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1. Introduction

A long-standing question in nuclear physics is that of the characteristics of
the strong force acting between nucleons, the fundamental building blocks
of nuclei. In view of the vital role played by the strong interaction in the
dynamics of nuclei, this issue has been under investigation for over half a
century. There are two ways to address the problem of the interaction be-
tween nucleons: 1) by studying the response of few-body systems to various
probes; e.g., the deuteron as the simplest of the bound nuclei has been ex-
tensively studied; 2) by investigating the nucleon-nucleon (NN) scattering
observables. Here, elastic NN scattering is the simplest process to investi-
gate. As a result of NN -elastic scattering experiments performed, a very
extensive data set has emerged. On the theoretical side, modern poten-
tials [1, 2, 3] have been constructed which fit the data with a χ2 close to
unity. Since the predictions of different realistic potential models for elastic
NN scattering are nearly the same, they are said to be “on-shell” equiva-
lent. Aside from processes involving the deuteron, the NN -bremsstrahlung
reaction is believed to be the simplest reaction with which to probe the NN -
interaction. By measuring physical observables of this process and compar-
ing the results with the predictions of potential models, one hopes for a bet-
ter understanding of this process and thereby gaining more insight into the
NN interaction dynamics than that provided by the elastic channel alone.
Of the NN -bremsstrahlung reactions, proton-proton, proton-neutron, and
neutron-neutron bremsstrahlung, proton-proton bremsstrahlung (hereafter
denoted ppγ) has been experimentally the favorite to study due to obvious
experimental reasons. The most interesting feature of ppγ is that the center
of mass and the center of charge of the two-proton system coincide, causing
suppression of any dipole radiation. Furthermore, the exchange of a single
charged-meson to which a photon can couple is not allowed. In the absence
of these two leading terms, the observables become more sensitive to higher-
order effects, making the ppγ reaction a very suitable tool to probe higher
order terms contributing to the scattering amplitude. The traditional objec-
tive of the ppγ scattering reaction was to distinguish among the various two-
nucleon potential models [4, 5, 6]. This is now recognized as an exceedingly
difficult task and is possible only if all terms contributing to the scattering
amplitude are consistently implemented in the models. Presently, the exper-
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iments are being performed to generate hints by exploring new parts of the
phase space and improving statistics to guide modification and improvement
of the theoretical models. In short, the ppγ experiments are currently used
to improve the models which attempt to understand the underlying physics
of the bremsstrahlung process rather than to distinguish among potentials.

1.1 Brief historical background

Ashkin and Marshak were the first to point out in 1949 that the aspects of
the NN force not given by elastic scattering could be probed by NN bre-
msstrahlung [4]. Moreover, they suggested that the bremsstrahlung reaction
could be used as a tool to discriminate among the so-called “on-shell” equiv-
alent potentials. Since then, many attempts have been made on both theo-
retical and experimental fronts to improve on the calculations and the data.
In 1958, Low proved that in a series expansion in the photon momentum
that the first two terms of the bremsstrahlung amplitude can be expressed
exactly in terms of the elastic amplitude [7]. Any realistic model should
converge to this expansion in the limit that the photon momentum goes
to zero. Ten years later, Nyman showed that Low’s theorem (soft-photon
theorem) which was originally proved for boson-boson and boson-fermion
scatterings, could be applied for spin 1

2 -spin1
2 systems as well [8]. Inspired

by the soft-photon theorem, Soft-Photon Models (SPMs) have been devel-
oped [9, 10, 11], in which the bremsstrahlung amplitude is modeled to obey
the soft-photon theorem. Such an amplitude is not based on a microscopic
model. In order to investigate the reaction dynamics in more detail, one
performs microscopic calculations based upon a potential model. The for-
mulation and pioneering calculations of ppγ predictions from non-relativistic
potentials were carried out by Sobel and Cromer [5] in 1963. They included
only single-scattering terms in their model. Brown was the first to include
quantitatively [12] the double-scattering terms in her potential-model cal-
culations. Over time, other higher order contributions were included in the
models [13, 14, 15, 16, 17]. Besides the re-scattering term, the most impor-
tant higher-order terms for energies below the pion-production threshold,
are the virtual ∆ isobar and the magnetic meson-exchange currents. The
∆ is the first excited state of the nucleon. The magnetic meson-exchange
currents consist of an intermediate vector-meson with quantum numbers
Jπ = 1− (ρ or ω) being transformed into a pseudo-scalar meson with quan-
tum numbers Jπ = 0− (π0 or η) with the emission of a photon.

On the experimental front, the first experiments performed in the sixties
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suffered from low statistical accuracy [18, 19]. Moreover, in these experi-
ments only a small part of the phase space was covered. In 1980, an exper-
iment was performed at TRIUMF [20] at roughly the same beam energy as
the previous [21] and the present KVI experiments. In the TRIUMF exper-
iment, cross sections were obtained with a statistical uncertainty of about
15% for the coplanar symmetric proton-proton angle of 16.4◦ as a func-
tion of polar angle of the photon. The first high-luminosity experiment was
performed at the same laboratory with a 280 MeV polarized proton beam,
providing not only cross sections but also analyzing powers [22]. The cross
sections measured in this experiment were normalized by a factor of 2/3
to facilitate comparison with the theory. This absolute normalization factor
has remained controversial ever since. At IUCF an experiment has been per-
formed, but comparison with theory is difficult due to the integration of the
data over parts of the phase space [23]. More recently, a low-luminosity ex-
periment has been performed in Jülich with the COSY accelerator [24]. This
experiment, in which no photon detection system was used, was performed
at roughly the same beam energy as the latter experiment of TRIUMF (280
MeV). The results of this experiment, with rather poor statistical accuracy,
indicated that the 2/3 absolute normalization factor on the TRIUMF data
should not have been applied. At TSL in Uppsala, a proton-proton bremss-
trahlung experiment was performed at 310 MeV incident proton energy [25],
which is beyond the pion-production threshold. The total number of events
collected in this experiment is some 60,000. The final data have not yet been
published, but the statistical accuracy is expected to be similar to that of
the TRIUMF data at 280 MeV. At RCNP in Osaka a ppγ experiment at 400
MeV was performed with two proton spectrometers and no photon detec-
tion system [26]. The resolutions of the spectrometers allow a very accurate
determination of the photon momentum. The trade-off to this superior res-
olution is that one can only measure each proton at one scattering angle,
within a small solid angle. Quite recently, a high precision ppγ experiment
was performed at KVI. In this experiment a total number of about 8 mil-
lion events were collected, leading to an unprecedented statistical accuracy.
Cross sections and analyzing powers for both coplanar and non-coplanar
kinematics were obtained in this measurement for proton angles up to 21◦

and photon polar angles between 75◦ and 155◦ [21, 27, 28, 29].
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1.2 This work

This experiment was one in the series of experiments which were set up
at KVI to study real and virtual NN -bremsstrahlung at 190 MeV. In the
first experimental campaign aiming to study the bremsstrahlung process
using proton-proton, proton-neutron (quasi free), and proton-deuteron bre-
msstrahlung, the kinematics were chosen such that one goes as far away
as possible from the elastic channel, thereby producing high energy pho-
tons. SALAD (Small-angle Large-Acceptance Detector) and TAPS (Two-
Arm Photon Spectrometer) were used in that experiment to detect protons
and photons, respectively [21]. The predictions of the microscopic model of
Martinus et al. [30] for the cross sections generally overestimated the mea-
sured data, even though the shapes of the data were fairly reproduced. The
SPM predictions for cross sections came closer to the data than the results
of the microscopic models did. A broad investigation of the measured cross
sections revealed that the data were reproduced relatively better by the mi-
croscopic models as one moves towards the elastic limit, where the energy
of the photon becomes smaller [31]. A follow-up experiment was then set
up to move towards the elastic limit, where the energy of the photon be-
comes smaller and the predictions of the microscopic models and those of
the SPM converge towards each other. The main motivation for performing
the present experiment was to see whether the improvement in the predic-
tive power of the microscopic model would carry on as the energy of the
photon decreases. Low energy photons in the bremsstrahlung process, going
towards the elastic limit, are associated with protons with large opening
angles. Therefore, the follow-up experiment had to be capable of detecting
protons with large opening angles and photons with lower energies. This
experiment was set up by employing SALAD and the Plastic-Ball which
were used to detect protons and photons, respectively. In order to detect
protons with larger opening angles, the distance between SALAD and the
target was reduced by 20 cm from the previous configuration. In this config-
uration, SALAD detects particles in the polar-angle range of 10◦ to 28◦ with
full azimuthal coverage. With a more limited azimuthal-angle coverage, it
can detect particles with polar angles of up to 40◦. This distance is the limit
of the setup beyond which the data acquisition cannot cope with the very
large count rate due to elastically-scattered protons which can no longer be
vetoed, and thereby rejected at the detection level. The plastic-Ball with
full azimuthal coverage over the polar angular range of 90◦ to 160◦ was em-
ployed to detect photons. In this experiment, a total of 400 million events
were collected of which 1.5% turned out to be good ppγ events. Both cross
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sections and analyzing powers have been obtained and compared with the
predictions of two SPMs and a microscopic model.

This thesis contains the details of the present experiment and the re-
sults and is organized as follows: In the second chapter of this thesis some
theoretical background for the ppγ reaction is presented. Chapter three
is devoted to description of the experimental setup, the SALAD and the
Plastic-Ball detectors. In chapter four the analysis techniques applied to
the experimental data to obtain from raw data the observables of the reac-
tion are discussed. In chapter five the results are presented and compared
with the predictions of state-of-the-art NN -bremsstrahlung calculations. A
summary of the present work and perspective on the future are given in the
last chapter.
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