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1. Introduction

The modern concept of the atom emerged at the beginning of the 20th century, in
particular as a result of Rutherford’s experiments. An atom is composed of a dense
nucleus surrounded by an electron cloud. The nucleus itself can be decomposed into
smaller particles. After the discovery of the neutron in 1932, there was no longer any
doubt that the building blocks of nuclei are protons and neutrons (collectively called
nucleons). The electrons, neutrons and protons were later joined by a fourth particle,
the neutrino, which was postulated in 1930 in order to reconcile the description of β-
decay with the fundamental laws of conservation of energy, momentum and angular
momentum.

Around the year 1800, four forces were considered to be basic: gravitational,
electric, magnetic and the barely comprehended forces between atoms and molecules.
By the end of the 19th century, electricity and magnetism were understood to be
manifestations of the same force: the electromagnetic force. Later, it was shown that
atoms have a structure and are composed of a positively charged nucleus and an
electron cloud; the whole held together by the electromagnetic interaction. Overall,
atoms are electrically neutral. At short distances, however, the electric fields between
atoms do not cancel out completely, and neighboring atoms and molecules influence
each other. The different kinds of “chemical forces” (e.g., the van-der-Waals force)
are thus expressions of the electromagnetic force.

When nuclear physics developed, two new short-ranged forces joined the ranks.
These are the nuclear force, which acts between nucleons, and the weak force, which
manifests itself in nuclear β-decay. Today, we know that the nuclear force is not
fundamental. In analogy to the forces acting between atoms being effects of the
electromagnetic interaction, the nuclear force is a result of the strong force binding
quarks to form protons and neutrons. These strong and weak forces lead to the
corresponding fundamental interactions between the elementary particles.

Subatomic physics is distinguished from all other sciences by one feature: it is a
playground of three different interactions, and two of them act only when the objects
are very close together. Biology, chemistry, and atomic and solid-state physics are
dominated by the long-range electromagnetic force. Large-distance phenomena in
the universe are ruled by two long-range forces, the gravitational and electromagnetic
force. Subatomic physics, however, is a subtle interplay of three interactions (the
strong, the electromagnetic and the weak) and the strong and the weak vanish at
atomic and larger distances. The hadronic (or strong, or nuclear) force holds nuclei
together, its range is very short, but it is strong. The strong interaction is much
stronger than the electromagnetic interaction. If it were a long-range potential, as
is the electromagnetic potential, the whole universe would collapse; or the universe
would not have evolved from the Big Bang. The weak interaction has an even shorter
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2 Chapter 1: Introduction

range and it is weaker than the electromagnetic interaction, as its name indicates.
Figure 1.1 shows different scales in the hierarchy of the structure of matter. As
we probe the atom with increasing magnification, smaller and smaller structures
become visible: the nucleus, the nucleons, and the quarks.

Figure 1.1: Length scales and structural hierarchy in (sub)atomic structure [1]. To the
right, typical excitation energies and spectra are shown. Smaller bound systems possess larger
excitation energies.

The weak interaction is not the subject of this thesis and, therefore, it is not
further discussed. In the following, the concepts of the strong force in the nuclear
system will be described.

1.1 The two-nucleon force

It is known that the electromagnetic force is exerted through the exchange of virtual
photons; since the photon is massless, the range of the electromagnetic force is
infinite. In the same way, Yukawa proposed in 1935, that the pair-wise nucleon-
nucleon (NN) force is mediated by an exchange of a particle [2, 3]. Later, this
particle, the pion, was discovered and its mass was found to be close to the mass
predicted by Yukawa using the finite range of the nuclear force of ∼2 fm. Combining
the fact that the strong force has a short interaction range of about 2 fm with
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Heisenberg’s uncertainty principle provides the mass of the exchanged particle:

mc2 =
~c

∆r
'

197 MeV. fm

2 fm
' 100 MeV. (1.1)

This particle is now called the pion, or π-meson, with a mass of 134.98 MeV for
π0 and 139.57 MeV for π±. Based on the exchange of various mesons, the central
component of the nucleon-nucleon potential could be divided into three regions: a
long-range part at the distance between the two nucleons of about 2 fm, a middle-

Figure 1.2: Division of the nucleon-nucleon potential into different parts in the meson-
exchange picture. The long-range part is governed by one-pion-exchange, the middle-range
part by two-pion (σ-meson) exchange and the short-range part by the exchange of heavy
mesons.

range part between 0.7 and 2 fm and a short-range part below 0.7 fm, as shown
schematically in Fig. 1.2. The longest range attractive two-nucleon force (2NF) is
due to the exchange of pions and for the shorter ranges, the exchange of two pions
and heavier mesons contribute to the interaction [4, 5].

At present, existing 2NF models provide an excellent description of the high-
quality database of proton-proton and neutron-proton scattering and of the proper-
ties of the deuteron, such as the binding energy. For a three-nucleon system, it is not
enough to use only NN interactions to describe the experimental observables. As
Fig. 1.3 shows, for the simplest three-nucleon system, the triton, an exact solution
of the three-nucleon Faddeev equations employing only 2NFs clearly underestimates
the experimental binding energy [6]. This indicates that 2NFs are not sufficient to
describe the three-nucleon system accurately. For heavier systems, the deviations
between the calculated and the measured binding energies become even larger [6].
Deficiencies of theoretical predictions based on pair-wise nucleon-nucleon potentials
have been observed in three-nucleon scattering observables as well. For example,
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exact solutions of the Lippmann-Schwinger equations (Faddeev calculations) [7, 8]
solely based on modern NN interactions fail to describe high-precision differential
cross sections of proton-deuteron elastic scattering at intermediate energies obtained
at many laboratories including KVI [9, 10, 11] and RIKEN [12].
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Figure 1.3: Binding energies of the ground and excited states of light nuclei. The experimental
results are compared with AV18 and AV18+IL2 [6].

1.2 The three-nucleon force

All the modern NN potentials, as explained in section 2.2, are able to give very
precise predictions for two-nucleon scattering observables at the intermediate range
of energies. Note, however, that for the low energy regime it was recently shown
that the Nijm93 NN phase-shift analysis overestimates the n−p analyzing power at
En=12.0 MeV [13]. The next step in understanding nucleonic interactions is to apply
these two-nucleon potentials to three-nucleon systems. In a three-nucleon system,
the interaction between two of the nucleons may be influenced by the presence of
the third nucleon. For systems in which the internal degrees of freedom are frozen
(a rigid system), the effect of the third system can be analytically calculated using
the superposition rules. For a dynamic system like the nucleon, corrections emerge
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when these degrees of freedom are taken explicitly into account. The presence of a
third nucleon in a three-nucleon system can influence the characteristics of all three
nucleons. This extra effect, which goes beyond the two-body interaction, will be
referred to as the three-body force effect in this thesis and for the nucleonic systems
it is called the three-nucleon force (3NF) effect. Later we will use the notation of
3NF to abbreviate the three-nucleon forces and the three-nucleon potential as well.
To show the importance of the 3NF, one needs to solve the Schrödinger equation
with the relevant potential:

Hψ = Eψ,

where

H = −
∑

i

~
2

2mi

∇2
i +

∑

i>j

vij,

and where vij is the NN potential. The solution clearly shows that the NN potential
is not sufficient. As shown in Fig. 1.3, calculations using the Green’s Function
Monte-Carlo method [6], demonstrate that the AV18 NN potential fails to predict
the experimental results for binding energies of light nuclei. It seems that one must
consider an additional three-nucleon potential, vijk, to explain the experimental
observables. Adding the Illinois-2 [6] three-nucleon potential (3NP), the calculations
come closer to the experimental results, especially for the first few light nuclei. As
can be seen in Fig. 1.3, even adding a 3NP is not adequate to account for the
differences between the theoretical calculations and the measurements for some of
the states, especially for heavier nuclei. This discrepancy may be resolved by adding
a four-nucleon or higher potential. One presumes that the four-nucleon potential
(4NP) is much smaller than 3NP, just as the 3NP is smaller than the NNP 1. Thus,
the larger discrepancies cannot be explained by the 4NP. Rather, the existence of
large discrepancies might be a sign that the present 3NPs need to be modified.

Apart from the binding energy, there are phenomena such as scattering that can
be addressed in a three-nucleon system. There is a variety of evidences which show
the discrepancies between measured scattering observables, such as cross sections
and analyzing powers, and theoretical calculations based solely on a 2N potential.
Measurement of the differential scattering cross sections in three-nucleon systems is
one of the tools to study the nature of the 3NF. More detailed information can be
obtained by measuring other observables such as analyzing powers. For instance,
the spin-dependent part of the 3NF can be studied specifically by measuring the
vector (and tensor) analyzing powers using polarized proton (and deuteron) beams.

In the last few years, high-precision measurements of the elastic reaction were
carried out at KVI and at other laboratories with the aim of studying 3NF effects.
Measurements of the cross section and vector analyzing power in the elastic proton-
deuteron scattering have been performed at various beam energies less of than 250

1 The hierarchy and relative strength of few-nucleon potentials are understood in the framework
of chiral perturbation theory.
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MeV [9, 10, 11, 12, 14, 15, 16, 17, 18]. Results of these measurements show a
systematic discrepancy between data and calculations using three-nucleon potentials
in which the size of the discrepancy increases with increasing beam energy. Part
of these deficiencies could be attributed to relativistic corrections which are not
properly included in the theoretical models. In fact, all calculations are derived
from the Lippmann-Schwinger equations, which are based on the non-relativistic
Schrödinger equation.

Contrary to the elastic reaction, the break-up reaction has a very rich phase
space. The number of free parameters in the three-body break-up scattering is larger
than in the elastic reaction and it, therefore, gives access to a larger kinematical
phase space.

There is a long history of break-up studies at low energies (∼10 MeV). These
measurements have been performed in the past at Bonn, Cologne, TUNL, and
Kyushu producing interesting results. In particular, the so-called symmetric space-
star configuration appears rather puzzling. In this configuration, the plane in the
center of mass system spanned by the outgoing nucleons is perpendicular to the
beam axis, and the angles between the nucleons are 120◦. At Elab = 13 MeV, the
proton-deuteron (pd) and neutron-deuteron (nd) cross-section data deviate signifi-
cantly from each other. Theoretical calculations based on both phenomenological
and chiral nuclear forces have been carried out for the nd case and are unable to
describe the data. In addition, the Coulomb effect was found to be far too small
to explain the differences between the pd and nd data. Recently, proton-deuteron
break-up data for a similar symmetric constant relative-energy configuration have
been measured in Cologne [19] at Ed = 19 MeV. The results of this experiment show
a large deviation between the theory and the data.

For a complete picture of the underlying dynamics of three-nucleon forces, one
also needs to study the reaction phase space at higher energies. A systematic study
of observables of the break-up reaction has been started at KVI using SALAD [20]
by a collaboration between Krakow, Katowice and KVI. This collaboration proved
the feasibility of conducting high-precision measurements of the observables of the
break-up reaction for a large part of the kinematical phase space. The cross sections
and tensor-analyzing powers of the ~d+ p→ p+ p+ n reaction have been published
for a beam energy of Ed

lab = 130 MeV [21, 22, 23]. The data were compared with
predictions of calculations based on various NN and 3N potentials. The discrepancies
between the data and theoretical calculations gave evidence of 3NF effects in this
energy range. Furthermore, a large part of the disagreement between data and the
theoretical calculations has been explained by including the Coulomb-force effects
in the 3NF calculations [24, 25, 26] as demonstrated in the right panel in Fig. 1.4.

In the same figure, a comparison between the break-up data and calculations
based on χPT is presented. It is shown that these calculations, based on a low-
energy expansion of QCD, describe reasonably well the scattering data at these
energies. Hence, χPT is becoming a powerful tool to describe scattering observables
in particular for energies of less than 100 MeV/nucleon.
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Figure 1.4: The cross sections of the ~d + p → p + p + n reaction are shown for the indicated
configuration for a beam energy of Ed

lab = 130 MeV. The left panel shows a comparison with
predictions based on two-nucleon forces (2N), 3NF (TM’), and χPT (NNLO, NNNLO). The
right panel shows the effect of the Coulomb interaction. In the left panel, the green, brown,
cyan, and violet bands represent the NNLO, NNNLO, 2N, and 2N+TM’, respectively. In the
right panel, cross section for the configuration (θ1, θ2, φ12) = (15◦, 15◦, 20◦) is shown. The
solid line shows the predictions of the CDB+∆ potential including the Coulomb interaction
and the dashed line shows the predictions without the Coulomb interaction. The dash-dotted
line combined with the right-hand scale present the dependence on S (the energy correlation
between the two scattered protons) of the relative energy between the two protons emerging
from the break-up process [22, 24].

To investigate the behavior of 3NF effects at higher energies, the ~p+d→ p+p+n
reaction was performed at Ep

lab = 190 MeV at KVI using BINA [27]. Figure 1.5
shows some of the new insights into three-nucleon systems at higher energy for the
case in which the energy per nucleon is a factor of 3 larger than in the previous
experiment [27]. This figure indicates that there is a discrepancy between the data
and the theoretical calculations in the analyzing powers, specially for low relative
azimuthal scattering angles. To extend the database for the investigations of the
behavior of 3NF effects, an experiment was performed in 2006 to study the ~p + d
break-up reaction at the energy of 135 MeV using a polarized proton beam. This
experiment and its results are the main focus of this thesis.

1.3 Outline of the thesis

In the following chapter, a brief overview of the theoretical framework that is
used to describe three-nucleon systems will be given and different nucleon-nucleon,
and three-nucleon potential models are presented. Also, the formalism for vector-
polarized beams that has been used for the data analysis is explained in the next
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Figure 1.5: The left panel represents the comparison of the results of the cross-section mea-
surements for a few selected configurations with all existing theoretical predictions for the ~p+d
break-up reaction at Ep

lab = 190 MeV. The right panel shows the same results but for the an-
alyzing powers. In both panels the NN band (light gray) is composed of various existing two-
nucleon calculations, namely CDB, NijmI, NijmII, and AV18. The 3N band (dark gray) shows
the same NN potentials including the TM’ (3N) potential. The lines represent the predictions
using the CDB potential from the Hannover-Lisbon group (dotted), AV18+UIX (black short-
dashed), CDB+∆ (blue solid), CDB+Relativistic (blue dash-dotted), and CDB+∆+Coulomb
(red long-dashed) potentials in every panel. The errors are statistical and the cyan band in
each panel depicts the systematic uncertainties (2σ) [27].

chapter. Chapter 3 will cover extensively the experimental setup of this work. The
most important aspects of all instruments and facilities which have been used to per-
form the proton-deuteron break-up experiment will be outlined. Specifically, BINA
and all its components are described in detail in this chapter.

In chapter 4 the data analysis for the ~p+ d break-up reaction is explained while
chapter 5 covers the results of the ~p + d reaction and the conclusions drawn from
them. Finally, a summary and conclusions of the whole thesis will be presented in
chapter 6.



2. Theoretical aspects of the
break-up reaction

2.1 Introduction

It is well known that the electric force between two charged particles at rest or in

very slow relative motion is proportional to their charges and to the inverse of the

square of the distance between them, and its direction is along the line joining the

two charges. According to this law, for charged particles very close to each other
(r → 0) like protons inside nuclei, this force should go to infinity preventing the
protons from binding. The nuclear force, which is the force between two or more
nucleons, overcomes the Coulomb force and is responsible for binding protons and
neutrons into atomic nuclei. To a large extent, this force can be understood in
terms of the exchange of virtual light mesons, such as pions. The nuclear force
is strong and is driven by quantum chromodynamics (QCD). It has been a long-
standing paradigm that pair interactions between nucleons largely account for the
low-energy properties of complex nuclei. Studies of strong and electromagnetic
processes involving two nucleons provide the most direct information about the
two-nucleon interaction. However, in addition to the firmly established one-pion-
exchange (OPE) tail, nowadays, we know a lot about two-pion-exchange (TPE)
and the shape of the two-nucleon potential as well [28, 29]. General field-theory
considerations [30] suggest that the potential is non-local for nucleon separations less
than about 0.5 fm. Furthermore, it is now established [30] that there are families
of two-nucleon potentials having the same OPE tail but having different (generally
non-local) intermediate and short-range behaviors, which give exactly the same fit
to the deuteron binding energy and two-nucleon scattering phase shifts. These
potentials usually underbind triton [31], so the hope is to use three-body scattering to
determine missing elements. Beyond two-nucleon systems, three-nucleon systems are
the next challenge for theoretical calculations. In this chapter, the basic ingredients
to describe the scattering process in the three-body system will be discussed.

2.2 The nucleon-nucleon force

The Nucleon-Nucleon Potentials (NNPs) can be described in momentum space and
in configuration space [5]. The potentials which are described in configuration space
have been used the nonrelativistic Schrödinger equation. The potential must be
invariant under rotation, reflection and time reversal. The model-independent terms

9



10 Chapter 2: Theoretical aspects of the break-up reaction

are written in the configuration space as a sum of six terms, V =
∑6

i=1 ViPi, where

P1 = 1,

P2 = ~σ1 · ~σ2,

P3 = S12 = 3(~σ1 · r̂)(~σ2 · r̂) − ~σ1 · ~σ2,

P4 = ~L · ~S,

P5 = Q12 =
1

2
[(~σ1 · ~L)(~σ2 · ~L) + (~σ2 · ~L)(~σ1 · ~L)],

P6 = (~σ1 − ~σ2) · ~L.

(2.1)

Here, Pi is a common choice for the six operators which are referred to as the
central, spin-spin, tensor, spin-orbit, quadratic spin-orbit, and antisymmetric spin-
orbit operators, respectively. In general, Vi in configuration space is a function
of the distance between two nucleons, r2, and the operators of linear and angular
momentum p2 and L2. In modern high-quality NNPs such as NijmI, NijmII and
Reid93, up to Elab = 350 MeV, Vi is also a function of S2 and J2 which results from
the fact that each partial wave is parameterized separately [5].

After the discovery of heavy mesons in the 1960s, the NNPs were written as a
sum of the potentials representing the exchange of bosons. The long range part
(& 2 fm) of the potential is governed by the π-meson and is, therefore, called the
One-Pion-Exchange Potential (OPEP). As Eq. (1.1) shows, at shorter distances,
the attractive medium-range, a heavier meson such as the σ-meson or two π-mesons
could be exchanged. The short-range (. 1.4 fm) repulsive part of the NNP needs a
heavy vector boson such as the ω-meson or ρ-meson to be exchanged. We note that
potentials derived from the Effective Field Theory (EFT) and AV18 potentials are
as precise as any OBE potentials without any need to exchange heavy mesons.

In the Nijmegen phase shift analysis, the short-range repulsive part is short
enough to be screened by a centrifugal barrier for the higher partial waves [4]. In
other words, the partial waves with higher angular momenta do not need to be
parameterized and only the partial-waves of low angular momenta, normally up to
J = 5, are parameterized. For the partial waves of lower angular momenta, the
short-range part is represented by an energy dependent square-well with a range
of b = 1.4 fm. The depth of square-well is independent of r but energy dependent
which is, therefore, different for each of the partial-waves. In general, the NNP is
written as a sum of an electromagnetic part, an OPEP part and an intermediate-
and short-range phenomenological part:

v(NN) = vEM(NN) + vπ(NN) + vI(NN) + vS(NN). (2.2)

The OPEP for pp scattering is given by

vπ(pp) = f 2
πV (mπ0), (2.3)
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and for np scattering it is

vπ(np) = −f 2
πV (mπ0) + (−)I+12f 2

πV (mπ±), (2.4)

where I is the isospin and

V (m) =

(

m

mπ±

)2
1

3
mc2[VS(r)~σi · ~σj + VT (r)Sij]. (2.5)

VS(r) and VT (r) are the Yukawa and tensor functions:

VS(r) =
e−µr

µr
,

VT (r) =

(

1 +
3

µr
+

3

(µr)2

)

e−µr

µr
,

(2.6)

where µ = mc/~ [32] and f 2
π = 0.075 is the pion-nucleon coupling constant [33]. The

intermediate- and short-range phenomenological part of the potential are expressed,
as in the Argonne v14 model, as a sum of central, L2, tensor, spin-orbit, and quadratic
spin-orbit terms. For more details, see Ref. [32]. In spite of the good performance
of the high-quality NNPs, the potentials still have problems which need further
attention. When the potentials are evaluated in momentum space and then Fourier
transformed to configuration space, a form-factor is needed to handle the singularity
at the origin [5]. It is good to mention that this problem is not only limited to
coordinate space but when we solve the LSE with the phenomenological potentials
in momentum space, we still have to introduce ad-hoc form factors. This form-factor
is not fixed by theory or experiment. Every model takes a form-factor that fits
better to the data-set. One of the scalar mesons, the σ-meson, which is necessary in
OBE potentials to explain especially the medium-range attraction has not yet been
unambiguously definitely observed experimentally. There are several high-quality
nucleon-nucleon potentials (NNPs) based on a OBE. They have been fitted to the
world Nucleon-Nucleon (NN) scattering data-set up to 350 MeV and they are all
non-relativistic. Here, some aspects of these models, which were used in predicting
the observables of the present experiment, are explained briefly.

The Nijmegen group has introduced NijmI, NijmII, Nijm93 and Reid93 potential
models and A partial-Wave Analysis,PWA93 [4]. The PWA93 has 39 parameters
and has been fitted to almost 4301 data points of all pp and np scattering data with
χ2/datum '0.99. This can be compared to, for instance, Nijm93 [4] which fits the
NN data with χ2/datum=1.87 and has only 15 parameters.

The newest Charge-Dependent (CD) Bonn potential, which is the successor of the
original Bonn potential, is called CD-Bonn [28]. This high-quality potential fits 2932
pp scattering data points with χ2/datum=1.01 and 3058 np scattering data points
with χ2/datum=1.02. The Bonn group also accounted for Charge-Independence
Breaking (CIB) and Charge-Symmetry Breaking (CSB) effects, since the pp and nn
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interactions are different even after removing the electromagnetic interaction (CSB).

Another high-quality NNP is Argonne v18 (AV18) [32]. This potential has 18
operators, 14 of which are charge-independent and correspond to an updated version
of v14 [34]. Three additional charge-dependent and one charge-asymmetric operators
have been added along with a complete electromagnetic interaction. The AV18

potential has 40 parameters which have been adjusted via fitting the model to 4301
pp and np scattering data points from the Nijmegen database with a χ2/datum=1.09
in the range 0-350 MeV.

A different approach is provided by the Hannover-Lisbon theory group, where
the ∆-isobar is treated on the same footing as the nucleon, resulting in a coupled-
channel potential CD-Bonn+∆ [35, 36] with pairwise nucleon-nucleon and nucleon-
isobar interactions mediated through the exchange of π, ρ, ω, and σ mesons.

The first NN potential has been presented at next-to-next-to-next-to-leading
order (N3LO) of chiral perturbation theory [37]. Entem and Machleidt showed that
since NN potentials of order three and less are known to be deficient in quantitative
terms, the fourth order is necessary and adequate for a NN potential reliable up
to 290 MeV. The accuracy of this method is comparable to the AV18 potential.
Thus, the NN potential at N3LO is the first to meet the requirements for a reliable
input potential for exact few-body and microscopic nuclear structure calculations,
including chiral 3NF consistent with the chiral 2NF [37].

The high-quality models, such as CD-Bonn, NijmI, NijmII, Reid93, AV18, Nijm93,
CDB+∆ and EFT are all charge dependent and have a χ2 per degree of freedom
very close to 1 (with the exception of Nijm93, which is less perfect). Possible de-
viations from experimental 3N data can no longer be attributed to defects in the
description of the NN data and it can therefore, be caused by 3NF effects, which
includes changes of NN forces due to the presence of the third nucleon [8]. These
are some of the issues that leave room for more developments in the construction of
NNPs.

2.3 Three-nucleon force

Even before the introduction of two-nucleon potentials that could make reliable pre-
dictions for physical observables, H. Primakoff and T. Holstein showed that three-
nucleon forces (3NF) should exist [38]. The first 3NF model was developed by Fujita
and Miyazawa (FM) [39]. They described for the first time the Two-Pion Exchange
(TPE) by incorporating an intermediate ∆-isobar excitation, as shown in the right
diagram in Fig. 2.1. The main ingredient of TPE-models is the πN scattering ampli-
tude illustrated as T3 in the left diagram of Fig. 2.1. Later, more refined ingredients
have been added such as the Tucson-Melbourne (TM) [40] and corrected Tucson-
Melbourne (TM’) 3NFs [41, 42, 43] allowing for additional processes contributing to
the re-scattering of the mesons.

Theoretical predictions for the observables of interest were calculated by three
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π

π

∆

π

π

T3

1 3 2 1 3 2

Figure 2.1: The Feynman diagram for the Two-Pion Exchange (TPE) potential. In the left
diagram, T3 represents πN scattering amplitude in which the nucleon is nucleon 3. In the right
diagram, a TPE with a ∆-isobar excitation is shown as one of the contributions for T3.

groups. The Bochum-Krakow group used the modified-TM-model which is called
TM’ (or TM99) as 3NP. They added this 3NP to the NN models, CD-Bonn, NijmI,
NijmII, and AV18. They have also combined the Urbana IX 3NP with the AV18

NNP. The Hannover-Lisbon group has also calculated various observables for the
~p + d break-up reaction with the ∆-isobar treated dynamically [35, 36]. The third
approach for describing three-body systems is based on Chiral Perturbation Theory
(χPT) [44], which includes TPE in the form of TM’ and the most general short-range
contributions.

2.3.1 Tucson-Melbourne potential

The Tucson-Melbourne potential [40] was one of the first serious attempts, to build
a complete three-nucleon force with the inclusion of short- and long-range parts
of the interaction based on two-pion exchange. The TM potential includes the πN
scattering amplitude in which the pions are off-mass-shell1, i.e. E2

π 6= p2
π +m2

π, where
mπ is the pion mass. The most recent form of the TM potential is TM99 [43] which
contains one parameter, ΛTM , used as a cut-off to regularize its high-momentum
behavior. The value of ΛTM is adjusted for each particular combination of the NN
force and the TM99 3NF to match the value of the 3H binding energy [45]. For the
four NN potentials (AV18, CD-Bonn, NijmI and NijmII) the corresponding values of
ΛTM , in units of the pion mass mπ, are 4.764, 4.469, 4.690 and 4.704, respectively.
It should be noted that the adjustment of ΛTM is just a rough method to take
into account other processes, which are ignored in the construction of the 3NF
model. In the meson-exchange potential, these additional processes are different
meson exchanges (π − ρ, ρ− ρ, etc.) and different intermediate excited states. The
TM 3N potential has the following form:

V TM
ijk = ASW

2π O2π,SW
ijk + APW

2π O2π,PW
ijk , (2.7)

1 This is needed for the exchange of virtual space-like pions in a nuclear-force diagram.
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∆
∆

∆
π

π

π π

π

π

c d
Figure 2.2: Three-body force Feynman diagrams: The first (a) is the FM potential (TPE
p-wave), (b) is two-pion s-wave, (c) and (d) are three-pion rings with one ∆ at a time in
intermediate states.

where the terms represent TPE contributions from s-wave and p-wave πN scattering
corresponding to (a) and (b) three-body force Feynman diagrams of Fig. 2.2. the pa-
rameters ASW

2π and APW
2π represent the strengths of the terms in this formula. There

is another approach given by Brazilian group namely the Brazil 3NP. The Brazilian
group derived a Two-Pion-Exchange (TPE) 3NP using an effective Lagrangian [46].
They considered the s-wave and p-wave potentials and their relative importance.
The 3NP of the Brazil potential model in momentum space is quite similar to that
of the TM’ potential.

2.3.2 Urbana-Illinois potential

After the study of 3N system dynamics with the AV18 NN potential, the Urbana-
Argonne collaboration in Illinois introduced new phenomenological 3NPs, namely
Urbana IX (UIX) [47] and Illinois1-5 [6]. This collaboration has shown that the AV18

NN potential alone predicts some key features of the nuclear structure correctly,
such as the proper ordering of excited states and the rapid saturation of the binding
energy for nuclei with mass number, A, larger than 4. But, as was shown in Fig. 1.3,
with increasing A, it underestimates the nuclear binding energies. The three-nucleon
potentials which have been used in the Illinois model have the following schematic
form:

V UIX
ijk = V TM

ijk + A∆R
3π O

3π,∆R
ijk + ARO

R
ijk, (2.8)

where V TM
ijk is defined as Eq. 2.7. In Eq. 2.8, the second and the third terms are three-

pion-exchange contributions from ring diagrams with one ∆ in the intermediate
states and a repulsive term as illustrated in the Feynman diagrams of (c) and (d)
in Fig. 2.2. The parameters A∆R

3π and AR are the strengths of the terms. The
Urbana IX potential does not have the TPE s-wave and the three-pion-exchange
terms [6].

The spin-isospin and spatial dependence of the terms were obtained from dia-
grams shown in Fig. 2.2 but the strength of the terms was fixed by fitting to the
binding energies of light nuclei and nuclear matter.
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2.3.3 Hannover-Lisbon potential

The Hannover-Lisbon group takes the ∆-isobar excitation into account to obtain
an effective 3NP from any NNP. In this model, an explicit ∆-isobar is added to the
nucleonic Hilbert space of a three-nucleon system [48]. The ∆-isobar is considered
as a stable particle rather than a dynamic πN system [49]. The ∆-degree of freedom
is treated in a coupled-channel approach. This approach emphasizes the need for
consistency between the two-nucleon interaction and the correction mechanisms of
microscopic nuclear structure due to ∆-isobar excitation. A two-baryon coupled-
channel potential was developed which couples two-nucleon states to nucleon-∆
states. The transition potential from NN to N∆ states is derived from π- and
ρ-exchange. The Coulomb interaction between protons has been included in the
potential in 2005 for the first time [25]. The CD-Bonn+∆ potential was refitted to
the Nijmegen database. This potential was then employed to describe elastic and
inelastic 3N scattering processes [35].

2.3.4 Chiral perturbation theory (χPT)

A new approach for the description of the three-nucleon system is based on chiral
perturbation theory [50, 51]. This theory provides the most general Lagrangian
involving pions and low-energy nucleons and ∆s consistent with a spontaneously
broken symmetry. Nucleons with momenta greater than a scale, Λ, are integrated
out, which makes this Lagrangian Λ dependent. For the moment, it will be enough
to specify that Λ is a low-energy scale such as the momenta of the external particles
or light masses and is substantially less than the mass of nuclei, mN [52, 53]. In a
version for energies below the ∆-nucleon mass difference, the ∆ can be integrated
out. In this case the three-nucleon terms appear, for the first time, at Next-to-
Next-to Leading Order (NNLO). Figure 2.3 shows the ordering and the hierarchy
of all diagrams in the ∆-less chiral perturbation theory. The chiral perturbation
Lagrangian is organized in powers of ν (chiral order), L(Λ−ν), and is written as a
sum of contributions from different orders [52],

Leff = Lν=0 + Lν=1 + Lν=2 + · · · . (2.9)

The three-nucleon vertices that appear at NNLO are shown in Fig. 2.3. In
comparison with the ad-hoc approach of adding two-nucleon potentials and some
three-nucleon force, chiral perturbation theory clearly has the advantage of being a
self-consistent theory.

2.4 Faddeev equations

The 3NFs can be investigated in a process such as nucleon-deuteron scattering. Here
we present a formalism [8] to describe this process. In the nucleon-deuteron hadronic
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2N force 3N force 4N force

N LO2

N LO3

LO

NLO

Figure 2.3: A schematic representation of the hierarchy of the nuclear forces in the χPT
approach. Solid (dashed) lines represent nucleons (pions). Solid dots, filled/open squares and
filled circles depict vertices from Leff .

scattering |1〉 + |23〉, four possible outgoing channels exist:

|1〉 + |23〉 −→ |1〉 + |23〉 (1
|1〉 + |23〉 −→ |2〉 + |13〉 (2
|1〉 + |23〉 −→ |3〉 + |12〉 (3
|1〉 + |23〉 −→ |1〉 + |2〉 + |3〉 (4

Channel 1 corresponds to elastic scattering, while channels 2 and 3 represent the
rearrangement channels. Channel 4 is the break-up channel. In the calculations of
three-nucleon systems one has to include all four channels. In the following, we show
the calculation of three-nucleon systems using the approach developed by Faddeev,
who provided one of the basic equations in the few-body problem. In Ref. [8] one
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Figure 2.4: Schematic diagram of the amplitudes describing the transition from the initial
nucleon+deuteron state to the final state of three nucleons in the break-up process. The
deuteron bound state is represented by the half-disc connecting the nucleon lines. The sum of
the three graphs correspond to the full breakup amplitude U0 acting on the antisymmetrized
initial state.

can find a formal derivation of the Faddeev equations with the inclusion of the
3N interaction. The principal object of interest is the amplitude U0, describing
the transition from the initial state of a deuteron and a nucleon to the final state
consisting of three nucleons. The nucleons are treated as identical particles, differing
only in the third component of the isospin. The initial state is described by the wave
function Φm, with m= 1,2,3 enumerating the incident (unbound) nucleon. The three
possible situations are shown in Fig. 2.4, accounting for the fact that the initial
state has to be properly antisymmetrized if one considers the action upon it by the
operator U0. The three pieces of the full amplitude we call U1, U2, U3, with the
subscript corresponding to the free nucleon in the entrance channel. Thus, the full
amplitude is given by

U0Φ1 = U1Φ1 + U2Φ2 + U3Φ3. (2.10)

We first consider the case of a two-body potential. The Faddeev method is
to split again these three amplitudes into three pieces each, ordered by the last

interaction occurring in the system. This can be any one of the NN interactions
within pairs 2-3, 3-1 or 1-2. As an example, we describe the pairwise interaction
between nucleons j and k by Vi, with i, j, k=1,2,3 and i 6= j 6= k. This decomposition
is shown in Fig. 2.5, where each of the three rows corresponds to one of the diagrams
on the right-hand side of Fig. 2.4. All the amplitudes in Fig. 2.5 are denoted by
Un

m, with the subscript m=1,2,3 enumerating the initial state and the superscript
n=1,2,3 pointing to the last pairwise interaction. In the operator notation this
decomposition can be expressed by three equations:

UmΦm = U1
mΦm + U2

mΦm + U3
mΦm. (2.11)

A new set of three transition operators Tn is defined, such that

TnΦ1 = Un
1 Φ1 + Un

2 Φ2 + Un
3 Φ3, (2.12)
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which corresponds to sums in columns of the graphs on the right-hand sides of the
equalities in Fig. 2.5.

Figure 2.5: Decomposition of the amplitude shown Fig. 2.4 into parts characterized by the
specific pairwise interaction acting as the last one in the 3N system. Empty blobs represent
any interaction within the system.

Formally, one should continue with obtaining a set of Faddeev equations for
each triad of the Un

1 , Un
2 and Un

3 amplitudes and combining them later to ob-
tain a set of three coupled equations for the transition operators Tn. According
to Eqs. (2.10), (2.11) and (2.12)

U0Φ1 =

3
∑

m=1

3
∑

n=1

Un
mΦm =

3
∑

n=1

TnΦ1. (2.13)

Then

U0Φ1 = T1Φ1 + T2Φ1 + T3Φ1. (2.14)

Introducing a sum of cyclic and anti-cyclic permutations operator

P = P12P23 + P13P23, (2.15)

and considering T2 = P12P23T1 and T3 = P13P23T1, the full transition amplitude for
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the break-up reaction is obtained as

U0 = (1 + P )T1. (2.16)

For simplicity, however, we only demonstrate the principle by working from now on
with the T operators and dropping the wave function. This is in general equivalent to
assuming implicitly the antisymmetrized initial state. Therefore in the diagrammatic
representation also the deuteron state is omitted [54]. Since now the situation is
fully symmetric, it is enough to consider, for example, the details of T1. All possible
sequences of interactions are depicted in Fig. 2.6. In the first row of the second
equality on the right-hand side all occurrences of interactions in only pair 2-3 (i.e.
of V1) are grouped together. In the second and third rows the multiple scattering
series due to the same V1 potential is preceded by the sequence “any interaction”
ending with V2 or any interaction ending with V3. The action of any interaction

followed by Vn is, per definition, described by the transition operator Tn and thus
in algebraic notation we have

T1 = V1 + V1G0V1 + V1G0V1G0V1 + · · ·

+ V1G0T2 + V1G0V1G0T2 + · · ·

+ V1G0T3 + V1G0V1G0T3 + · · · , (2.17)

where G0 represents the free propagator of the 3N state. We observe that the mul-
tiple scattering series within the subsystem of nucleons 2 and 3 can be summed up
according to the Lippmann-Schwinger equation (LSE), introducing the two-nucleon
transition operator, t1, acting in the 3N environment:

t1 = V1 + V1G0V1 + V1G0V1G0V1 + · · · = V1 + V1G0t1. (2.18)

Substituting Eq. (2.18) to Eq. (2.17) leads to

T1 = t1 + t1G0T2 + t1G0T3. (2.19)

The same result can be obtained starting from first row of Fig. 2.6. Since any
interaction in the system finishes with the action of the pairwise potentials, Vn, that
decomposition can be written as

T1 = V1 + V1G0T1 + V1G0T2 + V1G0T3. (2.20)

Ordering the terms with T1 on the left-hand side, one obtains

(1 − V1G0)T1 = V1 + V1G0T2 + V1G0T3. (2.21)

Multiplying both sides of Eq. (2.21) with (1−V1G0)
−1 and using the LSE (2.18), one

obtains again Eq. (2.19). Using Eq. (2.15) and considering the same equations for
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Figure 2.6: The structure of the transition amplitude T1. The details of the initial state
are omitted as discussed in the text. The decomposition in the first line is further separated
into parts in the following lines. Empty blobs represent any interaction. Vertical dashed lines
represent the free 3N propagator.

operators T2 and T3 including the incident channel wave function notation, which
was omitted in the above presentation, one finally arrives at a compact formulation
of the Faddeev-like equation, representing the set of three coupled equation:

TΦ = tPΦ + tPG0TΦ. (2.22)

Having the NN potential and 3N forces, the scattering problem in the 3N system is
stated in the form of a Faddeev-like integral equation for the amplitude T , being a
generalization of Eq. (2.22) to include also a 3NF:

T = tPΦ + (1 + tG0)V
(1)
3NF(1 + P )Φ +

+ tPG0T + (1 + tG0)V
(1)
3NF(1 + P )G0T, (2.23)
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where the initial channel state Φ is composed of a deuteron and a momentum eigen-
state of the projectile nucleon. The 3N potential V3NF can always be decomposed
into a sum of three parts:

V3NF = V
(1)
3NF + V

(2)
3NF + V

(3)
3NF, (2.24)

where each part V
(i)
3NF singles out nucleon i. The parts are symmetric under the

exchange of the other two nucleons j and k, with j 6= i 6= k. One can see that
in Eq. (2.23) only one part, V

(1)
3NF appears explicitly. The other parts enter via the

permutations contained in P . As already stated, the physical break-up amplitude
U0 is obtained from T according to Eq. (2.16). Iterating the Faddeev-like equation
(2.23) and inserting the resulting T into Eq. (2.16) yields the multiple scattering
series, in which each term contains some number of interactions among nucleons via
NN and 3N forces with free propagation in between. The relation mechanism is thus
transparently mirrored.

2.5 Observables in the break-up reactions

In this section, we discuss the kinematics of the break-up reaction which is the
subject of this thesis and introduce the break-up analyzing power and cross section.
The most common observable in a scattering experiment is the cross section. To
measure the cross section of a reaction, we need a beam of particles impinging on
a target and a detector to observe the outgoing particles. In a simple scattering
experiment with an unpolarized beam and target, the cross section depends on the
polar angle, θ, and the beam energy. If the beam of projectiles is polarized, then the
cross section depends not only on the polar angle but also on the azimuthal angle, φ.
This dependence can easily be observed by putting two detectors at the same polar
angle but on the opposite sides of the beam. The φ-dependent part of the scattering
cross section is characterized by the observable called vector analyzing power.

The concepts of polarization and experiments involving polarized beams and
details about the derivations can be found in Ref. [55]. The polarized source at
KVI is an ion source, and is described in more detail in Sect. 3.1. The polarized
beam produced by an ion source has an axial symmetry because of the presence of
a solenoidal magnetic-field in the source at the location where the polarized atoms
are ionized. It is convenient to define the Z-axis of quantization along this magnetic
field direction. The X and Y axes are arbitrary because of the axial symmetry. This
XY Z frame is called the polarization frame [55]. Polarized protons produced by the
ion source have the states, |j,m〉, of spin-up, | 1

2
, 1

2
〉, and spin-down, |1

2
,−1

2
〉. If the

populations of spin-up and spin-down in an ensemble are denoted by N+ and N−,
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respectively, the vector polarization of the ensemble is defined by:

p =
N+ −N−

N+ +N−

. (2.25)

There is a variety of spin-observables in the scattering process which can be
studied. The form of the observables for the reactions studied in this thesis will be
shown here. Suppose that the initial spin state of a scattering reaction is described
by

χi =
∑

j

ajφj, (2.26)

where φj designates the basis for the spin states before the reaction, j is the dimen-
sion of the space and i denotes the initial state. The final state can be represented
by

χf =
∑

j

bjφ
′
j, (2.27)

where φ′
j designates the basis for the spin states after the reaction, and f denotes

final state. The scattering amplitude, represented by M , relates the initial and final
states:

χf = Mχi and bj =
∑

k

Mjkak, (2.28)

where the M is given by

Mij = −
2

3
m(2π)2

〈

φ′
j|U0|φi

〉

, (2.29)

where m is the nucleon mass and φ′, φ are the final and initial states, respectively.
The initial and final density matrices are defined for an ensemble of N particles as

ρi ≡
N
∑

n=1

χ
(n)
i [χ

(n)
i ]† (2.30)

and

ρf ≡
N
∑

n=1

χ
(n)
f [χ

(n)
f ]†. (2.31)

By substituting Eq. (2.28) into Eq. (2.31) we obtain

ρf = MρiM
†. (2.32)

If ρi is normalized to unity, the differential cross section for a polarized beam is
given by

I(θ, φ) = Trρf = TrMρiM
†. (2.33)
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Expanding the density matrix in terms of the set of Pauli matrices, σ1, σ2, σ3, and
the unit matrix I gives:

ρi =
1

2

(

I +

3
∑

j=1

pjσj

)

. (2.34)

For any operator Ω, we have the expectation value of that operator, 〈Ω〉 = TrρiΩ.
Therefore:

pj ≡ 〈σj〉 = Trρiσj (2.35)

is the jth component of the beam polarization. By substituting Eq. (2.34) into (2.33)
we obtain

I(θ, φ) = I0(θ)

(

1 +

3
∑

j=1

pjAj(θ)

)

, (2.36)

where

Aj(θ) ≡
TrMσjM

†

TrMM †
, (2.37)

is the jth component of the nucleon analyzing power, and

I0(θ) =
1

2
TrMM † (2.38)

is the cross section for an unpolarized beam.

For an unpolarized beam, the cross section usually depends on the polar scatter-
ing angle and it is independent on the azimuthal direction. In other words, it has
an axial symmetry around the direction of the incoming beam. But, for a polarized
beam, the spins of the projectile particles (beam) are aligned in a given direction
which imposes a preferred azimuthal direction in the system. Usually, the scatter-
ing observables are studied in a reference frame that is called the projectile helicity
frame. In this coordinate system, the ẑ axis is taken along the direction of the
projectile motion, k̂in, the ŷ axis is taken along k̂in × k̂out, where k̂out represents the
direction of the scattered particle, and the x̂ axis is chosen to form a right-handed
coordinate system (see Fig. 2.7).

If the incident beam is made up of spin- 1
2

particles with a transverse polarization
~p, the cross-section relation is written as:

I(θ, φ) = I0(θ)[1 + A(θ)~p · n̂], (2.39)

where I0(θ) is the cross section for scattering of an unpolarized beam at scattering
angle θ, A(θ) is the analyzing power of the reaction, and n̂ is a unit vector along
ŷ = k̂in × k̂out in the helicity frame. We use the symbol φ to denote the angle
between ~p and n̂; that is ~p · n̂ = |p| cosφ. If φ = 0◦, p̂ is along n̂ and for φ = 180◦, p̂
is opposite to n̂. With this, the cross section can be written as:

I(θ, φ) = I0(θ) [1 + A(θ)p cosφ] , (2.40)
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Figure 2.7: The projectile helicity frame is used to study the scattering observables. In this
coordinate system, the ẑ axis is taken along the direction of the projectile motion, k̂in, the ŷ
axis is taken along k̂in× k̂out, where k̂out represents the direction of the scattered particle, and
x̂ axis is chosen to form a right-handed coordinate system. The scattering angle, θ, is the angle
between the direction of the incoming beam, k̂in, and the outgoing particle, cos θ = k̂in · k̂out.

where p represents the magnitude of the polarization. We denote the cross section
for the scattering to the left by φ = 0 and to the right by φ = π. It is common
to normalize the cross section of the reaction for the polarized beam to that of
the unpolarized beam to eliminate geometrical and detector asymmetries and then
calculate the analyzing power according to,

(φ = 0) → IL = I0(θ)(1 + pA),

(φ = π) → IR = I0(θ)(1 − pA), (2.41)

so that

A =
1

p

(

IL − IR
IL + IR

)

. (2.42)

Figure 2.8: The two forward-scattered particles of the break-up reaction are shown. In
this right-handed coordinate system, Z-axis is along the beam direction. The energy of the
particles, E1, E2, the scattering angles, θ1, θ2, and the relative azimuthal angle between the
two particles, ∆φ = φ1 − φ2 = φ12, are shown.
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For a system of three particles (two protons (p1, p2) and a neutron (n)) in the
exit channel, there are in total nine parameters: (E1, θ1, φ1)p1

, (E2, θ2, φ2)p2
, and

(E3, θ3, φ3)n. Figure 2.8 shows six of these parameters out of nine. Here, E is the
energy of the particle, θ is the polar scattering angle, and φ is the azimuthal angle
in the helicity frame [55], respectively. From the energy and momentum conserva-
tion laws, there are 4 inhomogeneous equations. Therefore, by measuring at least
5 of these parameters in an experiment, we can obtain the rest of the parameters
uniquely. In our break-up experiments, we have identified two forward-scattered
protons. We measured the energies and scattering angles, (E, θ, φ), of both of these
particles unambiguously. Therefore, we have measured six parameters, whereas,
to solve the equations, we need to measure only five parameters. Measuring the
sixth parameter helps to suppress the background. Here, we explain the correlation
between the observables for the simpler case with non-relativistic kinematics. Us-
ing the non-relativistic expressions for the energy and momentum conservation, we
obtain the relation [56, 57]:

(m1 +m3)E1 + (m2 +m3)E2 − 2
√

mpm1EpE1 × cos θ1

− 2
√

mpm2EpE2 × cos θ2

+ 2
√

m1m2E1E2 × cos θ12

− m3Q + Ep(mp −m3) = 0, (2.43)

where m1, m2 are the masses of the first and second detected particles, m3 is mass of
the undetected particle, mp is the projectile mass (here, proton), Q is the Q-value of
the reaction, E1, E2, Ep are the energies of the first, second, and the projectile parti-
cles, respectively, and θ12 is the opening angle between the first and second protons,
so that cos θ12 = cos θ1 cos θ2 + sin θ1 sin θ2 cos(φ1−φ2). From Eq. (2.43) one can de-
rive a relation between the energies of the protons (E1, E2). The relativistic version
of this relation is graphically presented in Fig 2.9 and is referred to as the S-curve.
The S-curve contains all the kinematically allowed combinations of E1 and E2. The
corresponding kinematical variable, S, represents the arc-length along the S-curve
with the starting point, S = 0, defined by the proton with the minimum value for
E1 and it increases in the counterclockwise direction. The parameter S, therefore,
represents the energy correlation between the two protons and it is expressed in
units of energy. In the next chapters we will present the experimental results for the
cross sections and the analyzing powers for various kinematical configurations. Fur-
thermore, we will compare the experimental data with the most recent theoretical
predictions which we briefly described in this chapter.
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Figure 2.9: The energy of the second proton as a function of the energy of the first proton
is represented as the S-curve. A few S-curves are shown for various kinematics, (θ1, θ2, φ12 =
|φ1 − φ2|). Angles are given in degrees.



3. Experimental setup

This chapter describes the most important instruments and facilities which have
been used to perform the proton-deuteron break-up experiment, such as the ion
source, the accelerator, the polarimeter and the detection system.

Figure 3.1 shows the experimental facility at KVI. The polarized (unpolar-
ized) particle beam is prepared with the atomic POLarized Ion Source (POLIS)
and transported to the superconducting cyclotron AGOR (Accélérateur Groningen
ORsay). Polarized proton and deuteron beams are accelerated up to a maximum
energy of 190 MeV and 180 MeV, respectively. Polarized (unpolarized) deuteron
or proton beams have been used primarily for few-body experiments at KVI. For
these two beams, the beam polarization can be measured in parallel with the actual
experiments by the In-Beam Polarimeter (IBP). The reaction of interest is studied
with the Big Instrument for Nuclear-polarization Analysis, BINA which inherits a
lot of its features from its predecessor, the Small-Angle Large-Acceptance Detector,
SALAD [20]. This detector is particularly suited to study the elastic and break-up
reactions at intermediate energies.

In this chapter, we start with describing the operation of the polarized ion source
and the cyclotron, followed by a description of the important features of IBP and
BINA.

3.1 POLarized Ion Source (POLIS)

POLIS is a polarized ion source of the atomic-beam type. Experimentally, the nom-
inal polarization values for proton and deuteron beams delivered to experimental
setups are between 60%-80% of the theoretical value [58]. Since we only used polar-
ized proton beams, we will only describe the procedure on how to polarize protons.
In the first stage, hydrogen gas is dissociated by means of an RF-discharge in a
Pyrex tube. After this stage, the atoms with the nucleon spin up (↑) or nucleon
spin down (↓) are selected depending on the polarization state requested.

The hyperfine structure comes from the interaction of the proton spin ~Sp, with

both the spin of the electron, ~Se, and its orbital angular momentum, ~L. In this case,
the total angular momentum is:

~F = ~L + ~Se + ~Sp, (3.1)

For an S-state, L = 0; with Se = 1/2, and Sp = 1/2, the eigenvalues of ~F are
F = 0, 1.

Figure 3.2 shows a Breit-Rabi diagram of the hydrogen atom in a magnetic field.

27
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Figure 3.1: A schematic top view of the KVI experimental facility in 2006. The AGOR
accelerator together with POLIS provides polarized (unpolarized) beams for the experiments.
The BINA detector is located in the experimental area depicted on top of the picture.
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Magnetic fieldMagnetic field

Figure 3.2: Hyperfine states of the hydrogen atom and RF transitions used in POLIS. The
weak field is responsible for pZ = −1 and the strong field provides the pZ = 1 polarization.

Atoms leave the dissociator where the magnetic field is zero while they are in one
of the two hyperfine states F = 0, 1. The F = 1 state has a degeneracy of 3 for,
mF = 0,±1. By applying a magnetic field, this degeneracy is removed and the states
split into different energy levels for each mF . This is called the Zeeman effect and
the amount of energy separation is proportional to the magnetic field and the value
of the quantum number mF . For a strong magnetic field, the energy separation is
not linear any more (see Fig. 3.2 at the magnetic field larger than 10 G) and F
is not a good quantum number any more, but in this case (ml + 2ms) is a good
quantum number. Therefore, atoms with electron spin (↑) or (↓) will be separated
in the strong magnetic field.

Atoms leaving the dissociator pass through a hexapole magnet which separates
the beam according to the electron spin states, ms, and selects the states which have
ms =+1

2
(the Stern-Gerlach unit). For instance, in Fig. 3.2, atoms in states 1 and 2

are focused, and atoms in states 3 and 4 are defocused. After this stage, atoms with
an electron state (↑) pass through a tapered electromagnet which produces a static
magnetic field Bz(x) with the direction perpendicular to the beam path x̂ and with
a field gradient dBz/dx. As an example, for a weak-field transition, one commonly
uses Bx = 8.2 G at the center with a gradient of dBz/dx = ±1 G/cm. A 7.5 MHz
RF magnetic field of magnitude B1 cos(ωt)x̂ is superimposed on the static field to
induce a transition [59].

The static magnetic field with a gradient field is used to selectively populate
specific states via the method of adiabatic passage [60, 61]. Using the method of
adiabatic passage, the entire population of the (F = 1, mF = 1) state is transfered
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to the (F = 1, mF = −1) state, while the population of the (F = 1, mF = 0)
state remains the same. Similarly, for a strong-field transition, the population of
the (F = 1, mF = 0) state can be transfered to the (F = 0, mF = 0) state.

When atoms are leaving this cavity, the electrons are stripped off in an ECR 1

ionizer and the polarized beam is transported to the AGOR cyclotron for accelera-
tion. The polarization degree of the proton beam is defined as:

pZ =
N↑ −N↓

N↑ +N↓
, (3.2)

where N↑,↓ are the number of particles with a particular spin (up or down). There-
fore, for a proton beam, the maximum achievable polarization value is pZ = ±1.

3.2 AGOR and the beam lines

The beam lines, together with all the experimental setups used in this work, are
shown schematically in Figure 3.1. The Accélérateur Groningen ORsay (AGOR)
is an Azimuthally Varying Field (AVF) cyclotron with superconducting coils [62].
AGOR is capable of accelerating protons, deuterons and heavy ions. It is a com-
pact three-sector cyclotron with a pole diameter of 1.88 m, equipped with three
accelerating electrodes, located in the pole valleys. Figure 3.3 shows the operating
diagram of the AGOR cyclotron. This picture depicts the energy range which can
be obtained for a given Q/A-ratio. Protons can be accelerated up to 190 MeV and
deuterons or α beam with Q/A=0.5 to a maximum energy of 90 MeV/nucleon. Af-
ter acceleration, the beam is transported to the experimental areas and is used for
different nuclear physics experiments, atomic and nuclear physics studies with rare
isotopes, radio-biological studies and irradiation purposes. Beams of protons and
deuterons are used for the few-body experiments discussed here.

3.3 The In-Beam Polarimeter (IBP)

The KVI In-Beam Polarimeter (IBP) [63] is located halfway along the high-energy
beam-line, as can be seen in Figure. 3.1. The IBP is used to measure the polarization
degree of incoming protons or deuterons, via the H(~p, pp) or the H(~d, dp) reaction,
respectively. It is constructed in a way to measure both particles emerging from the
scattering reaction in coincidence. This is done for azimuthal scattering angles at
0◦, 45◦, 90◦, and 135◦. The setup of the IBP can be seen in Figure 3.4. It consists
of sixteen phoswich detectors arranged in four planes at 0◦, 45◦, 90◦, and 135◦. The
0◦ plane corresponds to the horizontal plane in the laboratory frame of reference.
Each plane contains four detectors. For a chosen center-of-mass scattering angle,

1 Electron Cyclotron Resonance



3.3. The In-Beam Polarimeter (IBP) 31

10-1 2 5 1
Q/A

5

10

2

5

102

2

E/
A

(M
eV

/n
uc

le
on

)

Figure 3.3: The operating diagram of AGOR showing the energy of an ion in MeV/nucleon as
a function of the Q/A-ratio. Q and A stand for charge and atomic number of ions, respectively.
A proton beam with Q/A=1.0, can be accelerated up to 190 MeV and a deuteron or α beam
with Q/A=0.5 can be accelerated up to 90 MeV/nucleon. The black dots indicate beams
with Q/A that have been accelerated by AGOR.

two detectors in each plane measure the scattered particles in coincidence.

Table 3.1: Physical constants of BICRON scintillators used in IBP.

Name Type Thickness Diameter Decay time
(mm) (mm) (ns)

∆E NE102A 2 50 2.4
E NE115 100 50 320

Each phoswich detector consists of a thin plastic scintillator layer (∆E) with a
fast decay-time, and a thick layer (E) with a slow decay-time. Each detector is read
out by one photomultiplier tube (PMT). The characteristics of the scintillators are
given in Table 3.1. The signal from the PMT is integrated by two gates: a short
gate of about 40 ns to measure mainly the total charge of the ∆E signal, and a long
gate of about 400 ns, to measure the charge of both ∆E and E signals. For each
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Figure 3.4: Schematic setup of the IBP. The plane containing detectors 1 to 4 coincides with
the horizontal plane in the laboratory frame of reference. In this plane, detectors 1 and 2
measure in coincidence both outgoing particles of the scattering reaction of interest for φ=0◦.
Detectors 3 and 4 are mounted in the same way, but for φ=180◦. The difference of the number
of counts between these two detector pairs gives the left-right asymmetry. The detector pairs
of the other planes are mounted in the same manner.

plane, the left-right asymmetry between two detector pairs at azimuthal scattering
angles φ with a difference of 180◦,

ε =
N(φ) −N(φ+ 180◦)

N(φ) +N(φ+ 180◦)
, (3.3)

can be measured. For each plane, the polarization degree p can then be determined
via the relationship

p =
ε

Ay cosφ
, (3.4)

if the analyzing power, Ay, of the scattering reaction for the specific scattering
angle is known. In general, the beam current is not affected considerably when
measurements are performed at other setups downstream of the IBP while the IBP
target is in beam. However, the beam quality is reduced to some extent. This will
lead to a beam halo, which can, in principle, hinder the experiment with BINA.
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Therefore, measurements of the polarization with the IBP were done independently.
After a measurement with the IBP, its target was removed from the beam and the
experiment with BINA was continued. In our experiment we only used IBP for
online polarization monitoring.

3.4 Lamb-Shift Polarimeter (LSP)

Before 2003, the only method to determine the polarization degree was by using the
IBP and the accelerated beam. Although the IBP has worked reliably and routinely,
it still does have the following disadvantages:

1. Setting up and operating the IBP is time consuming especially when perform-
ing absolute polarization measurements;

2. Expensive cyclotron beam time has to be used for starting and tuning POLIS,
using the IBP;

3. The analyzing power of the ~d+p reaction is not known for all energies available
from AGOR.

These disadvantages led to the design of another facility, namely the Lamb-Shift
Polarimeter (LSP). This compact polarimeter was built for spin-polarized proton and
deuteron beams based upon the Lamb-shift principle [64, 65] and was implemented
at KVI in 2003 [66]. The LSP is able to determine the polarization degree of proton
and deuteron beams within one minute and with an accuracy better than 1%. The
measured polarization degree with the LSP shows a 10-15% higher value than that
measured by IBP. Up to now no sources of systematic errors have been found, which
indicates that some depolarization is taking place during transport and acceleration
of the beam.

3.5 BINA

The detector system BINA was assembled in 2004, and its commissioning experi-
ments were finished in 2005. Its new features enabled us to perform experiments
with hadrons at intermediate energies of up to ∼ 200 MeV/nucleon. As shown in
Fig. 3.5, BINA is composed of two main parts: the forward wall which can measure
the energy, the position, and the type of the particle at scattering angles between
10◦-35◦, and the backward ball which covers the rest of the polar angles up to 165◦.
The two parts together, therefore, cover almost the entire kinematical phase space
of the elastic and break-up reactions. In this section, the mechanical components,
the electronics and data-acquisition systems of BINA are explained.
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Figure 3.5: A side view of BINA. This picture shows the forward-wall components and the
backward ball with the beam direction and the target position.

3.5.1 Mechanical components of BINA

The forward part of BINA has been designed to detect particles at scattering angles
between 10◦-35◦. It has three main parts, Energy (E)-scintillators, ∆E-scintillators,
and a Multi-Wire Proportional Chamber (MWPC). Scattered particles traverse from
the target to the E-scintillators. They pass through the MWPC and as a result, their
coordinates are recorded. After that, particles pass through the ∆E-scintillators in
which a small fraction of their energy is deposited. Finally, the particle is stopped
(for protons with an energy less than 140 MeV) inside the E-scintillators and its
deposited energy is measured. A combination of E and ∆E allows us to identify
the type of particle detected, e.g. proton, deuteron, and so on.

Energy scintillators

The forward-wall E-detector of BINA is designed to measure the energy of the scat-
tered particles. It consists of a cylindrically-shaped array of plastic scintillators to
measure the energy of the particles and two arrays of scintillators, up and down
(wings), for detecting the secondary scattered particles for polarization-transfer ex-
periments (see Fig. 3.6). For the present experiments, these wings were not used.

The cylindrically-shaped array consists of 10 horizontal scintillator bars, as shown
in Fig. 3.7. Each scintillator with a trapezoidal cross section has dimensions of
((9 − 10) × 12 × 220 cm3) and is made of BICRON-408 plastic scintillators. The
physical constants of these plastic scintillators are listed in Table 3.2. The thickness
of the energy scintillators (12 cm) is enough to stop protons in the energy range of
up to 140 MeV. The details of the engineering design of the forward wall and the
distances are shown in Fig. 3.7. Two scintillator bars in the middle of the detector
have a hole in the middle for the passage of beam pipe. The scintillator bars at the
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Figure 3.6: Energy scintillators of the forward part of BINA. It consists of a cylindrically-shaped
array of plastic scintillators to measure the energy of the particles and two arrays of scintillators,
up and down (wings), for detecting the secondary scattered particles for polarization-transfer
experiments.

Table 3.2: Physical constants of BICRON scintillators. Here, Lt is the light attenuation
length, λmax is the peak wavelength of the generated light, H/C is the ratio of Hydrogen to
Carbon, ρ is the density of material, and nc gives the refractive index.

Type Decay λmax Lt H/C ratio ρ nc

(ns) (nm) (cm) (g/cm3)
BC-408 2.1 425 380 1.104 1.032 1.58
BC-444 180 428 180 1.109 1.032 1.58

interface of the cylinder and the wings have a different trapezoidal shape to match
the two connecting surfaces.

For every scintillator bar, two PMTs2 at both ends of the scintillator bar collect
the scintillation light. The signals from these PMTs are integrated using a QDC3 to
measure the energy deposited in the scintillator. The discriminated signals from the
Constant Fraction Discriminators (CFDs)4 are fed into the trigger system as well
as to Time-to-Digital Converters (TDCs)5. The time difference between the signals
from both ends of the scintillators allows one to determine the impact position of
the incoming particle. In addition, information about the Time-of-Flight (TOF) of
the particles can be extracted.

2 Photonis: XP4392/B

3 LeCroy 4300B ADC FERA (Fast Encoding and Readout ADC)

4 CAEN 16 channel CFD: Mod.C808, and LeCroy 16 channel CFD: 3420

5 LeCroy 3377 TDC
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Figure 3.7: Details of the engineering design of the forward part of BINA. Here, the E-
scintillators, ∆E-scintillators, and the MWPCs can be seen. Also, the distances between
components and their sizes are shown in mm.
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∆E Scintillators

The ∆E-scintillators are thin slabs of scintillator material made of BICRON plastic,
BC-408 (see Table 3.2), and are used in combination with the E-scintillators to iden-
tify the type of particle. They are installed vertically between the E-scintillators
and the target. The array of the scintillators is composed of 12 parallel vertical
scintillator bars and the dimensions of each bar are (0.1 × 3.616 × 43.4) cm3. Fig-
ure 3.8 shows the ∆E detector in BINA. Each bar is read-out by PMTs6 located

Figure 3.8: The ∆E detectors in the forward-wall of BINA. It is made of 12 parallel vertical
scintillator bars with PMTs at both ends to read the signals. The two scintillators in the middle
have a hole to allow for the beam-pipe.

at the bottom and at the top of the scintillator. Therefore, signals from these two
PMTs are correlated. Scintillator bars located at the position of the beam pipe are
disconnected. The signals from these PMTs are, consequently, independent of each
other.

Particles with the same energy and different atomic masses leave different amounts
of energy in the ∆E-scintillator bars. The deposited energy in the ∆E scintillator
is combined with the energy in the E-scintillator to identify the type of particles.
For the kinematics covered in the present measurements, it was not necessary to
use this feature. Furthermore, the vertical array structure of the ∆E bars can be
combined with the horizontal array structure of the energy scintillator to determine
the coordinates of particles in the scattering plane, albeit with a poor position res-
olution (± 1.8 cm). In this experiment a combination of these scintillators with the
E scintillators has been used to determine the Multi-Wire Proportional Chamber
efficiency (see Sect. 4.5).

6 Phillips: XP1911/20, and XP1911/08
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Multi-Wire Proportional Chambers (MWPC)

Multi-wire proportional chambers are used to measure the positions of charged parti-
cles and construct their trajectories in nuclear and high-energy physics experiments.
The size and the precision of the chambers make it possible to cover a wide range
of scattering angles.

Our BINA system has a MWPC to track the trajectory of the particles in the
scattering process (see Fig. 3.9). It is installed at a distance of 29.5 cm from the
target position and has an active area of 38×38 cm2. The MWPC of BINA consists
of 3 planes, X, Y, and U. These planes are parallel arrays of equally-spaced anode
wires to readout the positions of the scattered particles. The anode wire planes are
sandwiched between two parallel cathode plates that are connected to a high voltage
of −3250 V.

The X plane is made of 236 parallel vertical wires, the Y plane has 236 horizontal
wires, and the U plane has 296 parallel wires placed at an angle of 45◦ with respect
to the X or Y planes. The coordinates can, therefore, be calculated from the wire
numbers of the X and Y planes. In case more than one particle hits the chamber, the
U-plane is used to resolve the ambiguities in the determination of the coordinates [67,
68]. Every two wires are electrically connected and act as an individual counter.
Wires are made of gold-plated tungsten. They have a diameter of 20 µm and can
stand up to 100 g force.

The volume between two cathode planes is filled with electro-negative counting
gas. In our case, this gas consists of a mixture of CF4(80%)+isobutane(20%). Par-
ticles which pass through the MWPC ionize the gas, and the avalanche electrons are
collected on the wires. The gas inside the chamber is continuously refreshed with a
flow rate of 150 cc/min. The gas flow through the chamber helps the system to get
rid of possible dirt and dust which might exist in the system. These dust particles
usually collect a static charge and create sparks in the chamber resulting in a failure
of the system. In the present setup the chamber detects particles at angles between
9◦ and 32◦ with a resolution of better than 0.8◦.

Backward ball

The backward part of BINA is covered by a ball-shaped detector. The backward
ball is the scattering chamber and a detector at the same time. The incoming beam
hits the target which is placed at the center of the ball. The forward going particles
are detected by the forward wall, which is placed outside the vacuum, and particles
scattering to angles larger than 35◦ are detected by the ball.

The backward ball of BINA is made of 149 small cut pyramid-shaped scintillator
detectors. These detectors cover almost 80% of the full 4π solid angle, for θ =
32◦ − 160◦ and a complete azimuthal acceptance, φ, except in the corners of the
opening frame at θ = 37◦ and where the target enters the ball. Together with the
forward wall, BINA covers nearly the complete phase space, as shown in Fig. 3.10.



3.5. BINA 39

MWPC

Figure 3.9: The multi-wire proportional chamber of BINA. It is installed between the target
and the E-scintillator at a distance of 29.5 cm from the target position and has an active area
of 38×38 cm2.

Figure 3.10: The geometry and coverage of BINA including the ball part.

Each detector of the backward ball is composed of a fast plastic scintillator,
BICRON BC-408, and a slow phoswich part which has the same cross section and
is glued to the fast component. The slow scintillator part, BICRON BC-444, has a
thickness of 1 mm and its physical constants are given in Table 3.2. Each plastic
scintillator is extended with a light guide and connected to a PMT7. Figure 3.11
shows a sketch of one element of the ball. The plastic scintillators in the ball come

7 Phillips: XP2282B, and XP2020
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with two different thicknesses. Since the energy of particles that scatter towards
forward angles are generally larger than those that scatter to larger angles, elements
with a thickness of 9 cm are placed at angles smaller than 100◦ and elements at
backward angles are built with a thickness of 3 cm.

Figure 3.11: The cut pyramid geometry of the scintillators in the backward ball and an
assembly of glued elements with light guide.

The BINA backward ball as a bulk consists of two building blocks: pentagons
and hexagons. The complete ball is made of these two main building blocks but
with different sizes and details. Figure 3.12 shows the inner part of the ball with
pentagons and hexagons which are built from cut pyramid-shaped scintillators.

In general, scattering chambers are separated from the detectors, imposing an
energy loss in the chamber wall and thereby increasing the energy threshold for
particle detection. For BINA, this problem has been solved by using the backward
ball as the scattering chamber. The BINA backward ball as a scattering chamber
consists of a beam pipe, glued scintillators, and the front flange which acts as a
thin window to the forward wall. The special design of the ball makes it possible to
evacuate the ball volume via the beam-pipe. Exploiting turbo pumps, the pressure
inside the ball reaches a value of 10−5 mbar, which is good enough to avoid the
collection of dirt on the foil of the liquid-deuterium target. The front exit window
is built from 250 µm thick Kevlar cloth and 50 µm thick Aramica foil [20] which
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Figure 3.12: Pentagons and hexagons which are the building blocks of the BINA backward
ball are made of cut pyramid-shaped scintillators shown in Fig. 3.11.

are glued to a metal frame and separates the vacuum, inside the chamber, from the
atmosphere outside. Figure 3.13 shows the front window.

Target

In experiments with BINA, different targets are exploited. Targets are mounted on a
separate unit which enables us to switch between them remotely. The target holder
unit is installed at θlab = 100◦ on top of the backward ball with a slight inclination
angle of 10◦ which brings the target into the center of the ball, as is illustrated in
Fig. 3.5. The target holder can carry different targets like: ZnS, empty cell or a solid
target, and liquid targets. The liquid-target setup has many different components,
such as cryogenic system connections, heaters, gas-flow system, temperature sensors,
and a target-moving mechanism. The complete system can move vertically via a
pneumatic system.

Two types of targets were used in our experiments with BINA: solid targets
and liquid targets. Solid targets are hydrocarbons such as CH2, CD2, and other
organic substances. In general, solid targets have the advantage that they are very
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Figure 3.13: The exit window of the backward-ball of BINA. This opening is covered by a
250 µm thick Kevlar cloth and 50 µm thick Aramica foil [20] which is glued to a metal frame
and separates the vacuum, inside the chamber from the atmosphere outside.

easy to operate, but the reaction of interest is always accompanied by background
originating from other reactions from the other components of the target material
such as carbon. In contrast, a liquid target is usually pure and, therefore, suffers
less from background reactions. However, liquid targets are more difficult to handle
during the experiments.

The target cell used in this experiment (see Fig. 3.14) is made of high purity
aluminum to optimize the thermal conductivity. The windows are covered by a
transparent foil of Aramid [20] with a thickness of ∼ 4 µm. During this experiment
a liquid-deuterium target cell with a diameter of 15 mm and a thickness of 3.2 mm
was used. Because of the pressure difference between the inside and the outside
of the target cell, one observes a bulging of the target, increasing the thickness to
3.85 mm for this particular cell. The target cell together with its gas lead were
mounted on the cold head of the target holder.

In a liquid-target system, the target gas, like D2, flows into the target cell. The
temperature of the target cell is reduced to a few degrees Kelvin by a cryogenic
system. As a consequence, for a certain temperature and pressure inside the cell
(around the triple point), the gas liquefies. The temperature and pressure should
be kept constant, otherwise the liquid inside the cell can freeze or evaporate which
might result in a target explosion. In the present setup, the system is constantly
monitored by a Programmable Logic Controller (PLC) system which measures the
temperature and the pressure. In this experiment, the operational region for the
liquid deuterium target was: T = 19 K, P = 258 mbar. The liquid-deuterium
density is ρD2

= 169 mg/cm3.
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Figure 3.14: Left panel: the target cell. Right panel: the target inside the BINA backward
ball with liquid deuterium inside it (the target is half filled with deuterium for demonstration).
The thin aluminum cylinder around the target cell (the 80 K shield) is used to isolate the cold
head from the surrounding environment.

3.5.2 Data acquisition of BINA

In experiments performed with BINA, the detector electronics provide raw signals
to the data-acquisition (DAQ) system. The BINA-DAQ consists of 4 parts: the
read-out electronics to digitize the information of the detectors, a trigger system, a
real-time computer to collect the selected data, and a mass storage system which
saves the data on disk via a connection to the real-time computer. Figure 3.15 shows
the block diagrams of the data-acquisition system of BINA, and the communication
between the blocks are shown by the arrows.

The detector electronics of BINA are divided into three parts:

1. Forward-wall electronics,

2. Backward-ball electronics,

3. MWPC electronics.

The forward-wall electronics digitizes the signals from 44 (E,∆E)-PMTs and
the backward-ball electronics supports all 149 detectors of the ball, as illustrated in
the right panel of Fig. 3.16. The MWPC signals are digitized by dedicated MWPC
electronics, as it shown in the left panel of Fig. 3.16. The rest of the used components
are also shown in this figure.

Forward-wall electronics

Figure 3.17 shows block-diagrams of the forward-wall electronics. In this part, sig-
nals from 20 E PMTs and 24 ∆E PMTs are split into two parts via an active
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Figure 3.15: The data acquisition of BINA consists of 4 parts: the read-out electronics to
digitize the information from detectors (MWPC, the wall and the ball scintillator signals), a
trigger system, a real-time computer to collect the selected data, and the storage unit which
saves the data on disk via a connection to the real-time computer.

splitter8. From the second output, the signal is sent to charge-integrating QDCs,
after a cable delay of ∼ 250 ns. The first output is sent to a CFD. The outputs of
the CFDs were used as the input to the trigger unit and as a start for the TDC.
Each CFD module has 16 input channels and provides individual logic signals, the
sum of all channels (SUM), and OR of all channels. The SUM and OR signals are
used to generate the appropriate trigger.

Backward-ball electronics

The backward-ball electronics is shown schematically in Fig. 3.18. First, signals
from 149 detectors are split into two. The same type of splitters were used as for
the forward-wall electronics. Since the ball detectors are composed of scintillators

8 Giessen Splitter box
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Figure 3.16: The electronics of BINA which reside predominantly in CAMAC crates and a
VME crate. The left panel shows the electronics parts of the backward-ball and part of the
forward-wall. The right panel depicts most of the electronics of the forward-wall and the
electronics of MWPC.

with slow and fast responses, the input signals are split once more to provide sig-
nals for the inputs of the QDCs with long and short integration times for particle
identification. For this, a passive home-made splitter box has been used.

MWPC electronics

The MWPC channels are read out by the PCOS-III9 electronic system. This sys-
tem consists of amplifiers, discriminators, delay and latch modules and can encode
the MWPC signals. The read-out signals from the wires are amplified and sent to
the discriminators. The logic signals are then delayed and registered with a pro-
grammable delay and a latch unit. A CAMAC PCOS controller unit collects the
information from the delay and latch units and sends the data to a VME mem-
ory unit via a hand-shaking protocol. The strobe signal for the PCOS controller
is received from a common trigger signal. As mentioned earlier, the MWPC has

9 LeCroy’s Proportional Chamber Operating System (PCOS-III)
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Figure 3.17: The general scheme of the forward-wall electronics of BINA. In this part, signals
from 44 (E,∆E) PMTs are split into two parts via an active splitter. From the second output,
the signal is sent to the FERA, after a cable delay of ∼250 ns. The first output is sent to a
CFD to be used as the input to the trigger unit.

Figure 3.18: The electronics of the backward ball of BINA. The splitting unit is of the same
type as used for the forward-wall electronics. In order to generate two copies of the output
signals of the active splitter, the signals are sent through a passive splitter before going to the
FERA.

three planes with the number of wires of 236(X), 236(Y) and 296(U) in each plane.
Since the MWPC has a hub in the middle, the wires in this region are disconnected.
Therefore, they are read out from both sides. So, we have 118 read-out channels for
the X and Y planes and 148 channels for the U plane. Altogether, 384 channels are
required to cover the read out of the MWPC, as shown in Fig. 3.19.
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Figure 3.19: A sketch of the electronics of the MWPC in BINA. MWPC has three planes
with the number of wires of 236(X), 236(Y) and 296(U) in each plane. The read-out is based
on a PCOS-III data-acquisition system. See the text for more details.

The trigger system

The trigger system is composed of logic units which combine information from the
backward-ball, forward-wall E, and ∆E. In the experiments with BINA, four dif-
ferent trigger conditions were made:

1. T1 = Wall E (Multiplicity10 > 3) OR Wall ∆E (Multiplicity>3). This trigger
consists of 20 CFD signals of E detectors and 24 CFD signals of the ∆E
detectors. After the linear addition of the 20 CFD signals from the E detector,
the corresponding SUM signal feeds a leading-edge discriminator. If at least
three CFD signals exist, the discriminator is allowed to generate an output
signal. It means that a signal was generated when the multiplicity of firing
E PMTs is larger than 2. The same scheme was applied for the 24 CFD
outputs of the ∆E detectors. The two multiplicity signals from the E and ∆E
detectors were ORed together which gave the so-called T1 trigger.

2. T2 = Coincidence between (Wall E OR) AND (Ball OR). This trigger is
made of a coincidence between an OR signal of all the CFD signals from the
forward scintillators and an OR of all the CFD signals from the backward ball
detectors.

3. T3 = Ball (Multiplicity > 2). This trigger is made of 149 CFD signals of the
backward ball detectors which are added to each other to make the SUM signal
as input to a leading-edge discriminator. The discriminator level was set to
generate an output signal if the multiplicity of firing PMTs of ball detectors
is larger than one.

4. T4 = OR of everything (OR of all detectors).

10 Multiplicity in this experiment is the number of firing PMTs in an event.
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All triggers coincide with the cyclotron radio-frequency signal. Usually, every trig-
ger condition is designed to detect a special reaction channel or phase space. For
example, in the ~p+d reaction, the T1 trigger (in this setup) is covering the break-up
channels with two hits in the forward wall. The T2 trigger is suitable for any reaction
in which one particle scatters to forward direction and the other one to backward di-
rection. This includes the elastic channel and part of the break-up channel. Trigger
T3 covers break-up events in which two particles scatter towards the backward ball.
The trigger, T4, covers any type of event and was, therefore, used as a minimum
bias trigger.

In general, the cross sections for the different reactions and phase spaces are
different. Those reactions or phase spaces that have a larger cross section dominate
the trigger rate. Some of the triggers were, therefore, down-scaled by a prescaler
trigger box11 to reduce the bias on triggers with the larger counting rate. The
typical downscaling factors were 20, 23, 26 and 210 for the T1, T2, T3 and T4
triggers, respectively.

The individual trigger signals were registered on an event-by-event basis by using
a TDC. They were used as a start of each TDC channel with a common stop derived
from a coincidence between the global trigger and the radio-frequency signal. This
information was further used to sort events off-line by their trigger type.

The read-out electronics and the real-time computing

The read-out electronics and real-time computing play a central role in the DAQ.
They select the incoming data from the electronics based on the trigger conditions
and communicate with the storage unit to send the data to be saved on the disk.
The building blocks of the read-out electronics and real-time computing system are
shown in Fig. 3.20. They start handling data by receiving a signal from the trigger
unit. For every trigger, a dedicated gate-generator unit provides the integration
signals for the FERAs, the common stop signal for the TDCs, and the strobes for
the PCOS-III system. At the same time, the FERAs receive data from the splitters,
with a proper delay of ∼250 ns. These data are integrated in the charge integrating
FERAs within the gate that was provided by the gate generator unit. For instance,
the long and short gates of the ball were intended to integrate different parts of the
incoming signal from the ball. The typical width for the gates are 100-150 ns for
the long gate and 40 ns for the short gate.

After the signals have been digitized in the FERA units, the data are subse-
quently sent to memory units. During this procedure, the triggers from new events
are not accepted, but are counted in scalers and used in the off-line analysis to
correct for dead-time losses.

When one memory is full, the data stream is switched to a second memory unit.
During this period triggers are blocked, which induces an additional dead-time.

11 TB8000, Trigger box.
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Figure 3.20: The building blocks of the DAQ system (Multi-Branch System of GSI) which
starts handling data by receiving a signal from the trigger unit. The memory unit buffers
digitized data from FERAs, TDCs and PCOS-III units. The data are transfered to a mass
storage device via an intermediate (VME) real-time computer.

Immediately after this action new triggers are allowed. When the second memory
accumulates the data, the data from the first memory are transfered to a remote
storage disk. The rate of data saving is limited due to several parameters such as:
the communication link between the memory units and the storage unit, the elapsed
time to write events on the disk, the response time of the electronics modules, and
the processing time by the CPU12. Altogether, they impose a typical data-taking
rate of 15 kHz with a dead-time of 70%.

Data storage

The experimental data are saved on a remote storage disk13 with an average data-
transfer rate of 3.0 Mbytes/s with an average size of an event of ∼200 bytes. Typical
rates are listed in Table 3.3.

12 Central Processing Unit

13 daq storage of University of Groningen
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Table 3.3: A summary of information about the data and some typical rates and experimental
parameters for this experiment:

data-taking rate 15 kHz
T1 rate 8 kHz
T2 rate 42 kHz
T3 rate 85 kHz
T4 rate 280 kHz
T1 downscaling 20

T2 downscaling 23

T3 downscaling 26

T4 downscaling 210

OR E detectors rate 55 kHz
OR ∆E detectors rate 9 kHz
OR wall detectors rate 230 kHz
OR ball detectors rate 380 kHz
live time 70%
data-transfer rate 3.0 Mbytes/s
size of an event 200 bytes
beam current 10-20 pA



4. Analysis of the ~p + d break-up
reaction

This chapter describes the analysis of the ~p+d→ p+p+n reaction that was measured
with BINA using a polarized proton beam with an energy of Ep

lab = 135 MeV on
a liquid deuterium target. We will present the procedure of extracting the cross
sections and the analyzing powers for several configurations. First, we introduce the
kinematics of ~p+d break-up reaction. Then, the procedure for the energy calibration
of the E -detectors and various inefficiencies will be presented. Finally, some of the
results for cross sections and analyzing powers are shown.

4.1 Break-up kinematics and the S-curve

A configuration is defined by the emission angles of the two outgoing protons, two
polar scattering angles, θ1 and θ2, and the relative azimuthal angle, φ12. In the ~p+
d→ p+p+n reaction there are 3 ejectiles, two protons and one neutron. Each ejectile
has 3 variables, the energy, E, the polar scattering angle, θ, and the azimuthal
scattering angle, φ. In total, there are 9 variables for the three outgoing particles,
(θ1, θ2, θ3, φ1, φ2, φ3, E1, E2, E3), 4 of which will be determined by momentum and
energy conservation laws. Therefore, by measuring 5 of these variables, all other
variables can be obtained unambiguously. Customarily, 4 variables out of 5 are
chosen such as (θ1, θ2, φ1, φ2), and the fifth variable is the correlation between the
energies of the two outgoing protons, S, presented by the kinematical curve, the
so-called S-curve.

As shown in Fig. 4.1, every kinematical locus presents the energy correlation
between the two final-state protons in coincidence. The value of S is defined as
the arc-length along the kinematical locus with the starting point (S=0) chosen at
the point where E1 reaches its minimum. From this minimum, it increases counter-
clockwise on the curve.

4.2 Energy calibration of the E detectors using

the break-up reaction

To obtain the break-up cross section as a function of the proton energy or, equiv-
alently, as a function of the arc-length, S, along the kinematical curve, an energy
calibration is required in the range where the reaction is being investigated. One
of the outputs of the acquisition system are QDC channels, which represents the

51
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Figure 4.1: The energy correlation between two protons in coincidence is shown as the S-
curves for several kinematical configurations. The kinematics are defined by (θ1, θ2, φ12 =
|φ1 −φ2|), the polar scattering angles of the first and the second proton, respectively, and the
relative azimuthal angle.

total collected charge after integration of the signals from the scintillators. For the
analysis, it is mandatory to translate the QDC channels into (deposited) energies.
For the corresponding calibration procedure, it is advantageous to use a well-known
reference energy. The best reference to use in the energy calibration of the E detec-
tors is the kinematical energy correlation, the S-curve, between the two final-state
protons in proton-deuteron break-up based on energy and momentum conservation.
However, the corresponding kinematical locus represents the energy correlation of
the protons at the target position, which differs from the correlation between the
deposited energies at the detector. We, therefore, decided to translate the kine-
matical values of S at the target position to values at the position of the detector.
The energy of the protons at the scintillator is less than the energy of the protons
at the target due to energy losses caused by materials between the target and the
scintillator. We use the energy response from a GEANT-3 1 simulation. In this
simulation, all the components, such as the target holder, the exit window of BINA,
the MWPC, ∆E scintillators, air, cover of the scintillators, and E scintillators are
implemented and the energy losses are modeled using Monte-Carlo techniques. Fig-
ure 4.2 depicts the energy losses according to the simulations. A fit through the
simulation was made and applied to obtain the S-curve at the detector position
(left panel of Fig. 4.2). The calibration parameters for each scintillator were ob-
tained by matching the experimental data with the “corrected” S-curve. Since we
are interested in S at the original vertex, e.g. at the target, we correct the deposited

1 The GEANT program describes the passage of elementary particles through the matter.
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Figure 4.2: The response of the E scintillator according to a GEANT-3 simulation for the
break-up reaction. The left panel shows the difference of the initial energy and deposited
energy in the E detector as a function of the initial energy of the protons. The right panel
shows the same difference as a function of the deposited energy. The simulated data in this
graph are used as a reference for the energy calibration of the forward E scintillators of BINA.

energy (MeV) by the energy losses (right panel of Fig. 4.2) to obtain the energy
at the target position. Figure 4.3 shows the calibrated energy of the two protons
for (θ1, θ2, φ12) = (28◦, 28◦, 180◦) where the data from all the scintillators are added
together. The S-curve for this configuration is plotted as a solid line to show the
quality of the energy calibration for the forward E scintillators. Protons with an
energy of less than 20 MeV at the target position will not arrive at the detector
because of energy losses on the way.

4.3 Inefficiency caused by hadronic interactions

When a charged particle passes through a scintillator material, it can either inter-
act with the matter of the scintillator and scatter inside the scintillator losing all
its energy, or transfer its energy to a neutral particle like a neutron, whereby the
neutron escapes out of the scintillator without depositing any energy. This hadronic
interaction causes a detection inefficiency because the value for S can no longer be
measured. As Fig. 4.3 shows, the events suffering from this effect are located in
the area contained by the S-curve. For the cross-section and the analyzing-power
determination, we only counted events which deposited their complete energy into
the scintillators. Hence, for the cross section measurements we need to correct for
the fraction of events which undergo a hadronic interaction.
The response of the detection setup to protons is simulated using GEANT-3 and is

used to correct for the hadronic contribution. During the calculation of this contri-
bution we filled two-dimensional histograms with the deposited energies of particles
1 and 2. These histograms are filled for 20 intervals in S between 30 MeV and
150 MeV in steps of 6 MeV along the S-curve. Figure 4.4 illustrates the simulated
response for one of the bins in S. Figure 4.5 shows the corresponding projection
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Figure 4.3: The correlation between the calibrated energy of the two outgoing protons in the
break-up process is shown for the coplanar configuration, (θ1, θ2, φ12) = (28◦, 28◦, 180◦). The
relativistic S-curve, which is calculated from energy and momentum conservation, is added to
the picture as a solid line. Protons with an energy of less than 20 MeV at the target position
are cut off since they do not deposit any energy in the scintillators.

along the axis perpendicular to the S-curve (D-axis). The data are fitted using
a second-order polynomial, representing the hadronic contribution together with a
Gaussian representing events which deposit their complete energy. The efficiency
was obtained by taking the ratio between the number of events from an integral
of the Gaussian function and the total number of initial events within the S-bin.
Figure 4.6 shows this efficiency as a function of S. For this configuration, about 15%
of the particles undergo a hadronic intraction mostly in the scintillator material. In
general, for the configurations considered in this thesis, the efficiencies are between
85% − 90%.

4.4 The geometrical inefficiency

This section describes how to determine the inefficiencies that originate from the
geometrical design of BINA and trigger choices. In the case that two protons of
the break-up channel scatter to the same E-scintillator, no trigger signal will be
generated and, therefore, the event will not be registered. These geometrical inef-
ficiencies are calculated using a GEANT-3 simulation. The determination of this
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Figure 4.4: The simulated correlation between the deposited energies of the two forward-
scattered protons. This figure represents the configuration (28◦, 28◦, 180◦) for one of the bins
along the S-curve.
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Figure 4.5: The projection of Fig. 4.4 along the D-axis. The deposited energy of the protons
in the scintillator material is obtained by a GEANT-3 simulation. The amount of hadronic
contribution is obtained by normalizing the number of counts inside the main peak to the total
number of counts.
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Figure 4.6: The efficiency of detectors for measuring the full energy of the two protons
without a hadronic interaction as a function of S-value for the configuration (28◦, 28◦, 180◦).
This graph is fitted by a quadratic function with a reduced χ2 of 1.05.

inefficiency follows a similar procedure as the determination of the hadronic ineffi-
ciency which we explained in Sect. 4.3. For the determination of the geometrical
inefficiency proton-deuteron break-up events were simulated excluding hadronic in-
teractions. The resulting geometrical inefficiencies are large for configurations with
a small azimuthal angle, φ12. For instance, at φ12 = 20◦ the inefficiency is ∼12% for
each proton. For larger values of φ12, this inefficiency is less than 2%.

4.5 The MWPC efficiency

This section describes the procedure of determining the efficiency of the MWPC.
To obtain the cross sections, this efficiency needs to be accounted for. The MWPC
inefficiency comes predominantly from charged particles which induce a signal below
the applied threshold. If an event is registered in the E, ∆E part and not in the
MWPC, it implies an inefficiency of the MWPC.

Since the E and ∆E-detectors are used as the reference for calculating the
MWPC efficiency, the surface of the MWPC is divided into areas corresponding
to the E-∆E hodoscopes. Every hodoscope is composed of a horizontal E-bar and
vertical ∆E-bar. With this, it is possible to determine the efficiency at several places
in the MWPC. The efficiency for each hodoscope is obtained by the ratio of events
for which an E-∆E hit was found in coincidence with a corresponding hit in the
MWPC to the total number of E-∆E hits for the regions where geometrical over
lap between the hodoscope and MWPC is perfect. Figure 4.7 shows the efficiency



4.6. Beam-current determination 57

of the MWPC for elastically-scattered protons with energies larger than 100 MeV.

E Detector∆
0 2 4 6 8 10 12 14

E 
De

te
ct

or

0

2

4

6

8

10

12

0

10

20

30

40

50

60

70

80

90

79 95 95 94 93 93 93 84 84 93 91 89

81 93 93 93 93 92 92 81 82 92 88 82

83 94 93 93 93 92 89 81 85 92 88 80

78 90 90 91 90 83 80 82 87 93 89 82

64 74 76 76 74 77 77 83 78 70

80 92 92 93 83 89 86 93 87 80

84 96 95 96 96 96 94 89 83 89 82 82

82 92 91 92 93 92 92 90 85 90 85 83

76 87 84 86 86 87 87 82 75 82 77 74

90 93 93 94 94 94 93 91 86 91 88 86

Ef
fic

ie
nc

y 
(%

)

Figure 4.7: The efficiency of the MWPC for elastically-scattered protons with energies larger
than 100 MeV. The efficiency is given for every hodoscope element in %.

As Fig. 4.7 shows, the MWPC efficiency varies between 80% and 96% for most
of the hodoscopes. In some regions the MWPC is less efficient than elswhere. These
higher inefficiencies come from broken wires in the MWPC or dead channels.

In the break-up reaction we have a large energy range for the protons. In Fig. 4.7
the MWPC efficiency is obtained by elastically-scattered protons with a narrow
range in energy. To investigate the energy dependence of the MWPC efficiency, we
measured the average efficiency as a function of the energy of protons in the energy
range between 20 MeV and 100 MeV using the break-up protons. The results are
depicted in Fig. 4.8. Note that the MWPC efficiency is almost constant for the
energy range between 20 MeV and 100 MeV.

4.6 Beam-current determination

This section describes the determination of the beam current during the proton-
deuteron break-up experiment. Only for the last day of the experiment, a precision
current meter was readout and connected to the Faraday cup at the end of the
beam-line. This action was taken as the normal readout of the system at very low
beam currents was showing some fluctuations. For the data taken on the other days,
we studied alternative methods to obtain the beam current.
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Figure 4.8: The average efficiency of the MWPC for protons as a function of the proton
energy in the range between 20 MeV and 100 MeV.

The first attempt was to exploit the counting rates of the scintillators at forward
angles as a measure for the beam current. The feasibility of this was tested by
analyzing the data taken on the last day and by studying the corresponding ratio
between the rate of one of the scintillators and the beam current measured by the
Faraday cup. The results of this as a function of time are depicted in Fig. 4.9.
Ideally, one expects that this ratio is constant during the course of time. Note,
however, that the ratio increases significantly in the first ∼10 hours after the start
of the experiment (time “0”). The increase in the relative counting rate can be
explained by the collection of dirt on the cryogenic cell, which implies that not
all the counting rate stems from reaction products from liquid deuterium. After
∼10 hours the target cell was emptied and warmed up to remove the dirt. After
refilling the target cell, the ratio reduced significantly, as can be observed in Fig. 4.9
from the data measured at a time larger than ∼10 hours. Although the ratio can
be used to monitor online the amount of dirt on the target cell, it is not very suited
as an absolute measure of the beam current.

For a reliable measure of the beam current we used the number of counts of the
elastic proton-deuteron scattering process. The elastic reaction can be identified
nearly background free, and, hence, it is independent of the amount of dirt on the
target cell. This is achieved by collecting the total beam charge for every five million
elastically-scattered protons. Having the number of elastic counts for every bunch
of data versus beam charge for a particular part of the experiment allows us to
determine safely the beam current for the whole experiment. Fig. 4.10 shows the
number of elastically-scattered protons as a function of beam current.
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Figure 4.9: The ratio between the counting rate of E-detector No. 3 and the beam current
as a function of time in units of 10 minutes. The increase in the relative counting rate can be
explained by the collection of dirt on the target cell.
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Figure 4.10: Number of elastic scattered protons as a function of beam current. Line shows
the fitted first-order polynomial with a reduced χ2 of 1.03 in the data.
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4.7 Background analysis for the break-up

reaction

We used a pure liquid target to avoid background from nuclear reaction channels
other than the ~p+d reactions. In our data analysis, an event is labeled as a break-up
event if two tracks are successfully reconstructed in the forward-wall of BINA. The
energies of protons which stem from a break-up reaction have a distinct correlation,
represented by the kinematical S-curve. Therefore, events which do not correlate
according to the expected S dependence can be identified as background. Note,
however, that part of the background stems from break-up events for which one of
the protons undergoes a hadronic interaction. In a later analysis stage, we correct
for these losses as part of the inefficiency of the detection system as explained in
Sect. 4.3.
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Figure 4.11: The relative time-of-flight determined from scintillators of the forward wall in
coincidence with two tracks in MWPC. Events that lie within the indicated window are referred
to as prompt events.

The restriction of the phase space of the elastic reaction with respect to the
break-up reaction induces locally a relatively higher count rate. Therefore, there is
a significant probability for accepting within the coincidence window of the hard-
ware trigger, two uncorrelated elastic scattering events. The easiest way to reduce
this probability is by exploiting the relative time-of-flight (TOF) between the two
particles. Figure 4.11 shows a one-dimensional histogram for the relative TOF,
(TOF2-TOF1) where TOF1 and TOF2 are the TOFs of particles 1 and 2, respec-
tively, with respect to the RF of AGOR. This quantity, (TOF2-TOF1), shows the
difference between the arrival times for the two protons from the target to the scin-
tillators. Figure 4.12 shows a two-dimensional histogram for the TOF of particle 1,
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TOF1, against of the TOF of particle 2, TOF2. In Figs. 4.11 and 4.12, the regions
that correspond to prompt events are shown by a window and a rectangular box,
respectively. Two particles with a relative TOF, TOF2-TOF1, of less than two RF-
cycles2 were kept in a further analysis.

The left panels in Fig. 4.13 show the correlation between energy and TOF for
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Figure 4.12: The TOF of the first particle, TOF1, against the TOF of the second particle,
TOF2, is shown. The rectangular box represents prompt TOF events.

one of the particles. The TOF corresponds to the relative time with respect to the
RF. The right panels show the corresponding correlation between the energies of
the two protons. The effect of selecting different regions of the TOF spectra on the
energy correlation between two protons is illustrated from the top to the bottom
rows. In this figure, the first row represents the events without any cut whereas the
second row shows the effect of a cut on the prompt events within two RF-cycles in
the relative TOF (TOF2-TOF1) spectra. This gate contains all the “true” break-up
events that arrived in the expected time window of 25 ns. The remaining accidental
background can be estimated from the accidental data outside the prompt TOF2-
TOF1 window. In the last row, the effect of events at larger and smaller relative
TOF values are shown. These events correspond mostly to two uncorrelated protons
from the elastic scattering process. The observed energy spectrum is distorted by
a mismatch in timing between the integration window of the QDC and the signal
from the PMTs. At very large relative TOF values, only a small fraction of the
PMT signal is integrated by the QDC, giving rise to a small energy response.

After subtracting the accidental background, we are left with true break-up
events. Note that a significant number of the remaining events lie below the expected

2 Every RF-cycle lasts 16 ns
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Figure 4.13: The effect of different relative TOF cuts on the energy correlation of two protons
from the break-up reaction is shown. The first column shows energy versus TOF for single
particles, and the second column shows the energy correlation between two particles. The
first row shows the events without any cut. The second row represents the effect of a prompt
relative TOF cut of two RF-cycles. The third row shows events with larger and smaller relative
TOF values which include the accidental background of protons from two independent elastic-
scattering events that make a coincidence. For more details, see text.

S-curve. These events stem from protons of the break-up reaction which deposit
less energy in the scintillators after undergoing a hadronic interaction. A large
part of the energy escapes the detector via neutron emissions. In the cross-section
analysis, we only count events which deposit their full energy in the scintillator. The
correction for the hadronic contribution is obtained from GEANT-3 simulations as
was discussed in Sect.4.3.

4.8 Calculation of the break-up cross section

In this section, we describe the procedure for obtaining the break-up cross section.
To calculate the cross section and the analyzing power, we first make several slices
along the S-curve. The energy correlation E1 vs. E2, as shown in Fig. 4.14, was
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studied for a large number of kinematic configurations. The angular range for the
integration of events was chosen to be ∆θ1=∆θ2=4◦ and ∆φ12=10◦, which was wide
enough to have sufficient statistics, while variations of the cross section within this
range are small. In this way, the experimental cross sections can be compared with
the theoretical predictions calculated for the central values of a specific configuration.
The projection of the indicated region in Fig. 4.14 on the line perpendicular to the S-
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Figure 4.14: E1 versus E2 coincidence spectrum of the two protons registered at
(θ1,θ2,φ12)=(25◦±2◦,25◦±2◦,180◦±5◦). The solid line shows the kinematical curve calcu-
lated for the central values of the experimental angular ranges.

curve is shown in Fig. 4.15. This spectrum contains break-up events around channel
0 and background from accidental and hadronic contributions. This projection axis
is denoted the D-axis. The crossing point of the S-curve with the D-axis defines the
zero point.

The accidental background is located at channels higher than the main peak in
Fig. 4.15 and is subtracted using the TDC information. The hadronic contributions
are located at lower channels on the D-axis which correspond to events below the
S-curve in Fig. 4.14. As discussed before, these events are mostly “true” break-
up events. At this stage, this contribution is fitted using a third-order polynomial
together with the main peak represented as a Gaussian function. The number of
events underneath the Gaussian peak will be referred to as the number of break-up
events and will be used to obtain the cross section and analyzing power after making
efficiency corrections described in section 4.3.

In the following, we present the break-up cross section for every configuration in
which two protons are found in coincidence at fixed coordinates (θ1,θ2,φ12), within a
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Figure 4.15: The projection of the slice chosen in Fig. 4.14 along the D-axis. The solid
line is the sum of a third-order polynomial background function and a Gaussian distribution
representing the peak.

small range (∆θ1,∆θ2,∆φ12). The cross section is obtained by counting the number
of break-up events and is given as a function of S. As was already discussed in
Sect. 4.1, we consider five variables in the break-up reaction, namely S, θ1, θ2, φ1

and φ2. For a given kinematical configuration the break-up cross section can be
obtained by:

d5σ

dΩ1 dΩ2 dS
=

N

Q/Z
·

1

t · ε
·

1

∆Ω1∆Ω2∆S
, (4.1)

where N is the number of break-up counts in each slice along the S-curve, Q is the
total integrated charge, Z is the projectile charge, t is the number of the scattering
centers, and ε is the multiplication of all the efficiencies including the MWPC effi-
ciency and the correction for hadronic events. ∆Ω1 and ∆Ω2 are the solid angles for
the two proton detectors, and ∆S is the selected window in S. Figure 4.16 shows the
cross section, d5σ

dΩ1 dΩ2 dS
[µb/(sr2MeV)], as a function of S [MeV] for the symmetric and

coplanar configuration, (θ1, θ2, φ12) = (25◦, 25◦, 180◦). In this figure, the lines rep-
resent the predictions by the Bochum-Krakow and Hannover-Lisbon theory groups.
The dotted line is the result of calculations using a CD-Bonn two-nucleon potential
and the solid line presents the calculation including the three-body force, TM’, as
well. The dashed line represents the result of a calculation by the Hannover-Lisbon
group, which is based on the extended CD-Bonn potential including a virtual ∆
excitation in a coupled-channel approach. In this analysis, we determined the cross
section by taking into account the following parameters and conditions:
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Figure 4.16: The cross section is plotted as a function of S [MeV] for the kinematical
configuration, (θ1, θ2, φ12) = (25◦, 25◦, 180◦). Lines represent Faddeev calculations from the
Hannover-Lisbon, and Bochum-Krakow groups. The dotted line represents the cross section
using the CD-Bonn two-nucleon potential, the solid line shows the CD-Bonn+TM’ calculation.
The dashed line represents the results of a calculation by the Hannover-Lisbon group, which is
based on the extended CD-Bonn potential, including a virtual ∆ excitation in a coupled-channel
approach.

1. The efficiency of MWPC described for every E-∆E hodoscope. The MWPC
efficiency varies between 80% and 96%;

2. Based on GEANT-3 simulation, a correction factor of 8% coming from hadronic
interaction, is applied for this configuration;

3. An effective target thickness of 3.85 mm is used, including 0.65 mm from
bulging of the target;

4. The live-time, which is typically around 70%, has been taken into account;
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5. Similar to hadronic interaction, a correction factor of 2% coming from trigger
inefficiency , is applied for this configuration;

6. Protons which have an energy lower than the detection threshold (∼20 MeV)
have been excluded;

7. Events within a timing window of two RF-cycles were selected;

8. Background is subtracted.

4.9 Calculation of the analyzing power

In this section, we describe how we determined the spin observable Ay by using
a polarized proton beam and by measuring the induced asymmetry in the cross
section. The relation between the polarized cross section, dσs, and unpolarized
cross section, dσ0, is:

dσs = dσ0(1 + ps ·Ay · cosφ), (4.2)

for a vector polarization, ps, and a vector analyzing power Ay. Here φ is the angle
between quantization axis for the polarization and the normal to the scattering
plane in the laboratory frame of reference. The superscript “s” refers to the spin
alignment of the beam, e.g. spin up, ↑, or spin down, ↓. The relation between dσs=
dσ↑,↓ and dσ0 would then be

dσ↑,↓ = dσ0(1 + p↑,↓ · Ay · cos φ), (4.3)

for an incoming proton with spin up (↑) or spin down (↓). From the two cross
sections, dσ↑ and dσ↓, with polarizations, p↑ and p↓, the analyzing power can be
obtained by the asymmetry,

Ay cos φ =
dσ↑ − dσ↓

dσ↓p↑ − dσ↑p↓
. (4.4)

The reaction asymmetry can be measured by exploiting the distribution of events
obtained with beam polarizations up and down and the value of the beam polariza-
tion in these two modes. This gives a periodic function in φ and the amplitude of the
periodic function corresponds to Ay. The beam polarizations, p↑,↓, are determined
from the analysis of the elastic channel [69]. Figure 4.17 shows the asymmetry as a
function of φ for a particular bin in S.

In experiments with a three-body final state, it is possible to measure another
component of vector analyzing power, namely Ax, which is a coefficient of a sinus
function of φ as opposed to cosφ in Eq. (4.2). Parity conservation imposes the
following restrictions on the components of the vector analyzing powers:

Ay(ξ, φ12) = Ay(ξ,−φ12),

Ax(ξ, φ12) = −Ax(ξ,−φ12),
(4.5)
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where ξ stands for all kinematical variables other than φ12 (φ1 - φ2) which define
the configuration. Since Ax is an odd observable with a respect to φ12, it will
vanish for coplanar configurations, i.e. for which φ12 = 180◦. Moreover, it vanishes
for all symmetric (θ1 = θ2) configurations of the outgoing protons. In the case of
asymmetric and noncoplanar configurations, θ1 6= θ2 and φ12 6= 180◦, this observable
has a non-zero value. In this thesis to use maximum amount of statistic we decided
to take the absolute value of φ12 thereby losing the labeling of protons. In this way,
the data for a particular φ12 is add with those for -φ12. This makes the data analysis
non-sensitive to the Ax. It is possible to measure the Ax by labeling the protons for
the configurations with θ1 6= θ2 and φ12 6= 180◦ with less precision as opposed to Ay,
but due to the lack of time we did not perform this analysis.
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Figure 4.17: The asymmetry in the break-up reaction, Ay cos φ, as a function of the azimuthal
scattering angle of one of the protons, φ.

By exploiting the asymmetry distribution for each S-bin, the vector-analyzing
power, Ay, is obtained for every kinematical configuration, (θ1, θ2, φ12). Figure 4.18
represents the analyzing-power for the configuration (θ1, θ2, φ12)= (25◦, 25◦, 180◦).
The various lines represent calculations from the Hannover-Lisbon and Bochum-
Krakow theory groups as explained before.

The quality of the fitting procedure for the determination of the analyzing powers
has been tested rigorously in a χ2 analysis. The χ2 is obtained by the following
formula:

χ2 =
∑

i

(yi − f(φi))
2

σ2
i

, (4.6)

where yi is the value of asymmetry for bin number i, f(φi) represents asymmetry
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Figure 4.18: The result of the analyzing-power measurement for the coplanar kinematics,
(θ1, θ2, φ12) = (25◦, 25◦, 180◦), as a function of S. For the explanation of the curves, see
Fig. 4.16.

obtained by the fit function, and σi corresponds to the errors in yi in standard
deviations.

We studied for all the configurations the minimum χ2 value after each fit and
compared the results with the expected χ2 distribution. Ideally, the distribution of
the reduced χ2, χ2

r = χ2/n.d.f., is on average one with a width that depends on the
number of degrees of freedom, n.d.f. Figure 4.19 shows a frequency spectrum of the
obtained reduced χ2 values in comparison with the expected reduced χ2 distribution
(solid line) in case of a perfect fit. The data correspond to configurations for which
(θ1,θ2)=(25◦, 25◦). Note that the results match reasonably well with the expected
behavior as a function of φ. Similar observations have been made by studying other
configurations. The correct behavior of the present χ2 distributions lends confidence
in the determination of all analyzing powers from the periodic function such as the
one shown in Fig. 4.17.
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Figure 4.19: The reduced χ2 distribution related to the fitting procedure for the deter-
mination of the analyzing powers. The data correspond to all configurations for which
(θ1,θ2)=(25◦, 25◦), e.g. including results for several measurements in S and φ12. The solid
line corresponds to the expected reduced χ2 distribution.
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5. Results and discussion

In this chapter, the final results for cross sections and analyzing powers of the
~p + d break-up reaction obtained at an incident proton beam energy of 135 MeV
will be presented and discussed. First, the results of some selected kinematics are
shown. The choice of selection of kinematics was such that a comparison of break-
up data taken at different bombarding energies [27] can be made. Then, a global
comparison between data and theoretical calculations is made and discussed. We
end this chapter with a discussion about some key results.

5.1 Results of the ~p + d break-up reaction for

selected kinematics

In this section, we present the results of the measurements of the differential cross
sections, d5σ

dΩ1 dΩ2 dS
, and the analyzing powers, Ay, for various configurations in

(θ1, θ2, φ12).
As explained in Chap. 4, a precise measurement of the coordinates of the protons

in the forward part of BINA by the MWPC provides a well-defined determination of
the break-up kinematics for protons which scatter to forward angles. We determined
the cross sections and analyzing powers for configurations in which 14◦ < θ1,2 < 30◦,
and the azimuthal opening angle, φ12, varied from 20◦ to 180◦ in steps of 20◦. The
results are presented in Figs. 5.1-5.10 as a function of S. Each figure shows the
results for a fixed (θ1, θ2) combination with different azimuthal opening angles, φ12.
The top panels depict the cross sections and the bottom panels show the analyzing
powers. The cross sections (analyzing powers) are extracted for parts of the phase
space in which E1 > 30 (25) MeV and E2 > 30 (25) MeV. We have chosen these
values to account for 20 MeV energy loss from target to detector (see Fig. 4.14) and
5 MeV for the electronic threshold. For the cross section, an additional 5 MeV was
added to this threshold to make that no extra inefficiency occurs near the threshold.
This puts a lower and an upper limit to the acceptance in S. These limits are shown
in Table 5.1. Table 5.1 lists the typical parameters that are used for the extraction of
the cross sections and analyzing powers for the break-up reaction. Using GEANT-3
simulation the cross sections have been corrected for the inefficiencies that originate
from the geometrical design of BINA and trigger choices. The resulting geometrical
inefficiencies for configurations with a small azimuthal angle, φ12 is ∼12% and for
larger values of φ12, this inefficiency is reduced to less than 2%.

The presented error bars in all the figures are statistical. The main source of
systematic uncertainties for the break-up cross sections are: the uncertainty in the
target thickness (3.85±0.2 mm→∼5%), the correction for the hadronic reaction effi-

71
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Table 5.1: Characteristics of the experiment that are used in the extraction of the break-up
cross sections and analyzing powers.

Beam particle Polarized protons
Energy 135 MeV
Target Liquid deuterium
Av. beam current 15 pA
Target thickness 3.85 mm
Av. efficiency of the MWPC for protons 92%
Av. live-time of the acquisition system 70%
Av. hadronic reaction eff. for one proton 92%
Trigger efficiency 88% (φ12=20◦)

98% (φ12=180◦)
Energy acceptance for analyzing power E1 > 25 MeV and E2 > 25 MeV
Energy acceptance for cross section E1 > 30 MeV and E2 > 30 MeV
Angular coverage 14◦ < θ1,2 < 30◦

Bin sizes (∆θ = ±2◦, ∆φ = ±5◦, ∆S = ±6 MeV)

ciency for both protons via a GEANT-3 simulation (92±3%→∼6% for two protons),
the correction for the efficiency of the MWPC (92±1% → 2% for two protons), and
the correction for the geometrical inefficiencies via GEANT-3 simulations which is
at most 12% for small azimuthal opening angles, φ12 = 20◦, and at most 2% for the
larger azimuthal opening angles. Altogether, by adding the systematic uncertainties
in quadrature, the maximum systematic uncertainty for cross sections at small az-
imuthal opening angles is less than 14% and at larger azimuthal opening angles less
than 9%. The systematic error for the analyzing power stems primarily from the
uncertainty in the measurement of the beam polarization via the proton-deuteron
elastic-scattering reaction. For instance, the beam polarization for the down-mode
has been measured at a value of ∼0.70 ± 0.04, which gives rise to 6% systematic
uncertainty in the analyzing power.

The predictions of the Faddeev calculations using different NN and 3NF models
are added to every panel with different line colors and styles. The blue (long-
dashed), red (dash-dotted), green (dashed), and black (solid) lines correspond to
calculations based on CDB (NN), CDB+TM’ (3NF) from the Bochum-Krakow
group [70, 71, 72], CDB+∆ (3NF), and CDB+∆+Coulomb calculations from the
Hannover-Lisbon group [25, 26], respectively. Here, all theory curves have been cal-
culated in a fully non-relativistic framework with non-relativistic observables and,
therefore, the length of S for these calculations is slightly shorter than that in the
data. The typical difference in length of S for the relativistic and non-relativistic
kinematics is less than 1-2 MeV, depending on the azimuthal opening angle, φ12.
This difference is less than the experimental resolution in S of 4 MeV (FWHM),
and we, therefore, did not transform the non-relativistic S-curves to the relativistic
ones.
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Figure 5.1: The cross sections and the analyzing powers at (θ1, θ2) = (28◦, 28◦) as a function
of S for different azimuthal opening angles. Error bars shown reflect only statistical uncer-
tainties. For details about systematic uncertainties see Sect. 5.1. The blue (long-dashed),
red (dash-dotted), green (dashed), and black (solid) lines show predictions of Faddeev cal-
culations using CDB (NN), CDB+TM’ (3NF), from the Bochum-Krakow group [70, 71, 72],
CDB+∆ (3NF) and CDB+∆+Coulomb calculations from the Hannover-Lisbon group [25, 26],
respectively.
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Figure 5.2: Same as Fig. 5.1 except for (θ1, θ2) = (28◦, 24◦).
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Figure 5.3: Same as Fig. 5.1 except for (θ1, θ2) = (28◦, 20◦).
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Figure 5.4: Same as Fig. 5.1 except for (θ1, θ2) = (28◦, 16◦).
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Figure 5.5: Same as Fig. 5.1 except for (θ1, θ2) = (24◦, 24◦).
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Figure 5.6: Same as Fig. 5.1 except for (θ1, θ2) = (24◦, 20◦).
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Figure 5.7: Same as Fig. 5.1 except for (θ1, θ2) = (24◦, 16◦).
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Figure 5.8: Same as Fig. 5.1 except for (θ1, θ2) = (20◦, 20◦).
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Figure 5.9: Same as Fig. 5.1 except for (θ1, θ2) = (20◦, 16◦).
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Figure 5.10: Same as Fig. 5.1 except for (θ1, θ2) = (16◦, 16◦).
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5.2 Systematic comparison between the data

and theoretical calculations

Figures 5.1-5.10 show that there are various configurations at which the state-of-
the-art Faddeev calculations predict cross sections and analyzing powers which de-
viate from the experimental data. However, at other configurations the results of
the calculations describe the data sufficiently. To provide a better insight into the
underlying mechanisms which cause these discrepancies between the data and theo-
retical calculations, we introduce two new types of quantities [27]. These quantities
are constructed such that they quantify the discrepancies as a function of the most
relevant kinematic observables.

The first type of quantities is the average of the cross sections and analyzing
powers over S for every configuration,

σ̄s(θ1, θ2, φ12) =
1

N

N
∑

i=1

d5σ(θ1, θ2, φ12, Si)

dΩ1 dΩ2dS
,

Āy(θ1, θ2, φ12) =
1

N

N
∑

i=1

Ay(θ1, θ2, φ12, Si), (5.1)

where N is the number of measured data points in S for a given (θ1, θ2, φ12). The
average cross sections and analyzing powers for various combinations of (θ1, θ2) are
plotted versus φ12 in Fig. 5.11. In this figure, the top panels show the average cross
sections versus φ12 and the bottom panels show the average analyzing powers for
the corresponding configurations. Similarly, the average cross sections and analyzing
powers for the theoretical predictions are produced and are presented by the same
line colors and styles as were chosen for Figs. 5.1-5.10. The errors are statistical and
the cyan symbols depict the systematic uncertainties for every panel. The panels
are arranged column-wise and row-wise in such a way that for each row the angle
θ1 is fixed and only θ2 changes, and for every column the angle θ2 is fixed and θ1

changes. In each panel, data are shown as a function of φ12 in steps of 20◦ and every
point corresponds to one of the panels in Figs. 5.1-5.10.

The second set of quantities is the average difference between the experimen-
tal data and the theoretical predictions for every configuration, (θ1, θ2, φ12). For
the case of the cross section, this difference is normalized to the theoretical value.
Equation 5.2 describes these quantities mathematically for the d5σ and Ay,

Deviation d5σ =
1

N

N
∑

i=1

y(Si) − f(Si)

f(Si)
,

Deviation Ay =
1

N

N
∑

i=1

y(Si) − f(Si), (5.2)
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Figure 5.11: The average cross sections (top panel)and analyzing powers (bottom panel), see
Eq. 5.1, over S for every kinematics configuration (θ1, θ2) are plotted versus φ12. Similarly,
the average cross section and analyzing powers for the theoretical predictions are produced and
are presented by the same line styles as were chosen for the lines depicted in Figs. 5.1-5.10.
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where y(Si), f(Si) are the experimental and the theoretical values, respectively, for
the cross section and analyzing power at Si for every kinematical configuration,
(θ1, θ2, φ12) and N is the number of S points. Note that in these equations we de-
cided not to take the absolute difference between experiment and theory. This choice
is based upon the observation that for most configurations the shape of the experi-
mental data is similar to that of the theoretical predictions as one can observe from
Figs. 5.1-5.10. For configurations where the shape of the experimental data does
not match the shape of the corresponding theoretical predictions, as illustrated for
the cross section results for the configuration (θ1,θ2,φ12)= (16◦,16◦,20◦) in Fig. 5.10,
this way of presenting the differences can be misleading.

For every configuration with (θ1, θ2, φ12), the parameter deviation is calculated
and plotted in Fig. 5.12 versus φ12 for a fixed (θ1, θ2). In this figure, the top
panels show the average differences between the experimental cross sections and the
theoretical predictions normalized to the theoretical value as a function of φ12 for a
fixed (θ1, θ2), and the bottom panels show the average difference for the analyzing
powers for the corresponding configurations. The different theoretical predictions
are shown by the same line styles as used in Figs. 5.1-5.10. The cyan symbols
depicts the systematic uncertainties for every panel. To make the plot readable,
the statistical uncertainties are shown only for the blue line (long-dashed) which
represents the relative difference between the data and the calculation based upon
the CDB potential. All the other lines carry the same statistical uncertainty.

5.3 Discussion

A comparison between the data and the theoretical predictions for cross sections and
analyzing powers shows a different behavior at small, and large azimuthal opening
angles, φ12, for most configurations. In the following, we will discuss for each ob-
servable, cross section and analyzing power, the differences with respect to φ12.

From the top panels in Fig. 5.12 it can be seen that for φ12 > 100◦, where
the differential cross section varies between 2 to 30 [µb/(sr2MeV)], the discrepancy
between cross section data and all the theoretical curves varies between 5-50%.
Taking into account the statistical uncertainties, the experimental data have enough
precision to differentiate between the different theoretical curves. Note that the
largest contribution for the systematic uncertainty stems from the error in the target
thickness which affects all points in the same direction.

From Fig. 5.12, two distinct features can be observed when comparing the re-
sults for large azimuthal opening angles, φ12 > 100◦, with the data corresponding to
small azimuthal opening angles, φ12 < 100◦. In the first part, φ12 > 100◦, there are
moderate deviations between experimental data and theoretical predictions. In this
region, the calculation based on the CDB+TM’ potentials has the smallest deviation
from the data while the other predictions including CDB+∆+C show larger devia-
tions. For this region, the symmetric configuration with the largest polar scattering
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Figure 5.12: The top panels show the average difference (in %) between the experimental
cross sections and the theoretical predictions normalized to the theoretical value as a function
of φ12 for a fixed (θ1, θ2). The bottom panels show the average difference for the analyzing
powers at the corresponding configurations (in absolute value). The lines correspond to the
same calculations as shown in Figs. 5.1-5.10.
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angles, (θ1 = 28◦, θ2 = 28◦), shows a significant discrepancy between the data and
the theoretical predictions. Most of the calculations compare reasonably well with
each other, except the calculation based on CDB+∆+C. For small azimuthal open-
ing angles, φ12 < 100◦, an interesting observation is made. For the configurations
with small polar scattering angles, the full calculation including a 3NF, CDB+TM’,
is significantly worse than predictions based upon a calculation without the inclu-
sion of a 3NF or with the inclusion of the ∆-isobar. However, the inclusion of the
∆-isobar is not sufficient to remove the discrepancy.

A comparison between the theoretical calculations and experimental results for
the analyzing powers shows a systematic deviation as well. However, these deviations
follow a different trend than those observed for the cross section. The bottom
panels in Figs. 5.1-5.10 demonstrate that the theoretical calculations, namely CD-
Bonn, CDB+TM’, CDB+∆, and CDB+∆+Coulomb potentials, predict almost the
same value for the analyzing power at large azimuthal opening angles, φ12 ≥ 100◦.
Furthermore, no major discrepancy is observed with the experimental data. The
slight difference between the different theoretical predictions is smaller than the
precision of the data. The systematic uncertainty for the analyzing power, which
comes from the determination of the beam polarization, is less than 7% of its value.

At smaller azimuthal opening angles, φ12 < 100◦, the results of the analyzing
powers of most of the configurations deviate significantly from all theoretical predic-
tions as can be seen in Fig 5.16,lower panels. The full calculation (CDB+TM’) has
the largest deviation with respect to the data, similar to the cross sections. The dis-
agreement even changes sign when going from large to small.polar scattering angles,
which can clearly be observed for the symmetric configurations. For the analyzing
powers, the effect of the Coulomb force is expected to be negligible as can be seen
from the calculations. In this range, the inclusion of 3N potentials to the CDB
potential, i.e. the ∆-isobar or the TM’, predicts notably different analyzing powers
than the CDB potential (NN). Adding a 3NF to the NN potentials increases the
disagreement between the data and the calculations. Therefore, for the analyzing
power, the predictions of Faddeev calculations based on NN potentials are closer to
the data, although the discrepancies remain significant. The data are more precise
than the predicted contribution of 3NFs. They are, therefore, sensitive to the study
of 3NF effects.

To obtain a better insight into the behavior of various theoretical predictions,
a number of kinematical configurations are selected for further investigation. Fig-
ures 5.13-5.14 compare the results of the cross sections and analyzing powers for
(θ1, θ2)= (28◦, 28◦) and (16◦, 16◦) for three different values of φ12 with some of the
theoretical predictions.

The dark blue band in Figs. 5.13 and 5.14, shows the theoretical predictions
of various existing NN potentials, namely CDB, NijmI, NijmII and AV18 while the
red band represents the same NN potentials including the TM’ 3N potential. The
dotted black, green solid, black solid and the dashed black lines represent predictions
of the Faddeev calculations using AV18 potential including the UIX 3N potential,
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CDB+∆ (3NP), CDB+∆+Coulomb and CDB+Relativistic potential, respectively.
We have selected configurations with large, medium and small azimuthal opening
angles of φ12 = 180◦, φ12 = 100◦ and φ12 = 20◦, respectively. Also, symmetric polar
scattering angles, θ1=θ2, are selected. The errors are statistical and the cyan band
in each panel depicts the systematic uncertainties within 2σ.
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Figure 5.13: The comparison of the results of the cross-section measurements for a few
selected configurations with several theoretical predictions. The blue band shows the calcula-
tions of various existing NN potential, namely CDB, NijmI, NijmII and AV18. The red band
shows the same NN potentials including the TM’ 3N potential. The dotted black, green solid,
black solid and the dashed black lines represent predictions of the Faddeev calculations us-
ing AV18 potential including the UIX 3N potential, CDB+∆ (3NP), CDB+∆+Coulomb and
CDB+Relativistic potential, respectively. The errors are statistical and the cyan band in each
panel depicts the systematic uncertainties within 2σ.
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Figure 5.14: Same as Fig. 5.13 except for the analyzing power.
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The top left panel of Fig. 5.13 shows that there is no major difference between
predictions using the NN potentials, NN+TM’ (3NF), AV18+UIX and the CDB+∆
by the Hannover-Lisbon for large azimuthal opening angles, φ12. There is, however,
a large difference between these predictions and the CDB+∆+Coulomb prediction
by the Hannover-Lisbon group and CDB+Relativistic prediction by the Bochum-
Krakow group. Specifically, there is a large difference between CDB+∆+Coulomb
and CDB+Relativistic predictions. The top right panel of this figure shows that
with a decreasing polar scattering angle, the differences between existing predictions
change. The second and the third rows of Fig. 5.13 also show that the differences
between predictions increase by decreasing relative azimuthal opening angles, φ12.
For the smallest azimuthal opening angles, φ12=20◦, corresponding to a small relative
energy between the two protons, the effect of the Coulomb force is large as expected.
At, φ12=20◦, the experimental cross section deviates significantly from all theoretical
predictions unless one takes the Coulomb effect into account. The relativistic effects
are important for the large azimuthal opening angles, as can be observed from the
top and the second row in Fig. 5.13.

For the analyzing powers, major discrepancies arise among the theoretical cal-
culations at small azimuthal opening angles. The effect of the 3NF appears to be
larger than NN potentials by a factor of up to two. However, the inclusion of 3NF
only increases the discrepancy with the experimental data. The discrepancy is sig-
nificantly larger when TM’ is used with the NN potentials that we have considered
than when the effect of 3NF is taken into account through the Hannover-Lisbon
approach. For small polar angles, even the shape of the theoretical predictions seem
to disagree with the experimental observation.

In conclusion, the deviations between cross-section data and predictions using
solely a NN potential indicate the need for an additional 3NF together with a proper
inclusion of the Coulomb and relativistic effects. The effect of 3NFs is predicted to
be small and, although adding a 3NF to the NN potentials helps to bridge the
gap between the data and the NN calculations, it cannot remedy the discrepancies
observed for the cross section. The differences with the data, therefore, might have
a different origin. The observed deviations between data and predictions of the
NN+3N potentials might be associated with other observed effects such as relativity.
The CDB+Relativistic predictions help to solve the discrepancies between data and
theories in some parts of the phase space. This might be an indication that relativity
is playing an important role at energies employed in this experiment. The Coulomb
effect is also important, specially at small azimuthal opening angles.

The analyzing power is predicted to be insensitive to the Coulomb effect and to
relativistic effects. This observable is, therefore, a unique probe to study 3NF effects.
In particular, at small azimuthal opening angles, 3NF effects can be observed and
tested. In this region, however, the experimental data show that the presented 3N
potentials do not resolve the observed discrepancies. On the contrary, the deficiency
between data and predictions by the Faddeev calculations increases by including
3N potentials. In addition, the symmetric configuration with the lowest relative
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azimuthal opening angle, (θ1, θ2)= (16◦, 16◦), shows that the experimental data
have a different shape than the theoretical predictions. Also here, the addition of
the TM’ 3N potential makes the disagreement even larger. In conclusion, we claim
that the spin-structure of the 3NF is not well understood.

To improve our insight into three-nucleon-force effects, a systematic comparison
between the experimental cross sections for the ~p+ d break-up reactions at 135 and
190 MeV/nucleon and the ~d + p break-up reaction at 65 MeV/nucleon was made.
Since only a systematic comparison between the experimental analyzing powers for
the two ~p + d break-up reactions is allowed, we only compared the experimental
analyzing powers of such reactions at 135 and 190 MeV/nucleon. Figure 5.15 shows
the systematic comparison between cross sections, the top panels, and analyzing
powers, bottom panels, averaged over S and as a function of the azimuthal opening
angle, φ12, for the configuration (θ1 = 25◦, θ2 = 25◦). In each panel the blue line
and the solid stars show the average of the theoretical predictions and the average
of the experimental data of those observables, respectively, for the ~d + p break-up
reaction with a beam energy of 65 MeV/nucleon. The red line with the filled circles
and the black line with the solid triangles show the same observables of the ~p + d
break-up reactions for a proton beam of 135 MeV and 190 MeV, respectively. The
top panels of Fig. 5.16 show the average difference (in %) between the experimental
cross sections and the theoretical predictions normalized to the theoretical value and
as a function of φ12 for the same configuration as presented in Fig. 5.15. The bottom
panels depict the average difference for the analyzing powers in absolute value. The
color code of this figure is the same as the color code used for Fig. 5.15. We can
conclude that an increase of the beam energy in the laboratory frame, increases the
deviations between the experimental scattering observables and the corresponding
theoretical predictions, in particular for the cross section. One notes that, this
comparison has been made by considering the configurations in laboratory frame.
In this frame, only the differences with the corresponding theoretical predictions
have a meaning. For a proper comparison, one needs to translate the kinematical
parameters to the center-of-mass frame. In addition, one needs to select the same
fraction and selection of the phase space for the different energies. At the moment,
the comparison, as shown in Figs. 5.15 and 5.16, is a rough estimate of the energy
dependence of Ay for the proton-deuteron break-up channel. In the future, a more
refined study should be made.
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Figure 5.15: The cross sections and analyzing powers, averaged over S for the configuration
(θ1, θ2)=(25◦, 25◦), are plotted versus φ12. The top panels show the average cross sections
versus φ12 and the bottom panels show the average analyzing powers for the same configu-
ration. The blue lines with the solid stars correspond to the theoretical predictions and the
data of the ~d + p break-up reaction for a beam energy of 65 MeV/nucleon. The red lines with
the filled circles and the black lines with the solid triangles represent the results of the ~p + d
break-up reactions for a proton beam energy of 135 MeV and 190 MeV, respectively.



94 Chapter 5: Results and discussion

50 100 150 200
-20

0
20
40
60 CDB

50 100 150 200
-20

0
20
40
60 CDB+TM’

50 100 150 200
-20

0
20
40
60 ∆CDB+

50 100 150 200
-20

0
20
40
60 +C∆CDB+

 [deg]
12

φ

 (%
)

σ5
De

vi
at

io
n 

d

50 100 150 200
-0.2

0

0.2

0.4
CDB

50 100 150 200
-0.2

0

0.2

0.4
CDB+TM’

50 100 150 200
-0.2

0

0.2

0.4
∆CDB+

50 100 150 200
-0.2

0

0.2

0.4
+C∆CDB+

 [deg]
12

φ

y
De

vi
at

io
n 

A

Figure 5.16: The top panels show the average difference (in %) between the experimental cross
sections and the theoretical predictions normalized to the theoretical value and as a function of
φ12 for the configuration (θ1, θ2)=(25◦, 25◦). The bottom panels show the average difference
for the analyzing powers for the same configuration (in absolute value). The red and the black
points on the straight lines in the first panel of the bottom picture represent the systematic
uncertainties for the experiments at a beam energy of 135 MeV and 190 MeV, respectively.
The other lines and markers correspond to the same energies as shown in Fig. 5.15.
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In the past two decades, several high-quality NN potentials have been developed such
as NijmI, NijmII [5], CD-Bonn [28], and Argonne-V18 [32]. These potentials have
been fitted with ≈ 40 parameters to the world NN scattering data-base up to energies
of 350 MeV and are able to describe NN scattering observables with an excellent
precision. In general, the potentials were developed based on phenomenology and by
a long-range one-pion-exchange mechanism as proposed by Yukawa. Only recently
have NN potentials become available which are systematically constructed based on
a low-energy expansion of the fundamental theory of QCD. At low energies these
systematic approaches look very promising, however, their application for higher
energies, such as discussed in this thesis, still has to be evaluated in more detail.

The high-quality phenomenologically driven NN potentials describe the phenom-
ena involving two nucleons very well. However, exact calculations for systems con-
sisting of more than two nucleons and based on these NN potentials alone fail to
describe the experimental data. One of the best known discrepancies is observed
in the binding energy of light nuclei. Here, a Green’s function Monte-Carlo cal-
culation based on the Argonne-V18 NN potential [32] clearly underestimates the
experimental binding energies. The missing ingredient is often referred to as a three-
nucleon potential (3NP), the existence of which is supported by meson-exchange and
quantum-field theoretical approaches.

Also the need for an additional 3NP became clear through studying three-nucleon
scattering processes. A first hint came from the differential cross section of the
~p+ d elastic reaction [73] that showed the necessity for the inclusion of 3NPs in the
NN potentials. Meanwhile, several proposals for 3NPs have been made, such as a
dynamic ∆ [48] and the Tucson-Melbourne 3NP [40], and these have been embedded
within rigorous calculations using of the Faddeev-type equations by, for example, the
Bochum-Krakow and Hannover-Lisbon theory groups. More details can be found in
Sect. 2.3.

In 1998 a program started at KVI to study systematically 3NP effects in three-
nucleon scattering processes at intermediate energies. The first experiments were
performed in the proton-deuteron elastic scattering process exploiting the Big-Bite
Spectrometer (BBS) and the In-Beam polarimeter (IBP). The data, cross sections
and analyzing powers [9, 10, 11, 14, 74] show systematically increasing differences
as a function of beam energy from Faddeev calculations solely based on NN poten-
tials. Unfortunately, the inclusion of 3NPs only partly remedies these deficiencies.
Furthermore, 3NP effects were studied in the proton-deuteron break-up reaction.
This channel allows a more detailed study of these effects because of its very rich
kinematical phase space. In particular, the sensitivity to 3NP and other effects, such
as relativity and Coulomb, varies significantly throughout the phase space, which,
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therefore, makes it an ideal system to study 3NP effects in great detail. These stud-
ies were initiated at KVI by the KVI-Krakow-Katowice collaboration using SALAD.
Meanwhile, cross sections and tensor-analyzing powers of the ~d+p→ p+p+n have
been published in Refs. [21, 22, 23, 75, 24]. It was demonstrated that high-precision
data in the break-up channel can be obtained using a large acceptance detection
system with a moderate energy resolution. The contribution of 3NP effects was
found to be present, albeit relatively small.

In 2004, the next generation of break-up measurements were carried out using a
new detection system, carrying the name BINA. BINA, as a successor of SALAD,
inherits parts of its features from its predecessor. It is composed of a forward wall
which detects forward-scattered particles between 10◦ − 35◦ and a backward-ball
which covers the rest of the scattering angles up to 165◦. The azimuthal angle
coverage for this θ-range is almost complete. With this, BINA covers almost the
entire kinematical phase space of the break-up reaction. The full azimuthal angle is
essential for the extraction of polarization observables.

Inspired by the first break-up results obtained with SALAD, various break-up
experiments at several beam energies were performed with BINA in the past few
years. The first experiment with BINA was performed in 2005 with a polarized
proton beam of 190 MeV. This energy is about three times larger than the energy
used for the first break-up experiment with SALAD. The main motivation was
to expand the data-base for cross sections and polarization observables to higher
energies with a larger sensitivity to effects such as those coming from 3NP. The
results of that experiment are reported in the thesis of Hossein Mardanpour [27] and
will soon be published. Intriguingly, a huge discrepancy with the state-of-the art
calculations, independent on S, was observed for the vector analyzing power of the
proton in the case of very small relative azimuthal angle between the two final-state
protons. The deficiency increases even further when a 3NP was added. Furthermore,
in various parts of the phase space, the differential cross section could also not be
explained by the calculations. Part of the discrepancies could be accounted for by
relativistic effects. Motivated by the observations at 190 MeV and to cover the gap
in the data-base between the two beam energies (65 and 190 MeV/nucleon), the
~p + d → p + p + n reaction was studied with a proton beam at energy of 135 MeV
using BINA in 2006. The results of this more recent experiment are the subject of
this thesis.

The ~p+ d break-up reaction was studied using a polarized beam of protons im-
pinging on a liquid deuterium target which was located at the center of BINA. The
polarized beam was prepared by POLIS and accelerated by AGOR to an energy
of 135 MeV. The break-up reaction has been identified nearly background free and
kinematically complete by measuring the scattering angles and energies of the two
final-state protons. Our main priority was to study configurations in which both
protons scatter to polar angles smaller than 30◦ and with a relative azimuthal open-
ing angle varying between 20◦ and 180◦. Differential cross sections and analyzing
powers have successfully been measured and are presented as a function of S for
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different combinations of (θ1, θ2, φ12). The results are depicted in Figs. 5.1-5.10.

For most of the configurations at large azimuthal opening angle, φ12 ≥ 100◦, and
taking the systematic uncertainties into account, a reasonable agreement has been
observed between the cross-section data and the corresponding theoretical predic-
tions. Only for the configuration (θ1=28◦, θ2=28◦), a large discrepancy was observed
between data and theoretical predictions at large relative azimuthal opening angles.
However, the calculation, which is based on the extended CD-Bonn potential with
a dynamic ∆ and with Coulomb corrections, CDB+∆+Coulomb, shows a larger
discrepancy with the data than the other calculations. This could hint at the im-
portance of short-range 3NP effects which are not included in the present 3NP
models.

For configurations with a small relative azimuthal angle, the picture changes.
Here, the measured cross sections show a large discrepancy with a calculation which
includes the TM’ 3NP. In this region, the CDB+∆+Coulomb calculation has a
smaller deficiency when compared with the experimental data, but the deficiency
is still large for small values of polar angles as shown in Fig. 5.12. Specifically,
for φ12 = 20◦ this calculation removes the deficiencies between the data and the
calculations. For some of the configurations at small relative azimuthal opening
angles, the Coulomb force significantly influences the cross section as illustrated
in Fig. 5.13. Here, the data clearly support a calculation which accounts for the
Coulomb effect.

For the analyzing powers, the major discrepancies between the data and the
theoretical calculations arise at small azimuthal opening angles. In this range, the
predictions based solely on a NN potential are closest to the data, although, the
disagreement is still significant. The inclusion of 3NPs increases the gap between
data and predictions as can be seen from Fig. 5.12. The contribution of the TM’
3NP appears to be larger than the implicit inclusion of the ∆ resonance by the
Hannover-Lisbon theory group. It is interesting to note that a similar, but even
larger, discrepancy has been observed in a break-up study at an incident beam
energy of 190 MeV. The effects of the Coulomb force and higher-order relativistic
effects are generally predicted to be very small for the analyzing power as shown
in Fig. 5.14. Therefore, the origin of this discrepancy must lie in the treatment of
3NPs.

In general, the state-of-the art calculations describe reasonably well the exper-
imental break-up data taking into account its precision. However, we still observe
significant discrepancies at some parts of the kinematical phase space. In particular,
predictions for the analyzing powers show a systematic deficiency at small relative
azimuthal opening angles, which corresponds to small relative energies. Since the
vector analyzing power is, in general, not sensitive to Coulomb and higher-order
relativistic effects, we suspect that this discrepancy stems from 3NP effects which
are not included in the present models. Possibly, the modeling of short-range 3NP
can be significantly improved, for which the data presented in this thesis can be
used as a test bench.
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In this experiment the entire phase space of the ~p + d break-up reaction has
been measured using BINA. However, due to lack of time, we analyzed only part of
the data for which the two protons are detected in the forward wall of BINA. This
corresponds to scattering angles smaller than 30◦ and covers the complete azimuthal
angle. The cross sections for most parts of the phase space are large. Therefore,
it is feasible to extend this study by analyzing the data for other configurations as
well. In particular, the phase space for which one proton scatters to the forward
wall and the second proton scatters to the backward ball, should be feasible to
study, although the angular resolution of the backward ball is worse than that of
the forward wall.

The systematic study of the elastic-scattering cross sections as a function of beam
energy shows that by increasing the beam energy, differences between data and state-
of-the art Faddeev calculations including modern NN and 3N potentials increase [11].

A similar observation has now been made for the break-up reaction. The ~d+p break-
up measurement at 65 MeV/nucleon revealed that the data cannot be described by
calculations based on two-nucleon potentials alone, and therefore, demonstrated the
need to include 3NP effects. Most of the discrepancies were resolved by including
a 3NP in the Faddeev framework. In the ~p + d break-up experiment at 190 MeV,
much larger discrepancies were observed with predictions based on NN potentials
and NN+3N potentials [27]. Surprisingly, these discrepancies could not be resolved
by including a 3NP. With the results of the experiment presented in this thesis, we
extended these studies by performing a measurement at intermediate energies, e.g.
135 MeV. Also here, discrepancies were found which could not be resolved by adding
a 3NP. However, the size and location of these deficiencies differ with energy, which
makes the various studies taken at different incident beam energies very valuable.
To understand unambiguously the nature and details of 3NP effects, it is mandatory
to interpret simultaneously all available break-up and elastic-scattering data taken
at different beam energies with respect to Faddeev calculations incorporating high-
quality NN and 3N potentials, the Coulomb force, and relativistic effects.
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R. Skibiński, H. Wita la, J. Zejma, and W. Zipper, Phys. Rev. C 76, 057001
(2007).



104 BIBLIOGRAPHY



Samenvatting

De kracht tussen twee elektrisch geladen objecten, bekend als de Coulomb-kracht,
is evenredig met hun ladingen en omgekeerd evenredig met het kwadraat van de
onderlinge afstand. Deze kracht kan goed worden beschreven door de uitwisseling
van een massaloos deeltje, het foton. De Coulomb-kracht is afstotend voor deeltjes
met gelijke lading, zoals de protonen in atoomkernen. Daarom zou men näıef kun-
nen verwachten dat protonen niet tot kernen gebonden kunnen blijven. De reden
dat protonen, of algemener nucleonen (protonen en neutronen), toch kernen kun-
nen vormen is vanwege het bestaan van een tweede kracht, de zogenaamde sterke
kernkracht. Deze kracht is veel sterker dan de Coulomb-kracht en is het gevolg
van de sterke wisselwerking tussen de meest elementaire bouwstenen van nucleonen,
namelijk quarks en gluonen.

In de afgelopen twintig jaar zijn er verschillende modellen van hoge kwaliteit
ontwikkeld die de kracht tussen twee nucleonen beschrijven. Voor een groot deel
kan deze kracht verklaard worden door de uitwisseling van lichte deeltjes bekend
als mesonen, opgebouwd uit paren van quarks en antiquarks. Deze fenomenol-
ogische twee-deeltjeskrachten beschrijven de wisselwerkingen tussen twee nucleo-
nen zeer goed. Echter, nauwkeurige berekeningen gebaseerd op alleen deze twee-
deeltjeskrachten komen voor systemen met meer dan twee nucleonen niet overeen
met de experimentele waarnemingen. Bijvoorbeeld, significante afwijkingen tussen
de experimentele waarden and theoretische voorspellingen zijn waargenomen voor
de bindingsenergie van lichte kernen. De bestaande modellen onderschatten de
waargenomen bindingsenergieën. De missende kracht wordt vaak de drie-deeltjes-

kracht genoemd. Het bestaan hiervan wordt ondersteund door modellen gebaseerd
op meson-uitwisselingen en kwantumveldentheorie.

In 1998 startte een onderzoeksprogramma op het KVI om systematisch de gevol-
gen van de drie-deeltjeskracht in verstrooiingsexperimenten met drie nucleonen bij
middelhoge energie te onderzoeken. De eerste experimenten aan de elastische ver-
strooiing van protonen aan deuteronen werden uitgevoerd met behulp van de Big-
Bite Spectrometer (BBS) en de In-Beam Polarimeter (IBP). De reeds gepubliceerde
data, werkzame doorsnedes en analyserende vermogens, toonden een afwijking ten
opzichte van berekeningen gebaseerd op alleen de twee-deeltjeskrachten die system-
atisch toenam als functie van de bundelenergie. Helaas verhelpt het opnemen van
drie-deeltjeskrachten in de berekening deze afwijking slechts gedeeltelijk.

Verder werden de effecten van de drie-deeltjeskracht bestudeerd via de zoge-
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naamde proton-deuteron break-up-reactie (~p + d → p + p + n). Bij deze reactie
vallen deuteriumkernen uiteen in protonen en neutronen door een wisselwerking met
een versnelde bundel van gepolariseerde protonen. Het break-up-kanaal kan worden
waargenomen door de twee verstrooide protonen te detecteren in hun uiteindelijke
eindtoestand. Een configuratie wordt beschreven door de emmisie-hoeken van de
twee uitgaande protonen: twee polaire verstrooiingshoeken, θ1 en θ2, en de relatieve
azimutale hoek, ∆φ = φ12 = φ1 − φ2. De uiteindelijke toestand van de proton-
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Figuur 6.1: Linker paneel: twee van de drie voorwaarts verstrooide deeltjes van de break-up-
reactie zijn getoond. Aangegeven zijn de richting van de bundel, de z-as, de energieën van de
deeltjes, E1 en E2, de verstrooiingshoeken, θ1 en θ2, en de relatieve azimutale hoek tussen
de twee deeltjes, ∆φ = φ1 − φ2 = φ12. Rechter paneel: cöıncidentie-spectrum van E1 en E2

van de twee protonen, waargenomen bij (θ1, θ2, φ12) = (25◦, 25◦, 180◦). De doorgetrokken lijn
toont de kinematische S-curve.

deuteron break-up-reactie (ppn) wordt volledig beschreven door negen variabelen.
Elk deeltje kan worden beschreven door drie kinematische variabelen, zoals getoond
in het linker paneel van figuur 6.1: de energie, E, the polaire verstrooiingshoek, θ,
en de azimutale verstrooiingshoek, φ. De wetten van behoud van energie en im-
puls verminderen het aantal onafhankelijke variabelen tot vijf. Zodoende kunnen
alle andere variabelen worden vastgelegd door vijf van deze variabelen te meten.
Gewoonlijk worden vier van de vijf variabelen gekozen als (θ1, θ2, φ12 = φ1 − φ2), en
is het vijfde variabele de correlatie tussen de energieën van de uitgaande protonen,
S, gegeven door de kinematische curve, de zogenaamde S-curve, zoals getoond in
het rechter paneel van figuur 6.1. Het bestuderen van deze break-up-reactie werd
op het KVI gestart door de KVI-Krakau-Katowice-collaboratie, gebruikmakend van
de Small-Angle Large-Acceptance Detector (SALAD). Ondertussen zijn werkzame

doorsnedes en polarisatie-observabelen van de ~d+ p→ p+ p+n reactie gedaan met
een bundelenergie van 65 MeV/nucleon gepubliceerd in referenties [21, 22, 23, 75, 24].
Het is aangetoond dat data van het break-up-kanaal met een hoge nauwkeurigheid
verkregen kan worden door gebruik te maken van een detectie-systeem met een
hoge acceptantie en een middelmatige energie-resolutie. De effecten van de drie-
deeltjeskracht werden aangetroffen, maar waren relatief zwak.
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In 2004 werd de volgende generatie van metingen aan break-up-reacties uitgevo-
erd met behulp van een nieuw detectie-systeem met de naam Big Instrument for
Nuclear-polarization Analysis (BINA). BINA is de opvolger van SALAD en erft een
deel van haar kenmerken van haar voorganger. De nieuwe eigenschappen van BINA
maken het mogelijk experimenten met hadronen uit te voeren bij middelhoge en-
ergieën tot ∼ 200 MeV per nucleon. Zoals getoond in figuur 6.2 is BINA opgebouwd
uit twee hoofdonderdelen: de forward wall die de energie, de positie en het type van
deeltjes onder een verstrooiingshoek tussen 10◦ en 35◦ kan meten, en de backward

ball die de rest van de polaire hoek tot 165◦ bestrijkt. De twee delen samen maken
het mogelijk de observabelen bij elastische reacties en break-up-reacties te meten.

Forward wall

Backward ball

Target

Figuur 6.2: Een schematische voorstelling van detectie-systeem BINA. Getoond zijn de forward

wall, de backward ball en de positie van de target.

Voortbouwend op de eerste resultaten van break-up-reacties met SALAD, zijn er
de afgelopen jaren verscheidene experimenten uitgevoerd met BINA. Het eerste ex-
periment met BINA werd uitgevoerd in 2005 met een gepolarizeerde protonenbundel
van 190 MeV. Deze energie is ongeveer drie keer zo hoog als de energie die gebruikt
werd bij de eerste experimenten met SALAD. De reden hiervoor was de wens de
database van werkzame doorsnedes en polarisatie-observabelen uit te breiden naar
hogere energieën met een grotere gevoeligheid voor effecten zoals die van de drie-
deeltjeskracht. De resultaten van dit experiment zijn beschreven in de scriptie van
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Hossein Mardanpour [27] en zullen binnenkort worden gepubliceerd. Intrigerend is
dat er een verrassend verschil met de state-of-the-art-berekeningen is waargenomen
in één van de polarizatie-observabelen voor de gevallen dat de twee uitgaande proto-
nen relatief dicht bij elkaar bewegen. Gëınspireerd door de observaties bij 190 MeV
en om het gat in de database tussen de twee bundelenergieën te dichten (65 en 190
MeV/nucleon), werd de ~p + d → p + p + n reactie in 2006 met BINA bestudeerd
met een gepolarizeerde protonenbundel van 135 MeV.

In figuur 6.3 worden de resultaten van de werkzame doorsnedes en de anal-
yserende vermogens bij (θ1, θ2) = (28◦, 28◦) en (16◦, 16◦) met in beide gevallen
φ12 = 20◦ vergeleken met een aantal theoretische voorspellingen. Zoals te zien is in
de bovenste rij van figuur 6.3, met inachtneming van de statistische en systematische
onzekerheden voor de bestudeerde configuraties, komt alleen de volledige berekening
overeen met de experimenteel waargenomen werkzame doorsnedes. Het linker pa-
neel van de onderste rij toont dat er geen overeenkomst is tussen de experimentele
data en de theoretische voorspellingen voor het analyserende vermogen. Zelfs de
vorm van de voorspellingen komen niet overeen met de experimentele waarnemin-
gen. Voorspellingen voor het analyserende vermogen tonen een systematisch tekort
wanneer de protonen relatief dicht bij elkaar bewegen, wat correspondeert met kleine
relatieve energieën van de verstrooide protonen. Aangezien het analyserende vermo-
gen in het algemeen niet gevoelig is voor de effecten van de Coulomb-kracht tussen de
verstrooide protonen en relativistische effecten, verwachten wij dat deze discrepantie
uitsluitend wordt veroorzaakt door effecten van de drie-deeltjeskracht die niet in de
huidige modellen worden meegenomen. Hoewel we nu meer weten over de aard van
de drie-deeltjeskracht, zijn er nog een aantal zaken die ruimte overlaten voor verdere
ontwikkelingen in de theoretische beschrijving van de drie-deeltjeskracht.
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Figuur 6.3: Een vergelijking van de metingen van de werkzame doorsnedes en de analyserende
vermogens met verschillende theoretische voorspellingen voor twee configuraties. De onder-
broken lijn toont de berekening van de twee-deeltjeskracht en de doorgetrokken lijn toont de
volledige berekening. De aangegeven fouten zijn statistisch van aard en de grijze banden tonen
de systematische onzekerheden binnen 2σ.
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