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Chapter 1

Introduction

1.1 Basics of Nucleonic Interactions

At the beginning of the 20th century, experiments were performed by Geiger and Marsden
[Gei09] to scatterα particles from gold and other foils, in which the back-scattering of some
α particles was observed. The interpretation of these back-scattered particles by Rutherford
[Rut11] lead to the discovery that, contrary to the belief at that time, atoms consist of a nucleus
containing the positive charge, surrounded by an electron cloud. The lightest element, hydrogen,
would contain only one positive charge, leading to the discovery of the proton. Later, in 1931,
deuterium was discovered by Ureyet al. [Ure32] and in 1932 the neutron by Chadwick [Cha32].
During this time, one of the most fundamental questions up to date was raised, namely, what is
the interaction between the nucleons and what is the nature of the nuclear force?

In the years following these discoveries, measurements of nucleon-nucleon and nucleon-
deuteron scattering revealed the basic properties of the nuclear force. It has a finite range of a
few femtometers (fm). It contains, within this range, an attractive long-range interaction with
a repulsive short-range core. An indication for the repulsive short-range core was the fact that
the observed nuclei were extended objects, some even larger than the range of the nuclear force
itself. From the fact that the singlet state of the deuteron is unbound and that the magnitude of
the cross section of neutron-proton scattering can be explained only if the absolute value of the
scattering length for singlet scattering is much larger than for triplet scattering, it was concluded
that the nuclear force is spin-dependent. This spin-dependence was also concluded from the
observed angular properties. Furthermore, since the ground state of the deuteron is not a pure
S-wave state but contains contributions from the3D1 state (where the notation is2S+1LJ ), it was
concluded that the nuclear force also contains a non-central part, the so-called tensor force. In
addition, the cross sections for neutron-proton and proton-proton scattering have almost the same
size and the scattering lengths of proton-proton and neutron-neutron scattering are of the same
magnitude. This shows, that the nuclear force is almost charge independent.

Until 1935 it was still believed, that the neutron consisted of a deeply bound proton-electron
system, that a nucleus with chargeZ containedA protons andA − Z electrons, and that both
were held together by electromagnetic forces. The interpretation of the neutron as a proton-
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2 Chapter 1. Introduction

electron system also seemed to be an explanation of the observedβ decay, which apparently
violated momentum and energy conservation. However, this explanation was not in agreement
with quantum mechanics.

In 1935, Yukawa put forward a theoretical model to explain the nucleon-nucleon interaction
on the basis of particle exchange, similar to the electromagnetic force which is mediated by the
exchange of photons. To account for the finite range of the nuclear force, the exchange particles
had to be massive. Considering a range of∼ 2 fm and using the relations for the Compton
wavelengthλ∗ of a particle with massm,

λ∗ =
~

mc
~c ' 197 MeV fm

(1.1)

the mass of the exchange particle had to bem ≈ 100 MeV. In 1947, Powellet al. [Occ47,Lat47]
discovered theπ meson with the mass of 135 MeV.

1.2 Two-Nucleon Systems

One of the basic properties of two-nucleon potentials based on meson-exchange, found by Take-
taniet al. [Tak51], was that it could be divided into three parts, as shown schematically in figure
1.1. A long-range part at a distance of the two nucleons of about 2 fm, a middle-range part
between 0.7 and 2 fm and a short-range repulsive part for a separation of the nucleons below
. 0.7 fm. According to the Compton wavelength of a particle, given by equation (1.1), the three
parts would correspond to different energetic parts of the potential. The long-range part would be
governed by the exchange of the lightest meson, theπ-meson. The middle-range part would be
governed by two-pion exchange (TPE) and heavier mesons, e.g., theρmeson, whereas the short-
range part is governed by the exchange of heavy mesons, e.g., theω meson, and multiple meson
exchange. It was found with dispersion theory, that the exchange of multiple mesons is governed
for a large part by correlated multiple-meson exchange [Mac89]. The one-pion exchange poten-
tial (OPE) was theoretically understood [Czi59, Sig60, Sto93a] about 1960. The pion-nucleon
coupling constant was unknown and could not be predicted from theory. However, using phase-
shift analysis, the pion-nucleon coupling constant could be extracted from experimental data.

Between 1970 and 1990, several potentials based on meson theory were developed, to de-
scribe two-nucleon systems. These were the Paris [Cot73, Lac75, Lac80], BonnB [Mac87],
Nijmegen-78 [Nag78] and Argonne-V14 (AV14) [Wir84] potentials. Since the coupling con-
stants of the mesons cannot be calculated by theory, they were left as free parameters, except for
the pion-nucleon coupling constant, and the potentials were fitted to an existing nucleon-nucleon
scattering database. The general quality of these fits was given byχ2 & 2, and the description of
part of the observables still showed some deficiencies. Around 1990, the Nijmegen group devel-
oped their energy-dependent phase-shift [Ber88, Ber90] and multi-energy partial-wave analysis
PWA [Sto93b, Tim94]. The difference to former phase-shift analyses was, that their phase-shift
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Figure 1.1: Division of the nucleon-nucleon potential into different parts in the meson-exchange
picture. The long-range part is governed by one-pion-exchange, the middle-range part with
1 . R . 2 fm by two-pion exchange, the short-range part by the exchange of heavy mesons.

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 [Sto93a].
Based on this partial-wave analysis, a number of so-called high-quality potentials were devel-
oped, the Nijmegen-I, Nijmegen-II and Reid93 [Sto94]. 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 the pion-nucleon coupling constant. The quality of the
fits of these potentials is given byχ2 ≈ 1 and it is possible to calculate rather precisely nucleon-
nucleon scattering observables up to energies of≈ 500 MeV [nno]. Also in the Bonn potential,
which was built on a meson-exchange principle, the parameterisation in each partial wave was
utilised and its successor, CD-Bonn [Mac96], is also fitted to the NN scattering database with
χ2 ≈ 1.

The high-quality potentials mentioned here were all constructed with the purpose of calcu-
lating two-nucleon scattering observables. Another potential, the Argonne-V18 (AV18) [Wir95],
the successor of the afore-mentioned AV14, was constructed as an input for quantum Monte-
Carlo calculations of nuclear matter, and is built along the same lines as the other potentials. 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
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agree with each other, but the potentials show different off-shell effects. However, these cannot
be measured experimentally. Since the coupling constants are fitted in each partial wave, their
physical content is meaningless [Sto94] and apart from the OPE, the potentials are based for
large parts on phenomenology.

As is well known today, the proton, neutron and pion are themselves extended objects and
consist again of smaller particles, the so-called quarks. Six different quarks exist, which are
distinguished by their flavour, withup anddownquarks giving the dominant contribution to the
hadrons dealt with in this work. The interaction between the quarks is due to the electromagnetic
and, more importantly, to the strong interaction, where the latter one is described within the
theoretical framework of quantum chromodynamics (QCD). Within the framework of QCD, the
charges of the strong interaction on the level of quarks are given by colours. According to QCD
and experimental observations, at the energies used in this work, quarks are confined to hadronic
systems which are colour-neutral. Therefore, quarks themselves and the interaction between
them as such do not play an important role in this work. However, the residual strong interaction
between the nucleons is due to the strong interaction between the quarks.

QCD is a so-called asymptotically-free theory, i.e., the strong coupling constantαs ap-
proaches zero at high incident-beam energies and increases with1/ ln(energy/Λ), whereΛ is
a normalisation constant to obtain a dimensionless energy, when the available reaction energy
is decreased. This is in contrast to some other fields in physics, e.g., the electromagnetic inter-
action. Since the electromagnetic coupling constantαem ≈ 1/137 is small at low energies and
increases only when going to very high reaction energies, electromagnetic interactions can be
calculated using perturbation theory in terms ofαem. Sinceαem � 1, higher orders, depending
on the purpose and the precision of the calculations, can be neglected. However, this approach
cannot be used in calculations dealing with the strong interaction. Due to the afore-mentioned
behaviour of the strong coupling constant, perturbation theory in terms ofαs is highly non-trivial.

Around 1990, upon a suggestion of Weinberg [Wei90, Wei92], chiral perturbation theory
(χPT) was developed as a tool to describe nucleon-nucleon interaction at low energies [Kol94,
Ord92]. χPT is based on the fact, that the masses of theup anddownquarks, which are a few
MeV, are small when compared to the hadronic mass scale ofΛ ≈ 1 GeV. Therefore, inχPT,
the interaction between nucleons can be calculated in a perturbation ofp/Λ andmπ/Λ, where
p is the external momentum of the specific reaction,mπ is the pion mass andΛ is the hadronic
mass scale. Presently, calculations for nucleon-nucleon interactions within the framework of
χPT exist [Epe98,Epe00] up to kinetic energies of≈ 100 MeV [Glö02].

1.3 Three-Nucleon Forces

All the modern nucleon-nucleon potentials mentioned in section 1.2 are able to give very precise
predictions for two-nucleon scattering observables. The next step in understanding nucleonic
interactions was to apply these two-nucleon potentials to three-nucleon systems, one of the sim-
plest being the proton-deuteron system. Very early in the development of meson theory and
quantum field theory, interactions between three nucleons were predicted [Pri39], the so-called
three-nucleon forces, which do not appear in two-nucleon systems.
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Figure 1.2: Diagram showing the contribution of a three-nucleon force, Urbana-IX, to the
excitation-energy spectrum of light nuclei. One parameter in the three-nucleon force has been
adjusted to match the binding energy of the triton [Pie00].

Three-body forces as such do appear in other systems. A very intuitive example is the interac-
tion between the earth, the moon and a satellite surrounding the earth. Assuming all three objects
as point-like particles, the interaction between them could be calculated as a superposition of the
two-body systems earth-moon, earth-satellite and moon-satellite, and calculated exactly. How-
ever, the moon and the earth are extended objects. Furthermore, the earth is not solid, its surface
consisting for a large part of water. The influence of the moon is well known to cause tidal
waves on the surface of the earth, which changes the gravitational field as seen by the satellite.
Therefore, to calculate the interaction of the system earth-satellite, the influence of the moon
on the earth has to be taken into account. Since the change of the earth gravitational field due
to the tidal waves is very small, the additional three-body force may be treated perturbatively.
Another example, from a quantum system, is the Axilrod-Teller force [Axi70], which leads to
a Van-der-Waals type three-body force between three inert atoms. Depending on the alignment
of the three atoms, the force can be either attractive or repulsive. Knowing that nucleons are
extended objects, also in nuclear physics three-body forces should be expected.

Indeed it turned out that the binding energies predicted by modern two-nucleon potentials
for the triton or4He were too low [Fri93]. When going to heavier nuclei, the under-binding
of the energies increases. These discrepancies can almost be removed for lighter nuclei with
the inclusion of three-nucleon forces. In figure 1.2 [Pie00], the spectra of excitation energies
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calculated with the Green’s-function Monte-Carlo method for several light nuclei are compared
to the measured values. For the two-nucleon interaction, the AV18 potential was used. For the
additional three-nucleon force, the Urbana-IX three-nucleon force, which will be explained in
section 2.2, was used. As can be seen in figure 1.2, the deuteron binding energy is obtained very
precisely from nucleon-nucleon interactions only. However, already in the triton, as was found
in [Fri93], using only the NN interaction is not enough to obtain the correct binding energy, and
an additional three-nucleon force has to be used. The good agreement between the calculated and
the experimental value of the triton binding energy is due to a free parameter in the three-nucleon
force, which is adjusted using the experimental value of the triton binding energy. Therefore,
the first significant nucleus in figure 1.2 is4He, where the inclusion of a three-nucleon force
leads to very good agreement between theory and experiment. For heavier nuclei, the calculated
excitation energies move closer to the observed values, but some discrepancies still remain. With
the use of the Illinois three-nucleon force [Pie01], a successor of the Urbana-IX force which is
still preliminary, these discrepancies almost vanish.

As for the modern nucleon-nucleon potentials, also the modern three-nucleon forces (3NF)
are based for large parts on phenomenology. Furthermore, as can be seen in figure 1.2, the three-
nucleon force is still not completely understood. Before the introduction ofχPT, it was not clear
whether three-nucleon forces would show up as a perturbation to the two-nucleon interaction,
or whether they might even be of the same size. Only withχPT, in which three-nucleon forces
appear naturally as higher-order effects [Epe02b,Epe02c], it became clear that the effect of 3NFs
is much smaller than that of the two-nucleon interaction and effects due toN -nucleon forces,
whereN > 3, become smaller with increasingN [Kol94].

Despite the apparent evidence that three-nucleon forces exist, it should be noted that the
modern theoretical frameworks for two-nucleon systems, which also form the basis for three-
nucleon calculations, are not based on a relativistic framework. Part of the effects observed
in three-nucleon systems and attributed to three-nucleon forces might thus be due to missing
relativistic effects.

Possible, and among the simplest, physical observables to search for effects due to three-
nucleon forces, are the differential cross section and its dependence on the spin of the incoming
particle, given by the analysing power. The smallest system, in which to observe three-nucleon
forces, is the proton-deuteron or neutron-deuteron system. Since it is difficult to obtain a neutron
beam with a well-defined energy, or a polarised neutron beam or neutron target, most experiments
are done with the proton-deuteron system.

In the past, the effects of three-nucleon forces on physical observables were mainly investi-
gated at lower kinetic energies up to≈ 30 MeV. At these energies, discrepancies between mea-
sured data and calculations for the vector analysing powerAy were observed. In figure 1.3, a
comparison between measurements and theoretical calculations for existing data sets of the vec-
tor analysing powerAy of the reaction2H(~p, dp) at some energies is shown [Kie01]. Calculations
using only NN potentials fail to describe the data. But also the inclusion of three-nucleon forces
does not remedy the problem. The discrepancy between these low-energy data and NN+3N cal-
culations is known as theAy puzzle. UsingχPT in first order, the so-called next-to-leading order
(NLO) calculations, solves the puzzle, but returns it at next-to-next-to-leading order (NNLO)
calculations. At higher kinetic energies, up to 200 MeV, only few data points of the vector
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Figure 1.3: Comparison between measurements and calculations for the vector analysing power
Ay at different bombarding energies [Kie01]. Shown are calculations from AV18 for proton-
deuteron (solid line) and neutron-deuteron (dotted line) scattering and from AV18+Urbana-IX
for proton-deuteron (dashed line) scattering. The data points are proton-deuteron scattering
data.

analysing power were measured. Where data are available [Ade72, Igo72,Kur66,Pos61,Wel93],
they usually cover only a limited range of the centre-of-mass angular scattering range. Further-
more, especially the older data [Kur66,Pos61] have rather large uncertainties, which make them
practically unsuitable for the observation of small effects, such as three-nucleon forces. At some
energies, the data measured at different laboratories lead to contradictory results and are not
always compatible with each other.

Recent theoretical research showed [Wit98] that the effects should also show up in the differ-
ential cross section at kinetic energies& 65 MeV/nucleon. As for the analysing power, only few
experimental data sets exist between65 and200 MeV which cover only a limited range of the
centre-of-mass angular region. Almost all existing data sets for the differential cross section are
shown in figure 1.4, along with calculations using NN potentials only, NN+3N calculations and
the separate contribution of the three-nucleon force [Wit98]. At 12 MeV, in this figure, no differ-
ence can be seen between calculations with and without three-nucleon forces. Apart from very
forward angles, the theoretical calculations describe the data very well. At 65 MeV, calculations
with and without 3NF start to deviate in the minimum of the differential cross section around
θcm ' 130◦ and the data are described better by calculations which include 3NFs. At 140 and
200 MeV the deviations between the different calculations increase. Furthermore, at 200 MeV,
the available data sets from different laboratories seem to be in disagreement with each other.

Recently, new high-precision data sets were published [Bie00,Sak00,Sek02], but a systematic
investigation of the differential cross section and the analysing power over a larger energy range
covering a large centre-of-mass angular region was still missing. A schematic overview of the
existing data sets and the measurements done in this work is shown in figure 1.5. There, the
range ofθcm covered by various data sets at different incident-beam energies is shown.
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Figure 1.4: Differential cross section as a function of incident-beam energy [Wit98]. The dotted
and long-dashed curves show the results from NN calculations, the solid curve from NN+3N
calculations. The short-dashed curve shows the contribution of the three-nucleon force.

The purpose of this work is to investigate systematically the effects of three-nucleon forces
on the differential cross section and the analysing power as a function of incident-beam energy.
As the nuclear system, the simplest available system, namely the proton-deuteron system, was
chosen. Both observables were measured at six different incident-beam energies of 108, 120,
135, 150, 170 and 190 MeV. At each bombarding energy, a centre-of-mass angular region of
30◦ ≤ θcm ≤ 170◦ was covered. The accuracy and the completeness of the data set in this
energy range gives the possibility to make distinctions between calculations with and without
the inclusion of three-nucleon forces, and also, between different possible three-nucleon force
models.

Since the onset of three-nucleon force effects in the differential cross section is predicted
around a bombarding energy of≈ 65 MeV/A, this energy region is of interest, too. Also, apart
from the differential cross section and the vector analysing power of elastic proton-deuteron
scattering, further observables should be considered. The simplest experimentally-accessible
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Figure 1.5: Schematic drawing of theθcm versus incident-beam energy range covered by the
measurements done in this work and by other data sets.

observables are then the vector and tensor analysing powers of elastic deuteron-proton scattering.
More advanced observables consist of the spin-transfer and spin-correlation coefficients. To
prepare future experiments at KVI to measure these observables, a feasibility test was performed
in this work, to measure the differential cross section and the vector and tensor analysing powers
of elastic deuteron-proton scattering at a deuteron kinetic energy of 130 MeV.

1.4 Outline of this Thesis

In the following chapter, a brief overview of the theoretical framework used to describe three-
nucleon systems will be given. After a brief description of the application of modern NN-
potentials to three-nucleon systems using the Faddeev equations at the level of Feynman di-
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agrams in section 2.1.2, the Tuscon-Melbourne force and other three-nucleon forces will be
briefly discussed in section 2.2. The theoretical foundation of the measured observables will be
summarised in section 2.3.

In the work done in this thesis, two reactions were measured: the scattering of polarised
protons on deuterons and the scattering of polarised deuterons on protons. For the first mea-
surement, the Big-Bite Spectrometer (BBS) was used in combination with the EuroSuperNova
(ESN) detection system. The measurement of the reactionH(~d, dp) was done using the Small-
Angle Large-Acceptance Detector (SALAD). Both detectors, along with an overview of the other
experimental setups involved in the experiments, will be described in chapter 3.

The analysis of the data measured in this work will be described in chapter 4. This chapter
contains details of the analysis of data taken with the KVI In-Beam Polarimeter (IBP) to measure
the polarisation in section 4.1, details of the analysis of the data taken with the ESN detection
system in section 4.2 and a description of the analysis of the data taken with SALAD in section
4.3.

In chapter 5, the results of both experiments, the measurement of the differential cross section
and the analysing power of the reaction2H(~p, dp) and of the reactionH(~d, dp), will be discussed
and a comparison with the results of modern theoretical calculations with and without three-
nucleon forces will be presented. Some details along with data tables will be presented in various
appendices.

1.4.1 Comments on the Notation of the Reactions

One of the experiments performed in this work was the elastic scattering of protons from deuterons.
In the detector used for this experiment, alternately the outgoing proton or the outgoing deuteron
was detected, sometimes in coincidence with the corresponding particle. The notation in nuclear
physics for such a reaction, where the outgoing proton is detected, is2H(p, p)2H, whereas the
notation for the same reaction, where the deuteron is detected, is2H(p, d)H. For the sake of sim-
plification, this reaction will be denoted throughout this thesis by2H(p, pd), which is actually
the notation for a coincidence experiment. It should therefore be clear, that in the framework
of this thesis, the notation2H(p, pd) does not necessarily imply that the outgoing particles were
measured in coincidence, but is just an abbreviation. Where the difference between coincidence
detection and singles detection is important, this will be mentioned.

The same remarks hold for the experiments done in this work, where deuterons were scat-
tered elastically from protons. Also in this case, sometimes the outgoing protons were detected,
sometimes the outgoing deuterons and sometimes both outgoing particles in coincidence. To
avoid mentioning each of the possible reactions H(d, d)H, H(d, p)2H and H(d, pd) separately,
the three possible reaction channels will be abbreviated by the notation H(d, pd).



Chapter 2

Theoretical Background

In this chapter, the theory of three-nucleon systems will be discussed. The theoretical framework,
which has to be employed when dealing with three-nucleon systems using modern mathematical
tools, is rather complex, and a comprehensive discussion of the subject is far beyond the scope of
this thesis. Therefore, a qualitative overview of the theory at the level of diagrams will be given,
with some details when necessary. A detailed review about modern three-nucleon calculations is
given in [Glö96,Gl̈o83].

In the first section of this chapter, a brief derivation of the Lippmann-Schwinger equation for
the general use in scattering formalism will be given. This short derivation follows mainly the
lines of [Gel53, Gl̈o83]. In section 2.1.2, the Faddeev-formalism, used to apply NN-potentials
to three-nucleon (3N) systems, will be described on the level of Feynman diagrams, followed
by an application of the Lippmann-Schwinger equation to three-nucleon systems. This brief
overview follows the lines of reference [Glö96]. In section 2.2, an overview of existing three-
nucleon forces (3NF) will be given. The Tucson-Melbourne force (TM), the original TM and
the modern form TM′, will be discussed in more detail. Finally, the physical observables which
were measured in the experiments described in this work will be discussed in section 2.3.

2.1 Modern Three-Nucleon Calculations

2.1.1 The Lippmann-Schwinger Equation

An approach used extensively in non-relativistic scattering theory is the Lippmann-Schwinger
equation. In the calculations of three-nucleon systems, this approach leads to an integral equa-
tion which has several possible solutions and is therefore not suited for this problem. However,
with the use of Faddeev equations, which will be derived heuristically in section 2.1.2, the am-
biguity of multiple solutions can be resolved. In the present treatment of three-nucleon systems,
the Lippmann-Schwinger equation is then written as a triad of Faddeev-equations which have a
unique solution. In this subsection, a brief derivation of the Lippmann-Schwinger equation will
be given.

11
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A system with an interaction is governed by the Schrödinger equation

i
∂

∂t
Ψ(t) = (H0 + V )Ψ(t) (2.1)

whereΨ(t) is the wave function of the system,H0 is the Hamiltonian of the undisturbed system
andV is the interaction. Solutions of the undisturbed system withV = 0 for an eigentstatei
with amplitudeφi and energyEi are given by

Φi(t) = φie
−iEit

i
∂

∂t
Φi(t) = H0Φi(t)

〈φi|φi〉 = 1

(2.2)

In the form given here for the statesΦi(t) andΨ(t), the choice for the representation in coordinate
or momentum space is still left open. The scattering potentialV transfers the initial stateΦj to the
final stateΦf via the intermediary scattering stateΨj(t). The question is, how can the stationary
scattering stateΨj(t) be projected onto the initial and final statesΦj andΦf? To answer this
question,Ψj(t) is taken initially at a timet = T , T < 0. At this initial time,

Ψj(t) = e−iH(t−T )Φj(T ) (2.3)

with T → −∞ andH ≡ H0 + V . Mathematically, it can be shown that

lim
t→−∞

f(t) = lim
ε→0

ε

∫ 0

−∞
dteεtf(t). (2.4)

Using this, one obtains the integral

Ψj(t) = lim
ε→0

ε

∫ 0

−∞
dTeεT e−iH(t−T )Φj(T ) (2.5)

which results in

Ψj(t) = e−iHt
iε

Ej −H + iε
φj. (2.6)

In equation (2.6), the full Green’s operator for the scattering system withΨj(t) describing an
outgoing wave has been derived,

G ≡ iε

Ej −H + iε
. (2.7)

The Green’s operator for the undisturbed system is given by

G0 ≡
iε

Ej −H0 + iε
(2.8)
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Inserting the algebraic manipulation of the full Green’s operator,

iε

Ej −H + iε
= iε

Ej −H0 + V − V + iε

Ej −H0 + iε

1

Ej −H + iε

=
iε

Ej −H0 + iε
+ iε

1

Ej −H0 + iε
V

1

Ej −H + iε

(2.9)

in equation (2.6), the Lippmann-Schwinger equation for the perturbed system is obtained,

Ψj = φj +
1

Ej −H0 + iε
VΨj

= φj +G0VΨj.

(2.10)

For perturbative calculations, equation (2.10) can be expanded as

Ψj ≈ φj +G0V φj +G0V G0V φj + . . . (2.11)

which would be pictorially, for the case of two-nucleon scattering, given by

= +...+U
(2.12)

with the transition operatorU given by

〈φf |U |φj〉 ≡ 〈φf |V |Ψj〉 . (2.13)

As can be seen from equations (2.11) and (2.12), the Green’s operatorG0 corresponds to the
nucleon propagator.

2.1.2 The Faddeev Equations

When scattering a nucleon with a deuteron, four possible outgoing channels exist,

|1〉+ |23〉 →


|1〉+ |23〉 1
|2〉+ |13〉 2
|3〉+ |12〉 3
|1〉+ |2〉+ |3〉 4

(2.14)

Channels1 corresponds to elastic scattering, while channels 2 and 3 represent rearrangement
channels. Channel 4 is the break-up channel. In complete calculations of three-nucleon systems,
all four channels have to be included. To calculate exactly systems consisting of three nucleons,
the Faddeev equations are employed in modern calculations. A brief derivation of these equations
will be given in the next subsection. The actual calculation of three-nucleon systems in a non-
relativistic framework uses Faddeev equations in a form as derived from the triad of Lippmann-
Schwinger equations. The application of the Lippmann-Schwinger equations, as derived in the
previous section, will be discussed at the end of this section.

The interaction of one nucleon with a two-nucleon system can be described by an infinite
Born or Neumann series. In atomic or molecular physics, where the interaction is due to elec-
tromagnetic forces, these series can be calculated in a perturbation with the coupling constant as
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the perturbation parameter, with higher-order terms being negligible. In nuclear physics, how-
ever, the coupling constant is an effective manifestation of the strong interaction and extension
to higher orders is non-trivial. Therefore, it is a priori not possible to calculate the Born or Neu-
mann series for nucleonic systems using perturbation theory. The Faddeev equations form an
alternative way to rewrite the series and split it into three equations, each of which is finite for
a specific pair-interaction in the outgoing channel. The individual Faddeev equations have no
physical content on their own, but they can be solved exactly. Also, solving one equation solves
the other two equations as well. In the following, a brief pictorial derivation of the Faddeev
equations will be given.

The Born or Neumann series for a three-nucleon system, with an initial stateφ1, in which
particle1 is free and particles2 and3 form a bound two-nucleon system, can be represented by

U0

(1) =

3

+

+ +

+ ...

3

2

11

2

1

2

3

1

2

3 3

2

1

3

2

1 1

2

3

1

2

3 3

2

1

3

2

1

(2.15)

U
(1)
0 is the scattering operator for this initial state. In terms of a Born series, equation (2.15)

would be written as

U
(1)
0 φ1 = (V3 + V2 + V1G0V3 + . . .)φ1 (2.16)

whereV3 corresponds to the pair-interaction between particles1 and2 andG0 is the three-particle
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propagator. Equation (2.15) can be rearranged

{
{ {

{ {

{

+ ...

+ ...

+ ...

3 3

2 =

1

2

1

+ +

+ +

++

U0
(1)

(2.17)

In the three groups in equation (2.17), the final pair interaction for each diagram in one group
occurs always between the same two particles. The series of diagrams in the first pair of brackets
is described by the operatorU (1,3)

0 , where the second index3 denotes that particle3 does not take
part in the final pair interaction,

+ ...

3 3

2 2

1 1

=

+ +

U0
(1,3)

(2.18)

Correspondingly, the second bracket in equation (2.17) is denoted by the operatorU
(1,1)
0 and the

third bracket byU (1,2)
0 . The Born series in equations (2.15) and (2.17) can then be written as

U
(1)
0 φ1 = (U

(1,3)
0 + U

(1,1)
0 + U

(1,2)
0 )φ1. (2.19)
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The infinite series depicted in equation (2.18) can be rewritten as

3

2

11

2

3

=

U0

(1,1)
U0

(1,2)

U0

(1,3)

U0

(1,3)

++

+

(2.20)

or, equivalently

U
(1,3)
0 φ1 = V3φ1 + V3G0

(
U

(1,1)
0 + U

(1,2)
0 + U

(1,3)
0

)
φ1. (2.21)

Similar equations apply toU (1,1)
0 andU (1,2)

0 . The final set of Faddeev equations is obtained, by
solving equation (2.20) or (2.21) forU (1,3)

0 ,

(1− V3G0)U
(1,3)
0 φ1 = V3φ1 + V3G0(U

(1,1)
0 + U

(1,2)
0 )φ1. (2.22)

The same has to be done for the operatorsU
(1,1)
0 andU (1,2)

0 . Analytically, the Faddeev equations
then read as

U
(1,3)
0 φ1 = t3φ1 + t3G0(U

(1,1)
0 + U

(1,2)
0 )φ1

U
(1,1)
0 φ1 = t1G0(U

(1,3)
0 + U

(1,2)
0 )φ1

U
(1,2)
0 φ1 = t2φ1 + t2G0(U

(1,3)
0 + U

(1,1)
0 )φ1

(2.23)

with

t3 ≡ (1− V3G0)−1V3

and similar equations fort1 andt2.
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The theory discussed so far is general and applies to elastic scattering as well as to the breakup
of the deuteron. However, for the work done in this thesis, only the elastic scattering operator is
needed. The equation for elastic scattering, which corresponds to equation (2.15), is then

++

3

2

1 1

2

3

=

+ ...

U
(1)

(2.24)

In equation (2.24), no processes occur where the final pair interaction to the left takes place
between the bound particles2 and3. Thus, an interaction like

(2.25)

is not a part of equation (2.24). To obtain the complete operator for elastic scattering, all possible
initial states have to be taken into account. Therefore, and to obey the Pauli-principle, equation
(2.24) has to be antisymmetrised,

3

2

11

2

3

=

++ U
(3)

U
(2)

U
(1)U

(2.26)

2.1.3 The Lippmann-Schwinger Approach to Three-Nucleon Systems

The heuristic approach used so far is an intuitive way to obtain a set of three coupled Faddeev
equations. However, for the actual calculations, it is mathematically more exact to start with the
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Lippmann-Schwinger equation derived in section 2.1.1. Within this framework, a Lippmann-
Schwinger triad can be obtained for the three-nucleon system,

Ψ1 = δi1Φ1 +GiV
iΨ1 (2.27)

wherei = 1, 2, 3. Φ1 is a specific initial state (particle1 free and particles2 and3 bound).Gi is
the Green’s operator for the pair interaction between particlesj andk,

Gi =
1

E −Hi + iε
(2.28)

with

Hi = H0 + Vi. (2.29)

The interactionVi is the pair-interaction between particlesj andk, without particlei. The re-
maining pair interactions of particlesj andk with particlei are given by

V i = Vji + Vik. (2.30)

As can be seen from equations (2.28) - (2.30), the three-nucleon interaction is written in this ap-
proach as a sum of two pair-interactions, in which the third particle takes part only as a spectator.
The Lippmann-Schwinger triad given in equation (2.27) consists of a system of three differential
equations, two homogeneous and one inhomogeneous, which defines a unique solution forΨ1.

The amplitude for a transition from the scattering stateΨ1 to the stateΦi, where particlei is
free, is given by

Ai1 = 〈Φi|V i |Ψ1〉 , (2.31)

leading to the transition operator

Ui1 |Φ1〉 = V i |Ψ1〉 . (2.32)

Applying this transition operator to equation (2.27) leads again to a set of three Faddeev equa-
tions. Equation (2.27) and the resulting Faddeev equations apply to one specific starting condi-
tion, namely, particle1 being free and particles2 and3 bound. For the full scattering operator,
an anti-symmetric initial state containing all possible configurations has to be used,

Φ = Φ1 + Φ2 + Φ3. (2.33)

Further, the stationary scattering stateΨ has to be anti-symmetrised in the same way. Using the
anti-symmetrised states, the transition operatorU for elastic scattering is obtained as

UΦ = G−1
0 PΦ + PtG0UΦ, (2.34)

whereP is the permutation operator stemming from the antisymmetrisation. The operatort is
defined by

ViGi ≡ tiG0. (2.35)
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The transition operatorU , which corresponds to theT -matrix is used, e.g., for the calculation of
the differential cross section,

dσ

dΩ
∝ |〈φ′|U |φ〉|2 . (2.36)

To include a three-nucleon force into the calculations, it is added to the Hamiltonian in equation
(2.29),

H4 = H0 + Vi + V4, (2.37)

whereV4 gives the three-nucleon force. One way to proceed, is, to separate the three-nucleon
forceV4 from the two-particle interactionsVi using the algebraic manipulation of equation (2.9).
In this way, the Green operatorG4 is obtained

G4 ≡ lim
ε→0

1

E + iε−H0 − V4

. (2.38)

The Lippmann-Schwinger triad from equation (2.27) is then expanded by a fourth equation

Ψ1 = G4(V1 + V2 + V3)Ψ1. (2.39)

This assumes, that

lim
ε→0

iεG4φ1 = 0, (2.40)

i.e., the initial state is not affected by the three-nucleon force. Further algebra leads then to the
extended operatorU for elastic scattering,

UΦ = G−1
0 PΦ + PtG0UΦ + t4G0UΦ, (2.41)

wheret4 is given by

t4 ≡ V4 + V4G0t4. (2.42)

2.2 Overview of Three-Nucleon Forces

In this section, the theoretical framework of three-nucleon forces (3NF) will be discussed. The
construction of three-nucleon forces is very difficult and a theoretical challenge. Therefore, this
section will only give a brief overview on existing 3NFs. First, a few general remarks about
3NFs will be given. In subsection 2.2.1, the Tucson-Melbourne force will be described in some
more detail. In subsection 2.2.2, other existing approaches to calculate 3NFs will be mentioned.

Already before the existence of two-nucleon potentials which could make reliable predictions
for physical observables, it was clear that three-nucleon forces should exist [Pri39]. Three-
nucleon forces as such are defined as interactions, in which three nucleons are present and are
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1 2 3

Figure 2.1: Diagrams showing typical three-nucleon forces used in modern calculations.

Figure 2.2: Non-separable two-pion exchange three-nucleon force.

interacting with each other in a non-separable and irreducable way, as is shown in the diagrams
in figure 2.1. On the left side of figure 2.1, a general three-nucleon force is shown, where a one-
pion exchange takes place between nucleon1 and3 with intermediate rescattering of the pion
from nucleon2. The possible physical processes which contribute to this rescattering process
have been contracted to a point-like interaction. On the right side of figure 2.1, one of the
possible contributions is shown, which is the interaction of three nucleons by successive one-pion
exchanges, with one of the nucleons forming an intermediate∆-state. This diagram is the Fujita-
Miyazawa force [Fuj57], which is one of the earliest attempts to calculate three-nucleon forces.
It is obvious, that an intermediate excitation to a low excited state should play an important role
in the three-nucleon force. From a simple picture using meson exchange, it is not clear to which
extent three-nucleon forces should be present in few-nucleon systems. However, from chiral-
perturbation theory it is known now, that three-nucleon forces are of much smaller magnitude
than the two-nucleon interaction.

The diagram showing the Fuijta-Miyazawa force in figure 2.1 does not contain all possi-
ble contributions to the three-nucleon force, according to the available energy. For instance,
pion-exchanges like the one shown in figure 2.2 should be taken into account, which shows a
non-separable two-pion exchange between three nucleons. Higher orders, like the exchange of
mesons with larger masses, should also be included either explicitly or accounted for by point-
like vertices as shown on the left of figure 2.1. The first approach, to build a three-nucleon force
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according to these conditions, taking constraints such as chiral symmetry into account, was done
by Coonet al. [Coo79] in the so-called Tucson-Melbourne three-nucleon force.

2.2.1 The Tucson-Melbourne Force

The Tucson-Melbourne (TM) force [Coo79] was one of the first serious attempts, to build a
complete three-nucleon force with the inclusion of short- and long-range parts of the interaction
based on two-pion exchange. The original approach was based on current-algebra using partially-
conserved axial currents. The TM force consists basically of a sum of the Fuijta-Miyazawa force
and higher order interactions, according to the pionic mass. In terms of diagrams, it is given by

+=

.
(2.43)

The long-range part in (2.43) consists of the two-pion exchange (2PE) amplitude between the
three nucleons. Short range interactions are considered in point-like vertices.

The explicit three-nucleon force is given by [Coo00]

〈p′1p′2p′3|Wππ(3) |p1p2p3〉 =

(2π)3 (σ1 · q)(σ2 · q′)
(q2 + µ2)(q′2 + µ2)︸ ︷︷ ︸

pion-propagators

g2

4m2︸︷︷︸
coupling constant

F 2
πNN(q2)F 2

πNN(q′
2
)︸ ︷︷ ︸

πNN−form-factors

×

{
(τ1 · τ2)

[
a+ bq · q′ + c(q2 + q′

2
)
]

+ (iτ3 · τ1 × τ2)d(iσ3 · q× q′)
}
.

(2.44)

In equation (2.44),µ is the pionic mass,q = p2−p′2 andq′ = p3−p′3 andpi,p
′
i, i = 1, 2, 3, are

the incoming and outgoing momenta of the nucleons.σi, τi are the spin and isospin operators,
respectively.

As can be seen in equation (2.44), the Tucson-Melbourne force is parameterised by coeffi-
cientsa, b, c, andd. The parametera contributes to the explicit2π-exchange amplitude. The
parameterb contributes mainly to the∆-excitation, thec-parameter contains an explicit2π-
exchange amplitude and further interactions. The parameterd consists of a sum of a contribution
to the∆-excitation, an electromagnetic form factor and a third term describing a nucleon pole
term.

Explicit calculations forπ − ρ and2ρ exchanges also exist [Coo93,Coo95]. However, these
are not yet implemented in full three-nucleon calculations [Wit01] as discussed in section 2.1.1.

Recently, the Tucson-Melbourne three-nucleon force, as given in equations (2.43) and (2.44),
was derived in the framework of chiral perturbation theory from a chirally symmetric Lagrangian
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[Fri99]. However, in the form of the Tucson-Melbourne force derived from this Lagrangian, the
c-term in equation (2.44) was missing. Thorough investigation [Fri99, Coo00] showed, that this
term should indeed not have been present in the TM force in the first place. The investigation
given in [Coo00] is briefly reviewed here:

The multiplicative factor of thec-term can be rewritten as

q2 + q′2

(q2 + µ2)(q′2 + µ2)

=
q2

(q2 + µ2)

1

(q′2 + µ2)
+ q↔ q′

=
q2 + µ2 − µ2

(q2 + µ2)

1

(q′2 + µ2)
+ q↔ q′

=

{
1− µ2

(q2 + µ2)

}
1

(q′2 + µ2)
+ q↔ q′

(2.45)

The second term in the last line of equation (2.45) has the same operator-structure as the mul-
tiplicand of the a-term and corresponds to a2π-exchange which should be absorbed in the a-
coefficient. The first term, without a form factor, corresponds to a Dirac-delta function and
is, therefore, a short-range term. This short-range term does not appear in the three-nucleon
force derived from a chirally symmetric Lagrangian [Fri99]. Its presence in the ‘old’ Tucson-
Melbourne force is due to missing constraints in the original current-algebra approach [Coo79,
Coo00]. The term is, therefore, unphysical and should be dropped. Thus, by redefining the
a-term,

a→ a− 2µ2c (2.46)

a ‘new’ Tucson-Melbourne force is defined, which is denoted TM′ in the literature and also in
this thesis.

2.2.2 Other Three-Nucleon Forces

Apart from the Tucson-Melbourne force, discussed in the last subsection, other three-nucleon
forces exist. Parts of these three-nucleon forces have been developed to inspect specific prop-
erties of three-nucleon systems. An example for this type are calculations by Saueret al.
[Nem98, Haj83, Del02], which combine modern nucleon-nucleon potentials, e.g., CD-Bonn or
Nijmegen-II, with an explicit∆ excitation of one of the nucleons. In figure 2.3, a non-separable
2π-exchange between two-nucleons with an explicit∆-excitation is shown. This type of dia-
gram is employed in a coupled-channel approach together with a two-nucleon interaction with
two-pion exchange only. In these calculations, the third nucleon is included as a spectator using
Alt-Grassberger-Sandhas equations [Alt67], which are an alternative formulation of the Faddeev
equations. These calculations incorporate furthermoreπ-ρ and ρ-ρ exchanges, but no short-
ranges interactions.
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Figure 2.3: Non-separable2π-exchange between two-nucleons with an explicit∆-excitation, as
it is used, e.g., in calculations by Sauer et al. [Nem98,Haj83].

Figure 2.4: Three-nucleon force terms which appear for the first time in Next-to-Next-to-Leading
Order (NNLO) in chiral perturbation theory (χPT).

Another example is a phenomenological three-nucleon force by Kievskyet al.[Kie99], which
deals with the spin-orbit coupling of three-nucleon systems.

Other three-nucleon forces were developed to be incorporated in specific two-nucleon poten-
tials. An example for this type is the Urbana-IX three-nucleon force [Pud95, Car83], which has
been developed together with the Argonne V18 two-nucleon potential AV18 and is based on a
phenomenological2π exchange with an intermediate∆ excitation. As was already remarked in
the introduction, the AV18 potential was constructed for use in many-body calculations. Both,
the AV18 potential and the Urbana-IX three-nucleon force are used as input for quantum Monte-
Carlo computations of heavier nuclei [Pud97].

A new approach for the calculation of three-nucleon systems is chiral perturbation the-
ory [Wei90, Wei92]. In this framework, no specific three-nucleon forces have to be developed.
Rather, three-nucleon forces are naturally produced in higher-order terms along with the nucleon-
nucleon interaction. For the first time, three-nucleon terms appear at Next-to-Next-to Leading
Order (NNLO) inχPT. The three-nucleon vertices that appear at NNLO are shown in figure 2.4.
In comparison with theadhocapproach of adding two-nucleon potentials and some three-nucleon
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force, chiral-perturbation theory clearly has the advantage of being a sophisticated stand-alone
theory. However, due to the calculation in terms ofp/Λ andµ/Λ, wherep is the corresponding
momentum,µ is the pion mass andΛ the hadronic scale,Λ ≈ 1 GeV,χPT will probably only
work up to energies wherep ≈ µ corresponding toE ≈ 100 MeV. Therefore, it is at present not
clear, whetherχPT will also be useful at the kinetic energies used in this work.

2.3 Derivation of the Observables

In this section, the derivation of the physical observables, used in this thesis to search for three-
nucleon force effects, will be given. These observables are the differential cross section for
elastic scattering, vector analysing powers in the case of the2H(~p, dp) reaction and vector and
tensor analysing powers in the case of theH(~d, dp) reaction. Since this work covers spin-selective
observables as well as spin-averaged ones, it is natural to start the discussion with the spin of the
particles involved in the reactions.

The proton spin can be described by the Pauli-matricesσi, the deuteron spin is usually
described by spin 1 tensor and vector operatorsSjk. The explicit operators are given, e.g.,
in [Ohl72]. An initial superposition of pure spin states is given by

|n〉 =
∑
j

a
(n)
j |λj〉 (2.47)

with

|λ〉 = |mN〉 |md〉 (2.48)

wheremN andmd may take on all allowed spin-eigenvalues for a nucleon-deuteron system. The
matrix elementMfi giving the probability amplitude for the transition from an initial state|ni〉
to a final state|nf〉 with a transition operatorU ,

|nf〉 = U |ni〉 (2.49)

is given by

Mfi = 〈nf |U |ni〉 . (2.50)

The differential cross sectionI is then obtained from

I =
∑
|Mfi|2

= Tr(MM †)
(2.51)

where the sum goes over all the matrix elements ofM .
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For spin observables, however, it is more convenient to use the formalism of density matrices.
Defining the density matrix for the initial state as

ρi =
∑
ni

|ni〉 〈ni|

=
∑
ni

∑
j

|λj〉 a(ni)
j a

(ni)
j

∗
〈λj|

=
∑
j

|λj〉 p(i)
j 〈λj|

(2.52)

and equivalently the density matrix for the final state,

ρf =
∑
j

|λj〉 p(f)
j 〈λj| , (2.53)

the equivalent to equation (2.49) is

ρf = MρiM
†. (2.54)

The differential cross section, depending on the initial spin-state, is then given by

I = Tr(ρf )

= Tr(MρiM
†)

(2.55)

whereρi is assumed to be normalised to unity. The density operator of the initial state may be
expanded in terms of the spin operatorsσi andSjk, which also contain the unit matrix,

ρi = 1 +
∑
k

a
(i)
k σ

k +
∑
jk

b
(i)
jkS

jk. (2.56)

The two indicesjk in the second sum should indicate here and in the following, that the sum
goes over vector as well as tensor operators. Therefore, equation (2.55) can also be written as

I = Tr(MM †)

(
1 +

∑
jk

Tr(Mρjki M
†)

Tr(MM †)

)

= I0

(
1 +

∑
jk

PjkAjk

)
.

(2.57)

Equation (2.57) is the general form for the differential cross section.I0 is the differential cross
section for an unpolarised beam, the tensorsPjk give the initial polarisations. The quantities

Ajk =
1

Pjk

Tr(Mρjki M
†)

Tr(MM †)
(2.58)

defined in equation (2.57) are the analysing powers and describe the dependence of the differen-
tial cross section on the spin of the incoming particle. Since the initial spin state will be different
for the two reactions2H(~p, dp) andH(~d, dp), leading to different analysing powers, the formal-
ism for those reactions will be treated separately in the next two subsections.
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2.3.1 Observables for Elastic Proton-Deuteron Scattering

If a polarised proton scatters from an unpolarised deuteron, only vector spin operators have to be
taken into account. In cartesian coordinates, the spin of the protons can be described by the set
of orthogonal statespx, py andpz, wherex, y andz are the coordinates in the laboratory frame of
reference. The analysing power can be written as a vector quantity

A = (Ax, Ay, Az)

where, due do parity conservation,Ax andAz vanish for elastic scattering. The differential cross
section is then

I(θ) = I0(θ)(1 + pyAy). (2.59)

Due to the transformation of the spin quantisation axis, as it is explained in more detail in ap-
pendix A, it is convenient to write the differential cross section using the polarisation in the spin
frame of reference,

I(θ, φ) = I0(θ)(1 + pZAy cosφ). (2.60)

The angleφ is the angle between the direction of the incoming spin and the normal to the scat-
tering plane. A derivation of equation (2.60) is given in appendix A.

2.3.2 Observables for Elastic Deuteron-Proton Scattering

For the elastic scattering of polarised deuterons on unpolarised protons, equation (2.57) contains
vector and tensor analysing powers,

I(Θ) = I0(Θ)[1 +
3

2
pyAy

+
2

3
pxzAxz +

1

3
(pxxAxx + pyyAyy + pzzAzz)]

(2.61)

As for elastic proton-deuteron scattering, other vector and tensor analysing powers vanish due to
parity conservation. The polarisation and analysing power operators satisfy the identities

pxx + pyy + pzz = 0

Axx + Ayy + Azz = 0.
(2.62)

The differential cross section can therefore be expressed with the independent variables

pxx − pyy & pzz

Axx − Ayy & Azz
(2.63)

which gives

I(Θ) = I0(Θ)[1 +
3

2
pyAy

+
2

3
pxzAxz +

1

6
(pxx − pyy)(Axx − Ayy) +

1

2
pzzAzz].

(2.64)
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Also here, it is more convenient, to go to the spin frame of reference. Furthermore, for the exper-
iment done in this work, it is useful to replace the cartesian analysing powersAy, Axz, Axx, Ayy
andAzz by spherical quantitiesiT11, T20, T21 andT22. Then, the spin-dependent differential cross
section is given by

I(θ, φ, β) = I0(θ)[1 + iT11

√
3 pZ sin β cosφ

+
√

3T21 pZZ sinφ cos β sin β

−
√

3

2
T22 pZZ sin2 β cos 2φ

+
1√
8
T20 pZZ

(
3 cos2 β − 1

)
].

(2.65)

In equation (2.65),φ is the angle between the normal component of the direction of the incoming
spin and the scattering plane in the laboratory frame of reference andβ the angle between the
direction of the spin and the beam axis. For experiments at KVI,β = 90◦ and equation (2.65)
simplifies to

I(θ, φ) = I0(θ)[1 +
√

3 pZiT11 cosφ

−
√

3

2
pZZ T22 cos 2φ

− 1√
8
pZZ T20].

(2.66)

From equation (2.66) it can be seen that, at present, it is not possible to measureT21 at KVI.
Further explanations about the transformation from the spin frame of reference to the laboratory
is given in appendix A.
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Chapter 3

Experimental Setups

In this chapter, the experimental setups used for the measurement of the analysing powers and
cross sections of the reactions2H(~p, dp) andH(~d, dp) will be described. A schematic overview
of the experimental setups can be seen in figure 3.1.

First, a short overview will be given about the ion sources. These are explained in more
detail in [Fri96]. Since for both experiments a precise determination of the polarisation degree
of the ions is essential, the KVI In-Beam Polarimeter (IBP) will be described in some more
detail. In section 3.4, the EuroSuperNova (ESN) focal-plane detection system, which has been
used to measure the reaction2H(~p, dp) as a function of beam energy, will be explained. For the
measurement of the cross section and analysing powers of the reactionH(~d, dp), the Small-Angle
Large-Acceptance Detector (SALAD) has been used. This detector will be described in section
3.5.

3.1 The Ion Source

The polarised beams, used for the present experiments, were produced by the KVI atomic-beam-
type Polarised Ion Source (POLIS). In this ion source, the nucleons of hydrogen or deuterium
atoms are aligned by selecting some of the atomic hyperfine sub-states, as is shown in figures
3.2 and 3.3. In the case of hydrogen, molecules leaving the gas bottle are first dissociated into
atoms and cooled down. The atoms leaving the dissociator are in one of the two hyperfine
statesF = 0, 1. Atoms in theF = 1 state with the electron spin up are selected for further
polarisation. This is done by focusing these atoms using two magnetic hexapole fields. Atoms
with the electron in the spin-down state defocus while passing the hexapole fields. The hexapoles
are followed by two radio-frequency transition units, which are used to select a specific proton
spin by inducing a transition between two appropriate hyperfine sub-states. Each unit consists of
a cavity with a static magnetic field delivered by a permanent dipole magnet. In this magnetic
field, the atomic states will split into sub-states with the electron spin in the up state (↑) and the
nucleon spin either up or down. Protons polarised mainly in the up state can then be produced by
inducing a radio-frequency transition from the hyperfine sub-state2 (see figure 3.2) to sub-state
4, leaving the atoms in sub-state1 untouched. The frequency field used for this transition is also

29
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BBS
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Radiobiology

Figure 3.1: Schematic drawing of the experimental facility at KVI, including the ion sources and
the superconducting cyclotron AGOR (anno 2001).
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Figure 3.2: Polarisation scheme of 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 in a radio-frequency transition unit.

denoted as the strong field. Protons with down polarisation are produced by leaving the atoms
in sub-state2 untouched and inducing a radio-frequency transition from sub-state1 to sub-state
3, using a weak transition field. When leaving the two cavities, the atoms enter a dissociator,
where the electrons are stripped off. Using this procedure, polarisation values from−1 to 1 can
be theoretically achieved.

Polarised deuterons are produced in a similar way, as can be seen in figure 3.3. However,
theF = 1/2 andF = 3/2 hyperfine states of the deuterium atom split up in a homogeneous
magnetic field into two and four sub-states, respectively. Therefore, as is shown in figure 3.3,
a third radio-frequency transition has to be used. Specific combinations of the different sub-
states can then be chosen, by applying either one or a combination of the three possible radio-
frequency transitions. To understand the possible polarisation states, the following considerations
are necessary. The polarisation degrees of the deuteron are defined as

pZ = N↑ −N↓

pZZ = N↑ +N↓ − 2N0
(3.1)

whereN (↑↓0) give the population density in a specific polarisation sub-state, with the normalisa-
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Figure 3.3: Polarisation scheme of deuterons using an atomic-beam-type ion source. In contrast
to the polarisation of protons, 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 polarised states, as is explained in the text.

tion

N↑ +N↓ +N0 = 1. (3.2)

Thus, for a maximum vector polarisation withpZ = ±1, it follows from equation (3.1), that
the deuterons will also be tensor polarised withpZZ = 1. The maximum degree of polarisation
achievable for purely vector polarised deuterons ispZ = ±2/3. Deuterons with pure tensor
polarisation can, however, be obtained withpZZ = −2, 1 andpZ = 0 (see below).

As can be seen in figure 3.3, deuterons with pure vector polarisation can be obtained by
either applying the weak field, which givespZ = −2/3 andpZZ = 0, or by applying both strong
fields, leading topZ = 2/3, pZZ = 0. However, with this scheme, no deuterons with pure tensor
polarisation can be obtained. The possible combination of fields, together with the maximum
possible polarisation values, are given in table 3.1. To obtain polarised deuterons with pure
tensor polarisation, a weak field, which resides between the two magnetic hexapole fields, has
to be used instead of the weak field following them. Since this weak field offers a lot more
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Table 3.1:The possible polarisation degrees of deuterons which can be obtained using a combi-
nation of one weak-field and two strong-field radio-frequency transition units is shown in the left
table. When the weak field is replaced by a medium field between the magnetic hexapole fields,
the polarisations given in the right table can be obtained. These are theoretical values. The
fields are denoted by: WF= weak field, SI= strong field I, SII= strong field II, MF= medium
field.

Field(s) pZ pZZ
WF −2/3 0
SI +1/3 1
SII +1/3 −1

WF SI −1/3 1
WF SII −1/3 −1
SI SII 2/3 0

WF SI SII 0 0

Field(s) pZ pZZ
MF −1/2 −1/2
SI +1/3 1
SII +1/3 −1

MF SI 0 +1
MF SII 0 −2
SI SII 2/3 0

MF SI SII +1/2 −1/2

capabilities for the polarisation extraction, it is denoted as a medium field. The transition scheme
of figure 3.3 stays the same. However, deuterons residing in state4 after passing the medium field
are defocused in the second hexapole field. According to equation (3.1), the remaining deuterons
will now have a mixed vector- and tensor polarisation, withpZ = −1/2 and pZZ = −1/2.
Applying now the transition with the second strong field will lead to a population of the sub-
states2 and5, as can be seen in figure 3.3. The deuterons will have pure tensor polarisation with
pZ = 0 andpZZ = −2. A complete overview of the possible polarisation states, using a medium
field instead of the weak field following the hexapole magnets, are given in table 3.1.

As a last remark, it should be noted that all polarisation degrees mentioned here are the-
oretical, which are hard to obtain in practice. This is due to several experimental factors and
uncertainties. The polarisation degrees, which were obtained during the experiments described
in this thesis, are typically60− 70% of the theoretical values and will be given in section 4.1.

During the measurements of the scattering observables of the reaction2H(~p, dp), measure-
ments with POLIS were done in the sequencestrong field- weak field- no field. For part of the
measurements of the spin-averaged cross sections, in which the polarisation played no role, an-
other ion source was used. Unpolarised ions were obtained from the CUSP source, in which only
the electrons are stripped off the atoms. During the measurement of the scattering observables
of the reactionH(~d, dp), all fields given in table 3.1 were used in a mixed sequence.

3.2 AGOR and the Beam Lines

The beam lines, together with all the experimental setups used in this work, are drawn schemati-
cally in figure 3.1. The ions are injected from either of the two sources described in the previous
section into the low-energy beam line with kinetic energies up to a few tens of keV. From the
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Figure 3.4: Operation diagram of AGOR. The black curve constitutes the limit, within which
possible combinations of energies per nucleon and corresponding charge-to-mass ratio (Q/A)
must lie. Note, however, that the kinetic energy of 120 MeV/A for a proton beam (Q/A = 1) lies
outside this curve.

low-energy beam line, the ions are injected into the superconducting cyclotron AGOR and accel-
erated to the desired kinetic energy. AGOR was built specifically for the purpose of accelerating
particles of different masses and to different kinetic energies. In figure 3.4, the possible kinetic
energies per nucleon, which can be achieved, are shown. For the measurements of the analysing
power and the differential cross section at 120 MeV, the protons were accelerated to an energy
outside the operation diagram. The accelerated ions are extracted in a multi-turn extraction
scheme and injected into the high-energy beam line. Protons with a kinetic energy of 108 MeV
were obtained by degradation of protons accelerated to 120 MeV.

3.3 The In-Beam Polarimeter

The KVI In-Beam Polarimeter (IBP) [Bie01] is set up halfway up the high-energy beam-line, as
can be seen in figure 3.1. The IBP is used to measure the polarisation degree of incoming protons
or deuterons, via the H(~p, pp) or the H(~d, dp) reaction, respectively. It is constructed in a way
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Figure 3.5: A cross-section drawing of the In-Beam Polarimeter (IBP) at KVI.

to measure both particles emerging from the scattering reaction in coincidence. This is done for
azimuthal scattering angles at0◦, 45◦, 90◦ and135◦. The setup of the IBP can be seen in figures
3.5 and 3.6. It consists of sixteen phoswich detectors arranged in four planes at0◦, 45◦, 90◦ and
135◦. The0◦ plane corresponds to the horizontal plane in the laboratory frame of reference. Each
plane consists of four detectors. For a chosen centre-of-mass scattering angle, two detectors in
each plane measure the scattered particles in coincidence.

Each phoswich detector consists of a thin plastic scintillator layer with a slow decay-time,
and a thick layer with a large decay time. The energy signals of each phoswich detector are
recorded in two CAMAC-based Fast-Encoding Readout ADCs (LeCroy 4300B FERA). One
FERA channel is gated with a short time gate (about 40 ns), to measure mainly the∆E signal,
the other channel is gated with a long time gate (about 400 ns), to measure both, the∆E and
E signals. The output signal of each detector is also fed into a constant-fraction discriminator
(LeCroy 3420 CFD). The logic signal from this CFD is splitted. One signal is fed directly to a
CAMAC-based scaler unit, to measure the singles rates. The other logic signal goes to a scaler
unit via a Memory-Lookup Unit (MLU). This way, the coincidence rates of the detector pairs
can be measured directly. For each plane, the left-right asymmetry between two detector pairs
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Figure 3.6: Schematic setup of the IBP. The plane containing detectors 1 to 4 coincides with the
horizontal plane in the laboratory frame of reference. In this plane, detectors 1 and 2 measure in
coincidence both outgoing particles of the scattering reaction of interest forφ = 0◦. Detectors
3 and 4 are mounted in the same way, but forφ = 180◦. The difference of the counts between
these two detector pairs gives the left-right asymmetry. The detector pairs of the other planes
are mounted in the same manner.

at azimuthal scattering anglesφ with a difference of180◦,

A =
N(φ)−N(φ+ 180◦)

N(φ) +N(φ+ 180◦),
(3.3)

can be measured, as is explained in the caption of figure 3.6. For each plane, the polarisation
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degreep can then be determined via the relationship

A = Ayp, (3.4)

if the analysing powerAy of the scattering reaction for the specific scattering angle is known.
For the measurement of the asymmetry and the determination of the polarisation, the coincidence
events recorded by the scaler units were used in the analysis, after checks were made to make
sure that the coincidences were clean.

In general, the beam current is not affected considerably when measurements are performed
at other setups downstream of the IBP while the IBP target is in beam. However, the beam
quality is reduced to some extent. This will lead to beam halo, which is, in principle, also seen
by the detector in the experimental hall. Therefore, measurements of the polarisation with the
IBP should be done separately from the actual experiment to avoid influencing the experimen-
tal results. However, for measurements with the BBS/ESN detector, as described in this thesis,
background reactions due to the beam halo were not seen by the magnetic spectrometer. There-
fore, during the measurements of the analysing power and the cross sections of the2H(~p, dp)
reaction, the polarisation could be measured simultaneously with the IBP. For the measurement
of theH(~d, dp) reaction with SALAD, however, the polarisation degree was measured about ev-
ery two hours, when the measurements with SALAD were paused. In principle, the polarisation
could also be measured with SALAD, and the measurements with the IBP therefore make up an
additional, redundant check of the polarisation. However, the goal of the measurement of the
reactionH(~d, dp) was to determine the vector- and tensor-analysing powers at 130 MeV. There-
fore, the determination of the polarisation had to be done with a different setup, to avoid biased
results.

3.4 The Big-Bite Spectrometer

For the measurement of the2H(~p, dp) reaction, the magnetic Big-Bite spectrometer (BBS) [Ber95]
was used together with the EuroSuperNova (ESN) focal-plane detection-system [Wör01]. Since,
due to the mass-ratio of protons and deuterons, a large amount of recoil-momentum is trans-
ferred to the deuteron during the reaction, both particles emerge from the target after the scat-
tering process. This made it possible at some kinematics to detect both outgoing particles in
coincidence, one with the BBS/ESN focal-plane detection system and the other one with a co-
incidence scintillator mounted inside the scattering chamber. A schematic drawing of the setup
of the experiment is shown in figure 3.7. In this section, the setup of the parts of this detector
used during the experiment will be described. First, the scattering chamber will be described in
some detail. The setup of the BBS and the ESN detector have been described in detail in ref-
erences [Ber95, Ẅor01, Mol99, Zeg99, Han01, Hag97] and therefore will be discussed here only
briefly.

The Scattering Chamber

The scattering chamber of the BBS is mounted at the end of the S-line (see figure 3.1) and is
connected via two valves directly to the beamline on one side and to the spectrograph on the
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Figure 3.7: Scheme of the setup of scattering chamber, BBS and ESN. Of the ESN detection
system, only those parts are shown which were used during the experiment.

other side. Since the BBS can be rotated between−10◦ and 55◦, the scattering chamber is
constructed in a way to be able to follow these rotations. The beam line, which is fixed in the
laboratory, is therefore connected to the scattering chamber via a sliding seal. The cover can be
rotated independently of the rest of the scattering chamber.

Inside the scattering chamber, several targets were mounted on a target ladder. This target
ladder could hold up to five targets. Two of the target positions were occupied by a ZnS target,
used for focusing the beam, and an empty-frame target for monitoring the beam halo. The other
target positions were occupied by CD2 targets of different thicknesses. These targets were used
for the measurement of the2H(~p, dp) reaction. More details on the targets will be given in section
3.6.1. The target ladder could be rotated, to allow for low-energy particles emerging from the
scattering process and crossing the target.

A 2 mm thick scintillator was mounted inside the scattering chamber to measure the corre-
sponding outgoing particle (proton or deuteron) in coincidence with the particle detected by the
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BBS/ESN detector. This scintillator was connected via a light guide of20 mm thickness and
60 × 60 mm2 area to a PhilipsXP2020photomultiplier. While scintillator, light-guide and pho-
totube were mounted inside the scattering chamber vacuum, the base of the photomultiplier was
connected from the outside to the phototube. For the measurement of the analysing powers at
120, 135, 150 and170 MeV, a CERN-developed base was used. With this base, the photomulti-
plier was operated at high voltages of−1.9 and−2.0 kV. For the measurement of the analysing
power at190 MeV and the cross sections at all energies, a transistorised base developed by
Philips was used. Here, the photomultiplier was operated at a high-voltage of−1770 V.

For laboratory scattering angles8.5◦ ≤ θlab ≤ 14◦, a Faraday cup was used which was fixed
in the BBS between the quadrupole magnetsQ1 andQ2 (see next subsection). Atθlab = 5◦, a
Faraday cup inside the BBS was used. The position of this Faraday cup had to be adjusted for
the magnetic setting of the dipole (see next subsection). For laboratory scattering angles larger
than 14◦, a Faraday cup was installed inside the scattering chamber to stop the beam and to
measure the beam current. This Faraday cup consists of a copper block containing a heavy metal
alloy as the actual beam stopper. During the measurement both the copper block and the heavy
metal become highly radioactive and emit a large amount of neutron andγ-radiation. Therefore,
the singles count rate of the coincidence detector inside the scattering chamber was in the order
of 106, although the highest count rate expected due to the2H(~p, dp) reaction should be in the
order of103. This high background count rate led to a loss in the coincidence count rate of the
good events, which has not been understood completely but has been investigated and will be
explained in more detail in section 5.1.1.

The BBS/ESN Focal-Plane Detection System

The BBS consists of two quadrupoles for focusing the particles which enter the spectrometer, and
a dipole for selecting the particles according to their momentum. These magnets are positioned
in the order QQD. For each angular setting of the BBS/ESN detector, the fields of the magnets
had to be adjusted for the selected kinematics of the scattering process of interest.

The ESN detection system consists of two vertical drift chambers (VDCs) and two scintillator
planesS1andS2 for the focal-plane detection. Each VDC contains anx- and au-plane. Both
planes are filled with a gas-mixture consisting of 50% argon and 50% iso-butane. The wires of
the VDCs act as anodes, whereas the VDC foils act as cathodes. When a particle traverses the
drift-chambers, it ionises the gas molecules contained in the chambers. The electrons then drift to
the wires closest to the point of traversal. The drift times of the electrons are measured by TDCs
with respect to a common time signal. From this drift time, the track of the particle through
the wire chambers can be reconstructed. Since the particles are separated by the dipole magnet
of the BBS according to their momentum, particles with different momenta will be separated in
thex-direction in the VDCs. From the information of thex- andu-planes, the deviations of the
particle track from the central ray can be determined. To generate a trigger for the readout of
the VDCs, the two scintillator planesS1andS2are used. Each plane consists of five vertical
scintillators, positioned next to each other. Each scintillator is read out by two photomultipliers,
one at the bottom and one at the top.

During the experiment, measurements were made with the BBS/ESN detection system at
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angles between5◦ and 53◦. At angles above11◦, measurements were made with the dipole
magnetic field of the BBS adjusted alternately to select the outgoing proton or the outgoing
deuteron. At angles below11◦, measurements were done only with the dipole field adjusted for
selecting the deuteron. The proton detection with the BBS at small angles in coincidence with the
outgoing deuteron was not possible, because the kinetic energy of the corresponding deuteron is
too low to traverse the target and reach the coincidence detector. When measuring protons with
the BBS at these small angles using onlyS1andS2for the trigger generation, protons from the
12C(p, p′)12C reaction entering the BBS have a similar momentum as protons emerging from the
2H(~p, dp) reaction due to very small momentum transfers. These processes could, therefore, not
be distinguished at angles below11◦ and no measurements with protons entering the BBS were
done.

The Electronics Scheme

The electronics readout of the BBS/ESN detection system, shown in figure 3.8, corresponds
completely to the electronics setup used by the ESN collaboration [Wör01] for those parts of
the detectors, that were used during this experiment. The electronics readout will, therefore, be
described only briefly.

The VDC signals were amplified and discriminated in preamplifier/discriminator cards moun-
ted directly on the drift chambers. The signals were read out by CAMAC-based time-to-digital
converters, TDC 3377 of LeCroy. The analogue signals of the photomultipliers were fed into
buffers, to shape and amplify the signal. These amplified signals were then fed into constant-
fraction discriminators (CFDs), CCF8200 of Ortec. These CFD units have two output channels
for the logic signals. The logic signals from channel A have a constant width and were used for
the trigger generation. These signals were also recorded by the scaler units. The output width
of the signals emerging from channel B, however, corresponds to the time that the analogue sig-
nal exceeded the threshold of the CFD. This time-over-threshold corresponds to the height and
the shape of the analogue pulse. If the identity of the measured particle is known, the time-
over-threshold signal is a measure of the energy deposited in the scintillator. To measure the
time-over-threshold, the rising and falling flanks of the logic signals from channel B of the CFDs
were also recorded by TDC 3377. However, due to time-jitters, the correspondence between the
time-over-threshold signal and the energy-loss gets smeared out. Furthermore, for some kine-
matics, protons and deuterons emerging from the reaction2H(~p, dp) have similar momenta and
overlap in the focal plane. For other kinematics, deuterons emerging from the2H(~p, dp) reac-
tion overlap with protons emerging from the reaction12C(p, p′)12C or with deuterons from the
reaction12C(p, d)11C. Examples for these kinematics will be shown in section 4.2.

The logic signals of the photomultipliers ofS1andS2, see figure 3.7, were ORed separately
for each scintillator plane. An AND of these ORs was made to generate the trigger. If all events
in the BBS/ESN detector above a chosen threshold were to be acquired, this so-called singles-
trigger was used. The analogue signal of the photomultiplier of the coincidence detector inside
the scattering chamber was also amplified and fed through a CFD channel of the ESN electronics,
and treated in the same way as the ESN photomultipliers. The logic signal generated was also
recorded in a scaler and the time-over-threshold was measured in two TDC channels. To generate
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Figure 3.8: Diagram of the electronic readout system of the BBS/ESN focal-plane detection
system.

a coincidence trigger, an AND was made of this signal together with the BBS/ESN trigger as
discussed above (see figure 3.7). When a trigger was generated, the electronic systems were
read out by a VME-based AXP. This computer was operated with the real-time operating system
VxWorks. For the signal processing, the KVI data-acquisition softwarecdaq[Zwa96] was used.
The event buffer was sent via a network cable to a unix-computer. There, the data stream was
written to tape. Part of the data stream was used for the online analysis. The number of various
triggers were also written to CAMAC scaler units (LeCroy 4434). In one of the scaler channels,
the information about the beam-polarisation was stored. This information was given as a number
(3, 5 and 7) or (15, 29 and 31 for a few measurements), corresponding to the polarisation of the
proton beam (down, up or off) and will be referred to further as thepolarisation bit. Further,
the collected charge from the Faraday cup, the number of the acquired events and the global
time were stored in the scaler units. The scaler units were read out about every ten seconds
independent of the real event triggers.

3.5 The Small-Angle Large-Acceptance Detector

The experiment for the measurement of the differential cross section and the deuteron vector-
and tensor-analysing powersiT11, T20 and T22 of the reactionH(~d, dp), which was done in
combination with a proton-deuteron break-up measurement, was performed using the Small-
Angle Large-Acceptance Detector (SALAD) at KVI. This detector is positioned in the p-line
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Figure 3.9: The Small-Angle Large-Acceptance Detector (SALAD). Depicted are the MWPC in
the front, the∆E detector (thin horizontal strips) and the energy detector in the back. In the
centre of SALAD there is a hole, to leave space for the beam pipe, also shown in this figure.

(see figure 3.1) and was built primarily for the measurement of thepp-bremsstrahlung [Hui99]
and thepp-e+e− [Mes99] processes. The setup of SALAD is, therefore, described in detail
in [Kal00,Kal98a,Hui99,Mes99]. For the present experiment described here, a number of mod-
ifications were made, which will be described in some more detail. In the setup used for this
experiment [Erm98], SALAD consisted of a multi-wire proportional chamber (MWPC), a plane
of 24 thin scintillators, and a plane of 24 thick scintillators, as is shown in figure 3.9. The MWPC
was built at the Indiana University Cyclotron Facility (IUCF) [Vol99]. It consists of anx, ay and
a u plane. Thex andy planes consist each of 192 wires, theu plane of 256 wires. Every two
wires are connected together to form one electrical signal. Due to the construction with three
planes, it is possible to track several particles simultaneously through the MWPC. In the middle
of the MWPC there is a hole, through which the beam pipe passes.

The first scintillator plane consists of 2 mm thick scintillators. These are positioned in two
columns, each containing 12 scintillator strips placed horizontally and next to each other, as can
be seen in figure 3.9. Each scintillator stripe was read out by a two-inch 12-stage PhilipsXP2020
phototube, coupled via a light-guide to the scintillator. Apart from the central four scintillator
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strips, each scintillator has a length of 630 mm and a width of 62 mm. The four central strips
have a length of 450 mm, to leave room for the beam pipe. This scintillator plane was used as a
∆E detector. The∆E detector was added to SALAD specifically for the present experiment.

The scintillators of the second plane are aligned in two rows, each containing also 12 scin-
tillators. These scintillators have a thickness of 112.5 mm. The scintillators are aligned in such
a way, that they form part of a cylinder with a radius of 915 mm around the target cell. Each
scintillator stripe was read out via an 8-stage PhilipsXP2282/Bphototube, connected via a light-
guide to the scintillator bar. These thick scintillators stop protons with a kinetic energy of up to
135 MeV and deuterons up to200 MeV, thus forming an energy detector. As can be seen in figure
3.9, the two scintillator planes, forming a∆E-E telescope, were mounted in such a way that the
∆E strips formed a grid with the scintillators of the energy detector acting as a hodoscope.

3.5.1 The Electronics Readout

A schematic overview of the electronics readout for SALAD is given in figure 3.10. It is based
on CAMAC electronics which are read out by a VME-based alpha processor.

To accommodate high count rates, the scintillators were read out by transistorised voltage
dividers capable of handling large currents. For the energy detectors, these wereVD182K/B02
and for the∆E detectorsVD124K/05, both manufactured by a daughter-company of Philips
now called Photonis1. The analogue signals of the photomultipliers were fed into an active
splitter box. One output of this box was fed into CAMAC-based constant-fraction discrimi-
nators (LeCroy 3420 CFD). The logic output signals of the CFDs were used to generate the
trigger. These signals were also fed into CAMAC-based time-to-digital converters (LeCroy
3377 TDC) and into CAMAC-based scaler units (LeCroy 4434). The TDCs were capable of
recording multiple hits in each channel and were used in a common-stop mode. The second ana-
logue output of the active splitter box was fed into a CAMAC-based charge-to-digital converter
(LeCroy 4300B FERA) to measure the energy. The MWPC was read out via preamplifier and
discriminator cards (LeCroy 2735PC), mounted directly onto the wire chamber. Each card had
16 channels, with each channel connected to two wires. The cards were connected via flat cables
to CAMAC-based PCOS delay-and-latch modules (LeCroy 2731A). These were read out by a
LeCroy 2738PC PCOS controller. From the PCOS system, wire clusters were read out, giving
the central wire of a cluster and its width, i.e., the number of wires that fired.

The trigger of SALAD was generated using the KVI-built SALAD trigger module (STM)
[Sch99]. This is a CAMAC-based programmable module consisting of five memory look-up
units. With this module, the information given by 48 scintillators could be transformed into up to
four possible pre-programmed trigger signals. These trigger signals were given to a GSIGS6000
trigger unit. This unit can receive up to eight trigger signals. The trigger signals can be scaled
down, and a logical OR of all the down-scaled inputs is generated. The output of the different
signals are, apart from the actual trigger pulse, all eight input pulses before and after dead-time
and after down-scaling.

The read-out of the CAMAC systems was done by a VME-based alpha workstation run-
ning VxWorks. When a trigger was generated, the FERA and TDC units were read out from a

1Photonis Imaging Sensors
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Figure 3.10: Electronics readout system of SALAD. This is only a simplified scheme to show the
general setup.

CAMAC-based FERA driver over the front end to a VME-based dual-port memory (DPM 1190).
The PCOS signals were read out via a CAMAC branch controller. The trigger signals themselves
were given into a CAMAC-based bit register, which was also read out via the CAMAC data way.
Also, the polarisation bit was recorded from a CAMAC-based input unit and read out via this
data way.
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3.6 Targets

In this section the targets used during the experiments will be described. In subsection 3.6.1, an
overview of the solid targets used for the measurement of the2H(~p, dp) reaction will be given.
In subsection 3.6.2, the liquid-hydrogen target used with the detector SALAD will be described
briefly. More details on the liquid-hydrogen target can be found in reference [Kal98b].

3.6.1 Targets used with BBS/ESN

For the measurement of the analysing power of the2H(~p, dp) reaction with the BBS/ESN detec-
tion system, solid C2D4 targets of various thicknesses were used. For the measurement of the
differential cross section, mixed C2D4-C2H4 targets were used. The use of a liquid hydrogen
target posed severe limits on the possible kinematical regime. Furthermore, the thickness of the
liquid hydrogen target cannot be determined accurately enough. Therefore, the use of a liquid
hydrogen target was discarded for this experiment.

To determine the thickness of the C2D4 targets, three methods could be used. The first method
is via the direct measurement of the thickness inµm and the calculation of the thickness in
mg/cm2 using the density of the C2D4 material (further denoted asmethod a). The second
method is by weighing of the target, measuring its area and calculating its weight/area ratio
(further denoted asmethod b). Methodb is, in principle, a rather exact method to determine the
target thickness. However, this method assumes a uniform flatness of the target, which does not
exist, as can be seen when using methoda. Using methoda and measuring directly the target
thickness at several places of the target can give a good estimate of the flatness of the target,
like the example which is depicted in figure 3.11. However, the method in itself is not as exact
as methodb. Furthermore, the density of the C2D4 material used was not known a priori and
had to be determined. C2H4 is a polyethylene and its density can be taken from the literature,
e.g. reference [PDG00], to lie between0.92 and0.95 g/cm3. To obtain the density of the C2D4

material, a thin uniform C2D4 target was produced. The uniformity of this target was confirmed
by several direct measurements of its thickness at several different places of its surface. The
thickness of this target could be determined from the weight/area method. Measuring then the
thickness inµm, the density was obtained,

ρC2D4 = (1.159± 0.005)
g

cm3
. (3.5)

When measuring the differential cross section, the relative uncertainty of the target thickness
enters directly in the uncertainty of the cross section. The determination of the target thickness
should therefore be very accurate. For this, another method was employed (denoted further as
method c). The C2D4 material was mixed with C2H4 material in a ratio of

C2D4 : C2H4 = 9 : 1

in weight. The ratio of this mixture can be determined with rather high precision. Since the
C2D4 material contains a C2H4 impurity of 1.7%, which could be determined with the elastic
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Figure 3.11: Schematic drawing of the thickness variation of target number 522. This is a target
with a nominal thickness of20 mg/cm2. The numbers give the measured target thickness inµm.
As can be seen, the target is not uniform, and the average measured thickness inµm yields a
thickness of24.8(2) mg/cm2, a difference of almost25% from the nominal target thickness.

proton-proton scattering cross section, the atomic ratio of the two compounds in the target is

C2D4 : C2H4 = 87% : 13%. (3.6)

After the measurements, this ratio was determined again using mass-spectroscopy techniques
[Kui02,Mei02], leading to the same result.

During the measurements of the differential cross section of the2H(~p, dp) reaction, several
measurements of the differential cross section of elastic proton-proton scattering were done.
This cross section can also be calculated with high accuracy [nno] using modern NN potentials.
Therefore, the measured proton-proton cross section could be normalised to the calculated cross
section, calibrating this way the target thickness. However, apart from the target thickness, fur-
ther properties like the the efficiency of the Faraday cup and the detector efficiency were also a
priori unknown and calibrated using the proton-proton cross section. Methodc therefore does
not give a target thickness, but an overall normalisation factor. The analysis of the1H(p, p)1H
measurements will be explained in more detail in section 4.2.4. In the present section, only the
normalisation factors obtained will be given. The target thickness does not enter in the calcu-
lation of the analysing power and therefore, the actual target thickness is of minor importance.
In table 3.2, the results of the different measurements for each target are given together with the
corresponding energies and observables where these targets have been used. During one exper-
iment, usually two or three C2D4 or C2D4-C2H4 targets of different thicknesses were mounted
on a KVI target ladder. This target ladder further contained a ZnS target, to determine the beam
position, an empty-frame target to monitor the beam halo and, during the measurements of the
differential cross sections at135, 170 and190 MeV, a 12C target. During the measurements of
the differential cross sections at108, 120 and150 MeV, a new target ladder was used, to make
sure that particles emerging from the scattering process and going to the coincidence detector are
not intercepted by the frame of the target ladder.
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Table 3.2:Results of the different measurements of the target thicknesses. See text for information
about the different methods used. All thicknesses in columns 3 and 4 are given in mg/cm2. The
values given in column 5 are the used normalisation factors needed to fit the measured cross
sections to those calculated from the NN potentials.

Target Nominal
Value

Method a Method b Method c Energies Observable

522 20 25.9±1.0 24.8± 0.2 – 135, 150 Ay

936 10 13.7±0.5 13.6± 0.1 – 135, 150 Ay

408 20 30.9±0.8 33.3± 0.1 – 150 Ay

516 50 56.0±1.5 52.9± 0.4 – 120, 170 Ay

829 2 2.2±0.1 2.11±0.03 – 120, 170 Ay

332 20 23.5±0.5 23.5± 0.1 – 120 Ay

538 20 22.0±2.0 22.1± 0.7 – 170 Ay

110 10 – – 0.83±0.01 108 dσ,Ay

911 20 – – 1.00±0.05 108 dσ,Ay

110 10 – – 0.80±0.01 120 dσ,Ay

911 20 – – 0.95±0.01 120 dσ,Ay

879 20 – – 0.79±0.01 135 dσ
812 50 – – 0.82±0.01 135 dσ
110 10 – – 0.86±0.01 150 dσ,Ay

911 20 – – 0.96±0.02 150 dσ,Ay

879 20 – – 0.86±0.01 170 dσ
812 50 – – 0.81±0.02 170 dσ
879 20 – – 0.72±0.01 190 dσ, Ay

911 20 – – 0.96±0.01 190 dσ, Ay

812 50 – – 0.76±0.02 190 dσ, Ay

812 50 – – 0.92±0.01 190 dσ, Ay

3.6.2 The Liquid-Hydrogen Target

For the feasibility test to measure the analysing powers and the differential cross sections of the
reactionH(~d, dp), a target containing hydrogen was needed. A polyethylene target, as it was
used with the BBS/ESN detection system, contains carbon. Due to the large cross section of the
12C(d, d′)12C as compared to theH(~d, dp) reaction at small angles, this would lead to a significant
amount of background. Therefore, a liquid-hydrogen target was used during the experiment with
SALAD.

The frame of the target cell is made of aluminium of high purity, to optimise the thermal
conductivity. The gas lead is situated in the middle of a cold head. The frame is mounted on
a cryogenic cold head, which can cool the target cell down to temperatures of around 12 K.
The operational target pressure and target temperature for hydrogen were chosen to be 140 mbar
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and 15 K. The oval-shaped target cell had diameters of15 mm in the horizontal and11 mm in
the vertical direction. The thickness of the frame itself was3.5 mm and the actual thickness
due to bulging of the foils was4.5 mm, corresponding to a target thickness of 31.5 mg/cm2.
To decrease the local heating due to the energy loss of beam particles traversing the target foil,
the target was mechanically kept in a constant wobbling motion around its centre. To minimise
the stopping power of the target as well as contribution to the background due to scattering of
the beam from the target window, very thin target windows of synthetic Aramid foils of4 µm
thickness were used [Kal98b]. Further details about the liquid-hydrogen target can be found in
references [Mes99,Vol01,Kal98b].
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Data Analysis

In this chapter, the analysis of the data will be described. Since for the measurement of spin-
observables, the determination of the polarisation degree of the beam is an essential component,
first the analysis of the data taken with the KVI In-Beam-Polarimeter (IBP) will be discussed in
detail in section 4.1.

For the measurement of the analysing powers and the cross sections of the process2H(~p, dp),
the BBS/ESN detection system has been used. The measurement of these observables was done
during several experiments in the course of three years. The analysing powers at 135 and 150
MeV were measured in December 1999. The analysing powers at 120 MeV in March and at
170 MeV in April 2000. Then, the differential cross sections at 135, 170 and 190 MeV and the
analysing power at 190 MeV were measured in June 2001. The differential cross sections and
analysing powers at 108, 120 and 150 MeV were measured in December 2001. The measurement
of a few data points at 190 MeV was repeated in April 2002 due to some problems during the
first measurement. The analysis of all these data will be described in section 4.2.

The commissioning experiment of the reactionH(~d, dp) to determine the vector and tensor
analysing powers and the differential cross section took place in February 2000. The analysis of
these data will be outlined in section 4.3.

4.1 Analysis of the IBP Data

During most of the measurements of the vector analysing power with the BBS/ESN detection
system, measurements of the degree of polarisation of the incoming proton beam were made in
parallel using the IBP (see section 3.3). Therefore, the polarisation of the protons is known, in
principle, for each data point of the analysing power Ay of the2H(~p, dp) reaction, measured with
the BBS/ESN detection system. In this section, the analysis of the IBP measurements will be
described. Part of this is mentioned in reference [Bie01] and will be described here only briefly.

The polarisation degreepi of the protons obtained from measurements in a plane with az-
imuthal angleφi was determined from the measurements of the IBP using

pi =
1

Apy cosφi
Li −Ri

Li +Ri
, (4.1)

49
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Table 4.1:Final values of the polarisation for all six incident-beam energies
for the reaction2H(~p, dp). The values for these polarisations have been ob-
tained according to equation(4.6) for those periods in which the polarisation
was observed to be constant. The values given in this table can therefore de-
viate slightly from the polarisations given in the corresponding figures, where
each data point is normalised individually to the hexapole-off measurement.
Theχ2 given is theχ2 of the fitted polarisation according to formula(4.3).
Where numbers are given in brackets, theχ2 of this fit deviates from1. In
the brackets, the values, obtained when forcingχ2 = 1 by increasing the
uncertainties, are given.

Beam Energy Spin p [%] ∆p [%] χ2

108 MeV, dσ, Ay

up1 56.2 1.6 0.5
down1 –66.3 1.7 0.1
up2 61.2 1.3 (2.0) 2.3 (1)
down2 –58.5 1.3 (1.8) 1.8 (1)
up3 48.8 1.4 (1.8) 1.7 (1)
down3 –54.7 1.4 (2.1) 2.4 (1)
down4 –61.0 1.4 1.3

120 MeV, Ay
off1 8.0 2.1 1
down1 –58.0 2.2 1
off2 6.6 1.6 0.3
down2 -58.9 1.6 2.0

120 MeV, dσ, Ay

up1 55.1 3.3 (5.7) 3.1 (1)
down1 –57.8 3.5 (5.5) 2.5 (1)
up2 63.2 2.9 (5.3) 3.3 (1)
down2 –64.6 2.9 (5.3) 3.3 (1)
up3 54.9 2.0 (3.3) 2.6 (1)
down3 –58.1 2.1 (3.4) 2.7 (1)

135 MeV, Ay
up1 59.6 1.2 0.9
down1 –66.8 1.2 0.7
up2 61.3 1.2 0.9
down2 –64.0 1.2 0.9

continued on next page
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continued from previous page

Beam Energy Spin p [%] ∆p [%] χ2

150 MeV, Ay
up 59.9 1.4 1.2
down –60.8 1.3 1.5

150 MeV, dσ, Ay

up 63.5 1.0 0.8
down –58.1 1.0 1.44

170 MeV, Ay
up1 59.7 0.9 0.6
down1 –60.3 0.9 0.7
up2 57.5 0.9 (1.3) 2.3 (1.0)
down2 –54.7 0.9 0.5
up3 59.3 2.2 1
up4 50.6 0.9 0.6
up5 59.9 1.6 1
up6 57.1 1.8 0.77
up7 56.9 1.9 0.61
down3 –59.9 1.9 1
down4 –48.9 0.8 0.6
down5 –57.5 1.1 1

190 MeV, dσ, Ay

up1 49.2 1.7 0.13
down1 –41.5 1.7 0.29
up2 49.9 1.6 0.60
down2 –43.4 1.6 (2.1) 1.72 (1.00)
up3 49.8 1.6 0.29
down3 –40.1 1.6 (2.0) 1.45 (1.00)
up4 47.4 1.7 0.61
down4 –45.3 1.6 0.46

190 MeV, dσ, Ay

up 68.0 0.5 0.12
down –67.3 0.5 0.1
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whereLi andRi symbolically represent the number of events counted on opposite sides of the
beam axis in the plane with the azimuthal angleφi. Equation (4.1) corresponds to equation (3.3)
in section 3.3. For the0◦-plane,L corresponds toφ = 0◦ andR to φ = 180◦, as can be seen
in figure 3.6 on page 36. For vector-polarised ions, only the instrumental asymmetry can be
measured in the plane withφi = 90◦ andcosφi should be omitted from equation (4.1) or any of
the following equations. The analysing powerApy of the elastic proton-proton scattering reaction
can be obtained with high precision from the existing fits to the world data such as that from the
Nijmegendata base [nno]. The uncertainty on the prediction of the value of the analysing power
from the Nijmegen potentials that was used in the analysis is< 2% [Tim02].

When determining the polarisation, the instrumental asymmetry of the IBP has to be taken
into account. This is done by measuring the count ratesLi0 andRi

0 of each planei with an
unpolarised beam. The unpolarised beam is obtained by turning the hexapole magnetic field
and the transition units of POLIS off (see section 3.1). The number of events measured with
a polarised proton beam were then normalised to thesehexapole-offruns, and the polarisation
degree of the protons was calculated for each plane from [Sal73]

pi =
1

Apy cosφi
Y i
L − Y i

R

Y i
L + Y i

R

with Y i
L =

Li

Li0
and Y i

R =
Ri

Ri
0

.

(4.2)

To obtain the polarisation degree of the protons from the results of the four planes of the IBP,
a function

P (φ) = A cos(φ+ α) (4.3)

with the free parametersA andα was fitted to the polarisations obtained from the four planes.
From this function, a normal and a sideways component of the polarisation was calculated,

Pn = A cosα

Ps = A sinα
(4.4)

Ideally, the polarisation vector of the incoming protons should be normal to the horizontal plane
and, therefore,α = 0. During the experiments, the sideways component turned out to bePs <
1% and could thus be neglected. In figures 4.1 to 4.6, the normal components of the up and down
polarisations, corresponding to the strong and weak magnetic fields of POLIS, are plotted as a
function of time for each energy. Each data point generally corresponds to a measurement of
the proton-deuteron analysing power at a certain scattering angle. For some data points, several
measurements of the polarisation were made. The uncertainties shown in these pictures contain
only the statistical uncertainties which are due to the quantitiesL andR. The horizontal lines
show the weighted averages of the polarisations for each energy over the whole time, as in figure
4.4, or over a time window, e.g. in figures 4.2, 4.3 and 4.5. The reason for making time windows
at some energies will be given below with further details on the measurements at each beam
energy.
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To obtain an estimate for the stability of the beam polarisation, the individual polarisation
measurements were averaged. When calculating the weighted average of the data points shown
in figures 4.1 - 4.6, as

Pn(Energy) =
1∑N

k

(
1

∆pkn

)2

N∑
k

P k
n

(∆pkn)2

χ2 =
1

N − 1

N∑
k

(
Pn − P k

n

∆pkn

)2

(4.5)

whereP k
n corresponds to the individual measurements, the statistical error that is due to the

hexapole-off run should not be propagated in the individual uncertainties∆pkn. Otherwise, the
uncertainty of the hexapole-off measurement would contribute to every data point and to theχ2

as often as there are data points, leading to a wrong mean and a too smallχ2. The statistical errors
due toL0 andR0 have therefore not been propagated in the calculations of the data points shown
in figures 4.2 to 4.6, even though the polarisation values were calculated according to equation
(4.2). The results of the weighted averages and the correspondingχ2, obtained according to
formula (4.5), are also shown in these figures.

If the polarisation turned out to be constant within the statistical fluctuations for one energy
over a certain time window, withχ2 ≈ 1, as is the case in figures 4.1 to 4.6, the polarisation could
have been determined during this time with higher accuracy. In such a case, all the counts forL
andR for each plane can be added and the polarisation degree for the different magnetic fields
can be determined with a higher accuracy from these sums. These sums have to be normalised to
the hexapole-off runs. In this way, also the statistical uncertainties due toL0 andR0 can be taken
into account in the correct way. The polarisation degrees of the protons were then determined by
calculating

Pi =
1

Apy cosφi
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(4.6)

wherei indexes the planes at0◦, 45◦, 90◦ and135◦ and
∑

j is the sum over all counted events.
Again, the normal and sideways components of the polarisations were obtained from a fit of the
Pi, as has been described before. The final values for the polarisations that were used to calculate
the analysing powers of the reaction2H(~p, dp) are given in table 4.1. The details relevant for a
specific beam energy are given below.

As can be seen in table 4.1, the uncertainty in the polarisations is in general< 3%. To
account for possible systematic uncertainties, it was set to∆p/p = 3%. This 3% systematic
uncertainty also includes the uncertainty of< 2% in the prediciton from the Nijmegen potential.
Exceptions are at the second measurement of 120 MeV beam energy and at part of the mea-
surements at 190 MeV, where the relative uncertainty in the polarisations is larger than the value
given above. However, as will be shown later, the good agreement of the results of the analysing
power from different measurements shows, that the uncertainty in the polarisation is probably
smaller than the estimation made here. Further details about the propagation of the uncertainty
in the polarisation into the measured observables will be given in section 4.2.
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Figure 4.1: Shown is the beam polarisation as a function of time at 108 MeV bombarding en-
ergy. The time is given in run numbers. The figure covers a time span of about 24 hours of
measurement. Each polarisation value was obtained according to equations(4.2)and(4.4). The
solid and dashed lines show the weighted average of these polarisations. The results and theχ2

obtained are given in the plot. In these averages, the statistical error due to the hexapole-off runs
has not been propagated. To accentuate different running periods different shadings have been
used.

Analysis at 108 MeV The values for the polarisation obtained from the IBP measurements at
108 MeV beam energy are shown in figure 4.1. As can be seen in this figure, the polarisation
degree of the weak field changed during the middle of the run. Both weak and strong fields
changed in the beginning and before the last part of the measurement. Therefore, three different
polarisation values were obtained for up polarisation, and four for down polarisation.

Analysis at 120 MeV The results for the polarisation obtained from the IBP measurements at a
beam energy of 120 MeV for both measurements are shown in figure 4.2. When the measurement
of the vector analysing power at this energy was performed, the strong magnetic field of the
polarised ion source, which delivers protons with up polarisation, failed. According to equation
4.15, the vector analysing power can also be determined from measurements with down and off
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Figure 4.2: Shown are the beam polarisations as a function of time for 120 MeV bombarding
energy. The left picture shows the polarisation during the measurement of the analysing power.
A break was made during the experiment, after which the behaviour of the polarised ion source
changed. On the right, the polarisation during the measurement of the differential cross section
for this beam energy is shown. The last part of this measurement was done one day later than the
first part. In both pictures, the time span shown corresponds to about 24 hours of measurement.
Further details can be found in the caption of figure 4.1.

polarisation, although the accuracy will decrease. Therefore, the analysing power at 120 MeV
was determined using the polarisation values for these spin states. As already remarked earlier,
the polarisation value for spin off has an offset and is therefore different from zero. As can be
seen in figure 4.2, the polarisations for both, spin down and spin off were stable during two
time windows. Therefore, for the determination of the analysing power, the mean values of the
polarisation degrees during the corresponding time windows were used.

Also shown in figure 4.2 are the polarisation values determined during the measurement of
the differential cross section. During this experiment, also the analysing power was measured a
second time. After the first measurements, the polarisation changed for both fields. The same
happened during the last part, which was measured about a day later than the rest.
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Figure 4.3: Beam polarisation at a bombarding energy of 135 MeV as a function of time. The
measurements of the points denoted by diamonds were made on a different day than the other
measurements, and therefore treated separately when calculating the average. The first part cor-
responds to a time span of six hours, the second part to a time span of 14 hours of measurement.
Further explanations can be found in the caption of figure 4.1.

Analysis at 135 MeV In figure 4.3, the polarisation during the measurement at a bombarding
energy of 135 MeV is shown. The different time windows shown correspond to measurements
made on two different days. The polarisations for these two days were therefore determined
independently.

Analysis at 150 MeV The results of the analysis of the polarisation for measurements at 150
MeV are shown in figure 4.4. As can be seen, during both measurements of the vector analysing
power and the differential cross section, the polarisations for spins up and down were stable
during the whole experiment within the statistical uncertainties.

Analysis at 170 MeV In figure 4.5, the polarisations measured during the 170 MeV run are
displayed. As can be seen, the time span can be divided into three parts. During the first phase,
the polarisations of both spin up and spin down were stable. At the end of this phase, the POLIS
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Figure 4.4: Beam polarisation at a bombarding energy of 150 MeV as a function of time. On
the left side, the polarisation during the measurement of the vector analysing power is shown.
On the right side, the polarisation values are shown that were obtained during the measurement
of the differential cross section, during which the analysing power was measured a second time.
Both pictures cover a time span of about 16 hours. Further explanations can be found in the
caption of figure 4.1.

failed and measures had to be taken by the cyclotron operator. After the POLIS started working
again, the degree of polarisation of spin down had changed, but was again stable (second phase).
Also, the polarisation of spin up was constant. Therefore, the mean polarisation was established
for both periods of time separately. At the end of the second phase, the POLIS failed again.
During the whole third phase that followed, the polarisation of neither spin up nor spin down
was stable anymore, as can be seen in figure 4.5. However, the polarisation was stable for a
few measurements made directly after each other. For these measurements, the average value
of the polarisation was used for determining the analysing power of the points measured at that
particular time.
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Figure 4.5: Beam polarisation at a bombarding energy of 170 MeV as a function of time. The
complete picture covers about 24 hours of measurement time. The time is divided into three
phases, according to different conditions of the POLIS. In the last phase, weighted averages of
the polarisation were taken, where possible, denoted by lines. The two measurements of the up
polarisation, denoted by black dots, in the last phase, were not used in determining the averages
and were taken as individual measurements of polarisation. The corresponding measurements of
the analysing power of the2H(~p, dp) reaction were analysed using these measured polarisation
values.

Analysis at 190 MeV In figure 4.6, the polarisation measured at 190 MeV is shown as a func-
tion of time. On the left hand side, the polarisations during the first measurement are shown.
The whole time is divided into four phases, according to several measurements done with the
hexapoles turned off. As can be seen in figure 4.6, the down polarisation differs for each separate
normalisation measurement and four different values for the down polarisation were obtained.
For the up polarisation, the first three phases have the same value, and the polarisation degree
measured during the fourth phase was used separately. Also shown in figure 4.6 are the results
for the polarisation degree during the second measurement of a few points for the differential
cross section and the analysing power of the reaction2H(~p, dp). As can be seen in figure 4.6, the
polarisation remained constant during this experiment.
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Figure 4.6: Beam polarisation at a bombarding energy of 190 MeV as a function of time. On
the left hand side, the polarisation during a first measurement at this beam energy is shown. The
time is divided into four phases, according to four different normalisation measurements with the
hexapoles turned off. The complete time span covers about 24 hours of measurement. For the up
polarisation, a weighted average of the first three phases was used. For the down polarisation,
four different polarisation values, according to the four different normalisation measurements,
were obtained. On the right side, the polarisation during a second measurement at 190 MeV
beam energy is shown. The whole time covered here corresponds to about 11 hours.

4.2 Analysis of the BBS/ESN Data

In the following subsections, the analysis of the data obtained with the BBS/ESN detection sys-
tem for the reaction2H(~p, dp) will be described. The determination of the differential cross
section and the analysing power from this analysis will be described in subsection 4.2.5.

As explained in section 3.4, measurements with the BBS/ESN detection system were made
at several laboratory scattering angles between14◦ and53◦, measuring alternately the protons
and the deuterons with the spectrometer. The measurements were performed in steps of3◦.
Measurements for the deuteron were also made at scattering angles down to5◦, also in steps
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Figure 4.7: θlab of the BBS/ESN detection system versusθcm. The bands shown are due to the
different kinematics for different incident-beam energies.

of 3◦. In this way, a centre-of-mass scattering angular range between30◦ and170◦ could be
covered. The angular coverage for all beam energies is shown in figure 4.7. There, the centre-of-
mass angular range is plotted versus the laboratory scattering angle of protons and deuterons.

At each kinetic energy except for 120 MeV, the analysing power was determined at each
scattering angle from measurements using the up and down polarisations. For comparison, also
measurements using the off polarisation were done for each scattering angle at each energy,
expect at 190 MeV. At 120 MeV bombarding energy, the strong-field transition unit of POLIS,
providing protons with spin up, failed. Instead, off and down polarisations were used for the
determination of the analysing power. At this beam energy, the measurement of the analysing
power was repeated using the spin states up and down. The results of both measurements agree
very well.

At 108, 120, 150 and 190 MeV, the differential cross section was measured with polarised
beams from POLIS and was deduced from measurements with up and down polarisation. For
the measurement of the differential cross section at 135 and 170 MeV incident-beam energy, the
unpolarised ion source was used.

The analysis of the data obtained with the BBS/ESN detector was split into two parts. First,
the raw data was analysed and certain variables, which will be explained in more detail, were
calculated. These variables were then stored in ntuples for further and more convenient data
analysis, using the software packagesHBOOKandPAWdeveloped at CERN [HBO95,PAW95].
In the following subsection, the first part of the data analysis will be described briefly. It follows
mainly the analysis used by the EuroSuperNova collaboration. More details about the analysis
can, therefore, be found in [Han01,Wör01].
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4.2.1 Pre-analysis of the Raw Data

In the analysis of the raw data, the trajectories of the particles at the focal plane were constructed
from the TDC signals of the VDCs. These were the cartesian coordinatesXd andYd and the
relative scattering anglesθd andφd with respect to the central ray at the focal plane. Further, the
x position corrected for kinematical broadening at the focal plane,Xf , was calculated [Han01].
From the TDC-signals of the two scintillator planesS1andS2, the time-of-flight (ToF) between
the two planes and time-over-threshold (ToT) signal for each scintillator paddle could be calcu-
lated.

Knowing the crossing point of the particle in the focal plane, it is possible to ray-trace the
particle back through the spectrometer and calculate its crossing point at the entrance of the BBS.
This crossing point is given in horizontal (Θ) and vertical (Φ) angles. The names of the vertical
and horizontal angles are used according to the standard notation for spectrometers. However,
one should take into account that these cartesian angles do not correspond to real spherical angles.
The azimuthal and polar scattering anglesϕ andϑ of the particles can be obtained from these
quantities with

ϑ = arccos(cos(ΘBBS + Θ) · cos Φ)

ϕ = arctan

(
sin(ΘBBS + Θ)

tan Φ

)
(4.7)

as explained in appendix B. To obtain the analysing power, the calculation of the solid angle
was not necessary and the standard anglesΘ andΦ were sufficient to make cuts on the opening
angle of the BBS. For the analysis with respect to the differential cross section, the whole BBS
opening was used. This will be explained in more detail in subsection 4.2.2.

The variablesXd, Yd, θd, φd,Θ,Φ and the time-of-flight were stored in the ntuple. In addition,
part of the information stored in the scaler units, as described in section 3.4, was read out and
written to the same ntuple. The scaler information stored in the ntuples consisted of the live-time
of the data-acquisition, the collected charge and the polarisation bit.

4.2.2 Analysis of the Ntuples

At each bombarding energy, measurements were made at about 30 different settings, which cor-
respond roughly to 15 measurements with the protons from the reaction2H(~p, dp) entering the
spectrometer, and about the same number of measurements for the deuterons from the same pro-
cess. At six bombarding energies, this adds up to roughly 200 measurements. Since the vector
analysing powers and the differential cross sections were measured separately for most energies
(see section 3.4), the number of data points, each of which had to be analysed separately, doubles.

After a first raw analysis of the data, using the standard BBS/ESN methods as was described
above, the pre-analysed data were stored in ntuples. For the purpose of analysing the data, a
program was written to read in the ntuples of each data point measured, apply the necessary
cuts to the data, and calculate the analysing power and the differential cross section. For each
data point, an input file was provided with the specific information, like beam energy, scattering
angle and the boundaries for cuts. Since these input files had to have an identical scheme, this
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Figure 4.8: Two-dimensional spectra showing variables determined at the position of the focal
plane. Shown is the relative angleθd with respect to the central trajectory versus the position of
the particle in the x plane of the first VDC. Both spectra were taken for a setting at 150 MeV beam
energy, where the deuteron emerging from the2H(~p, dp) reaction is scattered to a laboratory
angle of41◦. The left spectrum was recorded using a singles trigger, the right spectrum using a
coincidence trigger. Further explanations are given in the text.

procedure ensured, that the same method of analysis was supplied to each data point. In the
following subsections, the procedure employed to analyse the data using the ntuples will be laid
out.

Event Selection in the Focal Plane

To select the events stemming from the reaction2H(~p, dp), two-dimensional spectra of the focal
plane coordinatesXd andθd were used. In figure 4.8, examples of these spectra are shown using
the singles trigger, as described in section 3.4, and the coincidence trigger, for the same setting.
The spectra in this figure show the scattering angle relative to the central trajectoryθd at the
focal plane versus the position of the particle in thex plane of the first VDC. In these spectra,
deuterons emerging from the reaction2H(~p, dp) were recorded in the BBS/ESN detection system
at a laboratory scattering angle of41◦ and a beam energy of150 MeV. The broad dark band is
the locus of the deuterons. The narrow dark bands, which can be seen in both spectra, are due to
protons emerging from the reaction12C(p, p′)12C. At some other scattering angles, background
events stemming from the reaction12C(p, d)11C were recorded. Since the mass ratio between
deuterons and protons is rather small, as compared to the mass ratio between carbon and proton,
particles emerging from the reaction2H(~p, dp) will have a larger kinematical broadening in the
focal plane, as can be seen in figure 4.8. To simplify the event selection in the focal plane, a
virtual focal plane was used [Han01]. In this virtual focal plane, shown in figure 4.9 for the
same setting as figure 4.8, the distribution of momenta of the outgoing particle is corrected for
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Figure 4.9: Shown are two-dimensional spectra at the virtual focal plane measured at 150 MeV
beam energy for the same settings as in figure 4.8. In the upper-left figure, the virtual focal plane
spectrum is shown with events from the reactions2H(~p, dp) and12C(p, p′)12C. In the upper-right
figure, the ToF spectrum is shown with two peaks, a light-shaded one (left), corresponding to
the ToF of protons emerging from the reaction12C(p, p′)12C and a dark-shaded peak (right),
corresponding to deuterons emerging from the2H(~p, dp) reaction. In the lower-left figure, the
spectrum of the virtual focal plane is shown, where the deuterons have been selected by making
a cut on the dark-shaded peak. The actual cut was made between the solid line and the right
edge of the histogram. The lower-right figure shows the spectrum with a selection on the protons
emerging from the reaction12C(p, p′)12C. Here, the actual cut was made between the dashed
line and the left edge of the histogram.

the kinematics of the reaction of interest,2H(~p, dp), and hence the events due to deuterons are
assembled in one vertical band. The advantage in this case is that a one-dimensional cut can be
applied to the positionXf in the virtual focal plane. Otherwise, one would have to set a two-
dimensional cut in the realx positionXd, with a dependence onθd. To reduce the background
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stemming from the reaction12C(p, p′)12C, as is shown in figures 4.8 and 4.9, the ToF between
the two scintillator planesS1 and S2 was used. Since deuterons and protons with the same
momentum-to-charge ratio, and thus the same magnetic rigidity, have different velocities, the
ToF betweenS1andS2differs and can be used to separate them. Furthermore, the ToF spectrum,
where the two peaks corresponding to events from the reactions2H(~p, dp) and12C(p, p′)12C can
be distinguished, is also shown in figure 4.9. Both peaks were fitted with a gaussian distribution,
to help place the cuts properly. The actual cuts were made between one of the lines in the centre
and the edge of the histogram in order not to cut away valid events of either reaction. The two
two-dimensional spectra of the virtual focal plane obtained with these cuts in the ToF spectrum
are shown at the bottom of figure 4.9.

Another source of background at a laboratory scattering angle around50◦ was the reaction
2H(~p, dp) itself. In this angular range, protons and deuterons from this reaction are scattered into
the same angular range with a similar magnetic rigidity. Therefore, also with a coincidence setup,
both particles will be detected simultaneously with the BBS/ESN. In figure 4.10, an example
of a two-dimensional spectrum measured at the focal plane is shown where both the outgoing
protons and deuterons of the reaction2H(~p, dp) are measured with the focal-plane detection
system. Here, too, the selection using the ToF can be used to discriminate between protons and
deuterons.

The method of setting cuts in the virtual focal plane to determine the total number of de-
tected particles of interest was used in the analysis of the data published in reference [Erm01]
of the analysing powers at the energies 120, 135, 150 and 170 MeV. The spectra corrected for
kinematical broadening still display peaks with a gaussian distribution, as can be seen in figure
4.11. By setting cuts on thex position in the virtual focal plane, part of the good events are also
cut away in the tails of the distribution. Since the analysing power is obtained from a difference
between two cross sections, the events in the tails of the distribution hardly contribute. However,
for the measurements of the differential cross section the method of analysing the data had to be
improved. In a slightly modified version of the analysis software, a superposition of a gaussian
curve and a polynomial background was fitted to the data in the virtual focal plane, as is shown
in figure 4.11. The starting parameters of the fit were chosen such that a gaussian would be fitted
to the peak corresponding to the events stemming from the2H(~p, dp) reaction and a polynomial
to the background events. For the background, it was sufficient to use a polynomial of third order
or less. The gaussian was then integrated over a large region to obtain the number of collected
events. The fit had to be applied to each spin state separately. This method of event analysis was
employed for all cross-section measurements and the measurements of the analysing power at
108 MeV and 190 MeV. A comparison between this method of analysis with the method using
cuts in the focal plane showed, as expected, no difference in the results obtained for the analysing
power.

The background in the focal plane was mainly due to the carbon contained in the polyethylene
matrix of the target. At angles where bands from the reactionsH(p, p)H or the deuteron break-up
were recorded, these were located at a different region of the focal plane. To check, whether the
background due to carbon was subtracted sufficiently when using a polynomial fit, as described
above, measurements were done using a pure carbon target. The spectra ofXf recorded during
those measurements was fitted with a polynomial. The result of that fit was, after correcting
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Figure 4.10: Shown are events at a bombarding energy of 150 MeV for a scattering angle of
50◦. At this angular setting, protons and deuterons emerging from the2H(~p, dp) reaction are both
scattered to the same angle with a similar magnetic rigidity. Furthermore, background stemming
from the12C(p, p′)12C reaction has been recorded. In the upper-left figure, the two-dimensional
spectrum of the incidence angle versus position at the focal plane can be seen. The broad dark
band represents the scattered deuterons, the narrow dark band shows the protons from the same
reaction. In the upper-right figure, the ToF spectrum for this reaction is shown, with the left
(light-shaded) peak corresponding to protons and the right (dark-shaded) peak corresponding to
deuterons. In the lower-left figure, the deuteron band has been selected by a cut on ToF and in
the lower-right figure the proton band.

for the different luminosity, subtracted from the corresponding spectrum measured with aCD2

target. An example is shown in figure 4.12. In the upper left panel, a one-dimensional histogram
of the recoil-corrected focal-plane position is shown. This histogram was recorded for a setting at
170 MeV incident-beam energy with the deuteron emerging from the reaction2H(~p, dp) entering
the BBS at38◦. In this histogram, the result of a fit using a sum of a gaussian and a polynomial,
and the result for the polynomial part of the fit are shown. In the histogram shown in the lower-left
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Figure 4.11: Examples of fits of the spectra in the virtual focal plane. The spectra in the upper
part were recorded for a setting at 108 MeV beam energy with the deuteron emerging from the
reaction2H(~p, dp) and entering the BBS at a laboratory scattering angle of26◦. On the left side,
the correlation betweenθd andXf is shown. The skewed bands seen in this 2-dimensional plot
stem from the reaction12C(p, d)11C. No cuts were made for the event selection. On the right
side the projection ontoXf together with the results of the fit (dark line) are shown. The fitted
function consists of the sum of a gaussian and a third-order polynomial. The dashed line shows
the result of the polynomial fit to the background. In the lower part, the same spectra are shown
for a setting where deuterons were measured at a scattering angle of41◦. Here, a ToF cut was
used to remove background stemming from the reaction12C(p, p′)12C.

panel of figure 4.12, the polynomial has been subtracted from the measured spectrum shown in
the upper-left panel. In the upper-right figure, a histogram of a measurement for the same setting
but using a carbon target is shown. This histogram was fitted with a third-order polynomial.
In the lower-right panel, this polynomial was subtracted, after a proper normalisation, from the
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Figure 4.12: Background subtraction for spectra of the virtual focal plane. The spectra were
recorded for a setting at 170 MeV incident-beam energy and a laboratory angle of38◦. In the
upper-left panel, a spectrum of the positionXf is shown with the deuteron entering the BBS.
Also shown are the result of the gaussian+polynomial fit and the result of the polynomial fit
on its own. In the lower-left panel, a histogram is shown where the polynomial fit has been
subtracted from the spectrum shown in the upper-left panel. In the upper-right panel, a spectrum
for the same settings as in the upper-left panel, but taken with a pure carbon target is shown
together with a polynomial fit of the spectrum. In the lower-right panel, a histogram is shown
where the polynomial fit of the spectrum taken with the carbon target has been subtracted from
the histogram shown in the upper-left panel.
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histogram shown in the upper-left figure. The difference between the two histograms shown in
the lower panels in figure 4.12 is negligible, showing that the method of fitting is indeed sufficient
to subtract the carbon background.

Further Background Subtraction

As was mentioned before, the measurements of the analysing power at 120, 135, 150 and 170
MeV were analysed with the method of setting cuts in the virtual focal plane. For some of these
measurements, background in the focal plane could not be distinguished from the good events
using the ToF information. This is due to the fact that identical particles from different reactions
enter the BBS with the same magnetic rigidity. To remove the background contribution, a region
of the virtual plane has to be selected where the background is uniform and of the same height as
in the ‘good’ region. Background, which could not be reduced with a ToF cut, was dominant at
BBS angles around20◦ with protons entering the BBS. At these angles, protons emerging from
the reaction2H(~p, dp) overlap with protons emerging from the reaction12C(p, p′)12C in the focal
plane. As the BBS was moved to larger angles, protons due to scattering from deuterium moved
to the low-momentum side of the focal plane faster than protons due to scattering from carbon.
At laboratory angles around40◦, the protons emerging from the2H(~p, dp) reaction overlapped
with the continuum of the reaction12C(p, p′)12C. As is shown in appendix C, for background
which does not depend on the polarisation, the relative error made when calculating the analysing
power corresponds to the relative amount of the background with respect to the number of real
events. Therefore, if the background/signal ratio in the coordinateXf was< 1%, it was not
corrected for. In this case, the error made in the analysing power was also< 1%, which is in
general far less than the statistical error. If the background was higher and could not be removed
by cuts on the ToF, it was subtracted to determine the real number of events from the2H(~p, dp)
reaction. For the determination of the differential cross sections, the background was subtracted
by fitting a gaussian to the good events, as it was described earlier.

Time Cuts

In some cases, especially during the measurements at beam energies of 135 MeV and 170 MeV,
POLIS and the RF of AGOR fell out several times. Failing of the RF during a run does not
have a large effect. However, failing of POLIS can have a large influence on the polarisation.
Since the polarisation is obtained by collecting data over a period of time in order to have enough
statistics, a continuous change of the polarisation will result in an incorrect polarisation degree.
If such a data point is analysed, and events measured with different polarisations are summed
up, the resulting analysing power will be wrong. Therefore, it was necessary to cut out the time
slices in these measurements, which were made during the failure of POLIS, and not to use them
in the further analysis. The time information for these cuts was obtained from events recorded by
the scaler units. An example is shown in figure 4.13. Determining the polarisation in a time slice
for a certain data point is, in principle, possible. However, due to low statistics the uncertainty in
the polarisation will be rather large. Since the polarisation turned out to be constant over time for
most data points, the mean polarisation value, obtained by using a larger data set from the IBP
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Figure 4.13: Cut on the global time. In this figure, the current is shown for the whole duration
of the data taking for deuterons scattered toθlab = 38◦ at Ep = 135 MeV. Byup, downand
off, the polarisation state of POLIS is depicted. Towards the end of the data taking, the current
is decreasing rapidly, which is due to failing of POLIS. In the analysis of this run the last part
where the current is decreasing, separated by a dashed line, was cut out. To distinguish from
the ToF cut, this is referred to as a global time cut. When the state of POLIS is changed, e.g.
at 300 s and 1000 s, marked by arrows, the current also drops shortly. However, during this
time POLIS is not in a defined polarisation state and those events are, therefore, not taken into
account during the analysis.

measurements, could be used in the analysis of those data points.

Calculating and Cutting on the BBS Opening Angle

For the determination of the differential cross section, the solid angle had to be determined from
the opening of the BBS. The analysing power is obtained from a ratio and does not depend di-
rectly on the solid angle. The solid angle can be determined from the target coordinates of the
BBS, using the formulae given in appendix B. With these coordinates, it is then also possible to
make smaller cuts on the BBS opening, and therefore also on the solid angle. The target coor-
dinates are obtained from a ray-trace procedure using the focal-plane coordinates. To determine
the transformation matrix needed for this procedure, a measurement was done using a sieve-slit
aperture instead of the normal slit aperture at the BBS entrance. Since the positions of the holes
in the sieve-slit are well known, positions measured at the focal plane can be correlated to holes
in the sieve-slit at the BBS entrance, as is shown in figure 4.14. Using these correlations, a matrix
can be fitted to obtain the BBS target coordinates from the observables in the focal plane.
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Figure 4.14: Sieve-slit measurement performed at 190 MeV beam energy at a laboratory scatter-
ing angle of47◦. In the upper-left panel, a two-dimensional spectrum of the focal plane is shown.
Two loci can be distinguished, both due to deuterons and protons emerging from the2H(~p, dp)
reaction. In the lower-left panel, the focal-plane coordinatesYd versusθd are shown. Each of
the points in this spectrum corresponds to one of the holes in the sieve-slit. On the right side, the
target coordinates are shown. The grid shown in this picture depicts the actual positions of the
holes in the sieve-slit aperture.

On the left side in figure 4.14, spectra measured at the focal plane when using a sieve-slit
aperture at the entrance of the BBS are shown. On the right side, a two-dimensional spectrum
of the reconstructed target coordinates is shown. The fit used for the spectrum shown on the
right-hand side of figure 4.14 was used throughout the analysis of the data for the differential
cross section. In figure 4.15, a spectrum of the BBS aperture and the results of the fitting
procedure done for a measurement at 190 MeV are shown. As can be seen, the result of the fit
for φtarget is far from satisfactory. Using these fits, it is not possible to obtain sensible spherical
coordinates and therefore the correct solid angle. A slightly better fit was obtained by using a
data base consisting of several measurements of the reactions12C(p, p′)12C and11B(p, p′)11B
by the EuroSuperNova (ESN) collaboration, see e.g. [Han01]. The spectra obtained when using
this fit were the ones shown in figure 4.14.

A further problem is aφ-dependent inefficiency of the ESN focal-plane detection system,
which is not completely understood [Han01]. To account for both, the incorrect calculation of
φtarget as well as the inefficiency of the ESN-detector, the normalisation factors obtained from
elastic proton-proton scattering were used. These measurements will be explained in more detail
in subsection 4.2.4. The solid angle was determined using the geometrical properties of the slit
at the BBS entrance. In this case, the whole opening of the BBS entrance, corresponding to a
solid angle of7.8 msr, had to be used.
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Figure 4.15: The target coordinates obtained from a fit of the focal-plane coordinates shown in
figure 4.14. The coordinateθtarget, shown in the upper histogram on the left side, has been fitted
with a second-order polynomial inXd, Yd andΘd. The peaks, corresponding to different holes
in the sieve-slit, have a uniform width and give a similar distribution. In the lower histogram on
the left side, the coordinateφtarget can be seen, obtained from a second-order polynomial fit in
Xd andYd. As can be seen, the widths of the single peaks are not uniform and the distribution
is rather broad. This leads to a distribution ofφtarget which depends onθtarget as can be seen on
the right side. Other polynomials up to fourth order inXd, Yd andΘd coordinates did not lead
to better results.

4.2.3 Dead-time Corrections and Charge Collection

For a large vector analysing power, the number of events recorded by the data acquisition for a
certain period of time could differ by a factor of two or more for different spin states, leading
to spin-dependent dead-times. Therefore, the number of collected events had to be corrected
for the dead-time for each spin state separately. In general, the dead-times in the cross-section
measurements were kept below20%. Here, the procedure of the analysis differs from the method
employed by the ESN-collaboration. The normal way of correcting for dead-time is to sum up
the number of events registered by scalers and, therefore, not suffering from computer dead-time,
and those events recorded by the data acquisition. From these numbers, an averaged live-time is
calculated by ∑

recorded events∑
triggered events

(4.8)

at the end of the run. This approach assumes, that the beam parameters, like the polarisation
and the beam current, stay constant during the whole run. As already remarked earlier, this is
definitely not the case. Therefore, during the analysis, the number of events collected within ten
seconds was corrected for the dead-time calculated from the scaler-events, which were recorded
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Figure 4.16: Shown is a comparison for different procedures of dead-time correction. On the
left, the absolute difference between analysing powers obtained when using either of the two
procedures for dead-time determination explained in the text is shown. On the right, the relative
difference for the differential cross section is shown. Superscript ‘a’ denotes the average dead-
time, superscript ‘s’ the standard method employed throughout this work.

during the ten seconds of measurement. A comparison between the two different approaches is
shown in figure 4.16. On the left side of figure 4.16, the absolute difference between analysing
powers obtained when using an average dead-time (superscripta) and those obtained using the
standard procedure (superscripts) of this work is shown. On the right of figure 4.16, the same is
shown for the relative difference of the differential cross sections. As can be seen, the use of an
averaged dead-time leads in certain cases to sizeable effects.

Also, the number of counted events had to be normalised to the collected charge for each spin
state separately. In this case, however, the charge was summed up for each data point. The events
were normalised to the charge when calculating the analysing power and the cross section.

4.2.4 Calculation of the Normalisation Factor and Efficiencies

To arrive at the final differential cross sections, corrections for effects which are common to
protons and deuterons, such as the target thickness and the opening angle, have to be made.
Furthermore, effects, which depend on the particle type, such as the VDC efficiency, have to be
accounted for. These steps will be outlined in this subsection.

The Normalisation Factors

As was already remarked in section 3.6.1, the target thickness and other global properties of
the BBS/ESN detection system, such as the beam intensity, were corrected for by using elastic
proton-proton scattering. Since the observables of nucleon-nucleon scattering can be calculated
rather precisely with modern nucleon-nucleon potentials, a precise overall normalisation factor
can be obtained. Measurements of elastic proton-proton scattering were done at several angular
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Figure 4.17: Results of the measurement of the proton-proton differential cross section and
analysing power at 108 MeV on the left and 120 MeV on the right side for two different target
thicknesses. Where averaging was possible, the weighted averages of the normalisation factors
for the cross sections are shown as bands in lower panels.

settings for all beam energies during the cross-section measurements. In the cases, where po-
larised protons were used, the comparison of the measured proton-proton analysing power with
the results obtained from the calculation also gave an indication of the accuracy of the determi-
nation of the degree of beam polarisation.

The analysis of the proton-proton scattering data was done in the same way and with the
same analysis software as in the analysis of the proton-deuteron scattering data described in sec-
tion 4.2. In figures 4.17-4.19, a comparison between the measured and the calculated differential
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Figure 4.18: Same as figure 4.17 but for 150 and 190 MeV incident beam energies. At 190 MeV,
the circles and triangles correspond to measurements done in April 2002.

cross sections and analysing powers, if polarised protons were used, and the ratio between mea-
surements and calculations are shown. The theoretical calculation of the analysing power and
the differential cross section is shown as a band, obtained from the potentialsNijmegen I, Ni-
jmegen II, Nijmegen 93andPWA 93[Sto94,nno]. For further analysis, an average of the results
of these four potentials was used, resulting also in a theoretical uncertainty. This uncertainty was
propagated in the uncertainty of the normalisation factors.

At bombarding energies of 108, 150 and 190 MeV, as can be observed in figures 4.17 and
4.18, the measured differential cross section shows a deviation from theory which depends on
the scattering angle. A possible explanation could be that the beam spot on the target drifted
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Figure 4.19: Same as figure 4.17 but for 135 and 170 MeV incident beam energies. These
measurements were done with an unpolarised beam from CUSP and no analysing powers were
measured.

slightly during the experiment. Since the targets do not have a uniform thickness across their
surfaces, as was explained in section 3.6, this would lead to a different target thickness and
therefore to a different normalisation factor. Another possible explanation could be the melting
of the polyethylene target during the experiment. However, measurements done at later times
do not show a constant change of the normalisation factor, and this explanation seems therefore
rather unlikely. Therefore, at these three energies, an overall normalisation factor was obtained
from the weighted averages except for those scattering angles, where the normalisation factor
shows a sizeable deviation.



76 Chapter 4. Data Analysis

Furthermore, at 120 MeV, as can be seen in figure 4.17, the normalisation factors measured
at 14◦ differ from the ones measured at larger angles. Since at laboratory scattering angles
8.5◦ ≤ θlab ≤ 14◦ a Faraday cup inside the BBS was used, the deviation is probably due to
a misalignment of the Faraday cup. Therefore, for scattering angles8.5◦ ≤ θlab ≤ 14◦, the
normalisation factor obtained from a measurement atθlab = 14◦ was used. Forθlab ≥ 20◦ at
120 MeV, an overall normalisation factor obtained from the weighted averages of the individual
measurements was used. Since the cross-section measurements at 108 and 150 MeV were done
during the same experiment as 120 MeV, also here the normalisation factor obtained forθlab =
14◦ at 120 MeV had to be applied to those measurements that were done at8.5◦ ≤ θlab ≤ 14◦.

At 170 MeV, an overall normalisation factor could be obtained from the weighted averages
of the individual measurements for both targets. At 190 MeV, overall normalisation factors were
obtained for the target with 50 mg/cm2. From the measurements done with the 20 mg/cm2 target
in April 2002, an overall normalisation factor was obtained except for the measurements around
41◦, where a large deviation can be observed in figure 4.18.

Another factor, that should be taken into account is radiation damage to the target. In the case
of C2H4-C2D4 targets, radiation damage would induce a breaking of the C-C bonding, leading
to a loss of hydrogen and deuterium. Also, it is known that the radiation damage depends on
the manufacturing process of the target. Nevertheless, some estimate can be made based on
known numbers. Since, to a good approximation, the effect should be the same for hydrogen
and deuterium, the ratio between both contents should not change significantly and the effect
on the normalised differential cross section should be small. This assumption was confirmed by
mass-spectroscopic measurements of the ratio which were done after the experiments had been
performed [Kui02,Mei02]. These measurements showed that the C2D4:C2H4 ratios in irradiated
and not-irradiated regions of the target did not differ. Using an estimation of≈ 1% loss of
deuterium per107 Gy radiation dose [Hin02], an estimation for the possible radiation damage
can be made. The average energy deposit for an incident-beam energy of 108 MeV is≈ 13
MeV/(proton·g/cm2). For a beam area of roughly 5 mm2, a current of 1 nA and a radiation time
of 24 h≈ 105 s, the deposited radiation would be≈ 107 Gy, i.e., a decrease of the hydrogen and
deuterium content of≈ 1%. This estimation is only true for the lowest beam energy used in this
work; at higher bombarding energies, the deposited energy would be even less. Furthermore, the
total systematic uncertainties of the differential cross sections, which will be discussed in section
4.2.6 are about5%; a1% effect could, therefore, not be observed. As can be seen in figures 4.17-
4.18, the normalisation factors obtained from elastic proton-proton scattering are rather constant,
leading to the conclusion that radiation damage is negligible for the measurements done in this
work.

The measured analysing powers would not suffer from either of the afore-mentioned effects.
As can be seen in figures 4.17-4.18, this is also not the case and the measured analysing powers
agree well with the band obtained from theory. The normalisation factors which were used in the
final analysis can be found in table 3.2 on page 47.



4.2 Analysis of the BBS/ESN Data 77

5 10 15 20 25 30 35 40 45 50

88

90

92

94

96

98

40 60 80 100 120 140 160

88

90

92

94

96

98

Protons going to BBS
Deuterons going to BBS

lab [deg] Ejectile Energy [MeV]

E
ffi

ci
en

cy
[%

]

Figure 4.20: Efficiency of the vertical-drift chamber for each particle type as a function of the
scattering angle (on the left) and the ejectile energy (on the right). The beam energy was 135
MeV for the left panel while all beam energies were used in producing the right figure. The
diamonds correspond to outgoing deuterons, the squares to outgoing protons. The uncertainty
for each data point was estimated to be≈ 1%.

Vertical Drift Chamber Efficiency

Apart from global corrections, such as the correction for the target thickness and the beam cur-
rent, which could be accounted for by using the elastic proton-proton differential cross section,
as described in the last subsection, efficiencies of the detection system depending on the particle-
type of the ejectile had to be corrected for separately. This concerned mainly the efficiency of
the VDC detection and the VDC reconstruction with respect to protons and deuterons.

The efficiencyεi(i = 1 . . . 4) of one plane of the VDCs was determined as

εi =

∑
one hit in all four planes∑
one hit in three planes

(4.9)

The total efficiency of the VDC was calculated from the product of the efficiencies of all four
planes,

εVDC =
4∏
i=1

εi. (4.10)

This efficiency contained the convolution of the detection efficiency and the efficiency of the
reconstruction algorithm used to determine the interception point in the plane from the drift
times.

The efficiency obtained from formulae (4.9) and (4.10) turned out to depend on the type of
particle traversing the drift chamber, as is shown in figure 4.20. As can be seen, the efficiency of
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Figure 4.21: Efficiency as a function ofθcm for 170 MeV incident-beam energy. The efficiency for
detecting protons is rather constant within an uncertainty of1%, whereas that for the deuterons
shows a dependence onθcm which has been fitted with a linear regression.

the protons is rather constant within1% over the angular range where measurements were done
and for each incident-beam energy. Therefore, the differential cross section was corrected using
a common efficiency for each incident-beam energy at those points, where the outgoing proton
was detected. Another example for the efficiency of the protons at 170 MeV incident-beam
energy as a function ofθcm can be seen in figure 4.21.

For the deuterons, the efficiency shows a dependence on the ejectile energy, which corre-
sponds to a dependence on the centre-of-mass scattering angle. In figure 4.21, the efficiency is
shown as a function ofθcm for an incident-beam energy of 170 MeV. The dependence of the
efficiency onθcm can be approximated by a linear regression. This was also the case for the
measurements at the other beam energies and, therefore, the VDC efficiency for deuterons was
calculated as a linear function ofθcm. This was done separately for each beam energy.

4.2.5 Calculation of Ay and the Differential Cross Section

In this subsection, the formalism for calculating the differential cross section and the vector
analysing power for measurements done with a polarised beam is briefly reviewed. For measure-
ments done with an unpolarised beam from the CUSP source, the formulae given in equations
(4.11) and (D.3) in appendix D can, of course, be applied directly.

When the events for a data point were selected according to the cuts described in section 4.2
and corrected for dead-time, the spin-dependent differential cross section was calculated for each
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spin state according to the formula derived in appendix D

dσs

dΩ

[
mb

sr

]
=

1

3.75872 [cm2/(mb · C ·mol)]
×

mmol
target[mg/mol]

natoms

· Z[C] ·Ncollected

Q
×(

δx [mg/cm2]

cos δtarget

)−1

· 1

∆Ω[msr]
· 1

εpp · εVDC

(4.11)

whereNcollected is the number of dead-time-corrected collected events,Q is the collected charge,
Z is the charge of the projectile,mmol

target is the target mass in atomic units,natoms is the number
of atoms in the compound molecule,δx is the target thickness,δtarget is the angle between the
normal to the target and the beam direction and∆Ω is the solid angle.εpp is the correction
factor obtained from elastic proton-proton scattering andεVDC the efficiency of the vertical drift
chamber.

The relation between the spin-dependent cross sectiondσs and spin-averaged cross section
dσ0 is

dσs = dσ0(1 + ps · Ay · cosφ) (4.12)

for a vector polarisationps and vector analysing power Ay. φ is the angle between the direction
of polarisation and the normal to the scattering plane in the laboratory frame of reference. The
definition in the literature [Ohl72] is that for an incoming proton with spin up,φ = 0◦ corre-
sponds to the scattering of the outgoing proton to theleft andφ = 180◦ to theright. For a setting,
where the BBS selects the outgoing deuterons and the outgoing protons are measured by the
coincidence scintillator, the relation betweendσs = dσ↑ anddσ0 would be

dσ↑ = dσ0(1 + p↑ · Ay) (4.13)

for an incoming proton with spin up. If the incoming proton had spin down, the angleφ would
be shifted by180◦. For the case mentioned here, the scattered proton would see the coincidence
scintillator at an angleφ = 180◦ and the relation betweendσs = dσ↓ anddσ0 would then be

dσ↓ = dσ0(1− p↓ · Ay). (4.14)

Since for the measurement with the BBS, the acceptance of the BBS at the angles measured
is sufficiently small and only the possibilities forφ = 0◦ andφ = 180◦ exist, the minus sign
in equation (4.14) could also be absorbed in the polarisation, assigning a negative polarisation
value to the down polarisation. In this case, equations (4.13) and (4.14) look alike.

From the two cross sectionsdσ↑ anddσ↓ with the polarisationp↑ andp↓, wherep↓ < 0, the
analysing power can be calculated,

Ay =
dσ↑ − dσ↓

p↑dσ↓ − p↓dσ↑
. (4.15)
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Equation (4.15) holds for any polarisation degree, provided that care is taken with the sign of the
polarisation.

For settings, where the outgoing protons are selected by the BBS and the outgoing deuterons
are measured with the coincidence scintillator, care has to be taken. For an incoming beam with
polarisation up, the outgoing protons are scattered to theright, i.e., φ = 180◦, and the vector
analysing power calculated from equation (4.15) has to multiplied by−1.

Once the vector analysing power has been calculated, equation (4.13) or (4.14) may be used
to calculate the spin-averaged differential cross sectiondσ0,

dσ0 =
dσs

1 + psAy

=
p↑dσ↓ − p↓dσ↑

p↑ − p↓

(4.16)

where the polarisationps can be larger or smaller than zero. Even though the efficiencies are
included in the calculation of the cross section, they may be by-passed if the interest lies only in
the analysing powers. These depend only on the ratio of the cross sections and the efficiencies
cancel each other. This assumes, of course, that the efficiencies are independent of the spin as
was the case for the measurements done in this work.

4.2.6 Propagation of the Uncertainties

In the following, the uncertainties of the measurements of the reaction2H(~p, dp) will be dis-
cussed. For the calculation of all uncertainties, the propagation formula [Bev92]

(δf(xi))
2 =

∑
i

(
∂f(xi)

∂xi
∆xi

)2

(4.17)

has been employed. In some cases, also the correlation terms∆xij had to be taken into account.

Uncertainty Propagation in the Differential Cross Section

For the sake of simplicity, the abbreviation

dσ ≡ dσ

dΩ
(4.18)

will be used in this subsection. The statistical uncertainty in the differential cross section is given
by the statistical uncertainty in the number of counted events, i.e.,

∆dσstat =
1

3.75872
·
mmol

target

natoms

· Z ·
√
Ncollected

Q · δtarget

· 1

∆Ω
(4.19)
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However, when polarised protons were used and the cross section was determined from formula
(4.16), the statistical uncertainty of the spin-averaged differential cross section has to be deter-
mined by

∆dσ0
stat =

1√
(p↑ − p↓)2

√
(p↓∆dσ↑)2 + (p↑∆dσ↓)2, (4.20)

which is obtained from applying the propagation formula (4.17) to equation (4.16). The uncer-
tainties of the spin-dependent cross sections are given by (4.19). In this case, also the uncertainty
due to the polarisation has to be taken into account. The systematic uncertainty in the differential
cross section, which is due to the uncertainty in the polarisation, is

∆dσpsys =

√
(dσ↑ − dσ↓)2

(p↑ − p↓)2

√
(p↓∆p↑)2 + (p↑∆p↓)2 − 2p↑p↓∆p(↑↓) (4.21)

In equation (4.21),∆p(↑↓) is the error-correlation matrix. Since ions with spin up and spin down
are produced in the same source, possible correlation effects have to be taken into account.
Equation (4.21) takes on its largest value, when both spin values are completely anti-correlated.
In that case, using the notationp↑ > 0, p↓ < 0, the correlation matrix is

∆p(↑↓) = −(∆p↑) · (−∆p↓). (4.22)

Assuming∆p↑ = ∆p↓ ≡ ∆p, which was the case during most of the measurements done in this
work, equation (4.21) reduces to

∆dσpsys

dσ0
= Ay∆p. (4.23)

Equation (4.23) gives an idea of the influence of the polarisation uncertainty on the uncertainty
in the differential cross section. However, in the final error analysis equations (4.21) and (4.22)
were utilised.

Uncertainties in the other variables contained in equation (4.11) will lead to systematic un-
certainties. Variables which will lead to systematic uncertainties are the luminosity, i.e. target
thickness and the collected charge, the opening angle and the VDC efficiency. Since the nominal
luminosity was used and corrected for by using the normalisation factor obtained from proton-
proton scattering, the uncertainty of the luminosity is given by the uncertainty ofεpp. The same
holds for the uncertainty in the solid angle. The total contribution of these uncertainties to the
uncertainty in the differential cross section is given by

∆dσ

dσ

∣∣∣∣
sys

=

√(
∆εpp
εpp

)2

+

(
∆εVDC

εVDC

)2

(4.24)

which is obtained by applying (4.17) to (4.11). The uncertainty for the efficiency correction was
estimated to≈ 1%. This estimate is based on the efficiency analysis. For the uncertainty of the
solid angle, an upper estimation of≈ 1% was made, which is already included in∆εpp. The
uncertainties in the correction factor are given in table 3.2 on page 47. A summary of all the
uncertainties is given in table 4.2.
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Table 4.2: Uncertainties indσ/dΩ andAy. The actual uncertainties for each incident-beam
energy are given in tables G.1-G.8 in appendix G.

Uncertainty Source Uncertainty

Differential Cross Section:
statistical uncertainty < 2%

systematical uncertainties:
1) polarisation in general. 1%,. 3% at 120 MeV
2) normalisation in general. 2%,≈ 5% for few exceptions
3) efficiency ≈ 1%
4) ∆Ω contained in 2)
5) point-to-point uncertainty . 5%, contained partially in 2)√∑

(systematic uncertainties)2 in general< 6%, at most7%

Analysing Power:
statistical uncertainty . 0.01

systematical uncertainties:
polarisation in general. 3%,. 8% at 120 MeV

Uncertainty Propagation in the Analysing Power

The statistical uncertainty in the analysing power was obtained by applying the formula (4.17) to
equation (4.15),

∆Ay|stat =

√
(p↑ − p↓)2

(p↑dσ↓ − p↓dσ↑)2

√
(dσ↓∆σ↑)2 + (dσ↑∆σ↓)2. (4.25)

Equation (4.25) contains only the statistical uncertainties due to the spin-dependent cross sec-
tions dσ↑ anddσ↓, and not the uncertainties from the polarisation measurements. For a given
polarisation, determined by the IBP measurement, the uncertainty in the polarisation degree of
the proton, independent of its systematic or statistical origin, will result in a systematic uncer-
tainty in the measured vector analysing power. The systematic error of the analysing power,
which is due to the uncertainty in the polarisation degree, is given by

∆Ay|sys =
dσ↑ − dσ↓

(p↑dσ↓ − p↓dσ↑)2

√
(dσ↓∆p↑)2 + (dσ↑∆p↓)2 − 2∆p(↑↓)dσ↑dσ↓. (4.26)

In contrast to equation (4.21), the systematic uncertainty in the analysing power takes on its
largest value, when the uncertainties in the polarisation are completely correlated. Although this
is not consistent with the assumption made for equation (4.22), it is an upper estimation of the
uncertainty in the analysing power. The error correlation matrix is then

∆p(↑↓) = ∆p↑ · (−∆p↓), (4.27)

which is due to the notationp↑ > 0, p↓ < 0. In this case, if∆p↓ = ∆p↑ ≡ ∆p and−p↓ = p↑ ≡ p,

δAy,sys

Ay
=

∆p

p
. (4.28)

In the analysis of the data, equations (4.26) and (4.27) were used for the final error analysis.



4.3 Analysis of the SALAD Data 83

4.3 Analysis of the SALAD Data

In this section, the analysis of the data taken during the measurement of theH(~d, dp) reaction
at Ed = 130 MeV with SALAD will be described. This experiment was considered to be a
feasibility test, as the polarisation of the beam could not be obtained during the measurements.
For future experiments, using SALAD in a modified form including a new polarimeter, the po-
larisation will be determined with a lamb-shift polarimeter in the low-energy beam line. Then,
the vector- and tensor-analysing powers of the elastic scattering channel will be measured.

4.3.1 Track Reconstruction and Event Selection

The general procedure for analysing the data was to build for each event a track through SALAD
starting with the MWPC. Therefore, it was tried to correspond a valid hit in the MWPC with a hit
in the∆E and the energy detectors. The final track was then obtained after particle identification.
However, no events were thrown away if no correspondence between a valid hit in the MWPC
and a hit in the∆E-E hodoscope could be obtained, accounting for the possibility of good
events which did not reach the energy detector due to the low energy of the emerging particles.
Due to the kinematics, deuterons with kinetic energies below a certain threshold stop in the∆E
detector. For these events, the corresponding proton, which is also scattered to a forward angle,
causes a trigger in the energy scintillator. The MWPC, which is positioned upstream of the∆E
detector, records two tracks. However, the analysis of two events based solely on the MWPC
tracks proved not to be reliable due to insufficient energy information.

The start of the tracking algorithm was the correspondence check of the MWPC. The corre-
spondence check was done by taking hits in thex andy plane and corresponding them with a hit
in theu plane. The procedure for this correspondence check has been used in earlier experiments
with SALAD and is described in detail in references [Vol99,Hui99,Mes99,Vol01]. Hits in thex
andy plane, which could not be corresponded to a hit in theu plane, were thrown away. These
events were later corrected for by the efficiency of the MWPC. From the crossing point of a
particle through the MWPC, its polar and azimuthal scattering angles were obtained.

With the events which had survived the MWPC analysis, a correspondence check with the
energy and the∆E detectors was made, using the MWPCx andy information for the corre-
spondence with the∆E detector and theθ andφ information for the correspondence with the
energy detector. As mentioned earlier, no event was discarded if no energy or∆E detector could
be corresponded. The information obtained in this way was, however, used in a later stage of the
data analysis.

In the upper-left panel of figure 4.22, a two-dimensional plot of the position in thex and
y planes of the MWPC is shown after the correspondence check with the scintillators has been
performed. In the upper-right panel of this figure, the two-dimensional plot of they andx wires
of the MWPC is shown for deuterons crossing the MWPC. This spectrum was projected after the
final tracking and particle identification through SALAD, which will be described later in more
detail, had been done. The dark outer ring that can be observed in both spectra corresponds to a
scattering angle of≈ 30◦, where both deuterons and protons originating from the same reaction
are scattered to a similar polar angle. A small number of artificial hits in the middle stem from a
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Figure 4.22: Spectra generated from MWPC information are shown. In the upper left panel,
a two-dimensional plot of hits in the MWPC is shown after the correspondence check between
x, y andu planes was done. The ‘artificial’ hits in the middle stem from a noisy wire in theu
plane. However, it should be noted that the spectrum is shown with a logarithmic scale in the
z-direction. On the upper right side, the same plot is shown for deuterons crossing the MWPC,
after the final tracking and particle identification through SALAD has been done. In the lower
left panel, the range of the azimuthal scattering angleφ is depicted, and in the right panel, the
polar scattering angleθ.

noisy wire in theu plane. In the lower panels of figure 4.22, the range of the azimuthal scattering
angleφ and the polar scattering angleθ are depicted on the left and right, respectively. Also in
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Figure 4.23: Schematic drawing of the angular range covered by SALAD. The energy-threshold
for the deuterons, which has not been considered here, will lead to a cut-off atθcm ≈ 145◦.

this picture, a peak can be observed atθ ≈ 30◦.
Further analysis relied on the kinematics of the energy and scattering angle for elastic deuteron-

proton scattering with an incoming deuteron, which is described by

E ′d =
1

E2
tot − p2

d cos2 θd

Etot(Edmp +m2
d)±mpp

2
d cos θd

√
1−

(
md

mp

sin θd

)2

 (4.29)

and

cos θcm = 1 +
E2

tot − p2
d

mpp2
d

[E ′d − Ed]. (4.30)

Formulae (4.29) and (4.30) give the relativistic energyE ′d of an elastically-scattered deuteron
and its centre-of-mass scattering angleθcm as a function of the laboratory scattering angleθd. md

andmp are the deuteron and proton masses,Ed = γmd is the relativistic energy of the incoming
deuteron,pd the corresponding momentum andEtot = Ed + mp the total energy of the system
(assuming the proton to be initially at rest). A derivation of formulae (4.29) and (4.30) is given
in appendix E. As can be seen, two possible signs are present before the square root in formula
(4.29). If the mass of the incoming particle is smaller than the mass of the target particle, only
the ‘+’ sign is of relevance. However, if the mass of the incoming particle is larger than the mass
of the target particle (as in the present case), the square root itself will become zero at a certain
laboratory scattering angle and after this point, the ‘−’ sign solution has to be applied with the
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Figure 4.24: Shown are the kinematical limits of the events detected by SALAD. On the left,
the laboratory scattering angle of protons is plotted versus the laboratory scattering angle of
deuterons for particles emerging from the reactionH(~d, dp) and detected in coincidence by
SALAD. On the right side, the scattering angle of the deuteron is plotted against its measured
energy for coincidence and single-track events. The turning point of the deuterons is located at
an energy of≈ 44 MeV. Further information is given in the text.

scattering angleθd going back to0◦. The laboratory scattering angle, at which

1−
(
md

mp

sin θd

)2

= 0 (4.31)

depends only on the mass ratio of the two particles and isθlab = 30.02◦ for the case of the
reactionH(~d, dp). Therefore, the deuterons will never be scattered to laboratory angles larger
than about30◦. Deuterons with the higher energy, i.e., the kinetic energy obtained when using the
‘+’ sign in equation (4.29), will be detected ideally as pure single hits, since the corresponding
protons fall outside the acceptance of SALAD. Deuterons with the lower energy, corresponding
to the ‘−’ sign in formula (4.29), will be detected simultaneously with the corresponding proton.
Below a scattering angle ofθd ≈ 26◦, the kinetic energy of the deuteron of the ‘−’ sign solution
is not sufficient to reach the energy detector and cause a trigger. However, the event, triggered
by a proton in the energy detector, has two tracks in the MWPC. A scheme of the centre-of-mass
angles versus laboratory angles, at which protons and deuterons are detected in SALAD is shown
in figure 4.23. In this schematical drawing, the energy-threshold for the deuterons has not been
considered. The kinematics described so far are also shown in figure 4.24. On the left side of
figure 4.24, the laboratory scattering angle of protons is plotted versus the one of deuterons for
particles emerging from the reactionH(~d, dp) and detected in coincidence in SALAD. While
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the protons are scattered to angles between20◦ . θprot . 40◦, the deuterons are scattered to
laboratory angles. 30◦ but are detected only beyond≈ 26◦ due to the energy threshold imposed
by the∆E detector. On the right side, the scattering angle of the deuteron is plotted against
its measured energy for coincidence and single-track events. Also here, it can be seen that the
maximum scattering angle for deuterons is about30◦ at an energy of≈ 44 MeV.

For the event selection, use of the∆E-E information was made. In figure 4.25, spectra of
the∆E-E hodoscope are shown before and after event selection. For the event selection using
the ∆E-E information, each kinematically relevantE-∆E combination was energy calibrated
separately [Ste00], using the deuteron peak and the kinematic relations given in formulae (4.29)
and (4.30) for the energy detector and the Bethe-Bloch formula for the∆E-detector. As can be
seen in figure 4.25, the discrimination between deuterons and protons is rather clean. The cut was
done with a polynomial which was fitted to a number of selected points. The clean separation
between protons and deuterons is confirmed by looking at the time-of-flight spectra, shown in
figure 4.26. There, the particle energy is plotted versus the ToF of the particle with respect to
an RF signal (TDC signal) for all recorded events (left-hand side) and for events identified as
deuterons (right-hand side).

Deuterons belonging to the high-energy solution of equation (4.29) were detected as single
events and could be identified by relying on the∆E-E information, only. The angular range
spanned by these deuterons in the centre-of-mass frame of reference is about30◦ . θcm . 100◦.
For the selection of deuterons detected in coincidence with a corresponding proton, more care
had to be taken. Especially at scattering angles nearθlab ≈ 30◦, the deuteron may belong to
either solution of equation 4.29. For a good coincidence event, both outgoing particles have to
be co-planar, i.e., the difference between their azimuthal scattering angles should be∆φ = 180◦.
Depending on the laboratory scattering angle of the proton, the low- or high-energy solution of
equations (4.29) and (4.30) has to be applied. Especially at laboratory scattering angles of the
deuteron29◦ . θd,lab ≤ 30◦, where the corresponding centre-of-mass angular region is105◦ .
θcm . 135◦, no clear decision on which solution to choose can be made using the deuteron
angle only. Here, the centre-of-mass scattering angle,θcm, has to be obtained from the proton
angle, which is spread over a larger laboratory angular range. Doing this, however, the elastically
scattered proton has to be cleanly distinguished from a proton emerging from the deuteron break-
up reaction. Because of these complications and considering the time frame defined for this
thesis, the decision was made to analyse only the events, in which single deuterons were detected.

In the frame of this feasibility study, only a minor fraction of all acquired data, i.e.< 10%,
has been analysed, one of the reasons being that the analysis of all data would have required a
thorough and time-intensive energy calibration of the∆E-E hodoscope for several event files.

4.3.2 Calculation of the Physical Observables

The events collected according to the tracking algorithm described in the last subsection, were
binned according to the azimuthal and polar centre-of-mass scattering anglesϕ and θcm and
corrected for dead-time. The bin-size used was∆ϕ = 3◦ for the azimuthal angle and∆θcm =
4◦ for the centre-of-mass scattering angle. After the event collection, an integration over the
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Figure 4.25: Two-dimensional spectrum of the∆E-E hodoscope of SALAD. The lower band
stems from protons, the upper band from deuterons. The black line denotes the cut to select the
deuterons.

azimuthal scattering angleϕ was performed according to the formulae

SL =

∫ π
2

−π
2

dϕI(θ, ϕ)

SR =

∫ 3
2
π

π
2

dϕI(θ, ϕ)

SLR =

∫ π
4

−π
4

dϕI(θ, ϕ) +

∫ 5
4
π

3
4
π

dϕI(θ, ϕ)

SUD =

∫ 3
4
π

π
4

dϕI(θ, ϕ) +

∫ 7
4
π

5
4
π

dϕI(θ, ϕ)

(4.32)

whereI(θ, ϕ) is the number of counts corrected for dead-time in one bin,

I(θ, ϕ) = I0(θ){1 + k1πpZiT11 cosϕ− k2pZZT22 cos 2ϕ− k3T20pZZ}. (4.33)

pZ is the vector andpZZ the tensor polarisation of the deuteron beam and the constants are

k1 =

√
3

π
, k2 =

√
3

2
, k3 =

1√
8
. (4.34)

The complete evaluation of the integrals in equations (4.32) is given in appendix F. From
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Figure 4.26: Two-dimensional spectra of the particle energy versus its ToF obtained from the
signals of the energy detector with respect to the RF (TDC signals). On the left-hand side,
the measured energy versus the ToF is shown for all events. On the right-hand side, the same
spectrum is shown after the cut on the deuteron band in the∆E-E spectrum, as shown in figure
4.25, has been made.

these integrals, the vector analysing poweriT11 can be obtained ifpZZ = 0

iT11 =
1

2k1pZ

SL − SR
SL + SR

(4.35)

and the differential cross section can be obtained from measurements withpZZ = 0,

I0(θ) =
SL + SR

2π

dσ

dΩ
=

I0(θ)

Q f(θ) δx

(4.36)

whereδx is the target thickness andQ the collected charge. The solid angle for a detector
covering the full azimuthal angle such as SALAD is given by∆Ω = 2πf(∆θ), with f(∆θ) =∫ cos θ1

cos θ2
d cos θ.

The tensor analysing powersT20 andT22 can be obtained from measurements done with
pZ = 0 andpZZ 6= 0,

T20 =
1

k3pZZ

{
1− SL + SR

2πI0(θ)

(
Q

QpZZ

)}
T22 = − SLR − SUD

4 k2 I0(θ) pZZ

(
Q

QpZZ

) (4.37)

whereI0(θ) is obtained from measurements withpZZ = 0 using equation (4.36) andQ andQpZZ

are the charges collected during the measurement withpZZ = 0 andpZZ 6= 0, respectively.
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Though during the experiment use was made of all possible combinations of the weak and
strong fields of POLIS, as given in section 3.1, only a few combinations were eventually used
during the analysis. For the calculation of the differential cross section, only events with all
fields turned off were used. For the tensor analysing poweriT11, only events with pure vector
polarisation for whichpZZ = 0 were used. To obtain the tensor analysing powersT20 andT22,
use was made only of events with pure tensor polarisation wherepZ = 0.



Chapter 5

Discussion of the Results

In this chapter, the results obtained for the analysing powers and the differential cross sections
will be discussed and compared to theoretical predictions. First, a few general remarks about
the presentation of the data and the results obtained from theoretical calculations will be given.
In section 5.1, the results of the investigation of the energy-dependence of the vector analysing
power and the differential cross section of the2H(~p, dp) reaction will be discussed. In section 5.2,
the results of the feasibility test to measure the differential cross section and the vector and tensor
analysing powers of the reactionH(~d, dp) with SALAD will be presented. The final results for
all differential cross sections and analysing powers measured in this work are tabulated in tables
G.1-G.8 in appendix G.

As was already mentioned in the introduction and in chapter 2.2, all modern so-called high-
quality potentials describe the existing NN database with a similarχ2 ≈ 1. Therefore, there exists
a priori no preference for one potential and the spread in the predictions of three-body scattering
observables is an estimate for the uncertainty in the theoretical calculations. Consequently, in all
figures, in which data and theory are compared, the theoretical predictions, using pure nucleon-
nucleon (NN) and NN+ three-nucleon (NN+3N) interactions, will be shown as bands. For the
nucleon-nucleon calculations, all modern potentials, Nijmegen-I, Nijmegen-II, CD-Bonn and
AV18 have been used. For the three-nucleon force, the Tucson-Melbourne force, as the most
serious attempt up to date to include the three-nucleon two-pion exchange, has been used in its
modified form, TM′. Further, calculations using the Argonne V18 potential with the Urbana-IX
three-nucleon force are shown. The deficiencies of the original Tucson-Melbourne force will
be illustrated briefly for one example. All these calculations were performed by the Bochum-
Cracow group [Wit01, Gl̈o02]. These calculations were done for partial waves up toj = 5
for all energies presented in this work. At this number of partial waves, convergence of the
calculations was reached for all energies. Another calculation based on chiral perturbation theory
(χPT) [Epe02a] will be shown for 108 MeV incident-beam energy.

Furthermore, calculations from the Hanover-group are shown [Del02] in separate figures for
the reaction2H(~p, dp). In these calculations, the CD-Bonn and the Nijmegen-II two-nucleon po-
tentials were combined with a two-nucleon two-pion exchange with an intermediate∆-excitation
of one of the nucleons, as it is shown in figure 2.3 on page 23. These calculations, too, were done
for partial waves up toj = 5. The∆ contribution was taken into account in partial waves up to

91
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j = 4. Also for these calculations, convergence was reached.
In all figures, analysing powers and differential cross sections will be shown in the centre-

of-mass frame of reference. Also in all figures, the statistical uncertainty is shown for each
data point. In some of the figures, also the systematic uncertainty is included as a band. For
the systematic uncertainties it should be clear, that all data points could vary within this band
according to a certain common adjustment. For the vector analysing powerAy, e.g., the system-
atic uncertainty stems mainly from the determination of the polarisation. Within the systematic
uncertainty, the minima and maxima of the analysing power may, therefore, quench or stretch
aroundAy = 0. Data points near or atAy = 0 will hardly be affected. For the differential cross
section, part of the systematic uncertainty is due to the uncertainty in the normalisation factor to
the proton-proton differential cross section. This results in a common but unknown multiplica-
tive factor, within this uncertainty, for all the data points normalised with the same normalisation
factor. The main contribution to the systematic uncertainty is from the point-to-point variation,
as can be seen in table 4.2 on page 82.

5.1 Results of the2H(~p, dp) Reaction

In the following, the dependence of the vector analysing power and the differential cross section
of the reaction2H(~p, dp) on the incident-beam energy will be discussed. In subsection 5.1.1, the
different outcomes of the measurement when using a coincidence versus a singles trigger will be
compared. Then, the final results of the analysing power and the differential cross section will
be compared to the theoretical calculations.

5.1.1 Coincidence versus Singles Trigger

During the measurement of the analysing powers at the bombarding energies of 120, 135, 150
and 170 MeV, most data points were measured using the coincidence trigger, as is explained
in section 3.4. A few measurements were done using only the singles trigger and collecting
all events entering the BBS. A comparison of these so-called singles-trigger measurements with
measurements using the coincidence trigger showed that the differential cross section obtained
using the coincidence trigger was up to50% below the value obtained using the singles trigger.
The disagreement between measurements taken with either of the two trigger conditions was
largest around centre-of-mass scattering angles ofθcm ≈ 100◦. This angle corresponds to lab-
oratory scattering angles ofθd ≈ 38◦, where the coincidence detector is in the vicinity of the
Faraday cup and the count rate due to gamma radiation is rather high. An example can be seen
in figure 5.1, where the differential cross section of the reaction2H(~p, dp) at an incident-beam
energy of 170 MeV is shown. The band of the NN+3N calculation is shown as a guide line,
to give an indication where the results should be expected. Further shown are results obtained
when using the coincidence-trigger condition and results obtained using the singles trigger. On
the left side of figure 5.1, the differential cross section obtained during the measurement of the
analysing power with a polarised beam obtained from POLIS is depicted. While the results for
the cross section obtained with the singles trigger at103◦ and121◦ come close to the theoretical
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Figure 5.1: Results for the measurement of the differential cross section at 170 MeV beam en-
ergy. Shown are the results obtained from measurements using the coincidence- and the singles-
trigger conditions. On the left, results obtained from the measurements with a polarised beam
from POLIS are shown and on the right, the results obtained from a new measurement using an
unpolarised beam from the CUSP source. Further information is given in the text.

predictions, the results obtained using the coincidence trigger differ from the results obtained
with the singles-trigger condition by almost a factor of two. However, at very backward angles,
the results obtained with the coincidence trigger agree with the theoretical predictions and, at
other bombarding energies, also with other data sets. During the measurements at these back-
ward angles, the Faraday cup was placed inside the BBS and outside the scattering chamber and
the count rates of the coincidence scintillator due to background were considerably lower.

As a consequence of these problems, during the measurements of the differential cross sec-
tion, a different, transistorised voltage divider was used for the phototube to avoid problems of
gain shifts at high rates. Further, for some measurements, thinner targets were used (see table
3.2 on page 47) and the data were taken with a beam current< 1 nA, to reduce the dead time.
Since the count rate of the coincidence detector was of the order of a few hundred kHz because
of the presence of the Faraday cup inside the scattering chamber, the coincidence scintillator
was shielded by a lead plate. Due to this lead shield, no coincidence measurements could be
done at laboratory scattering angles≥ 41◦, to avoid crashing of the lead shield into the Faraday
cup. In this way, the count rate of the coincidence scintillator was kept below 200 kHz. Further-
more, each data point was measured using the singles and the coincidence triggers to inspect the
behaviour of the coincidence detector.

A systematic investigation showed, that the differential cross section measured with a coin-
cidence setup was still below the cross section measured with the singles trigger. However, the
deviation was reduced considerably with respect to the earlier measurements. On the right in
figure 5.1, results obtained from a new measurement using the CUSP source are shown, where
the experimental conditions were changed as described above. As can be seen, the disagreement
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Figure 5.2: Results for the differential cross sections and the analysing powers obtained from
measurements at 120 MeV and 150 MeV beam energy with different experimental conditions.
See the text for further information.

between results obtained with the different trigger conditions still remains at some angles, but
the extent of the disagreement has been reduced considerably. It can also be seen, that the dis-
agreement between measurements done with the coincidence- and the singles-trigger conditions
is still largest aroundθcm ≈ 100◦, where the coincidence scintillator is placed in the vicinity of
the Faraday Cup. The results shown in figure 5.1 have neither been normalised to the results of
elastic proton-proton scattering, nor have they been corrected for the VDC efficiency, yet. These
corrections will change the results slightly.

Furthermore, new measurements of the analysing power at 120 MeV and 150 MeV, using
the coincidence as well as the singles trigger for each data point, successfully reproduced the
analysing powers measured earlier using only the coincidence trigger. The results obtained from
those measurements are shown in figure 5.2. For these new measurements, the experimental
conditions were changed as described above. As can be seen in figure 5.2, the results for the
differential cross sections obtained from measurements with singles and coincidence triggers
agree rather well with each other, except for a few angles in the minimum of the differential
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cross section. At these angles, the coincidence scintillator is again placed in the vicinity of the
Faraday Cup and receives the highest count rate. Also, effects of the target thickness as a result
of the choice of target angle may come into play. However, even at these angles the disagreement
was reduced to about10%, as compared to almost50% in the earlier measurements. As in figure
5.1, the results for the differential cross sections have neither been normalised to the results of
proton-proton scattering, nor been corrected for the VDC efficiency, yet.

As can be seen from figures 5.1 and 5.2, the results for the differential cross section obtained
using the coincidence trigger are still lower in comparison with the singles trigger at some scatter-
ing angles. The disagreement is probably due to the high count-rate of the coincidence detector
stemming from the Faraday cup inside the scattering chamber, but this cannot be easily con-
firmed. As was remarked, the choice of the target angle resulting in an effective target thickness
which may be too large with respect to the energy of the outgoing proton could also pose a prob-
lem. The background in the spectra obtained with the singles-trigger condition could be dealt
with using the analysis method described in section 4.2. Therefore, the differential cross sections
obtained using the singles trigger are more reliable and in the analysis for this observable, only
the results obtained from the singles-trigger condition have been used.

From figure 5.2 it can also be observed, that the results obtained for the analysing power
from either of the two trigger conditions agree in general very well with each other. Furthermore,
results obtained during the new measurements agree very well with the earlier results [Erm01].
Thus, for the analysing power, the results obtained from both trigger conditions are valid and
were used in the analysis. For the sake of clarity, where old and new data sets exist, only the new
data points will be presented.

5.1.2 The Final Results and Discussion

In the following, the final results obtained fordσ/dΩ andAy for the reaction2H(~p, dp) will be
compared to calculations with three-nucleon forces from four different models and calculations
using NN potentials only. To give an idea about the statistical and systematic uncertainties, the
results for an incident-beam energy of 150 MeV are shown, in some detail, in figure 5.3. In the
upper panel of figure 5.3, the analysing power (left-hand side) and the differential cross section
(right-hand side) are shown, together with the statistical uncertainties given at each data point.
In the second panel from the top, the deviations of results from the calculations from our data
are shown. These differences were obtained using a polynomial fit of nineth or eleventh order
(depending on the energy) of the measured data. The use of a fit overcomes the statistical fluctua-
tions in the data. These fluctuations could give, locally, a wrong impression about the deviations
of the theoretical predictions from the data sets. Using a fit instead of, e.g., a spline interpolation,
suppresses these fluctuations and stresses the ‘real’ deviations from our data. Furthermore, an
additional point-to-point systematic uncertainty for the differential cross section was obtained
using this fit. To obtain aχ2 of 1, a relative systematic uncertainty was added to the statistical
uncertainty of each data point. This uncertainty, which is≤ 5% is systematic but affects each
data point individually. It is generally much larger then the statistical precision of the data. It
accounts, among other things, for uncertainties in the background subtraction, which are. 3%.
The total systematic uncertainty, which is shown in the figure as a band, is obtained from the sum
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Figure 5.3: Final results for the reaction2H(~p, dp) at 150 MeV bombarding energy. Shown are
the analysing power (upper left), the differences between the calculations forAy and the data
(one panel lower),dσ/dΩ (upper right) and the deviations of the calculations from measured
dσ/dΩ (one panel lower). The same sequence of panels is repeated in the lower half with dif-
ferent calculations. Shown in each frame are the data from this work (open squares) and results
from NN potentials only (black band). Shown further in the upper half are calculations from
NN+TM (grey band) and NN+TM′ (black band). In the plot ofdσ/dΩ, both bands overlap al-
most completely. Also shown in each frame in the lower half are results from AV18+Urbana-IX
(solid line), CD-Bonn+∆ (·· -·-) and Nijmegen-II+∆ (·-·). The statistical uncertainties, which
are in general smaller than the symbol size, are given at each data point while the systematic
uncertainty is shown as a grey band around zero.
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of the squares of this point-to-point uncertainty and the uncertainties due to target thickness and
polarisation (see table 4.2 on page 82 for a table of uncertainties). The systematic uncertainties
obtained from the fit are given in tables G.1-G.8 in appendix G.

In figure 5.3, the data of this work are set to zero in the deviation panel and are marked with
their statistical uncertainties. The systematic uncertainties are shown as a grey band. The same
sequence of panels is repeated in the lower half of figure 5.3, to avoid the appearance of too many
calculations in one figure.

Shown in each frame of the upper half of figure 5.3 are bands from calculations using NN
potentials (black band), NN+TM (grey band) and NN+TM′ (black dotted band). Shown in
each frame of the lower half of figure 5.3 are calculations using NN potentials (black band),
AV18+Urbana-IX (solid line), CD-Bonn+∆ (dash-dotted line) and Nijmegen-II+∆ (dash-double-
dotted line). For a brief description of the different 3NF models, see sections 2.2.1 and 2.2.2.

As can be seen, calculations using only NN potentials fail for both, the analysing power and
the differential cross section, apart from very forward angles. Furthermore, calculations using the
original Tuscon-Melbourne force fail in the description of the analysing power, apart from very
forward angles. This deficiency in the description of the analysing power for other existing data
sets was one of the reasons for a revision of the Tuscon-Melbourne force. Since it is established,
that the original TM force has deficiencies, as it was described in section 2.2.1, and should not
be used any more, it will be omitted from the following figures. However, it should be stressed
that the predictions for the differential cross section from the other three-nucleon force models
coincide with the results of calculations with TM. This can be seen in the top-right panel of
figure 5.3, but the same holds for all bombarding energies, where measurements were done in
this work. Furthermore, it should be noted that the inclusion of the TM force in the calculations
leads to an increase in the spread of the theoretical predictions, as compared to the band from
calculations using NN potentials only.

The measured vector analysing powers of the2H(~p, dp) reaction at six incident-beam energies
are shown in figure 5.4. Further shown are the data measured by Wellset al. at120 MeV [Wel93]
and Bieberet al. at150 MeV and190 MeV [Bie00]. At 150 MeV, also the data sets from Kuroda
et al. at 155 MeV [Kur66] and Postma and Wilson at 146 MeV [Pos61] are shown. These two
data sets have rather large statistical uncertainties. At190 MeV, results from Adelberger and
Brown at 198 MeV [Ade72] and Cadmanet al. at 197.5 MeV [Cad01] are shown as well. The
data at 217 MeV from [Igo72] have been omitted at 190 MeV, since the difference in kinetic
energy is already too large for a meaningful comparison. At all energies except for120 and190
MeV, a high-precision measurement atθcm ≈ 90◦ from IUCF [Ste99] is shown. As can be seen
in figure 5.4, the measured data sets from this work agree very well with the other data sets.
However, in contrast to the other data sets, the high-precision data sets measured in this work
cover, on their own, a large kinetic energy range as well as a centre-of-mass region between30◦

and170◦.
The black band at each energy represents results of calculations using NN potentials only,

whereas the grey band shows the results from NN+TM′ calculations. The solid line shows the
results of calculations using the AV18+Urbana-IX potential. At 108 MeV bombarding energy,
results from calculations usingχPT are also shown (dark grey band). The deviations of the
theoretical calculations from our data sets are shown in figure 5.5, as it was already explained
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Figure 5.4: Results for the vector analysing power of the2H(~p, dp) reaction. The results of the
present work are shown by open squares while other symbols represent data available in the
literature. The theoretical predictions are shown for NN potentials only (black band), NN+TM′

interactions (grey band), a calculation from AV18+Urbana-IX (solid line) and calculations from
χPT (dark grey line). For each data point, only the statistical uncertainty is given, which is in
general smaller than the size of the symbols.
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Figure 5.5: Shown are the deviations of the different theoretical predictions from the analysing
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Figure 5.6: Results for the vector analysing power of the2H(~p, dp) reaction in comparison with
calculations from [Del02]. Results from calculations using the potentials CD-Bonn (solid black
line), Nijmegen-II (dashed black line), CD-Bonn+∆ (·· -·-) and Nijmegen-II+∆ (·-·) done by the
Hanover group [Del02] are shown. The statistical uncertainty is given for each data point.
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Figure 5.7: Shown are the deviations of the theoretical calculations from the measured analysing
powers of the reaction2H(~p, dp) shown in figure 5.6. The meaning of the curves is the same as in
figure 5.6. Further information about the presentation of the data and the calculations is given
in the text.
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for figure 5.3. The meaning of the theoretical curves is the same as for figure 5.4. In figure 5.5, the
data from this work are, of course, set to zero and are marked with their statistical uncertainties.
The systematic uncertainty of3% is shown as a band around these data points.

Comparing the calculations and the data separately for each energy, it can be observed that
the theoretical predictions deviate slightly from the data below a centre-of-mass angle of40◦.
This might be due to Coulomb-effects, although the deviation seems to get larger in this range
as one increases the beam energy. It might also be an onset of relativistic effects, which are not
sufficiently included in the theory. In the angular range between40◦ . θcm . 60◦, depending
on the bombarding energy, NN- and (NN+3N)-calculations agree with each other and describe
our data reasonably well. Atθcm ≈ 50◦, calculations with and without three-nucleon forces
(3NFs) start to deviate from each other. As was already remarked for figure 5.3, calculations
using NN potentials only also fail to describe the data set. With the use of newer 3NF models,
like the modified Tucson-Melbourne force or the Urbana-IX potential, these discrepancies can
be remedied partially. However, at backward angles aroundθcm ≈ 130◦, also these models fail
to describe our data, as can be seen very clearly in figure 5.5.

Looking at the behaviour ofAy as a function of energy, it can be observed, that the first max-
imum and the minimum shift towards smaller angles with increasing energy, while the second
maximum stays at aroundθcm ≈ 150◦. The minimum of the calculations also becomes shallower
with increasing incident energy, whereas the minimum of the experimental data hardly changes
its form. As can be observed from figure 5.5, this behaviour leads to large disagreements be-
tween the calculations and our data at higher energies at backward angles, which are of the same
order as the deviations of calculations using NN potentials only. Interesting to note is the fact,
that calculations from AV18+Urbana-IX, which are based for a large part on phenomenology,
still come closer to our data at the higher energies, than calculations which employ the mod-
ified Tuscon-Melbourne force, TM′, which is a sophisticated theoretical model obeying chiral
symmetry.

In figures 5.6 and 5.7, the same observables as in figures 5.4 and 5.5 are shown with re-
sults from calculations done by the Hanover group [Del02]. These figures are shown sepa-
rately to avoid the presence of too many curves in one picture. Also, the data sets from [Kur66]
and [Pos61] have been omitted in these figures. Calculations from two-nucleon interactions only,
using CD-Bonn and Nijmegen-II potentials, are represented by solid and dashed lines, respec-
tively. Also shown are calculations from CD-Bonn+∆ (dash-double-dotted line) and Nijmegen-
II+∆ (dash-dotted line). As can be observed, calculations using two-pion exchange with an
explicit ∆ excitation as an effective three-nucleon force describe our data rather well for incident-
beam energies up to 150 MeV over a large angular range in the centre-of-mass frame of reference.
Only at 170 and 190 MeV, deviations start to set in at the same place, where the deficiencies of
TM′ and Urbana-IX are observed, at aroundθcm ≈ 130◦. Deviations can be seen at very forward
angles, too, which may also be due to Coulomb effects. The good description of our data, at
least for energies up to 150 MeV, but also at 170 and 190 MeV, is in contrast to the calculations
from CD-Bonn+TM′ or AV18+Urbana-IX. Comparing figures 5.5 and 5.7, it can be observed
that the calculations which use an explicit∆ excitation give a considerably better description of
the data. In fact, up to 135 MeV bombarding energy, the results of the calculations from the
Hanover group are within the uncertainties of the data measured in this work. But also at the
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higher energies, the predictions from the Hanover group lie considerably closer to our data than
the predictions which use TM′ or Urbana-IX. Although the calculations of the Hanover group
seem to be in better agreement with our data, this does not necessarily imply that they are more
complete than the calculations by the Bochum-Cracow group. The problem that their two-body
interaction does not reproduce the two-nucleon data anymore when the∆ is included needs some
attention.

The results for the differential cross section as a function of centre-of-mass scattering angle
and bombarding energy are shown in figures 5.8 and 5.9. The results obtained from theoretical
calculations are again shown as bands for calculations using NN potentials only (black band)
and calculations using NN+TM′ (grey band). Furthermore, results obtained from calculations
using AV18+Urbana-IX are shown as solid lines. At 108 MeV, also results from calculations
based onχPT are shown as a dark grey band. At135 MeV, results obtained from high-precision
measurements of the reactionH(~d, dp) atEbeam = 270 MeV by Sakaiet al. [Sak00] are shown.
At 150 MeV, results from measurements done by Postma and Wilson [Pos61] at146 MeV and by
Kurodaet al.[Kur66] at 155 MeV are shown. At190 MeV, results are shown from measurements
done by Adelberger and Brown [Ade72] at 198 MeV and Igoet al. [Igo72] at 362 MeV of the
reactionH(~d, dp). As for the analysing power, the data set from [Igo72] at 217 MeV has been
omitted, as the difference in kinetic energy is too large for a meaningful comparison. As can
be seen, the data obtained in this work show a systematic deviation from the data of reference
[Sak00]. The disagreement of the data set from this work with that high-precision data of [Sak00]
seems to be a rather large and unexplained normalisation difference between the two data sets.
However, the data obtained in this work agree rather well with the data sets at 150 and 190
MeV incident-beam energies. At 190 MeV, the data set measured in this work gives slightly
larger values than the data set from [Ade72]. However, that data set was measured at 198 MeV
incident-beam energy and should, therefore, be below the data set from this work. The shape
of the angular distribution of the differential cross section obtained in this work at 190 MeV is
also in rather good agreement with data taken earlier at KVI with SALAD [Vol01], which are
not shown here.

In figures 5.10 and 5.11, the comparison of the data obtained in this work with calculations
from the Hanover-group is shown. As for the analysing power, results are shown from calcula-
tions using the CD-Bonn (solid lines), Nijmegen-II (dashed lines), CD-Bonn+∆ (dash-double-
dotted lines) and Nijmegen-II+∆ (dash-dotted lines). Also here, as in the case for the analysing
power, the calculations from the Hanover group are shown in separate figures for the sake of
clarity only.

In the angular range between30◦ . θcm . 60◦, depending a little on the bombarding energy,
the agreement between the theoretical calculations is not as good as in the case of the analysing
power. Furthermore, the deviations of the theoretical predictions from our data are slightly larger
than the systematic uncertainty of the data. Atθcm & 60◦, the NN band and the NN+TM′ band
deviate from each other. Calculations using two-nucleon interactions only completely fail to
describe the data for the rest of the angular range. The deviation between calculations from NN
potentials and the data is largest around130◦ . θcm . 150◦. This angular range is part of the
region of the minimum and the place, where three-nucleon force effects would be expected to
show up [Wit98].



104 Chapter 5. Discussion of the Results

108 MeV

100

101
120 MeV

135 MeV

10-1

100

101

[Sak00]

150 MeV

[Pos61], 146 MeV
[Kur66], 155 MeV

170 MeV

30 90 150

10-1

100

101

190 MeV

30 90 150

[Igo72], 181 MeV
[Ade72], 198 MeV

cm [deg]

d
/d

[m
b/

sr
]

Figure 5.8: Differential cross section for the reaction2H(~p, dp) as a function of incident-beam
energy. Shown are the data set from this work (solid black squares) and calculations from NN
potentials (black band), NN+TM′ (grey band), AV18+Urbana-IX (solid line) and, at 108 MeV,
fromχPT (dark grey band). The other data sets shown are denoted in the pictures and explained
in the text. The statistical uncertainty is depicted at each data point.
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Figure 5.9: Shown are the deviations of the different theoretical calculations from the data sets
measured in this work for the differential cross section of the reaction2H(~p, dp), as in figure
5.5 for the analysing powers. The meaning of the curves is the same as in figure 5.8. The grey
band around zero represents the systematic uncertainty of the measurement. Further information
about the presentation is given in the text.
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Figure 5.10: Differential cross section for the reaction2H(~p, dp) as a function of incident-beam
energy. The data set measured in this work is denoted by solid black squares. The statistical
uncertainty is depicted at each data point. Also shown are calculations from the Hanover group
using CD-Bonn (solid black line), Nijmegen-II (dashed black line), CD-Bonn+∆ (·· -·-) and
Nijmegen-II+∆ (·-·).
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Figure 5.11: Shown are the deviations of the theoretical calculations shown in figure 5.10 from
the data set for differential cross sections of the reaction2H(~p, dp) measured in this work. Fur-
ther information about the presentation is given in the text. The meaning of the curves is the
same as in figure 5.10. The grey band represents the systematic uncertainty of the measurement.
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The use of additional three-nucleon forces remedies these discrepancies at the lower energies.
For 60◦ . θcm . 120◦ and for energies. 150 MeV, the data set is described rather well by
the NN+3N band. In contrast to the analysing power, all three-nucleon forces used in these
calculations, TM′, Urbana-IX and explicit∆ excitation, give similar results. Aroundθcm ≈ 70◦,
a local minimum appears in the difference plots, as can be seen in figures 5.9 and 5.11. This
minimum is due to a ‘shoulder’ of the differential cross section, which begins atθcm ≈ 60◦ and
is shown by the calculations and, more enhanced, by the data. At large backward angles with
θcm & 145◦, calculations using 3NF describe our data reasonably well at energies up to 135
MeV. However, with increasing bombarding energy, discrepancies in the calculations set in at
backward angles aroundθcm ≈ 130◦. This is slightly beyond the angular region, where also the
calculations for the analysing power show deficiencies.

The behaviour of both, the analysing power and the differential cross section, at slightly
backward angles is shown in figure 5.12. Here, both observables and the deviations of the calcu-
lations from our data are plotted as a function of incident-beam energy forθd,lab = 20◦, which
corresponds toθcm ≈ 139◦. Further shown are the results from NN+TM′, AV18+Urbana-IX,
CD-Bonn+∆ and Nijmegen-II+∆. Since in all panels in figure 5.12 the measured data points
have been used, while the differences in the lower panels were obtained from the results of the
fits through the data, slight deviations between the upper and the lower panels may exist which,
however, do not change the conclusion. As can be observed in figure 5.12, the deviations for both
observables increase atθcm ≈ 139◦ with an increase in bombarding energy. Furthermore, as is
stressed in figure 5.12, the spread between the different modern 3NFs is, in the case of the differ-
ential cross section, negligible. However, in the case of the analysing powers, the spread leads to
a still reasonable description of the data with calculations from the Hanover group, but to rather
large disagreements between the data and calculations from NN+TM′ or AV18+Urbana-IX.

The differences seen between the different three-nucleon force models, shown in figures 5.4-
5.11 and summarised in figure 5.12, seem to indicate that the different models differ mainly in
the treatment of the spin. This, however, has yet to be established since these models differ from
each other in other respects and have only in common thead-hocapproach of using a modern,
phenomenological, NN potential and adding a three-nucleon force.

Of the three three-nucleon forces, the Tuscon-Melbourne force, in its modified form, is cer-
tainly the most sophisticated one, including an explicit∆ excitation, two-pion exchange and
point-like short-range interactions. Furthermore, it obeys chiral symmetry. The modifications
with respect to the original TM force seem to influence mainly the spin-dependent part of the
potential, as no significant change in the prediction fordσ/dΩ can be observed.

In contrast, the Urbana-IX model, which was built for a completely different purpose, is
based largely on phenomenology. However, whereas calculations from the two forces agree for
the differential cross section, calculations from AV18+Urbana-IX give a better description of the
analysing power. Calculations from the Hanover group, which are based on two-pion exchange
and an explicit∆ excitation, seem to give the best description of the analysing power. This model
also includesρ-π andρ-ρ exchange, but no short-range interactions. The calculations are done
using Alt-Grassberger-Sandhas equations.

The common discrepancies with our data at backward angles around≈ 130◦−150◦ at higher
incident-beam energies, which is a kinematical region with large momentum transfer, seem to



5.1 Results of the2H(~p, dp) Reaction 109

10-1

2

3

4

0.0

0.05

0.1

0.15

110 120 130 140 150 160 170 180 190

-30

-20

-10

0

110 120 130 140 150 160 170 180 190

-0.15

-0.05

0.05

Energy [MeV]

d
/d

[m
b/

sr
]

A
y

(d
th

e -d
ex

p )/
d

ex
p

[%
]

A
yth

e -A
yex

p

Figure 5.12: Comparison of theoretical calculations fordσ/dΩ andAy for the reaction2H(~p, dp)
with measured values as a function of energy forθcm ≈ 139◦ (θd,lab = 20◦). Shown are calcula-
tion from NN+TM′ (dark grey band), AV18+Urbana-IX (solid black line), CD-Bonn+∆ (·· -·-)
and Nijmegen-II+∆ (·-·). The systematic uncertainty of the data set is shown in the lower panels
as a grey band around zero. It should be noted that the measured data points were used in all
panels, while the differences in the lower panel were obtained from the results of the fits through
the data.

indicate common deficiencies in the proper inclusion of relativistic dynamics. It might also be
a hint of deficiencies in the treatment of the spin-dependent part at higher momentum transfer,
and/or due to higher-order effects which have not been included in the TM′ calculations, such as
ρ-π or ρ-ρ exchanges.

The results fromχPT at 108 MeV incident-beam energy give a reasonable description for
the differential cross section, slightly underestimating the data, and show deficiencies in the
description of the analysing power at backward angles. However, these calculations were only
done up to Next-to-Next-to Leading Order (NNLO) inχPT. In this order, three-nucleon forces
appear for the first time. The comparison with the data presented in this work seems rather
promising but shows, that the inclusion of higher order terms might be necessary.

In general, it can be concluded that the treatment of three-nucleon observables, likedσ/dΩ
orAy, using thead-hocapproach of adding a three-nucleon force to a phenomenological NN po-
tential seems to work well at lower kinetic energies. However, for higher kinetic energies, more
sophisticated approaches are apparently necessary when dealing with three-nucleon systems.
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5.2 Results of theH(~d, dp) Feasibility Test

The results of the feasibility study to measure the differential cross section and the vector and
tensor analysing powers of the reactionH(~d, dp) atEd = 130 MeV are shown in figure 5.13. The
results are also given in tables G.9 and G.10 in appendix G.

The differential cross section obtained from the feasibility test is shown together with high-
precision data from the2H(~p, dp) reaction at65 MeV measured by Shimizuet al. [Shi82]. To-
gether with the analysing powers, data points from [Wit93] are shown. Furthermore, for the
differential cross section and the analysing powersiT11 andT22, high-precision data of the re-
actionH(~d, dp) atEd = 140 MeV measured by Sekiguchiet al. [Sek02] are shown. Other data
sets, such as the Saturne-measurements [Gar86], are energetically too far away from our data for
a meaningful comparison. For all observables in figure 5.13, results obtained from theoretical
calculations performed by the Bochum-Cracow group [Glö02] using NN (black band), NN+TM
calculations (grey band), calculations from CD-Bonn+TM′ (dashed line) and AV18+Urbana-IX
(solid line) are shown as well. Although the old Tuscon-Melbourne force turned out to include
ambiguous vertices which violate chiral symmetry, for the sake of completeness it is included
here, also to see the effects at lower energies.

The differential cross section was obtained from data taken with an unpolarised beam. The
vector analysing poweriT11 was obtained from the data set using formula (4.35) and pure vector
polarisation of the incoming deuterons, and by using formula (4.35) but normalising toI0(θ)
obtained from unpolarised deuterons. As can be seen in figure 5.13, the results obtained from
both methods agree with each other, within their statistical uncertainties. The tensor analysing
powersT20 andT22 were obtained from measurements with incoming deuterons with pure tensor
polarisationpZZ = −2. This value is the theoretical value. The real value that has been used in
the analysis is smaller. Since the deuteron beam polarisation could not be measured in this work,
the analysing powers were normalised to the theoretical bands. The merit of the measurements
is, in this case, the angular distribution of the analysing powers.

As can be seen in figure 5.13, the results for the differential cross sections and the angular
distribution of the vector analysing poweriT11 agrees rather well with the existing data sets
from [Shi82, Wit93, Sek02]. Also, the angular distribution obtained for the tensor analysing
powersT20 andT22 come close to the theoretical predictions and the existing data sets. Therefore,
all four observables, the differential cross section and the analysing powers can be measured with
the present setup of SALAD in an angular range of30◦ . θcm . 100◦. Although the∆E detector
imposes a high threshold on the incoming deuterons, it is necessary for a clean discrimination
between deuterons and protons. Deuterons with an energy. 30 MeV suffer from this high
threshold, leading to a loss of data in an angular range ofθcm & 140◦. A thorough analysis
of coincidence tracks should give results for the analysing powers. However, the analysis done
in this work showed, that the requirement of co-planarity alone does not remove all accidental
coincidences with break-up protons and more care should be taken in further analysis.

When comparing the theoretical bands shown in figure 5.13, it can be seen, that the bands
themselves are very thin, as compared to the theoretical predictions at higher bombarding en-
ergies per nucleon, e.g., at the energies used in this work for the measurements of the reaction
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Figure 5.13: Results for the differential cross section and the analysing powers of the reaction
H(~d, dp). Shown are the data measured in this work (black squares and diamonds), predictions
from calculations using NN potentials only (black band), NN+TM calculations (grey band), CD-
Bonn+TM′ (dashed line) and from Argonne-V18+Urbana-IX (solid line). Further information
is given in the text.

2H(~p, dp). Also, it can be observed that the difference between the theoretical calculations with
and without the inclusion of three-nucleon-force effects is much smaller at this energy. As was re-
marked in [Wit98], effects due to three-nucleon forces should show up starting at kinetic energies
≈ 65 MeV/nucleon for the differential cross section, and the small difference between calcula-
tions with and without the inclusion of three-nucleon-force effects is, therefore, not surprising
for this observable. Unfortunately, the analysis of single-track events gives only results in an
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angular region, where the differences between calculations from the different models are small.
Therefore, the data analysed during the present feasibility test will not be able to distinguish
between different calculations, certainly not within the statistical and systematical uncertainties
obtained in this feasibility study.

In the framework of the feasibility test, and due to the time frame defined for this thesis, only
a small fraction of the available data (< 10%), has been analysed. One of the reasons for this is
that the analysis of a larger amount of data would have required a thorough energy calibration of
the∆E-E hodoscope for several event files.



Chapter 6

Conclusions and Outlook

With the advent of nuclear physics, one of the most fundamental questions up to date in physics
was raised, namely, what is the interaction between nucleons and how can the properties of nuclei
be explained from the basic nucleon-nucleon interaction.

Recently, several so-called high-quality two-nucleon potentials, Nijmegen-I, Nijmegen-II
[Sto94], CD-Bonn [Mac96] and Argonne-V18 [Wir95], were developed. Results from calcu-
lations using these potentials describe two-nucleon scattering observables with rather high pre-
cision. All of these potentials have in common, that they contain about≈ 40 parameters, which
were fitted to the world nucleon-nucleon scattering data. The potentials are based largely on
phenomenology, with an exception for the long-range one-pion-exchange potential.

A question of interest is, whether calculations for three-nucleon systems using these modern
two-nucleon potentials, will also give meaningful results or whether higher-order terms, so-called
three-nucleon forces, have to be included into the calculations. Calculations for three-nucleon
systems can be done exactly with the use of Faddeev equations. The existence of three-nucleon
forces is also predicted by meson theory and quantum field theory. Deviations of the results of
these calculations from experimental data at energies. 30 MeV for the vector analysing power
Ay of elastic proton-deuteron scattering showed, that the use of two-nucleon potentials solely
is insufficient to describe three-nucleon scattering observables. However, at lower energies, the
inclusion of 3NFs did not solve the discrepancies, leading to the well-knownAy puzzle.

The necessity for the inclusion of 3NFs was also observed in the differential cross section of
the reaction2H(~p, dp) [Shi82]. Theoretical investigation showed that three-nucleon force effects
should indeed be seen in the minimum ofdσ/dΩ at energies& 65 MeV/nucleon. It would
also be of interest to observe, whether the vector analysing power of elastic proton-deuteron
scattering would be sensitive to 3NFs at intermediate energies. The latter one would give an
indication about the spin-dependence and the non-central part of 3NFs.

A major drawback in the investigation of three-nucleon force effects at these intermediate en-
ergies was the lack of sufficiently precise experimental data. Where data were available, they ei-
ther had large uncertainties or covered only a limited range of centre-of-mass angles, sometimes
excluding the regions of specific interest. In a few cases, the measurements done at different lab-
oratories fordσ/dΩ were not in agreement with each other. Recently, data with high precision
were measured at 135 MeV for the differential cross section [Sak00] and at 150 and 190 MeV
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for the vector analysing power [Bie00,Cad01]. However, also these data for the analysing power
covered only a fraction of the centre-of-mass angles.

For a systematic investigation of the influence of three-nucleon forces, consistent measure-
ments as a function of bombarding energy and centre-of-mass scattering angle are necessary.
One of the most easily accessible three-nucleon systems is the proton-deuteron system. For this
system, the differential cross section can be measured at energies above 60 MeV, where the ef-
fects of 3NFs are expected to show up in the minimum. In addition, analysing powers should be
measured to investigate the spin-dependence of three-nucleon forces.

The purpose of this work was to systematically investigate both observables, the differential
cross section and the vector analysing power, of the reaction2H(~p, dp) as a function of incident
proton-beam energy and centre-of-mass scattering angle. Measurements of both observables
were, therefore, done at incident-beam energies of 108, 120, 135, 150, 170 and 190 MeV, cover-
ing an angular range of30◦ ≤ θcm ≤ 170◦ at each energy.

As a feasibility test and to prepare future experiments at KVI, also measurements of the
differential cross section and the vector and tensor analysing powers of the reactionH(~d, dp)
were done at 130 MeV incident deuteron-beam energy.

The 2H(~p, dp) Reaction

The measurements for the reaction2H(~p, dp) were performed at KVI using the combination of
the Big-Bite Spectrometer (BBS) and the EuroSuperNova (ESN) focal-plane detection system.
During the measurements of the analysing power, measurements of the polarisation degree of
the incoming beam were done in parallel for each data point, using the KVI in-beam polarimeter
(IBP).

As a target, deuterated polyethylene targets were used. For the measurement of the analysing
power, those targets consisted of a C2D4 matrix. However, for the measurement of the differential
cross section, the thickness of the target has to be determined as accurately as possible. Deter-
mining the target thickness directly via mechanical measurements or indirectly via its weight
and its surface area does not take the uniformity of the surface of the target properly into account
and can lead to false results. Furthermore, changes of the target thickness during the measure-
ments will not be noticed. Therefore, for the measurements of the differential cross section,
mixed C2D4-C2H4 targets were used with a mixing ratio of9 : 1, which can be determined with
high accuracy. Since the differential cross section for elastic proton-proton scattering can be
calculated very precisely, a normalisation factor for the target thickness can be obtained via this
observable. The normalisation factor obtained during the measurements included also the nor-
malisation for the opening angle of the BBS, and does, therefore, not lead to the determination
of the absolute target thickness, which is also not necessary.

During the experiments, problems were encountered when measuring the outgoing particles
of the reaction2H(~p, dp) in coincidence. This problem was mainly a deviation in the differential
cross section between measurements done with a singles-trigger condition and measurements
done with a coincidence trigger. The reason for these deviations is probably the high background
radiation which is due to the Faraday cup inside the scattering chamber, which leads to extremely
high count rates in the coincidence scintillator. This seems to be confirmed by measurements
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done at anglesθlab ≤ 14◦, where the Faraday cup was removed from the scattering chamber. At
these angles, the results of measurements done with coincidence- and singles-trigger conditions
agree in general with each other within the statistical uncertainties. To be able to make coin-
cidence measurements using the BBS/ESN detection system for the determination of absolute
cross sections, a solution should be found to either shield the coincidence scintillator from the
radiation or to place either the coincidence scintillator or the Faraday cup outside the scattering
chamber.

In principle, measurements done with the singles-trigger conditions can be dealt with using
an appropriate analysis procedure. However, due to the polyethylene matrix of the target, back-
ground from the reactions12C(p, p′)12C and12C(p, d)11C will also be recorded. Background due
to the first type is present especially at very forward angles, that due to the second type at large
backward angles. Using a proper fitting procedure, the background can be subtracted. However,
the background subtraction introduces further, but small uncertainties. Also, event-taking with
the singles-trigger condition leads to larger dead-times. In this work, these dead-times have all
been properly accounted for.

The data measured in this work, along with results from theoretical calculations, are shown
in figures 5.4-5.12 and given in tables G.1-G.8. The statistical uncertainties are plotted in these
figures at each data point. For the analysing power, the statistical uncertainties are, in general,
. 0.02, for the differential cross section. 1%. The systematic uncertainties for the analysing
power are mainly due to the uncertainty in the polarisation. In general, they are. 3%, with an
exception for the second measurement at 120 MeV and part of the measurements at 190 MeV.
However, the good agreement of the results for the analysing power from two different, inde-
pendent measurements at 120 and 150 MeV shows that the systematic uncertainty is probably
overestimated. For the differential cross section, the systematic uncertainty is, in general,. 7%.
This uncertainty is mainly due to the point-to-point uncertainty obtained from the fit through the
data. A further uncertainty is due to the normalisation factor obtained from elastic proton-proton
scattering. The contribution of the different uncertainties to the final results is summarised in
table 4.2 on page 82.

Two-nucleon (NN) and two-nucleon+three-nucleon (NN+3N) calculations were performed
for each energy by the Bochum-Cracow group [Glö02]. The two-nucleon calculations were
done using the presently available high-quality potentials Nijmegen-I, Nijmegen-II, CD-Bonn
and Argonne-V18. As an additional three-nucleon force, the modified Tuscon-Melbourne force
TM′ [Coo79,Fri99,Coo00] was used, which is the most sophisticated three-nucleon-force model
up to date. This model is based on three-nucleon two-pion-exchange with an explicit interme-
diate∆ excitation and it obeys chiral symmetry. Further interactions are included as point-like
short-range interactions. Calculations for explicitρ-π andρ-ρ exchange within the framework of
this model exist [Coo93,Coo95], but have so far not been included into the calculations [Wit01].
Another three-nucleon force, which is based on phenomenology, is the Urbana-IX three-nucleon
potential [Car83, Pud95]. The Urbana-IX three-nucleon force was constructed along with the
Argonne-V18 potential as input for quantum Monte-Carlo calculations for many-nucleon sys-
tems. At 108 MeV, also calculations fromχPT were performed [Epe02a].

Further calculations were performed by the Hanover-group [Del02, Nem98, Haj83]. These
are calculations based on two-pion exchange with an explicit intermediate∆ excitation as an
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effective three-nucleon force. In contrast to the Tuscon-Melbourne force, they also includeπ-ρ
andρ-ρ exchange but no short-range interaction.

From the results shown in the figures, it can be seen that the predictions of the calculations
using two-nucleon forces only describe the data reasonably well over a large angular region and
for a large number of energies. The inclusion of three-nucleon forces improves the predictions
further. With the high-precision data obtained in this work for several bombarding energies,
covering a large centre-of-mass angular range, a systematic study of the discrepancies between
different theoretical predictions and the data and the influence of three-nucleon forces is now
feasible.

Calculations for the vector analysing power of the reaction2H(~p, dp) show deviations from
our data at aroundθcm ≈ 130◦ and at large backward angles, as can be observed in figures
5.4 - 5.7 and 5.12. These deviations are smaller for calculations which include three-nucleon
forces, but also here, deficiencies remain. Furthermore, the deviations in the angular range
around130◦ . θcm . 150◦ increase with increasing bombarding energy. The predictions of
the Hanover group seem to be closer to our data. In fact, up to 135 MeV, calculations from
Nijmegen-II+∆ and CD-Bonn+∆ describe our data well within the experimental uncertainties,
even though there is, a priori, no reason why one calculation should perform better than the other
one.

Also in the differential cross section, deviations of the theoretical calculations from our data
can be observed aroundθcm ≈ 130◦, as can be seen in figures 5.8-5.11 and 5.12. The minimum
of the differential cross section occurs in this angular range, where three-nucleon force effects
are expected to show up [Wit98]. Moreover, the calculations without three-nucleon forces fail
completely to describe the differential cross section over a large angular range around the min-
imum. Also calculations which include three-nucleon forces show deviations from our data in
this angular range. However, in contrast to the analysing power, the predictions obtained from
different three-nucleon forces do not deviate from each other outside the theoretical uncertainty
produced by employing different nucleon-nucleon potentials.

The deviations of the theoretical calculations from our data occur for both observables, the
analysing power and the differential cross section, in a similar angular range. Furthermore, for
both observables, the deviations increase with increasing incident-beam energy. Since the differ-
ences between the theoretical predictions are large for the analysing power but hardly significant
in the case of the differential cross section, the differences between these calculations seem to be
mainly due to the treatment of the spin-dependent part of the 3NFs.

The fact that for both observables the deviations of the theoretical calculations from our data
are largest aroundθcm ≈ 130◦, i.e., a region where large momentum-transfers are involved, could
give an indication that higher-order effects, such asρ-π or ρ-ρ exchange or short-range interac-
tions, are missing in the calculations. It might also be an indication that relativistic corrections
are not properly included in the theoretical models. In fact, the Lippmann-Schwinger equations,
which are based on the Schrödinger equation, are non-relativistic equations. Relativistic effects,
such as spin-orbit coupling, can be included in these calculations, but the underlying theory is
not covariant. Whether a covariant theory is necessary at the energies used in this work is still a
subject of discussion.

The theoretical framework used to describe few-nucleon systems is, so far, based more on
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phenomenology than on theoretical principles. Also, the procedure of using a phenomenologi-
cal two-nucleon potential and adding a three-nucleon force is, as already remarked, anad-hoc
approach. The basis of two-nucleon interactions should move from the level of phenomeno-
logical models to a sophisticated theory. For instance, calculations for correlated2π exchanges
exist [Ren99] but are not included in modern high-quality two-nucleon calculations, yet. A stand-
alone theory, based on fundamental principles, isχPT. Present calculations fromχPT describe
two- and three-nucleon observables reasonably well at lower energies. However, it is not clear
yet whether models based onχPT will also work for all energies used in this work.

In addition to the observables measured in this work, the measurement of more sophisticated
observables, like spin-transfer and spin-correlation coefficients should give further insight into
3NFs. As the example ofdσ/dΩ andAy shows, theoretical models may give rather good predic-
tions for one observable, but may fail completely in the description of other observables. Further
experiments to measure these observables are planned at KVI.

The H(~d, dp) Reaction

The feasibility test to measure the differential cross section and the vector and tensor analysing
powersiT11, T20 andT22 of the reactionH(~d, dp) were performed using the Small-Angle Large-
Acceptance Detector (SALAD) at KVI. A major drawback during these measurements was that,
at the time the measurements were performed, the degree of polarisation of the incident-beam
could only be measured via scattering reactions using the IBP in the high-energy beam-line.
However, the analysing powers necessary for the determination of the polarisation were to be
measured simultaneously with SALAD. For future experiments, a Lamb-shift polarimeter in the
low-energy beam-line will be available and this ambiguity will be remedied.

Another drawback, which is due to the kinematics of elastic deuteron-proton scattering, is
the angular resolution of the MWPC with respect to the scattering angleθ in a laboratory angular
region around30◦. The laboratory angular region with29◦ . θdeut,lab . 30◦ corresponds to
a centre-of-mass angular region of105◦ . θcm . 135◦. Ideally, the resolution of the MWPC
for the polar angle is≈ 1◦ for the setup of SALAD used in this work. Even with this reso-
lution and relying only on the deuteron detection, it is not possible to resolve the part of the
centre-of-mass angular range, which is most promising with respect to the observation of three-
nucleon-force effects indσ/dΩ and vector and tensor analysing powers. This drawback may be
remedied partially with the detection of the corresponding outgoing proton, which gives a better
angular resolution. In this case, the proton has to be cleanly identified as a proton emerging from
the reactionH(~d, dp), which is only possible, if the corresponding outgoing deuterons are also
detected in coincidence.

For a clear distinction between protons and deuterons, the use of a∆E-E hodoscope is
essential. However, the use of a∆E detector introduces a high energy threshold for the detection
of the deuterons. Unfortunately, this threshold cuts out the deuterons coming from the low-
energy solution which are scattered to anglesθlab . 30◦, where a clear coincidence detection
of protons and deuterons is necessary. To optimise the use of the∆E-E hodoscope, a thorough
energy calibration of both detectors was necessary as well. To reduce the background and the
dead-time, the beam current was kept at a low value of≈ 50 pA.
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The results obtained from the feasibility test show that it is possible to measure the differential
cross section over an angular range between30◦ and100◦. In this region, deuterons emerging
from the reactionH(~d, dp) reach the detector as single events due to the acceptance of SALAD
and the high energy solution of equations (4.29) and (4.30) has to be applied. If the energy and
∆E detectors are properly calibrated, the selection of the deuterons is trivial. In this region, also
the analysing powers can be measured. However, since the tensor analysing power in this angular
region is close to zero, a background-free event selection is essential, since the determination of
the analysing power of the reaction of interest depends strongly on the analysing power of the
background. For the detection of outgoing protons and deuterons in coincidence this can be
achieved, e.g., by using a low beam current, as mentioned above.

In future experiments, using the modified setup of SALAD, cleaner event selection will be
possible due to the coincidence detection of low-energy protons at larger angles. Furthermore,
improvement in the data-acquisition system will hopefully lead to larger event rates and a further
reduction of the dead-time.



Appendix A

Rotation of the Spin

The derivation of the rotation of the spin quantisation axis follows mainly the lines given in
[Ohl72]. To describe the spin degree of freedom in the laboratory coordinate system, the trans-
formation from the particle spin coordinate system with the z-axis (quantisation axis) denoted
by Z to the laboratory coordinate system will be shown. This will be presented for the case of a
spin-1 particle.

The particle is supposed to be vector and tensor polarised, with thez axis (in the spin coor-
dinate system) as the quantisation axis:

~p s = (0, 0, pZ)

p̂s =

−1
2
pZZ 0 0
0 −1

2
pZZ 0

0 0 pZZ

 (A.1)

Now the orientation of the spin quantisation axis in the laboratory frame of reference has to
be fixed. The first step in doing this is to fix the angleβ between the quantisation axis and
the direction of the beam. Therefore, the quantisation axis is transformed into an orthogonal
coordinate system(x′, y′, z′), wherez′ coincides with the beam direction. They′ axis is chosen
such, that the spin quantisation axis lies in they′z′ plane with positivey′ andz′ components. The
x′ axis is defined to obtain a right-handed orthonormal system. The quantisation axis can then
be transformed into this coordinate system using the transformation matrix

U1 =

1 0 0
0 cos β sin β
0 − sin β cos β

 (A.2)

Now the orientation of the spin quantisation axis with respect to the beam direction has to be
fixed. This is done according to the Madison-Convention with respect to incoming and outgoing
momenta, as it is shown in figure A.1. In this coordinate system, thez axis still coincides with
the beam direction and thez′ axis. They axis is defined as the vector product of incoming and
outgoing momenta

~y = ~kin × ~kout (A.3)
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Figure A.1: Orientation of the spin in the laboratory frame of reference. Thez axis coincides
with the beam direction and, therefore, with the incoming momentum given bykin. kout is the
momentum of the outgoing (scattered) particle. The orientation of they axis is chosen such that
ey = kin×kout. Thex axis completes a right-handed orthogonal system. The angleβ is the angle
between the spin direction and thez axis, the angleφ is the angle between the spin-projections
in thexy plane and they axis.

Thex axis is again chosen to obtain an orthogonal, right-handed system. The quantisation axis
is then given in the laboratory frame of reference by the angleβ, as defined above, and the angle
φ between the projection of the quantisation axis in thexy plane and they axis. The quantisation
axis is transformed from the primed coordinate system to the laboratory coordinate system by
the transformation matrix

U2 =

cosφ − sinφ 0
sinφ cosφ 0

0 0 1

 (A.4)

so that the spin orientation in the laboratory coordinate system is given by

~p = U2~p
′

= U2U1~p
s

=

−pZ sin β sinφ
pZ sin β cosφ
pZ cos β

 (A.5)

The matrix product of the transformation matricesU = U2U1 can be combined to obtain the
transformation from the coordinate system with thez axis as the spin quantisation axis to the
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laboratory coordinate system:

U =

cosφ − sinφ cos β − sinφ sin β
sinφ cosφ cos β cosφ sin β

0 − sin β cos β

 (A.6)

With the transformation matrixU , also the polarisation-tensor can be transformed into the labo-
ratory frame of reference. In the spin frame of reference, the polarisation tensor for a polarised
spin-1 particle is given by (A.1), which can be transformed to the laboratory frame of reference

p̂ = U p̂sUT

=
3

2
pZZU

0 0 0
0 0 0
0 0 1

UT − 1

2
pZZUU

T .
(A.7)

In the second line of equation (A.7), the polarisation tensor from (A.1) is expanded in terms of
spin-1 operators [Ohl72]. Equation (A.7) leads to the polarisation tensor in the laboratory frame
of reference,

p̂ =
1

2
pZZ

 3 sin2 φ sin2 β − 1 3 sinφ cosφ sin2 β −3 sinφ cos β sin β
−3 sinφ cosφ sin2 β 3 cos2 φ sin2 β − 1 3 cosφ sin β cos β
−3 sinφ sin β cos β 3 sinφ sin β cos β 3 cos2 β − 1

 (A.8)

The Differential Cross Section fordp-scattering

The differential cross section for elasticdp-scattering is given by equation (2.64) in section 2.3.
Due to the geometry of SALAD, it is more natural to express this cross section in terms of
spherical coordinates. The relation between the cartesian and the spherical analysing powers is

Ay =
2i√

3
T11

Azz =
√

2T20

Axz = −
√

3T21

Axx − Ayy = 2
√

3T22

(A.9)

Using these, the differential cross section becomes

I(θ, φ, β) = I0(θ)[1 + iT11

√
3 pZ sin β cosφ

+
√

3T21 pZZ sinφ cos β sin β

−
√

3

2
T22 pZZ sin2 β cos 2φ

+
1√
8
T20 pZZ

(
3 cos2 β − 1

)
]

(A.10)
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where the transformed polarisation values from the spin coordinate system have also been in-
serted. Due to the conditions at KVI,β = 90◦ and equation (A.10) reduces to

I(θ, φ) = I0(θ)[1 +
√

3 pZiT11 cosφ

−
√

3

2
pZZ T22 cos 2φ

− 1√
8
pZZ T20].

(A.11)

The Differential Cross Section forpd-Scattering

For the elastic scattering of polarised protons on deuterons, the differential cross section is given
by

I(θ, φ, β) = I0(θ)(1 + pZAy sin β cosφ). (A.12)

As before, the angleβ is fixed to90◦. Due to parity considerations,Ax andAz vanish for elastic
scattering. The differential cross section for elastic proton-deuteron scattering is, therefore, given
by

I(θ, φ) = I0(θ)(1 + pZAy cosφ). (A.13)
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BBS Target Coordinates

As can be seen in figure B.1, the following relations hold for the BBS target anglesΦ,Θ, where:

Θ′ = θBBS + Θ (B.1)

sin Φ =
x√

x2 + y2 + z2

cos Φ =

√
y2 + z2√

x2 + y2 + z2

cos Θ′ =
z√

y2 + z2

(B.2)

In spherical coordinates,x, y, z are expressed as:

x = r sinϑ cosϕ

y = r sinϑ sinϕ

z = r cosϑ

r =
√
x2 + y2 + z2

(B.3)

Inserting these in the above formulae, one obtains:

ϑ = arccos(cos Θ′ · cos Φ)

ϕ = arctan

(
sin Θ′

tan Φ

)
.

(B.4)
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Θ  =  θ     +  ΘBBS’

Φ

Θ’

Y

X

Z

Figure B.1: Relation between the BBS target anglesΦ andΘ and the laboratory cartesian co-
ordinate system, in which theZ-axis denotes the direction of the incoming beam andX- and
Y -axes are assigned such as to obtain a right-handed orthogonal system. The explicit relations
between target, cartesian and spherical coordinates are given in the text.



Appendix C

Influence of the Background on Ay

If the background is counted together with the ‘good’ events, and if this background has an
analysing power itself, the spin-dependent cross section is given by

σ1′ = σ1 + σ1
b

= σ0(1 + p1Ay) + σ0,b(1 + p1Ay,b)

= σ0 + σ0,b + p1(σ0Ay + σ0,bAy,b)

(C.1)

whereσ1′ is the measured cross section,σ1 is the real cross section andσ1
b is the cross section of

the background. The same formula holds for the measurements with spin down. Inserting C.1 in
4.15 and assuming for simplicity|p1| = |p2| = p gives

σ1′ − σ2′

σ1′ + σ2′ =
σ0Ay + σ0,bAy,b

σ0 + σ0,b

p (C.2)

If Ay ≈ Ay,b, the background will not cause a wrong determination of the analysing power. If
|Ay| > 0, the error made by not taking care of the background will be largest, ifAy,b = 0. The
systematic error then made in calculating the analysing power is

δAsyst =
σ0,b

σ0

(C.3)

As an example, assume
σ0,b

σ0

= 1%.

The error in the analysing power can then be estimated

σ1′ − σ2′

σ1′ + σ2′ =p(Ay + 0.01Ay,b)(1 + 0.01)−1

up(Ay + 0.01Ay,b)[1− 0.01 +O(10−4)]

=p[Ay(1− 0.01) + 0.01Ay,b − Ay,bO(10−4) +O(10−4)]

≈p[Ay − 0.01Ay + 0.01Ay,b]

(C.4)
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i) If Ay,b = 0, the error in the analysing power is 1%.

ii) If Ay,b = Ay, the influence of the background vanishes, as expected.

iii) If Ay,b = 1, the error in the analyzing power is

δAy = 0.01(1− Ay)

and depends on the analysing power itself. ForAy = 1, the error due to the background
vanishes (this coincides with case ii)). ForAy = 0, the error is largest at0.01 (or σ0,b

σ0
in

the general case).

Influence of Wrong Polarisation

The relation between asymmetryA, analysing powerAy and the polarisationp is

A = Ayp ⇔ Ay =
A

p

Takingp0 as the ‘real’ polarisation degree of the protons, then the ‘real’ analysing power is

A0
y =

A

p0
(C.5)

Now assume that the ‘real’ polarisation degree isp0, but that this value is not known exactly.
Then one can distinguish two cases:
i) The degree of polarisation used in calculating the analysing power is larger than the actual
value:

p1 = p0 + ε, ε > 0

y p1 > p0

⇒ Ay =
A

p1
<
A

p0
= A0

y

(C.6)

Therefore, the analysing power obtained is smaller than the real analysing power.
ii) The degree of polarisation used is smaller than the actual value:

p2 = p0 − ε, ε > 0

y p2 < p0

⇒ Ay =
A

p2
>
A

p0
= A0

y

(C.7)

Therefore, the ignorance of the exact degree of polarisation results in a too small analysing
power, if the degree of polarisation used is larger than the real degree of polarisation, and vice
versa.
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Extracting the Cross Sections

A general form for the differential cross section is

dσ

dΩ

[
mb

sr

]
=

Nout

I[nA]︸ ︷︷ ︸
≡Q

/Z
· 1

N [1/mg] δx[mg/cm2]︸ ︷︷ ︸
≡t[1/mb]

· 1

∆Ω[sr]
, (D.1)

whereNout is the number of outgoing particles per second,Z is the charge per projectile,δx is
the target thickness inmg/cm2, N is the number of scattering centres per mg of the target and
∆Ω is the solid angle. The number of incoming particles per second is calculated from the beam
current as

Q[particles/s] = I[nA] · 10−9 · 1

e[C]

ande is the elementary charge. Instead of using the incoming and outgoing particles per second,
both quantities may be integrated over time.

The target thickness is obtained from

t[1/mb] = δx[mg/cm2] · 1

cos(δtarget)
· natoms

mmol
target[u]

·NA · 10−3 · 10−27

[
cm2

mb

]
,

where NA is Avogadro’s number, natoms is the number of atoms per compound
molecule, e.g.,natoms = 2 in CD2, andmmol

target is the target weight in atomic units, with1u =
103 mg/1 mol. δtarget is the angle of the target-normal with respect to the beam. The constants
can be merged into one factor:

1

e
· 10−9︸ ︷︷ ︸
Q[C]

· 10−3 ·NA · 10−27︸ ︷︷ ︸
Nδx[cm2/(mb·mol)]

· 10−3︸︷︷︸
∆Ω

=
NA

e
· 10−42

[
cm2

mb · C ·mol

]

≈ 3.75872

[
cm2

mb · C ·mol

] (D.2)
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Inserting these relations into (D.1) leads to the formula used during this work to calculate the
cross sections:

dσ

dΩ

[
mb

sr

]
=

e

NA

· 1042 · Nout

I[nA]/Z
·
(
δx[mg/cm2]

cos(δtarget)
· natoms

mmol
target[u]

)−1

· 1

∆Ω[msr]
(D.3)

For scattering of protons on deuterons using a mixed CD2-CH2 target with a ratio of CD2/CH2

of 9:1, as it was done during the experiments in this work,natoms/m
mol
target(u) ≈ 0.1106 and equa-

tion (D.3) results in

dσ

dΩ

[
mb

sr

]
=

1

3.75872
· Nout

I[nA]
·
(

0.1106 · δx[mg/cm2]

cos(δtarget)

)−1

· 1

∆Ω[msr]
.



Appendix E

Relativistic Transformations

In this appendix, a brief derivation will be given for the formulae to transform the relativistic
kinematics of a scattering event between the laboratory and centre-of-mass frames of reference.
These equations include the determination of a particle energy from the scattering angle for
elastic scattering of two particles.

Laboratory Scattering Angle and Laboratory Energy

The relativistic momentump1 of a particle with rest massm1 and energyE1 = γm1 is given by

p1 =
√
E2

1 −m2
1. (E.1)

From momentum conservation and energy conservation for the elastic scattering of two particles,
it follows

pµ1 + pµ2 = pµ′1 + pµ′2 , (E.2)

wherei′ denotes the particle after scattering andµ denotes the four vector. This can be rearranged
to give

pµ1 + pµ2 − p
µ′
1 = pµ′2 . (E.3)

Squaring equation (E.3) leads to the scattering anglesθ1 andθ2 of the particles in the laboratory
frame of reference,

cos θ1 =
E ′1(E1 +m2)− (E1m2 +m2

1)

p1p′1
(E.4)

cos θ2 =
(E1 +m2)(E ′2 −m2)

p1p′2
(E.5)

whereE ′1 andE ′2 are the energies of the outgoing particles.
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Squaring formula (E.4), one obtains after a few rearrangements for the energy of particle1
after scattering

E ′1 =
1

E2
tot − p2

1 cos2 θ1

Etot

(
E1m2 +m2

1

)
±m2p

2
1 cos θ1

√
1−

(
m1

m2

sin θ1

)2

 . (E.6)

whereEtot = E1 +E2 = E ′1 +E ′2 is the total energy. Equation (E.6) gives the relativistic energy
of particle1 after scattering in the laboratory frame of reference as a function of its laboratory
scattering angle.

One can also write the four-vector productp1µp
µ′
1 in the square of equation (E.3) in the centre-

of-mass frame of reference,

p1µp
µ′
1 = p2

0(1− cos θcm) +m2
1 (E.7)

wherep2
0 is the momentum of particles 1 and 2,p10 = −p20 = p0, andθcm the scattering angle in

the centre-of-mass frame of reference.p0 can be obtained by calculating the invariantp1µp
µ
2 ,

p2
0 =

m2
2p

2
1

m2
1 +m2

2 + 2m2E1

. (E.8)

With this, the relativistic energiesE ′1 andE ′2 of particles 1 and 2 after scattering in the labo-
ratory system can be expressed as functions of the centre-of-mass scattering angleθcm

E ′1 = E1 −
m2p

2
1

m2
1 +m2

2 + 2m2E1

(1− cos θcm)

E ′2 = m2 +
m2p

2
1

m2
1 +m2

2 + 2m2E1

(1− cos θcm).

(E.9)

Using equations (E.6) and (E.9), the centre-of-mass scattering angle is obtained as a function
of the laboratory scattering angle

cos θcm = 1 +
E2

tot − p2
1

m2p2
1

(E ′1 − E1)

= 1− E2
tot − p2

1

m2p2
1

(E ′2 −m2).

(E.10)



Appendix F

Formulae for iT11, T20 and T22

The general formula for the differential cross section or a certain number of counts corrected for
dead-time for spin-1 particles is give by [Ohl72]

I(θ, ϕ) = I0(θ){1 + k1πpZiT11 cosϕ− k2pZZT22 cos 2ϕ− k3T20pZZ} (F.1)

with

k1 =

√
3

π
, k2 =

√
3

2
, k3 =

1√
8

The derivation of this formula can be found in appendix A.
Using the geometry of SALAD, one can now define the quantities

SL =

∫ π
2

−π
2

dϕI(θ, ϕ)

SR =

∫ 3
2
π

π
2

dϕI(θ, ϕ)

SU =

∫ π

0

dϕI(θ, ϕ)

SD =

∫ 2π

π

dϕI(θ, ϕ)

(F.2)

which give

SL = I0(θ)π{1 + 2k1pZiT11 − k3pZZT20}
SR = I0(θ)π{1− 2k1pZiT11 − k3pZZT20}
SU = I0(θ)π{1− k3pZZT20}
SD = I0(θ)π{1− k3pZZT20}

(F.3)
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and which can be combined to give

SL − SR = πI0(θ)4iT11k1pZ

SL + SR = 2πI0(θ){1− k3pZZT20}
SU + SD = SL + SR

SU − SD = 0

(F.4)

Taking measurements with pure vector-polarisation, i.e.,pZ 6= 0 andpZZ = 0, formulae (F.4)
reduce to

SL − SR
SL + SR

= 2k1pZiT11

y iT11 =
1

2k1pZ

SL − SR
SL + SR

∆(iT11) =
1

2k1pZ

2

(SL + SR)2

√
(SR
√
SL)2 + (SL

√
SR)2

(F.5)

and

SL + SR = 2πI0(θ)

∆I0(θ) =
1

2π

√
SL + SR

(F.6)

from which the vector analysing poweriT11 and the spin-averaged differential cross section can
be obtained. The differential cross section is obtained viaI0(θ),

I0(θ) =
SL + SR

2π

dσ

dΩ
=

I0(θ)

Q δx f(θ) ζ

(F.7)

with f(∆θ) given for a detector covering the full azimuthal angle, such as SALAD, by

f(∆θ) =

∫ cos θ1

cos θ2

d cos θ and∆Ω = 2πf(∆θ) (F.8)

Q is the collected charge,δx is the target thickness andζ ≈ 3.75872 the general normalisation
factor for cross sections, as it was derived in appendix D.

Furthermore, from measurements with any polarisation combination, as long aspZZ 6= 0, T20

can be obtained via

k3pZZT20 = 1− SL + SR
2π QpZZ

(
I0(θ)

Q

)−1

(F.9)

whereQpZZ andQ are the charges collected during the measurements withpZZ 6= 0 andpZZ = 0,
respectively.
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Defining further the integrals overϕ of I(θ, ϕ) as given by equation (F.1)

SI =

∫ π
4

−π
4

dϕI(θ, ϕ)

SII =

∫ 3
4
π

π
4

dϕI(θ, ϕ)

SIII =

∫ 5
4
π

3
4
π

dϕI(θ, ϕ)

SIV =

∫ 7
4
π

5
4
π

dϕI(θ, ϕ)

(F.10)

and

SLR ≡ SI + SIII

SUD ≡ SII + SIV
(F.11)

which result in

SI = I0(θ){π
2

(1− k3pZZT20) +
√

2k1πpZiT11 − k2pZZT22}

SII = I0(θ){π
2

(1− k3pZZT20) + k2pZZT22}

SIII = I0(θ){π
2

(1− k3pZZT20)−
√

2k1πpZiT11 − k2pZZT22}

SIV = I0(θ){π
2

(1− k3pZZT20) + k2pZZT22}

(F.12)

T22 can be obtained via

T22 = − SLR − SUD
4k2QpZZpZZ

(
I0(θ)

Q

)−1

. (F.13)

Using the integrals

S ′L =

∫ π
2

−π
2

dϕI(θ, ϕ) cos 2ϕ

= I0(θ)

{
2

3
k1πpZiT11 −

π

2
k2pZZT22

}
S ′R =

∫ 3
2
π

π
2

dϕI(θ, ϕ) cos 2ϕ

= I0(θ)

{
−2

3
k1πpZiT11 −

π

2
k2pZZT22

}
(F.14)
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0

dϕI(θ, ϕ) cosϕ = I0(θ)k1π
2pZiT11 (F.15)

the vector analysing poweriT11 and the tensor analysing powerT22 can also be obtained from
equations (F.14) and (F.15),

S ′L − S ′R
QpZ

=
4

3

I0(θ)

Q
k1πpZiT11

S ′L + S ′R
QpZZ

= −πI0(θ)

Q
k2pZZT22

(F.16)

whereI0(θ) is obtained from formula (F.6) andQ,QpZ andQpZZ are the collected charges for the
respective polarisation states. However, to perform the analysis in this manner, a high resolution
in ϕ is required, in order to have a meaningful integration.



Appendix G

Tables of Data for Cross Sections and
Analysing Powers

In the following, the tables with the results are presented. In section G.1, the results obtained
for the vector analysing powerAy and the differential cross section of the reaction2H(~p, dp) are
given in tables G.1-G.8. In section G.2, the results obtained for the differential cross section and
the analysing powers of the rectionH(~d, dp) are given in tables G.9 and G.10.
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G.1 Results for the Reaction2H(~p, dp)

Table G.1: Results for the vector analysing powerAy and the differential
cross sectiondσ/dΩ at 108 MeV incident-beam energy. The angles are
given in [deg]. dσ is an abbreviation fordσ/dΩ given in units of mb/sr.
The subscripts p,d atθlab denote the particle (proton or deuteron) that
was measured with the BBS/ESN. The statistical uncertainties are given by
∆dσS = ∆(dσ/dΩ)stat and∆Ay,S = ∆Ay,stat. All systematic uncertainties,
∆dσP = ∆(dσ/dΩ)pol, ∆dσN = ∆(dσ/dΩ)norm and∆Ay,P = ∆Ay,pol, are
given in percent.∆dσN includes the uncertainties from proton-proton scatter-
ing and from the VDC-efficiency correction. The column∆dσT containes the
squared sums of∆dσP and ∆dσN. An additional systematic point-to-point
uncertainty of4% should be added to the statistical uncertainty, as discussed
in section 5.1.2. The total systematic uncertainty is then< 7%.

θlab θcm Ay ∆Ay,S ∆Ay,P dσ ∆dσS ∆dσP ∆dσN ∆dσT

17p 17 26.03 0.363 0.003 2.7 12.619 0.021 0.6 5.2 5.2
20p 30.57 0.410 0.003 3.5 10.575 0.023 0.8 1.2 1.4
23p 35.09 0.459 0.004 3.5 7.725 0.026 0.9 1.2 1.5
26p 39.57 0.474 0.005 3.5 5.894 0.024 1.0 1.2 1.6
29p 44.02 0.442 0.004 3.2 5.073 0.018 0.8 1.7 1.9
32p 48.43 0.404 0.005 3.2 3.826 0.016 0.8 1.7 1.9
35p 52.80 0.346 0.005 3.2 2.883 0.013 0.7 1.7 1.8
38p 57.13 0.236 0.006 3.2 1.886 0.009 0.4 5.2 5.2
41p 61.41 0.152 0.006 3.2 1.594 0.005 0.3 5.2 5.2
44p 65.63 0.041 0.007 3.2 1.232 0.005 0.1 5.2 5.2
47p 69.80 -0.038 0.006 3.2 1.027 0.004 0.1 5.2 5.2
50p 73.90 -0.147 0.007 3.2 0.850 0.003 0.3 5.2 5.2
47d 85.27 -0.416 0.007 3.2 0.559 0.002 0.8 5.2 5.3
44d 91.27 -0.507 0.006 3.2 0.507 0.002 1.0 5.2 5.3
41d 97.28 -0.579 0.005 3.2 0.447 0.002 1.1 5.2 5.3
38d 103.29 -0.616 0.006 3.2 0.418 0.002 1.2 5.2 5.3
35d 109.31 -0.588 0.008 3.2 0.409 0.003 1.1 1.6 1.9
32d 115.34 -0.529 0.007 3.2 0.408 0.003 1.0 1.6 1.9
29d 121.38 -0.398 0.007 3.2 0.404 0.002 0.8 1.6 1.8
26d 127.42 -0.233 0.008 3.5 0.394 0.002 0.5 5.2 5.2
23d 133.47 -0.045 0.007 3.5 0.394 0.002 0.1 5.2 5.2
20d 139.53 0.098 0.008 3.5 0.429 0.002 0.2 5.2 5.2
17d 145.59 0.178 0.007 2.7 0.542 0.003 0.3 5.2 5.2
14d 151.66 0.229 0.007 2.9 0.692 0.004 0.4 5.2 5.2
11d 157.73 0.203 0.006 2.9 1.018 0.004 0.3 5.2 5.2
5d 169.87 0.060 0.006 2.9 2.349 0.012 0.1 10.1 10.1
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Table G.2:Results for the vector analysing powerAy at 120 MeV incident-
beam energy from [Erm01]. The symbols and the units are the same as in
table G.1. These results were measured independently from the ones given in
table G.3 and are not shown in figure 5.4.

θlab θcm Ay ∆Ay,S ∆Ay,P

23p 35.17 0.490 0.004 3.0
26p 39.67 0.487 0.006 3.0
29p 44.13 0.472 0.004 3.0
32p 48.55 0.408 0.009 3.0
35p 52.93 0.306 0.007 3.0
38p 57.26 0.230 0.010 3.0
41p 61.54 0.099 0.008 3.0
44p 65.77 -0.016 0.010 3.0
47p 69.94 -0.105 0.010 3.0
50p 74.05 -0.155 0.015 3.0
50d 79.20 -0.291 0.011 3.0
44d 91.19 -0.503 0.015 3.0
41d 97.20 -0.590 0.017 3.0
38d 103.21 -0.559 0.019 3.0
35d 109.24 -0.575 0.017 3.0
32d 115.27 -0.496 0.016 3.0
29d 121.31 -0.382 0.015 3.0
26d 127.36 -0.207 0.015 3.0
23d 133.42 -0.084 0.014 3.0
20d 139.48 0.120 0.012 3.0
17d 145.55 0.196 0.012 3.0
14d 151.62 0.235 0.010 3.0

8.5d 162.76 0.162 0.011 3.0
5d 169.86 0.083 0.008 3.0
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Table G.3: Results for the vector analysing powerAy and the differential
cross section at120 MeV incident-beam energy. The symbols and the units
are the same as in table G.1. The analysing powers given in this table were
measured at the same time as the differential cross section. The system-
atic point-to-point uncertainty, as discussed in section 5.1.2, at this energy
is 3.5%. The total systematic uncertainty is, therefore,< 5%.

θlab θcm Ay ∆Ay,S ∆Ay,P dσ ∆dσS ∆dσP ∆dσN ∆dσT

17p 26.10 0.434 0.004 0.275 10.558 0.026 2.3 1.2 2.6
20p 30.65 0.467 0.003 0.237 8.156 0.018 2.6 1.3 2.9
23p 35.17 0.490 0.004 0.181 6.274 0.020 2.6 1.3 2.9
26p 39.67 0.513 0.003 0.139 4.635 0.009 2.7 1.3 3.0
29p 44.13 0.471 0.003 0.084 3.039 0.007 2.5 1.2 2.8
32p 48.55 0.414 0.004 0.059 2.340 0.007 2.2 1.2 2.5
35p 52.93 0.324 0.005 0.038 1.813 0.006 1.7 1.2 2.1
38p 57.26 0.220 0.005 0.025 1.458 0.005 1.2 1.2 1.7
41p 61.54 0.101 0.006 0.016 1.207 0.004 0.5 1.2 1.3
44p 65.77 -0.039 0.007 0.013 1.040 0.004 0.2 1.2 1.2
47p 69.94 -0.107 0.007 0.013 0.945 0.004 0.6 1.2 1.3
50p 74.05 -0.197 0.006 0.013 0.833 0.003 1.0 1.2 1.6
50d 79.20 -0.316 0.005 0.013 0.628 0.002 1.7 1.1 2.0
47d 85.19 -0.395 0.006 0.013 0.564 0.002 2.1 1.1 2.4
44d 91.19 -0.515 0.008 0.013 0.451 0.003 2.7 1.1 2.9
41d 97.20 -0.595 0.006 0.013 0.378 0.002 3.2 1.1 3.4
38d 103.21 -0.617 0.005 0.012 0.351 0.001 3.3 1.1 3.5
35d 109.24 -0.576 0.006 0.011 0.347 0.002 3.1 1.2 3.3
32d 115.27 -0.513 0.006 0.01 0.351 0.001 2.7 1.2 3.0
29d 121.31 -0.383 0.005 0.008 0.350 0.001 2.0 1.2 2.3
26d 127.36 -0.224 0.006 0.006 0.344 0.002 1.2 1.2 1.7
23d 133.42 -0.059 0.007 0.004 0.365 0.002 0.3 1.2 1.2
20d 139.48 0.094 0.007 0.005 0.398 0.002 0.5 1.2 1.3
17d 145.55 0.118 0.007 0.006 0.433 0.002 0.6 1.2 1.3
14d 151.62 0.233 0.009 0.007 0.467 0.002 0.8 1.2 1.4
11d 157.70 0.217 0.007 0.009 0.686 0.004 0.7 1.2 1.4
9d 161.75 0.163 0.005 0.124 1.233 0.002 0.5 10.1 10.1
5d 169.86 0.055 0.004 0.166 1.648 0.005 0.2 10.1 10.1
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Table G.4: Results for the vector analysing powerAy and the differential
cross sectiondσ/dΩ at 135 MeVincident-beam energy. The notation for the
symbols and the units are the same as in table G.1. The differential cross sec-
tion was measured with an unpolarised beam using the CUSP source while
Ay was measured at a different time using POLIS. The systematic point-to-
point uncertainty, as discussed in section 5.1.2, is4.5% at this energy, result-
ing in a total systematic uncertainty of< 5%.

θlab θcm Ay ∆Ay,S ∆Ay,P dσ ∆dσS ∆dσN

17p 26.18 0.000 0.000 0.0 9.922 0.039 1.7
20p 30.75 0.541 0.002 3.0 7.204 0.020 1.7
23p 35.28 0.565 0.002 3.0 5.292 0.027 1.7
26p 39.79 0.538 0.002 3.0 0.000 0.000 0.0
29p 44.26 0.473 0.003 3.0 3.401 0.013 1.7
32p 48.69 0.383 0.004 3.0 2.186 0.016 1.7
35p 53.08 0.267 0.004 3.0 1.832 0.011 1.7
38p 57.42 0.156 0.005 3.0 0.000 0.000 0.0
41p 61.71 0.027 0.006 3.0 1.226 0.008 1.7
44p 65.95 -0.061 0.009 3.0 0.000 0.000 0.0
47p 70.12 -0.172 0.008 3.0 0.893 0.004 1.7
50p 74.23 -0.239 0.005 3.0 0.751 0.005 1.6
50d 79.11 -0.333 0.006 3.0 0.564 0.004 1.6
47d 87.69 -0.434 0.009 3.0 0.000 0.000 0.0
44d 91.09 -0.526 0.012 3.0 0.404 0.004 1.6
41d 97.10 -0.540 0.009 3.0 0.350 0.002 1.6
38d 103.12 -0.555 0.010 3.0 0.304 0.002 1.6
35d 109.14 -0.530 0.008 3.0 0.288 0.001 1.6
32d 115.18 -0.465 0.007 3.0 0.296 0.002 1.6
29d 121.23 -0.355 0.008 3.0 0.308 0.001 1.6
26d 127.28 -0.175 0.008 3.0 0.309 0.001 1.6
23d 133.34 0.000 0.000 0.0 0.318 0.001 1.6
20d 139.41 0.101 0.006 3.0 0.359 0.002 1.6
17d 145.49 0.200 0.005 3.0 0.406 0.001 1.6
14d 151.57 0.236 0.004 3.0 0.476 0.002 1.6
11d 157.66 0.206 0.006 3.0 0.626 0.001 1.6
9d 162.73 0.125 0.006 3.0 0.832 0.002 1.6
5d 169.84 0.082 0.003 3.0 1.175 0.004 1.6
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Table G.5:Results for the vector analysing powerAy at 150 MeV incident-
beam energy. The results shown in this table are from [Erm01]. The symbols
and the units are the same as in table G.1. These results were measured
independently from the ones given in table G.6 and are not shown in figure
5.4.

θlab θcm Ay ∆Ay,S ∆Ay,P

11p 17.04 0.422 0.001 3.0
14p 21.67 0.482 0.001 3.0
17p 26.27 0.565 0.003 3.0
20p 30.85 0.587 0.002 3.0
23p 35.40 0.598 0.002 3.0
26p 39.91 0.543 0.002 3.0
29p 44.39 0.472 0.003 3.0
32p 48.84 0.337 0.003 3.0
35p 53.23 0.216 0.004 3.0
38p 57.58 0.103 0.004 3.0
41p 61.88 -0.023 0.005 3.0
44p 66.12 -0.118 0.006 3.0
47p 70.30 -0.199 0.006 3.0
50p 74.42 -0.274 0.005 3.0
50d 79.01 -0.360 0.005 3.0
47d 84.99 -0.441 0.006 3.0
44d 90.99 -0.530 0.009 3.0
41d 97.00 -0.539 0.009 3.0
38d 103.02 -0.543 0.010 3.0
35d 109.05 -0.499 0.010 3.0
32d 115.09 -0.402 0.010 3.0
29d 121.14 -0.266 0.010 3.0
26d 127.20 -0.136 0.009 3.0
23d 133.27 -0.002 0.008 3.0
20d 139.35 0.123 0.008 3.0
14d 151.52 0.229 0.006 3.0
11d 157.62 0.196 0.005 3.0

8.5d 162.70 0.141 0.004 3.0
5d 169.82 0.082 0.004 3.0
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Table G.6: Results for the vector analysing powerAy and the differential
cross section at150 MeV incident-beam energy. The symbols and the units
are the same as in table G.1. The analysing powers given in this table were
measured at the same time as the differential cross section. The additional
point-to-point systematic uncertainty, as discussed in section 5.1.2, is5% at
this energy, from which a total systematic uncertainty of< 6% is obtained.

θlab θcm Ay ∆Ay,S ∆Ay,P dσ ∆dσS ∆dσP ∆dσN ∆dσT

17p 26.27 0.564 0.003 1.6 7.330 0.025 0.6 1.6 1.7
20p 30.85 0.584 0.005 1.6 5.605 0.021 0.6 1.6 1.7
23p 35.40 0.583 0.005 1.6 4.018 0.016 0.6 1.6 1.7
26p 39.91 0.549 0.006 1.6 2.820 0.014 0.5 1.6 1.7
29p 44.39 0.404 0.006 1.6 1.730 0.007 0.4 1.9 1.9
32p 48.84 0.321 0.006 1.6 1.565 0.008 0.3 2.4 2.4
35p 53.23 0.197 0.007 1.6 1.238 0.007 0.2 2.4 2.4
38p 57.58 0.061 0.008 1.6 1.018 0.007 0.1 2.4 2.4
41p 61.88 -0.060 0.011 1.6 0.892 0.005 0.1 2.4 2.4
47p 70.30 -0.213 0.012 1.6 0.623 0.004 0.2 2.4 2.4
50p 74.42 -0.303 0.013 1.6 0.548 0.004 0.3 2.4 2.4
50d 79.01 -0.355 0.011 1.6 0.441 0.003 0.4 2.3 2.3
47d 84.99 -0.447 0.012 1.6 0.355 0.003 0.4 2.3 2.3
44d 90.99 -0.534 0.027 1.6 0.292 0.005 0.5 2.3 2.4
41d 97.00 -0.537 0.009 1.6 0.233 0.002 0.5 2.3 2.4
38d 103.02 -0.544 0.010 1.6 0.206 0.002 0.5 2.3 2.4
35d 109.05 -0.492 0.007 1.6 0.213 0.001 0.5 2.3 2.4
32d 115.09 -0.420 0.008 1.6 0.209 0.002 0.4 2.4 2.4
29d 121.14 -0.266 0.008 1.6 0.212 0.001 0.3 2.4 2.4
26d 127.20 -0.164 0.011 1.6 0.227 0.002 0.2 2.4 2.4
23d 133.27 0.000 0.012 1.6 0.249 0.002 0.0 2.4 2.4
20d 139.35 0.114 0.012 1.6 0.267 0.003 0.1 2.4 2.4
17d 145.43 0.183 0.010 1.6 0.289 0.002 0.2 2.4 2.4
14d 151.52 0.226 0.006 1.6 0.326 0.002 0.2 2.4 2.4
11d 157.62 0.212 0.007 1.6 0.459 0.002 0.2 2.4 2.4
5d 169.82 0.098 0.008 1.6 0.756 0.004 0.1 10.1 10.1
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Table G.7: Results for the vector analysing powerAy and the differential
cross sectiondσ/dΩ at 170 MeVincident-beam energy. The notation for the
symbols in the header and the units are the same as in table G.1. The differen-
tial cross section was measured using the CUSP source, while the analysing
power was measured separately using POLIS. At this incident-beam energy,
the point-to-point uncertainty of the data, as discussed in section 5.1.2, results
in a systematic uncertainty of4%. Therefore, the total systematic uncertainty
is< 5%.

θlab θcm Ay ∆Ay,S ∆Ay,P dσ ∆dσS ∆dσN

14p 21.76 0.583 0.004 3.0 0.000 0.000 0.0
17p 26.38 0.636 0.006 3.0 6.331 0.021 1.6
20p 30.97 0.661 0.002 3.0 4.791 0.007 1.7
23p 35.54 0.589 0.003 3.0 3.332 0.009 1.6
26p 40.08 0.514 0.003 3.0 2.353 0.008 1.6
29p 44.57 0.393 0.003 3.0 1.893 0.006 1.7
32p 49.03 0.250 0.003 3.0 1.390 0.011 1.6
35p 53.44 0.097 0.007 3.0 1.022 0.005 1.7
38p 57.80 0.010 0.005 3.0 0.909 0.007 1.6
41p 62.10 -0.123 0.010 3.0 0.836 0.005 1.7
44p 66.35 -0.201 0.005 3.0 0.654 0.005 1.7
47p 70.54 -0.273 0.006 3.0 0.543 0.002 1.7

48.5p 72.91 -0.316 0.005 3.0 0.000 0.000 0.0
50p 74.66 -0.363 0.006 3.0 0.465 0.003 1.7
50d 78.88 -0.397 0.006 3.0 0.369 0.002 1.6
47d 84.86 -0.471 0.009 3.0 0.305 0.002 1.6
44d 90.86 -0.509 0.009 3.0 0.256 0.002 1.6
41d 96.87 -0.533 0.009 3.0 0.000 0.000 0.0
38d 102.89 -0.480 0.009 3.0 0.178 0.001 1.6
35d 108.92 -0.417 0.009 3.0 0.164 0.001 1.6
32d 114.97 -0.338 0.009 3.0 0.166 0.001 1.6
29d 121.03 -0.219 0.009 3.0 0.172 0.001 1.7
26d 127.09 -0.106 0.007 3.0 0.187 0.001 1.7
23d 133.17 0.019 0.007 3.0 0.216 0.001 1.7
20d 139.26 0.121 0.006 3.0 0.241 0.001 1.7
17d 145.36 0.195 0.006 3.0 0.257 0.002 1.7
14d 151.46 0.229 0.005 3.0 0.298 0.001 1.7
11d 157.57 0.201 0.005 3.0 0.371 0.001 1.7
9d 162.66 0.145 0.004 3.0 0.411 0.001 1.7
5d 169.80 0.067 0.005 3.0 0.553 0.001 1.7
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Table G.8: Results for the vector analysing powerAy and the differential
cross sectiondσ/dΩ at 190 MeVincident-beam energy. The notation and the
units are the same as given in table G.1. The point-to-point uncertainty of the
data, as discussed in section 5.1.2, results in a systematic uncertainty of3%,
from which a total systematic uncertainty of< 4.5% is obtained.

θlab θcm Ay ∆Ay,S ∆Ay,P dσ ∆dσS ∆dσP ∆dσN ∆dσT

17p 26.49 0.690 0.003 4.0 6.005 0.011 1.3 2.8 3.1
20p 31.10 0.686 0.002 4.0 4.383 0.007 1.2 2.8 3.0
23p 35.69 0.614 0.004 3.6 3.123 0.009 1.0 2.8 3.0
26p 40.24 0.502 0.003 4.0 2.363 0.005 0.9 2.8 2.9
29p 44.75 0.384 0.007 3.6 1.710 0.008 0.6 2.8 2.9
32p 49.22 0.192 0.004 4.0 1.388 0.004 0.4 2.8 2.8
35p 53.64 0.053 0.008 3.6 1.037 0.006 0.1 2.8 2.8
38p 58.01 -0.074 0.008 0.7 0.780 0.004 0.04 1.5 1.5
41p 62.32 -0.197 0.009 0.7 0.624 0.005 0.1 1.4 1.4
44p 66.58 -0.250 0.009 0.7 0.523 0.003 0.1 1.5 1.5
47p 70.77 -0.326 0.009 0.7 0.429 0.003 0.2 1.5 1.5
50p 74.90 -0.399 0.010 0.7 0.341 0.002 0.2 1.5 1.5
50d 78.75 -0.453 0.009 0.7 0.273 0.002 0.2 1.5 1.5
47d 84.73 -0.484 0.009 0.7 0.222 0.001 0.2 1.5 1.5
44d 90.73 -0.513 0.011 0.7 0.180 0.001 0.3 1.5 1.5
41d 96.74 -0.540 0.009 0.7 0.164 0.001 0.3 2.2 2.2
38d 102.76 -0.455 0.012 0.7 0.137 0.001 0.2 1.5 1.5
35d 108.80 -0.379 0.011 0.7 0.129 0.001 0.2 1.5 1.5
32d 114.85 -0.294 0.014 0.7 0.129 0.001 0.1 1.5 1.5
29d 120.91 -0.162 0.012 0.7 0.126 0.001 0.1 1.5 1.5
26d 126.99 -0.042 0.007 0.7 0.146 0.001 0.04 2.2 2.2
23d 133.08 0.045 0.013 0.7 0.156 0.001 0.02 1.5 1.5
20d 139.17 0.143 0.007 0.7 0.180 0.001 0.1 2.2 2.2
17d 145.28 0.188 0.010 0.7 0.201 0.001 0.1 1.5 1.5
14d 151.40 0.220 0.006 4.0 0.264 0.001 0.4 2.8 2.8
11d 157.52 0.183 0.014 4.0 0.305 0.002 0.3 2.8 2.8
9d 162.62 0.164 0.016 4.0 0.351 0.003 0.3 2.8 2.8
5d 169.78 0.075 0.010 4.0 0.446 0.002 0.1 2.8 2.8
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G.2 Results for the ReactionH(~d, dp)

Table G.9:Results for the differential cross section and the vector analysing
power iT11 at 65 MeV/A deuteron incident-beam energy. The centre-of-
mass scattering angleθcm is given in degrees, the differential cross section
dσ ≡ dσ/dΩ in units of mb/sr. Furthermore, the statistical uncertainties
for both observables,∆dσS ≡ ∆(dσ/dΩ)stat and∆iT11,S are given.iT11,2/3

was obtained from pure vector polarisation,iT11,dσ was obtained by normal-
isation to the unpolarised cross section. The centre-of-mass angular range
corresponds to a laboratory angular range between10◦ and28◦.

θcm dσ ∆dσS iT11,2/3 ∆iT11,S iT11,dσ ∆iT11,S

30 8.7740 0.0006 0.06 0.02 0.05 0.02
34 14.6570 0.0007 0.00 0.02 -0.01 0.02
38 12.7160 0.0006 0.04 0.02 0.03 0.02
42 10.3490 0.0005 0.18 0.02 0.17 0.02
46 8.6550 0.0005 0.13 0.02 0.12 0.02
50 7.3220 0.0005 0.15 0.02 0.14 0.02
54 5.9770 0.0004 0.11 0.02 0.10 0.02
58 4.9480 0.0004 0.06 0.02 0.05 0.02
62 4.2750 0.0004 0.08 0.03 0.07 0.02
66 3.2710 0.0003 0.02 0.03 0.01 0.03
70 2.9790 0.0003 -0.06 0.03 -0.06 0.03
74 2.4190 0.0003 -0.14 0.03 -0.15 0.03
78 2.3360 0.0003 -0.15 0.03 -0.15 0.03
82 1.8740 0.0003 -0.20 0.04 -0.20 0.03
86 1.7430 0.0003 -0.23 0.04 -0.24 0.04
90 1.5610 0.0003 -0.34 0.04 -0.33 0.04
94 1.4860 0.0003 -0.37 0.04 -0.36 0.04
98 1.2410 0.0002 -0.36 0.04 -0.37 0.04
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Table G.10:Results for the tensor analysing powersT20 andT22 at 65 MeV/A
deuteron incident-beam energy. The indiex−2 represents the theoretical de-
gree of polarisationpZZ . ∆T20,S and∆T22,S denote the corresponding sta-
tistical uncertainties for the different degrees of incident-beam polarisation.
The centre-of-mass angular range corresponds to a laboratory angular range
between10◦ and28◦.

θcm T20,−2 ∆T20,S T22,−2 ∆T22,S

30 -0.01 0.02 -0.11 0.01
34 0.03 0.02 -0.05 0.01
38 0.04 0.02 -0.02 0.01
42 0.02 0.02 -0.06 0.01
46 0.03 0.02 -0.06 0.01
50 0.06 0.02 -0.00 0.01
54 0.09 0.02 0.00 0.01
58 0.08 0.02 -0.01 0.01
62 0.02 0.03 -0.02 0.01
66 0.06 0.03 -0.04 0.01
70 0.02 0.03 -0.04 0.01
74 -0.04 0.03 -0.04 0.01
78 0.04 0.03 -0.05 0.01
82 -0.05 0.04 -0.06 0.02
86 -0.10 0.04 -0.13 0.02
90 -0.06 0.04 -0.09 0.02
94 -0.12 0.04 -0.08 0.02
98 -0.26 0.05 -0.07 0.02
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Aan het begin van de 20ste eeuw waren fysici van mening dat de samenstellende deeltjes van
de materie atomen zijn waarin elektrisch negatieve en positieve ladingen gelijkmatig verdeeld
zijn over het volume. Uit experimenten van Rutherford, Geiger en Marsden in de periode 1911-
1913, waarinα-deeltjes op een gouden folie verstrooid werden, bleek echter dat de atomen uit
een kern, die de positieve lading en bijna de totale massa bevat, en een schil, waarin de relatief
veel lichtere elektronen zich bevinden, bestaat. Het lichtste atoom, het waterstofatoom, heeft
maaréén positieve lading, het proton. De diameter van het proton is ongeveer1 × 10−15 m (of
1 femtometer), terwijl de diameter van het waterstofatoom ongeveer10−10 m (1 Ångstr̈om) is.
De kleinste eenheid, die op een gewoon lineaal nog te zien is, is10−3 m. Later, in 1931 en
1932, worden het neutron en het deuterium ontdekt. Het proton en het neutron zijn zogenaamde
nukleonen. Het proton is positief geladen terwijl het neutron elektrisch neutraal is. De kern van
het deuterium bestaat uit een proton en een neutron, en de schil bevat een elektron. Daarom is
het deuterium via de elektrische wisselwerking alleen niet van het waterstofatoom te scheiden.

Nukleonen wisselwerken onderling via de zogenaamde sterke wisselwerking. Sinds de ont-
dekking van de nukleonen is de vraag hoe de interactie tussen nukleonen werkt, en wat de aard
van de sterke wisselwerking is, niet volledig beantwoord.

Observaties van de verstrooiing van nukleonen lieten zien dat de sterke wisselwerking in-
gewikkelder is dan b.v. de elektromagnetische wisselwerking of de gravitatie. Terwijl de sterkte
van de elektromagnetische (e.m.) kracht of de gravitatiekracht van de afstandr tussen de deeltjes
afhangt en evenredig is met1/r2, is het tot nu toe niet gelukt de sterke kracht met een vergelijk-
bare simpele formule te beschrijven. Daarom kunnen berekeningen niet op dezelfde manier
gedaan worden als b.v. voor de verstrooiing tussen elektronen.

Door verstrooingsexperimenten tussen nukleonen, vooral tussen protonen, is ontdekt dat de
sterke kracht een beperkt bereik van∼ 2 fm heeft. Op een lange afstand werkt die sterke kracht
aantrekkend, maar op een heel korte afstand. 0.6 fm afstotend. Verder werkt de sterke kracht
niet alleen centraal, zoals b.v. de1/r2 afhankelijkheid van de e.m. kracht, maar heeft deze ook
een niet centraal aandeel. Ook is de sterke kracht afhankelijk van de spin van de nukleonen.
Men kan zich een voortdurende tolling van de nukleonen om hun as voorstellen. Het draai-
impulsmoment van deze tolbeweging wordt de ‘spin’ genoemd.

Een model om de interactie tussen nukleonen te beschrijven werd rond 1935 door de Japanse
theoreticus Yukawa ontwikkeld. In dit model wordt de interactie tussen de nukleonen door het
uitwisselen van kleinere deeltjes, zogenaamde mesonen, beschreven. Dit is in analogie met
de e.m. kracht, waar b.v. de wisselwerking tussen elektronen door het uitwisselen van licht-
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deeltjes, zogenaamde fotonen, wordt beschreven. Omdat het bereik van de sterke kracht beperkt
is, moeten de mesonen massa hebben. Uit dit bereik kan men concluderen, dat het lichtste meson
een massa van rond de100 MeV moet hebben; ter vergelijking: een proton heeft een massa van
≈ 938 MeV ≈̂1.7 × 10−27 kg. In 1947 vond Powell hetπ meson of pion, met een massa van
135 MeV. Een reden voor de complexiteit van de sterke kracht is dat de mesonen ook met elkaar
wisselwerken. Dit is b.v. in eerste benadering niet zo voor de elektromagnetische kracht, waar
twee fotonen elkaar niet ‘zien’.

Gebaseerd op het model van Yukawa werd rond 1950 door de Japanse theoreticus Taketani
een grove struktuur voor de sterke kracht voorgesteld met de belangrijke consequentie dat men
de kracht kan opdelen in drie bereiken. Voor afstanden tussen nukleonen van 1 tot 2 fm kan de
interactie worden beschreven door het uitwisselen van een pion. Bij afstanden tussen≈ 0.7 en 1
fm worden twee gecorreleerde pionen en iets zwaardere mesonen uitgewisseld. Voor afstanden
tussen de nukleonen die kleiner zijn dan≈ 0.7 fm wordt de interactie door het uitwisselen
van heel zware mesonen beschreven. Het zijn vooral de middelste en de korte afstanden, die
theoretisch heel moeilijk te beschrijven zijn. Een ander probleem is dat de koppelingsconstanten
tussen de mesonen en de nukleonen theoretisch niet berekend kunnen worden en niet eenvoudig
zijn te meten. Tot nu toe was het alleen maar mogelijk de koppelingsconstante tussen het pion
en het nukleon op grond van verstrooiingsdata te bepalen.

Om de interactie tussen nukleonen te bestuderen, begon men met het bestuderen van de in-
teractie tussen twee nukleonen. Dit leverde een heel grote database die door theoretische fysici
gebruikt kan worden om hun modellen te testen en/of nieuwe modellen te ontwikkelen. Mo-
derne modellen voor twee-nukleonsystemen, die in de jaren 1990 werden ontwikkeld, zoals b.v.
CD-Bonn, Nijmegen of Argonne-V18, baseren zich op een grotendeels fenomenologische basis
voor de middelste en de korte afstand, en een fundamenteel gedeelte voor de uitwisseling van
eenπ meson bij lange afstanden. Het fenomenologische gedeelte is bepaald door een functie, die
oorspronkelijk op het mesonuitwisselingsmodel gebaseerd was. De parameters van deze functie
worden aan de database van nukleon-nukleon verstrooiingsdata gefit. Deze database bevat rond
3000 datapunten. Met die modellen is het mogelijk observabelen, die bij het botsen van twee
nukleonen kunnen worden waargenomen, heel precies te beschrijven. Er zijn rond de 5 ver-
schillende modellen, die allen identieke resultaten opleveren. Daarom kan gezegd worden dat de
interactie tussen nukleonen op een fenomenologisch niveau goed is begrepen. Er word inmiddels
aan gewerkt om de interactie tussen nukleonen voor alle afstanden op een fundamentele basis te
beschrijven.

Een belangrijke vraag is nu of deze semi-fenomenologische modellen voor de interactie
tussen twee nukleonen ook goed genoeg zijn om systemen van drie nukleonen te beschrijven.
Eerste berekeningen van b.v. de bindingsenergie van een drie-nukleonsysteem, laten zien dat dit
niet zo is. Ook op basis van het simpele model van mesonuitwisseling bleek al dat voor systemen
van drie nukleonen extra wisselwerkingen nodig zijn, de zogenaamde drie-nukleonkrachten.

Voorbeelden van drie-deeltjeskrachten zijn er ook in de klassieke fysica te vinden. Een heel
intüıtief voorbeeld is de gravitatie-interactie tussen de maan, de aarde en een satelliet. De baan
van de satelliet kan in principe worden voorspeld uit de aantrekkingskracht met de aarde. Deze
wet is goed bekend en als men de aarde, de maan en de satelliet als kleine deeltjes voorstelt, dan
kan men de interactie tussen de drie gewoon door de superpositie van de twee-deeltjesinteractie
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tussen aarde-maan, satelliet-aarde en satelliet-maan berekenen. Dit blijkt echter niet goed te
werken. De aarde en de maan zijn zeker geen kleine deeltjes. Bovendien is de oppervlakte
van de aarde niet vast, maar bestaat deze voor een groot deel uit water. De invloed van de
maan veroorzaakt een tijd-afhankelijke vervorming van het aardoppervlak, die bekend is als de
getijdenbeweging (eb en vloed). De satelliet ‘ziet’ dus, veroorzaakt door de maan, een tijd-
afhankelijk gravitatieveld van de aarde.

Voor de interactie tussen nukleonen zijn al lang geleden zogenaamde drie-nukleonkrachten
ontwikkeld. Deze krachten zijn gebaseerd op de uitwisseling van twee pionen tussen drie nuk-
leonen, waarbij een nukleon voor een korte tijd aangeslagen wordt naar een hogere toestand, de
∆ toestand. Verdere wisselwerkingen worden in kort-bereik wisselwerkingen, de zogenaamde
puntwisselwerkingen, samengevat. Het meenemen van deze drie-nukleonkrachten in de bereke-
ningen met twee-nukleonmodellen leidt in sommige gevallen tot een verbetering van de beschri-
jving van observabelen van drie-nukleonsystemen. In andere gevallen is de beschrijving slechter
dan met alleen maar twee-nukleonmodellen. In sommige gevallen is de verbetering, die door
drie-nukleon krachten word veroorzaakt, niet significant.

Een mogelijke observabele, die door drie-nukleonkrachten beı̈nvloed wordt, is de differ-
entïele werkzame doorsnededσ/dΩ. De differentïele werkzame doorsnede geeft in principe de
waarschijnljikheid, dat bij het botsen van twee of meer deeltjes een bepaalde reactie plaatsvindt
waarbij de deeltjes naar specifieke hoeken worden verstrooid. Een klassiek voorbeeld is de ge-
ometrische doorsnede. Als men b.v. met een witte biljartbal op een andere (blauwe) biljartbal
schiet, moet de witte bal de blauwe in een bepaald vlak rond het centrum treffen om een botsing
plaats te laten vinden. In de wereld van nukleonen, waar de quantummechanica geldig is, praat
men over waarschijnlijkheden, omdat volgens het Heisenberg principe de positie van een deeltje
niet goed gedefinieerd kan worden en het dus geen zin heeft met oppervlakten te rekenen.

Theoretische berekeningen laten zien dat effecten van drie-nukleonkrachten in de differ-
entïele werkzame doorsnede bij bundelenergieën boven 65 MeV/nukleon en bij bepaalde hoeken
te meten zijn. Bij deze verstrooiingshoeken zijn de bijdragen van de pure twee-nukleonkracht
heel klein, en daardoor zijn de effecten van drie-nukleonkrachten duidelijk te zien. Helaas zijn
er bij energiëen tussen 65 MeV/nukleon en 200 MeV/nukleon niet veel verstrooiingsdata aan-
wezig. Waar data bestaan, b.v. rond de 150 MeV, hebben deze vaak grote statistische onzeker-
heden, of zijn er geen metingen over de hele hoekbereik. Gedurende de laatste jaren worden bij
135 MeV/nukleon zeer preciese data voor de werkzame doorsnede in Japan gemeten.

Een andere mogelijke observabele voor drie-nukleoneffecten is het analyserend vermogen.
Ook deze observabele kan klassiek aanschouwelijk gemaakt worden met de witte en de blauwe
biljartbal. De gemiddelde biljartamateur probeert de witte bal met de queue in het centrum te
treffen en zo met de blauwe bal te laten botsen dat ze elkaar centraal raken. Soms begint een van
de twee ballen om zijn as te draaien. Dit wordt effect genoemd. De hoeken waaronder de witte
en de blauwe bal na het botsen verstrooid worden, hangen af van de grootte en de richting van het
effect. Als men in staat is de witte bal een bepaald effect te geven, kan men de verstrooiingshoek
van de twee ballen heel precies beı̈nvloeden.

De spin van het nukleon kan als een intrinsiek effect beschouwd worden. Bij een gewoon
experiment is het gemiddelde van de spin van alle inkomende nukleonen nul en het resultaat
hangt niet af van de spin. Maar men kan ook experimenten doen waar alle inkomende nuk-
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leonen dezelfde spin hebben, dus om hun as in dezelfde richting draaien. In dit geval worden
de inkomende nukleonen voor een bepaalde hoek bij voorkeur naar rechts, en voor een andere
hoek bij voorkeur naar links verstrooid. De differentiële werkzame doorsnede hangt dus niet
alleen van de verstrooiingshoek af, maar ook van de spin van de inkomende deeltjes. De maat
die aangeeft hoe groot de invloed van de spin op de differentiële werkzame doorsnede is, heet
het analyserend vermogen,Ay. Door het meten van deze observabele voor systemen van drie
nukleonen kan men iets over de rol van de spin in de drie-nukleonkracht zeggen.

In dit werk zijn beide observabelen, de differentiële werkzame doorsnede en het analyserend
vermogen, voor het verstrooiien van inkomende protonen op een deuterium-trefplaat, een zo-
genaamde2H(~p, dp) reactie, gemeten als funktie van de verstrooiingshoek en de bundelenergie.
De metingen zijn gedaan bij zes verschillende bundelenergieën bij 108, 120, 135, 150, 170 en
190 MeV, voor ruim 30 hoeken tussen30◦ en 170◦ in het zwaartepuntsysteem. In een verder
experiment zijn testmetingen gedaan met inkomende deuteronen bij een bundelenergie van 65
MeV/nukleon op een waterstoftrefplaat, de zogenaamdeH(~d, dp) reactie. Deze testmetingen
waren bedoeld als voorbereiding voor toekomstige experimenten op het KVI met SALAD. De
resultaten van dit experiment zijn niet bedoeld voor publikatie en als zodanig ook niet verder
besproken in deze samenvatting.

De metingen zijn gedaan op het KVI. De gepolariseerde bundels worden door de bron van
gepolariseerde deeltjes (POLIS) geproduceerd en met het supergeleidende cylcotron AGOR ver-
sneld. Om de polarisatie te meten wordt gebruik gemaakt van de KVI in-beam polarimeter (IBP).

Voor de meting van de differentiële werkzame doorsnede en het analyserend vermogen van de
reactie2H(~p, dp) wordt de Big-Bite Spectrometer (BBS) in combinatie met het Eurosupernova
(ESN) detectiesysteem gebruikt. De BBS bestaat uit twee quadrupoolmagneten en een grote
dipoolmagneet. De baan van de deeltjes die aan de trefplaat verstrooid worden en door de BBS
vliegen, wordt in de dipool afgebogen. De mate van afbuiging van de baan hangt af van de
massa, de energie en de lading van het deeltje. De quadrupolen zorgen voor het fokusseren van
de deeltjes naar het brandvlak achter de BBS. Van het ESN detectiesysteem worden voor het
huidige experiment de twee ‘vertical-drift’ dradenkamers voor het meten van de deeltjes in het
brandvlak achter de BBS, en de twee lagen scintillatoren gebruikt. Verder was er een scintillator
in de verstrooiingskamer zelf, om het tweede uitgaande deeltje te meten. Deze scintillator is niet
voor alle metingen gebruikt.

De combinatie van BBS en ESN kan gedraaid worden, om de uitgaande deeltjes bij ver-
schillende verstrooiingshoeken te kunnen meten. In dit experiment is het BBS/ESN systeem op
hoeken tussen de17◦ en de50◦ in intervallen van3◦ gezet. Bij iedere hoek worden afwisselend
het verstrooide proton en het verstrooide deuteron gemeten. De uitgaande deuteronen worden
ook nog bij5◦, 9◦, 11◦ en 14◦ gemeten. In het zwaartepuntsysteem komt men zo op een ver-
deling tussen30◦ en170◦. Dit komt voor iedere observabele en voor iedere energie neer op 15
datapunten. Omdat bijna iedere meting twee keer werd gedaan, met en zonder gebruik van de
scintillator in de verstrooiingskamer, zijn dit al 30 datapunten per bundelenergie. Verder werden
de twee observabelen bij sommige energieën apart gemeten. In totaal komt men dus op zo’n 300
metingen, die ieder apart, maar op een consistente manier, geanalyseerd en geëvalueerd moeten
worden.

De resultaten voor een bundelenergie van 135 MeV zijn te zien in figuur G.1. Omdat er ver-
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Figuur G.1: Resultaten voor de differentiële werkzame doorsnede en het analyserend vermogen
van de reactie2H(~p, dp) bij 135 MeV bundelenergie. De statistische fouten zijn< 2% en in het
plaatje kleiner dan de symboolgrootte van de datapunten.

schillende modellen voor de twee-nukleoninteractie zijn, die voor twee-nukleonsystemen alle-
maal bijna identieke resultaten geven, zijn ze in figuur G.1 als een zwarte band te zien. Verder
zijn er twee berekeningen met drie-nukleonkrachten te zien. De drie-nukleonkrachten zijn op
verschillende manieren opgebouwd, maar houden min of meer dezelfde fysica in. De statistische
fouten van de gemeten data zijn duidelijk kleiner dan de symboolgrootte van de datapunten. De
systematische fouten zijn bij deze energie. 5%.

Zoals te zien, beschrijven de resultaten van berekeningen met zuivere twee-nukleonpotentia-
len de gemeten data al redelijk, gezien de sterke variatie in de observabelen in het gemeten bereik.
Het meenemen van drie-nukleonkrachten leidt tot verbetering van de beschrijvingen. Met de
hoge-precisiedata die in dit werk worden gepresenteerd is het nu mogelijk naar kleine afwijkin-
gen van de voorspellingen ten opzichte van de data te kijken en tussen twee-nukleonberekeningen
en twee-nukleon+drie-nukleon-krachtberekeningen te onderscheiden. Omdat de afwijkingen
van de berekeningen van de data klein zijn, is het beter niet naar de absolute waarden, zoals in
figuur G.1 te kijken, maar naar de verschillen. Dit is voor een vaste verstrooiingshoek van de
deuteronen bij23◦ (θcm ≈ 139◦) voor alle energiëen te zien in figuur G.2. In dit plaatje zijn
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Figuur G.2: Absolute waarden (grafieken boven) en afwijkingen (grafieken beneden) van de
differentïele werkzame doorsnede (linkerkant) en het analyserend vermogen (rechterkant) als
funktie van de bundelenergie voor een verstrooiingshoek van de deuteronen van23◦. Dit cor-
respondeert met139◦ in het zwaartepuntsysteem. De grijze band geeft de systematische fout
weer. Alle berekeningen nemen drie-nukleonkrachten mee, namelijk CD-Bonn+TM′ (grijze lijn),
AV18+Urbana-IX (zwarte lijn), CD-Bonn+∆ (·· -·-) en Nijmegen-II+∆ (·-·).

de absolute waarden en de afwijkingen van de voorspellingen voor de differentiële werkzame
doorsnede en het analyserend vermogen als funktie van de bundelenergie te zien. De grijze band
bij de afwijkingen geeft de systematische fout van de data weer. De berekeningen zijn van ver-
schillende twee-nukleon+drie-nukleon-krachtmodellen, namelijk CD-Bonn+TM′, ArgonneV18+-
Urbana-IX, CD-Bonn+∆ en Nijmegen-II+∆. Zoals te zien zijn er nauwelijks verschillen in de
voorspellingen van de verschillende modellen voor de differentiële werkzame doorsnede. Maar
er is een systematische afwijking van de theoretische modellen van de data, die met hogere bun-
delenergiëen toeneemt. Ook in het analyserend vermogen zijn systematische afwijkingen te zien,
die met hogere bundelenergieën toenemen. Maar voor deze observabele zijn er ook duidelijke
verschillen tussen de verschillende theoretische modellen.

De modellen voor de drie-nukleonkrachten zijn allemaal gebaseerd op de uitwisseling van
mesonen tussen de nukleonen, waarbij de Urbana-IX kracht op fenomenologie gebaseerd is ter-
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wijl de andere drie modellen meer op een fundamentele basis gebaseerd zijn. Expliciet zijn de
uitwisseling vanπ-mesonen en een∆-excitatie in alle berekeningen meegenomen. De afwij-
kingen vooral bij hogere energieën doen vermoeden dat er mischien bij hogere energieën ook
met het uitwisselen van zwaardere mesonen rekening gehouden moet worden. Het kan ook
zijn dat relativistische effecten, waarmee niet genoeg rekening is gehouden in de eigenlijk niet-
relativistische huidige berekeningen, belangrijk worden. De verschillen tussen de theoretische
modellen, die in het analyserend vermogen te zien zijn, doen vermoeden dat de verschillen tussen
de drie-nukleonkrachten vooral in de behandeling van de spin ligt.

Samengevat kan men zeggen dat in dit werk voor het eerst een systematisch onderzoek van
de differentïele werkzame doorsnede en het analyserend vermogen in het drie-nukleonsysteem
(proton-deuteron) bij gemiddelde energieën gedaan is. De statistische fouten van de gemeten data
zijn heel klein en de precisie wordt bepaald door systematische onzekerheden, die in het alge-
meen kleiner zijn dan. 7%. De resultaten laten systematische afwijkingen van de berekeningen
ten opzichte van de data als funktie van de energie zien. De observabelen, die in dit werk worden
gemeten, zijn de simpelste observabelen in drie-nukleonsystemen. Verdere metingen van andere
observabelen, zoals de spin-overdracht, die op het KVI gepland zijn, zullen een nog betere beeld
van de spinafhankelijkheid van drie-nukleonkrachten geven.
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