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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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2 Chapter 1: Introduction

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



1.1. Brief historical background 3

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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2. Theoretical background

This chapter consists of three sections. In the first section the kinematics
of proton-proton bremsstrahlung is outlined. The second section is devoted
to a brief description of existing ppγ models, namely, microscopic models
and soft-photon models (SPM). Finally, in the third section, the relevant
observables of the experiment of this thesis are introduced.

2.1 Kinematics

In this section the kinematics of the ppγ reaction, which is along the lines
of Ref. [6], will be discussed. The approach given here to solve for the
kinematics is exactly the same as the one taken to reconstruct events in
the data-analysis procedure. Some conventions, including the definition of
non-coplanarity, a unique way for labeling protons, and the definition of the
reaction plane will be explained.

2.1.1 Determining the kinematics

The ppγ system is a three-body one, with 9 associated variables. Due to en-
ergy and momentum conservation laws, the 9 variables are not independent.
Since in this experiment the coordinates of the protons and the photon are
measured with better resolution than the other kinematic variables, they
were chosen to specify the kinematics. In fact, by narrowing down the kine-
matics using the 4 constraints due to momentum and energy conservation
and the coordinates of the protons and the polar angle of the photon, two
physical solutions are obtained. In the end, the azimuthal angle of the pho-
ton is necessary to select a unique solution from the two.

The coordinate system, in the laboratory frame, is chosen such that the
ẑ- and ŷ-axis are along the direction of the momentum and the polarization
of the incoming beam, respectively. In such a system of coordinates the
momentum and energy of the target proton are (|~pt| = 0, Et = m), while

those of the incident proton may be written as (~pb, Eb =
√

p2
b +m2), with

m being the proton mass. Throughout this thesis, it is assumed that h̄ =
c = 1. In the exit channel, the protons (A and B) and the photon have

energy and momentum (~pA, EA =
√

p2
A +m2), (~pB , EB =

√

p2
B +m2), and

7



8 Chapter 2: Theoretical background

(~k,Ek = k), and they are observed at polar and azimuthal angles (θA, φA),
(θB , φB), and (θγ , φγ), respectively. Using the notation introduced above,
energy conservation takes the form

√

p2
A +m2 +

√

p2
B +m2 + k =

√

p2
b +m2 +m, (2.1)

and the momentum conservation equations along the x̂-, ŷ-, and ẑ-axis read

pA sin θA cosφA + pB sin θB cosφB + k sin θγ cosφγ = 0 (2.2)

pA sin θA sinφA + pB sin θB sinφB + k sin θγ sinφγ = 0 (2.3)

pA cos θA + pB cos θB + k cos θγ = pb. (2.4)

Solving Eq. 2.1 for the photon momentum, k, one obtains:

k =
√

p2
b +m2 +m−

√

p2
A +m2 −

√

p2
B +m2. (2.5)

Substituting the expression above for k in Eq. 2.4, it can be solved for pB:

pB =
q cos θB ±

√

q2 cos2 θγ −m2 cos2 θγ(cos2 θγ − cos2 θB)

cos2 θγ − cos2 θB
, (2.6)

where q is defined as:

q = pA cos θA +
(
√

p2
b +m2 +m−

√

p2
A +m2

)

cos θγ − pb. (2.7)

For the sake of simplicity, Eq. 2.6 can be rewritten as

pB = F (pA). (2.8)

Eliminating φγ from Eq. 2.2 and Eq. 2.3, one will get:

k =
√

(pA sin θA − pB sin θB)2 + 4pApB sin θA sin θB sin2 φnonco/ sin θγ , (2.9)

where φnonco is a measure of the non-coplanarity of the final protons and is
defined as:

φnonco =
π

2
+
φA − φB

2
. (2.10)

For the case of coplanar events where φnonco = 0, Eq. 2.9 takes a simpler
form:

k = |pA sin θA − pB sin θB|/ sin θγ . (2.11)
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One can substitute k from Eq. 2.5 in Eq. 2.9 and obtain a function of merely
pA and pB, say G(pA, pB) = 0. Now, all one needs to do is to obtain the
interception points of F , introduced in Eq. 2.8, and G. This has to be
done by means of numerical methods. For the phase space covered with
the detection system used in this measurement, there are usually 4 points
satisfying both F and G, two of which are non-physical in the sense that
they are associated with negative momenta. This way, there are at most
two physical solutions to the kinematics, which can only be distinguished by
bringing a sixth variable into the calculation. In the reconstruction process,
φγ was used to select the right solution.

2.1.2 Non-coplanarity angle

To grasp the geometrical interpretation of the non-coplanarity, one may
rotate the coordinate system about the incident beam direction, ẑ-axis, so
that the final protons are emitted with azimuthal angles φ1 = φnonco, φ2 =
π − φnonco. φnonco is known as the non-coplanarity angle, and the plane
spanned by the incoming beam vector and the x̂′-axis is called coplanarity
plane. The projection of the final particle momenta in the x − y plane is
shown in Fig 2.1. In the figure, φevent, is the angle between y′ and y. Due to
cylindrical symmetry about the ẑ-axis for unpolarized beams, all observables
have to be independent of φevent. That is the reason why φevent and φnonco

are more preferred than φ1 and φ2.

2.1.3 Scattering plane

Setting a unique definition for the scattering plane is necessary to calculate
analyzing powers. In the reaction of interest, there are three independent
vectors in the final state. Using these vectors along with the incoming beam
vector, one can construct three independent vectors, for instance, ~pA × ~pb,
~pB × ~pb, and ~k × ~pb, each corresponding to a plane. A priori none of these
planes is preferred, and the choice of a proper plane is more a matter of
convention. For the coplanar case, the three planes coincide.

In the analysis of the data of this thesis, ~k × ~pb was used to define
the scattering plane. More specifically, n̂, the unit vector determining the
scattering plane was defined as

n̂ =
~k × ~pb

|~k × ~pb|
(2.12)

and the angle between n̂ and ŷ, polarization axis, is denoted by φn.
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Figure 2.1: Geometrical interpretation of the non-coplanarity angle φnonco and

φevent, the ẑ-axis is chosen such that the coordinate system is right-handed.

2.1.4 Labeling protons

As shown in Sec. 2.1.1, using 5 variables to specify the kinematics results in
two physical solutions, at most. There is a unique way of labeling the two
protons, i.e. by labeling the solutions. The labels A and B are arbitrarily
assigned to the protons, and may be swapped without affecting the end
result. The solution with the lowest value of pA is called solution I and the
other solution II; or equivalently, pI

A < pII
A . By adopting the convention
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p

Solution I Solution II

p

p

p

kk

A

A

B

B

Figure 2.2: Geometrical interpretation of proton labels for coplanar kinematics.

that A = 1 and B = 2 for the case of solution I and the other way around,
B = 1 A = 2, for solution II the protons are uniquely labeled. For the case
of coplanar kinematics, there is a simple geometrical interpretation for p1

and p2. As depicted in Fig. 2.2 , for solution I (II) the photon is emitted to
the same side of the beam as ~pA (~pB). In other words, the photon lies on
the same side of the beam as p1, regardless of the type of solution. However,
the labels do not carry a trivial interpretation for non-coplanar cases, but
the definitions of proton one and proton two are still unique.

2.2 Theoretical description of ppγ

There are generally two sorts of models for ppγ available: 1) microscopic
calculations which are mostly based on conventional meson-exchange models
for the NN -interaction; 2) soft-photon models in which the first two terms
of the scattering amplitude are constrained, via gauge invariance, by the
elastic-scattering cross sections. Therefore, these models are gauge invariant
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by construction; Imposing gauge invariance in the microscopic models is
rather difficult. In the following the ingredients entering the calculation of
microscopic models will be briefly explained. The soft-photon models will
be introduced in the second subsection.

2.2.1 Microscopic models

The common approach to the bremsstrahlung problem is to use the familiar
distorted-wave Born approximation (DWBA) to first order in the electro-
magnetic interaction and to all orders in the strong interaction [5, 6, 32].
The Hamiltonian of two protons may be taken as the starting point for
treating the bremsstrahlung problem with this DWBA methods:

H = H0 + V S (2.13)

with H0 being the Hamiltonian for free particles and V S the strong inter-
action potential. The Coulomb potential is not taken into account, as it is
overshadowed by the strong interaction potential except for some particular
kinematics [6]. For the incident beam energy of the experiment reported in
this thesis, 190 MeV, the Coulomb potential becomes significant for kine-
matics with opening angles less than 5◦ [33, 34], while our detection system
covers down to 10◦. The exact incoming and outgoing wave functions, |ψ(−)〉
and |ψ(+)〉, obey the Schrödinger equation

|ψ(±)〉 = |φ〉 +
1

E −H0 ± iε
V S |ψ(±)〉

= |φ〉 +G(±)V S |ψ(±)〉. (2.14)

Here, φ is the plane-wave solution of the free particles, and G is the Green’s

function, or energy denominator. Adding a perturbative term, like V em, as
the photon emission potential to Eq. 2.13, one obtains

H = H0 + V S + V em. (2.15)

Now the photon production amplitude T is given by

Tfi = 〈ψ(−)
f |V em|ψ(+)

i 〉. (2.16)

The transition potential, V em, can be generally split into convection, mag-
netization and exchange terms [35]. Since the exchange term does not con-
tribute to the ppγ reaction in leading order, the photon emission potential
takes the following form:

V em = V conv + V magn, (2.17)
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where V conv and V magn denote the contribution from the convection and
magnetization currents, respectively. In momentum space, V conv and V magn

take the forms (in the NN center-of-mass frame)

V conv(~p, ~p′) = −
√

2π/k
e

m

~ε · (~p+ ~p′)

2
[δ(~p− ~p′ − ~k/2) −

δ(~p− ~p′ + ~k/2)], (2.18)

V magn(~p, ~p′) = i
√

2π/k
eµ

m
[~σ1 · (~k × ~ε)δ(~p− ~p′ − ~k/2) +

~σ2 · (~k × ~ε)δ(~p − ~p′ + ~k/2)], (2.19)

where ~p and ~p′ denote the momenta of the interacting protons before and
after the action of the photon-emission potential, and m, e and µ are the
mass, the electric charge and the magnetic moments of the proton, respec-
tively. ~k is the momentum of the emitted photon and ~ε its polarization
vector. ~σ1 and ~σ2 are the Pauli matrices. Substituting |ψ(±)〉 from Eq. 2.14
in Eq. 2.16, one obtains

Tfi = [〈φf | + 〈ψ(−)
f |V SG(+)]V em[|φi〉 +G(+)V S|ψ(+)

i 〉]

= V em
fi +

∑

n

V em
fn G

(+)
n tni +

∑

n

t′fnG
(+)
n V

(em)
ni +

∑

m,n

t′fnGnV
em
nmGmtmi, (2.20)

where tni = 〈φn|V S |ψ(+)
i 〉 and t′fn = 〈ψ(−)

f |V S|φn〉 are the two-nucleon off-
shell amplitudes in the initial and final states, respectively. The first term,
V em

fi , represents the photon emission by non-interacting nucleons and, as
such, is not allowed by the kinematics. The transition matrix is thus reduced
to

Tfi =
∑

n

V em
fn G

(+)
n tni +

∑

n

t′fnG
(+)
n V em

ni +
∑

m,n

t′fnGnV
em
nmGmtmi. (2.21)

The terms of the above equation have been expressed diagrammatically in
Fig. 2.3. In this figure, ellipses represent the off-energy-shell two-nucleon
amplitudes, t and t′, while the explicit internal-proton lines represent the
energy denominator G. The first two terms in Eq. 2.21 for T , corresponding
to diagrams a) and b) in Fig. 2.3, are responsible for the single scattering,
or external emission. The last term, as depicted in diagram c) of Fig. 2.3,
is referred to as that due to internal emission, or double scattering or re-

scattering.
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/

Figure 2.3: The single-scattering a) and b), and double-scattering c) diagrams.

See the text for more details.

In addition to the diagrams shown in Fig. 2.3, there are so-called higher-
order diagrams which enter proton-proton bremsstrahlung calculations and
are due to two-body currents. In Fig. 2.4, the higher-order contributions,
namely meson-exchange currents (MEC), ∆-isobar [13, 14, 15, 16, 17] and
negative-energy states [17], have been depicted. In addition to the Born



2.2. Theoretical description of ppγ 15

b)

∆ ∆

c)

a)
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Figure 2.4: Higher-order contributions to the bremsstrahlung amplitude. Shown

are those due to meson-exchange currents (a), ∆-isobar (b) and negative-energy

states (c).

terms depicted in Fig. 2.4, there are single-scattering and double-scattering
contributions which may be taken into account. Generally, up to the single-
scattering terms are included in the calculation and the other terms are
neglected.

Magnetic meson-exchange, Fig. 2.4 (a), consists of an intermediate vector-
meson, like ρ and ω with quantum numbers Jπ = 1−, being transformed into
a pseudo-scalar meson, like π and η with quantum numbers J π = 0− through
the emission of a photon. This change of quantum numbers classifies the
transition as M1.

Part b) of Fig. 2.4 depicts the contribution of the ∆ isobar. The ∆(1232)
isobar is an excited state of the three-quark system constituting the nucleon
with quantum numbers Jπ = 3

2

+
. As shown, there are two possible scenarios

for the ∆ contribution. Therefore, the photon which couples to the ∆ can
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Figure 2.5: Microscopic calculations for ppγ cross sections and analyzing pow-

ers for two coplanar kinematics. Solid (dotted) line represents calculations with

(without) higher-order terms.

be emitted either before or after the nucleons interact. Depending on the
kinematics, at 190 MeV incident proton beam, the ∆ contribution can give
rise to an enhancement of the cross section of up to 20%. The ∆ contribution
becomes more and more important at higher energies [17].

The last diagram in Fig. 2.4 c) represents the negative-energy state,
which is the result of the Lorentz covariance of the model. In this diagram a
photon and a proton anti-proton pair are created from the vacuum. Then,
the anti-proton is annihilated with the other proton. For the kinematics of
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this experiment, the negative-energy state hardly contributes to the ampli-
tude. As a matter of fact the contribution of this diagram is not significant
below the pion-production threshold. In Fig. 2.5 the predictions of micro-
scopic calculation by Martinus et al. [17, 30] for two coplanar kinematic
conditions are shown. The dotted curves are calculations including only nu-
cleonic terms, while the solid curves represent calculations with nucleonic
and higher-order terms.

2.2.2 Soft-photon theorem and soft-photon models

The soft-photon theorem1, first put forward by Low [7], states that the first
two terms in a series expansion of the bremsstrahlung amplitude in photon
momentum can be calculated exactly in terms of the corresponding elastic
amplitude and the electromagnetic constants of the participating particles.
More specifically, the theorem states that if an expansion of the bremsstra-
hlung amplitude is made in powers of the photon momentum, k,

Mµ =
Aµ

k
+Bµ +O(k). (2.22)

The first two coefficients, Aµ and Bµ, are uniquely determined by elastic
information, charge and magnetic moments. Deriving the cross section from
Eq. 2.22, one obtains

dσ ∼ k|M |2 =
A2

k
+ 2Re[A · B∗] +O(k). (2.23)

From the above equation, it is obvious that the cross section at kinemat-
ics where the photon energy is low is dominated by the model-independent
terms, A and B. This means that all bremsstrahlung models have to con-
verge to each other, in the soft-photon limit. Nyman was the first to extend
Low’s theorem, which was applied only for boson-boson and boson-fermion
scatterings, to spin 1

2 -spin1
2 cases [8].

To derive the theorem based upon Low’s original prescription, one may
use the following steps: (a) Obtain the external amplitude M ext

µ from the
four external emission diagrams, Fig. 2.6 a), b), c), and d):

Mµ = M ext
µ = TaSΓµ + ΓµSTb + TcSΓµ + ΓµSTd, (2.24)

where Γµ, S, and T are the photon vertex, the propagator, and the half-off-
shell T -matrix, respectively. To expand M ext

µ in powers of K, one chooses

1 In reference [11], this theorem is called low-energy theorem.
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a common on-shell point and expands Ta, Tb, Tc, and Td about this com-
mon on-shell point. (b) Impose the gauge-invariant condition, M int

µ Kµ =
−M ext

µ Kµ, to obtain the leading term (of order K0) of the internal am-
plitude, M int

µ . (c) Combine M ext
µ and M int

µ to obtain the amplitude Mµ =
M ext

µ +M int
µ which appears in Eq. 2.22. The first two terms in the expansion

of Mµ define a soft-photon amplitude, which is gauge invariant and defined
only in terms of on-shell quantities.

This sort of modeling of bremsstrahlung reactions, which is based on the
soft-photon approximation, leads to soft-photon models (SPMs). Since the
choice of the on-shell point at which the expansion of the T -matrix is per-
formed is somewhat arbitrary, there are different SPMs. Here, three SPMs,
tu, st, and Low along with their choice of the on-shell kinematical point will
be introduced. The on-shell T -matrix associated with the elastic reaction
shown in Fig. 2.6 f) can be written in terms of two independent variables,
T = T (s, t) or T = T (t, u), where, s, t, and u, called the Mandelstam
variables [9], are defined as

s = (qi + pi)
2 = (q̄f + p̄f )2, (2.25)

t = (p̄f − pi)
2 = (q̄f − qi)

2, (2.26)

u = (q̄f − pi)
2 = (p̄f − qi)

2, (2.27)

pi, qi, p̄f , and q̄f are the 4-vector momenta of the incoming and the outgoing
protons, as shown in Fig. 2.6 f). For the case of elastic scattering, these
variables are not independent as they satisfy the following on-shell condition:

s+ t+ u = 4m2, (2.28)

where m is the mass of proton. A half-off-shell T -matrix can be defined
using two Mandelstam variables associated with on-shell legs and the off-
shell mass of the off-shell leg. For instance, the T -matrix of the diagram
depicted in Fig. 2.6 a) can be written as

Ta = T (si, tp,∆a) (2.29)

or

Ta = T (u1, tp,∆a) (2.30)

where

si = (qi + pi)
2 (2.31)
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Figure 2.6: Feynman diagrams, a), b), c), and d) for external bremsstrahlung, e)

for internal diagrams, and f) for elastic scattering.

tp = (pf − pi)
2 (2.32)

u1 = (pf − qi)
2 (2.33)

∆a = (qf +K)2 (2.34)
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In the above equation, K is the momentum of the emitted photon. It is easy
to show that

si + tp + u1 = ∆a + 3m2. (2.35)

In the same way, the T -matrix of the diagram shown in Fig. 2.6 b) is

Tb = T (sf , tp,∆b) (2.36)

or

Tb = T (u2, tp,∆b), (2.37)

where

sf = (qf + pf )2, (2.38)

u2 = (qf − pi)
2, (2.39)

∆b = (qi −K)2, (2.40)

and

sf + tp + u2 = ∆b + 3m2, (2.41)

with tp defined in Eq. 2.32. Similarly, one can define two additional half-off-
shell t-matrices, Tc and Td, corresponding to photon emission from the pf

leg and the pi leg, shown in Figs. 2.6 c) and d), respectively:

Tc = T (si, tq,∆c) (2.42)

or

Tc = T (u2, tq,∆c), (2.43)

where

tq = (qf − qi)
2 (2.44)

∆c = (pf +K)2 (2.45)
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and

si + tq + u2 = ∆c + 3m2, (2.46)

with si and u2 defined in Eqs. 2.31 and 2.39, respectively. Similarly:

Td = T (sf , tq,∆d) (2.47)

or

Td = T (u1, tq,∆d), (2.48)

where

∆d = (pi −K)2 (2.49)

and

sf + tq + u1 = ∆d + 3m2. (2.50)

with u1, sf , and tq defined in Eqs. 2.33, 2.38, and 2.44 respectively. Eqs.
2.35, 2.41, 2.46, and 2.50 are the four off-shell kinematic conditions defining
the ppγ process. From these four off-shell conditions, one can define four
on-shell conditions:

s1p + u1 + tp = 4m2, (2.51)

s2p + u2 + tp = 4m2, (2.52)

s2q + u2 + tq = 4m2, (2.53)

s1q + u1 + tq = 4m2, (2.54)

if the following four new Mandelstam variables are introduced,

s1p = si − ∆a +m, (2.55)

s2p = sf − ∆b +m, (2.56)

s2q = si − ∆c +m, (2.57)

s1q = sf − ∆d +m. (2.58)

Based upon these four on-shell conditions, the tu-SPM can be constructed.
In other words, the tu-SPM depends upon T (u1, tp), T (u2, tp), T (u2, tq), and
T (u1, tq) (or upon T (s1p, tp), T (s2p, tp), T (s2q, tq), and T (s1q, tq)) [9, 10, 36].
The st-SPM is defined using s and t variables [9, 11]. There is another type
of SPM, attributed to Low, in which the half-off-shell T -matrix is replaced by
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an expansion of the on-shell matrix around a so-called average kinematics,
given by

s̄ = (si + sf )/2, (2.59)

t̄ = (tp + tq)/2, (2.60)

ū = (u1 + u2)/2. (2.61)

One can simply show that s̄+ t̄+ū = 4m2. In such an expansion, the leading
term gives the on-shell values T0 = T (s̄, t̄) = T (t̄, ū).

In chapter 5, where the results of this measurement are presented, the
data are compared with the predictions of the tu-model introduced in refer-
ence [11], and a second SPM called sk-SPM. This model is similar in struc-
ture 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. This expression for
the amplitude differs from Low’s SPM by terms proportional to the anoma-
lous magnetic moment multiplied by a derivative of the T -matrix.

2.3 The experimental observables

The main aim of the experiment is to gain insight into the transition ma-
trix, M , which contains the knowledge of the reaction dynamics. In fact,
what is measured is not the transition matrix, but the differential cross sec-
tion and analyzing power, which are derived from the transition matrix. To
understand, specifically, what kind of information the cross section and ana-
lyzing power carry in this experiment, the initial and final states should be
introduced, first.

In the experiment of interest, the initial state consists of two protons,
spin-1/2 fermions. The initial state can be, therefore, written as

|~pb, ~pt, λb, λt〉. (2.62)

All variables are introduced in the laboratory frame where the ẑ and ŷ axes
are defined respectively by the direction and the polarization of the beam.
~pb and ~pt are the momenta and λb and λt the spin projections on the ẑ-axis
of the protons of the beam and the protons of the target, respectively. In the
present experiment, a polarized proton beam of 190 MeV incident energy
was used. The unpolarized target is at rest in the laboratory frame. Thus,
the initial state can be reduced to

|~pb, λb, λt〉. (2.63)
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The two protons and the photon in the final state fulfill energy and momen-
tum conservation. Thus, the final state takes the form

|θ1, θ2, θγ , φnonco, φn, λf 〉, (2.64)

where λf represents the direction of the spins of the particles in the final
state, and the other variables were introduced in subsection 2.1.1. In this
experiment the spins of the particles in the final state were not measured,
leaving λf unknown. If the beam is unpolarized then, due to cylindrical
symmetry, the final state is independent of φn. More specifically, the final
state can be written as

Rz(φn)|θ1, θ2, θγ , φnonco, λf 〉. (2.65)

Rz(φn) denotes a rotation by φn about the ẑ-axis. Experimentally, the
following differential cross section was measured

dσλb

dΩ1dΩ2dθγ
=

#particles scattered into phase-space element ∆Ω

(#particles incident with λb)(#scattering centers)
, (2.66)

where ∆Ω = ∆Ω1∆Ω2∆θγ . This measurement reflects the probability that
a proton with spin λb hits the target and the scattering products end up in
the bin ∆Ω, regardless of the spin of the target proton and that of the final
state. In fact, in this measurement an average is taken over the spin of the
target and the final state. Theoretically this is given by

dσλb

dΩ1dΩ2dθγ
=

m3p′21 p
′2
2

pbE
′
1E

′
22(2π)5Na

1

2

∑

λtλf

|Mfi|2 (2.67)

where p′1 and E′
1 (p′2 and E′

2) are the momentum and energy of proton no.
1 (2) in the final state, pb is the momentum of incident proton beam and m
is the proton mass. In the above equation, Na is given by

Na =
p′1
E′

1

(sin θ2 cos θγ cosφ2 − cos θ2 sin θγ)

+
p′2
E′

2

(sin θγ cos θ1 − cos θγ sin θ1 cosφ1)

+(sin θ1 cos θ2 cosφ1 − cos θ1 sin θ2 cosφ2). (2.68)

The “
∑

”, in Eq. 2.67, explicitly shows the averaging over the unknown
spins. In reality, we deal with a large number of particles bombarding the
target and a large number of scattered particles are detected. The proper
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approach is, therefore, to express the system, before and after the scattering,
with ensembles density matrices. Since the sum is over the spin of the proton
target, the initial density matrix can be written only in terms of the spin of
the beam [37],

ρi =
1

2
(1 + pyσy). (2.69)

Using Eq. 2.65, the final density matrix is expressed as

ρf (φn) = Rz(φn)ρf (φn = 0)Rz(φn)† (2.70)

with φn defined in Sec. 2.1.3. Taking the trace of the final density matrix,
one obtains the differential cross section

dσλb

dΩ1dΩ2dθγ
= Trρf (φn) = TrRz(φn)ρfRz(φn)†. (2.71)

By definition, ρf ≡MρiM
†, therefore:

dσλb

dΩ1dΩ2dθγ
= TrRz(φn)MρiM

†Rz(φn)†. (2.72)

Given that M is invariant under rotation, after substituting for ρi in the
above equation its value from Eq. 2.69 and after some algebra, one arrives
at:

dσλb

dΩ1dΩ2dθγ
=

1

2
TrMM † +

1

2
TrMRz(φn)σyRz(φn)†M †

=
dσ0

dΩ1dΩ2dθγ
(1 + py cosφnA⊥ + py sinφnA‖), (2.73)

where A⊥ and A‖ are the components of the analyzing power of the reaction
perpendicular and parallel to the reaction plane. A⊥ and A‖ could easily be
transformed into two other observables, namely Ay and Ax, which are used
more often in the literature. It is easy to show that for the coplanar case,
where the reaction plane is the coplanar plane itself, A‖ and Ax vanish due
to parity conservation and A⊥ = Ay.
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In this chapter the equipment (Fig. 3.1) exploited to perform the experiment
will be discussed. The first section will be devoted to the ion source, see the
lowest part of Fig. 3.1, where the polarized proton beam is produced and
then injected to the AGOR cyclotron. The protons are accelerated up to 190
MeV by the cyclotron, and extracted to the beam line. In the second section,
the AGOR cyclotron will be very briefly described. The beam leaving the
AGOR cyclotron hall enters the IBP hall, where the In-Beam Polarimeter
(IBP) is situated. The IBP is a beam polarimeter for medium-energy protons
and deuterons, used for on-line determination of the beam polarization [38].
Upon leaving the IBP hall, the beam finally arrives at the experimental hall,
where the main experimental setups are located. On the right side of the
experimental hall the BBS, Big-Bite Spectrometer, is located. This high-
resolution spectrometer was primarily designed for nuclear-structure studies
[39]. On the left, the detection system consisting of the Small-Angle Large-
Acceptance Detector (SALAD) and the Plastic Ball (PB), can be seen in
the figure. The beam, arriving at this site, will hit a liquid-hydrogen target
cell situated in the center of the Plastic Ball. The beam is then dumped in
the Farady cup at the end of the beam line, beyond the experimental wall
(not shown in the figure). This Farady cup is used to measure the beam
current. The Plastic Ball and SALAD, which are the main setups used in
this experiment, will be discussed in detail in sections 3 and 4, respectively.
The last section of this chapter is devoted to the description of the target
cell. In Fig. 3.2, the combined setup of SALAD and PB has been depicted.
As shown, the forward and the backward geometrical coverage are provided
by SALAD and Plastic Ball, respectively. SALAD is used to detect the
hadronic part of the bremsstrahlung reaction, while Plastic Ball detects the
photons.

3.1 Beam production and polarization

There are currently three different types of ion sources available to feed ions
to the cyclotron: the ECRIS-3 (Electron Cyclotron Resonance Ion Source)
for highly-charged heavy ions, the POLIS (POLarized Ion Source) for po-
larized protons and deuterons and the CUSP source for unpolarized light

25
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particles. Since POLIS was used in this experiment, the principle of its
operation will be explained in some detail.

POLIS is an atomic beam source capable of producing both polarized
protons and deuterons [40, 41]. Since a proton beam was used in this ex-
periment, a brief description of how the protons are polarized will be given.
The source has a dissociator where hydrogen molecules are dissociated into
atoms by an RF induced discharge. The atoms emerging from the discharge
tube can be either in hyperfine state F = 1 or 0; see Fig. 3.3. These atoms
are then fed through a set of two hexapoles, where the atoms with elec-
trons in the spin state with mj = −1/2 are defocused and eliminated from
the beam, while those whose electrons are in the mj = 1/2 substate are
focused. The hexapoles are followed by two radio-frequency (RF) transition
units, namely, with weak and strong fields. The transition units provide
an adiabatic passage where the atoms experience a slowly changing static
magnetic field along with an RF, while passing through the units. The
weak (strong) field unit actually consists of a static magnetic field of 10 G
(80 G), which is perpendicular to the direction of the beam, along with an
RF of 7 MHz (1440 MHz), where the magnetic component is parallel (per-
pendicular) to the beam direction. The weak (strong) field unit is used to
produce spin-down (spin-up) protons. The atoms passing through the weak
field unit are subjected to an adiabatic transition from (F = 1,mF = +1)
to (F = 1,mF = −1) via the (F = 1,mF = 0) hyperfine state, leaving all
protons in the mI = −1/2 substate. Those passing through the strong unit
undergo a transition from the (F = 1,mF = 0) to the (F = 0,mF = 0)
hyperfine state, resulting in a spin-up (mI = +1/2) polarization of the pro-
tons. The atoms coming out of the transition units go through an ECR unit
kicking off the electrons, thereby ionizing the atoms. The beam leaving the
ECR unit is longitudinally polarized. In fact, the spin of the protons will be
either parallel or antiparallel to the beam direction, depending on the beam
polarization when entering the unit. The polarized proton beam emerging
from the ECR unit is deflected by 90◦ by means of an electric field. Now, the
protons are transversely polarized in the horizontal plane. As the very last
stage before injecting the beam into the cyclotron, the beam goes through
a solenoid, where the proton spin will be rotated by 90◦ in the transverse
plane. Thus, the beam will be polarized transversely in the vertical plane
while being injected into the cyclotron.
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3.2 AGOR cyclotron

The superconducting cyclotron AGOR, Accélérateur Groningen ORsay, is
the product of a joint collaboration of IPN1 Orsay and KVI [42]. The
machine is a compact, three-sector cyclotron with K = 600 MeV. It is
capable of accelerating both light and heavy ions. The maximum energy
limitation of proton beams, 190 MeV, is imposed by the focusing properties
of AGOR. The maximum energy for heavy ions depends on their charge-
to-mass ratio Q/A, with a maximum energy of 95 MeV/nucleon for Q/A =
0.5. In Fig. 3.4 the operating diagram of the AGOR cyclotron is depicted.
In this figure, the solid line encloses the design operating region, and the
dots are the produced beams, to date. Due to some problem with the first
ElectroMagnetic Channel (EMC1), the operating region has been narrowed,
as illustrated by the dashed line.

1 Institut de Physique Nucléaire
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Figure 3.4: Operating diagram of the AGOR cyclotron.

3.3 Plastic Ball

The Plastic Ball was originally designed and built in order to study high
multiplicity events occurring in relativistic nuclear collisions in the early 80s
[43]. After the completion of the CERN-SPS heavy-ion experiment WA98,
the plastic ball and its electronics were made available to KVI. This de-
tector consists of two separable hemispheres namely, backward and forward
hemispheres which, together, cover up to 91% of 4π. The full version of the
Plastic Ball consists of 815 phoswich detector modules, which makes it a
highly granular detection system. In the experiment reported in this thesis
only the backward hemisphere was used to detect the photons coming from
the bremsstrahlung reaction.

3.3.1 Geometry and detection elements

The backward hemisphere consists of 340 trapezoidal-shape phoswich de-
tector modules; see Fig. 3.2. It covers a polar angular range of 90◦ − 160◦

and has full azimuthal coverage. Each 10 degrees in polar angle is almost
covered by a ring of detectors. The rings are named after their sequence
numbers. For instance, the first ring (θ > 90◦ and θ < 100◦) is called ring
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Figure 3.5: Schematic drawing of an individual Plastic-Ball detector.

number one, and in the same fashion, the last ring (θ > 150◦ and θ < 160◦)
is called ring number seven. The inner and outer radii of the hemisphere
are 25.4 and 61.4 cm, respectively. Each of the 340 modules represents a
particle-identifying detector consisting of a slow and a fast scintillator, read
out via one photomultiplier; see Fig. 3.5. The slow component is a thin
slice of 4 mm CaF2 with a decay time of ∼ 1 µs. The fast one is a 35.6 cm
plastic scintillator which is optically coupled to the CaF2. The plastic scin-
tillator is coupled to a conically-shaped light guide, which in turn couples to
a 2-inch, 10-stage (2202 AMPEREX) photomultiplier. Since the decay time
of CaF2 is approximately 100 times longer than that of the plastic, the CaF2

and plastic signals can be easily disentangled. In the present experiment,
two gates with widths of 240 ns and 1250 ns were applied to integrate the
read-out signal of each element. The shorter gate integrates all the charge
produced by the fast component, while the longer one integrates over both
the fast and the slow components; see Fig. 3.6. Since most of the charged
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Figure 3.6: Scheme of the charge integration of the Plastic-Ball signal.

particles interact with the CaF2 while the neutrals do not, the long- and
short-gate integrations will amount to more or less the same values for neu-
tral particles, while for charged ones the long gate results in a larger value.
Plotting the result of the charge integration for the short and the long gates
against each other, the neutral particles will end up on the 45◦ diagonal line
with the charged ones above it; see Fig. 3.7.

3.3.2 The Plastic-Ball electronics

For the sake of simplicity, one may divide the electronics into segments,
based on their location. Part of the electronics are placed in the experimental
area while other parts are situated in the counting room outside the radiation
zone; see Fig. 3.8. In the experimental hall, where the detectors stand, the
signals are produced, processed and then delivered to the counting room to
go through further processing. In case the event is found to be a potential
candidate, the trigger will be made and the whole electronics is read out.
Otherwise, it will be rejected.

As shown in Fig. 3.8, the analog signals coming out of the Plastic-Ball
elements are split into two. One stream is delivered to the counting room
and directly put into a second splitter, the other one is put into the Ball
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Boxes standing in the experimental hall.

These Ball Boxes are customized crates containing 18 8-input channel
modules each. In the Ball-Box modules, signals are first amplified and then
put into a CFD (Constant-Fraction Discriminator); not shown in the figure.
One output of the discriminators goes to a pulser to generate logic signals,
which are put out through ECL cables, and the second one is ANDed as
multiplicity signal. In this experiment every cluster of 2-6 neighboring el-
ements were connected to a Ball-Box module. Therefore, the multiplicity
outputs indicate the number of fired detectors per cluster. The multiplicity
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pulses are then put into the MLU (Multiplicity Logic Unit) where the mul-
tiplicity of fired clusters is determined. For this experiment the multiplicity
was required to be one, meaning the output of the MLU for this experiment
was an OR of all detectors, which had a hit in them. One copy of the MLU
output goes to the GSI box as the Plastic-Ball single trigger, and a sec-
ond one goes to the STM (SALAD Trigger Module), serving as the external
strobe for ppγ trigger. The ECL output of the Ball Boxes are used as the
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Figure 3.8: Schematic diagram showing the read-out electronics of the Plastic

Ball. See the text for a detailed explanation.

input for the CAMAC 32-channel Time-to-Digital Converter (TDC, LeCroy
4298). The TDCs were used in common-stop mode. The start and stop sig-
nals were the detector signal itself and the Master trigger, respectively. The
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TDC information is stored in CAMAC DATABUS interface (LeCroy 4299)
and read-out by the data-acquisition system. The signals coming out of
the counting room splitter go to two charge-to-digital (QCD, LeCroy 2280)
converters, where they are integrated using a short- and a long-time gate,
respectively.

3.4 SALAD

The Small-Angle Large-Acceptance Detector, SALAD, is a specially de-
signed detector to detect the hadroninc part of the proton-proton bremss-
trahlung (ppγ) reaction. It consists of a multi-wire chamber positioned at
a distance of 30 cm from the target to determine the coordinates of the
scattered protons, and two arrays of segmented plastic scintillators. The
first array is used to measure the energy of the scattered protons, while the
second one is used to identify the elastically-scattered protons in order to
veto them. SALAD is capable of detecting particles in the polar-angle (θ)
range of 10◦ to 28◦ with full azimuthal-angle coverage. With a more limited
azimuthal-angle coverage, it can detect particles up to 36◦ effectively in θ.
SALAD has been extensively described in Ref. [44].

3.4.1 The multi-wire proportional chamber

The multi-wire proportional chamber (MWPC) was used to measure the
scattering angles of the outgoing particles. The chamber consists of three
wire planes (x, y and u=45◦) sandwiched between two cathode frames, each.
The u-plane is exploited to remove ambiguities arising when two or more
particles hit the chamber. The frames of each plane are connected to in-
dividual high-voltage power supplies. The wire spacing for all planes is 2
mm; but in order to reduce the number of channels, two adjacent wires are
connected electrically to be read out through one channel. The resolution
of the chamber in measuring the scattering angles is approximately 0.7◦. A
mixture of 80% CF4 and 20% isobutane is used in the chamber. This high-
gain, fast gas mixture allows high counting rates and also has good aging
properties [45, 46, 47]. Two aluminum-mylar foils were installed on both
sides of the chamber, which act as a Faraday cage, to protect the chamber
and to reduce the rate of diffusion of gases into and out of the chamber.
The special feature of the chamber is its central hole in order to allow safe
beam passage. For a detailed description of the MWPC, see Ref. [48]. The
operational high voltage is 3250 V, and the pressure of the chamber ranges
between 2 to 3 mbar above atmospheric pressure, placing the efficiency of
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Figure 3.9: Typical MWPC efficiencies as a function of the polar scattering angle.

The efficiency is well above 90% over the entire active area, while it drops at small

angles, near the central hub, and at large angles close to the edges.

the detector at its plateau. The gas flow was set to 80 cc/min. The efficiency
varies from point to point, depending on the distance from the edges and the
central hub. Due to the electric field distortions at the fringes, the points
which are closer to the edges and the hub are less efficient; see Fig. 3.9.
Setting the definition of the active area as the region where the efficiency
is well above 90%, it turns out to be an area of 35.0 × 35.0 cm2. In the
data-analysis chapter it will be explained how this efficiency is obtained.

3.4.2 The Energy and Veto scintillators

As shown in Fig. 3.2, the Energy and Veto scintillators are two layers of scin-
tillators placed behind the MWPC. The Energy scintillators, the ones right
behind the MWPC, are made thick enough to stop all protons originating
from the bremsstrahlung reaction (Ep < 120 MeV), thereby measuring their
energy. The Veto elements are meant to detect protons punching through
the Energy layer, which are mainly elastically-scattered protons with ener-
gies above 135 MeV.

The Energy layer consists of two 12-scintillator arrays, one array on
top the other. Each element has a trapezoidal shape, with dimensions of
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Energy

Veto

Figure 3.10: A schematic top view of the SALAD scintillators, showing both En-

ergy and Veto layers.

(l × w × d) 436 × [61.2(front) 68.7 (back)] × 112.5 mm3. The elements are
put together in such a way that the resultant array looks like a slice of a
cylinder, and the target is on the concave side of the arrays. A schematic
top view of the Energy and Veto detectors is shown in Fig. 3.10.

The Veto is placed behind the Energy detector, at a distance of 1.5 cm
from it. Each Energy element overlaps two Veto elements, viewed from the
target spot. Like the Energy detector, the Veto detector also consists of two
arrays of scintillators with the same configuration. In this case each array
contains 13 scintillators, which are much thinner than the elements of the
Energy layer. Their dimensions are (l×w×d) 480×[71.2(front) 71.9(back)]×
10 mm3. Both Veto and Energy layers have a hole in the center enabling
the beam pipe to go through; see Fig 3.2.

The scintillator material used in SALAD is BC-408, a fast plastic scin-
tillator. This type of plastic scintillator has a rather short decay constant
of 2.1 ns and a large bulk light-attenuation length of 380 cm making it
very suitable for large and fast elements. The scintillators are wrapped with
aluminized mylar of 20 µm thickness preventing light leakage between neigh-
boring elements. Each element is connected to a 160 mm long light guide to
optimize the light collection on the phototubes. For the Energy detector, 2”
XP2282 and for the Veto detector, 1 1

8” R1355/R1398 photomultipliers were
used. These scintillators can cope with counting rates as high as 1 MHz.
The energy resolution of the energy scintillators is around 10% FWHM.

3.4.3 The SALAD electronics

The read-out scheme of SALAD is depicted in Fig. 3.11. As shown, an
active splitter is used to split the signal coming from the Energy and the
Veto scintillators. One branch goes directly to the counting room and is
put into a 16 channel Fast Encoding Readout Analog-to-digital converter
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(FERA, LeCroy 4300B). This module is capable of handling signals ranging
from 0 to −480 pC with a resolution of 230 fC (2048 channels). The FERA
integrates over the charge produced by the phototubes and thus provides
a measure of the energy deposited in the scintillator by a charged particle.
The other branch is fed to a programmable CAMAC 16 channel Constant
Fraction Discriminator (CFD, LeCroy 3420) in the experimental area. If the
signal exceeds a pre-set threshold value, a logic pulse is produced as output,
and sent to the counting room. This logic pulse is split into three in the
counting room, and fed to three CAMAC modules. One branch is used as
input for CAMAC 32 channel multi-hit Time-to-Digital Converters (TDC,
LeCroy 3377), the second is put into a CAMAC 24 bit scalers (LeCroy
4434), and the third one is used as input for a CAMAC trigger (STM, to be
described below). The TDC module has a range of 512 ns and a resolution
of 500 ps (1024 channels). The TDC has multi-hit capability, able to record
up to 16 hits in the time range of 512 ns. In this experiment the TDCs were
used in common-stop mode. The start for all TDCs is the detector itself,
and the master trigger is used as the stop signal for all channels. Since
the timing of the trigger is set by the Plastic Ball, the TDCs provide the
difference between the arrival time of a particle firing SALAD and that of a
particle hitting the Plastic Ball in case of a coincidence event.

The scalers provide the number of particles hitting the scintillator per
second. The outputs of the FERAs and TDCs are stored in a VME Dual-
Port Memory (LeCroy DPM 1190).

The STM, SALAD Trigger Module, is a specially-designed CAMAC
module for the SALAD data acquisition [49]. The primary task of this
programmable module is to recognize potential ppγ candidate events at 190
MeV incident beam energy. This way, the background is suppressed consid-
erably. The trigger module is capable of processing the 50 logic signals from
the scintillators and providing 4 different programmable logic signals on the
output. The module has to be strobed by the fastest ancillary trigger, in
this case, the logic OR of the 340 Plastic-Ball discriminated signals. As the
result, the time zero is set by the Plastic-Ball signal. For the experiment
of this thesis, the four outputs were programmed to require the difference
between number of hits in the Energy and those in the Veto, NE −NV , to
be larger than 4, 3, 2, and 1, respectively. The third one, NE − NV ≥ 2,
represents a potential ppγ candidate event.

The output of the STM along with the RF signal and the logic OR of
the Plastic-Ball singles are fed to a NIM down-scale unit (GSI8000). These
signals are, in fact, the triggers used in this experiment. The GSI box has
eight inputs and three outputs for each input: the raw output, which is
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Table 3.1: Triggers and their typical rates at a beam current of 2 nA; the live-time

of the data-acquisition system was ∼ 50%.

Trigger Description Downscale factor Raw rate ACQ rate
[2log] [kHz] [Hz]

RF RF cyclotron/1200 9 50 47
CFD OR of SALAD Sci. 15 2504 37
PBall Plasic-Ball single 9 9.213 8
ppγ main trigger 0 0.526 230

just a copy of the input, the inhibited output, which is equal to the input
if the data-acquisition system is not reading out the electronics, and the
down-scaled and inhibited output. The outputs of the GSI box are put into
the scaler CAMAC module, to be read by the data-acquisition system. The
master trigger is the OR of the individual down-scaled outputs. An overview
of all triggers used in this experiment is given in Table 3.1.

The master trigger is split into five; one is sent to the PCOS as a signal
to latch, encode and read out the MWPC data, another to the SALAD
TDCs as a common stop, the third one to a gate-and-delay generator to
send out a gate to the FERAs, the fourth to the Plastic-Ball electronics
(see Fig. 3.11), and the last one to the data-acquisition computer. Once the
data-acquisition system receives the master trigger signal, it sends an inhibit
signal to the GSI box, to ensure no new trigger comes in, and subsequently
reads out the electronics.

3.5 Liquid hydrogen target

The target cell, shown in Fig. 3.12, is a cylinder with a diameter of 16 mm
and thickness of 6 mm in a conical-shape cold head. The cold head is made
from highly pure (99.5%) aluminum in order to have a high conductivity
at low temperatures. Two synthetic Aramid foils of 4 µm thickness are
mounted on both sides of the cell within which hydrogen is enclosed. During
the experiment the target was constantly wobbling within a range of 4 mm
to avoid irradiating one single spot on the target foils thus reducing the local
heating and damage. The choice of the radius of the window, 16 mm, was
made considering the cross section of the beam spot, 2 × 2 mm2, range of
the wobbling, and allowing for the beam halo. The operational value of the
cold-head temperature and the hydrogen pressure are 15 K and 190 mbar,
respectively. A PLC program is used in order to 1) control the pressure and
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Target Cell

Figure 3.12: The aluminum cold head of the target. The foils would be glued on

both sides of the cell.

the temperature during filling up, evacuating or flushing the target, and 2)
maintain them during the experiment. To see a detailed explanation of the
procedure of choosing proper material for the target and obtaining optimum
operational values, see Ref. [50].
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4. Data Analysis

The goal of the experiment is to measure the observables introduced in
Sec. 2.3. What is measured experimentally is the differential cross section,
dσλ

b

dΩ , for different beam polarizations, λb. This differential cross section can
be expressed in terms of other observables:

dσλb

dΩ
=

Nλb

det

∆Ω · Iλb · ε =
dσ◦

dΩ
(1 + py cosφnA⊥ + py sinφnA‖), (4.1)

where Nλb

det is the number of events detected in the solid angle ∆Ω for beam
polarization λb, and ε represents the total efficiency of the detection system.
Iλb denotes the luminosity which is defined as:

Iλb =
ρtarget ·NA

Atarget
· nλb

inc · δx. (4.2)

Here, ρtarget, Atarget, NA, and δx are the mass density, the atomic weight,

Avogadro’s number, and the thickness of the target, respectively, with nλb

inc

being the number of particles with polarization λb bombarding the target.
Except for Atarget, ρtarget, andNA, the other variables have to be determined
for the present experiment. In this chapter, the steps taken to determine
these variables will be explained. In the first section energy and time cal-
ibration of the detection system is presented. In the second section, it is
shown how the luminosity and the beam polarization are obtained by ex-
ploiting the elastic channel. The procedure of identifying ppγ events in order
to determine Nλb

det will be explained in the third section. All possible sources
of inefficiencies which are involved in this measurement are introduced in
section four. The formalism which was used to extract the observables from
Eq. 4.1 is presented in the fifth section. The last section is devoted to in-
troducing the sources of errors in this measurement and their contribution
to the uncertainty in the determination of the observables.

4.1 Energy and time calibration

The raw data read by the data-acquisition system have to be translated
into physical quantities in the first step of data analysis. The most essential

43



44 Chapter 4: Data Analysis

parameters from the data are the arrival time of a particle at a detector and
its energy deposit. These quantities have to be calibrated. The calibration
methods for the energy and the time for Plastic-Ball and SALAD will be
explained separately in the following four subsections.

4.1.1 Plastic-Ball time calibration

As explained in Sec. 3.3.2, the Plastic-Ball TDCs were used in common-
stop mode, and the start and the stop signals were provided by the detector
itself and the Master trigger, respectively. In addition, the timing of the
Master trigger was set by the Plastic-Ball signal, which means the Plastic-
Ball signal indirectly played the role of the stop signal, as well. The Plastic-
Ball singles rate, which is the ORed signal of all the Plastic-Ball detector
signals, varied between 5 kHz/nA to 10 kHz/nA depending on the amount of
dirt accumulated on the target windows. Even in the case of the higher rates
the probability of having two hits on Plastic-Ball over 100 ns, within which
the trigger is made, is extremely small. One can, therefore, expect the TDC
spectrum of the Plastic-Ball detectors to be dominated by a single prompt
peak. This was also established experimentally. The position of the prompts
of the detectors were slightly different, due to the different lengths of the
cables carrying TDC signals from the experimental hall to the counting room
and the different transit times in the individual phototubes. By setting all
prompt peaks to one position, the so-called zero-time, the detectors were
time-calibrated.

4.1.2 SALAD time calibration

The SALAD TDC spectra are more complicated than those of the Plastic-
Ball, as they carry finger prints of all the 4 triggers used in the experiment,
see Table 3.1. Moreover, the SALAD TDCs are multi-hit ones, which also
adds to the complication. For the case of the CFD trigger, the start and the
stop signals of the TDC were generated by the detector itself. Therefore,
the TDC signal associated with the CFD-trigger was a sharp prompt, which
was exploited to perform time calibration for the SALAD scintillators. As in
the case of the Plastic-Ball, the positions of the prompt peaks differ slightly.
In fact, time-calibration is performed by bringing the CFD prompt peaks to
the same position, the so-called zero-time.
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Figure 4.1: Simulated photon energy for the photons detected in the first and

seventh (last) rings, the dashed lines enclose the region from which so-called

mono-energetic photons were picked up.

4.1.3 Plastic-Ball energy calibration

As will be explained in Sec. 4.4, the photon energy will not be used in
the event-reconstruction, because proton-proton bremsstrahlung is a self-
calibrating reaction. Thus, the bremsstrahlung photons can be used to
calibrate the Plastic-Ball scintillators. However, the low efficiency of the
Plastic-Ball for photon detection (< 50%) hampers the calibration. In fact,
the energy calibration of the Plastic-Ball turned out to be the most tedious
in the analysis of the data. As explained in Sec. 3.3, the Plastic-Ball covered
the polar angular range 90◦-160◦. As a result, the energy of the photons de-
tected by detectors at different polar angles could differ considerably; see
Fig. 4.1. The spectra shown in this figure are generated with the GEANT
simulation event generator, GENBOD [51]. As seen, the simulated energy
spectra of the photons detected in the first and the last rings (definition of
the rings is given in Sec. 3.3.1) are shifted by 20 MeV relative to each other
with a large overlap in the spectra. This made it possible to have a so-called
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Figure 4.2: A typical spectrum of deposited energy in a Plastic-Ball scintillator

(dotted line) in comparison with its simulated counterpart (solid line) for the events

whose reconstructed photon energies fall between 52-60 MeV as shown in the gate

in Fig. 4.1.

mono-energetic photon beam used to calibrate the scintillators. The events
whose reconstructed photon energies reside between 52 MeV to 60 MeV were
chosen (see the gate in Fig. 4.1), and the energy deposited in the scintillators
with these events were studied. The same event selection was also done in
the GEANT simulation. Then, the calibration factors were adjusted to fit
the end point and the knee of each spectrum to its simulated counterpart
as good as possible; see Fig. 4.2. The low-energy part of the spectra was
not used in the calibration as a large part of the background detected by
the Plastic-Ball was due to low-energy photons. These photons stem mainly
from bremsstrahlung from carbon and oxygen nuclei in the target-windows
material and the dirt collected on the windows.
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4.1.4 SALAD energy calibration

The Energy and Veto scintillators were roughly gain matched on-line, using
the peak observed when the elastically-scattered particles punch through the
scintillators. For off-line calibration, the over-determined kinematics in the
3-body final state was used. As will be explained in Sec. 4.4, proton-proton
bremsstrahlung event reconstruction is done independently of the energy of
protons. As a result, one may make use of the reconstructed proton energies
to calibrate the SALAD scintillators. To make sure that the events used
for the calibration are ppγ events, very tough constraints were imposed in
their selection. For these events, the reconstructed proton energies were
plotted versus the ADC values of SALAD scintillators; see Fig. 4.3. Using
the MINUIT toolkit [52], a quadratic fit to these two-dimensional plots was
made to obtain a one-to-one relation between the ADC channels and the
values of the reconstructed energies. The result of such a fit is also shown in
Fig. 4.3. The width of the distribution is a superposition of the resolution
of the energy scintillators and the uncertainty in the reconstructed energy.
The former is almost constant (10% FWHM), and the latter depends on
the accuracy with which the coordinates of the protons and the photon are
measured. Using the GEANT simulation, this uncertainty was established
to be a function of the polar angles of the particles and is always less than
8%.

4.2 Track definition

In this section, it will be explained how photon and proton tracks are
reconstructed from the information acquired from the detectors. Tracks
are vectors showing the flight direction of particles from the target to the
point where they are detected, assuming the trajectories of the particles are
straight lines. According to such a definition, a photon track is a vector
connecting the target center to the center of the plastic scintillator in which
the particle has been detected. Note that the Plastic-Ball is bombarded by
photons, protons, neutrons, and leptons, but the track is called a photon
track as other particles will be eliminated by applying proper cuts in the
further analysis. On the same footing, a proton track is a vector connecting
the target position to a hit in the MWPC, provided that the corresponding
Energy scintillator is also hit. If at least one of two corresponding Veto
detectors has also fired, the proton is most likely an elastically-scattered
one and the track is labeled as “elastic”. Otherwise, the proton might be
an inelastically-scattered proton, and the track is labeled as “inelastic”.
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Figure 4.3: The SALAD energy detectors are calibrated by fitting the ADC values

to the values of the reconstructed proton energies.

Note that the majority of the so-called inelastic tracks are associated with
elastically-scattered protons which have undergone a hadronic interaction
and lost part of their energy. As a result, these protons do not reach the Veto
scintillators. The likelihood that an elastically-scattered proton is confused
with an inelastically-scattered one increases as a function of the scattering
angle. Because protons scattered to larger angles must travel longer paths
through the Energy scintillators, and therefore, have a higher chance of a
hadronic interaction.

Tracks going through the MWPC have to pass correspondence tests in
order to be accepted. The MWPC read-out provides a centroid, x, y, u,
and a width, δx, δy, δu for each plane. A correspondence test is made then,
by trying to pass a straight line originating from the target center through
the x±δx, y±δy, and u±∆u limits, within a certain tolerance. If there is
such a line, the x and the y coordinates are taken as the center of the track,
otherwise, the track is rejected. The tolerance, obtained experimentally,
was introduced to make sure that no good candidates are thrown away.
Determination of the tolerance is of great importance. If it is underestimated
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Figure 4.4: The efficiency of the u-plane as a function of the tolerance; for more

details see the text.

it will lead to throwing away good events, and if overestimated, a number
of background events will come in. In order to obtain an optimum value
for the tolerance the efficiencies of the x-, y-, and u-planes were studied
for a number of different tolerances. In Fig. 4.4 the efficiency of the u-
plane is plotted versus the tolerance. As shown, the efficiency reaches a
plateau where the efficiency remains almost independent of the tolerance.
The tolerance corresponding to the starting point of this plateau was taken
as the optimum tolerance. The inefficiency shown by the plateau is in fact
the intrinsic inefficiency of the u-plane of the MWPC.

4.3 Determination of luminosity and beam

polarization

One way of measuring the luminosity is to determine each component of
Eq. 4.2. The density of liquid hydrogen at the triple point (ρtarget) is known
to be 70.8 mg/cm3. The target thickness (δx) and the number of particles
bombarding the target (nλb

inc) have to be measured. The nominal value of
the target thickness is 6 mm, however its effective value can be larger by
about 25%. This increase is due to the bulging of the target, which is in
turn the result of the liquid pressure inside the target cell. To measure
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Figure 4.5: The proton energy (ADC spectrum) measured by a SALAD scintillator

versus its time of flight (TDC spectrum). The dashed lines define the time gate

selecting the beam bursts for which charge integration is performed completely.

the number of particles bombarding the target during the experiment the
beam was dumped in a Faraday cup which provides the total accumulated
charge. Knowing the total charge, one can calculate nλb

inc by dividing the
total charge by the elementary charge. It was experimentally established
that the uncertainty of this method of measuring nλb

inc was less than 3%. To
bypass all problems regarding direct measurement of the luminosity, which
could be as inaccurate as 10%, it was decided to obtain the luminosity by
fitting the measured pp-elastic cross sections to the predictions of global data
analysis such as PWA93 [53]. This way, the luminosity can be estimated with
a precision better than 2%. Likewise, the beam ploarization is obtained by
fitting the measured pp-elastic analyzing powers to the prediction of global
data analysis. The elastic-channel observables were obtained by analyzing
the data read-out through the RF trigger described in Sec. 3.4.3. This trigger
is a down-scaled copy of the RF signal delivered by the AGOR cyclotron.
The main features of this trigger is its sharpness in time and its independence
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of other triggers. The RF signal of the cyclotron was down-scaled by a factor
of 1200, and then put into the GSI box. In the GSI box, the RF signal was
down-scaled for a second time by a factor of 29. Since the repetition of the
beam bursts for the 190 MeV beam is 60 MHz, the frequency of the down-
scaled RF-signal, without dead-time, will be then approximately 100 Hz.
With the dead-time of the acquisition computer, this rate will be further
reduced to almost 50 Hz.

The events read-out within the time that charge integration is performed
are selected for further investigation. In Fig. 4.5, a typical ADC spectrum
of a SALAD scintillator is plotted against its TDC spectrum, requiring the
RF-trigger. The dashed lines in this picture define a time gate selecting
the beam bursts for which charge integration is performed completely. The
events surviving this cut were fed to the tracking routine, and both the
elastic and inelastic scattering tracks were accepted. Since, around 9% of
the elastically-scattered protons undergo a hadronic interaction, excluding
inelastic-scattering tracks would lead to underestimating the elastic scatter-
ing cross sections. Protons passing all qualification tests for elastic scattering
were then binned. Of the outgoing protons in the elastic scattering chan-
nel, only the high-energy proton will be detected by SALAD. The detected
protons are binned in two variables, namely θ and φ. The bins in the po-
lar angle start at 12◦ and end at 30◦, with a bin-size of 2◦. The bin-size
in the azimuthal angle is 10◦, resulting in 36 bins. The reaction plane is
uniquely determined by the vector ~pb × ~ph, with ~ph being the momentum of
the high-energy proton detected by SALAD. The ẑ and ŷ are respectively
defined by the direction and the polarization of the beam, with a right-
handed coordinate system. Left and Right are defined by x > 0 and x < 0,
respectively.

Knowing the coordinates of one of the elastically-scattered protons and
using momentum and energy constraints, the entire kinematics of the scat-
tering can be determined. The formula, which is used to obtain the pp-elastic
scattering differential cross section, is as follows:

Nλb

det

∆Ω · Iλb · ε =
dσ◦

dΩ
(1 + pλb

y A cosφn), (4.3)

Here, φn is the angle between the reaction plane, introduced in section 2.1.3,
and the polarization axis. ε and N λb

det are the MWPC efficiency for the bin
∆Ω(θ, φ), and the number of elastically-scattered protons detected in the
solid angle ∆Ω, respectively. Iλb represents the luminosity for beam polar-
ization λb. With the same technique that will be introduced in Sec. 4.6,
(dσ◦

dΩ · Iλb) and (pλb
y · A) were obtained. Fitting these two products to
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Figure 4.6: The elastic-scattering cross sections and analyzing powers as a function

of θ. Open circles (full triangles ) are data of runs before (after) warming up the

target.
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Figure 4.7: Beam polarization and the normalization factor for luminosity as a

function of time. The period spanned in this figure is 18 days.
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the world-data set for dσ◦

dΩ and A, Iλb and pλb
y were obtained respectively.

The events read-out through the RF trigger are mainly pp elastic scatter-
ing events, as expected. In fact the contribution of other processes, like
pp-bremsstrahlung is not more than 10−3. The probability of elastic proton-
nucleon scattering from the foil and the condensate on it is not ruled out.
The contribution of the foil alone was studied in the previous experiment
performed at KVI with the same target [21]. It was shown that elastic
proton-nucleon scattering from the foil contributes about 5% to the bins
larger than 17◦. This background was simply subtracted. In order to assess
the contribution of the background stemming from condensate accumulated
on the target windows, some data were taken with empty target for about 8
hours of beam on target with a beam current of 3.5 nA. This test revealed
that the background due to the foil and the dirt on the foil mainly affects
the bins with polar angles smaller than 17◦, and depends on the amount of
condensate accumulated on the target (see Fig. 4.6). Therefore, the fit was
limited to the data points between 17◦ to 30◦ of polar angles. The polar
angles smaller than 17◦ were left out to make sure that the luminosity and
polarization determination do not suffer from background. A typical χ2 for
the fits shown in Fig. 4.6 is 0.5, which is acceptable. The cross sections,
shown in the upper panel, are obtained from two files taken over a period of
two hours of beam time each. The analyzing powers, however, are the result
of adding up 20 two-hour data-files, in order to gain higher statistics. The
variation of the beam polarization and the luminosity correction factor over
time are shown in Fig. 4.7. The sudden jumps seen in the luminosity cor-
rection factors happened every time the target was warmed up and cooled
down.

4.4 Proton-proton bremsstrahlung event

selection

While taking data, the proton-proton bremsstrahlung candidate events were
recognized by the ppγ trigger, explained in Sec. 3.4.3. Although, this on-
line event-selection reduces the background considerably, yet merely 15 out
of 1000 recorded events are real ppγ ones. In fact, the ppγ-trigger helps
improve the live-time of the data-acquisition, and the data read-out through
this trigger are still far from being clean. One still has to apply appropriate
cuts to remove the background.

As the first step in the ppγ event selection, a time gate on the TDC
spectra of SALAD scintillators was used, selecting the prompt coincidence;
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Figure 4.8: Prompt coincidence selection. Time difference between the protons

and the photon. The prompt coincidence is in the area defined by the dashed lines.

The sharp peak on the left of the gate originates from the CFD singles trigger.

see Fig. 4.8. The TDC signals of SALAD scintillators, which are associated
with ppγ trigger, measure the arrival-time difference of the two protons
hitting SALAD with respect to the time at which the Plastic-Ball is hit by a
particle. Obviously, the arrival-time difference of particles stemming from a
bremsstrahlung reaction forms a certain pattern, called prompt coincidence.
In contrast, there is no correlation between the arrival-time difference of
randomly scattered particles. To obtain an optimum width for the gate,
data analysis was done when no time-gate was imposed and ppγ events were
extracted under a very strict condition on the energy of the protons to be
sure of the quality of the chosen events. Then, the time-gate was set wider
than the width so obtained. A cross check was also made by deriving the
width from the GEANT simulation.

The events surviving the time gate are then fed to the tracking routine.
For a ppγ event at least two proton tracks from inelastic scattering and one
photon track are expected. All elastic-scattering tracks are left out, as the
GEANT simulation revealed that it is absolutely unlikely that bremsstrahl-
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ung protons can punch through the Energy scintillators to reach the Vetoes.
The multiplicity of the Plastic-Ball is approximately 2. Therefore, there are
two photon tracks per event, on average. The neighboring detectors which
fired are grouped together to form a cluster. By summing up the energy
deposited in each scintillator of a cluster, a measure of the energy of the
particle hitting the Plastic-Ball is obtained. However, in the event recon-
struction each scintillator of a cluster which has a TDC entry with the right
timing, is considered to have a valid photon track. In order to correct for
this overestimation of the cross sections and the underestimation of their
corresponding errors, which are an obvious consequence of this way of han-
dling the photon track multiplicity, two correction factors, one for the cross
section and one for the error, were obtained from the GEANT simulation.

All possible combinations of the SALAD inelastic-scattering tracks and
photon tracks are put to a kinematic reconstruction test. More specifically,
the coordinates of two protons, (θ1, φ1) and (θ2, φ2), and the polar angle of
the photon (θγ) are used to kinematicly reconstruct the events and label the
protons; as explained in Sec. 2.1.4. Due to the detector resolution, there is
naturally an uncertainty in the determination of the measured numbers in-
cluding those used as input for the kinematic reconstruction. Therefore, one
has to introduce tolerances satisfying the energy and momentum conserva-
tion laws to accommodate these uncertainties. In other words, an acceptance
level for violation of energy and momentum conservation has to be obtained
in order not to throw away any ppγ events, and cut away the background as
much as possible at the same time. To do so, a set of data generated by the
GEANT simulation were put into the reconstruction routine as input, and
the maximum values of the violation of the conservation laws were obtained.
While analyzing the data, an assessment is made to see to what extent each
possible combination of the proton and the photon tracks satisfy the kine-
matic equation. If a combination of tracks does not violate the conservation
laws more than the values set by the GEANT simulation, that combination
is accepted, and otherwise rejected. The percentage of the data which have
been accepted by the reconstruction routine is shown in table 4.1. The price
to pay for allowing the violation of conservation laws is that some back-
ground events leak in, which have to be cut away using the redundancy in
the kinematical variables or subtracted appropriately.

The protons of the events which passed kinematic reconstruction have
to be labeled. The resolution of the detection system, especially that of
the Plastic-Ball which is responsible for the detection of the photon, plays
a crucial role in the labeling. More specifically, the more one goes toward
non-coplanar cases, the better the resolution in the determination of φγ is
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Figure 4.9: Non-coplanarity angle versus the polar angle of proton 1, requiring

the polar angle of proton 2 to be larger than 20◦.

required to select the right solution out of the two kinematically accepted
ones, and to label the protons. It was established that the resolution of this
measurement is good enough to label events with non-coplanarity smaller
than 10◦. For larger non-coplanarities, it was observed that 10% of the
events could not be properly handled as far as labeling was concerned. This
shortcoming does, however, not harm the goal of this experiment which is
to probe bremsstrahlung towards the elastic channel. As one approaches
the elastic channel (larger opening angles of protons), the maximum non-
coplanarity angle allowed by the kinematics becomes smaller. This is shown
in Fig. 4.9. To avoid the problem of labeling protons at large non-coplanarity
angles, the analysis was, therefore, limited to the coplanar kinematics where
the non-coplanarity angles are defined to be smaller than 5◦. The back-
ground events left over after the kinematic reconstruction are cut away by
using the so-called over-determined variables, Ep1, Ep2, Eγ , and φγ . These
are the variables which were not used in the reconstruction. The measured
values of the over-determined variables are expected to be consistent with
their reconstructed counterparts within the resolution of the detection sys-



58 Chapter 4: Data Analysis

 [MeV]diff, proton 1E
-80 -60 -40 -20 0 20 40 60 80

 [
M

eV
]

d
if

f,
 p

ro
to

n
 2

E

-80

-60

-40

-20

0

20

40

60

80

Figure 4.10: The difference between the reconstructed and measured energies of

proton 1 versus that of proton 2, along with the graphical cut used in the analysis.

See the text for more details.

tem and the accuracy of the reconstructed variables. The quality of the
reconstruction technique can be seen in the scatter plot in Fig. 4.10. In this
figure the difference between reconstructed and measured energies of proton
1 versus the same quantity for proton 2 are plotted along with a graphical
cut selecting ppγ candidate events. Note, the scale on the ẑ-axis is loga-
rithmic. The events for which the reconstructed energies of both protons
are more or less the same as their measured values are centered around the
point (0,0). In addition, there are two faint bands in the picture, one along
the positive y-axis and the other along the positive x-axis. These are events
with either proton 1 or proton 2 having undergone a hadronic interaction,
resulting in a too-low measured energy. The probability that a bremsstrahl-
ung proton undergoes a hadronic interaction is less than 10%. In Fig. 4.11,
the effect of the graphical cut on the measured photon-energy spectrum is
depicted. In this figure, the upper and the lower panels, respectively, repre-
sent the photon-energy spectrum extracted from a run after warming up the
target (clean target) and a run 48 hours thereafter (dirty target). In these



4.4. Proton-proton bremsstrahlung event selection 59

Figure 4.11: Solid (dashed) lines represent typical photon-energy spectra before

(after) applying the graphical cut. Upper (lower) panel is the energy spectrum of

a typically clean (dirty) target.
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figures, the dashed lines are the photon energies of the events surviving the
graphical cut, while the photon-energy spectrum prior to the graphical cut is
shown with the solid line. The most striking feature in these pictures is the
low-energy photons which are mostly background for ppγ events. These pho-
tons stem from inelastic scattering reactions from the target-foil, and carbon
and oxygen accumulated on the target windows over time. The target was
warmed up and cooled down once every two days, in order to clean up the
target windows, and therefore, gain on the live-time of the data-acquisition
system. In Fig. 4.12, a comparison is made between the photon energy spec-
tra of these two runs which survive the graphical cut shown in Fig. 4.10.
The spectra are normalized to the corresponding collected charge. In this
picture, the solid line is the spectrum corresponding to the dirty target and
the dashed line represents that of the clean target. Note, the spectrum of
the clean target was scaled up by an arbitrary factor of 1.4, accounting for
an unknown factor that will be discussed in section 4.6, to overlay the two
spectra properly. The two spectra, apart from the low-energy part, look
quite alike. In other words, the two spectra begin to deviate from each
other at energies below 25 MeV, indicated by the vertical dotted line. This
clearly points to the fact that the graphical cut alone is not sufficient to re-
move all the background originating from the dirt accumulated on the target
windows. Given that there is very little background in the photon-energy
spectrum of the clean target, requiring the photon energy to be above 25
MeV must be enough to throw away the remaining background for the dirty
target. In Sec. 4.5.4, it will be explained how the GEANT simulation is used
to correct the data for ppγ events thrown away by the 25 MeV cut on the
photon energy.

There is a fourth over-determined variable, φγ , which was used to es-
timate the remaining background after applying all cuts. In fact, φdiff =
|φγ,recon − φγ,meas| is a measure of the similarity of the measured event to
a real ppγ one. In order to make an estimate of the background, the data
taken over 8 hours with a dirty but empty target were put through the same
analysis procedure as the rest of the data. Then, a comparison was made
between the φdiff obtained from an extremely dirty target run and that
obtained from the empty target. This comparison is shown in Fig. 4.13.
The spectra are normalized to the corresponding collected charge. As one
can see the remaining background is well below 0.5%. For clean targets the
remaining background is even less than that for dirty targets. Therefore, the
overall remaining background is confidently less than 0.5%. The series of
cuts and conditions applied to the data set along with the number of events
surviving these cuts for two runs on typically dirty and clean targets are
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Figure 4.12: Solid (dashed) line represents the photon-energy spectrum obtained

from a dirty (clean) target run. The vertical line is placed at 25 MeV below which

the events are not accepted in the analysis.

listed in table 4.1.

4.5 Detector acceptances, defects and efficiencies

Here, all corrections, which the data have to undergo, will be presented.
In fact, in any step of the measurement, starting from data-taking to data-
analysis, one may have thrown away good events. This has to do either with
the inefficiencies of the detection systems and the acquisition or with the cuts
applied during data-analysis. In addition, since any detector has geometrical
limits, it can not give complete coverage over the phase space. Consequently,
parts of some of the analyzed bins fall outside of the detector acceptance,
and need correction. Besides, there are broken elements in the detection
system which are theoretically inside the acceptance, but contain no data
and the final results have to be corrected for them. All these corrections
have been summarized in the parameter ε in Eq. 4.1. In fact, this parameter
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Table 4.1: Software conditions and their effects on the data for two typically clean

and dirty target runs.

Cut or Dirty target run Clean target run
condition No. of Reduction No. of Reduction

Events factor Events factor

Recorded to tape 3107671 1 2183832 1

ppγ trigger 2343691 0.75 1498502 0.69

TOF & 593906 0.19 377109 0.17
proton tracks ≥ 2

Solved kinematics 160684 5.2 × 10−2 90716 4.2 × 10−2

Coplanarity 34208 1.1 × 10−2 24694 1.1 × 10−2

Constraints on 18861 6.1 × 10−3 17617 8.1 × 10−3

energy of protons

Eγ ≥ 25 MeV 10296 3.3 × 10−3 11102 5.1 × 10−3
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Figure 4.14: The efficiency of the MWPC for bins with polar angles between

θ > 12◦ and θ < 26◦ as a function of time (run number). Each run corresponds to

a time of 2 hours.

is the product of all individual corrections which will be discussed in this
subsection.

4.5.1 Dead-time

The data-acquisition dead-time is an indication for the fraction of the time
that the data-acquisition computer spends on reading in the data stream.
When the computer is busy processing an event, no further events are read.
Therefore, the average event size and the event rate play a role in the dead-
time. As explained in Sec. 3.4.3, the GSI-Box sends out three sorts of output
for each single input. The first output is a copy of the input itself, while,
the second output, called inhibited output, is equal to the input if the data-
acquisition is not busy reading the electronics. The RF signal sent out by the
cyclotron was put into the GSI-Box as input. The ratio of the second output
to the first output of this signal was taken as a measure of the live-time of
the system.
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4.5.2 MWPC efficiency

For protons with an energy above the energy threshold of the Energy scintil-
lators, 30 MeV, the efficiency of SALAD merely depends on the efficiency of
the MWPC. The distortion of the electric field at the edges of the MWPC is
the main source of inefficiency; see Fig. 3.9. Broken wires and malfunction
of the electronics responsible for amplifying the MWPC signals and reading
them are sources of inefficiency. Whatever the sources of the inefficiency
are, they are treated in the same way. The efficiency of the MWPC is de-
termined by multiplying the efficiencies of the three individual planes. The
efficiency of a single plane, for instance u-plane, is obtained in the following
way: First, the events read-out through the CFD-trigger are chosen. Of
these events, those which have only one single hit on the other two planes,
x-plane and y-plane, are selected for further investigation. The number of
events which have a hit on the MWPC and the corresponding Energy scin-
tillator constitute the number of expected hits. The ratio of the events for
which the corresponding u hit is also there to the number of expected hits
is defined as the single-hit efficiency. The total efficiency of the chamber is
then defined by [48]:

εMWPC = Πplanes
i=1 εi. (4.4)

In order to study the stability of the MWPC over the time, the average
efficiency, θ > 12◦ and θ < 26◦, is plotted versus the run number in Fig. 4.14.
As shown in this figure, the variation of the average efficiency per run does
not exceed 1%.

4.5.3 Trigger efficiency

Trigger efficiency is the fraction of the ppγ events which are sent to the
computer at the level of defining the main event trigger. Two cases are
assumed for this inefficiency: first, the NE − NV ≥ 2 condition is fulfilled
but the trigger is not made due to the failure of the STM (STM is defined
in sec. 3.4.3) to fire on an event of interest, and second, the NE − NV ≥ 2
condition is not there at all, while the event is a potential ppγ candidate. The
latter is attributed to the elastically-scattered protons which come together
with bremsstrahlung events. There is a probability of around 3%/(nA)
that a ppγ comes along with an elastically scattered proton, which punches
through either of the Energy scintillators fired with bremsstrahlung protons,
leading to a failure of the condition NE −NV ≥ 2.
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In order to obtain the trigger efficiency, events read-out through a trigger
generated entirely independently of the STM, namely Plastic-Ball singles
trigger, were selected for further examination. These events are processed
to extract ppγ events. The number of ppγ events, which survive all cuts,
is denoted as Nexp. For these events a check is made to determine if the
STM has actually fired by looking at the relevant bit register. If NSTM is
the number of events for which this check turned out positive, the trigger
efficiency, εtrigger, is then defined as

εtrigger =
NSTM

Nexp
. (4.5)

Unfortunately, due to the timing offset of the Plastic-Ball signal relative to
the ppγ timing during the experiment, a direct determination of the trigger
efficiency for this experiment was not possible. Instead, we relied on the
outcome of the previous experiment in which the STM was also used [21].
There, it was established that the trigger efficiency is current dependent,
as expected, and is approximately 96% at typical currents of the present
experiment, i.e. 1.5 nA.

4.5.4 Photon detection efficiency

Of all inefficiencies involved in this measurement, the one for photon detec-
tion is the largest. The Plastic-Ball scintillators are each approximately 35
cm long which is still shorter than one radiation length for the plastic scintil-
lator, which is 43 cm. During the experiment a layer of lead with thickness
of 3 mm was placed in front of the scintillators as a passive converter to
improve the efficiency.

The GEANT simulation was exploited to obtain the photon detection
efficiency of Plastic-Ball. In order to imitate the reality fairly, all possible
defects were put in to the simulation by hand. For instance, approximately
2% of the detectors were broken and 10% of them did not have a CFD signal
to make a trigger. The energy thresholds obtained in the analysis were also
fed into the simulation. In the simulation, the photons depositing less than
25 MeV energy in the Plastic-Ball were treated as non-detected photons to
mimic the 25 MeV cut on the photon energy as implemented in the analysis.
This way, the photon detection efficiencies for 13 different photon energies
were obtained. These are presented in Fig. 4.15. In this figure the efficiency
is depicted in terms of the ring number for photon energies varying from 30
MeV to 85 MeV from bottom to top. This range of energy corresponds to the
photon-energy range covered by the present setup. The most striking feature
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Figure 4.15: The Plastic-Ball photon detection efficiency for 7 rings for energies

varying from 30 MeV to 85 MeV, shown from bottom to top in steps of 5 MeV.

in this figure is the relatively low efficiency of rings 1 and 7 in comparison
to the other rings. This effect is attributed to escape of the electromagnetic
shower from the edges. As seen, the efficiency increases as a function of
incident photon energy and reaches a limit of 50%.

4.6 Determination of observables

After the analysis of the data and determination of the efficiencies and the
correction factors, the experimental observables can be calculated. Here,
the formalism used to obtain the observables and the errors involved are
presented.

4.6.1 Cross section and analyzing power

Eq. 4.1 serves as the starting point. This equation takes the following simpler
form for coplanar kinematics:

Nλb

det

∆Ω · Iλb · ε =
dσ◦

dΩ
(1 + pλb

y Ay cosφn). (4.6)
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Where A⊥ is replaced by Ay as both are the same for coplanar events, and
it is used more frequently in the literature. By writing ∆Ω in terms of θ and
φ, and summing over the particles detected on the left and the right side of
the detector one obtains

Nλb

L,R = ∆cos θ · Iλb · dσ◦

dΩ(θ)





∑

L,R

∆φ · ε+ pλb

y Ay

∑

L,R

∆φ · ε · cosφn



 . (4.7)

In this equation, Nλb

L,R is the number of particles detected by the left/right
side of the detector, λb is the beam polarization, and ε is a function of θ and
φ. Introducing the following variables

EL,R =
∑

L,R

∆φ · ε(θ, φ), (4.8)

GL,R =
∑

L,R

∆φ · ε(θ, φ) · cosφn, (4.9)

Eq. 4.7 takes the following form

Nλb

L,R = ∆cos θ · Iλb · dσ◦

dΩ(θ)

(

EL,R + pλb

y AGL,R

)

. (4.10)

With some algebra, one can simply show that the cross section and its
statistical error for the beam polarization λb are expressed by the following
formulas:

dσ◦

dΩ(θ)
=
Nλb

L ·GR −Nλb

R ·GL

Γ
, (4.11)

∆
dσ◦

dΩ(θ)
=

√

Nλb

L G2
R +Nλb

R G2
L

Γ
, (4.12)

where

Γ = (EL ·GR −ER ·GL)∆ cos θ · Iλb . (4.13)

In the same way by defining

α = Nλb

L ·ER −Nλb

R ·EL, (4.14)

β = Nλb

L ·GR −Nλb

R ·GL, (4.15)

the analyzing power and its error for the beam polarization of λb are

Ay = − 1

pλb

· α
β
, (4.16)

∆Ay =
1

|pλb | ·

√

Nλb

L (ERβ −GRα)2 +Nλb

R (GLα−ELβ)2

β2
. (4.17)
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At the end and after a consistency check, a weighted average was taken
over the cross sections and analyzing powers obtained with different beam
polarizations.

In order to study the stability of the bremsstrahlung channel, the total
number of ppγ events surviving the cuts divided by the total charge and
corrected for efficiencies is plotted as a function of run number in Fig. 4.16.
Obviously this variable varies 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. The current was re-
duced to keep the computer live time under control as the amount of dirt on
the windows increased. It seems that there was an electronics component
which behaves as if it is saturated around our beam current. Because of this
problem, the decision was made to give up the absolute normalization, and
to normalize the data to the previous data which were taken with a high
accuracy [21]. The goal of the experiment, which was to have an overlap
in photon energy with the previous experiment and study the bremsstrahl-
ung reaction as one moves towards lower photon energies, is absolutely not
hampered by this normalization procedure.

4.6.2 Error estimation

Beside the number of counts accumulated in a bin one needs to know the
efficiencies, luminosity, and beam polarization to obtain the physical obser-
vables discussed in Sec. 2.3. The statistical errors attributed to the number
of counts for each of the observables were explained in the previous section.
The systematic error of the other ingredients have to be assessed, separately.
The errors can be classified into two categories in terms of how they affect
the data: 1) absolute errors which affect the whole phase space in the same
way; 2) relative errors which have different impact on different parts of the
phase space.

Since, the cross sections of this measurement were normalized to those
measured in the previous experiment [21], the overall error of that measure-
ment was also imposed on the present data. This also implies that we will
have no other absolute error for this experiment. However, the relative errors
have to be taken into account separately. The normalization factor was ob-
tained by fitting 6 data points of this experiment to the same data points of
the previous one. This way, the systematic error due to the statistical error
of the previous measurement was reduced to less than 1%. That experiment
was suffering from a 4% systematic error which indeed affects the present
data in the same manner. Summing up these two errors linearly, one obtains
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Figure 4.16: ppγ cross sections as a function of run number. The period spanned

in this picture is 18 days. The large variations happen every time the target is

warmed up to clean the dirt on the windows

a systematic error of 5% as the result of this normalization procedure.

The procedure for determining the MWPC efficiency leads to a system-
atic error associated with this efficiency. These systematic errors per bin are
rather constant and are always well below 1% for all bins excluding the bin
close to the hub. In fact, in the data presentation the bin close to the hub
was discarded because of a relatively large background. Since, the variation
of this error was established to be reasonably constant, a relative error of
1% was taken as the MWPC efficiency error for all bins.

The uncertainty in the simulated photon-detection efficiency has two
components, first, a statistical uncertainty, and second, a systematic one.
The former changes very little from bin to bin and was highly suppressed
by generating enough events in the simulation. The systematic error asso-
ciated with this efficiency has to do with the error made by GEANT. Basi-
cally, determining the uncertainly in the prediction of GEANT is not simple.
According to the GEANT manual the absolute inaccuracy of the packages
responsible for tracking of the photon and calculating the total amount of
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Table 4.2: The various contributions making up the systematic errors.

Description syst. error

Normalization 5%
MWPC eff. 1%
Photon detection eff. 3%
Background 0.5%

Total 9.5%

energy deposited in the scintillators can be as big as 5%. However, the rel-
ative inaccuracy is somewhat better. An investigation showed that for this
measurement the relative error of the GEANT simulation is at the level of
3%. Note that only the absolute error contributing to this measurement as
a normalization factor is taken from the previous experiment.

After applying all cuts, the remaining background was estimated to be
below 0.5% for dirty-target runs and even less for clean-target runs. How-
ever, the amount of background depends on the kinematics of the events
under investigation. For sake of simplicity, an overall systematic error of
0.5% was attributed to this background.

The beam polarization is an ingredient in calculating the analyzing pow-
ers. Therefore, the uncertainty in determining the beam polarization prop-
agates into that of the analyzing powers, too. For this measurement the
statistical uncertainty in determination of the beam polarization, 0.5%, is
much smaller than the systematic error of 3% taken from [38]. However,
the statistical error of the analyzing powers, regardless of the bin, is much
larger than any systematic errors. The systematic error in this observation
is, therefore, discarded.

In Table 4.2, all individual systematic errors are quoted. The maximum
systematic error is the linear sum of all individual systematic errors. How-
ever, the determination of the precise systematic error depends on a given
choice of phase space for the presentation of the data, as will be discussed
in the following chapter.



5. Results

During the present experiment a total of 400 million events were collected.
Of these 1.6 million events are qualified as coplanar ppγ events. The events
are binned in 4 variables, namely θ1, θ2, θγ , φnonco. On the SALAD side,
where protons are detected, the bin size is set to 2◦ in polar angles of protons
resulting in 9 bins from 10◦ to 28◦ with full azimuthal coverage. In addition,
there are 2 bins for protons with an azimuthal coverage of more than 50%
and 2 bins with a coverage of less than 50%. Events are binned in one
non-coplanarity bin. While binning for the purpose of obtaining differential
cross sections as a function of non-coplanarity, two sets of data are generated:
one where the absolute value of the non-coplanarity angle was required to be
smaller than 5◦ to facilitate a comparison with the previous measurement,
and the other where this angle was smaller than 2.5◦ to present the results
of this measurement. The bin size for θγ is set to 10◦ as the polar-angle
resolution of the Plastic-Ball is close to this value. Therefore, there are 7
bins for θγ starting from 90◦ and ending in 160◦. Multiplying the number of
bins yields a total number of 1183 combinations; however, the total number
of presentable data points is not as many. There are a couple of factors
which limit the number of presentable data points. These limitations and
the way they are dealt with are discussed in the first section of this chapter.
In the second section, a comparison is made between the results of the
previous measurement [21] and those of the present measurement to see
how well the measurements agree with each other in angular distributions.
In the third section, the results from this experiment, where the phase space
was not covered by the previous setup, are presented. A summary of the
chapter and discussion of the observations made from the data will be given
in the last section. All the data presented in this chapter are tabulated in
appendix A.

5.1 Kinematic limitation

The first limitation, which reduces the number of data points to present, is
the energy threshold of the Energy scintillators of SALAD. The energy of
the protons has to surpass this energy threshold to be detected. This energy
threshold, 30 MeV, is the main limitation factor for small values of θ2 as can

71
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Figure 5.1: Combinations of θ1 and θ2 for which the proton energies are either

above or below the energy threshold of 30 MeV of the Energy scintillators. The areas

between the solid, dashed, dot-dashed, and dotted curves indicate the regions where

the energy of both protons are above the SALAD energy threshold for θγ = 95◦,

θγ = 115◦, θγ = 135◦, and θγ = 155◦, respectively

be seen in Fig. 5.1. In this figure, the regions enclosed between lower and
upper solid, dashed, dot-dashed, and dotted curves are where the energies of
both protons exceed the energy threshold of SALAD for θγ = 95◦, θγ = 115◦,
θγ = 135◦, and θγ = 155◦, respectively. The bins which fall outside the
detection limits, i.e. where the energy of one or both protons falls below
the energy threshold, can obviously not be presented. Some other bins are
partly within the detection limits and one can introduce correction factors
for them. Yet, the decision was made to leave out all bins which would
require such corrections. As a result, the number of presentable data points
were reduced to 600.

The second limitation has to do with the singularity of the phase-space
factor at the maximum non-coplanarity angle. There is a maximum non-
coplanarity angle, beyond which no events are allowed. This is imposed
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by the kinematics; see Fig. 4.9. The singularity in the phase space at
the maximum non-coplanarity angle is the consequence of expressing the
differential cross section in the form dσ/dΩ1dΩ2dθγ . In Fig. 5.2, the be-
havior of the phase space over the bin 24◦ < θ1 < 26◦, 33◦ < θ2 < 35◦

and 130◦ < θγ < 140◦ has been simulated by the GEANT event genera-
tor, GENBOD. Measurement of an observable is in fact taking the average
of the observable over the entire bin. However, the theoretical value as-
sociated with the center point of the bin is usually used for comparison
with the measurement. Obviously, such a comparison is fair if the aver-
age of the observable over the bin agrees with its value at the center of
the bin. This condition is not met for the cases where a bin contains a
singularity or is in the neighborhood of one. Recently, discussion of how
to present data to avoid the problem stemming from the singularity of the
phase space [54, 55, 56] has taken place. In this thesis, the following strategy
is adopted to present the data: For the bins where the closest singularity
occurs beyond 5◦ of non-coplanarity angles, the cross sections will be pre-
sented in the form dσ/dΩ1dΩ2dθγ , with the non-coplanarity bin-size being
set at 2.5◦. This way one can be sure of being well inside the plateau region
of the phase space; see for example Fig. 5.2. The data points, which can be
presented in this way, number about 400. For the cases where a singularity
occurs below 5◦ within the corners of the bin, an integration is performed
over the non-coplanarity angle. Thus, for these kinematics cross sections
are expressed in the form dσ/d cos θ1d cos θ2dθγdφevent. Note that φevent

and φn, introduced in Secs. 2.1.2 and 2.1.3, are interchangeable. As a result
of the integration, the information carried by the non-coplanarity angle will
be lost. However, one should note that the integration is performed for the
bins which are relatively close to the elastic limit where the non-coplanarity
is, practically, irrelevant. As has been shown shown above, the singularity
of phase space is manageable and, therefore, does not impose an essential
limitation on the number of presentable data points.

5.2 Comparison with previous measurements

In order to assess the level of agreement between the present measurement
and the previous one, a comparison is made between the data produced in
the two experiments. The geometric coverages of the setups used in the two
experiments overlap from 10◦ to 20◦ in polar angles of the protons with full
coverage over azimuthal angles. The polar angular range from 100◦ to 160◦

for θγ was also common between the two experiments. This range was fully
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Figure 5.2: Typical behavior of the bremsstrahlung phase space as a function

of the non-coplanarity angle, φnonco, generated by GEANT, for the bin with

24◦ < θ1 < 26◦, 33◦ < θ2 < 35◦ and 130◦ < θγ < 140◦. The non-coplanarity

angle varies between 0◦ and its maximum.

covered for the azimuthal angles in the present setup, while the previous
experiment had only a partial azimuthal angular coverage over the range
from 100◦ to 130◦ and the full coverage over the remaining part. Here, just
4 combinations common between the two measurements are presented.

In Fig. 5.3, the cross sections and analyzing powers are shown as a func-
tion of θγ , for the combination θ1 = 16◦, θ2 = 16◦ in the left panels, and for
the combination θ1 = 14◦, θ2 = 16◦ in the right panels. The cross sections
are depicted in the top panel, while the analyzing powers are shown in the
bottom ones for the same kinematics. Only in this section, where a compar-
ison is made between the two data sets, the bin-size for the non-coplanarity
angle is set to 5◦ in accordance with the analysis of the previous data. The
full triangles represent the data from the previous measurement, while the
open circles represent those from the present measurement. To obtain very
good agreement for the region of overlapping phase space, a single normal-
ization factor of 1.6 for the present cross-section data was needed. The
solid curve is the prediction of the microscopic model of Martinus [30]. Two
SPM predictions are also shown in these figures: the tu-SPM and sk-SPM
shown by dotted and dashed lines, respectively; see Sec. 2.2.2 for more de-
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Figure 5.3: Cross sections and analyzing powers as a function of θγ for the com-

bination θ1 = 16◦, θ2 = 16◦ (θ1 = 14◦, θ2 = 16◦) in the left (right) panel. The

open circles (full triangles) represent the results from this (previous) measurement.

The stars represent the data from TRIUMF experiment [20]. The solid, dashed,

and dotted lines are the predictions of the microscopic model of Martinus [30], the

sk-SPM, and the tu-SPM, respectively.

tails. The errors, both for the cross sections and the analyzing powers, are
statistical. As discussed in Sec. 4.6.2, for this way of presenting the data
one has to consider the

√
52 + 12 + 12 ∼ 5% absolute systematic error, ac-

counting for the error due to the normalization to the previous experiment
plus the errors in the MWPC efficiency for two protons. Moreover, there
will be

√
32 + 0.52 ∼ 3% relative (point-to-point) systematic error due to

the photon detection efficiency and the remaining background. The errors
in the analyzing power are dominated by statistics. For the combination
θ1 = 16◦, θ2 = 16◦, there are no data points for this measurement corre-
sponding to θγ from 105◦ to 125◦. This has to do with the fact that for this
combination the energy of proton 1 does not exceed the energy threshold
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Figure 5.4: Cross sections and analyzing powers as a function of θγ for the com-

bination θ1 = 16◦, θ2 = 19◦ (θ1 = 19◦, θ2 = 19◦) in the left (right) panel. For the

explanation of data and the curves see the caption of Fig. 5.3.

of the Energy scintillators. In the left (right) panel of Fig. 5.4, the cross
sections and analyzing powers are plotted for the combination θ1 = 16◦,
θ2 = 19◦ (θ1 = 19◦, θ2 = 19◦). The other details of this figure are the same
as those for Fig. 5.3. As seen, the agreement between the two data sets for
the combinations presented is very good. A more comprehensive compari-
son between the two data sets revealed that the cross sections obtained in
this measurement reproduce the shape of the same observable from the last
experiment reasonably well.

5.3 Final results

In this section the results of the present measurement are presented. In
addition to cross sections and analyzing powers one more observable, the
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relative energy, is shown as well. The relative energy, denoted as Erel, is the
invariant mass of the protons in the exit channel minus the rest masses of
protons. Mathematically, it can be written as follows:

Erel =
√

(E1 +E2)2 − (~p1 + ~p2)2 − 2mp (5.1)

where E1 (~p1) and E2 (~p2) are the energies (momenta) of protons 1 and 2,
respectively, and mp is the mass of the proton. One can simply show that
there is a direct relation between Erel and the energy of the photon in the
center of mass, Ec.m.

γ ,

Ec.m.
γ =

s− (Erel + 2mp)
2

2
√
s

(5.2)

with
√
s being the total energy of the system in the center of mass. Erel

is a measure of how close one is to the elastic channel. The larger the
relative energy, the smaller is the photon energy and therefore the closer
the kinematics to the elastic limit. The data will be presented in two sub-
sections. In the first sub-section, the kinematics, which are far from the
phase-space singularities, are presented. The second sub-section is devoted
to the integrated cross sections over φnonco for bins close to the kinematical
singularity, with the closest phase-space singularity being below 5◦ of the
non-coplanarity angles.

5.3.1 Cross sections and analyzing powers far from the

singularity

In this sub-section, cross sections, analyzing powers, and the relative energy
for bins with no phase-space singularity below φnonco = 5◦ are presented. As
described in Sec. 5.1 for these kinematics the bin-size for the non-coplanarity
angle is chosen to be 2.5◦, far enough from the singularity to be able to make
a fair comparison between theory and the experimental results. Enforcing
this condition for the presentation of the data will result in fewer data points
associated with polar angles of the photon larger than 135◦. Therefore, the
experimental observables presented in this sub-section are mainly associated
with polar angles of the photon below 135◦. In Figs. 5.5 through 5.7 the cross
sections and analyzing powers along with the relative energies are shown as
a function of θ2 (θ1) in the left (right) panels, where θγ is fixed. These figures
are presented in decreasing order in polar angle of the photons. Again, the
very criteria of being far from the singularity imposes an upper-limit for
the opening angle of the protons. This upper-limit behaves in a manner
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Figure 5.5: Cross sections, analyzing powers, and relative energies, for the com-

bination θ1 = 19◦, θγ = 135◦ (θ2 = 19◦, θγ = 135◦) in the left (right) panel as a

function of θ2 (θ1). The open circles represent the results from this measurement.

The solid, dashed, and dotted lines in the top and middle panels are the predictions

of the microscopic model of Martinus [30], sk-SPM, and tu-SPM, respectively. Only

statistical errors are shown. The absolute (relative) systematic error is 6% (1%).
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Figure 5.6: Same as Fig. 5.5 except for θ1 = 23◦, θγ = 125◦ (θ2 = 23◦, θγ = 125◦)

in the left (right) panels.
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Figure 5.7: Same as Fig. 5.5 except for θ1 = 25◦, θγ = 95◦ (θ2 = 25◦, θγ = 95◦)

in the left (right) panels.
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Figure 5.8: Cross sections, analyzing powers, and relative energies for the combi-

nation θ1 = 22◦, θ2 = 22◦ (θ1 = 26◦, θ2 = 26◦) in the left (right) panel as a function

of θγ . Only statistical errors are shown. The absolute (relative) systematic error is

5% (3%). For explanation of curves, see the caption of Fig. 5.5 .



82 Chapter 5: Results

Figure 5.9: Same as Fig. 5.8 except for θ1 = 33◦, θ2 = 24◦ (θ1 = 24◦, θ2 = 33◦)

in the left (right) panels.
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Figure 5.10: Same as Fig. 5.8 except for θ1 = 15◦, θ2 = 33◦ (θ1 = 14◦, θ2 = 30◦)

in the left (right) panels.
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Figure 5.11: The relative difference between the experimental and theoretical

cross sections as a function of Erel or equivalently Ec.m.
γ . The difference is cal-

culated using the microscopic calculation for coplanar events. In the top (bottom)

panel the data taken in the previous (present) measurement are presented.

opposite to the polar angle of the photon; i.e. the larger the photon angle,
the smaller is this upper-limit. That is the reason why in these figures the
smaller polar angles of the protons are associated with larger polar angles
of the photon. The top, middle, and bottom panels show the cross sections,
analyzing powers, and the relative energies, respectively. The systematic
error of the cross section for this way of presenting the data, where the polar
angle of the photon and that of either of the protons are fixed, is calculated as
follows. There is an absolute systematic uncertainty of

√
52 + 32 + 12 ∼ 6%

accounting for the systematic error due to normalization to the previous
experiment plus the error in photon detection efficiency and the uncertainty
in the MWPC efficiency for the proton with fixed polar angle, respectively.
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In addition, one needs to take into account the
√

12 + 0.52 ∼ 1% relative
(point-to-point) systematic error stemming from the MWPC efficiency error
for the proton with varying polar angle and the remaining background.

In the top-left panels of Figs. 5.5 and 5.6, where the cross sections are
plotted as a function of θ2 for combinations (θ1 = 19◦, θγ = 135◦) and (θ1 =
23◦, θγ = 125◦), respectively, there is approximately a 30-50% discrepancy
between the data and the theoretical predictions for large polar angles of
proton 2. The theories seem to come closer to the data as one goes to the
smaller polar angles of proton 2, where the theoretical calculations are also in
better agreement. The most striking feature in these figures comes into view
when the development of the discrepancy between the cross sections and the
theoretical predictions is correlated with the corresponding relative energies.
There is better agreement between the theoretical calculations and the data
when θ1 > θ2 which corresponds to the regions with negative-slope in the
corresponding relative energy curves. The theoretical calculations seem to
diverge from the data as θ2 becomes larger than θ1, where the slopes of the
relative energy curves become positive. In the top-right panels, the cross
sections are plotted as a function θ1 while θ2 (θγ) is the same as θ1 (θγ) in the
left panel. Here, the overall agreement between the data and the theoretical
calculations is better than that for the mirrored kinematics presented in the
left panels. For these kinematic combinations the disagreement between the
theoretical predictions and the data are rather constant as a function of θ1.
Here, contrary to the mirrored kinematics presented in the left panels, the
second derivative of the corresponding relative energies also does not change
very much, and the slopes remain positive. In these two figures, the sk-SPM
curve comes closer to the cross-section data than do the others. Drawing a
strong conclusion from the analyzing powers is not possible as the statistical
errors are too large. Yet, the data seem to be, as a whole, more in favor of
the microscopic calculation.

In Fig. 5.7, the bremsstrahlung observables are shown for θγ = 95◦.
Here, there seems to be a better overall agreement between the predictions
of the microscopic model and the data in comparison with the kinematic
combinations shown in Figs. 5.5 and 5.6. The two SPMs come very close to
each other independent of the polar angle of the protons. The same trend for
better agreement between the microscopic calculations and the data around
90◦ can be observed in the previous high precision KVI measurement [21]
and also in the TRIUMF data with less accuracy [57, 20].

In Figs. 5.8 through 5.10 the cross sections, analyzing powers, and rela-
tive energies are shown as a function of θγ for various combinations of θ1 and
θ2. In Fig. 5.8, two combinations with symmetric polar angles of protons
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(θ1 = θ2) are presented. In the next figure, Fig. 5.9, an asymmetric combina-
tion along with its kinematic mirror are depicted, and in the last figure two
more asymmetric combinations with larger asymmetries are shown. Also
here, the errors shown in the figures indicate just the statistical ones. For
this way of presenting the data one has to consider the

√
52 + 12 + 12 ∼ 5%

absolute systematic error, accounting for the error due to the normalization
to the previous experiment plus the errors in the MWPC efficiency for two
protons. Moreover, there will be

√
32 + 0.52 ∼ 3% relative (point-to-point)

systematic error due to the photon detection efficiency and the remaining
background. Some features which were already observed in Figs. 5.5 and 5.6
can be seen here again. The theoretical and experimental cross sections are
in better agreement for asymmetric combinations where θ1 > θ2 in contrast
to the cases where θ1 < θ2. Confirming the observation from Fig. 5.7, going
towards θγ = 95◦ the two SPMs coincide and the microscopic calculation
reproduces the experimental cross sections very well. In the top-left panel of
Fig. 5.9 where the agreement is very good the corresponding relative energy,
bottom-left panel, is on average the largest among all combinations plotted
as a function of θγ . The experimental analyzing powers are associated with
errors too large to be able to discriminate between the theoretical calcula-
tions. Comparing all relative energies which have been presented up to now,
one can conclude that the relative energy is less dependent on the polar
angle of the photon than on that of the protons.

In order to make a comprehensive and quantitative study of the devel-
opment of the discrepancy between the prediction of the microscopic model
for the cross section and the experimental data, an alternative way for pre-
senting the data is given. The relative difference between the theoretical
calculation for a kinematic point and the corresponding experimental data
is defined as

σdiff = (σthe − σexp)/σthe, (5.3)

where σthe and σexp denote the prediction of the microscopic calculation
and the experimental cross section, respectively. Plotting σdiff versus the
corresponding Erel or equivalently Eγ (energy of the photon in the center of
mass system), one can see a possible correlation between them. In Fig. 5.11
the results of this test in contour form are depicted in the top and bottom
panels for the data obtained in the previous experiment and the present
measurement, respectively. Various contours (z-axis) represent the density
of data giving the same σdiff for the same Erel. In each panel there are almost
500 points. In the top panel where the relative energy is mainly below
25 MeV, one can see a strong dependence of σdiff on Erel. In this region
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the agreement improves as the relative energy increases, going towards the
elastic limit. This behavior was already observed for both coplanar and non-
coplanar events while analyzing the data from the previous experiment [31].
This trend does not seem to continue when going to larger relative energies;
see the bottom panel of the same figure. In this panel where the relative
energy goes as high as 45 MeV the difference shows no strong dependence
on the relative energy up to 33 MeV. However, at relative energies higher
than 33 MeV the trend of relative differences suddenly drops and for high
relative energies becomes negative.

5.3.2 Cross sections close to the singularity

As explained in Sec. 5.1, an integration is performed on the cross sections
over the non-coplanarity angle for the cases where a singularity occurs below
5◦ within the corners of the bins (see Fig. 5.2). Some 200 data points from
this measurement are of this type. Since an elastic event is, by definition,
coplabar with a non-coplanarity angle of 0◦, the smaller the maximum non-
coplanarity for a bremsstrahlung event, the closer the event is to the elastic
limit. Thus, it is fair to claim that the events which will be presented in
this sub-section are relatively close to the elastic limit. The integration over
φnonco has been implemented for the cross sections calculated only with
the SPMs. Therefore, here, only the integrated cross sections are shown
along with their sk-SPM and tu-SPM counterparts. Since performing the
integration for the microscopic calculation requires an enormous amount of
CPU time and is not possible within the time scheme of the present work,
the result of that integration will be published later. In Figs. 5.12 and 5.13
the integrated cross section, which is defined mathematically as,

σint =

∫ φmax

−φmax

dσ

dΩ1dΩ2dθγ
dφnonco (5.4)

with φmax being the maximum non-coplanarity angle, is plotted for fixed
θγ and θ1 (θ2) in the top-left (top-right) panels. The errors shown in the
figures are statistical. As explained for Fig. 5.5 through Fig. 5.7, where
the observables were presented in the same way as here, the absolute and
relative (point-to-point) systematic errors are 6% and 1%, respectively .

The observations one can make from these figures are very much like
those made for Figs. 5.5 and 5.6. In the left panels, where the cross sections
are plotted as a function of θ2 for fixed θ1 and θγ , the agreement between
the SPMs and the data worsens for θ2 > θ1. However, in the right panel
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Figure 5.12: Integrated cross sections and relative energies for the combination

θ1 = 25◦, θγ = 145◦ (θ2 = 25◦, θγ = 145◦) in the left (right) panel as a function of

θ2 (θ1). The open circles represent the experimental data. The dashed and dotted

lines in the top panel are the predictions of the sk-SPM and tu-SPM, respectively.

Only statistical errors are shown. The absolute (relative) systematic error is 6%

(1%).

Figure 5.13: Same as Fig. 5.12 except for θ1 = 26◦, θγ = 155◦ (θ2 = 26◦,

θγ = 155◦) in the left (right) panel.
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Figure 5.14: Integrated cross sections and relative energies for the combination

θ1 = 33◦, θ2 = 24◦ (θ1 = 24◦, θ2 = 33◦) in the left (right) panel as a function of

θγ . Only statistical errors are shown. The absolute (relative) systematic error is

5% (3%). For explanation of the curves, see the caption of Fig. 5.12.

Figure 5.15: Same as Fig. 5.14 except for θ1 = 34◦, θ2 = 27◦ (θ1 = 27◦, θ2 = 34◦)

in the left (right) panel.
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where θ2 and θγ are fixed, the overall agreement is better than that for the
left panel, and the degree of agreement does not vary much.

In Figs. 5.14 and 5.15 integrated cross sections are shown as a func-
tion of θγ for combinations θ1 = 33◦, θ2 = 24◦ (θ1 = 24◦, θ2 = 33◦) and
θ1 = 34◦, θ2 = 27◦ (θ1 = 27◦, θ2 = 34◦) in the top-left (top-right) panels, re-
spectively. The errors shown in the figures are only statistical. An absolute
(relative) systematic error of 5% (3%) should be taken into account when
presenting the data in this manner. Again, the agreement between the data
and the theoretical calculations for the cases where θ1 > θ2 is better than
that for the cases where θ1 < θ2. Another observation is that the relative
energy does not vary much as a function of the polar angles of the photon.
However, it varies very much as a function of the proton polar angle.

5.3.3 Discussion and summary

The data obtained in this experiment were classified into two categories de-
pending on how far they are from the phase-space singularity. The data
far enough from a phase-space singularity were presented completely exclu-
sively. However, an integration of the cross section over the non-coplanarity
angle was performed for those data points which were close to a phase-space
singularity. As the first step, the agreement between the previous data and
present data was checked by comparing the measured cross sections for the
overlapping phase-space region. Beside the single normalization factor of
1.6 used to scale up the present data, the agreement between the two data
sets is excellent.

From the previous measurement it was already observed that the relative
difference between the microscopic model and the data becomes smaller as
the relative energy of the protons increases [31]. However, this trend does
not seem to continue as observed from the present experiment. The trend
of the relative difference remains almost independent of the relative energy
for the region between 20-30 MeV. It is not understood yet why the relative
difference suddenly drops above relative energies of 33 MeV.

The data presented in this chapter demonstrate generally better agree-
ment with the microscopic model where θ1 > θ2. A test was made to illus-
trate this observation more quantitatively. The result of this test is shown
in Fig. 5.16. In this figure, the relative difference between the predictions of
the microscopic calculation and the experimental cross sections are plotted
as a function of Erel, or equivalently Ec.m.

γ , similar to Fig. 5.11. In the top
(bottom) panel the data with θ1 < θ2 (θ1 > θ2) are shown. In addition,
in each panel, a smooth curve is drawn through the ridge of the density
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Figure 5.16: The relative difference between the experimental and theoretical

cross sections as a function of Erel or equivalently Ec.m.
γ . The difference is cal-

culated with the microscopic model for coplanar events. In the top (bottom) panel

the events with θ1 < θ2 (θ1 > θ2) are presented. The horizontal dotted lines indicate

a relative difference of 0.2. The solid curve is drawn to guide the eye.

contour to show the trend more clearly. The horizontal dotted lines indi-
cate a relative difference of 0.2 to guide the eye. As the trends show, the
relative difference is somewhat smaller for θ1 > θ2 where the relative energy
is 25-30 MeV. Moreover, the relative difference for θ1 > θ2 shows an abrupt
drop towards zero for relative energies larger than 33 MeV. This is what we
would expect as one is moving towards the elastic limit where agreement
between the results of the calculations and the data should be self-evident.
However, it is not clear at this moment why this should be so for the case
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of θ1 > θ2 and not for θ1 < θ2. In addition, the reason for the sudden drop
is not understood yet.

The good agreement between the data with θγ = 95◦ and the microscopic
model seems to stem from a different process as it comes about indepen-
dently of the relative energy and the polar angles of the protons. The same
effect was observed in the previous KVI measurement [21] and in the TRI-
UMF data [20, 57] as well. It seems that the shape of the photon angular
distribution of the bremsstrahlung process is shallower than the theoretical
calculations predict.

The statistical errors of the analyzing powers are too large to draw any
strong conclusion. Nevertheless, it seems that the data are, as a whole, more
in agreement with the predictions of the microscopic calculations.



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



95

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



104 Appendix A: Tables with measured observables

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
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Samenvatting

Kernfysica is de wetenschap die zich bezighoudt met de dynamica en de
eigenschappen van de atoomkern. De atoomkern bestaat uit nucleonen, pro-
tonen en neutronen, die bijeengehouden worden door de zogenaamde sterke
wisselwerking. Deze kracht zorgt ervoor dat de kern niet uiteenvalt ondanks
het feit dat protonen elkaar afstoten doordat zij een gelijke elektrische la-
ding hebben. Deze belangrijke rol die de sterke wisselwerking vervult voor
de dynamica van de kern is de belangrijkste reden om haar te bestuderen.
Een van de eenvoudigste manieren om dat te doen is twee nucleonen te laten
botsen en te kijken welke invloed ze op elkaar uitoefenen.

De meest waarschijnlijke reactie die optreedt in nucleon-nucleon (hierna
NN te noemen) verstrooiing is een elastische reactie, waarbij na de botsing
niets anders overblijft dan de twee nucleonen. Aangezien dergelijke reacties
zo simpel zijn, waren ze ook de eerste reacties die gebruikt werden in het on-
derzoek naar de sterke wisselwerking tussen twee nucleonen. Tegenwoordig
valt er dan ook nog maar weinig te leren van elastische NN verstrooiing,
en moet men naar ingewikkelder reacties kijken in de hoop iets nieuws te
ontdekken over de sterke wisselwerking. NN -remstraling is dan de volgende
stap in complexiteit. Bij deze reactie komt namelijk, behalve de twee nucle-
onen, ook nog één foton vrij; zie Fig. A.1.

Om een dergelijk NN verstrooiingsexperiment uit te voeren is het nodig
een bundel nucleonen op een trefplaat van nucleonen te richten. Omdat
protonen, anders dan neutronen een elektrische lading dragen, kunnen zij,
in tegenstelling tot neutronen, door gebruik te maken van (wisselend) elek-
trische velden versneld worden. Ook is er geen atoomkern die geheel uit
neutronen bestaat om als trefplaat te dienen, maar is het wel betrekkelijk
eenvoudig een proton trefplaat te maken, bijvoorbeeld vloeibaar waterstof.

In het experiment, dat in dit proefschrift beschreven is, werd er een bun-
del nucleonen met een energie van 190 MeV geproduceerd door het AGOR
cyclotron. Deze bundel trof vervolgens een trefplaat van vloeibaar water-
stof. Bij deze botsing is proton-proton remstraling (hierna ppγ te noemen)
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bundel trefplaat

remstraling

elastisch

voor de botsing na de botsing

Figuur A.1: Schematische weergave van botsing van twee nucleonen. Links wor-

den de twee nucleonen voor de botsing geschetst. Rechts worden de twee eenvoudig-

ste reacties aangegeven: elastische verstrooiing (rechtsboven) en NN -remstraling

(rechtsonder).

het meest waarschijnlijke proces, na elastische proton-proton verstrooiing.
De kinematische verschillen tussen die twee reacties zijn meegenomen bij
het ontwerpen van de experimentele opstelling om de achtergrond zoveel
mogelijk te kunnen onderdrukken. Deze verschillen en de manier waarop
ze zijn meegenomen in de verwerking van de meetgegevens, zullen later nog
aan de orde komen.

De verstrooide protonen van de elastische en de remstraling reacties
vliegen altijd naar voorwaartse hoeken, terwijl het foton in elke richting
uitgezonden kan worden. In dit experiment werden de fotonen alleen in de
achterwaartse hoeken gemeten. De SALAD (Small-Angle Large-Acceptance
Detector) stond onder voorwaartse hoek, en werd gebruikt om protonen te
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meten. De Plastic-Ball detector bestreek achterwaartse hoeken om fotonen
te meten; zie Fig. A.2.

SALAD bestaat uit een MWPC (Multi-Wire Proportional Chamber) en
twee rijen scintillatoren. De MWPC word gebruikt om de coördinaten van
de protonen vast te leggen. Daarachter bevindt zich een laag van 24 scintilla-
toren, energie scintillatoren genaamd. Deze zijn dik genoeg om alle protonen
die bij remstraling reacties vrijkomen, volledig te stoppen tot een kinetische
energie van 120 MeV. Elastisch verstrooide protonen gaan echter door deze
detector heen en bereiken een tweede laag scintillatoren, Veto scintillatoren
genaamd. Op deze manier is het eenvoudig de elastisch verstrooide protonen
te scheiden van de rest.

Bovendien is de maximale openingshoek van de MWPC rond 80◦ (geme-
ten tussen twee hoeken op een zelfde diagonaal), 2◦ minder dan de hoek
tussen twee elastisch verstrooide protonen (relativistisch is de openingshoek
tussen twee protonen in de elastische botsing rond 84◦). Daardoor kan
slechts één van de protonen uit een elastische verstrooiing gemeten worden.
De openingshoek tussen de twee protonen uit een remstraling reactie kan
echter heel klein zijn, afhankelijk van de afgedragen impuls aan het foton.
Daardoor worden beide protonen tegelijk gemeten, wat het makkelijk maakt
om ppγ kandidaten te vinden. Het achterste gedeelte van de Plastic-Ball,
een halve bol bestaande uit 340 plastic scintillatoren, heeft een zeer hoog
ruimtelijk scheidend vermogen.

Tijdens het experiment zijn alle mogelijke maatregelen genomen om de
achtergrond zo veel mogelijk terug te dringen. Desondanks zijn slechts 15
op de 1000 geregistereerde gebeurtenissen goede ppγ gebeurtenissen. Deze
overgebleven achtergrond moet worden onderdrukt met andere methoden
tijdens de verwerking van de meetgegevens. Met de gebruikte opstelling
werden zowel de energie als de vluchttijd van de deeltjes gemeten. Als
het foton en de protonen van dezelfde reactie afkomstig zijn, moeten hun
vluchttijden aan elkaar gecorreleerd zijn. Dit simpele feit is gebruikt om de
achtergrond te onderdrukken, als eerste stap van de analyse.

Kinematisch is elk deeltje volledig vastgelegd als de drie projecties van
zijn impuls, of de absolute waarde van zijn impuls en zijn bewegingsrichting
bekend zijn. Omdat het proton-proton remstralingssysteem uit drie deeltjes
bestaat moeten er negen variabelen bekend zijn om het systeem volledig vast
te leggen. Vanwege energie- en impulsbehoud, die samen vier vergelijkingen
leveren, zijn slechts vijf van de negen variabelen onafhankelijk van elkaar en
daarom is het voldoende om slechts vijf variabelen van het proton-proton
remstralingssysteem te meten. De rest kan dan berekend worden via de
vier vergelijkingen van energie- en impulsbehoud. Dit wordt kinematische
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MWPC

Plastic−Ball

Trefplaat

Energy Scintillatoren

Veto Scintillatoren

Figuur A.2: De in dit experiment gebruikte opstelling om protonen en fotonen te

meten.

reconstructie van de meting genoemd.

Tijdens het experiment werden alle negen kinematische variabelen geme-
ten, maar alleen de hoeken van de protonen en de polaire hoek van het foton
zijn gebruikt om de reacties te reconstrueren. Als de geregistereerde reactie
geen echte ppγ was, is het erg waarschijnlijk dat de reconstructie faalt, dat
wil zeggen dat de berekening negatieve impulsen van de deeltjes oplevert.
De vier variabelen die dan nog niet voor de reconstructie gebruikt zijn, de
zogenaamde overbodige variabelen, worden gebruikt om de achtergrond, die
nog overgebleven is, te onderdrukken. Als er daadwerkelijk een ppγ reactie
heeft plaatsgevonden is het erg waarschijnlijk dat de waarde van de over-
bodige variabelen gelijk zijn aan de berekende waarden. Bij deze metingen
waren de proton energieën, en de azimuthale hoek en energie van het foton
overbodig.

De gereconstrueerde en de gemeten energieën van de protonen zijn vergel-
eken in Fig. A.3 als een voorbeeld. In dit figuur is het verschil tussen de
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Figuur A.3: Het verschil tussen de gereconstrueerde en de gemeten energie van

proton 1 uitgezet tegen dat van proton 2, samen met de selectie die bij de analyses

gebruikt is.

gereconstrueerde en de gemeten energieën van proton 1 uitgezet tegen die
van proton 2, en is verder de selectie van goede metingen aangegeven. Re-
acties waarvoor de gemeten energieën van de protonen overeenkomen met
de berekende waarden bevinden zich rond het punt (0,0). Daarnaast zijn er
twee lichte banden te zien, één langs de x-as en één langs de y-as. Deze zijn
gebeurtenissen waarbij één van de protonen een hadronische reactie heeft
ondergaan in de Energie scintillator waardoor de gemeten energie te laag is.

De vergelijking tussen de gereconstrueerde en de gemeten energie van de
protonen laat zien dat fotonen waarvan de gemeten energie lager is dan 25
MeV voornamelijk bij de achtergrond horen. Om dit resultaat te controleren,
is er ook een serie metingen gedaan met een trefplaat zonder het vloeibare
waterstof. Analyse van die experimenten laat zien dat de laag energetische
fotonen inderdaad uit de achtergrond afkomstig zijn en reacties met zo’n
gemeten foton zijn daarom niet meegenomen in de analyse. Na deze selectie
is de achtergrond minder dan 0.5% zoals een vergelijking tussen de gemeten
en berekende azimuthale hoek van het foton laat zien.
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Figuur A.4: Het relatieve verschil tussen de experimeteel verkregen en de theo-

retisch berekende werkzame doorsnedes, als functie van Erel, oftewel Ec.m.
γ . Het

verschil is berekend met het microscopisch model. Bovenaan (onderaan) zijn de

metingen weergegeven waarvoor θ1 < θ2 (θ1 > θ2) geldt. De horizontale onder-

broken lijnen geven een relatief verschil aan van 0.2. De doorgetrokken lijn dient

slechts om het oog te leiden.

Twee ppγ observabelen zijn gemeten tijdens het huidige experiment: a)
de werkzame doorsnede, een maat voor de waarschijnlijkheid dat de reac-
tie plaats vindt, ongeacht wat de spins van de twee nucleonen zijn; en b)
het analyserend vermogen dat laat zien in hoeverre deze waarschijnlijkheid
afhangt van de spin van de twee nucleonen. Deze twee observabelen zijn
gevoelig voor de verschillende ingrediënten van de sterke wisselwerking en
de koppeling van het foton aan een nucleon. Het doel van het experiment



121

was te bestuderen hoe het verschil tussen de voorspellingen van het micro-
scopisch model en de gemeten datapunten zich ontwikkelt naar mate men
dichterbij het elastisch kanaal komt. Daartoe is het nuttig twee variabelen
te introduceren. a) Het relatief verschil tussen de theoretische berekening
van de werkzame doorsnede en de gemeten data, gedefinieerd als

σdiff = (σthe − σexp)/σthe (A.1)

waar σthe en σexp respectievelijk de voorspelling van het model en de gemeten
werkzame doorsnede weergeven; en b) de relatieve energie van de protonen,
Erel, wat een maat is voor de hoeveelheid energie die de protonen uit het
systeem meekrijgen. Deze variabel gedraagt zich tegengesteld aan de energy
die het foton in het massamiddelpuntssysteem meekrijgt, E c.m.

γ . Erel of Ec.m.
γ

kan daarom gebruikt worden om aan te geven hoe dicht men bij het elastisch
kanaal is. Hoe dichter bij men komt, hoe groter (kleiner) Erel (Ec.m.

γ ) wordt.
In Fig. A.4 is het relatieve verschil, σdiff , weergegeven als functie van

Erel of Ec.m.
γ voor het geval dat θ1 < θ2 (boven) en θ1 > θ2 (onder). Hier

zijn θ1 en θ2 de polaire hoeken van proton één en twee, respectievelijk.
Bovendien is in elk figuur een vloeiende lijn weergegeven die de trend van
het verschil duidelijker aangeeft. De horizontale onderbroken lijnen geven
een verschil aan van 0.2. Alleen voor θ1 > θ2 valt het verschil tussen theorie
en experiment abrupt naar nul voor relatieve energieën groter dan 33 MeV.

Naarmate men dichter bij het elastisch kanaal komt wordt de overeen-
stemming tussen theorie en experiment beter zoals te verwachten is. Het
elastisch kanaal is namelijk al veel bestudeerd en goed begrepen. De plot-
selinge verandering boven een relatieve energie van 33 MeV is echter onbe-
grepen; een veel geleidelijkere afname was verwacht. Nog vreemder is het
feit dat dit effect slechts optreedt als θ1 > θ2 en niet als θ1 < θ2. Dit as-
pect verdient duidelijk verder theoretisch onderzoek. Experimenteel zal de
meting uitgebreid moeten worden voorbij Erel = 40 MeV om te zien hoe de
trend zich voortzet.



122 Samenvatting



Acknowledgments

Many people have been a part of my graduate education, as teachers, col-
leagues, friends, and family.

Nasser, first and foremost, has been all of these. The best promoter and
teacher I could have wished for. He is actively involved in the work of all his
students, supervising them with a great deal of patience. Thank you Nasser
for pushing me forward. It was a unique opportunity to be your student.
On the personal side, Nasser’s students are an extension to the circle of his
friends and family. Thanks for your moral support, what everybody needs
to receive from time to time. Thank you for everything.

My special thanks go to Muhsin who was my second promoter, for his
careful reading of the manuscript, and his sharp comments. I have bene-
fited from his experience and broad knowledge of physics. I wish to thank
the reading committee, prof. B.F. Gibson, prof. B. Hoistad, and prof. M.
Nomachi, who expressed their interest in this work and for reading the
manuscript. Their valuable comments and suggestions contributed very
much to the final version of the thesis.

Nuclear physics experiments are of the type which are not possible to
perform, unless a large number of people work together in a team. Talking
about team work, the first name crossing my mind is Herbert. Thank you
Herbert for your common sense. Most of the time experiments do not go
well, therefore having a positive thinker in the group is a big support. I have
always been encouraged by positive comments made by Jose. Thank you
Jose for your useful advice during the experiment and the data analysis.

I am thankful to Olaf for providing me with the theoretical calculations,
and patiently dealing with all my questions. I also wish to thank Rob for
his very useful comments on the theory chapter. I am very grateful to Hans
for explaining how the ion source works. It would have been impossible
to understand how it all operates without his help. The role of Sytze in
explaining certain aspects of AGOR is highly appreciated. I would also
like to thank Dan with whom I had very constructive discussion about the

123



124 Acknowledgments

microscopic model and its ingredients.
I am indebted to Harry Huisman who was my predecessor, and gen-

erously shared his valuable experiences about ppγ experiment with me. I
would like to thank Johan, the person who shared a lot of his information
on computer hardware and software with me. In my office, I was surrounded
by knowledgeable and friendly people. My office mates Mladen, Marc, and
Volker were big help, all in their own ways. Thanks to Mladen, the elec-
tronics and the data-acquisition of the experiment got off the ground and
remained stable during the experiment. Your work is highly appreciated.
Marc, Thank you for your humor, and all the discussions we had. I am grate-
ful to Marcel and Karsten for transferring their knowledge about SALAD to
me. I am also grateful to Ralph who kindly took the trouble of translating
the Dutch summary from English to Dutch. In addition, I would like to
thank Igor, Hamid, and Elsa for taking part in the experiment.

Life would not have been the same without my colleagues at KVI:
Alexander, Ali, Buddhadev, Dan, Danyal, Elsa, Emil, Fabrice, Guray, Hamid,
Hossein, Karsten, Marcel, Mladen, Marc, Moslem, Sugat, Ralph, Ronald,
Sigrid, Steven, Vladimir, Volker, Umakanth. In addition, I wish to thank all
KVI personnel, especially the cyclotron and source groups, the mechanical
workshop, and the drawing office. Thanks to all these people and indeed
nice people of Groningen, I had a very wonderful life in Groningen.

I wish to thank my parents for their constant support for me. They have
always given me the confidence I have needed to go through difficulties.
Without their support, this thesis would not have been started let alone
finished.

Finally, and most importantly, I wish to thank my lovely wife Maria who
put up with me. Thank you Maria for your understanding and tolerance. It
would have been extremely hard to finish off the job without your support.


