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quantum electrodynamic (QED) theory, for the

muon g-2 value" and for the hydrogen and deu-
terium Lamb shift. " Thus, apart from a possi-
ble discrepancy in the electron g-2 value, "the
only remaining disagreement between theory and
experiment in low-energy QED is the present one
for positronium. This situation is all the more
perplexing since, in contrast to hydrogen and
the muon g-2 value, positronium presents a pure-
ly QED problem to this order. The calculations
do not involve hadronic corrections or possible
unexpected leptonic contributions. We therefore
suggest that further computations of contribu-
tions to order me'Ino. ' be carried out indepen-
dently.

A detailed presentation of our calculation is
in preparation.
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Experimental cross sections are reported for the ionization of K shells of Al in colli-
sion with N, 0, and Ar (in the energy range 100-300 keV); of Ne with C, Ne, and Al

(100-300 keV); and of Al with Ne (0.1-3.2 MeV). They are some 103 to 105 times larger
than the cross sections one predicts for Coulomb excitation of K-shell electrons by swift
charged particles. The cross sections are determined by the exchange forces set up in
the overlapping electron clouds of atoms in collision. This process is referred to as
Pauli excitation.

Recent progress in the study of the removal of
inner-shell electrons of atoms by swift charged
particles through measurements of characteris-
tic x-ray yields have brought detailed understand-
ing of the underlying Coulomb excitation process.
One finds agreement with the ionization cross
sections derived in the Born approximation' if
the deflection of the incoming particle in the field
of the target nucleus is taken into account, and if
one incorporates the binding of the target elec-
trons to the exciting particle. '

This note reports data on cross sections for

the ionization of K shells by swift heavy atoms. 4

In comparison with the Coulomb-excitation cross
sections, the cross sections are enormous —in
fact, some 10' to 10' times larger. We attribute
the cross sections to the exchange forces set up
during collision by t;he Pauli exclusion principle
in the overlapping electron clouds of the inter-
penetrating atoms. It forces the electrons into
transient quasimoleeular configurations leaving
the atoms, on separation, in excited states. We
refer to this process as the Pauli excitation of
atoms in collision.
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The dominant role played by the Pauli exclu-
sion principle in atomic collisions has been
recognized for many years. ' Measurements of
the electron-energy spectra emitted in atomic
collisions' have given direct evidence that K-
shell vacancies can be produced in such encoun-
ters. These measurements, however, do not
give access to inner-shell ionization cross sec-
tions.

We determined the cross sections of the K-
shell ionization of Al by energetic ions of N, 0,
Ne, and Ar, and the K-shell ionization cross
section of Ne in collision with C, Ne, and Al.
The measurements were made in the energy
range 100-350 keV for N, 0, and Ar. The Ne
data extend to 3.2 MeV. The only other data of
this kind pertain to ions impinging on a carbon
target. "

The method and apparatus for determining
inner-shell excitation cross sections from the
characteristic x-ray yield Y were described pre-
viously. ' A mass- and energy-analyzed ion beam
impinges on a thick target. The emitted x rays
are registered and the energy analyzed in a flow-
mode proportional counter. The observed x rays
are identified as characteristic x rays through
an energy measurement accurate to +5%. The
experimental conditions were such that the ab-
sorption of the emitted x rays in the target was
negligible. In terms of the stopping cross sec-
tion S(E) of the target for the incoming ion of en-
ergy E and the K-shell fluorescence yield co~,
the K-shell excitation cross section is given by
a (E) = (u 'S(E)d Y(E)/dE

The stopping cross sections for the heavy ions
are obtained from the work of Lindhard, Scharff,
and Schigtt' combined with corrections for the
fluctuations of the electronic stopping cross sec-
tions. ""The fluorescence yields are taken to

be constant and independent of the incident pro-
jectile. " On balance, the uncertainty in the ab-
solute magnitude of the resulting excitation cross
sections is +(50/o The relative uncertainty of
our cross sections is +(25/0.

The data of the K-shell excitation cross sec-
tions a'~(E) in our limited energy range can be
summarized adequately by the empirical rela-
tion o~(E) =P(E/E, )". The range of the ion en-
ergies E, -E -E, and the constants P and n for
the ion-target pairs are listed in Table I.

The predicted dependence of the K-shell ioniza-
tion cross section of neon on the charge state of
the incident projectile' has been confirmed in
experiments on gas targets. ' In our solid tar-
gets we expect and find no such dependence, be-
cause of the screening in dense targets.

We compare these results with the cross sec-
tions expected for Coulomb excitation in the re-
duced plot shown in Fig. 1. Included are the re-
cent measurements of C on C." The solid line
represents the theoretical prediction„ in the
Born approximation, of Coulomb excitation of
K shells by charged particles. The data given
for Z, «Z, (subscript 1 refers to the incident
projectile, and 2 to the target) follow this curve
closely if compared in terms of the reduced
Velocity parameter q = v, /v, 'Z, 2 and the reduced
ionization potential 9= m, ~/Z, , where v, /v, is
the projectile velocity in atomic units and ~,E
is the ionization potential of the target K shells.
They are corrected, through the function 9Eyp,
for the deflection of the projectile in the field
of the target nucleus and, through the function c,
for the binding of the target electrons to the pro-
jectile. '" The graph shows that when Z, = Z, the
cross sections for the K-shell ionization (1) are
many orders of magnitude larger than the Cou-
lomb-excitation cross sections, (2) do not fall

Table I. Summary of experimental ionization cross sections for the & shells of Al and Ne in collision with var-
ious atoms. The absolute magnitude of the cross sections are uncertain by +50%; the relative cross sections are
uncertain by +& 25%.
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FIG. 1. E-shell ionization cross sections of various
targets as excited by the ions indicated in the figure.
The reduced variables are discussed in the text. The
solid line represents the theoreticaI E-shell Coulomb
ionization cross section in the Born approximation.
The open circles mark data for Z, /Z, « l. They are
taken from Refs. 3 and 15, and J. M. Khan, D. L. Pot-
ter, and R. D. Worley, Phys. Rev. 139, A1735 (1955);
B. B. Hart, F. W. Reuter, III, H. P. Smith, Jr., and
J. M. Khan, Phys. Rev. 1'79, 4 (1969); and G. A. Bis-
singer, J. M. Joyce, E.J. Ludwig, W. McEver, and
S. Shafroth, Phys. Rev. A 1, 841 (1970). The data, for
the heavier ions are those listed in Table I and, for C
on C, from Bef. 8.

on a common curve, and (3) appear to converge
at high energies towards the Coulomb-excitation
curve. These observations lead one to conclude
that, when Z, = Z» Coulomb excitation is not the
determining mechanism for K-shell excitation
at low energies. We attribute the cross sections
to the Pauli excitation of atoms in collision.

The principal distinction between Coulomb ex-
citation and Pauli excitation of K shells can be
understood in simple terms. At low energies the
target electrons are Coulomb excited only if the

projectile penetrates as a bare particle deeply
into the target K shell because the probability
for this excitation is peaked at an internuclear
distance v, /&o, ~ «a,~." The projectile ap-
proaches the target K shell as a bare particle if
Zy « Z2 be cause then its K-shell radius a,z is
much larger than the radius of the target K-shell
a2&. By contrast, when Z, = Z, the approaching
projectile carries a K shell of comparable size.
Pauli excitation commences when the electron
clouds overlap, i.e. , at an internuclear distance
of order 2a,z where Coulomb excitation is un-
important. This situation is not restricted to
K shells, of course.

Pauli excitation as defined here provides a
conceptual framework for the understanding of
many phenomena that occur in atomic collisions. "'"
In the low-velocity quasiadiabatic limit, Pauli
excitation can be described in terms of the Lan-
dau-Zener model of single level crossings each
of which occurs over a narrow range of inter-
nuclear distances. ' For example, the K-shell
ionization cross section of carbon in collision
with carbon fits this two-parameter model well. '
However, the resulting K-she11 level-crossing
radii are much larger than those expected from
a static level-crossing scheme. " Our data lead
to similar conclusions.

Pauli excitation in general proceeds through
many level crossings that are interdependent
and occur over an extended velocity-dependent
range of internuclear distances. In the limit of
high level-crossing densities the excitation of
particle-hole pairs propagates in energy space
as in a random walk to the ionization edge. This
dynamic limit has been analyzed in terms of a
statistical model by Mittleman and Wilets. " The
resulting cross sections depend on two param-
eters, an interaction radius and a diffusion con-
stant for the propagation of excitation in energy
space. Comparing our data with this model we
find reasonable trends for the parameters.

Certain aspects of Pauli excitation can be test-
ed explicitly. We discuss two. A simple argu-
ment based on the energy shared in Pauli excita-
tion shows that the collision partner with the low-
er atomic number should have a much larger
probability of leaving the collision with a hole
in its K shell (and hence to produce an x ray)
than the partner with the higher atomic number.
Figure 2 compares the cross sections as a func-
tion of Z,/Z„at the energies at which the dis-
tance of closest approach, d = Z,Z,e'(M, +M, )/
2M@„ is equal to 5&& 10 '(a,++a,~). The evi-
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FIG. 2. X-shell ionization cross sections OE for
projectiles Z((lf} and targets Z2(If} as a function of
Z(/Z2. The cross sections are compared at energies
such that d =5 x 10 (a(l(. +a&1(} is the same for all pro-
jectile-target pairs. The carbon data are taken from
Ref. 7.
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dence is clear: The Pauli ionization cross sec-
tions for the K shells of Z, jump by four to five
orders of magnitude in traversing Z,jZ2 = 1. The
cross section for K-shell Pauli ionization of Zy

drops concurrently. Highly selective excitation
of inner shells will occur in a composite target
if a projectile Z, impinges on a mixture of Z,
and Z, ' such that Z, ~Z, & Z, '.

At low energies Coulomb excitation proceeds
at internuclear distances -v, /(o2& «a,z, ' while
Pauli excitation happens at -a,&. Therefore, one
can differentiate between the two excitation mech-
anisms in a coincidence experiment between the
scattered primary particle and the emerging
characteristic x ray or the equivalent Auger elec-
tron. Experiments along these lines are in pro-
gress. '

We benefited from discussions with A. Schwarzs-
child. The 0.4- to 3.2-MeV Ne data were taken
with the Van de Graaff at the Department of
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