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6. Summary and outlook

Understanding the strong force acting between nucleons is one of the most
fundamental problems addressed by nuclear physics. One of the simplest
reactions with which to study this force, besides elastic scattering, is NN -
bremsstrahlung. Historically, proton-proton bremsstrahlung has received
more attention than other NN -bremsstrahlung processes, namely proton-
neutron and neutron-neutron bremsstrahlung. This has to do with obvious
experimental difficulties with neutrons. The subject of proton-proton bre-
msstrahlung is a rather old one. It was first looked into by Ashkin and
Marshak in 1949 [4]. This reaction has been under investigation ever since,
but despite all efforts there is still no theory capable of satisfactorily repro-
ducing the data over the whole phase space. There are generally two sorts
of models for ppγ available: 1) microscopic calculations which are mostly
based on conventional meson-exchange models; and 2) soft-photon models
in which the first two terms of the scattering amplitude are constrained,
via gauge invariance, by elastic scattering. Any realistic model should con-
verge to this expansion in the limit of the photon momentum going to zero.
The first serious attempt to model the ppγ reaction was made by Sobel and
Cromer [5]. They only included the single-scattering terms contributing to
the scattering amplitude in their models. The double-scattering [12] and
other high order terms [13, 14, 15, 16, 17] were included in the model, grad-
ually, over the years. The traditional goal of ppγ was to distinguish among
different potential models [5, 6]. However, the differences in the predictions
of the models using various potentials were shown [57] to be much smaller
than the differences observed in the present study between the data and the
microscopic calculations. Therefore, the investigation of the ppγ process is
used to improve models which attempt to understand the underlying physics
of the bremsstrahlung process rather than to distinguish among various po-
tentials.

In 1996, a series of experiments were set up at KVI to study proton-
proton bremsstrahlung at 190 MeV incident beam energy. In 1999 and
later, the first data at small proton opening angles were published [21, 27,
28, 29]. In continuation of that work and in order to cover a much larger
area of the available phase space, a new setup employing the SALAD (Small-
Angle Large-Acceptance Detector) and the Plastic-Ball detectors together
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was used with which much smaller photon energies were measured, thus
moving towards the elastic channel, where all microscopic models should
converge to the predictions of the low-energy theorem.

In order to perform the experiment, a high-quality polarized proton beam
of 190 MeV delivered by the AGOR cyclotron was used as the beam, im-
pinging on a liquid-hydrogen target. The most likely process to occur in this
collision is elastic scattering. The probability that a ppγ reaction takes place
is 1000 times less than that for an elastic event. The elastically-scattered
protons play the role of background in this experiment. SALAD was em-
ployed to detect protons and measure their energies and coordinates. This
detector consists of a MWPC, placed at a 30 cm distance from the target,
and two arrays of plastic scintillators [44]. The MWPC is capable of deter-
mining the angular coordinates of protons with a resolution of 0.7◦. The first
array of scintillators, called Energy scintillators, are made thick enough to
stop all protons originating from the bremsstrahlung reaction, thereby mea-
suring their energies. However, most of the elastically-scattered protons,
which have more energy than the bremsstrahlung protons, punch through
the Energy layer and reach the Veto scintillators. The Veto scintillators are
used to reject elastically-scattered protons at the level of trigger-making to
reduce the dead time of the acquisition system. SALAD is capable of detect-
ing particles in the polar-angle range of 10◦ to 28◦ with full azimuthal-angle
coverage. With a more limited azimuthal-angle coverage, it can detect par-
ticles at polar angles of up to 36◦ effectively. In order to detect photons
half of the Plastic-Ball [43] was used in a hemisphere-shaped configuration
consisting of 340 phoswich detector modules. The opening angle of each
module is about 10◦, providing a rather good resolution in determination of
the coordinates of the photons. This detector covers a polar angular range
of 90◦ − 160◦ and has full azimuthal coverage.

In the data analysis, both elastic and inelastic (bremsstrahlung) channels
were analyzed. The un-normalized elastic cross sections and asymmetries
are obtained from the data. By fitting these two quantities to the predictions
of a global data analysis such as PWA93 [53], the luminosity and the beam
polarization are determined with high accuracy. This way, the statistical
uncertainty in the luminosity and the beam polarization are kept below 2%
and 0.5%, respectively.

While taking data, the ppγ trigger, which is responsible for recogniz-
ing proton-proton bremsstrahlung candidate events, suppressed consider-
ably the background originating from the elastically-scattered protons. Yet,
Only 1.5% of the events read-out through this trigger are real ppγ events,
and the rest are background which have to be cut away. As the first step
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in ppγ event selection, a gate is set on the TDC spectra of SALAD scin-
tillators, selecting the prompt coincidences. This way the protons with the
right arrival-time difference are selected. On the Plastic-Ball side, by using
pulse-shape analysis, the charged particles are identified and eliminated.

The kinematics of proton-proton bremsstrahlung involves three bodies,
resulting in nine kinematical variables. Due to energy and momentum con-
servation, only five of these variables are free. In this experiment all nine
variables were measured, providing four over-determined variables. The an-
gular coordinates of the protons and the polar angle of the photon were used
as input for the event reconstruction as they were measured with relatively
better resolution than other variables. Subsequently, by plotting the differ-
ence between the reconstructed and measured energies of proton 1 versus
the same quantity for proton 2 a pattern emerges, highlighting the good
proton-proton bremsstrahlung events. This pattern is selected by apply-
ing a graphical cut. Further background rejection is done by requiring the
measured energy of the photon to be above 25 MeV, as a study of the back-
ground revealed that the background on the Plastic-Ball side mainly stems
from low-energy photons. The last over-determined variable, the azimuthal
angle of the photon was used to estimate the remaining background. After
applying all cuts, the remaining background is estimated to be less than
0.5%.

In this measurement there were four sorts of inefficiencies, namely, data-
acquisition dead-time, MWPC efficiency, trigger efficiency, and photon de-
tection efficiency. The dead-time is a measure of the fraction of the time
that the data-acquisition computer spends reading in the data stream. Dur-
ing this experiment, the data-acquisition computer was running with almost
50% dead-time. The MWPC efficiency is the probability that a proton pass-
ing through the MWPC is detected by all three planes of the chamber. This
efficiency is mathematically expressed as the product of the efficiencies of
the individual detection planes. The typical value for the total MWPC ef-
ficiency in this experiment was 95%. Trigger efficiency is the fraction of
the ppγ events which are sent to the computer at the level of defining the
main event trigger. For this experiment the trigger efficiency is estimated
to be around 96%. The photon detection inefficiency is the probability that
a photon escapes detection, or is thrown away by the 25 MeV cut on the
energy spectra of the photon in the analysis. This efficiency was obtained
using a GEANT simulation. As the simulation revealed, the photon detec-
tion efficiency increases from 20% to 50% as a function of the energy of the
incident photon.

Using the events surviving all cuts one obtains the cross sections and
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analyzing powers. The study of the absolute cross section over time showed a
variation in the measured cross section beyond its uncertainty. This problem
was extensively studied, and it was revealed that the measured cross sections
are more or less inversely proportional to the current. It seems that there
were an electronics component which behaved as if it were saturated around
our beam current. Due to this problem the absolute normalization was
given up, and the data were normalized to the previous high precision KVI
data [21].

In order to present the results of this measurement, the events were cate-
gorized into two groups depending on how far they are from the phase-space
singularity, which comes about because of the way the data are presented,
namely differential in the solid angles of the protons and the polar angle of
the photon. The data far from the singularity, where no phase-space singu-
larity below 5◦ in the non-coplanarity angle was observed, were presented
fully exclusively. However, for the data close to a phase-space singularity, an
integration of the cross sections over the non-coplanarity angle is performed
and presented as semi-exclusive. The comparison between the present data
and the previous KVI data for the overlapping region between the two mea-
surements, aside from a single normalization factor of 1.6, showed excellent
agreement between the two data sets.

The data were compared with the prediction of the microscopic model
of Martinus et al. [30], and that of two SPMs, namely tu-SPM and sk-
SPM. The microscopic model, which is covariant, includes single-scattering,
double-scattering, and higher-order terms, like ∆ isobar and magnetic meson-
exchange currents but is not gauge invariant. The tu-SPM introduced in ref-
erence [11] is very similar to the models described in Ref. [9]. The sk-SPM
is similar in structure to the tu-model described in reference [11], however a
Taylor series expansion is used for the T -matrix around the point of average
kinematics, and up to second derivatives of the T -matrix are kept. SPMs
are gauge invariant by construction.

Investigating the relative difference between the prediction of the micro-
scopic calculations and the experimental cross sections for the data previ-
ously taken at KVI showed that the level of agreement between the theory
and the experiment improves as a function of the relative energy of the pro-
tons, Erel [31]. The same test for the present data, while confirming this
observation for the overlapping regions between the two experiments, showed
that this trend does not continue as one may have expected from the extrap-
olation of the previous data to high relative energies. More specifically, it
was observed that in the region between relative energies of 25-30 MeV, the
agreement between the theoretical calculations and the measurement is al-
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most independent of the relative energy. However, the agreement is slightly
better when θ1 > θ2 in contrast to the cases where θ1 < θ2. Furthermore, at
relative energies around 33 MeV a sudden decrease in the relative difference
as a function of the relative energy for the cases where θ1 > θ2 is observed.
The cause of such an interesting behavior is not understood. However, it is
expected that the predictions of the realistic models improve going toward
the elastic limit. Nevertheless, the question remains why this holds only for
the kinematics with θ1 > θ2, and not for θ1 < θ2. Another observation made
for the cross sections was that the agreement between the data and the mi-
croscopic calculation is good for the kinematics with θγ = 95◦ as compared
with the other kinematics, independent of the polar angle of the protons
and the relative energy. This was also observed in the last experiment [21]
and also in an experiment performed at TRIUMF with less accuracy [20].

Given that the statistical errors of the analyzing powers are too large, it
is hard to make a strong statement about them. Yet, on average, it seems
that the data are more in agreement with the predictions of the microscopic
calculations than those of the SPMs.

It would be very interesting to perform a new proton-proton bremsstra-
hlung measurement to investigate how the sudden drop in the relative differ-
ence between theoretical and experimental cross sections for the θ1 > θ2 case,
as observed in Fig. 5.16, develops further as the relative energy increases. In
order to perform such an experiment the hadron detection system has to be
able to detect particles for polar angles larger than 35◦ which is the effective
upper limit of the present setup. On the other hand, the photon detection
system has to be able to detect low-energy photons since the bremsstrahlung
photons will generally possess lower energies for large proton angles. Un-
fortunately, neither of these conditions can be met with the present setup.
Detecting protons with larger polar angles requires SALAD to be placed at
a closer distance to the target than the present distance of 30 cm. This can
not be accommodated, since this distance in the original version of SALAD
was designed to be 50 cm. In fact, in the present experiment the setup
was pushed to its limit. Reducing this distance even further increases the
effective path that elastically-scattered protons travel in the Energy scintil-
lator. This, in addition to the fact that at the larger angles covered in the
new desired configuration the energy of the elastically-scattered protons is
smaller, results in a situation in which elastically-scattered protons will be
stopped in the Energy scintillators and will not be rejected by the Vetoes.
This, in turn, leads to very large background event rates and an unaccept-
able increase of the dead-time. The alternative is to make the detection
system larger with the proper thickness of the scintillator elements. Since
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the energy of the photon will be smaller at larger relative energies, such an
experiment has to be performed with a photon detection system with high
photon detection efficiency and low-energy threshold. Yet, this condition
alone will not be sufficient. As we learned in this experiment, most of the
background detected by the Plastic Ball are low-energy photons originating
from bremsstrahlung reactions off carbon and oxygen. Therefore, in order
to distinguish between the background photons and the real ones, the reso-
lution of the detection system, as a whole, has to be improved to allow for
a more accurate kinematic reconstruction of the event.

As it was observed from the data taken in the previous experiment the
discrepancy between the experimental cross sections and the theoretical cal-
culations worsens as the relative energy becomes smaller. This effect may
be due to the low energy behavior of the NN potential as one discusses the
relative energy of the outgoing particles, but may also be due to ingredients
of the calculation which depend on the photon momentum. By performing
an experiment at slightly lower or higher incident beam energies, for in-
stance by 20 MeV, the scale between Erel and Ec.m.

γ will change; see Eq. 5.2.
This way, one can see how the discrepancy develops as a function of the
relative energy and the momentum of the photon, separately. This exper-
iment could, hopefully, indicate whether the poor predictive power of the
microscopic model at low relative energies is due to the potential or other
ingredients which depend on the photon momentum.



A. Tables with measured

observables

In this appendix the data presented in chapter 5 are tabulated. Each table
contains the data presented in one figure. Here, c.s., i.c.s. and stat. stand
for cross section, integrated cross section over non-coplanarity angle as ex-
plained in Sec. 5.3.2 and statistical error, respectively. One has to consider
3% (5%) relative (absolute) systematic error where the data are tabulated
as a function of θγ , and 1% (6%) relative (absolute) systematic error where
the data are tabulated as a function of θ1 and θ2.
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Table A.1: cross sections and analyzing powers for θ1 = 16◦ and θ2 = 16◦ with a

non-coplanarity bin-size of 5◦; shown in the left panel of Fig. 5.3.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

135 0.996 0.028 -0.039 0.075
145 1.207 0.034 -0.055 0.057
155 1.279 0.043 0.080 0.088

Table A.2: cross sections and analyzing powers for θ1 = 14◦ and θ2 = 16◦ with a

non-coplanarity bin-size of 5◦; shown in the right panel of Fig. 5.3.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

125 0.881 0.027 0.085 0.087
135 1.074 0.031 -0.087 0.078
145 1.280 0.037 -0.155 0.059
155 1.322 0.047 0.069 0.104

Table A.3: cross sections and analyzing powers for θ1 = 16◦ and θ2 = 19◦ with a

non-coplanarity bin-size of 5◦; shown in the left panel of Fig. 5.4.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

105 0.730 0.021 0.054 0.090
115 0.952 0.024 -0.067 0.059
125 1.123 0.026 -0.029 0.061
135 1.279 0.029 0.016 0.061
145 1.401 0.034 -0.080 0.052
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Table A.4: cross sections and analyzing powers for θ1 = 19◦ and θ2 = 19◦ with a

non-coplanarity bin-size of 5◦; shown in the right panel of Fig. 5.4.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

115 0.795 0.020 0.072 0.061
125 0.974 0.022 0.005 0.059
135 1.164 0.025 -0.011 0.056
145 1.358 0.031 0.003 0.046

Table A.5: cross sections and analyzing powers for θ1 = 19◦ and θγ = 135◦ with

a non-coplanarity bin-size of 2.5◦; shown in the left panel of Fig. 5.5.

θ2 c.s. stat. A ∆A
[deg] µb/(sr2rad)

18 1.019 0.033 -0.109 0.078
20 1.265 0.035 -0.035 0.069
22 1.362 0.034 -0.146 0.061
24 1.441 0.034 -0.182 0.058
26 1.479 0.033 0.072 0.059
28 1.458 0.033 -0.120 0.055
30 1.449 0.041 -0.083 0.074
32 1.368 0.050 -0.091 0.089
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Table A.6: cross sections and analyzing powers for θ2 = 19◦ and θγ = 135◦ with

a non-coplanarity bin-size of 2.5◦; shown in the right panel of Fig. 5.5.

θ1 c.s. stat. A ∆A
[deg] µb/(sr2rad)

12 1.528 0.049 -0.028 0.080
14 1.381 0.043 0.234 0.082
16 1.263 0.038 0.114 0.079
18 1.130 0.034 0.003 0.079
20 1.112 0.033 -0.022 0.074
22 0.990 0.029 0.080 0.081
24 0.942 0.028 0.105 0.073
26 0.851 0.026 -0.068 0.079

Table A.7: cross sections and analyzing powers for θ1 = 23◦ and θγ = 125◦ with

a non-coplanarity bin-size of 2.5◦; shown in the left panel of Fig. 5.6.

θ2 c.s. stat. A ∆A
[deg] µb/(sr2rad)

20 0.918 0.026 0.174 0.066
22 1.060 0.027 0.115 0.067
24 1.244 0.028 0.034 0.055
26 1.330 0.028 0.023 0.052
28 1.402 0.029 0.104 0.048
30 1.433 0.037 0.042 0.064
32 1.452 0.046 0.037 0.071
34 1.379 0.059 0.098 0.090
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Table A.8: cross sections and analyzing powers for θ2 = 23◦ and θγ = 125◦ with

a non-coplanarity bin-size of 2.5◦; shown in the right panel of Fig. 5.6.

θ1 c.s. stat. A ∆A
[deg] µb/(sr2rad)

12 1.636 0.045 0.002 0.065
14 1.441 0.039 0.032 0.065
16 1.366 0.035 -0.060 0.063
18 1.261 0.032 0.047 0.062
20 1.238 0.030 -0.035 0.061
22 1.192 0.028 -0.053 0.061
24 1.145 0.027 0.103 0.056
26 1.082 0.025 0.129 0.061
28 1.073 0.026 0.148 0.054
30 1.041 0.033 0.115 0.078
32 1.109 0.044 0.031 0.086
34 1.084 0.061 0.077 0.134

Table A.9: cross sections and analyzing powers for θ1 = 25◦ and θγ = 95◦ with a

non-coplanarity bin-size of 2.5◦; shown in the left panel of Fig. 5.7.

θ2 c.s. stat. A ∆A
[deg] µb/(sr2rad)

24 0.877 0.025 -0.020 0.088
26 1.076 0.027 -0.078 0.077
28 1.159 0.028 0.012 0.074
30 1.364 0.038 -0.031 0.085
32 1.465 0.049 -0.129 0.097
34 1.639 0.066 -0.064 0.124
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Table A.10: cross sections and analyzing powers for θ2 = 25◦ and θγ = 95◦ with

a non-coplanarity bin-size of 2.5◦; shown in the right panel of Fig. 5.7.

θ1 c.s. stat. A ∆A
[deg] µb/(sr2rad)

12 1.375 0.044 -0.117 0.100
14 1.251 0.038 -0.006 0.096
16 1.184 0.035 -0.032 0.093
18 1.072 0.031 0.166 0.090
20 1.109 0.030 -0.162 0.085
22 1.033 0.028 0.031 0.082
24 1.018 0.027 -0.076 0.079
26 0.952 0.025 -0.018 0.080
28 0.928 0.025 0.045 0.084
30 0.923 0.032 0.114 0.107
32 1.061 0.045 -0.070 0.131
34 0.963 0.057 0.277 0.169

Table A.11: cross sections and analyzing powers for θ1 = 22◦ and θ2 = 22◦ with

a non-coplanarity bin-size of 2.5◦; shown in the left panel of Fig. 5.8.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

95 0.721 0.025 -0.086 0.104
105 0.801 0.024 -0.097 0.093
115 0.996 0.027 -0.082 0.063
125 1.167 0.029 0.064 0.063
135 1.270 0.031 -0.156 0.060
145 1.375 0.036 -0.040 0.053
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Table A.12: cross sections and analyzing powers for θ1 = 26◦ and θ2 = 26◦ with

a non-coplanarity bin-size of 2.5◦; shown in the right panel of Fig. 5.8.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

95 1.071 0.026 -0.005 0.074
105 1.058 0.024 0.037 0.070
115 1.227 0.026 0.168 0.048
125 1.284 0.026 0.005 0.048
135 1.347 0.028 -0.012 0.051

Table A.13: cross sections and analyzing powers for θ1 = 33◦ and θ2 = 24◦ with

a non-coplanarity bin-size of 2.5◦; shown in the left panel of Fig. 5.9.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

105 1.027 0.050 0.026 0.135
115 1.165 0.053 -0.183 0.095
125 1.401 0.060 -0.010 0.097

Table A.14: cross sections and analyzing powers for θ1 = 24◦ and θ2 = 33◦ with

a non-coplanarity bin-size of 2.5◦; shown in the right panel of Fig. 5.9.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

95 1.603 0.058 0.096 0.106
105 1.462 0.053 -0.126 0.101
115 1.565 0.054 -0.131 0.075
125 1.368 0.050 0.026 0.086
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Table A.15: cross sections and analyzing powers for θ1 = 15◦ and θ2 = 33◦ with

a non-coplanarity bin-size of 2.5◦; shown in the left panel of Fig. 5.10.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

95 1.487 0.071 -0.267 0.150
105 1.410 0.063 -0.015 0.128
115 1.446 0.065 -0.347 0.110
125 1.292 0.059 -0.164 0.110
135 1.048 0.055 0.027 0.131

Table A.16: cross sections and analyzing powers for θ1 = 14◦ and θ2 = 30◦ with

a non-coplanarity bin-size of 2.5◦; shown in the right panel of Fig. 5.10.

θγ c.s. stat. A ∆A
[deg] µb/(sr2rad)

95 1.422 0.050 -0.024 0.109
105 1.417 0.047 -0.051 0.093
115 1.465 0.047 0.007 0.072
125 1.336 0.044 -0.190 0.082
135 1.224 0.043 0.012 0.087
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Table A.17: Integrated cross sections for θγ = 145◦; shown in Fig. 5.12.

θ2 θ1 = 25◦, θγ = 145◦ θ1 θ2 = 25◦, θγ = 145◦

i.c.s. stat. i.c.s. stat.
[deg] µb/rad [deg] µb/rad
12 - - 12 0.436 0.007
14 - - 14 0.497 0.007
16 - - 16 0.477 0.007
18 0.389 0.006 18 0.475 0.006
20 0.414 0.006 20 0.460 0.006
22 0.412 0.006 22 0.428 0.006
24 0.403 0.005 24 0.404 0.005
26 0.374 0.005 26 0.367 0.005
28 0.346 0.005 28 0.340 0.005
30 0.305 0.006 30 0.311 0.006
32 0.262 0.007 32 0.315 0.008
34 0.225 0.008 34 0.316 0.012

Table A.18: Integrated cross sections for θγ = 155◦; shown in Fig. 5.13.

θ2 θ1 = 26◦, θγ = 155◦ θ1 θ2 = 26◦, θγ = 155◦

i.c.s. stat. i.c.s. stat.
[deg] µb/rad [deg] µb/rad
15 - - 15 0.272 0.006
17 0.249 0.006 17 0.284 0.006
19 0.262 0.006 19 0.274 0.006
21 0.271 0.006 21 0.273 0.006
23 0.270 0.006 23 0.263 0.005
25 0.252 0.005 25 0.251 0.005
27 0.218 0.005 27 0.233 0.005
29 0.199 0.005 29 0.214 0.005
31 0.169 0.006 31 0.229 0.008
33 0.136 0.007 33 0.218 0.011
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Table A.19: Integrated cross sections as a function of θγ for two combinations of

proton angles; shown in Fig. 5.14.

θγ θ1 = 33◦, θ2 = 24◦ θ1 = 24◦, θ2 = 33◦

i.c.s. stat. i.c.s. stat.
[deg] µb/rad µb/rad

95 - - 0.559 0.010
105 0.444 0.010 0.491 0.009
115 0.456 0.010 0.466 0.009
125 0.471 0.010 0.397 0.008
135 0.408 0.010 0.313 0.007
145 0.344 0.011 0.234 0.007
155 0.270 0.012 0.146 0.007

Table A.20: Integrated cross sections as a function of θγ for two combinations of

proton angles; shown in Fig. 5.15.

θγ θ1 = 34◦, θ2 = 27◦ θ1 = 27◦, θ2 = 34◦

i.c.s. stat. i.c.s. stat.
[deg] µb/rad µb/rad

95 0.476 0.012 0.486 0.011
105 0.434 0.010 0.432 0.009
115 0.430 0.010 0.427 0.009
125 0.422 0.010 0.359 0.008
135 0.349 0.010 0.285 0.008
145 0.295 0.011 0.200 0.008
155 0.183 0.011 0.129 0.008




