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Chapter 1

Introduction

The most fundamental questions in nuclear physics are related to the forces which bind
nucleons, protons and neutrons, together to form the building blocks of matter, nuclei.
Already in 1935, Yukawa successfully proposed to describe the nucleon-nucleon (NN)
force with an exchange of a particle [1], similar to the electromagnetic interaction which
can be represented by an exchange of a photon. Later, this particle, the pion, was discov-
ered [2–4] and its mass was found to be close to the mass predicted by Yukawa. Mean-
while, and for a large part inspired by the original idea of Yukawa, various phenomeno-
logical NN potentials have been derived [5–9], which are allable to fit the proton-proton
and proton-neutron scattering data with extremely high precision. In some of these mod-
els, the longest-range, attractive two-nucleon force (2NF) is described by the exchange
of pions and the repulsive shorter ranges by the exchange of two pions and heavier
mesons [10]. More recently, NN potentials have become available which are derived from
the basic symmetry properties of the fundamental theory of Quantum Chromodynamics
(QCD) [11, 12]. These so-called chiral-perturbation (χPT) driven models construct sys-
tematically a NN potential from a low-energy expansion of the most general Lagrangian
with only the Goldstone bosons, e.g. pions, as exchange particles.

Although much has been learned about the interaction between two nucleons, it re-
mains questionable whether this knowledge is sufficient to describe the interaction be-
tween more than two nucleons. Already for the simplest three-nucleon system, the triton,
an exact solution of the three-nucleon Faddeev equations employing 2NFs clearly under-
estimates the experimental binding energy [13], showing that 2NFs are not sufficient to
describe the three-nucleon system accurately. In a three-nucleon system, the interaction
between two of the nucleons may be influenced by the presence of the third nucleon.
This extra effect comes from a force which is beyond the two-nucleon interaction and
will be referred to as three-nucleon force in this thesis (3NF). A well-known example of
such a force is the Fujita-Miyazawa force [14] in which all three nucleons interact via a
2π-exchange mechanism with an intermediate∆ excitation of one of the nucleons.
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2 Chapter 1. Introduction

1.1 Three-nucleon force studies in three-nucleon scatter-
ing processes

To provide a better understanding of 3NF effects, differential cross sections and po-
larization observables have been measured extensively in proton-deuteron and neutron-
deuteron scattering systems. The data have been compared tothe predictions of rigorous
Faddeev calculations which are based on the modern NN potentials including the vari-
ous models for the 3NF effects. One of the “smoking guns” was the discrepancy found
with the measured angular distributions in elastic nucleon-deuteron scattering, in particu-
lar at scattering angles for which the total cross section isat its minimum. Furthermore,
the three-body break-up channel has been predicted to be an ideal probe to study 3NF
effects. At low incident beam energies, up to 30 MeV, the differential cross sections,
tensor-analyzing powers and spin-transfer coefficients innucleon-deuteron scattering are
described rather well using solely two-nucleon potentials. Here, the effect of the 3NF is
predicted to be small. In contrast, the description of the analyzing power fails leading to
the well-knownAy puzzle. At intermediate energies, 50-200 MeV/nucleon, theeffect of
the 3NF becomes significant and grows with increasing bombarding energy. Generally,
including 3NF effects to the modern potentials improves thecomparison with differential
cross-section data [15–27]. However, a comparison betweentheory predictions and data
for the polarization observables revealed various large discrepancies [16–18, 22, 28–34],
which demonstrated that spin-dependent parts of the 3NFs are poorly understood.

Apart from disagreements between data and the predictions by theory, some of the
experimental data are not consistent with each other. One ofthe worst cases is the dis-
agreements in the differential cross section of the elastic~p+d reaction atElab

p =135 MeV.
Figure 1.1 represents these cross section data as a function of the center-of-mass an-
gle, θc.m.. The open triangles are data from Ref. [19] and the open squares data from
Ref. [17, 18]. The solid curve represents the results of a coupled-channel calculation by
the Hanover-Lisbon theory group and is based on the CD-Bonn potential including the
Coulomb interaction and an intermediate∆-isobar. The results of a similar calculation
excluding the∆-isobar and accounting only for the 2NF, shown as a dotted curve. The
observed inconsistency for the differential cross section, as shown in Fig.1.1, initiated
a discussion within the nuclear-physics community on the reliability of the experimental
data and on how to interpret the data in terms of underlying physics, such as 3NF effects.
It is, therefore, of importance to review these observations with respect to three-nucleon
scattering data taken at other energies and in other channels. In this thesis, we present the
results of an independent measurement of the cross section using the BINA setup installed
at the KVI. Furthermore, a systematic analysis of the discrepancy is made including data
taken at other laboratories as well.
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Figure 1.1: The differential cross section of the elastic~p+d reaction atElab
p =135 MeV as

a function of the center-of-mass angle,θc.m.. The open squares are data from Ref. [17,18]
and the open triangles are data from Ref. [19]. The solid curverepresents the results of
a coupled-channel calculation by the Hanover-Lisbon theory group and are based on the
CD-Bonn potential including the Coulomb interaction and an intermediate∆-isobar. The
results of a similar calculation excluding the∆-isobar and accounting only for 2NF are
shown as a dotted curve.

1.2 Three-nucleon force studies in four-nucleon systems

The 3NF effects are in general very small in the three-nucleon system, which requires sta-
tistically high-precision data and - moreover - a good control of systematic uncertainties.
For some observables the effects reveal themselves at specific configurations or towards
higher incident energies. Another complementary approachis to look into systems for
which the 3NF effects are significantly enhanced in magnitude. For this, it was proposed
to study the four-nucleon system. Naively, one might expectthat the 3NF effects in-
crease by the argument that the number of three-nucleon combinations with respect to
two-nucleon combinations gets larger with increasing number of nucleons. We, however,
note that the saturation of 3NF effects sets in very quickly for large nuclei as well). This
simple counting rule is supported by a comparison between predictions and data for the
binding energies of light nuclei [35], which is depicted in Fig. 1.2. Here, the predictions of
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a Green’s function MonteCarlo calculation based on the Argonne V18 [6] NN interaction
(AV18) and the Illinois-2 (IL2) 3NF [36, 37] are compared to experimental data. While
a calculation which only includes the AV18 NN potential deviates significantly from the
experimental results, a calculation which includes as wella 3NF compares much better
to the data, especially for the first few light nuclei. Note that the effect of the 3NF on
the binding energy for the triton is∼0.5 MeV, whereas the effect increases significantly
for the four-nucleon system,4He, to∼4 MeV. For heavier nuclei, even adding the 3NF
as modeled in the present calculations, is not enough to resolve the discrepancy between
the theoretical predictions and the measurements. One might argue that the discrepancies
for the binding energies of the heavier nuclei stem from four-nucleon force (4NF) effects.
These higher-order many-body potentials are, however, predicted byχPT approaches [38]
to be negligible compared to 3NF effects. Therefore, the large discrepancies cannot likely
be explained by a missing 4NF or even higher-order nuclear-force effects.

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

E
ne

rg
y 

(M
eV

)

 α+d

 α+t

α+α

 α+2n  6He+2n

 7Li+n

 8Li+n

 8Be+n

 9Li+n  9Be+n

 6Li+α

AV18

IL2 Exp

1+

2H
1/2+

3H

0+

4He

1+

0+
2+

6He 1+
3+
2+

6Li
3/2−
1/2−

7/2−
5/2−

7Li

1+

0+

2+

8He
0+

2+
1+
3+

4+

(0,1)+

8Li

0+

2+

4+

1+
3+

8Be

5/2−

7/2−

3/2−

1/2−

(5/2−)

9Li
9/2−

3/2−
5/2−
1/2−
7/2−

9Be

1+

2+

?

10Li

3+

4+

0+

2+

(2+,3+)

10Be

3+
1+
2+
4+

10B

3+

1+

2+
4+

 α+d

 α+t

α+α

 α+2n  6He+2n

 7Li+n

 8Li+n

 8Be+n

 9Li+n  9Be+n

 6Li+α

Argonne v18

With Illinois-2

GFMC Calculations
 6 November 2002

Figure 1.2: Binding energies of the ground and excited statesof light nuclei. The ex-
perimental results are compared with the predictions of a Green’s function MonteCarlo
calculation based on the AV18 and AV18+IL2.

The importance of understanding in detail the forces which play a role in the four-
nucleon system becomes also evident in a recent observationof charge-symmetry break-
ing (CSB) by the IUCF experimental group via a non-zero measurement of the cross sec-
tion of the reaction,d+ d→ α+π0 [39]. The total cross section for neutral-pion produc-
tion was reported to be12.7± 2.2 pb at a beam energy of 228.5 MeV and15.1± 3.1 pb at
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231.8 MeV. The theory of the strong interaction between quarks, QCD, is approximately
invariant under what is called charge symmetry. In other words, if we swap an up quark
with a down quark, then the strong interaction will look almost the same. This symmetry
is related to the concept of “isospin”. Aside from trivial Coulomb effects, the CSB mech-
anism is responsible for the mass difference between protons and neutrons. Hence, the
observation by the IUCF group in principle allows one to determine the mass difference
between the up and down quark. For an unambiguous determination it is crucial to under-
stand the underlying reaction dynamics, such as initial-state interactions. Following the
CSB experiment, the IUCF group performed a set of angular distribution measurements
of the cross sections and analyzing powers for~d+d elastic scattering at 231.8 MeV. These
data could be used to check the four-nucleon calculations used to describe the entrance
channel in the theoretical treatment of the CSB reaction. Thetheoretical formalism used
to describe the data is so far developed in an approximate wayusing the lowest-order
terms in a Born series expansion of the Yakubovsky equations [40] developed for the
four-nucleon system [41]. This approximation is expected to be valid for deuteron bom-
barding energies larger than 100 MeV and for low momentum transfers. Large deviations
between calculations and data from IUCF are observed, which hinders the extraction of
the up-down quark mass difference [42].

The experimental database in the four-nucleon system is presently poor in comparison
with the three-nucleon system. Most of the available data were taken at very low energies,
in particular below the three-body break-up threshold of 2.2 MeV. Also, theoretical devel-
opments are evolving rapidly at low energies [43–46], but lag behind at higher energies.
The experimental database at these energies is very limited[47–49]. This situation calls
for extensive four-nucleon studies at intermediate energies. This thesis describes a com-
prehensive measurement of cross sections and spin observables in variousd+d scattering
processes at 65 MeV/nucleon, namely the elastic and three-body break-up channels. With
these data, we have drastically enriched the four-nucleon scattering database. The exten-
sive database of spin and cross section observables in various deuteron-deuteron scattering
processes as presented in this thesis together with preciseand ab-initio calculations can
potentially reveal many details of 3NF effects.

1.3 Outline of the thesis

The theoretical background of this work is given in the next chapter. The scattering for-
malism for a two-, three-, and four-body system and a description of the cross section and
analyzing powers are discussed briefly.

Chapter3 is devoted to introduce the experimental setups which were used for the
experiments discussed in this thesis. The procedure of producing polarized beams of
protons and deuterons is given. The different components ofthe detection system, BINA,
are introduced as well.

The analysis procedure, results, and the discussion of the~d + p elastic scattering at
65 MeV/nucleon and~p+ d elastic scattering at 135 MeV are presented in Ch.4.
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Chapter5 contains the analysis procedure of the~d+ d scattering at 65 MeV/nucleon.
The identification of the elastic and break-up channels and the measurement of the beam
polarization are discussed in detail. Results and the discussion for the elastic and three-
body break-up channels are presented in Ch.6. Finally, the summary, conclusions, and
outlook of this work are presented in Ch.7.



Chapter 2

Theoretical background

Scattering of a nucleon off another nucleon is a tool for probing the subatomic domain.
The results of the nucleon-nucleon (NN) scattering experiments are used to study the
forces between nucleons, the so-called nuclear force. Although quantum chromodynam-
ics (QCD) is able to describe the structure of hadrons in termsof quarks, it is not able
to relate the interaction between nucleons to the fundamental quark-quark interaction. In
the low-energy regime of QCD, the degrees of freedom are no longer quarks and gluons,
but rather nucleons and mesons. Chiral perturbation theory (χPT) is an effective field
theory constructed with a Lagrangian consistent with the (approximate) chiral symmetry
of QCD, as well as with the other symmetries of parity and charge conjugation.χPT is
a theory which allows one to study the low-energy dynamics ofQCD. The available nu-
clear potentials are built up by making use of experimental data orχPT, the parameters
of which are fitted to experimental data. There are a few high-quality nucleon-nucleon
potentials (NNP) and a Partial-Wave Analysis (PWA) which are obtained using the large
data set of NN scattering experiments up to 350 MeV. These potentials are able to describe
the world data set of the two-nucleon system with a reducedχ2 ≃ 1.

The obtained experimental data for the three-nucleon systems cannot be described on
the basis of the modern NNPs alone. A few theoretical groups have attempted to add extra
terms,like the addition of a static∆ to the Hilbert space of the two nucleons, to the NNPs
to make it compatible with the experimental results in the three-nucleon system. The so-
called three-nucleon force (3NF) effects can partly resolve the discrepancies between the
data and the predictions. However, the problem of finding a potential which can describe
all the results of the systems with more than two nucleons is still unsolved. The study of
a system with three or more nucleons has its difficulties which will be addressed in the
following sections. Also experimentally it is a challenge to find observables or reaction
channels which are sensitive enough to study 3NF effects. A four nucleon system like
deuteron-deuteron has more sensitivity to the three-nucleon force effects than the proton-
deuteron system. Therefore, it can be used to study 3NF effects in much more details.

This chapter is devoted to briefly describe the quantum mechanical theory of scat-
tering. In addition, an overview is given of the descriptionof the nuclear force in two-
nucleon systems and its extension to more than two nucleons.

7



8 Chapter 2. Theoretical background

2.1 Scattering formalism for a two-body system

The derivations and notations of Refs. [50–52] are used in this section.
In the scattering of one nucleon off another nucleon, it is assumed that a wave packet

which describes the projectile, approaches a wave which describes the target in the labo-
ratory frame. In the non-relativistic limit and in the center-of-mass frame, the dynamics
of the wave function before scattering is the solution of theSchr̈odinger equation

i~
∂

∂t
|φ(~x, t)〉 = H0|φ(~x, t)〉, (2.1)

where H0 = − (~)2

2m
∇2 is the Hamiltonian of a freely moving particle. The general solution

of Eq.2.1 is
|φ(~x, t)〉 = e−iH0t|φ(~x)〉, (2.2)

where|φ(~x)〉 is the time-independent wave function of the unperturbed state.
As soon as the wave packet approaches the interaction region, the time evolution of

the state is given by

i~
∂

∂t
|ψ(~x, t)〉 = H|ψ(~x, t)〉, (2.3)

with the HamiltonianH = H0 + V , whereV is the interaction potential. A general
solution is given by

|ψ(~x, t)〉 = e−iHt|ψ(~x)〉. (2.4)

In the absence of any potential, the scattering state|ψ(t → 0)〉 must be equal to a free
state, i.e,|φ(t→ 0)〉, with the same energy which implies that

lim
t→−∞

‖ exp−iHt/~ |ψ〉 − exp−iH0t/~ |φ〉‖ = 0. (2.5)

The relation between the scattering and the free states can be written as [51]

|ψ±〉 = lim
ǫ→0

iǫ
1

E −H ± iǫ
|φ〉. (2.6)

We can defineG± = 1
E−H±iǫ

as the resolvent or Green’s function for the Helmholtz
equation

(∇2 + k2)G±(~x, ~x′) = δ(~x− ~x′). (2.7)

In a system where particles interact via a potentialV , the Green’s function is given as

1

E −H ± iǫ
=

1

E −H0 ± iǫ
+

1

E −H0 ± iǫ
V

1

E −H ± iǫ
= G0 +G0V G, (2.8)

whereG0 = (E − H0 ± iǫ)−1 is the free-particle propagator. By inserting Eq.2.8 into
Eq.2.6and knowing thatiǫG0|φ〉 = |φ〉, we get theLippmann-Schwinger Equation(LSE)

|ψ±〉 = |φ〉 +G0V |ψ±〉. (2.9)
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+ +t = + ....

+ +V = = + ....

Figure 2.1: Thet operator is represented by the series of diagrams and the potential in
terms of meson scattering.

In the region far from the interaction point, the wave function 〈~x|ψ±〉 is a combination of
the incident wave〈~x|φ〉, and an outgoing (incoming) spherical wave corresponding to the
positive (negative) solution.

In the scattering process, we are interested in the transition of the initial state to a final
state via the intermediate state,|ψ+〉. The transmutation operator,t, is defined by

V |ψ+〉 ≡ t|φ〉. (2.10)

Multiplying the LSE byV from the left results in

t = V + V G0t. (2.11)

The matrix elements of the transition operator in the momentum space are used to obtain
the cross section

dσ

dΩ
∝ |〈p′|t(E + iǫ)|p〉|2. (2.12)

The state|p〉 defines the energy and the direction of the beam and the state|p′〉 is defined
by the direction in which the detection system is placed. Energy conservation implies that
E = p′2

2µ
= p2

2µ
whereµ is the reduced mass of the system. If the energy is not conserved

(off-shell particles) thenE 6= p′2

2µ
6= p2

2µ
. Thet-matrix can be evaluated iteratively (Born

series) by
t = V + V G0V + V G0V G0V + V G0V G0V G0V + ... (2.13)

This can be shown diagrammatically for a system with two nucleons as shown in Fig.2.1.
The potentialV is represented by the wiggled lines and can be expanded in terms of
meson scattering represented by dashed lines. The observables for two-nucleon scattering
are derived with the on-shellt-operator. There are several nucleon-nucleon interaction
models which are able to describe an identical data base of NNscattering data with a
χ2 per datum∼ 1. This means that the on-shell matrix elements of the NN transition
matrix are essentially equal. This does, however, not implythat the models for the NN
interaction underlying these descriptions are identical.Moreover, the off-shell properties
of each potential may be rather different. Data based on a two-nucleon scattering are not
sensitive the off-shellt-matrix. Systems that are composed of more than two particles,
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such as the three nucleon scattering process are more advantageous to restrict the off-
shell matrix elements. Note, however, that the off-shell behavior is not an observable and
its elements are, therefore, model dependent.

2.2 Three- and four-nucleon scattering

In scattering experiments likep+ d or d+ d, we need to consider other possible channels
like break-up and transfer channels in addition to the elastic channel. In the elastic chan-
nel, particles in the initial and the final state are the same.Therefore, in the region far from
the interaction point and in spherical coordinates, the wave function has the form [51]

ψ(r, θ, φ) −→ eikz + f(θ, φ)
eikr

r
. (2.14)

The eikz term represents the incident plane wave and part of the incident beam that is
unscattered. The spherical wave,eikr

r
, describes the scattered nucleons, andf(θ, φ) is

the scattering amplitude of scattering to the direction(θ, φ) and is called the scattering
amplitude. The scattering amplitude describes the angulardependence of any outgoing
spherical wave and its determination is the goal of the scattering experiments. The wave
number in the center-of-mass is represented byk.

It is possible that the reaction products differ from the initial particles. As an example
one can refer to neutron-transfer,~d+d −→ p+ t, and proton-transfer,~d+d −→ n+3He,
channels in deuteron-deuteron scattering. Since there arestill two particles in the final
state, in the region far from the interaction point, we can reformulate Eq.2.15to express
the wave function as follows [51]:

ψ(r, θ, φ) −→ φ(0)eik0z + φ(1)f(θ1, φ1)
eik1r1

r1
+ φ(2)g(θ2, φ2)

eik2r2

r2
. (2.15)

Each channel is described by a spherical wave which is multiplied by a functionφ(i) that
describes the internal motion of the particles. The relative momentak1, k2 of the decay
channels are not the same due to the difference of the internal motion.

Proton-deuteron or deuteron-deuteron scattering experiments at intermediate energies
lead to break-up channels in which a deuteron splits into a proton and a neutron. As a
result, there will be more than two particles in the final state. The appearance of more
than two particles in the final state brings some difficultiesin the study of the scattering
procedure which are explained in the following.

For simplicity we consider the three-body break-up channel. As illustrated in Fig.2.2,
particles 2 and 3 are in one of the bound states of a system containing these two particles
before scattering. After scattering, the bound system is broken and these two particles are
in one of the continuum scattering states. It means that the number of final states in the
break-up scattering is much larger than in the case of two particles in the final state. The
second problem is that the interaction between particles cannot be confined. This problem
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Figure 2.2: A schematic diagram of the break-up reaction which leads to three free par-
ticles in the final state. The solid ellipse on left-hand siderepresents a bound system
containing particles 2 and 3 and the dashed ellipse on the right-hand side symbolizes that
the bound system of particles 2 and 3 is broken.

Figure 2.3: A schematic diagram of the first step in the break-up reaction in which a
two-particle excited state is produced.
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Figure 2.4: A schematic diagram of the second step in the break-up reaction in which a
two-particles excited state decays (left-hand panel) and the third step (right-hand panel)
in which particles fly out but still have final state interactions.

can be can be seen in the following way. The scattering processes can have three steps
as it shown in Figs.2.3 and2.4. Figure2.3 shows the first step, in which the subsystem
(2,3) is formed in an excited state. In the second step, the left-hand side of Fig.2.4, the
exited state decays and one of the particles, let’s say particle 2, emerges in the direction
of particle 1. When particle 2 approaches particle 1, it rescatters from it, as illustrated on
the right-hand side of Fig.2.4. Therefore, the interaction which forms the final state is not
localized to a small region around the center-of-mass and itcan take place everywhere in
the three-dimensional space. Also, due to the difficulties described previously, there is no
simple way to impose a time-independent boundary conditionwhich connects the initial
and the final states.

In spite of all above-mentioned difficulties, the problem ofthree-particle scattering
system is solvable by employing the Faddeev equations [50, 53]. The Faddeev equations
are the non-perturbative formulation of the three-body problem. Faddeev equations need
a potential as input. The potential describes the interaction between two individual parti-
cles.

2.3 The nucleon-nucleon potential (NNP)

Yukawa received the Nobel Prize in physics in 1949 for predicting the existence of what is
now known as theπ meson. Yukawa argued in 1935 [1] that the nuclear force is carried by
a particle with a mass approximately 200 times that of an electron. The Yukawa potential



2.3 The nucleon-nucleon potential (NNP) 13

has the form

V (r) =
−g2e−mr

r
, (2.16)

wherem is the mass of the field mediator (exchanged meson) and the constantg is a real
number and is called the coupling constant. The coupling constant determines the strength
of an interaction andm the range of the force. The meson-nucleon coupling constantcan
be determined from the experimental data via a phase-shift analysis.

In general, the NN potential can be divided into three ranges. The long-range part
(r > 2 fm) is dominated by one-pion exchange. The intermediate-range part of the nuclear
force (1 fm < r < 2 fm) comes mainly from exchange of two poins and heavier mesons.
The hardcore in the interaction (r < 1 fm)is made of heavy mesons exchanges and multi-
pion exchanges [10].

A few NN potentials were developed in the 70’s and 80’s and were all based on the
meson-exchange theory. These were the Paris [54–56], Bonn [57], Nijmegen-78 [58]
and Argonne-V14 [13] potentials. The meson-nucleon coupling constants are considered
free parameters and are obtained via fitting the potentials to the world data set of NN
scattering. The quality of the fits was given by a reducedχ2 & 2 which came mostly
from a fairly large number of bad data points that were included in the world database
collection. Around 1990, the Nijmegen group developed their energy-dependent phase-
shift [59, 60] and multi-energy partial-wave analysis PWA [7, 61]. The difference to the
former phase-shift analysis was that their phase-shift analysis could use the scattering data
in a large range of incident-beam energies and the pion-nucleon coupling constant could
be extracted from the scattering data very precisely [62]. The so-called “bad data” were
discarded by a statistical analysis of world’s dataset of NNscattering experiments. Based
on this partial-wave analysis, a number of so-called high-quality potentials were devel-
oped, namely, Nijmegen-I, Nijmegen-II and Reid93 [8]. In these high-quality potentials,
the meson-coupling constants are fitted to the database of experimental nucleon-nucleon
scattering for each partial wave separately, except for thepion-nucleon coupling constant.
Note that for large angular momentum, only the pion contributes and all partial waves are
consistent with that coupling alone. The quality of the fits of these potentials is given by
a reducedχ2 ≈ 1 and it is possible to calculate rather precisely nucleon-nucleon scatter-
ing observables up to energies of≈ 300 MeV [63]. Also for the Bonn potential, which
was built on a meson-exchange principle, a parameterization in each partial wave was
used and its successor, CD-Bonn [5], was fitted to the NN scattering database which also
resulted in a reducedχ2 ≈ 1.

The high-quality potentials mentioned here were all constructed with the purpose
of calculating two-nucleon scattering observables. Another potential, the Argonne-V18
(AV18) [6], was constructed as an input for Green’s functionMonte-Carlo calculations of
nuclear matter, and is built along the same lines as the otherpotentials. The four additional
terms in the AV18 potential are charge-independence breaking terms.

All these so-called high-quality potentials, Nijmegen-I,Nijmegen-II, Reid93, CD-
Bonn and AV18 contain≈ 40 fit parameters. The results of all these potentials for two-
nucleon observables agree with each other, but the potentials show different off-shell
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effects. However, these cannot be measured experimentally. Since the coupling constants
are fitted in each partial wave, their physical content is meaningless [8] and apart from the
OPE, the potentials are in large part based on phenomenology.

The chiral perturbation theory (χPT) [38] is a new approach for studying the NN
interactions. In this framework, all nuclear forces such as2NF, 3NF, and 4NF are included
simultaneously and consistently. In this approach, the potential among any number of
low-energy nucleons is expanded in powers of nucleon momenta, Q/Λ, and the pion
mass,mp/Λ, scaled by a characteristic mass,Λ, of order of 1 GeV.

2.4 Three-nucleon force (3NF) models

The existence of three-nucleon forces (3NF) in the framework of meson exchange was
predicted in an early study of many-body interactions in atomic and nuclear systems [64].
Fujita and Miyazawa described the 3NF with two-pion exchange (TPE) between three
nucleons with an intermediate excitation of one nucleon into its first excited state, the
∆-isobar [14]. 3NFs appear when more than two nucleons are present and interact with
each other in a non-separable and irreducible way.

At present, the most commonly used 3NF models are the upgraded Tucson-Melbourne
(TM99) [65, 66], UrbanIX [67] and Brazil 3NP [68] forces. The TM99 3N force relies
on a low momentum expansion of the off-shellπN scattering amplitude, which is a mod-
ification of the original version [65] removing a term which was in conflict with chiral
symmetry [69]. This force also incorporates, among other dynamical ingredients, the ef-
fect of an intermediate (static)∆. Furthermore, it includes s-wave contributions in theπN
system. The Urbana IX 3N force is a pure 2π-exchange which is used together with AV18
NN-potential to fix the binding energy of the first few light nuclei. There are two overall
constants in this force that have been adjusted to the3H binding energy and the density of
nuclear matter [70]. Chiral perturbation theory is another approach for the calculation of
3NF. In this framework, no specific 3NFs have to be developed and 3NFs will appear nat-
urally as higher order terms along with the NN interaction [71,72]. The Hanover-Lisbon
group combines a high-quality NN potential, e.g., CD-Bonn or Nijmegen-II, with an ex-
plicit ∆-isobar excitation. This approach is based on an extension of a purely nucleonic
model in which one nucleon (N) can be excited to a∆ isobar [73]. The∆ isobar medi-
ates effective 3NFs and even higher orders of nuclear forcessuch as four-nucleon forces
(4NFs) in a four-nucleon system in an internally consistentmanner.

2.5 Theoretical calculations for the three- and four-body
systems

The Lippmann-Schwinger equation (LSE) is one of the important equations in scatter-
ing theory. For a three-body system, the LSE does not have a unique solution. The
non-uniqueness of the LSE has been pointed out by Faddeev andhe could overcome this
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problem by splitting up the LSE to three equations with a unique solution. The formu-
lation of the scattering for three-body systems is well known and the Faddeev equations
have been solved for these systems with realistic potentials as input.

Performing a calculation for a four-nucleon system is more challenging than for the
three-nucleon system. However, many attempts have been made to solve the four-body
system [43,44,74]. The Faddeev-Yakubovsky equation (FYE)has been developed to the
study the four-body system accurately [40]. One of the majorhurdles of solving the FYE
is the size of the matrices. Deltuvaet al. performed a calculation for the four-nucleon
scattering for all possible reactions initiated byn−3He, p−3H, andd − d scattering
below the three-body break-up threshold [75–77]. Realistictwo-nucleon potentials have
been used in the calculations. Later they improved their calculations by adding the∆-
isobar excitation to consider the effects of the 3NF and 4NF [78]. According to this new
calculation, the contribution from the effects of the 4NF for the binding energy of4He is
only 5% of that of the 3NF effects. An extension of the four-body calculation to energies
above the break-up threshold is still difficult to achieve.

In a four-nucleon system, one assumes that there are four particles interacting with
each other. Leta, b, c, andd represent the individual particles of a four-body system.
These particles can interact with each other through short-range forces. Therefore, be-
yond a certain distance from the center-of-mass, the forcesbetween all four particles drop
to zero. In a four-body system, the interactions can be classified into six two-body interac-
tions (V(ab)cd, V(ac)bd, V(ad)bc, V(bc)ad, V(bd)ac, andV(cd)ab), and four three-body interactions
(V(abc)d, V(acd)b, V(abd)c, andV(bcd)a). In the definition of(ab)cd it is assumed that particles
a andb interact with each other while particlesc andd are far away from each other as
well as from(ab). Thus, in(ab)cd one deals with a three-cluster partition in which there
are three non-interacting clusters ((ab), c, d) and in(abc)d we have a two-cluster partition
((abc), d).

The t-matrix of a four-body system can be written as

t = V + V Gt, (2.17)

whereG = (z −H0 − V )−1 with z = E + iǫ and

V =
∑

i<j

Vij +
∑

i<j<k

Vijk. (2.18)

The sum is taken over six two-body and four three-body interactions. t can be decom-
posed as:

t =
∑

i<j

t(ij) +
∑

i<j<k

t(ijk). (2.19)

The matrixtµ can be a two- or three-bodyt-matrix defined as:

tµ = Vµ + VµG0tµ, (2.20)
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whereG0 = (z −H0)
−1 is the free four-body Green’s function andµ runs over alli < j

andi < j < k . The total Green’s functionG = (z −H − V )−1 is given by

G = G0 +G0tG0. (2.21)

The scattering wave function for the system is defined by

Ψ = lim
ǫ→0

iǫG(ξ + iǫ)Φ, (2.22)

whereΦ is the incoming asymptotic wave function that corresponding to the various par-
titions of the four-body system (e.g.(abc)d, (ab)(cd), (ab)cd, andabcd) andξ is the total
energy. One can use the relation

Ψν = lim
ǫ→0

iǫGν(ξ + iǫ)Φ, (2.23)

and

lim
ǫ→0

iǫG0(ξ + iǫ)Φ = Ψ0, (2.24)

to write

Ψ = Ψ0 +
∑

i<j

Ψij +
∑

i<j<k

Ψijk. (2.25)

Recent attempts by Fonsecaet al.[41] have been made to calculate cross sections and spin
observables in an approximate way using the Born series expansion of the Yakubovsky
equations [40] which are developed for the four-body system. In this way, thed+ d scat-
tering wave function and thed + d elastict-matrix at intermediate energies have been
obtained. The theoretical formalism is based on a solution of the Alt, Grassberger, and
Sandhas equation (AGS) [79] for four strongly interacting identical nucleons. As these
equations are hard to solve at energies above the three-nucleon break-up threshold, Fon-
secaet al. has developed an approximation based on the lowest order terms in the Born
series expansion of the AGS equation. As illustrated in Fig.2.5, in the lowest order, the
d + d elastic scattering proceeds via the break-up of one of the deuterons in the initial
state, followed by an intermediate three-nucleon scattering between the second deuteron
and one of the two initial nucleons, and the final recombination of the two nucleons to
form a deuteron. The three nucleont-matrix is based on fully off-shellN +d elastic scat-
tering amplitudes. This approximation is expected to be valid for deuteron bombarding
energies larger than 100 MeV/nucleon and for low values of the momentum transferq.
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Figure 2.5: An approximation of the deuteron-deuteron elastic scattering amplitude where
U is the nucleon-deuteron t-matrix.

2.6 Expressions of the cross section

The general expression for the cross section of any reactioninduced by a polarized spin-1
projectile is [80,81]:

σ(ξ) = σ0(ξ){1 +
3

2
[pxAx(ξ) + pyAy(ξ) + pzAz(ξ)]

+
2

3
[pxyAxy(ξ) + pyzAyz(ξ) + pxzAxz(ξ)]

+
1

3
[pxxAxx(ξ) + pyyAyy(ξ) + pzzAzz(ξ)]}, (2.26)

wherepx, py, andpz are the Cartesian components of the vector polarization of the pro-
jectile particles andpxy, pyz, pxz, pxx, pyy, andpzz are the tensor components of the
polarization. The variablesAx(ξ), Ay(ξ), Az(ξ) andAxy(ξ), Ayz(ξ), Axz(ξ), Axx(ξ),
Ayy(ξ), andAzz(ξ) are the vector and tensor analyzing powers, respectively. The symbol
ξ represents any appropriate set of kinematic variables which defines the reaction. The
observablesσ(ξ) andσ0(ξ) are the polarized and unpolarized cross sections, respectively.

For a description of the beam polarization in the Cartesian system (see Fig.2.6), usu-
ally thez axis is taken along the projectile momentum,kp. The following unit vectors are
defined:

k̂ = ~kp/|~kp| : unit vector in the+z direction,

n̂ : unit vector in the+y direction,

Î = n̂× k̂ : unit vector in the+x direction,

ŝ : unit vector along the spin-quantization axis.

The direction ofŝ is described in the chosen coordinate system by two angles,β, 0 ≤
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Figure 2.6: Relation between the projectile helicity frame(X,Y, Z) and the polarized
beam is shown. We defineβ as the angle between the quantization axis and the beam
direction, andφ is the angle between the projection of~S on theX − Y plane and theY
axis. This is called the Madison convention and the left, right, up, and down scattering
angles are denoted byφ = 0◦, φ = 180◦, φ = 270◦, andφ = 90◦, respectively.

β ≤ π, andφ, 0 ≤ φ ≤ 2π, which are defined by

cos β = ŝ · k̂,
cosφ = ŝ · n̂/ sin β,

sinφ = −ŝ · Î/ sin β. (2.27)

With these definitions, the components of vector polarization are:

px = −pZ sin β sinφ,

py = pZ sin β cosφ,

pz = pZ cos β, (2.28)

wherepZ is the polarization of the beam with respect to its quantization axisŝ.

The tensor components are related to the tensor polarization,pZZ , with respect tôs by
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the following relations:

pxx = +
1

2
(3 sin2 β sin2 φ− 1)pZZ ,

pyy = +
1

2
(3 sin2 β cos2 φ− 1)pZZ ,

pzz = +
1

2
(3 cos2 β − 1)pZZ ,

pxy = −3

2
sin2 β cosφ sinφ pZZ ,

pyz = +
3

2
sin β cos β cosφ pZZ ,

pxz = −3

2
sin β cos β sinφ pZZ . (2.29)

The cross section can be expressed in terms ofβ, φ, pZ , andpZZ . Since we are
only interested in a configuration withβ = 90◦, the expression for the cross section is
simplified to

σ(ξ) = σ0(ξ)[1 − 3

2
sinφ pZAx(ξ) +

3

2
cosφ pZAy(ξ)

− 1

2
sin 2φ pZZAxy(ξ) +

1

2
sin2 φ pZZAxx(ξ)

+
1

2
cos2 φ pZZAyy(ξ)]. (2.30)

Parity conservation imposes the following restrictions onthe analyzing powers:

Ax(ξ
′, φ12) = −Ax(ξ

′,−φ12),

Ay(ξ
′, φ12) = Ay(ξ

′,−φ12),

Axx(ξ
′, φ12) = Axx(ξ

′,−φ12),

Axy(ξ
′, φ12) = −Axy(ξ

′,−φ12),

Ayy(ξ
′, φ12) = Ayy(ξ

′,−φ12), (2.31)

whereξ′ is the set of kinematical variables excluding the azimuthalopening angle between
the two final-state particles,φ12 = φ1 − φ2. In the experiment discussed in this thesis, the
analyzing powers are determined by studying theφ dependence of the ratioσ(ξ)/σ0(ξ)
for each configurationξ. For measurement of the observablesAy, Axx, andAyy, one
is allowed to add the data of the configurations withφ12 with that of−φ12, since these
observables do not switch sign as can be seen from Eqs.2.31. On the other hand, such an
addition would result in a cancellation of the terms which are sensitive to the analyzing
powersAx andAxy. This is a direct consequence of the odd parity of these variables
with respect toφ12. To extractAx andAxy, one, therefore, needs to subtract the data
of the configurationφ12 with that of the configuration−φ12. This would imply that the
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precision for the measurement ofAy, Axx andAyy is significantly better than the one of
Ax andAxy. Our first priority was to obtain observables which have the best precision
in this work. For this reason, the angle,φ12, will be referred to asφ12 = |φ1 − φ2|, to
indicate that for our purposes we added up data atφ12 with that of−φ12.

In Eq. 2.30, the decompositions have been expressed in Cartesian coordinates. For
practical purposes, the analyzing powers are also written in the spherical coordinate sys-
tem and the transformations are:

Re(iT11) =

√
3

2
Ay,

Im(iT11) = −
√

3

2
Ax,

Re(T20) =
1√
2
Azz,

Re(T21) = − 1√
3
Axz,

Im(T21) = − 1√
3
Ayz,

Re(T22) =
1

2
√

3
(Axx − Ayy)

Im(T22) =
1√
3
Axy. (2.32)

whereiT11 is the vector-analyzing power, andT20, T21, T22 are the tensor-analyzing pow-
ers. Using relations2.28, 2.29, and2.32, the cross section cab be expressed in the spheri-
cal coordinate system as

σ(ξ) = σ0(ξ)[1 +
√

3pZRe(iT11(ξ)) cosφ

− 1√
8
pZZRe(T20(ξ))

−
√

3

2
pZZRe(T22(ξ)) cos 2φ]. (2.33)

Note that Eq.2.33does not contain terms withIm(iT11), Re(T21), andIm(T21). These
contributions vanish because we took explicitlyβ = 90◦ andφ12 = |φ1 − φ2|. In this
thesis, the variablesRe(iT11), Re(T20) andRe(T22) will be referred to asiT11, T20 and
T22, respectively.

For a spin-1
2

projectile one can perform a similar analysis, which yields

σ(ξ) = σ0(ξ)

[

1 + pzAy(ξ) cosφ

]

, (2.34)

where the termξ represents any appropriate set of kinematic variables which defines the
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reaction. For the nuclear reaction with two particles in thefinal state, the proper set of
kinematic variables is the polar and azimuthal angles of oneof the the particles,ξ(θ, φ).
In the case of more than two particles in the final state, like the three-body break-up reac-

Figure 2.7: The proper variables for a three-body break-up reaction are shown.~Pd, ~P1, ~P2,
and ~P3 represent the momenta of incoming deuteron, outgoing deuteron, outgoing proton,
and outgoing neutron, respectively.θ1, φ1 andθ2, φ2 are the polar and azimuthal angles
of outgoing deuteron and proton, respectively. The relative azimuthal angle between the
two particles is shown byφ12.

tion in d + d scattering, we need more variables to define the kinematicalconfiguration.
Figure2.7 represents the definition of the quantities which we measured in the break-up
reaction in the helicity frame. The symbols~Pi, θi, andφi are the momentum, polar angle,
and azimuthal angle of theith particle in the final state, respectively. There are totally
nine quantities involved in the three-body break-up reaction. By measuring~Pi for two
particles and using the energy and momentum conservations,the reaction will be over-
determined. For the three-body break-up reaction, the set of kinematical parameters that
we used areξ(E1, E2, θ1, θ2, φ12 = |φ1 − φ2|) whereφ1 is the azimuthal angle of the
deuteron. The possible energy pairsE1, E2 are constrained to lie on a locus. Figure2.8
shows a typical energy correlation between deuteron and proton in ad + d break-up re-
action at 65 MeV/nucleon which is referred as theS-curve. TheS-curve contains all the
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Figure 2.8: The correlation between deuteron and proton energies in ad + d break-up
reaction at 65 MeV/nucleon. The deuteron and proton are scattered to an angle of 28◦ and
a relative azimuthal angle ofφd − φp = 180◦.

kinematically allowed combination ofE1 andE2. The corresponding kinematical vari-
able,S, represents the arc length along theS-curve with the starting point,S = 0, defined
by the deuteron with a minimum energy. Here, the deuteron andproton are scattered to
an angle of 28◦ with a relative azimuthal angle ofφ12 = 180◦. The locus is an ellipse in
the case of non-relativistic kinematics in the

√
E1,

√
E2 space.



Chapter 3

Experimental setup

In this chapter, various components of the experimental setup used for the present mea-
surements will be briefly discussed. The Polarized Ion Source (POLIS) at the Kernfysisch
Versneller Instituut (KVI) provided polarized beams of protons and deuterons for the few-
nucleon scattering experiments which are subject of this thesis. Protons and deuterons
were accelerated up to 135 and 65 MeV/nucleon, respectively, by the superconducting cy-
clotron AGOR (Acćelérateur Groningen ORsay). The accelerated beam was transported
to the experimental area via the beam line as illustrated in Fig. 3.1. The work presented
in this thesis was carried out using the Big Instrument for Nuclear-polarization Analysis,
BINA, which was located at the end of the beam line in the N-cell. The beam polariza-
tion was measured using a Lamb-Shift Polarimeter (LSB) [82] before acceleration and by
BINA after acceleration. In the following sections these parts are individually discussed.

3.1 The AGOR cyclotron

The superconducting cyclotron (AGOR) has been constructed and built in collaboration
with IPN (Institut de Physique Nucléaire) Orsay, France. The cyclotron magnet is built
with superconducting coils that can produce magnetic fieldswith values of up to 4 T.
It is a compact three-sector cyclotron with a pole diameter of 1.88 m, equipped with
three accelerating electrodes located in the pole valleys.Figure3.2 shows the operating
diagram of the AGOR cyclotron. Protons can be accelerated byAGOR up to 190 MeV
and deuterons up to a maximum of 90 MeV/nucleon. For the work presented here, we
made use of a 135 MeV proton beam in~pd scattering and a 65 MeV/nucleon deuteron
beam in~dp and~dd scattering experiments.

3.2 The polarized ion source

POLIS is an atomic beam source which can produce both polarized beams of protons
and deuterons [83, 84]. A brief description of how the protonand deuteron beams were
polarized is given.

23
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Figure 3.1: The top view of the KVI experimental facility in 2007. The AGOR accelerator
together with POLIS provide polarized beams for the experiments. The detector BINA
resides at the end of beam line in the N-cell.
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Figure 3.2: The maximum available energy for an ion with a givenQ/A-ratio in the
AGOR cyclotron (dots). A proton beam withQ/A=1.0, can be accelerated up to 190 MeV
and a deuteron orα beam withQ/A=0.5 can be accelerated up to 90 MeV/nucleon.

In the case of a proton beam, first, hydrogen molecules are dissociated into atoms by a
radio-frequency (RF) induced discharge. The atoms leaving the dissociator are in one of
the two hyperfine statesF = 0, 1 where~F = ~J + ~I with ~I the nuclear spin and~J the total
angular momentum of the electron. The hyperfine splitting originates from the interaction
of the magnetic dipole moment of the electron with the magnetic moment of the nucleus
(due to its spin). These atoms are subsequently fed through aset of two hexapoles, where
the atoms with electrons in spin-up state (mj = +1/2) are focused and atoms with elec-
trons in the spin-down state (mj = −1/2) are defocused. After the hexapoles, the atoms
are in principle 100% electronically polarized. As illustrated in Fig.3.3, protons with
a “down” or “up” polarization orientation are produced by populating the selected state
via the method of adiabatic transition [85]. By making use of aweak-field transition, the
entire population of the sub-state 1 is transfered to sub-state 3, while the population of
the sub-state 2 stays the same. With this adiabatic transition one can produce a beam of
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Figure 3.3: The polarization scheme for protons using an atomic-beam-type ion source.
Atoms with the electron spin up are focused towards the beam-line, whereas atoms with
the electron spin down are defocused. The nuclear spin is then aligned appropriately in a
radio-frequency transition unit.

protons with the spin in the “down” orientation. Similarly,a beam of protons with the
spin in the “up” orientation is produced by applying a strong-field RF transition which
transfers the population of sub-state 2 to sub-state 4 whilethe population of sub-state 1
stays the same. When leaving the two hexapoles, the atoms enter a dissociator where the
electrons are stripped off.

The polarization of a spin-1
2

particle like a proton is defined as:

pZ =
N+ −N−

N+ +N−
, (3.1)

whereN+,− is the population of particles in the sub-states withmI = +1
2

and−1
2
, re-

spectively. Using the above procedure, a polarization value of either−1 or +1 can be
theoretically achieved.

Polarized beams of deuterons are produced in a similar way. Since in the case of a
deuterium atom, the hyperfine states ofF = 1

2
andF = 3

2
are split up in a magnetic field
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Figure 3.4: The polarization scheme for deuterons using an atomic-beam-type ion source.
In contrast to the polarization of proton beams, theF = 3

2
andF = 1

2
states split up in

four and two sub-states in a magnetic field, respectively. Therefore, transitions induced
between hyperfine states lead to several polarized states.

into two and four sub-states, respectively, a third RF transition is necessary as shown in
Fig. 3.4. A specific combination of the different sub-states can be chosen by applying
either one or a combination of three possible RF transitions.

The vector,pz, and tensor,pzz, polarizations for a deuteron beam consisting of spin-1
particles, are defined as

pZ =
N+ −N−

N+ +N− +N0

, (3.2)

pZZ =
N+ +N− − 2N0

N+ +N− +N0

, (3.3)

whereN+,0,− is the population of particles in the sub-states withmI = +1, 0 and − 1,
respectively. A weak field of 7 MHz or two strong fields of 455 MHz and 331 MHz
(SFI and SFII) will produce beams of deuterons with a pure vector polarization. Apply-
ing a weak-field transition along with the strong-field transition, provides a pure tensor
polarization. The polarization scheme used in our experiment is summarized in Tab.3.1.
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Table 3.1: The polarization states for deuteron and proton beams which were used in the
present experiments were obtained using a combination of one weak-field (WF), and two
strong fields (SI, SII) radio-frequency transition units. The maximum theoretical values
of the vector polarization,pZ and tensor polarization,pZZ , are given in the table.

Deuteron beam polarization
Field(s) pZ pZZ

WF −2/3 0 pure vector down
SFI+SFII +2/3 0 pure vector up
WF+SFII 0 −2 pure tensor down
WF+SFI 0 +1 pure tensor up

Off 0 0 off
Proton beam polarization

Field(s) pz

WF −1 vector down
SF +1 vector up
Off 0 off

The values for the polarization in this table are maximum theoretical values. The actual
polarizations during the experiments were typically50% − 70% of these values.

3.3 The Lamb-Shift Polarimeter (LSP)

The Lamb-shift is a small difference in energy between 2s1/2 and 2p1/2 levels of the
hydrogen (or deuterium) atoms. The 2s-state atoms are metastable and the 2p-state atoms
have a short lifetime (1.6 ns). Figure3.5shows the Breit-Rabi diagram of the deuterium
atom in 2s1/2 and 2p1/2 states. The hydrogen atoms have a similar diagram, except that
the nuclear spin is1/2. The diagram represents the magnetic field dependence of thesub-
level energies of the deuterium atom. Atoms with electron inspin-up (spin-down) state
are labeled withα ande (β andf). In the presence of a magnetic field, the energies of the
α- ande-states atoms increase, whereas the energy of theβ- andf- state atoms decrease as
illustrated in Fig.3.5[86]. At a magnetic field of∼ 57.5 mT the hydrogen and deuterium
atoms have the same level crossing betweenβ ande states which are shown as the crossing
points and they have the same energy separation (1609 MHz) from theα-state having the
same nuclear spin orientation. The Lamb-Shift Polarimeteris based on the properties of
a three-level interaction betweenα, β ande states of the hydrogen (or deuterium) atoms.

The polarization of proton and deuteron beams could be measured before acceleration
in a very short time, (1-2 minutes) with an accuracy of a few percent with the Lamb-
shift polarimeter [82]. A schematic diagram of the LSP is depicted in Fig.3.6. The LSP
consists of five parts:
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Figure 3.5: The magnetic field dependency of the sub-level energies of the deuterium
atom. Atoms with electrons in a spin-up (spin-down) state are labeled withα ande (β
andf ). The Lamb-shift is the separation of the 2s1/2 and 2p1/2 states.

1. A deceleration lens systems;

2. A Cesium oven;

3. A radio-frequency (RF) cavity;

4. A metastable-atom detection system.

5. A long solenoid

The extracted protons or deuterons from POLIS with an energyof between 15 and 35
keV are decelerated down to∼ 1 keV with a two-element electrostatic lens system. The
deceleration procedure increases the neutralization efficiency into the metastable 2s1/2

state. In the second step, the ions are excited to the metastable state 2s1/2 via charge-
exchange collisions with cesium atoms in the cesium oven.

The neutralized atoms pass through the radio-frequency resonator which is oscillat-
ing at 1609 MHz. A longitudinal oscillation field couples the2s1/2 (α-state) and 2p1/2

(e-state). At the same time, an electrostatic field couples the2s1/2 (β-state) and 2p1/2

(e-state). The 2p1/2 is a short-lived state and decays by a single-photon emission to the
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Figure 3.6: Schematic drawing of the LSP, including the deceleration lens systems (1),
cesium oven (2), radio-frequency (RF) cavity (3), metastable-atom detection system (4)
and long solenoid (5).

ground state. The quenching effect can be prohibited at certain magnetic field values for
the atoms of the selected nuclear spin orientation. These three-stateα−β− e resonances
occur at different magnetic field values (produced by a long solenoid) for hydrogen and
deuterium atoms. Hydrogen atoms show two resonances corresponding to the two orien-
tations of the proton spin, i.e. at 53.3 mT for mI = 1/2 and at 60.5 mT for mI = −1/2.
The deuterium atoms show three resonances corresponding tothe three orientations of
the spin of the deuteron, i.e. at 56.6 mT for mI = 1, at 57.5 mT for mI = 0, and at
58.5 mT for mI = −1. The metastable atoms which survive the resonator are detected by
the metastable-atom detection system. Figure3.7 shows the spin sub-states distribution
for a beam of deuterons with the vector polarization. The number of atoms measured in
the different nuclear spin orientations are used to calculate the nuclear polarization. The
analysis procedure of the LSP data is given in chapter5.

3.4 BINA

The experimental setup carrying the name Big Instrument for Nuclear-polarization Anal-
ysis (BINA) was designed and manufactured in collaboration with the Free University of
Amsterdam. The characteristics of a large phase-space coverage, a moderate energy, and
a good angular and time-of-flight resolutions, and the capability of particle identification
(PID) make BINA suitable to study the~pd, ~dp and ~dd elastic and break-up scattering re-
actions. A complete description of BINA can be found in Ref. [30]. In this section a brief
description of BINA is given.
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Figure 3.7: The spin-state distribution for a beam of deuterons with a pure vector polar-
ization.

3.4.1 BINA detector system

BINA is composed of a forward wall and a backward ball as illustrated in Fig.3.8.
The forward part consists of a Multi-Wire Proportional Chamber (MWPC) and a seg-
mented hodoscope of vertically-placed thin scintillatorswith a thickness of 2 mm each
(∆E detectors) followed by ten horizontally-placed scintillators with a thickness of 12 cm
each (E detectors). Both E and∆E detectors are made out of BICRON plastic, BC-
408. The horizontally-placed thick scintillators were mounted in a cylindrical shape (ra-
dius=75.2 cm) with the center of the arc coinciding with the target center. The thickness
of these scintillators is sufficient to stop all the protons and deuterons originating from ex-
periments which are discussed in this thesis. The remainingten scintillators at the wings
are reserved for polarization-transfer measurements, andwere, therefore, not used during
the experiments presented here. All scintillators were readout by PMTs on both sides.
This combination of detectors provides a measurement of thescattering angles, particle
identification, and an energy determination for protons, deuterons and tritons. The detec-
tor covers scattering angles from 10◦ up to 32◦ with a full azimuthal coverage and up to
37◦ with a limited azimuthal acceptance. The information from the thin were used only
for the calibration of thick scintillators and for determination of MWPC efficiency. The
particle identification was solely based on the energy response of the thick scintillators in
combination with the expected kinematical behavior of the elastic reactions.

The MWPC of BINA consists of X, Y, and U planes [87]. These planesare parallel
arrays of equally-spaced anode wires to read out the interaction points of the scattered
protons and deuterons. The X plane has 118 output channels from vertically-oriented
wires, the Y plane has 118 output channels from horizontally-oriented wires, and the U
plane has 148 output channels from the wires which are placedat an angle of 45◦ with
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Forward Wall

Target

Beam

Backward Ball
 E

MWPC

∆Ε

Figure 3.8: A side view of BINA. The left-hand side of the sketch shows the forward part,
which consists of a Multi-Wire Proportional Chamber (MWPC), anarray of thin plastic
scintillators (∆)E, followed by a wall of thick segmented scintillators (E).The backward
part of the detector, shown on the right-hand side, consistsof 149 phoswich scintillators
glued together. This ball also acts as the scattering chamber.
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respect to the X and Y planes. The MWPC has a central hole for a safe passage of the
incident beam through the beam pipe. The detection efficiency of the MWPC was about
92% and 98% for protons and deuterons, respectively. The backward part has 149 small
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Figure 3.9: The measured energy of elastically-scattered protons, Eball, versus the energy
of the corresponding deuterons, Ewall, in the2H(~p, pd) reaction at 135 MeV.

pyramid-shaped phoswich scintillator elements. Each scintillator element consists of a
pyramid-shaped fast plastic scintillator, BICRON BC-408, and glued to its face surface, a
1 mm thin slow scintillator BICRON BC-444. This allows for energydetermination and
particle identification. These pyramid-shaped scintillators elements are classified into
larger building block elements of pentagonal and hexagonalshapes. The complete ball-
shaped backward detector is made of these two main building blocks. The backward ball
acts as a detector and scattering chamber at the same time. The position and energy of the
particles scattering to 40◦-165◦ can be measured by the backward ball. In our analysis,
we have mainly used the backward ball for a coincidence requirement with the forward
wall of BINA. Figure 3.9 shows the correlation between the energy deposited in one of
the scintillators at forward angles and in one of the phoswich detectors of the backward
part of BINA whose centroid is located at an angle of 125◦. A clear correlation can be
seen, which corresponds to a background-free observation of the elastic channel in proton-
deuteron scattering experiment, with deuterons detected at forward angles in coincidence
with protons detected at backward angles. The tail on the left-hand side of a very dense
set of data points (“blob”) corresponds to deuterons which have undergone a hadronic
interaction inside the forward scintillators. The vertical tail corresponds to protons which
have undergone a hadronic interaction inside the backward scintillators.

3.4.2 Targets

A variety of targets were employed for the experiments discussed in this thesis, namely
a solid CH2, a Zinc Sulphide (ZnS), and a liquid deuterium (LD2) target. The ZnS target
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Figure 3.10: The left panel shows the target cell and right panel the target inside the
BINA backward ball. The cell is half filled with liquid deuterium. The thin Aluminum
cylinder around the target cell (the 80 K shield) is used to isolate the cold head from the
surrounding environment.

together with an empty cell were used to optimize the beam position and optics. All
targets were mounted vertically on a holder and were put in the center of the backward
ball. The target holder could be moved by a pneumatic system.Since the liquid target is
usually pure and, therefore, induces little background, weused mainly this kind of target
in the scattering experiments. Operating a liquid target requires additional equipments
including a cryogenic system, a heater, a gas-flow system, temperature sensors, and a
temperature controller unit.

The target cell used in the experiments (see Fig.3.10) is made of high purity Alu-
minum to optimize the thermal conductivity. The windows were covered by a transparent
foil of Aramid [88] with a thickness of 4µm. The typical operating temperature for deu-
terium was 17 K with a pressure of 256 mbar. The nominal thickness of the cell was
3.3 mm. In addition, the thickness of the target was increased by 0.65 mm due to bulging
of the cell which leads to a thickness,ρh, of 65.1±3.3 mg/cm2 whereρ is the density and
h is the length of the target. The size of bulging was first estimated via a measurement
of the target thickness as a function of pressure at room temperature. At the operational
pressure the target had a bulging of 1.3 mm. However, the foils become more rigid as they
cool down. So, the actual target thickness was obtained by comparing the cross section
measurements at KVI between solid and liquid targets. The bulging at the operational
temperature is found to be about 50% of the bulging at room temperature.

3.4.3 Beam luminosity monitor

The beam current was monitored during the experiments via a Faraday cup at the end
of the beam line. The Faraday cup is made of a copper block containing a heavy alloy
metal as the actual beam stopper. The current meter was connected to the Faraday cup
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with a short cable to avoid the voltage drop and pickup effect. The current meter was
calibrated using a precision current source (KEITHLEY 263 calibrator/source) with an
uncertainty of 2%. The beam current was typically 4 pA in the~dp and ~dd and 15 pA in
the~pd experiments. An offset of 0.24±0.07 pA in the beam current was observed in the
~dd experiment through a comparison ofT20 measured with BINA with the one measured
with BBS.

3.4.4 Electronics

The individual signals of all detectors were digitized and stored using the BINA acquisi-
tion system, BINA-DAQ. A trigger system was used to pre-select events and a real-time
computer (RIO3) was employed to collect and store the data to amass storage device
located at the computing center of the University of Groningen. The electronics of BINA
can be subdivided into the forward wall, the backward ball, and the MWPC electronics.
Here, a short description of each part is given.

The forward-wall electronics provides and discriminates signals for the BINA-DAQ
from 10 E-detectors and 12∆E-detectors. The block diagram of the forward wall elec-
tronics is shown in Fig.3.11. Analog signals from E and∆E detectors are split up into
two parts. One of the outputs was sent to a charge-integration QDC unit (LeCroy 4300B
FERA) after a cable delay of∼ 250 ns. The integration gate of the QDC was obtained
from the trigger signal. The second output was fed to a discriminator (C.A.E.N. 16 CH
C808 CFD). The logic output signals of the CFDs were used to generate the trigger.
The signals were also fed into CAMAC-based time-to-digital converter (LeCroy 3377
TDC) and into the VME-based scaler units (C.A.E.N. V830). The TDCs were used in a
common-stop mode and the start signal of the TDCs was made by the discriminator of the
individual PMT signals. The stop signal was produced by the trigger signal. The readout
of the signals from the backward ball followed a similar scheme as for the forward wall
and is depicted in Fig.3.12. In addition, the second output was fed to a passive splitter
box which splits up the signal for long-gate and short-gate integration.

The MWPC of BINA has three parallel planes with a total of 384 output channels. The
signals from the wires are read out by a PCOS-III electronics system (LeCroy’s Propor-
tional Chamber Operation System). A sketch of the electronics of the MWPC is shown
in Fig. 3.13. The read-out signals from the wires are amplified and sent toa discrimina-
tor. The logic signals are then delayed and registered usinga programmable delay and
latch unit (LeCroy 2731A). The information from the delay andlatch unit were collected
by a CAMAC PCOS controller unit and sent to a VME memory unit via ahand-shaking
protocol. The strobe signal for the PCOS controller is received from the common trigger
signal.

3.4.5 Trigger

The trigger conditions in our experiments were designed to pre-select specific reaction
channels. Three different triggers were used in the~pd, ~dp and ~dd scattering experiments
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Figure 3.11: The scheme of the forward-wall electronics of BINA. In this part, signals
from 44 E,∆E detectors are split into two parts via an active splitter. From the first
output, after a cable delay of∼250 ns, the signal is sent to the FERA. The second output
is sent to a CFD to be used as the input to a trigger unit.

Figure 3.12: The electronics of the BINA backward ball. The first splitting unit is of the
same type as used for the forward-wall electronics. In orderto generate two copies of the
output signal of the active splitter, the signal is sent to a passive splitter before sending it
to the FERA.

and were defined as follows:

1. T1: This trigger was constructed from the 20 CFD signals of the E detectors and
the 24 CFD signals of the∆E detectors. The 20 CFD signals were added linearly
and the corresponding SUM signal was fed into a leading-edgediscriminator. The
discriminator level was set such that an output signal was generated in the case that
at least three CFD signals were active. In other words, the multiplicity of firing
PMTs of the E detectors was selected to be larger than two to generate a signal.
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Figure 3.13: A sketch of the electronics of the MWPC in BINA. TheMWPC has three
planes with 118, 118, and 148 read out channels in the X, Y, andU planes, respectively.
The read-out is based on a PCOS-III acquisition system.

A similar multiplicity signal was produced from the 24 CFD outputs of the∆E
detectors. Also here, a multiplicity of more than two was demanded. The two
multiplicity signals from the E and∆E detectors were ORed together which gave
the so-called “T1” trigger. Note that this trigger enhancesevents in which at least
two particles impinged the forward wall of BINA.

2. T2 : This trigger was made from a coincidence between an OR signal of all the
CFD signals of the forward scintillators and an OR of all the CFDoutputs of the
backward ball detectors.

3. T3 : This trigger corresponds to an OR of all the CFD signals from all the scintilla-
tors in BINA.

The first trigger T1, has been applied to select the break-up reaction in which two particles
scatter towards the forward part of BINA. The T2 trigger is useful to study any reaction
in which one particle scatters to the forward wall and the second one to the backward
ball. Part of the phase space of elastic~pd, ~dp and ~dd scattering reactions as well as
transfer channels and break-up channels in the~dd scattering can be studied by imposing
T2 trigger condition. With the T3 trigger one can register any type of event and it was,
therefore, used as a minimum bias trigger to determine the T1and T2 trigger efficiencies.
A dedicated trigger box (TB8000) was used to combine the triggers and to produce a
common trigger output. The common trigger output was used togenerate the gates of
the QDCs, the strobe of the PCOS-III system, and the common stopsignal of the TDCs.
The trigger box allowed to pre-scale the individual triggers by a factor of 2n (n=1, 2,
3,....) or to disable the trigger completely. With such a setup, we were able to bias our
acquisition system to enhance a certain reaction or a part ofthe phase space. Table3.2
gives an overview of some of the counting rates which were obtained during the~pd, ~dp,
and~dd scattering experiments.
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Table 3.2: Typical counting rates for individual triggers and their scaling factors, count-
ing rates for the OR of the E-detectors, the OR of the∆E detectors, and the OR of the
Ball detectors. The numbers were obtained in three differentscattering experiments as
indicated for each column.

Reaction ~pd ~dp ~dd
T1 rate [kHz] 3.8 18 27
T1 downscaling 22 20 20

T2 rate [kHz] 21 27 36
T2 downscaling 21 21 21

T3 rate [kHz] 198 148 160
T3 downscaling 29 26 26

OR of E-detectors [kHz] 247 129 170
OR of∆E-detectors [kHz] 52 48 63
OR of ball detectors [kHz] 116 130 145
Beam current [pA] 15 40 5



Chapter 4

Elastic proton-deuteron scattering at
intermediate energies

4.1 Outline of the data analysis

The nucleon-nucleon potential (NNP) has been studied extensively by investigating the
properties of bound nuclear systems and, in more detail, viaa comparison of high-
precision two-nucleon scattering data with modern potentials based on the exchange of
bosons [5–9]. A measurement of the differential scatteringcross sections in the three-
nucleon systems like the proton-deuteron system is one of the tools used to study the
general nature of the 3NF. Precision data in a large energy interval for the differen-
tial cross section and analyzing power came from recent experimental studies at the
KVI [16–18], RIKEN [19] and RCNP [20]. All these experiments hadone common en-
ergy of 135 MeV/nucleon. Strikingly, the cross sections obtained at the KVI were found
to be significantly larger than those measured at RIKEN and at RCNP. The KVI data show
significant deviations from predictions of state-of-the-art Faddeev calculations incorporat-
ing modern NNPs and 3NPs at this energy, whereas the results obtained at RIKEN and
RCNP imply that the cross section can be described reasonably well exploiting the same
potentials.

This chapter presents the results of a new measurement of thedifferential cross sec-
tions of reaction2H(~p, dp) at a proton-beam energy of 135 MeV. These results are com-
pared with the previously published data taken at intermediate energies by performing, as
much as possible, a model-independent analysis of the energy dependence of the Nd cross
section at backward angles. The data are obtained at the KVI using BINA, which was de-
scribed in full detail in the previous chapter. In this chapter we focus only on the analysis
part of the experiment. Also, systematic uncertainties were controlled and studied by
measuring the inverse reaction1H(~d, dp) at a deuteron-beam energy of 65 MeV/nucleon
using the same experimental setup and analysis methods. Thedifferential cross section
at this energy is well-known and can, therefore, be exploited to verify independently the
read-out and analysis procedure, the applied detector inefficiencies, and the beam-current
measurement. Similarly, for both experiments, polarization observables have been mea-

39
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sured to check the quality of the data and the analysis procedure.

4.2 Event selection

The registered events in~pd and ~dp scattering experiments are a mixture of events origi-
nating from elastic and break-up reactions. For this experiment, events were selected in
which deuterons were detected in the forward part in coincidence with a scattered proton
in the backward part of BINA. For the~dp polarization data also a wall-wall coincidences
were required. In the analysis, a large part of the background, predominantly from the
break-up reaction, was reduced by verifying the kinematical correlation between the scat-
tering angle of the deuterons with that of the correspondingprotons. Figure4.1 shows
the correlation between the scattering angle of particles and their deposited energy in the
forward part of BINA. The top panel depicts data taken with a 135 MeV proton beam
impinging on a liquid-deuterium target, whereas the bottompanel shows data taken with
a 130 MeV deuteron beam hitting a solid organic CH2 target. For both panels, a coin-
cidence with the backward part of BINA was required. The dashed curves represent the
expected kinematics correlation based on energy and momentum conservation. The re-
actions2H(~p, dp) and 1H(~d, dp) can clearly be identified in the top and bottom panels,
respectively.

The differential cross section was obtained by counting events for several bins in the
scattering angle,θd. A bin size of 2◦ was chosen, which is significantly larger than the
experimental resolution. Furthermore, the data were corrected for the recoil effect by
transforming each event to the center-of-mass frame using the measured scattering an-
gle and using the assumption that each event originated froma deuteron with a mass of
1875.6 MeV. Figure4.2 shows the projected energy spectrum of selected events for the
elastic~d+ p reaction in the forward part of BINA for deuterons that scattered at an angle
between12◦-14◦. A clear peak atEc.m.

d =30 MeV corresponding to elastically scattered
deuterons can be observed on top of a small background from remaining events from the
break-up reaction and accidental coincidences. The full width at half maximum (FWHM)
of the distribution was found to be 2 MeV and stems from the energy resolution of the
scintillators of BINA. The background was estimated and subtracted using a 5th-order
polynomial fit together with a Gaussian distribution representing the true signal. The true
signal was identified and used to extract the cross section and analyzing powers.

4.3 Calculation of the cross section and analyzing powers

The selected events described in the previous section were used to calculate the differen-
tial cross section using the following formula

dσ

dΩ
=

Nq

LT ǫ Q ∆Ω

A

n t NA

, (4.1)
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Figure 4.1: The figure depicts the correlation between the scattering angle and the de-
posited energy for events registered in the forward part of BINA. The top panel corre-
sponds to data taken using a proton beam with an energy of 135 MeV impinging on a
liquid-deuterium target. The bottom panel shows data takenwith a deuteron beam of
130 MeV impinging on a solid organic CH2 target. For both panels, a coincidence with
a particle detected in the backward ball was required. The dashed curves represent the
expected kinematical correlation for a scattered deuteronof the elastic proton-deuteron
reaction.

where

N = The number of counts under the peak after background subtraction;

LT = The electronic live-time (45%);

Q = The total integrated charge collected in the Faraday cup (the beam current was 15 pA);

∆Ω = The solid angle of the detector (∆θ = ±2◦,∆φ = ±20◦);

ǫ = The efficiency (MWPC, live-time, hadronic reactions,....);

t = The target thickness, liquid deuterium (ρh = 65.1±3.3 mg/cm2);

t = The solid CH2 (ρh = 13.8 ± 0.2 mg/cm2);

NA = Avogadro’s number (6.02 × 1023);

A = The atomic mass of the target (4.028 amu);

n = The number of scattering centers of the target per molecule (2);

q = The charge of the projectile (1.6×10−19 C).
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Figure 4.2: The energy response of the detector of BINA placedat forward angles. The
peak stems from elastically-scattered deuterons at an angle of 12◦-14◦. The solid curve
represents a fit of the spectrum using a Gaussian function combined with a5th-order poly-
nomial representing the background. The dashed line shows the estimated background
contribution.

In the ~pd and ~dp scattering experiments, a liquid-deuterium target with a thickness of
3.85±0.2 mm (including the bulging) and a solid organic CH2 target with an effective
thickness of 13.8±0.2 mg/cm2 were used, respectively.

The cross section for H(~d, dp) reaction cab be written as [80]

σ(θ, φ) = σ0(θ)

[

1+
√

3pZiT11(θ) cosφ− 1√
8
pZZT20(θ)−

√
3

2
pZZT22(θ) cos 2φ

]

, (4.2)

whereθ andφ are the polar and azimuthal angles,iT11 is the vector-analyzing power and
T22 andT20 are tensor-analyzing powers.

The asymmetry ratio,σ
σ0

, as a function of the azimuthal angle,φ, has been used to
extract the analyzing powers. In the case of a beam which is purely vector polarized, one
expects a distribution that fluctuates around one with acosφ behavior. The amplitude of
this cosφ dependence can be used to extract iT11. For a pure tensor-polarized beam the
asymmetry ratio shows a different pattern. The amplitude ofthis cos 2φ dependence can
be used to extract T22, and T20 from the offset of thecos 2φ from one.
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Figure 4.3: The asymmetry ratio,σ
σ0

, for a vector-polarized deuteron beam (top panel)

and for a pure tensor polarized deuteron beam (bottom panel)for the 1H(~d, dp) reaction
at 65 MeV/nucleon.

Figure4.3 shows the asymmetry ratio,σ
σ0

, for a vector-polarized deuteron beam (top

panel) and for a pure tensor polarized deuteron beam (bottompanel) for the1H(~d, dp)
reaction at 65 MeV/nucleon. The amplitude of thecosφ modulation in the top panel
equals

√
3pZiT11 and the amplitude of thecos 2φ modulation in the lower panel equals

−
√

3
2
pZZT22. The offset from 1 in the lower panel equals− 1√

8
pZZT20. The polarization

value has been measured independently using the LSP, which yielded pZ = −0.570 ±
0.015 and pZZ = −1.560± 0.032. In the case of the2H(~p, dp) reaction, we used a similar
procedure. For this reaction, pZ was found to be 0.570± 0.02.

4.4 Systematic uncertainties and efficiency corrections

The main uncertainty in the differential cross section stems from the uncertainty in the
target thickness measurements which was 5%. The uncertainty of the current determi-
nation was about 2% (Ch.3). The efficiency of the coincidence hardware trigger was
determined from a data sample obtained from a minimum-bias trigger and found to be
98±1%. The detection efficiency of the MWPC was obtained by using an unbiased and
nearly background-free data sample of elastically-scattered deuterons and was found to
be typically 98% with an absolute uncertainty of 1%.
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A part of the background stems from elastically-scattered deuterons which undergo a
hadronic interaction inside the scintillators. These events cannot be separated easily from
the background from the break-up reaction and their contribution has, therefore, been es-
timated and corrected for by analyzing part of the data for which stringent kinematical
cuts have been applied and for which the break-up backgroundis found to be negligible.
This is illustrated in the top panel of Fig.4.4. This scatter plot shows the correlation
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Figure 4.4: The top panel shows the measured energy of elastically scattered protons
versus the energy of the corresponding deuterons. The lowerpanel is a projection of the
spectrum in the top panel on theEd axis. The histogram with the solid line represents the
data and the dashed line is the result of a MonteCarlo simulation based on the GEANT3
framework. The tail on the left-hand side of the peak corresponds to deuterons which
have undergone a hadronic interaction.

between the energy deposited in one of the scintillators at forward angles and in one of
the phoswich detectors of the backward part of BINA whose centroid is located at the
angle of 125◦. A clear correlation can be observed that corresponds to a background-free
observation of the elastic~p + d channel with deuterons detected at forward angles in co-
incidence with protons detected at backward angles. The tail on the left-hand side of a
very dense set of data points (“blob”) corresponds to deuterons which have undergone
a hadronic interaction inside the forward scintillators. Similarly, the tail underneath the
“blob” is due to protons which have undergone hadronic interactions inside the phoswich
scintillator at the backward part of BINA. The histogram withthe solid line in the bottom
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panel of Fig.4.4 is the projection of the scatter plot onto the Ed axis. The histogram with
the dashed line is the result of a MonteCarlo simulation usingthe GEANT3 framework
incorporating the GEISHA model [89] for the hadronic interactions. Although the mea-
sured and simulated energy distributions are not in perfectagreement, the total fraction
of events which suffer from a hadronic interaction is in bothcases about 16% with an
uncertainty of 2%. This means that the fraction of deuterons, Fr, which deposit their full
energy in the forward wall scintillators of BINA is about 84%.Furthermore, simulations
predict that this fraction is practically energy and, therefore, scattering-angle independent.
However the fraction,Fr, depends on the particle type. Figure4.5 shows the results of
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Figure 4.5: The fraction of particles, in %, which deposit their full energy in the forward
wall scintillators of BINA for protons and deuterons as a function of the scattering angle
in the center-of-mass frame. The circles correspond to deuterons and squares to protons.

the measuredFr for the scattered protons and deuterons entering the forward wall scintil-
lators of BINA as a function of the scattering angle in the center-of-mass frame of thepd
elastic scattering reaction. The energy of the particles inthe considered range is between
95 MeV and 115 MeV for the deuterons and between 109 MeV and 130MeV for the
protons. The circles correspond to deuterons and squares toprotons. For both particles
Fr varies at most by 2% within the angular range accepted by our detection system. The
difference between theFr for protons and deuterons can be explained by the fact that the
deuteron is a weakly boundp − n system and, therefore, it interacts hadronically more
than a proton of the same energy.
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Table 4.1: The relevant input parameters that used in the analysis of the elastic~dp and~pd
scattering reactions.

For~pd scattering experiment
Beam particles Polarized protons
Energy 135 MeV
Target Liquid deuterium
Average beam current 15 pA
Target thickness 65.07 ± 3.25 mg/cm2

Polar angle coverage 13◦ < θlab < 27◦

125◦ < θc.m. < 153◦

For ~dp scattering experiment
Beam particles Polarized deuterons
Energy 65 MeV/nucleon
Target solid CH2

Average beam current 30 pA
Target thickness 13.8 ± 0.2 mg/cm2

Polar angle coverage 14◦ < θlab < 24◦

43◦ < θc.m. < 79◦

Common in~dp and~pd scattering experiments
Average efficiency of MWPC for deuterons98%±1%
Average hadronic efficiency for deuterons 84%±2%
Average live-time of the acquisition 45%

The estimated systematic uncertainty
Target thickness (liquid deuterium) 5%
Target thickness (solid CH2 ) 3%
Current meter 2%
Efficiency of coincidence hardware trigger1%
Efficiency of MWPC for deuterons 1%
Efficiency of hadronic interaction 2%
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Figure 4.6: The elastic-scattering cross section of the~pd reaction at 135 MeV as a function
of time for various bins in angle. By fitting a constant line, anaverage value of the cross
section for every angle is extracted.

In our analysis, we assumed that the various efficiencies corrected for to arrive at the
cross section do not change during the course of the experiment. To check for additional
systematic uncertainties caused by, for instance, fluctuations of the detection efficiencies
in the course of time, the experimental data were divided into time bins consisting of a
small portions of an hour. The value for the elastic-scattering cross section for every hour
and for different scattering angles were obtained. Figure4.6shows the value of the cross
section for several angles as a function of time for~pd elastic scattering at 135 MeV. The
fluctuations of the cross section in the course of the experiment are very well within the
statistical error bars. A zero-th order polynomial fit givesaχ2/NDF ∼1 for each angle
for the entire experiment.

The relevant input parameters that used in the analysis of the elastic~dp and~pd scat-
tering reactions is summarized in Tab.4.1.

4.5 Results and discussion

Figure4.7summarizes the measured cross sections and analyzing powers for the1H(~d, dp)
reaction at a beam energy of 65 MeV/nucleon and as a function of the center-of-mass an-
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Figure 4.7: The differential cross section, vector, and tensor-analyzing powers of the elas-
tic ~d + p reaction atElab

d =130 MeV as a function of the center-of-mass angle,θc.m.. In
each panel, solid circles are data from this work. The horizontal dark gray bands at the
top of the panels represent the systematic uncertainty (2σ) for every data point. The tri-
angles in top-left panel represent cross-section data taken at RCNP [21]. The open circles
and open squares in the other panels are analyzing power datataken at KVI [23] and
at RIKEN [22], respectively. The dark gray bands correspond to calculations including
only two-nucleon potentials. The light gray bands represent calculations including an
additional Tucson-Melbourne TM’ three-nucleon force [66]. The solid lines correspond
to results of a Faddeev calculation using the AV18 two-nucleon potential [6] combined
with the Urbana-Illinois X (UIX) three-nucleon potential [67]. The dotted line represents
the results of a coupled-channel calculations (CDB+∆). The dashed line represents the
results of CDB+∆ calculation including the Coulomb force [73].

gle, θc.m. at forward angles. The results of the measured analyzing powers for backward
center-of-mass angles are shown in Fig.4.8. The systematic uncertainty of the measured
differential cross sections and analyzing powers is estimated to be 5% and 4.5%, respec-
tively. The data of this experiment are shown as filled circles and are compared with
published cross-section data taken at RCNP [21] and various polarization data obtained
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at KVI [23] and at RIKEN [22]. The latter data have been analyzed by the experimental
group at KVI. The new results are in a good agreement with the previously published
data. This demonstrates that the experimental setup and thedata-analysis procedure are
well understood. The dark gray bands correspond to calculations including only two-
nucleon potentials. The light gray bands represent calculations including an additional

Figure 4.8: The same as Fig.4.7for the backward angles. Cross sections are not measured
for these angles. Our data (filed circles) obtained by a coincidence measurement between
a proton and a deuteron both detected at the forward wall of BINA.

Tucson-Melbourne TM’ three-nucleon force [65]. The solid lines correspond to results
of a Faddeev calculation using the AV18 two-nucleon potential [6] combined with the
Urbana-Illinois X (UIX) three-nucleon potential [67]. Thedotted line represents the re-
sults of a coupled-channel calculations (CDB+∆). The dashed line represents the results
of CDB+∆ calculation including the Coulomb force [73].

Figure.4.9shows our results (filled circles) for the vector analyzing power (left panel)
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and the differential cross section (right panel) of the2H(~p, dp) reaction at a beam energy
of 135 MeV and as a function of the center-of-mass angle,θc.m.. The error bars for
all symbols represent statistical uncertainties, which, in most cases, are smaller than the
symbol sizes. The measured analyzing powers, shown in the left panel of Fig.4.9, are
compared to previously-published KVI data from Ref. [16] (open squares). The two data
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Figure 4.9: The left panel shows the results for the analyzing power of the2H(~p, dp) reac-
tion. The present work is represented by filled circles and the previously published KVI
data [16] are shown by open squares. The right panel shows thecorresponding measure-
ment of the differential cross section. Our results are represented by filled circle and are
compared to data published in Refs. [16–18] and [19]. The error bars represent statistical
uncertainties. The solid curves represent the results of a coupled-channel calculation by
the Hannover-Lisbon theory group and are based on the CD-Bonn potential including the
Coulomb interaction and an intermediate∆-isobar. The results of a similar calculation,
however, excluding the∆-isobar, are shown as dashed curves.

sets are in good agreement and their comparison gives, therefore, confidence in the qual-
ity of our data. Note, however, the striking discrepancy between the previously-published
KVI [17] (open squares) and RIKEN [19] (open triangles) differential cross sections as
shown in the right panel of Fig.4.9. The systematic uncertainties of the cross section
measurements are 2% for the RIKEN data, 4.5% for the previously-published KVI data,
and 6% for the data discussed in this section. Our results fall between these two data
sets and differ significantly from the previous measurements. Given the published errors,
the discrepancy is much larger (8σ’s) with RIKEN data than with the previous KVI data
(3.5σ’s). The solid and dotted curves represent the results of theFaddeev calculations
by the Hanover-Lisbon theory group. The RIKEN data set would imply that the theoret-
ical description of this three-nucleon process is well understood, whereas, the KVI data
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indicate that not all the ingredients are incorporated yet in the models. The observed dis-
crepancy between data and theory could originate from the fact that the predictions are
solutions of the non-relativistic Lippmann Schwinger equations, which would imply that
not all relativistic effects are included consistently.

4.6 The energy dependence of the proton-deuteron elas-
tic scattering cross section

The observed inconsistency for the differential cross section, as shown in Fig.4.9, initi-
ated a discussion within the nuclear-physics community on the reliability of the experi-
mental data and on how to interpret the data in terms of the underlying physics, such as
3NP effects. It is, therefore, of importance to review theseobservations with respect to
three-nucleon scattering data taken at other energies. Themost generic approach would
be to perform a partial-wave analysis (PWA) of all availablethree-nucleon scattering data
similar to what has been done for the nucleon-nucleon scattering data by the Nijmegen
group. Such an analysis would provide an independent judgment of the quality of vari-
ous data sets. At present, a PWA in the three-nucleon sector is still a technical challenge
which, so-far, has not been pursued and which is outside the scope of this thesis. Instead,
we have carried out a systematic study of the energy dependence of all available cross
sections in elastic proton-deuteron scattering with respect to state-of-the-art calculations
by the Hanover-Lisbon theory group. Part of this study is presented in Fig.4.10, Fig.4.11
and Fig.4.12. Since the description of the NN potential is considered as state-of-the-art,
we have compared the results with respect to the predictionsbased on NN potentials (top
panel in Fig.4.10). The remaining discrepancy is, hence, due to higher-ordereffects, such
as the 3NF. With this, we have emphasized the “problem”. The only assumption we made
is that we expect the remaining differences to vary gradually as a function of the incident
energy, e.g. assuming that there are no narrow resonance or interference patterns to be
expected. We could also have chosen to ignore the calculations and only show the cross
section - dividing out phase space factors to illustrate thedifferences - as function of the
incident energy. The conclusions will be the same.

The top panel of the Fig.4.10shows the relative difference between the model predic-
tions excluding the∆ isobar contribution and data taken at a fixed center-of-massangle
of θc.m.=140◦. The data points were extracted from a polynomial fit througheach angular
distribution. The error bars correspond to a quadratic sum of the statistical and systematic
uncertainties of each measurement. We have made a straight-line fit through the data,
excluding the measurements performed at the KVI, RIKEN, and RCNP. Including the
KVI data in the fit will, however, not change the conclusions (see Fig.4.12). Fig. 4.11
represents results of a similar study done forθc.m.=130◦. The shaded bands show the fit
functions including their errors, which are calculated based on the correlation matrix of
the fit parameters. Note the rapidly increasing discrepancywith energy between data and
the predictions based on a high-quality two-nucleon potential. At 135 MeV/nucleon the
deviation is already more than 50%, which is supported by ourdata. Based on the RIKEN
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Figure 4.10: The relative difference between the calculations by the Hanover-Lisbon the-
ory group and the measured cross sections for the elasticp + d reaction as a function of
beam energy forθc.m. = 140◦. The top panel shows the differences with a calculation
based on the CD-Bonn potential and the Coulomb interaction, whereas for the bottom
panel an additional∆ isobar has been taken into account. Open squares are data from
Ref. [17], open triangles are data from Refs. [19,21,24,90], stars are from Ref. [25], dia-
monds are from Ref. [26], open crosses are from Ref. [27], open circles are from Ref. [31],
open stars are from Ref. [91], crosses are from [92], and the filled circles are from this
work. The shaded band represents the result of a line fit through the data excluding the
results obtained at KVI, RIKEN and RCNP. The width of the band corresponds to a 2σ
error of the fit.

data one would conclude that the large deviation can be resolved at 135 MeV/nucleon
by including the∆-isobar effect, as demonstrated in the bottom panels of Fig.4.10and
Fig. 4.11. However, if this is true, it would imply that almost all experiments must suffer
from a normalization problem. A similar study has been done for other center-of-mass
angles,θc.m., between 125◦ and 155◦, leading to the same observation and conclusion.

4.7 A study of the cross-section scaling

A study of the cross section for different beam energies and as a function of Mandelstam
variables provides a way to check for the data consistency and to search for scaling in-
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Figure 4.11: Same as Fig.4.10except forθc.m. = 130◦.

variances. The Mandelstam variables are Lorentz invariantand describe the kinematics of
reactions with particles. Originally the variables were introduced by Mandelstam [93] to
describe two-body elastic scattering amplitudes in terms of dispersion relations as a func-
tion of two complex variabless andt. Mandelstam variables are widely used to describe
the kinematics of two-body final states viewed as two incident and two outgoing systems.
Labeling the incident particles with 1 and 2, the outgoing systems with 3 and 4 and using
four-momentum conservation, one can define the Mandelstam variables as follows

s = (p1 + p2)
2 = (p3 + p4)

2, (4.3)

t = (p1 − p3)
2 = (p2 − p4)

2, (4.4)

u = (p1 − p4)
2 = (p2 − p3)

2, (4.5)

wherep1 andp2 are the four-momenta of the incoming particles andp3 andp4 are the
four-momenta of the outgoing particles. The variables corresponds to the square of the
center-of-mass energy (invariant mass) andt the square of the momentum transfer. The
variabless, t andu satisfy the relation

s+ t+ u = (m1)
2 + (m2)

2 + (m3)
2 + (m4)

2 = constant. (4.6)

The letterss, t andu are also used in the termss-channel,t-channel andu-channel.
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Figure 4.12: Same as Fig.4.10except that the KVI data points are included in the fit.

These channels represent different Feynman diagrams or different scattering reaction
types where the interaction involves the exchange of an intermediate particle whose
squared four-momentum equalss, t or u.

Figure 4.13: Feynman diagrams representing thes-channel,t-channel andu-channel.

For example thes-channel corresponds to particles 1,2 joining into an intermediate
particle that eventually decays into 3 and 4. Thes-channel is the only way that resonances
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and new unstable particles may be discovered unless their lifetime is long enough that
they are directly detectable. Thet-channel represents the process in which particle 1
emits an intermediate particle and becomes the final particle 3, while particle 2 absorbs
the intermediate particle and becomes particle 4. Theu-channel is similar to thet-channel
with the roles of the particles 3 and 4 interchanged.

For a two-body reaction, the differential cross section,dσ
dt

, can be written as

dσ

dt
=

1

64πs

1

| p1cm |2
| M |2, (4.7)

whereM is the Lorentz-invariant matrix element andp1cm is the three momentum of
particle 1 in the center-of-mass frame. In the center-of-mass frame,t can be written as:

t = m1
2 +m3

2 − 2E1E3 + 2p1cm · p3cm, (4.8)

with m1, m3 being the rest masses,E1, E3 being the total energy, andp1cm andp3cm

being the momenta of particles 1 and 3 in the center-of-mass,respectively. In the elastic
scattering process,m1=m3, p1cm = p3cm andt can be simplified as:

t = 2p2
1cm(cos θc.m. − 1), (4.9)

whereθc.m. is the angle between particles 1 and 3 in the center-of-mass frame.
The cross section of the elastic proton-deuteron scattering process as a function of

angle shows that scattering at small angles (low-momentum transfer) is dominated by the
direct term in the two-nucleon potential which is predictedrather well by the calcula-
tions using only two-nucleon forces. At backward angles (large momentum transfer), the
nucleon-exchange term in the two-nucleon potential is responsible for the increase of the
cross section. In these two regions, the effects of the three-nucleon forces are predicted
to be small. At intermediate angles, where the cross sectionhas a minimum, one expects
the effects of the three-nucleon forces to be the largest as shown in Ref. [94].

According to Eq. (4.7), the cross section can be expressed as a multiplication of the
invariant matrix element with a phase space-factor which has a large variation with the
incident beam energy. The dynamical part of the cross section, i.e. the square of the
invariant matrix elements, can be obtained and studied by taking out the phase-space
dependence by multiplying the cross section withp2s, wherep is the momentum of the
incident beam ands is the total center-of-mass energy. This is done for the calculations
and the data shown in Fig.4.14for a large number of bombarding energies between 70
and 250 MeV where the square of the invariant matrix element is plotted against the
Mandelstam variable,t.

Several features can be observed in the Fig.4.14. At low values of −t, <
0.150 (GeV/c)2, one observes a scaling for all incident energies. This implies that the
dynamical part of the cross section predominantly depends on momentum transfer and
that it has a very small energy dependence. It is exactly in this region where one could
expect all the experiments to agree with each other (modulo asmall energy dependence).
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Figure 4.14: The elastic-scattering cross section dividedby the phase-space factor as a
function of t, for a number of incident beam energies between 70 and 250 MeV. In the
top panel the results of the calculations using the CD-Bonn potential are shown [5], while
in the middle panel, the effect of the three-nucleon force has also been added [73]. All
calculations include the Coulomb force. The bottom panel shows the same but for the
experimental data of Refs. [17,19,21,24–27,31,90–92].

For intermediate values oft, 0.150 < t < 0.300 (GeV/c)2, one enters the region of the
cross section minimum. In this region, the results of the calculations including the three-
nucleon force show indeed that the 3NF effect is as large as 50% in the minimum. How-
ever, the energy dependence of the effect is again very smallin the energy range above
100 MeV (see the middle panel). The bottom panel in Fig.4.14shows the experimentally-
obtained square of the invariant matrix element. Each line corresponds to a fit through the
data for a given energy. The width of this band is generally explained by the systematic
uncertainties quoted by various experiments. The top and middle panels in Fig.4.14show
that the square of the invariant matrix elements at the energy of 135 MeV must reside in-
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Figure 4.15: The figure shows a small area at low-momentum transfer for calculation and
experimental results from Fig.4.14.

side a narrow band. Figure4.15zooms into a small area at low-momentum transfers for
calculations and experimental results shown in Fig.4.14. As shown in Fig.4.15, the two
data sets at 135 MeV, which disagree with each other, reside on the two extreme sides of
the band (the KVI data above and the RIKEN data below the band).

Similarly, one can study the dependence on the Mandelstam variable,u as shown in
Fig.4.16. This variable represents the exchange-momentum transferof the recoil particle.
The conclusions are again the same, namely scaling as in Fig.4.14, but for backward
angles. Even though the region of scaling is smaller than forthe t variable, since the
exchange term is more sharply peaked at backward angles thanthe direct term at the
forward angles, one can still use this region to judge the absolute normalization of the
various data sets. Figure4.17 shows that the two recent data sets at 135 MeV which
disagree with each other reside on the two sides of the band (the KVI data above and
the RIKEN data below the band inu as well as in thet channel). One should note that
this simple “scaling” breaks down for energies below 100 MeV. This can be explained by
the fact that the de-Broglie wavelength is getting so large that coherence effects become
important.
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Figure 4.16: The same as the Fig.4.14, but for theu channel.
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Chapter 5

Analysis of deuteron-deuteron
scattering at 65 MeV/nucleon

5.1 Introduction

In this chapter the analysis procedure for the deuteron-deuteron scattering data will be
described. The elastic channel, one of the transfer channels, and all break-up channels
were identified. For this thesis, cross sections and analyzing powers were obtained for the
elastic and three-body break-up channels. A further analysis of the other observed chan-
nels will be performed in the future. The elastic channel hasbeen analyzed by applying
a similar procedure as was performed for the~pd and~dp elastic scattering as discussed in
Ch. 4. Therefore, this chapter is devoted mainly to the analysis of the three-body final-
state break-up reaction.

5.2 Channel identification

Deuteron-deuteron scattering leads to 5 possible final states with a pure hadronic signa-
ture, namely

1. Elastic channel:~d+ d −→ d+ d ;

2. Neutron-transfer channel:~d+ d −→ p+ t ;

3. Proton-transfer channel:~d+ d −→ n+3He ;

4. Three-body final-state break-up:~d+ d −→ p+ n+ d ;

5. Four-body final-state break-up:~d+ d −→ p+ n+ p+ n.

Thedd three-body final-state break-up (the four-body final-statebreak-up) is further re-
ferred as the three-body break-up (four-body break-up) in this work. The identification of
these final states is described in the following two subsection.

61
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5.2.1 Channels with two particles in the final state

The elastic and neutron-transfer channels have been identified by detecting the particles
in the forward wall of BINA in coincidence with the detected particles in the backward
ball of BINA with a high efficiency. The detection efficiency ofall particles in the third
channel is very low because the efficiency of neutron detection with the plastic scintilla-
tors used in our setup is poor and not easy to determine. Therefore, the analysis of the
data with BINA was mainly focused on the final states involvingcharged particles.

 [MeV]1E
0 20 40 60 80 100

 [
M

eV
]

2
E

0

20

40

60

80

100

120

140

160

180

200

0

1

2

3

4

5

6

7

8

9

10

C
o

u
n

ts

 + d          p + t

d

 + d          d  + dd

Figure 5.1: The correlation between the measured energies of the forward-scattered par-
ticles that interact with one of the∆E-E hodoscopes (E1) and the deposited energy of
particles which scatter to one of the detectors in the backward ball (E2). The “blob” on
the right-hand side corresponds to elastically-scattereddeuterons at35◦ ± 1◦ in coinci-
dence with deuterons detected at55◦±2◦. The “blob” on the left-hand side kinematically
matches to the neutron-transfer channel in which tritons are scattered to35◦ ± 1◦ in coin-
cidence with protons scattering to55◦ ± 2◦.

Figure5.1 shows the correlation between the measured energies of the forward scat-
tered particles that interact with one of the∆E-E hodoscopes and the deposited energy
of particles which scatter to one of the detectors in the backward ball . The “blob” on
the right-hand side corresponds to elastically-scattereddeuterons at35◦ ± 1◦ in coinci-
dence with deuterons detected at55◦±2◦. The “blob” on the left-hand side kinematically
matches to the neutron-transfer channel in which tritons are scattered to35◦ ± 1◦ in co-
incidence with protons scattering to55◦ ± 2◦. Note that the energy calibration for both
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elements was performed assuming that the scattered particle is a deuteron.
The measured time of flight (TOF) of the forward scattered particles is another pos-

sible variable for the identification of the reaction channel. This time has been measured
relative to the RF of the cyclotron in which the start signal was provided from an E-
detector and the stop signal from the RF. Figure5.2shows the TOF of events detected in
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Figure 5.2: The TOF of the particles detected in one of the∆E-E hodoscopes in coinci-
dence with particles that scatter to one of the backward balldetectors. The peak on the
right-hand side corresponds to elastically-scattered deuterons at35◦±1◦, and the peak on
the left-hand side to scattered tritons at35◦ ± 1◦ that originate from the neutron-transfer
channel. Each TDC channel is equivalent to 500 ps.

one of the∆E-E hodoscopes in coincidence with particles that scatter to one of the back-
ward ball detectors. The peak on the right-hand side corresponds to elastically-scattered
deuterons at35◦ ± 1◦ and the peak on the left-hand side to scattered tritons at35◦ ± 1◦

which originate from the neutron-transfer channel. This identification is confirmed with
theE1-E2 correlation information as shown in Fig.5.1. The analysis of the elastic chan-
nel performed in this work. However, the analysis of the neutron-transfer and four-body
break-up channels will not be covered in this thesis.

5.2.2 Break-up channels

The two break-up channels in~dd scattering provide very rich kinematics to study few-
nucleon force effects. Both break-up channels have been identified using particle identi-
fication (PID). The deposited energy in the E detectors, the time-of-flight, TOF, and the
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measured position of scattered particles were used in this work to identify the type of
particle.

5.2.3 PID using∆E and E-detectors

When a particle like a proton or a deuteron for the reactions and energies discussed in this
thesis passes through the∆E and E-detectors, it will deposit a fraction of its energy inthe
∆E and the rest of its energy in the E-detector. According to the Bethe-Bloch formula,
the deposited energy in the∆E-detector depends on the incident energy and the type of
the particle. The energy and the type of the particle can be extracted from the correlation
between the deposited energy in these two detectors. Figure5.3 shows the deposited

E [MeV]

E
 [

C
h

an
n

el
]

∆

C
o

u
n

ts

100

200

300

400

500

Protons

Deuterons

0 20 40 60 80 100 1200

50

100

150

200

250

300

Figure 5.3: The deposited energy of forward-scattered particles in the∆E-detector versus
their deposited energy in the E-detector for two different hodoscopes in the forward-wall.
The top (bottom) panel is the response of a hodoscope with good (bad) performance. The
top (bottom) band in the top panel corresponds to forward-scattered deuterons (protons).
The window for selecting protons is shown with solid line.

energy of forward-scattered particles in the∆E-detector versus their deposited energy in
the E-detector for two different hodoscopes of the forward-wall. The top (bottom) panel is
the response of a hodoscope with a good (bad) performance. The top (bottom) band in the
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top panel corresponds to forward scattered deuterons (protons). The break-up channels
can be identified by requiring a coincidence between hits in the ∆E-E hodoscope. For
the identification of the three-body break-up reaction, oneof the hits in the hodoscope
should fall inside the deuteron band, e.g. outside the marked area in Fig.5.3, whereas the
other hit should fall inside the proton band, e.g. inside themarked area in Fig.5.3. In
the case for which both hits fall in the proton band, the eventoriginates most probably
from the four-body break-up reaction. However, the response of all hodoscopes was not
as was expected as it is illustrated in the bottom panel of Fig. 5.3. It turned out that the
∆E scintillators were damaged after a while for so-far unknown reasons. Therefore, the
∆E-E detectors could not provide the PID information for all scattering angles and we
made, instead, use of the time-of-flight for PID.

5.2.4 PID using time-of-flight (TOF)

We determined the TOF of protons and deuterons by two different methods. The first
method measured the TOF directly by making use of the output of the TDCs of the scin-
tillators of the forward wall. In the second method, we extracted the TOF of the particles
from their measured energies and scattering angles. A comparison between these two
methods allows for particle identification. The following two subsections describe these
two methods.

Measuring the TOF from the TDC outputs

The registered time for each hit in the E-detector, TOF, is the sum of three time intervals,
t1, t2, andt3 which are defined as:

t1 =
Ed

pc2
,

t2 =
nx

c
,

t3 = tRF , (5.1)

whereE and p are the total energy and absolute magnitude of the momentum of the
detected particle at the point of interaction, respectively, andd is the distance between the
interaction point and the detection point. Variablex is the effective distance the photon
travels from the interaction point in the scintillator to the PMTs,c is the speed of light
in vacuum, andn is the index of refraction of the plastic scintillator,n = 1.58. The
timing was clocked with respect to the RF of the cyclotron, which gives rise to the time,
tRF . Each E-detector was read out with two PMTs connected to the two edges of the
scintillator. Therefore, the registered times for a detected particle in a detector by the
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PMTs on the left- and right-hand sides of the detector are:

TOFL = t1 +
nx

c
+ tRF ,

TOFR = t1 +
n(L− x)

c
+ tRF ,

(5.2)

whereL is the length of the detector. From those, one can obtain the position where the
particle hits the detector andt1.

The TDCs for the forward scintillators were used in a common-stop mode and the
start of the TDC signal was made by the discriminator output of the individual PMT
signal. The stop signal was produced by the trigger signals,derived from the RF of the
cyclotron. In general, the measured time between the left and right PMTs are different
except for the particles which arrive in the middle of the E-detector. Figure5.4 shows
the correlation betweenTOFL − TOFR and the measured position in the MWPC for the
detected particles in the E detector number 4. The data can bedescribed by a straight line.
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Figure 5.4: The difference between the measured TOF by the PMT on the left-hand side
and the PMT on the right-hand side for the detected particlesin the E detector number 4
as a function of measured position in the MWPC. The straight line presents a fit through
the data. Each channel is equivalent to 0.2 cm and 500 ps for x and y axes, respectively.

The difference in arrival time between the PMTs on the left- and right-hand sides of
the detector could be used to determine the interaction point of a particle in the detector.
This is illustrated in the left-hand side panel of Fig.5.5where the X coordinate of detected
hits in the MWPC, XMWPC, is plotted versus the reconstructed X coordinate using the
TOFL andTOFR, XTOF. The reconstructed position resolution (FWHM), by the TOF
has been found to be 2.9 cm by analyzing the spectrum, XMWPC−XTOF, as depicted in the
right-hand side of Fig.5.5. Note that the obtained position depends on the location where
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Figure 5.5: On the left-hand side, the reconstructed X coordinate using the TOF derived
from the left and right PMTs is plotted versus the X coordinate of the detected particles
in the MWPC. The spectrum of XMWPC−XTOF is shown in the panel on the right-hand
side.

the MWPC is located. The wire chamber resolution plays a minorrole in determining this
spatial resolution.

For the analysis of the break-up data, the TDC output corresponding to the left- and
right-hand side PMTs,TOFL andTOFR, were added together for each event. This addi-
tion cancels out the position dependence of the TOF information for a hit in a scintillator.
We call this sum TOFi and label it by the hit numberi, labeling the different particles that
hit the forward wall.

The identification of the break-up channels proceeds by looking at the difference be-
tween the TOF1 and TOF2 values of two coincidence hits in two different E-detectors.
Also note that the RF timetRF cancels in such a coincidence requirement. Figure5.6
shows the TOF1−TOF2 for oneS-bin, 190 MeV < S < 200 MeV of the configuration
(θ1 = 25◦, θ2 = 25◦, φ12 = 180◦). The detected particle in each hit can be a proton
or a deuteron. Three clear peaks can be recognized corresponding to proton-deuteron,
proton-proton, and deuteron-proton coincidences. The identification of the peaks were
confirmed using the∆E-E responses as illustrated in Fig.5.3. The distance between the
peaks agrees with the TOF differences calculated based on the particle type and their ener-
gies. Therefore, the three-body break-up events can be selected by placing a gate around
the left- or right-hand side peak in the TDC spectra. The middle peak (proton-proton co-
incidences) comes from the four-body break-up reaction. This demonstrates that also the
identification of the four-body break-up reaction is feasible using the TDC information.
The events outside the three peaks stem mainly from hadronicinteractions and there is a
small contribution from accidental coincidences. The events which are used in the anal-
ysis of a particularS-bin (see Fig.5.24), also contain events with protons or deuterons,
such those below the expected kinematical correlation, which have undergone a hadronic
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Figure 5.6: The difference betweenTOFL,i + TOFR,i = TOFi , i = 1, 2, for two particle
hits in two different E-detectors. The spectrum is obtainedfor oneS-bin, 190 MeV<
S < 200 MeV, of a certain configuration(θ1 = 25◦, θ2 = 25◦, φ12 = 180◦). Each channel
is equivalent to 500 ps.

interaction and may have originated from anotherS-bin. Therefore, the TOF difference,
TOF1 − TOF2, will differ from the expected value for the selectedS-bin. This effect was
subsequently corrected for as described in Sec.5.6.

Extracting the TOF from the energy and scattering angles

The position of the peaks in Fig.5.6depends on the value ofS and the scattering angles
of the final-state particles. This makes selection of the reaction of interest by placing
a window on TOF1−TOF2 difficult to perform, since it requires a dynamic cut which
depends uponS, θ andφ. We, therefore, decided to introduce a new variable,∆TOF,
which compares the measured TOF difference of the two particles with that calculated
from the measured energy and scattering angles of the particles for each event.

The TOF can be extracted from the measured energy and distance traveled by the
particle. For a particle which has a total energy,Etot, travels over a distance,r, the TOF
can be obtained by

TOF =
r

c
√

1 − (mc2

Etot
)2
, (5.3)

wherec is the speed of light andm is the rest mass of the particle.
The polar and azimuthal angles,θ and φ, of the scattered particles hitting the E-

detectors are measured by the MWPC. The E-detectors of the forward wall are a part
of a cylinder with a radius ofr0. The vector~r connects the target to the detection point
in the E-detectors. Figure5.7shows how to define~r in terms ofθ, φ, and in terms of two
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new cylindrical anglesΘ andΦ. The unit vector of~r is

Figure 5.7: The definition of the polar and azimuthal angles,θ andφ, and the two cylin-
drical angles,Θ andΦ. The vector~r connects the interaction point in the target to the
detection point.

û~r =





sin θ · cosφ
sin θ · sinφ

cos θ



 =





sin Θ
cos Θ · sin Φ
cos Θ · cos Φ



 . (5.4)

From this we obtain the anglesΘ andΦ by

Θ = arcsin(sin θ cosφ), (5.5)

Φ = arctan

(

sin θ sinφ

cos θ

)

. (5.6)
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Figure 5.8: The magnitude of~r, the vector that connects the interaction point in the target
to the detection point, as a function of azimuthal angle,φ, for several polar angles,θ.

and the Cartesian components of~r are

rx = r0 tan Θ, (5.7)

ry = r0 sin Φ, (5.8)

rz = r0 cos Φ. (5.9)

Figure5.8represents the magnitude of|~r| =
√

(rx)2 + (ry)2 + (rz)2 for several scat-
tering angles as a function of the azimuthal angle. Note thatthe distance from the center
of the cylinder of the E-detector to the target is 75.2 cm. Forthe break-up analysis, the
difference between the TOF of particles 1 and 2 measured by TDCs,(TOF1−TOF2)TDC,
and that extracted from the energies and the scattering angles,(TOF1−TOF2)E, has been
used to define the variable∆TOF. The left panels of Fig.5.9show the value of∆TOF as
a function of azimuthal angle,φ, and the right panels show the corresponding projected
spectra. For the top panels, we assumed that the length of thevector~r is identical tor0,
the minimum distance from the target to the forward wall, independent ofφ. The cylin-
drical design of the forward wall can clearly be observed by the dependence of∆TOF on
φ for the band around 0, as a consequence of the effects illustrated in Fig.5.8. For the
bottom panels, the extracted values of|~r| were used that successfully resulted in a∆TOF
which is independent ofφ. In addition, we note that∆TOF does not depend uponS. We
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Figure 5.9: The measured∆TOF as a function of the azimuthal angle is shown in the two
panels on the left-hand side. The two panels on the right-hand side show the projected
spectrum on they-axis.

assumed that the first particle is a deuteron and the second one a proton. If our assumption
is correct the average value of∆TOF will be zero. The peaks on the right-hand side of
that belong to proton-proton and proton-deuteron combinations.

In this thesis, we focus on the analysis of the three-body break-up channel. The top-
left panel of Fig.5.10represents the correlation between the energy of two particles that
are detected in coincidence in the forward wall. The scattering angle of both particles is
fixed to be25◦ ± 2◦ and the difference between the azimuthal angles of the two particles
is 180◦ ± 5◦. This spectrum contains events from two different reactions, namely three-
and four-body break-up reactions. The proton-deuteron or deuteron-proton coincidences
from the three-body break-up reaction can be separated by choosing events corresponding
to the peak of interest as shown in the panel on the right-handside of Fig5.9. The results
are shown in the top-right and bottom-right panels. The bottom-left panel contains events
which correspond to the peak in the middle of the panel on the right-hand side of Fig5.9.
They originate from the four-body break-up channel.
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Figure 5.10: The correlation between the calibrated energyof the two outgoing particles
(proton or deuteron) in the deuteron-deuteron break-up process is shown for the coplanar
configuration, (θ1, θ2, φ12) = (25◦, 25◦, 180◦) before PID (top left panel) and after PID
(other panels). The bottom-panel on the left-hand side depicts events from the four-body
break-up reaction and the two panels on the right-hand side correspond to the three-body
break-up channels. The solid curves represent the relativisticS-curve that are calculated
from energy and momentum conservation for the selected configuration.

5.3 Measurement of the beam polarization

The polarization of the deuteron beam was measured in the low-energy beam line with
LSP as well as in the high-energy beam line with BINA. The procedure for the polariza-
tion measurement with LSP and BINA is explained in this section.

5.3.1 Measurement of the beam polarization with the LSP

A beam of polarized deuterons delivered by POLIS was decelerated and focused on to
the LSP detection system. Figure5.11depicts the results of the scanning of the magnetic
field around the three resonances between 52 and 63 mT as described in Ch.3. Fig-
ure 5.11 shows the distribution of the different spin states of the deuteron for a tensor
polarized beam (top panel) and for a vector polarized beam (bottom panel). The number
of deuterons in the spin-up state, N+, spin-zero state, N0, and spin-down state, N−, were
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Figure 5.11: Spin-state distributions for a beam of deuterons with pure tensor (top panel)
and with a vector polarization (bottom panel). The solid curves represent a fit of the spec-
trum using three Gaussian functions combined with a2nd-order polynomial representing
the background.

extracted from the number of events under the peaks on the left, middle and right-hand
sides of each spectrum, respectively. The solid curve represents a fit of the spectrum
using three Gaussian functions combined with a2nd-order polynomial representing the
background. The vector and tensor polarizations of the beamwere calculated by employ-
ing Eqs.3.2and3.3.

5.3.2 Measurement of the beam polarization with BINA

The polarization of the beam of deuterons can be measured at the high-energy beam
line employing BINA via the1H(~d, dp) reaction. A few~dp scattering runs have been
performed during the~dd scattering experiment by switching from the liquid target to a
CH2 target. The procedure of event selection for the elastic~dp reaction is discussed in
Ch. 4. The asymmetry ratio,σ

σ0

, as a function of the azimuthal angle,φ, was obtained
for several polar scattering angles. The value of the analyzing power for each angle was
obtained from a fit through the available data at an energy of 65 MeV/nucleon [22,23,95]
as it is illustrated in Fig.5.12at forward angles. The same procedure has been performed
for the backward center-of-mass angles. The open squares are data from Ref. [22], the
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filled squares are data from [23], and the open circles from Ref. [95]. The shaded band
represents the result of a fit through the data points. The width of the band corresponds
to a 2σ error of the fit. The polarization of the beam of deuterons hasbeen measured
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Figure 5.12: The vector- and tensor-analyzing powers of theelastic~dp reaction at a beam
energy of 65 MeV/nucleon are shown in the top and bottom panels, respectively. The
shaded band represents the result of a fit through the data points using a third-order poly-
nomial. The width of the band corresponds to a 2σ error of the fit.

using different scattering angles and as a function of run number (time) discussed in the
following section.

5.3.3 Results of the beam polarization measurement

Figure5.13represents the results obtained for the vector (top panel) and tensor (bottom
panel) polarizations of the deuteron beam by BINA as a function of center-of-mass angle.
The shaded bands represent the results of a constant-line fitthrough the data, which yields
pZ = −0.601 ± 0.029 andpZZ = −1.517 ± 0.032. A small point-to-point uncertainty of
∼4% was added to the statistical uncertainty for each point such that the reducedχ2 equals
1. The width of the band corresponds to a 2σ error of the fit. The total uncertainties of the
polarizations was estimated by adding quadratically the statistical error and the systematic
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error. The systematic uncertainty stems from the uncertainty in the analyzing powers, and
was found to be 6% and 5% for the vector and tensor polarizations, respectively.
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Figure 5.13: The vector (top panel) and tensor polarizations (bottom panel) of the
deuteron beam as a function of center-of-mass,θc.m.. The shaded bands represents the
result of a constant-line fit through the data. The width of the band corresponds to a 2σ
error of the fit.

The polarization of the beam of deuterons has been studied asfunction of time to
check the stability of polarization during the measurement. Also, the obtained polariza-
tion values by BINA were compared with the obtained values by LSP. The obtained results
for the vector (top panel) and tensor (bottom panel) polarizations of the deuteron beam by
BINA and LSP are shown in Fig.5.14as a function of time. Each filled circle shows the
average value of the obtained polarizations from differentscattering angles with BINA.
The polarization values at different scattering angles were found to be constant within
the statistical uncertainties. The values of the polarization obtained with LSP at two time
intervals are shown as filled squares. A comparison between the results demonstrates
that the beam polarization was stable during the experiments and that there is a good
agreement between the measured values at the low-energy beam line (LSP) with those
measured at the high-energy beam line (BINA). The shaded bands represent the results of
a straight line fit through the data including the results obtained with BINA and LSP. The
width of the band corresponds to a 2σ error of the fit.
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Figure 5.14: The results for the vector (top panel) and tensor (bottom panel) polarizations
of the deuteron beam. The filled circles and squares are the measured values by BINA
and LSP, respectively. The shaded bands represent the result of a constant-line fit through
all the data points.

5.4 Analysis of the elastic channel

A similar data-analysis procedure as was used for the elastic ~dp and~pd scattering reac-
tions, described in Ch.4, was also applied for the elastic~dd scattering reaction. Figure5.15
depicts the correlation between the scattering angle and the deposited energy for events
registered in the forward part of BINA. The data were taken using a deuteron beam with an
energy of 65 MeV/nucleon, impinging on a liquid-deuterium target. The solid curve repre-
sents the expected kinematical correlation for a scattereddeuteron of the elastic deuteron-
deuteron reaction. For the event selection, a coincidence with the backward part of BINA
was requested. Events coming from to the reaction2H(~d, dd) can clearly be identified
in the spectrum. The events below the elastic band originatefrom the neutron-transfer
and break-up reactions. Elastically-scattered deuteronsat small angles,10◦ ≤ θ ≤ 18◦,
have energies between 126 MeV and 117 MeV. The correspondingdeuterons scatter to
the backward ball with energies between 4 MeV and 13 MeV at thetarget position. These
low-energy deuterons can hardly be detected by the backwarddetector due to the thresh-
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Figure 5.15: The correlation between the deposited energy and the scattering angle
for events registered in the forward part of BINA in coincidence with a particle regis-
tered in the backward ball. The data correspond to a deuteronbeam with an energy of
65 MeV/nucleon impinging on a liquid-deuterium target. Thesolid curve represents the
expected kinematical correlation for a scattered deuteronin the elastic deuteron-deuteron
reaction.

old of the detector combined with the possibility of not reaching the detector since all its
energy is lost in the target material.

The extraction of the vector- and tensor-analyzing powers was based on Eq.4.2. Fig-
ure 5.16 shows the ratioσ

σ0

, with σ as the spin-dependent cross section andσ0 as the
spin-independent cross section, for a pure vector-polarized deuteron beam (top panel)
and a pure tensor-polarized deuteron beam (bottom panel) for the 2H(~d, dd) reaction
at 65 MeV/nucleon. The amplitude of thecosφ modulation in the top panel equals√

3pZiT11 and that of thecos 2φ modulation in the lower panel equals−
√

3
2
pZZT22. The

offset from 1 in the lower panel equals− 1√
8
pZZT20. The polarization values extracted

from a linear fit through the measured values with BINA and LSP in Sec.5.3 were used
to extract the analyzing powers.

To check for additional systematic uncertainties, the experimental data are divided
into small portions of one day. The value ofpZiT11, pZZT20 andpZZT22 for every day
and for different scattering angles are obtained. Figure5.17shows the value ofpZiT11,
pZZT20 and pZZT22 for θc.m. = 54.8◦ as a function of time for~dd elastic scattering
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Figure 5.16: The ratioσ
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, with σ being the spin-dependent cross section andσ0 the
spin-independent cross section, for a pure vector-polarized deuteron beam (top panel)
and a pure tensor-polarized deuteron beam (bottom panel) for the 2H(~d, dd) reaction at
65 MeV/nucleon.

at 65 MeV/nucleon. The fluctuations of thepZiT11, pZZT20 andpZZT22 in the course
of the experiment are very well within the statistical errors. A constant-line fit gives a
χ2/NDF ∼1 for each angle for the entire experiment.

5.5 Analysis of the three-body break-up channels

One of the main goals of this thesis is the study of the three-body break-up reaction in
~dd scattering. In the following subsections, we discuss the various analysis procedures
which have been applied in the data analysis.

5.5.1 Three-body break-up kinematics and theS-curve

For the analysis of the three-body break-up data we follow the conventions as has been
used in the past in the proton-deuteron break-up. The convention is to measure the en-
ergies, polar and azimuthal angles of the two coincident, emitted particles. Using the
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Figure 5.17: The value ofpZiT11, pZZT20 andpZZT22 for θc.m. = 54.8◦ as a function of
time for ~dd elastic scattering at 65 MeV/nucleon.

measured variables and considering momentum and energy conservation, all the other
kinematical variables of the reaction can be obtained unambiguously. The kinematics of
the three-body break-up reaction is determined by using thescattering angles of the pro-
ton and the deuteron (θd, θp, φ12 = |φd − φp|) and the correlation between their energies
presented by the kinematical curve which is called theS-curve. The energies of the pro-
ton,Ep, and deuteron,Ed, were described as a function of two new variables,D andS
whereS is the arc-length along theS-curve with the starting point chosen arbitrarily at the
point where Ed is minimum andD is the distance of the (Ep,Ed) point from the kinemat-
ical curve. TheS-curves for several kinematical configurations are shown inFig. 5.18.
EachS-curve is labeled by three numbers. For example, the label (20◦, 30◦, 180◦) shows
a coincidence between a deuteron that scatters to20◦ and a proton that scatters to30◦, and
the azimuthal opening angle,φ12, between the deuteron and the proton is180◦.

5.5.2 Energy calibration of the forward E-scintillators

The energy calibration of each E-scintillator has been performed using the response of the
left and right PMTs, connected to both sides of the scintillator. In general, the strength
of the signals of the PMTs on the left-hand and right-hand sides of the scintillator are
different due to a different light attenuation of the scintillation light. By multiplying the
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Figure 5.18: The energy correlation between protons and deuterons in coincidence for the
three-body break-up reaction in~d+d scattering is shown asS-curves for several kinemat-
ical configurations. The kinematics are defined by (θd, θp, φ12), the polar scattering angles
of the proton and deuteron, respectively, and the relative azimuthal angle.

collected charges from the left and right PMTs, one can obtain a parameter which hardly
depends on the position at which a particle hits the detector. This parameter represents
the amount of deposited energy in the scintillator in units of channel number of the ADC.

Five symmetric∆E-E hodoscope pairs covering ten E-scintillators of the forward wall
have been chosen and the following steps were performed to calibrate each scintillator for
protons and deuterons:

1- At first, the E-detectors were pre-calibrated using the calibration parameters which
were used for the elastic~dd reaction. Figure5.19shows the result for two hodoscopes in
which two hits were detected in coincidence by two differentscintillators. The expected
kinematical energy correlation for the chosen configuration (θp = 21◦, θd = 21◦, φ12 =
180◦) is shown as a solid curve in Fig.5.19. The second band that appears above the real
band comes from mis-identification of the hits in the hodoscopes. The energy values of
this curve correspond to the energies at the E-detector, e.g. corrected for the loss of energy
due to the materials between the target and the detectors. The energy loss of the particles
while traveling from the target towards the detection pointdepends on the particle type,
particle energy and the type of materials between target anddetector. The deuteron is
heavier than proton and as a result loses more energy than proton. Figure5.20 shows
the correlation between the deposited and thrown energies of the proton (left panel) and
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Figure 5.19: Results for two hodoscopes in which two hits weredetected by two different
scintillators. The expected kinematical energy correlation for the chosen configuration
(θp = 21◦, θd = 21◦, φ12 = 180◦) is shown as a solid curve. The energy values of this
curve correspond to the energies at the E-detector, e.g. including the loss of energy due
to the materials between target and detectors.

deuteron (right panel) obtained via a GEANT3 simulation. A diagonal solid line is drawn
in each panel to indicate the locus where the energy deposited for protons and deuterons
is equal to the thrown energy. The tail under a very dense partof data points in the left
panel (right panel) corresponds to protons (deuterons) which have undergone a hadronic
interaction inside the forward scintillators.

2- Two calibration functions for protons and deuterons werefound by combined fitting
of the data to the kinematical curve for the selected∆E-E pair. The calibration functions
obtained for protons and deuterons have been used to calibrate the pre-calibrated detec-
tor for the detected protons and deuterons in the E-detector, respectively. Figure5.21
represents the obtained calibration functions for protonsand deuterons which show the
correlation between the pre-calibrated and the final calibrated values. Each curve rep-
resents the calibration function for one of the E-detectors. The obtained functions for
protons and deuterons are different due to the difference intheir quenching effects and
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Figure 5.20: The correlation between the deposited and thrown energies of protons (left
panel) and deuterons (right panel). A diagonal solid line isdrawn in each panel to indicate
the locus where the energy deposited for protons and deuterons is equal to the thrown
energy. The “thrown” energy refers to the energy of the particle at the vertex position.

the fact that calibration parameters are energy dependent.Figure5.22shows the same
data as Fig.5.19 after applying the calibration procedure as described in the text. The
values correspond to the energies at the detector position.

3- The final step is to translate the energy at the detector position to the energy at the
target position. The energy losses of the protons and deuterons have been added to their
energies at the detector position and the result is shown in Fig. 5.23.

5.5.3 Event selection

The first step in the event selection for the three-body break-up channel is to find the
energy correlation between the final-state protons and deuterons for a particular kinemat-
ical configuration (θp, θd, φ12), whereθp and θd are the polar angles of the proton and
the deuteron, respectively, andφ12 is the difference between their azimuthal angles. The
number of break-up events in an intervalS− ∆S

2
, andS+ ∆S

2
was obtained by projecting

the events on a line perpendicular to theS-curve (D-axis).
Figure5.24depicts the correlation between the energy of protons and deuterons in co-

incidence for the kinematical configuration, (θp, θd, φ12) = (25◦, 25◦, 180◦). The solid
curve is the expected correlation for this configuration. One of the manyS-intervals and
the correspondingD-axis are also shown. The result of the projection of events on the
D-axis for a particularS-bin is presented in the inset of Fig.5.24. This spectrum consists
of mainly break-up events with a negligible amount of accidental background. Particles
for most of the break-up events deposit all their energy in the scintillator, which gives rise
to a peak around zero for the variableD. Particles in a part of the break-up events undergo
a hadronic interaction inside the scintillator or in the material between the target and the
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Figure 5.21: The calibration functions for protons and deuterons in terms of the correla-
tion between the pre-calibrated and the final calibrated energy values. Each curve presents
the calibration function for one of the E-detectors.

detector. For these events the value ofS is ill-defined and, therefore, considered as back-
ground (primarily to the left-hand side of the main peak in Fig. 5.24). All the background
events were subtracted by fitting a polynomial representingthe background and a Gaus-
sian representing the signal to the projected spectrum. Thefraction of break-up events
which did not deposit their complete energy has been estimated by a GEANT3 simula-
tion and corrected for when determining the cross section. This procedure is explained in
Sec.4.4.

5.6 The break-up cross section

In this section, we calculate the cross section directly from the number of counts and the
experimental parameters such as the beam current and the target thickness together with
the different efficiencies of the system. For a given kinematical configuration,ξ(S, θp, θd,-
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Figure 5.22: Same as Fig.5.19after applying the calibration procedure as described in
the text. The values correspond to the energies at the detector position.

φ12), the break-up cross section is defined as:

d5σ

dΩp dΩd dS
=

N

Q/Z
· 1

t · ǫ · 1

∆Ωp∆Ωd∆S
, (5.10)

where,N is the number of break-up events,Q is the total integrated charge,Z is the charge
of the projectile,t is the number of the scattering centers per unit area, andǫ stands for
all efficiencies in the system. The parameters∆Ωp and∆Ωd are the solid angles for the
proton and deuteron, respectively, and∆S is the size of the energy window placed on the
S-curve.

The cross sections are determined by taking into account thefollowing parameters
and conditions:

1. The efficiencies of the MWPC for protons and deuterons have been determined for
a region defined by∆E-E hodoscopes. The average efficiencies of the MWPC for
protons and deuterons are∼97% and∼99%, respectively.
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Figure 5.23: Same as Fig.5.22but now the energies of the protons and deuterons cor-
respond to the values at the target position. The expected kinematical correlation at the
target position is also calculated and shown as a solid curve.

2. The detection efficiency of particles in the forward wall has been obtained a the
GEANT3 simulation for each configuration as a function ofS. The detection in-
efficiency originates mainly from hadronic interactions ofthe particles in the scin-
tillator. A small part of the inefficiency is due to the trigger condition and the
detection thresholds. Figure5.25depicts the obtained efficiency for three different
configurations in which the lines are results of a linear fit through the obtained data
points.

3. The effective target thickness was 67.6mg/cm2, including bulging of the target.

4. The beam current and the live-time were read out and determined every second
during the course of the experiment. The typical beam current was∼5 pA, and the
live-time was typically around 40%.

The relevant information used in the analysis of the~dd experiment are summarized all
in Tab.5.1.
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Table 5.1: The relevant information used in the analysis of the ~dd experiment.

General information
Beam particles Polarized deuterons
Energy 130 MeV
Target Liquid deuterium
Average beam current 4 pA
Target thickness 67.6 ± 3.4 mg/cm2

Average efficiency of MWPC for deuterons 99%±1%
Average efficiency of MWPC for protons 97%±1%
Average hadronic efficiency for deuterons 84%±2%
Average hadronic efficiency for protons 90%±2%
Average live-time of the data acquisition 40%

Various estimated systematic uncertainties
Target thickness (liquid deuterium) 5%
Current meter 2%
Efficiency of coincidence hardware trigger 2%
Efficiency of MWPC for deuterons 1%
Efficiency of MWPC for protons 1%
Efficiency of hadronic interaction for deuterons 2%
Efficiency of hadronic interaction for protons 2%
Geometrical acceptance 2%
Beam polarization 4%
Total systematic uncertainty for analyzing powers4.5%

Specific for the elastic reaction
Polar angle coverage 20◦ < θlab < 35◦

40◦ < θc.m. < 70◦

Total systematic uncertainty for the cross section6%
Specific for the three-body break-up reaction

Polar angular coverage 15◦ < θ1,2 < 28◦

Azimuthal opening angle coverage 140◦ < φ12 < 180◦

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

Number of analyzed configurations 48
Number of obtained data points ∼ 500
Total systematic uncertainty for the cross section7%
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Figure 5.24: The correlation between the energies of the deuteron and the proton origi-
nating from three-body break-up channel. The projection ontheD-axis is shown in the
inset.

5.7 Scattering asymmetry and analyzing powers

The interaction of a polarized beam with an unpolarized target produces an azimuthal
asymmetry in the scattering cross section. The magnitude ofthis asymmetry is propor-
tional to the product of the polarization of the beam and an observable that is called the
analyzing power. The procedure for obtaining the analyzingpower in the break-up chan-
nel is similar to that for the elastic channel. For every kinematical point,ξ, the azimuthal
distribution of the scattered particles for a polarized beam is normalized to that of the
unpolarized beam. The analyzing power of the break-up reaction is presented in a similar
way as was done for the analyzing power in the elastic reaction, namely:

σ(ξ) = σ0(ξ)

[

1 +
√

3pZiT11(θ) cosφ− 1√
8
pZZT20(θ)−

√
3

2
pZZT22(θ) cos 2φ

]

, (5.11)

whereσ, σ0 are the polarized and unpolarized cross sections, respectively, ξ represents
the configuration(S, θp, θd, φ12). The parametersiT11 andpZ are the vector-analyzing
power and the vector beam polarization, respectively. The observablesT20 andT22 are the
tensor-analyzing powers,pZZ is the tensor polarization of the beam, andφ is the azimuthal
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Figure 5.25: The efficiency for three different configurations obtained from GEANT3
simulation is shown as a function ofS. The lines are results of a linear fit through the data
points.

scattering angle of the deuteron. According to Eq.5.11, for a deuteron beam with a pure
vector polarization,σ

σ0

, should show acosφ distribution. When a pure tensor-polarized
deuteron beam is used, the ratioσ

σ0

should show acos 2φ distribution.
By exploiting the asymmetry distribution for eachS-bin, the vector-analyzing power,

iT11 and the tensor-analyzing powers,T20 andT22, were obtained for every kinematical
configuration,(θp, θd, φ12, S). Figure5.26shows the ratioσ

σ0

for a pure vector-polarized
deuteron beam (top panel) and a pure tensor-polarized deuteron beam (bottom panel) for
(θp = 28◦, θd = 30◦, φ12 = 180◦, S = 210 MeV). The curves in the top and bottom
panels are the results of a fit based on Eq.2.34 through the obtained asymmetry distri-
bution for a beam with a pure vector tensor polarization, respectively. The amplitude of
the cosφ modulation in the top panel equals

√
3pZiT11 and the amplitude of thecos 2φ

modulation in the lower panel equals−
√

3
2
pZZT22. The offset from 1 in the lower panel

equals− 1√
8
pZZT20. The polarization values have been measured independentlyusing

BINA and verified by the measurements of the LSP, Sec.5.3, to bepZ = −0.601± 0.029
andpZZ = −1.517 ± 0.032.

The quality of the fits have been checked by comparing the distribution of the obtained
χ2s with the expectedχ2 distributions. The left (right) panel of Fig.5.27 represents
the reducedχ2 distributions of the fits for a beam of deuterons with a pure-vector (pure
tensor) polarization. The observedχ2 distributions follow accurately the expected-χ2

distributions which are shown as the solid curves.
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Figure 5.26: The ratio of the spin-dependent cross section to the unpolarized one for
a pure vector-polarized deuteron beam (top panel) and a puretensor-polarized deuteron
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(open circles) for a beam of deuteron with a pure-vector (pure-tensor) polarization. The
label “counts” refer to the number of configurations for the corresponding bin. The curves
are the predicted reducedχ2 distributions.



Chapter 6

Results and discussion of the~d + d
scattering process

A few reaction channels in deuteron-deuteron scattering using a beam with a kinetic en-
ergy of 65 MeV/nucleon have been identified uniquely as described and shown in Ch.5.
Also, the analysis procedure for the elastic and three-bodybreak-up channels, and the var-
ious corrections for acceptances and inefficiencies for thecross section were discussed.
We measured the differential cross sections, vector- and tensor-analyzing powers of the
elastic channel for the kinematics in which one of the deuterons scattered into the forward
wall in coincidence with the corresponding deuteron scattered into the backward ball of
BINA. A few kinematical configurations of the three-body break-up reaction have been
analyzed in which the final-state protons and deuterons scattering into the forward wall
(forward-forward combination). The forward-backward combination in which one of the
final-state particles scattering to the forward wall and thesecond one to the backward ball
has been measured but not analyzed in this work. Cross sections and vector- and tensor-
analyzing powers were obtained for this channel as well. In this chapter, the results of the
elastic and three-body break-up channels are presented anddiscussed.

6.1 Results and discussion of the~d + d elastic reaction

Figure6.1 summarizes the measured cross sections and analyzing powers for the~d + d
elastic reaction at a beam energy of 65 MeV/nucleon and as a function of the center-of-
mass angle,θc.m.. In the event selection procedure, a coincidence between the scattered
deuteron to the forward wall and the corresponding deuteronscattering to the backward
ball of BINA was required. The differential cross sections were corrected for the hadronic
interaction of the deuterons in the scintillators which amounted to about 16% with an un-
certainty of 2%. The main uncertainty of the differential cross section stems from the
target thickness measurement which was∼ 5%. The uncertainty of the current measure-
ment was about 2% (Ch.3). The detection efficiency of the MWPC was obtained and
corrected for by using an unbiased and nearly background-free data sample of elastically-

91
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scattered deuterons and was found to be typically 98% with anabsolute uncertainty of
1% which does not change as a function of scattering angle [30]. The analyzing powers
were extracted by dividing the cross section obtained with apolarized beam to the cross
section obtained with an unpolarized beam of deuterons. In this way, the main parts of
the systematic uncertainties, e.g., due to the target thickness and detector inefficiencies,
cancel in first order. The values of the polarization of the beam were obtained through an
analysis of the1H(~d, dp) at a deuteron-beam energy of 65 MeV/nucleon which had good
agreement with the results obtained with LSP (see Sec5.3).

The systematic uncertainty of the measured differential cross sections and analyzing
powers is estimated to be 6% and 4.5%, respectively (see Tab.5.1). The data from this ex-
periment are shown in Fig.6.1as filled circles and are compared with the results obtained
in another experiment at KVI using the Big-Bite Spectrometer (BBS) (open circles) [96].
The solid curves represent calculations based on the lowest-order terms in the Born series
expansion of the Alt-Grassberger-Sandhas equation for four nucleons interacting through
the CD-Bonn+∆ potential [97]. The results of the cross sections and vector-analyzing
powers obtained with BINA and BBS are in a good agreement, however the results of the
cross sections measured with BINA is slightly lower than the one measured with BBS.
The experiment was performed using the same experimental setup, and analysis meth-
ods were the same as for the1H(~d, dp) reaction, reported in Ch.4. The results of the
1H(~d, dp) reaction are in perfect agreement with the existing database, which proves that
our analysis procedure is well under control. Furthermore,we have checked the stability
of the beam polarization as a function of time. The present theoretical calculation is not
able to describe the data which is not surprising. Because thecalculation is based on the
first term in a Born series and that this applies only to high energies and small momentum
transfers. A full calculation for this channel is necessarybefore any conclusions can be
extracted form these data.

6.2 Results and discussion of the~d+ d three-body break-
up reaction

The three-body break-up reaction in deuteron-deuteron scattering has been identified
uniquely using the scattering angles,θd, θp, the energies and the TOF information of the
scattered particles. In this work, we analyzed a part of the data in which both protons and
deuterons scattered into the forward wall of BINA. In this case, we have a good determi-
nation of the positions of both particles exploiting the MWPC.Furthermore, the complete
energies of both particles can be determined since both particles stop inside the scintilla-
tors of the forward wall. Also, each scintillator readout channel of the forward wall was
equipped with TDCs for the PMTs at both sides of the scintillators. This allows for a
good particle identification, which is necessary to separate deuterons from protons (see
Sec5.2.4). The cross sections and analyzing powers were extracted for parts of the phase-
space in whichEp > 25 MeV andEd > 30 MeV. This is a necessary condition to make
sure that these particles reach the E-detector. This limitstheS-values to energies between
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Figure 6.1: The differential cross section, vector- and tensor-analyzing powers of the
elastic~d + d reaction atElab

d =130 MeV as a function of the center-of-mass angle,θc.m..
In each panel, the solid circles are data from this work. Onlystatistical uncertainties are
shown for each point. The systematic uncertainties are given in Tab.5.1. The open circles
are the data obtained with BBS. The solid curves represent the calculations based on the
lowest-order terms in the Born series expansion of the Alt-Grassberger-Sandhas equation
for four nucleons interacting through the CD-Bonn+∆ potential [97].

130 MeV and 280 MeV for all selected configurations. The differential cross sections,
vector- and tensor-analyzing powers for 48 kinematical configurations were analyzed and
the results are shown in Figs.6.2-6.17.
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Figure 6.3: Same as Fig.6.2except for(θd, θp) = (15◦, 20◦).
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Figure 6.4: Same as Fig.6.2except for(θd, θp) = (15◦, 25◦).
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Figure 6.5: Same as Fig.6.2except for(θd, θp) = (15◦, 28◦).
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Figure 6.6: Same as Fig.6.2except for(θd, θp) = (20◦, 15◦).
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Figure 6.7: Same as Fig.6.2except for(θd, θp) = (20◦, 20◦).
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Figure 6.8: Same as Fig.6.2except for(θd, θp) = (20◦, 25◦).
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Figure 6.9: Same as Fig.6.2except for(θd, θp) = (20◦, 28◦).
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Figure 6.10: Same as Fig.6.2except for(θd, θp) = (25◦, 15◦).
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Figure 6.11: Same as Fig.6.2except for(θd, θp) = (25◦, 20◦).



104 Chapter 6. Results and discussion of the~d+ d scattering process

S [MeV]

]
 M

eV
2

sr
bµ

 [
d

S
2

Ωd 1
Ωd

σ5 d
11

iT
20

T
22

T
°

 = 180
12

φ
°

 = 160
12

φ
°

 = 140
12

φ

-3

-210

-110

1

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

150 200 250

-0.4

-0.2

0

0.2

0.4

150 200 250 150 200 250

Figure 6.12: Same as Fig.6.2except for(θd, θp) = (25◦, 25◦).
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Figure 6.13: Same as Fig.6.2except for(θd, θp) = (25◦, 28◦).
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Figure 6.14: Same as Fig.6.2except for(θd, θp) = (28◦, 15◦).
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Figure 6.15: Same as Fig.6.2except for(θd, θp) = (28◦, 20◦).
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Figure 6.16: Same as Fig.6.2except for(θd, θp) = (28◦, 25◦).
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Figure 6.17: Same as Fig.6.2except for(θd, θp) = (28◦, 28◦).
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The sources of systematic uncertainties in the cross section are 5% from the target
thickness, 2% (1%) from the efficiency of MWPC for protons (deuterons), 2% from the
beam-current measurement, 2% from the efficiency of the coincidence trigger, 2% from
the hadronic correction for each detected particle, and 2% from the geometrical accep-
tance (see Tab.5.1). The total systematic uncertainty for the cross section is∼ 7% which
is obtained by adding the systematic uncertainties in quadrature. The total systematic un-
certainty for the analyzing power is estimated to be∼ 4.5%, which mailny stems from
the uncertainty in the measurement of the beam polarizationvia elastic scattering and to a
much lesser extent from the error of the beam-current correction in the analysis of of the
T20 in the elastic~d+ d channel.

In the absence of any theoretical calculations for the three-body break-up reaction in
four-nucleon scattering, we compared the results of the cross section with the results of the
phase-space calculation [98]. According to Eq. (4.7), the cross section can be expressed
as a product of the square of the invariant matrix element anda phase-space factor. The
invariant matrix or the scattering amplitude is the amplitude for an initial state to make
a transition to a specific final state via a scattering potential, V . It contains, therefore,
the dynamical part of the cross section. The phase-space factor for a scattering process is
restricted by energy and momentum conservation laws. Thus,the ratio between the data
and the phase-space factor corresponds to the dynamical part of the cross section. Results
show that the dynamical part of the cross section varies significantly as a function ofS
for the configurations which have been analyzed.

We summarize the results of each configuration by averaging each observable overS.
In this method, a dataset withN data points is considered and the average of the cross
sections and analyzing powers are defined as:

σ̄(θ1, θ2, φ12) =
1

N

N
∑

i=1

d5σ(θ1, θ2, φ12)

dΩ1dΩ2dS
,

īT 11(θ1, θ2, φ12) =
1

N

N
∑

i=1

iT11(θ1, θ2, φ12),

T̄20(θ1, θ2, φ12) =
1

N

N
∑

i=1

T20(θ1, θ2, φ12),

T̄22(θ1, θ2, φ12) =
1

N

N
∑

i=1

T22(θ1, θ2, φ12), (6.1)

whereN is the number of measured data points inS for a given(θ1, θ2, φ12).

Figures6.18, 6.19, 6.20, and6.21represent the average of the cross section,iT11, T20,
andT22 as a function of the opening azimuthal angle,φ12, respectively and for different
configurations.

In each panel, the data points are connected by a smooth dashed line to guide the
eye. Note that the averaged cross section varies between∼0.01 and∼0.2 µb

sr2MeV
within
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Table 6.1: The selected configurations in the three-body break-up reaction for which the
neutron energy,En < 0.3 MeV. These configurations were identified as the quasi-elastic
dp reactions. The corresponding center-of-mass angle,θc.m. is indicated as well.

θd [deg] θp [deg] φ12 [deg] S [MeV] θc.m. [deg]
28± 1 20± 1 180± 5 230± 10 139.0± 1
29± 1 22± 1 180± 5 220± 10 134.8± 1
29± 1 24± 1 180± 5 220± 10 130.7± 1
30± 1 26± 1 180± 5 220± 10 126.6± 1
30± 1 28± 1 180± 5 210± 10 122.6± 1

the acceptance of BINA. For most scattering angles,(θd, θp), the maximum averaged
cross section is aroundφ12 ≃ 180◦. By taking a global look through all the measured
configurations in the three-body break-up process in deuteron-deuteron scattering, we
note that the values of theiT11, T20, andT22 varies between∼-0.4-∼0.3, ∼-0.5-∼0.5,
and∼-0.3-∼0.1, respectively. In particular,T20 shows a very strong sensitivity toS,
whereasiT11 andT22 vary much less as a function ofS. The variations of the average spin
observables as a function ofφ12 are in general rather moderate. This is to be expected,
since we, so-far, only analyzed the three-body phase-spacefor a limited range inφ12

from 140-180◦. In contrast to this, it was observed that the spin observables strongly
depend upon the relative scattering angle between the proton and the deuteron,θp − θd.
Figure6.22shows the vector- and tensor-analyzing powers as a functionof θp − θd for 48
analyzed configurations. Note that the largest absolute values for the analyzing powers
generally correspond to configurations at which the difference between the polar angle of
the deuteron and the proton is the largest.

6.3 The quasi-free elastic deuteron-proton scattering pro-
cess

The three-body break-up reaction in the~dd scattering process has an interesting aspect in
the part of the phase-space in which the energy of the neutronis very small. Figure6.23
represents the cross sections obtained for all analyzed configurations as a function of the
energy of the neutron,En. The cross section is at its maximum when the energy of the
neutron is very small. This region is interesting since it corresponds to the quasi-free
elastic deuteron-proton scattering process with the neutron acting as a spectator particle.
This part of the data can be compared directly to various calculations and the existing
data of the elastic deuteron-proton scattering process. For such a comparison, we lim-
ited the analysis to those configurations at which the momentum of the neutron does not
exceed 23 MeV/c (En < 0.3 MeV). After making this selection, we were left over with
a few configurations which are presented in Tab.6.1 The S values of these configura-
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tions correspond toEp + Ed = 127.7 MeV, which must be the case had it been scattered
off a deuterons from a proton target. These five configurations also happened to corre-
spond to the points with the largest differential cross section. Figure5.26depicts the ratio
between the normalized spin-dependent cross section and the cross section for the unpo-
larized beam as a function of the azimuthal angleφ for a pure vector-polarized deuteron
beam (top panel) and a pure tensor-polarized deuteron beam (bottom panel) for one of
the five configurations, namely(θp = 28◦, θd = 30◦, φ12 = 180◦, S = 210 MeV). The
data are fitted according to the procedure as described in Sec. 5.7 to obtain the vector-
and tensor-analyzing powers. The results of the fit are shownas solid lines. Note that
the fit describes the data very well. The results of analyzingpowers of these configu-
rations are shown in Fig.6.24by filled squares and compared with~dp elastic-scattering
data taken in this work (filled circles) and with the data fromRef. [23] (open circles).
The horizontal dark gray bands at the top of the panels represent the systematic uncer-
tainty (2σ) for every data point. The dark gray bands correspond to calculations including
only two-nucleon potentials. The light gray bands represent calculations including an
additional Tucson-Melbourne TM’ three-body force [66]. The solid lines correspond to
results of a Faddeev calculation using the AV18 two-nucleonpotential [6] combined with
the Urbana-Illinois X (UIX) three-body potential [67]. Thedotted line represents the re-
sults of a coupled-channel calculation (CDB+∆). The dashed line represents the results
of a CDB+∆ calculation including the Coulomb force [73]. The angular bin size in the
present measurement is2◦. The results of the1T11 andT22 for the quasi-free elastic scat-
tering data agree very well with the previous~dp elastic-scattering data and also with the
~dp elastic-scattering data presented in this work. However, there are small discrepancy be-
tween at large scattering angles forT20 which could be attribute to the role of the spectator
neutron.
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Figure 6.18: The average of the cross section overS for each kinematical configuration,
(θd, θp) versusφ12.
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Figure 6.19: The average of the vector analyzing power,iT11, overS for every kinematical
configuration,(θd, θp), versusφ12.
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Figure 6.20: The average of the tensor analyzing power,T20, overS for each kinematical
configuration,(θd, θp), versusφ12.
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Figure 6.21: The average of the tensor analyzing power,T22, overS for each kinematical
configuration(θd, θp) versusφ12.
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Figure 6.22: The vector- and tensor-analyzing powers of allanalyzed configurations of
the three-body break-up reaction in~d + d scattering as a function of relative polar angle
between the proton and the deuteron. The size of each box corresponds to the number of
configurations that fall in that bin.
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Figure 6.23: The cross sections of all analyzed configurations of the three-body break-up
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Figure 6.24: The vector- and tensor-analyzing powers of thequasi-free elastic deuteron-
proton scattering process in deuteron-deuteron three-body break-up. The data of this ex-
periment are shown as filled circles and are compared with published~dp elastic-scattering
data taken at KVI [23] and at RIKEN [22] and from Ref. [95]. The horizontal dark
gray bands at the top of the panels represents the systematicuncertainty (2σ) for every
data point. The dark gray bands correspond to calculations including only two-nucleon
potentials. The light gray bands represent calculations including an additional Tucson-
Melbourne TM’ three-body force. The solid lines correspondto results of a Faddeev
calculation using the AV18 two-nucleon potential combinedwith the Urbana-Illinois X
(UIX) three-body potential. The dotted line represents theresults of a coupled-channel
calculation (CDB+∆). The dashed line represents the results of a CDB+∆ calculation
including the Coulomb force.



120 Chapter 6. Results and discussion of the~d+ d scattering process



Chapter 7

Summary, conclusions and outlook

7.1 Summary and conclusions

The three-nucleon force effects have been studied extensively in past years via a com-
parison of three-nucleon scattering data with modern potentials based on the exchange of
bosons. A comparison between experimental data obtained for p+ d elastic and break-up
reactions with various theoretical calculations leads to different conclusions for the cross
section and spin observables. Adding the 3NF effects to the NN potentials gives a better
agreement between cross-section data and calculations, whereas for spin observables it
yields to various discrepancies. This demonstrated that the spin-dependent parts of the
3NFs are poorly understood. Apart from disagreements between data and the theoretical
predictions, some of the experimental data are not consistent with each other. A large dis-
crepancy between the measured values for the cross section of thep+ d elastic scattering
at 135 MeV taken at KVI [16–18] and RIKEN [19] has been observed. The observed
inconsistency initiated a discussion within the nuclear physics community on the reliabil-
ity of the experimental data and on how to interpret the data in terms of the underlying
physics, such as 3NF effects. Therefore, it is important to review these observations with
respect to the three-nucleon scattering data taken at otherenergies and in other channels.

The 3NF effects are in general small in the three-nucleon system. A complemen-
tary approach is to look into systems for which the 3NF effects should be enhanced in
magnitude. For this, it was proposed to study the four-nucleon system.

The experiments discussed in this thesis were performed at KVI using BINA which
was assembled in 2004. BINA is a setup with a nearly4π geometrical acceptance and has
been used in various few-nucleon scattering experiments tomeasure the scattering angles
and energies of protons and deuterons with the possibility for particle identification. The
detector is composed of a forward part and a backward part. The forward part consists of
a Multi-Wire Proportional Chamber (MWPC) and a segmented hodoscope of vertically-
placed thin scintillators with a thickness of 2 mm followed by ten horizontally-placed
scintillators with a thickness of 12 cm each. The thick scintillators were mounted in a
cylindrical shape, thereby pointing to the target. The thickness of these scintillators is
sufficient to stop all the protons and deuterons originatingfrom the processes described
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in this work.
We studied a few scattering reactions at intermediate energies. The first reaction was

1H(~d, dp) with a deuteron-beam energy of 65 MeV/nucleon. We made use ofthis re-
action to check the systematic uncertainties and also to measure the polarization of the
beam of deuterons. The differential cross sections, vector-, and tensor-analyzing powers
were measured. The differential cross section for this reaction at 65 MeV/nucleon is well
known and can, therefore, be exploited to verify independently the read-out and anal-
ysis procedure, the applied detector inefficiencies, and the beam-current measurement.
The measurement of the polarization observables allows us to check some of the aspects
of the experiment and the analysis procedure, excluding theabsolute normalization, by
comparing our results with data from the literature. The data for this reaction are found
to be in excellent agreement with the existing database, which proves that BINA and our
analysis procedure are well suited to measure the elastic channel with high precision. Fur-
thermore, we can use this reaction to obtain the polarization of the deuteron beam which
was used for the third experiment, i.e., deuteron-deuteronscattering at 65 MeV/nucleon.

In the second experiment a polarized beam of protons with a kinetic energy of 135 MeV
was bombarded on a liquid-deuterium target. The experimentwas performed using the
same experimental setup and analysis methods was as for the1H(~d, dp) reaction. The
angular distribution of the differential cross section andanalyzing power of the reaction
2H(~p, dp) were measured. The main goal of this measurement was to resolve the differ-
ence between the measured values for the elastic-scattering cross section at KVI [16–18]
and RIKEN [19]. The new results differ significantly from previous measurements. We
have investigated the cross-section data in two different approaches to address the incon-
sistencies. In the first approach, a systematic study of the energy dependence of all avail-
able cross sections in elastic proton-deuteron scatteringwas performed. The results of
this study revealed that our data consistently follow the interpolated energy dependence,
whereas, in particular, the RIKEN data deviate significantlyfrom the expected trend; see
Figs.4.10, 4.11and4.12. In the second approach, we studied the cross section obtained
for different beam energies as a function of Mandelstam variables to check for the data
consistency and to look for scaling invariances. One observes that the cross sections gen-
erally scale for all incident energies and fall in a band as shown in Figs.4.14and4.15.
The two data sets at 135 MeV which disagree with each other reside on the two sides
of the band (the KVI data above and the RIKEN data below the band), while they are
expected to resides inside the band. The new data points fallwell inside the band. We
believe that the problem of the data forp + d elastic scattering at 135 MeV is settled by
this work.

The main part of this work was to study the deuteron-deuteronscattering at
65 MeV/nucleon. The elastic channel, neutron transfer channel, and break-up channels
leading to three- and four-body final states were uniquely identified using the information
on the energies of the outgoing particles, their scatteringangles, and their time-of-flight
(TOF). The angular distributions for the differential cross sections and vector- and tensor-
analyzing powers of the elastic channel were obtained and are reported in this work.
This is the first time that the three-body break-up reaction in ~d + d scattering process at
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intermediate energies has been measured in a background-free experiment. This reac-
tion is extremely rich in phase space even more than the~p + d reaction due to the fact
that one deals with non-identical particles. We measured the differential cross sections,
vector- and tensor-analyzing powers for a large number of kinematical configurations of
the three-body break-up reaction.

We compared our results of the~d + d elastic scattering with the results of the same
reaction obtained with another experimental setup, the BBS, located at KVI. The results
of the cross sections and vector-analyzing powers obtainedwith BINA and BBS are in a
good agreement, however the results of the cross sections measured with BINA is slightly
lower than the one measured with BBS. The analysis procedure for ~d+d elastic scattering
was the same as what we used for~d + p elastic scattering which leads to a perfect agree-
ment between our results and the available data set for this reaction at 65 MeV/nucleon.
The available calculations, based on the lowest order termsin the Born series expansion
of the Alt-Grassberger-Sandhas equation for four nucleonsinteracting through the CD-
Bonn+∆ potential, completely fail to explain the data. A full calculation for this channel
is necessary to extract any physical conclusion from these data regarding 3NF effects.

The differential cross section and vector- and tensor-analyzing powers of a few kine-
matical configurations of the three-body break-up reactionare reported in this work. The
differential cross sections were compared with a phase-space distribution obtained from
a Monte-Carlo simulation based on the GEANT3 framework. Thiscomparison demon-
strates that there are large variations in the dynamic part of the t-matrix as a function of
S for different configurations.

The averaged cross sections overS vary between 0.01 and 0.2µb
sr2MeV

within the ac-
ceptance of BINA. For all scattering angles,(θd, θp), the maximum averaged cross section
is aroundφ12 ≃ 160◦. For most scattering angles,(θd, θp), the maximum averaged cross
section is aroundφ12 ≃ 180◦. The values of theiT11, T20, andT22 varies between∼-0.4-
∼0.3,∼-0.5-∼0.5, and∼-0.3-∼0.1, respectively. In particular,T20 shows a very strong
sensitivity toS, whereasiT11 andT22 vary much less as a function ofS. The variations
of the average spin observables as a function ofφ12 are in general rather moderate. This
is to be expected, since we, so-far, only analyzed the three-body phase-space for a limited
range inφ12 from 140-180◦. In contrast to this, it was observed that the spin observables
strongly depend upon the relative scattering angle betweenthe proton and the deuteron,
θp − θd.

A study of the cross section as a function of neutron energy leads to interesting result.
We have seen that the cross section is at its maximum when the energy of the neutron
is very small. This corresponds to configurations in whichφ12 = 180◦. This region is
interesting since it corresponds to the quasi-free elasticdeuteron-proton scattering process
with the neutron acting as a spectator particle. This part ofthe data can be compared
directly to calculations and existing data for the elastic deuteron-proton scattering process.
The results of the1T11 andT22 for the quasi-free elastic scattering data agree very well
with the previous~dp elastic-scattering data and also with the~dp elastic-scattering data
presented in this work. However, there are small discrepancy between at large scattering
angles forT20 which could be attribute to the role of the spectator neutron.
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The performed four-body scattering experiments with BINA and the BBS provide
an extensive database for the elastic and transfer channelsat 65 MeV/nucleon and
90 MeV/nucleon and also for the three-body break-up reaction at 65 MeV/nucleon. The
available dataset for the deuteron-deuteron scattering atintermediate energies can be used
to check the upcoming theoretical calculations for the four-body systems.

7.2 Outlook

The three-body break-up channel has been studied by analyzing a few kinematical config-
urations in which the opening azimuthal angle,φ12, was in the range from140◦ to 180◦.
The analysis of the configurations with aφ12 < 140◦ is postponed because the analysis
of this part of the phase space is more difficult and time consuming due to smaller cross
sections. A theoretical calculation for this channel couldlead the analysis in directions
where more data is needed, namely, where a strong sensitivity of the 3NF in cross sections
or spin observables might be expected.

All the analysis performed in this work was based on detecting charged particles, pro-
tons and deuterons, in the final state. However,~d + d scattering at intermediate energies
has a few final states for which a detection of a neutron would be advantageous. The
neutron as a neutral particle cannot be detected by the MWPC. Due to the small proba-
bility of an interaction with the plastic scintillator material, it does not leave a signal or it
deposits only a small fraction of its kinetic energy in the detector. The TOF information is
an alternative measure for the determination of the energies and scattering angles of neu-
trons. As it was shown in Ch.5, one can determine the position of detected particles in the
E-detectors by making use of TOF information of the left and right PMTs of the forward-
wall scintillators. Also, the energy of the particle can be determined by the TOF. The
detection of neutrons in the final state provides new insights into few-nucleon interaction
in the four-nucleon system. The analysis of the neutron-transfer channel,~d+d −→ p+ t,
which has been identified in this work and provide extra information on deuteron-deuteron
scattering process.

To extend the study of the~d+d scattering process with BINA, it is important to analyze
the response of the scintillators to neutrons. However, thedetection efficiency of neutrons
in our scintillators is low and difficult to determine. The difficulty can be illustrated in the
following analysis. The neutron detection efficiency has been estimated by a calculation
using the KSU code [99] and the results are shown in Fig.7.1[100]. This figure indicates
that the neutron detection efficiency in the energy range covered in this experiment (0-
80 MeV) varies rapidly as a function of its energy and also depends highly on the applied
detection threshold. Thus, the analysis of the reaction channels with a detection of the
neutron will be limited, in particular for a precise measurement of the differential cross
sections. However, polarization observables are not sensitive to the absolute knowledge
of the detection efficiency, and hence, can be measured very precisely.

With information of detected neutrons, the analysis of the proton transfer channel,
~d + d −→ n+3He can be performed. Also the analysis of the three-body break-up reac-
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Figure 7.1: The neutron detection efficiency as a function ofenergy of the neutron cal-
culated by the KSU code for different thresholds of the detectors at 8.0 MeVee (dashed
curve), 10.4 MeVee (solid curve), and 12.4 MeVee (dash-dotted curve). The calculation
done by the SCINFUL code for a threshold of 10.4 MeVee is shown by dotted curve.
This calculation is done by assuming that scintillator typeis NE102, which has the same
chemical composition and density as the BC-408. The thicknessof the scintillator in this
study was 112.5 mm.

tion can be extended to that part of the phase-space in which the deuteron and the neutron
or the proton and the neutron are detected in coincidence in the forward wall. The differ-
ence between the results of the deuteron-neutron combination and the results of the same
deuteron-proton combination can be used to study the Coulombforce effects directly.

The angular resolution of the backward ball (∆θ = ∆φ = ±10◦) is not as good as
the one of the forward wall. However, the analysis of the three-body break-up can be
extended to that part of the phase space in which the first particle is scattered into the
forward wall in coincidence with the second particle scattering into the backward ball.

The identification of the four-nucleon break-up channel is discussed in Ch.5. The
energies and scattering angles of both protons in the final state can be determined by the
E-detector and the MWPC, respectively. This is, however, not sufficient to determine
all the kinematical variables of the four-nucleon break-upreaction. The kinematics of
this reaction channel can be over-determined by measuring the energy and the position
of one of the neutrons in the final state using the TOF. This will enable us to study the
four-nucleon break-up channel as well.
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[69] J. L. Friar, D. Ḧuber, and U. van Kolck, Phys. Rev. C59, 53 (1999).

[70] J. Carlson, V. R. Pandharipande, and R. B. Wiringa, Nucl. Phys. A 401, 59 (1983).

[71] S. Weinberg, Phys. Lett. B251, 288 (1990).

[72] S. Weinberg, Phys. Lett. B295, 114 (1992).

[73] A. Deltuva, R. Machleidt, and P. U. Sauer, Phys. Rev. C68, 024005 (2003).

[74] M. Viviani, A. Kievsky, S. Rosati, E. A. George, and L. D. Knutson, Phys. Rev.
Lett. 86, 3739 (2001).

[75] A. Deltuva and A. C. Fonseca, Phys. Rev. C.75, 014005 (2007).

[76] A. Deltuva and A. C. Fonseca, Phys. Rev. Lett.98, 162502 (2007).

[77] A. Deltuva and A. C. Fonseca, Phys. Rev. C76, 021001(R) (2007).

[78] A. Deltuva, A. C. Fonseca, and P. U. Sauer, Phys. Lett. B660, 471 (2008).

[79] E. O. Alt, P. Grassberger, and W. Sandhas, Phys. Rev. C1, 85 (1970).

[80] G. G. Ohlsen, Rep. Prog. Phys.35, 717 (1972).

[81] G. G. Ohlsen, Nucl. Instr. Meth.179, 283 (1981).

[82] H. R. Kremers, J. P. M. Beijers, N. Kalantar-Nayestanaki,and T. B. Clegg, Nucl.
Instr. Meth. Phys. Res. A516, 209 (2004).



132 BIBLIOGRAPHY

[83] L. Friedrich, E. Huttel, R. Kremers, and A. G. Drentje, inPolarized Beams and
Polarized Gas Targets, edited by H. Paetz gen. Schieck and L. Sydow (World Sci-
entific, Singapore, 1995), p. 198.

[84] H. R. Kremers and A. G. Drentje, inPolarized Gas Targets and Polarized Beams,
Vol. 421 ofAIP Conf. Proc., edited by R. J. Holt and M. A. Miller (AIP, New York,
1997), p. 507.

[85] J. P. M. Beijers, Nucl. Instr. Meth. Phys. Res. A536, 282 (2005).

[86] S. K. Lemieux, T. B. Clegg, H. J. Karwowski, W. J. Thompson,and E. R. Crosson,
Nucl. Instr. Meth. Phys. Res. A333, 434 (1993).

[87] M. Volkerts, A. Bakker, N. Kalantar-Nayestanaki, H. Fraiquin, A. Eads, T. Rinckel,
and K. Solberg, Nucl. Instr. Meth. Phys. Res.A428, 432 (1999).

[88] N. Kalantar-Nayestanaki, J. Mulder, and J. Zijlstra, Nucl. Instr. and Meth. Phys.
Res. A417, 215 (1998).

[89] GEANT3 manual, Detector Description and Simulation Tool, CERN, 1993.

[90] K. Sekiguchi, H. Sakai, H. Witała, W. Glöckle, J. Golak, M. Hatano, H. Ka-
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Samenvatting

De bouwstenen van atoomkernen, protonen en neutronen (ook wel tezamen nucleonen
genoemd), worden samengebonden door de zogenaamde sterke kernkracht. Deze kracht
is het gevolg van de sterke wisselwerking tussen de meest elementaire bouwstenen van
nucleonen, namelijk quarks en gluonen. In de afgelopen tienjaar zijn er verschillende
modellen van hoge kwaliteit ontwikkeld die de kracht tussentwee nucleonen beschrijven.
Voor een groot deel kan deze kracht worden verklaard door de uitwisseling van lichte
deeltjes bekend als mesonen, opgebouwd uit paren van quarksen antiquarks. De resul-
terende fenomenologische twee-deeltjeskrachten beschrijven de wisselwerkingen tussen
twee nucleonen zeer goed. Echter, nauwkeurige berekeningen gebaseerd op alleen deze
twee-deeltjeskrachten komen voor systemen met meer dan twee nucleonen, bijvoorbeeld
atoomkernen, niet overeen met de experimentele waarnemingen. Bijvoorbeeld, signifi-
cante afwijkingen tussen de experimentele waarden en theoretische voorspellingen zijn
waargenomen voor de bindingsenergie van lichte atoomkernen. De bestaande modellen
onderschatten de waargenomen bindingsenergieën. De missende kracht wordt vaak de
drie-deeltjeskrachtgenoemd. Het bestaan hiervan wordt ondersteund door modellen ge-
baseerd op meson-uitwisselingen en kwantumveldentheorie.

Gedurende afgelopen jaren is er een uitgebreide studie gedaan naar de effecten van
de drie-deeltjeskrachtop basis van het vergelijken van verstrooiingsdata met moderne
theoretische voorspellingen die zijn gebaseerd op de bekende wisselwerkingen tussen nu-
cleonen. De data werd verkregen door het meten van werkzame doorsnedes en polarisatie
observabelen voor de reactie waarbij waterstofkernen (protonen) botsen op deuteriumker-
nen (deuteronen). Deze reactie leidt tot twee zeer waarschijnlijke eindtoestanden, name-
lijk de elastische en de zogenaamdebreak-upkanaal. De eindtoestand van de elastische
kanaal bestaat uit een proton en een deuteron, terwijl bijbreak-upverstrooiing de deuteron
wordt opgesplits in een proton en in een neutron. Een vergelijking tussen de experimente-
le data en verscheidene theoretische berekeningen leidt tot verschillende conclusies over
de bijdrage vandrie-deeltjeskrachteffecten op de werkzame doorsnede en de polarisatie
grootheden. Het toevoegen van dedrie-deeltjeskrachteffecten aan kracht tussen twee nu-
cleonen geeft in het algemeen een betere overeenkomst tussen de werkzame doorsnede
data en bijbehorende berekeningen, terwijl dit bij de polarisatie observabelen, verschillen-
de discrepanties geeft. Dit laat zien dat de spin afhankelijke termen van dedrie-deeltjes-
kracht nog nauwelijks begrepen worden en nog meer onderzoek op dit gebied gedaan
moet worden.

Een onderzoek met behulp van systemen bestaande uit drie-nucleonen, zoals proton-
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deuteron verstrooiing, heeft als nadeel dat in het algemeende drie-deeltjeskrachteen
kleine bijdrage geeft. Dit maakt een gedetailleerde studienaar deze kracht experimenteel
zeer moeilijk. Een alternatieve benadering is het bestuderen van systemen waarbijdrie-
deeltjeskrachteffecten zijn vergroot. Veelbelovend is het bestuderen vansystemen welke
bestaan uit vier nucleonen. In dit proefschrift werd uitgebreid onderzoek gedaan naar de
verstrooiing van gepolariseerde deuteronen op een doelwitbestaande uit deuteronen.

Behalve dat onze huidige kennis overdrie-deeltjeskrachteffecten nog niet voldoende
is, zijn ook sommige experimentele datasets onderling nietverenigbaar. Er is een groot
verschil waargenomen tussen de gemeten datasets voor de elastische werkzame doorsne-
de voor proton-deuteron verstrooiing bij 135 MeV gemeten ophet KVI [16–18] en die
gemeten bij RIKEN [19] in Japan. Deze waargenomen inconsistentie heeft een discussie
gestart binnen de kernfysica gemeenschap over de betrouwbaarheid van experimentele
data en de manier waarop deze geı̈nterpreteerd behoren te worden, wat betreft de onder-
liggende fysica, zoalsdrie-deeltjeskrachteffecten. In dit werk is de betreffende meting
herhaald en is er een kritische analyze gemaakt door systematisch verschillende datasets
verkregen bij meerdere energieën en andere kanalen met elkaar te vergelijken.

De experimenten beschreven in dit proefschrift zijn uitgevoerd op het KVI met de
detector genaamd BINA (geassembleerd in 2004). BINA is een opstelling met bijna een
volledige geometrische acceptantie en is gebruikt voor verschillende verstrooiingsexperi-
menten voor het meten van de hoeken en energieën van de verstrooide protonen en deu-
teronen. Deze opstelling heeft ook mogelijkheden voor deeltjesidentificatie. De detector
bestaat uit een voorwaartse en een achterwaartse gedeelte.Het voorwaartse gedeelte is
samengesteld uit een Multi-Wire Proportional Chamber (MWPC) en een gesegmenteerde
hodoscope. De laatste bevat verticaal geplaatste scintillatoren met een dikte van 2 mm en
tien horizontaal geplaatste scintillatoren met een dikte van 12 cm per stuk. De dikkere
scintillatoren zijn gemonteerd in een cylindervorm en zijngericht op het doelwit. Deze
hebben genoeg dikte om alle protonen en deuteronen, die in deprocessen beschreven in
dit proefschrift, ontstaan, te stoppen en daarmee hun energie te kunnen meten.

We hebben een aantal verstrooiingsreacties bij middelhogeenergïen bestudeerd. De
eerste reactie was de elastische verstrooiing van gepolariseerde deuteronen op een proto-
nendoelwit waarbij de energie van de deuteronenbundel 130 MeV bedraagt. Deze hebben
we zowel gebruikt voor het bestuderen van de systematische onzekerheden als voor de
polarisatie van de deuteronenbundel. De hoekverdelingen van de werkzame doorsnede
en verschillende polarisatie observabelen zijn hierbij gemeten. Aangezien de werkzame
doorsnede en polarisatie observabelen voor deze reactie goed bekend zijn, kunnen deze
onafhankelijk worden gebruikt voor verificatie van de analyse procedure en de extractie
van belangrijke parameters zoals detector inefficiënties, de bundelstroom en bundelpola-
risatie. De data voor deze reacties komen zeer goed overeen met de al bestaande data uit
de database. Dit bewijst dat BINA en onze analyse methode geschikt zijn voor het, met
grote nauwkeurigheid, meten van verschillende observabelen.

In een tweede experiment werd een gepolariseerde protonenbundel met een kinetische
energie gelijk aan 135 MeV geschoten op een doelwit van vloeibare deuterium. Dit ex-
periment is uitgevoerd met dezelfde opstelling en analyse methoden als die bij de eerste



Samenvatting 137

reactie. De hoekverdeling van de werkzame doorsnede en het analyserend vermogen van
deze reactie zijn gemeten met een zeer goede nauwkeurigheid. Het hoofddoel van deze
metingen was het verduidelijken van eerdere waargenomen verschillen tussen de meetre-
sultaten voor de werkzame doorsnede gemeten op het KVI [16–18] en bij RIKEN [19] in
Japan. De nieuwe resultaten geven een significant verschil met beide eerdere metingen.
Naast de nieuwe meting hebben we alle data systematisch vergeleken met data verkregen
bij andere energiëen. De uitkomst hiervan laat zien dat onze nieuwe resultatenverenig-
baar zijn met alle andere data en dat in het bijzonder de werkzame doorsnedes gemeten
bij RIKEN significant afwijken van de verwachtingspatroon verkregen door een interpo-
latie van alle beschikbare data. Wij denken dat door ons werkhet discrepantie probleem
hiermee is verholpen.

Het grootste gedeelte van dit werk was het bestuderen van deuteron-deuteron ver-
strooiing met behulp van een gepolariseerde deuteronenbundel van 130 MeV op een doel-
wit bestaande uit vloeibare deuterium. Verschillende kanalen met twee en drie deeltjes in
de eindtoestand hebben we met succes geı̈dentificeerd door gebruikt te maken van de de-
tector informatie van uitgaande deeltjes, zoals de gedeponeerde energie, detime-of-flight
en de verstrooiingshoek.

De hoekverdelingen van de werkzame doorsnede en van verschillende polarisatie ob-
servabelen (vector en tensor analyserende vermogens) van de elastische kanaal zijn geme-
ten en vergeleken met voorlopige resultaten gemeten met eenandere detectiesysteem op
het KVI, de Big Bite Spectrometer, door collega’s van IUCF. De resultaten komen in het
algemeen goed met elkaar overeen. De beschikbare berekeningen voor de elastische ver-
strooiing zijn gebaseerd op een eerste orde benadering en geven geen goede beschrijving
van de meetresultaten. Een volledige berekening voor dit kanaal is nodig om een conclu-
sie te kunnen trekken over dedrie-deeltjeskrachteffecten in deuteron-deuteron elastische
verstrooiing. Verder onderzoek is nog gaande.

Naast de elastische kanaal, hebben we ook dedrie-deeltjes break-upkanaal bestu-
deerd, waarbij́eén van de deuteronen wordt opgesplitst in een proton en neutron wat
resulteert in een proton, neutron en deuteron in de eindtoestand. Dit is de eerste keer
dat deze break-up reactie in deuteron-deuteron verstrooiing bij middelgrote energiëen is
gemeten in een achtergrond vrije experiment. Deze reactie is extreem rijk in fasenruimte
en heeft naar verwachting een hoge gevoeligheid voordrie-deeltjeskrachteffecten. We
hebben de differentiële werkzame doorsnedes, vector en tensor analyserende vermogens
gemeten bij een groot aantal kinematische configuraties. Dedifferential werkzame door-
snedes zijn vergeleken met een faseruimte verdelingen. Deze vergelijkingen laten zien dat
er grote variaties zijn in de verstrooiingsamplitude wat inhoud dat deze break-up reactie
rijk is aan dynamische processen. Verder onderzoek naar de invloed van de energieaf-
hankelijkheid van het neutron op de werkzame doorsnede geeft een interessant resultaat.
We hebben geconstateerd dat de werkzame doorsnede maximaalis als de energie van het
neutron zeer klein is. Dit gebied correspondeert met de zogenaamde quasi-vrije elasti-
sche deuteron-proton verstrooiingsprocess met het neutron als een spectator deeltje. De
bijbehorende resultaten voor de werkzame doorsnedes en polarisatie observabelen hebben
we vergeleken met de state-of-the-art berekeningen en bestaande data voor de elastische
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deuteron-proton verstrooiingsproces en zijn weergegevenin afbeelding1. Voor de meeste
observabelen vinden we een goede overeenkomst wat het quasi-vrije beeld ondersteunt.
Echter vooréén van de polarisatie observabelen,T20, vinden we een geringe afwijking.
Dit kan betekenen dat het neutron toch een kleine rol blijft spelen, zelfs bij lage energieën.

Figuur 1: Een overzicht van enkele gemeten spinresultaten van de quasi-vrije elastische
deuteron-proton verstrooiingsprocess in deuteron-deuteron verstrooiing (punten aangege-
ven als zwarte vierkanten). De datapunten worden vergeleken met meetgegevens van de
elastische deuteron-proton verstrooiingsprocess (cirkels) die ook binnen de huidige expe-
riment gemeten was en de resultaten van theoretische berekeningen (banden). De donkere
banden corresponderen met een volledige berekening gebaseerd op een som van nucleon-
nucleon krachten en de licht grijze banden komen overeen meteen zelfde berekening
maar waarbij bovendien een drie-deeltjeskracht werd toegevoegd.

De uitgevoerde verstrooiingsexperimenten met BINA en de BBS besproken in dit
proefschrift leveren een uitgebreide database voor een systematische studie naardrie-
deeltjeskrachteffecten. In het bijzonder kunnen de beschikbare en unieke resultaten voor
de deuteron-deuteron verstrooiingskanalen bij middelgrote energiëen worden gebruikt om
de komende theoretische modellen voor de vier-nucleonen systemen te verscherpen.



Publications

1. A. Ramazani-Moghaddam-Araniet al., Phys. Rev. C78, 014006 (2008).

2. A. Ramazani-Moghaddam-Araniet al., Few-body Systems44, 27 (2008).

3. A. Ramazani-Moghaddam-Araniet al., Mod. Phys. Lett. A24 , 835 (2009).

4. H. Mardanpour, H. R. Amir-Ahmadi, R. Benard, A. Biegun, M. Eslami-Kalantari,
N. Kalantar-Nayestanaki, M. Kis, St. Kistryn, A. Kozela, H.Kuboki, Y. Maeda,
M. Mahjour-Shafiei, J. G. Messchendorp, K. Miki, S. Noji, A. Ramazani, H. Sakai,
M. Sasano, K. Sekiguchi, E. Stephan, R. worst, Y. Takahashi, and K. Yako, Nucl.
Phys. A790, 426c (2007).

5. H. Mardanpour, H. R. Amir-Ahmadi, R. Benard, A. Biegun, M. Eslami-Kalantari,
N. Kalantar-Nayestanaki, M. Kis, St. Kistryn, A. Kozela, H.Kuboki, Y. Maeda,
M. Mahjour-Shafiei, J. G. Messchendorp, K. Miki, S. Noji, A. Ramazani-Moghaddam-
Arani, H. Sakai, M. Sasano, K. Sekiguchi, E. Stephan, R. Sworst, Y. Takahashi, and
K. Yako, Few-body Systems44, 49 (2008).

6. L. Joulaeizadeh, J. Bacelar, M. Esalmi-Kalantari, I. Gašparíc, N. Kalantar-Nayestanaki,
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