.

In reality, each excited

electron is on the same ion as a K-shell hole and is perfectly free to
radiate.

Keeping track of the correlation restores a reasonable radiative

rate.
By giving too small a radiative rate, the average-atom description
will exaggerate the excited-state population and therefore might tend to
exaggerate the population inversion which can be produced in a helium-like
or neon-like plasma.
Because of Eq. (4-36) it is clear that
(4-37)
The population correlation between shells is negative in this case.
Intuitively, this is because one active electron is moving between the K
and L shells; when it is in the L-shell, the K-shell population is
automatically below average.
Ground-State or Coronal Plasma
Next we examine another extreme case which shows a complementary
correlation phenomenon.

We consider a ground-state plasma, which contains

a distribution of charge-states with each ion in its ground-state.

This

time, the situation is less artificial and occurs normally in any timeindependent low-density plasma.
To be definite we assume there are H-like, He-like and Li-like ions,
with populations of order unity, and that the excited state populations
are negligible.

In this case, averaging shows
(4-38)

while P is proportional to the (finite) density of Li-like ions, and
L
(D - P ) is proportional to the (finite) density of H-like ions.
K
K
Thus
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<PL(DK - PK»
«

PL(DK

-

PK )

(4-39)

I

This inequality has the opposite sense from Eq. (4-36), and this time the
average-atom radiative rate is much too large.

What happened here?

In the average-atom description, the finite population of the L-shell
sees a finite density of vacant states in the K-shell, and considers it
permitted to radiate.

In the actual plasma, ions with an L-shell electron

do not have a vacant state in their K-shellj the vacancies occur only on
the H-like ions.

The correct radiative rate is proportional to < PL(D

P ) > and this is vanishingly small (proportional to the excited-state
K
population).

K

-

In this case, the correlation between shells is positive:
(4-40)
This positive correlation is the result of ionization and recombinationj
i.e., the way electrons are added to or subtracted from the ground-state
ion.

When there is a vacancy in the K-shell, the L-shell is already

empty, and when the L-shell is occupied, the K-shell is full.
Now we can see why the average-atom model often gets a satisfactory
answer.

The correlations produced by excitation/de-excitation are

negative, while the intershell correlations produced by ionization/
recombination are evidently positive.

In the real plasma, both types of

process occur and then the resulting correlation is often quite small, as
it was in LTE.

Inequalities
The rigorous rate equations are not easily solved, because the
equation for <P > involves <P Pm> and the equation for <P Pm> involves
n
n
n
higher correlated averages. To get a closed system one must decouple
these equations, neglecting some correlations and keeping others.

What

are the constraints that decoupled equations must satisfy in order to give
sensible results?

One constraint comes from the requirement to reduce to

LTEj this is the detailed balance equation relating rate coefficients.
Another constraint comes from examining physical limits where we think we
know the answer.

463

An additional constraint comes from the requirement to keep the

variables in their proper ranges.

For example, the average < P > must
n
For the basic average-atom rate equation, this

< Pn > ~ Dn •
constraint is built into the structure of the rates.

obey 0

~

rate equations the question is more delicate.

For higher-order

Here we examine

inequalities which apply to the exact rate equations and give some
guidance.
The most important of these constraints are:
i.)
ii. )

o

iii.) I f P
n

D <P P >
n m g
v.)

<Pn Pm> is limited by

Max(O, Dn Pm + Pn Dm - Dn D)
m
<P

n

(4-41)

P >
m

(4-42)

The first inequality is easily proven by examining the average
«P - P )2>, which is obviously greater than or equal to zero.
n
n
For the inequality ii.), it is important that P can only take on
n
integer values 0, 1, 2, ••• , D • Because of this the product Pn(Pn - 1)
n
can only have values ~ zero.
Theorem iii.) is a consequence of the fact that the possible values
of P are
n

~

O.

Therefore

Pn

can only vanish if the probability

distribution itself vanishes for all cases with P
n

~

O.

if < (Dn - Pn ) Pm > = 0,
that means that only states s for which the product (Dn - Pn ) Pm is zero
For theorem iv.) the reasoning is similar:

have finite probabilities and therefore that any average < (Dn - Pn ) Pm
f(Pls) > is zero for any function f of the populations.

Finally, v.) is the main inequality for correlations, established by
combining the previous results.
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For example, < (Dn - Pn ) Pm >

~

0

translates into one of the upper limits, and < (D - P ) (D - Pm) >
n
n
m
is a lower limit on < P P >.
n m

~

0

Of course the rigorous rate equations must preserve the inequalities.
To show this requires proof of many small theorems; we give two typical
examples.
First consider transitions between a pair of levels n, g, and write
the generic rate equations based on Eq. (4-23, 25)
dP

---.n

- <Pn (D g - Pg » R,.. + <P g (Dn

dt

L <P
dt

n

P>
g

«P

n

P
g

(4-43)

1) Pn (D g - Pg » R,.. +

«P g - Pn - 1) (Dn - Pn ) Pg> R
t

(4-44)

These are assumed to be exact·rate equations (the rate coefficient R has
already been decoupled, but this step has no effect on the inequalities).
We want to establish that Pn is bounded by 0 -< Pn< Dn and that < Pn Pg >
is bounded by Eqs. (4-41, 42), as far as the rates shown in Eqs. (4-43,
44) are concerned.
Using inequalities iii.), iv.) it is clear that the appropriate
positive or negative rate in Eq. (4-43) vanish and P stays in the desired
range.

Is the same true for < P

n

P

g

n

>?

We examine this rate to show that

< P P > is always ~ O. The proof is to assume that < P P > is zero;
n g
n g
if this is the case the derivative becomes

L
dt

<P

n

P >
g

= «Pn

_ 1) P > D R, + «P - 1) P > D R
n
g..
g
g
n t

Now by inequality ii.), it is clear that the right-hand side is always
greater than or equal to zero and so < P

n

P

g

> cannot further decrease.

The remaining inequalities are easily established by similar methods.

SUMMARY
We have found that electron population correlations can give very
large corrections to the average-atom model, and that these correlations
are largely included when we write rate equations for the averages
< P

n

P >.
m

Of course, the correlation effects are already included in the

detailed configuration rate equations (i.e., Eq. (4-20) for dNs/dt), but
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these equations become somewhat impractical when large number of excited
states are involved, as is the case for many-electron ions.
The results obtained are expressed in the notation of the screened
hydrogenic model, but apply equally to any other average-atom model and
would apply in particular to a self-consistent field non-equilibrium
theory.
5.

EFFECTS OF HIGH DENSITIES
In this final section we will not attempt an orderly development of

the theory of density effects because the requisite theory does not
entirely exist, and because too much of the subject involves statistical
mechanics rather than atomic physics.

Instead we simply raise a number

of the questions which must be answered by further research.
Many density effects are relatively well-understood, for example,
line-broadening of deeply-bound states for which the plasma effects are
only a small perturbation.

The theory of line broadening involves a rich

mathematical structure (Griem, 1969) capable of describing correlations
of perturbations, and probably remains valid for high densities except
for the loss of rigor when density effects give large percentage changes
in line positions and the perturbation series breaks down.
One central question is how to generalize the "exact" Saha equation
which fails at high densities.

If one simply solves the Saha equation,

one obtains the incorrect prediction of complete recombination at high
density.

If the Saha equation is modified with a density-dependent

reduction of the ionization potential, one can force a degree of pressure
ionization, but the results remain rather unsatisfactory:

a typical

difficulty is the (incorrect) prediction of sharp discontinuities as
entire shells are pushed into the continuum, a prediction inconsistent
with equation of state experiments on shock-compressed matter (More,
1985).
Probably the physical cause of the difficulties is the fact that the
Hamiltonian for one atom (ion) at high densities is no longer diagonal in
a basis in which the ion charge state is sharply defined; rather there are
inter-atomic hybridization matrix-elements which render the Saha approach
invalid.

The basic idea here is known in molecular physics as the

transition from the Heitler-London limit (equivalent to the Saha equation)
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to the molecular-orbital picture which applies at small inter-atomic
separations.
The average-atom model does not assume quantization of the ion charge
and therefore can describe a smooth transition from thermal population
fluctuations to quantum population fluctuations.

When a level is near

the continuum, its individual electronic configurations change rapidly due
to electron-electron collisions, but this just means that states away from
the average do not persist.

As a bound-state rises through zero energy,

it becomes a shape resonance, and acquires a quantum lifetime for elastic
tunneling as well as a lifetime for interruption by collisions.

In

principle the population is not very different from the Fermi function;
More (1985) derives the formula

Pn~

D
n~

= _ 1 I
'II'

m

f~

It

0

fCE) dE
En~ E- En~

(5-1)

-

for the average population of a resonance state in the self-consistent
field theory, where En~ = En~ + i rn~ is the complex eigenvalue for the
resonance and f(E) is the Fermi function. All this applies to the selfconsistent field theory.
When we think of an atom (ion) in a plasma environment surrounded by
other point charges, many new questions come into play.
How close do these other ions come?

To answer this we use numerical

simulations of the statistical mechanics (Monte Carlo method) and/or the
classical mechanics (Molecular Dynamics method) for a system of pointcharge ions.

The simulations provide a great deal of information but the

single quantity most often used is the pair-distribution function g(r),
which tells the density of other ions around a given ion.

While g(r) is

a two-particle correlation function, it reduces to a function of radius r
and is therefore sufficiently simple to work with.
Numerical simulations of point charges interacting with Coulomb
potentials give the most accurate data for g(r).

There is also an

elaborate theory which attempts to calculate g(r) from first principles
by mathematical rearrangements of the Boltzmann distribution, reviewed by
Baus and Hansen (1981).
Can one usefully imply g(r) to construct a more accurate potential?
This recurrent idea encounters a severe difficulty because it replaces a
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point-charge neighbor by a spherical shell of charge.

A point charge can

bind electrons, but unfortunately a spherically symmetric shell of the
same charge cannot.

Thus if the neighbor ions carry bound electrons, and

if one constructs a potential from their charge density in the form Ze n
g(r), this will predict that no electrons are bound to the neighbor ions.
This problem can only be solved by introducing an effective charge Qe
for the neighbor ions but this procedure rapidly becomes ambiguous or
dependent on ad hoc assumptions, because the electrons bound to the
neighbor ions are treated differently from those attached to the central
nucleus.
The fundamental difficulty here is again a question of correlations.
It is unsatisfactory to average the potential V(r) before testing for
bound states in the potential.
Another example of this difficulty appears in the analysis of boundstates near the continuum limit.

In this case, the naive approach is to

solve the Schroedinger equation in a relatively long-range Debye-screened
Coulomb potential; this predicts a series of excited states extending into
the region well beyond the inter-atomic distance.

However, electrons

occupying such states would be subject to the potentials of neighbor ions,
a strong perturbation.

One can estimate the strength of the perturbation

using the mean-square potential given in Eq. (2-27); unless the binding
energy is large compared to the fluctuation in the potential the entire
calculation is meaningless.
Recently, this difficulty has been attacked by a new approach, in
which exact or partially exact solutions of the two-center problem are
combined to provide a tractable model for the strongest density effects
(Rose, unpublished; Younger, unpublished; Nguyen et a1., unpublished).
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