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Chapter 1
Introduction

This thesis is concerned with phenomena that occur when a negatively charged particle interacts
with an atom. Such a particle can occupy quantum mechanical orbits around the atomic nucleus
which, for the same principal and angular momentum quantum numbers, have radii smaller than
those for the atomic electron by the ratio of the masses of the two particles. Their binding energies
are larger by the same ratio, in first approximation. Since even the lightest of such particles, the
muon, has a mass m^ = 211 ir^, all pertinent orbits lie far inside even the smallest electron orbits.
Their energies are therefore little influenced by the presence of the electrons in the "exotic" atom
formed by the capture of such a negative particle. Moreover, this influence is caused by the well
known electromagnetic interaction and can therefore be calculated with sufficient precision, as will
be shown in chapter 3.
The influence of the structure of the nucleus on electron orbits is almost negligible (hyperfine
structures excepted). This is no longer true for exotic atoms. Especially if the exotic particle is a
muon, the wave function describing the innermost orbit has a considerable overlap with the
nucleus and is therefore strongly influenced by the distributions of nuclear charge and magnetism.
Since this influence is almost purely electromagnetic for leptons, it can be used to obtain from
measurements precise information on these distributions, such as the average charge radius, its
surface thickness, and the nuclear electric quadrupole moment. For heavier nuclei the weak
interaction has a noticeable influence but essentially only to the effect that the muon will be
absorbed by the nucleus within around 10"7 s.
If, however, the negative particle is a hadron, it will experience the strong interaction with the
nucleus. This influence decreases very rapidly with increasing distance between the two and
therefore the strong interaction has only minor influence on the prop ;rties of outer orbits. In inner
orbits, it causes in the fint place fast absorption of this hadron by the nucleus. As a result, the
atom exists only shortly in a state with such an orbit, and therefore its energy has a considerable
width. This effect increases so drastically as the captured particle cascades down through atomic
orbits that until only few years ago the strong interaction width could be measured for just one
state directly from the line shape. Not only is the population of the next lower state decreased as a
consequence of absorption from the higher one, but also its width becomes so large that
transitions to it are quite difficult to disentangle from continuous backgrounds always present.
In the second place, the strong interaction affects the energies of such states. This effect is
commonly described as a "shift" to the actual energies from the energies that a lepton of the same
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mass would have around a point nucleus of the same nuclear charge (as mentioned above, the
latter energies can be calculated very accurately).
The properties of the strong interaction are much less well known than those of the
electromagnetic one. More and precise information on its effects is therefore valuable. The present
work intends to provide such information from sophisticated measurements of such shifts and
widths for more than one level in pionic atoms (the pion being the lightest hadron, m„ = 273 mc).
Of course, such measurements have been performed before. Attempts have been made to
describe these shifts and widths by inserting in the Klein Gordon equation for the pion-nucleus
system an optical potentialrepresentingthe strong interaction (see chapter 3). The optical potential.
developed by Kisslinger and modified by Ericson and Ericson, adequately predicts the strong
interaction effects on the complex energy levels in pionic orbits not too close to the nucleus.
Rather recently, experimental results for the deeply bound pionic 3d orbit in heavy nuclei such as
181
Ta, natRe and ^Bi indicate, however, that for them strong interaction widths are smaller by a
factor of up to two or more than predicted from the standard optical potential theory. Such a
tendency for strong interaction absorption widths has also been observed in other deeply bound
pionic atom orbits: the 3p in 110Pd, 2p in 75As and Is in 23Na. These nuclei are reported to have
smaller absorption widths by a factor of about 1.5 as compared to theoretical predictions. Similar
deviations from theory have been observed for the strong interaction shifts.
Some authors have suggested that at least part of the anomalies might be due to the influence of
deviations of the nucleus from spherical symmetry (nuclear deformation). We therefore studied
some cases (208Pb, 209 Bi) where deformation plays no role but where otherwise, by analogy,
strong anomalies could be expected. The results, discussed in chapter 4, do not indicate a strong
influence of deformation.
Some other authors disputed reported anomalies on experimental grounds. We therefore
reinvestigated some cases devoting special attention to methods of obtaining clearly improved
results (see chapter 2). The improvement was partly established by using modern spectroscopie
equipment such as large-volume high-purity Ge-detectors in combination with Compton
suppression BGO-shields. We also took care to provide good statistics by making measurements
using very intense pion beams at the meson factory Paul Scherrer Institut (formerly
Schweizerisches Institut fur Nuclearforschung). This is especially necessary in cases where the
absorption from the next higher level is already large (Pb, Bi) or where the influence of the nuclear
quadrupole moments causes an extra complication (see chapter 3.4) such as for Ta and Re. Highly
important is also the attention paid in attempts to reduce backgrounds or, where this was not
possible, to correct for them (see chapter 2). Thus, e.g., the neutrons, produced in the target
under investigation, cause in the Ge-detectors nuclear reactions and background radiation. We
could eliminate this part of the background almost completely by making use of the fact that these
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neutrons travel more slowly than electromagnetic radiations. As a result of all these improvements,
we are able to show that the deviations from the theory as mentioned are indeed real.
In reconsidering the optical potential theory (chapter 3) we noted, that up to now most authors
use equal radii for the proton and neutron distributions in determining the parameters of the
potential. By introducing a slightly larger neutron distribution radius as is found also in scattering
experiments, we could obtain a significantly better, though not perfect agreement with the present
experimental values. We also noted that some possible absorption terms had not been taken into
account, more specifically those that depend on the difference between the density distributions of
protons and of neutrons in the nucleus. Neglecting these isovector terms can be defended for
relatively light nuclei and higher orbits, but possibly not for the cases where the anomalies are
found. We will indeed show in chapter 4 that a further improvement between experiments and
theory results if this term is taken into account.
In the treatment of the experiment on 237Np, knowledge of the electrical quadrupole moment of
its nucleus is required. Also as a demonstration of the possibilities of measurements with exotic
atoms, its determination has been treated in a separate chapter (5).

