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Summary

Proton-proton bremsstrahlung is one of the simplest processes involving the
half o�-shell NN interaction. Since protons are equally-charged particles with
the same mass, electric-dipole radiation is suppressed and higher-order e�ects
play an important role. Thus it is possible to get information on the NN force
not easily obtained from other processes. Proton-proton bremsstrahlung has
the additional advantage that meson-exchange currents (MEC), necessary for
current conservation in the proton-neutron case, are also suppressed. Therefore
other higher-order e�ects, such as the contribution from intermediate �'s [14]
or negative-energy states (pair currents) can become important.

In this thesis the relativistic one-boson exchange model of Fleischer and
Tjon [16] is used to study the e�ects of relativity in proton-proton brems-
strahlung. Retardation e�ects in the NN interaction were studied by means of
a simple one-pion exchange model, and it is found that these can be apprecia-
ble. A T-matrix was constructed to incorporate some of these e�ects in the
single-scattering contribution. E�ects on the observables were found to be of
the order of 10%. Within the fully relativistic framework of the Bethe-Salpeter
equation, these states are included in the NN interaction in a dynamical way.
The e�ects on the level of the Impulse Approximation are found to be appre-
ciable. The rescattering contribution tends to cancel much of the e�ect which
can be understood on the basis of the soft-photon theorem for proton-proton
bremsstrahlung [22, 69]. This is in contrast with the case of Compton scattering
where the Z-graphs play an essential role in the Thomson limit. Nevertheless,
at the pion-production threshold the contributions of negative-energy states
give e�ects of the order of 20% on the observables.

The relativistic description has been extended to include the contributions
from the current conserving meson-exchange currents and �-isobar contribu-
tions. Within the framework not only the Born diagrams, but also single and
double scattering contributions are taken into account. The two-body currents
give rise to contributions of the order of 50% to the observables just below
pion-production (at 280 MeV). The main contribution to the two-body current
is shown to be from the �-isobar currents, giving e�ects in the cross section
maximally of the order of 75%, whereas the MEC contributions are typically
of the order of 10-25% at 280 MeV. The single scattering contributions to the
currents are important, in contrast with the double scattering contributions.

The model as described above includes all known contributions that are rel-
evant for proton-proton bremsstrahlung. We �nd that it is essential to include
the e�ects of relativity and the two-body currents. Without these, there is a
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clear discrepancy between experiment [4, 8, 9, 10] and theory [7, 6, 5]. For
many of the experimental data sets this discrepancy is signi�cantly reduced
[11, 15, 12] when they are included. However, for some of the experimental
data sets the discrepancy remains, or is even enhanced.

From the theoretical side certain points have to be investigated in more
detail. As compared to the quality of the �t of modern NN potentials to elastic
scattering data, the relativistic interaction used in this thesis can and should
be improved. In the considered relativistic quasi-potential model of the brems-
strahlung process we have also estimated some of the retardation e�ects as
arises from the energy transfer of the photon to the hadronic system. Clearly,
the present analysis is not complete and further study of this is needed. It
should also be noted that that the photon-nucleon vertex in the various pro-
cesses studied in this thesis is in principle o�-shell, although we have for sim-
plicity assumed the on-shell form of it. O�-shell sensitivity can be signi�cant
as has been shown in various dynamical model studies [73, 74, 75].

The extension to virtual bremsstrahlung, where the photon is also o�-shell
and converts to an electron-positron pair, is readily made. It is seen that the
e�ects of relativity and two-body currents clearly show up in this process, even
more so than in real bremsstrahlung. At this time a comparison to experiment
is not possible, since this process occurs roughly a hundred times less than real
bremsstrahlung, and hence experiments with the required accuracy are very
di�cult.


