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1. Introduction

The formulation of a many-body problem based on the two-body interaction is an
old idea which was first used for the gravitational force by Newton. Newton’s theory
of gravitation explains many phenomena successfully. For instance, the trajectories
of celestial bodies can be predicted fairly precisely by this theory. A two-body inter-
action can be used easily for a many-body system, just by imposing the force acting
between each two bodies of the system. This is sometimes called the superposition
principle.

The superposition principle works for Coulomb’s electrical potential as well as
Newtonian gravitational potential. The electromagnetic theory and Newton’s the-
ory of mechanics worked successfully until the late 19th century, when it appeared
that the Galilean transformation, under which Newton’s laws are invariant, cannot
be used for Maxwell equations. At that time, it was not known which of the the-
ories needed to be corrected. Moreover, there were a few new phenomena such as
black body radiation that could not be explained by those theories. In the early
20th century, two new theories were introduced that could explain all known phe-
nomena: relativity and quantum mechanics. Relativity solved the inconsistency
between Newtonian theory and Maxwell’s theory of electromagnetism. It improved
the Newtonian theory and kept the Maxwell’s equations as they were derived already
by Maxwell. It was shown that the relativistic formulation of mechanics transforms
to Newtonian mechanics for a low velocity. Quantum mechanics could also explain
other new phenomena such as photo-electric phenomenon. As far as Newtonian
gravitation and electromagnetic interactions are concerned, the two-body potential
is adequate to explain the natural phenomena of even many-body systems if the sizes
of the bodies are small in comparison with the distance between them (the bodies
are essentially point-like objects). However, objects are composites and, sometimes,
they cannot be considered as point-like bodies. For instance, consider the effect of
tides on the orbit of a satellite. This effect disturbs the orbit of the satellite, and it
is due to the existence of the Moon. The effect can be considered as a three-body
force effect, which is a correction when dealing with composite systems.

In the 20th century, the discovery of weak and strong interactions opened a new
world and raised new questions to physicists. The weak interaction is responsible
for β-decay, and the strong interaction keeps the nucleons together in nuclei. In
contrast to Newton’s gravitation theory, it was not easy to establish a potential
function for the new forces, due to the lack of experimental evidence and knowledge
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2 Chapter 1: Introduction

about the forces in the early 20th century. However, some of the physical aspects of
the forces were understood phenomenologically. For example, the strong interaction
must be much stronger than the electromagnetic interaction, since the protons in
the nuclei stay together. Also, the strong force must be a short-range force. If it
were a long range potential, as is the electromagnetic potential, the whole universe
would collapse; or the universe would not have evolved from the Big Bang1! The
weak interaction is weaker than the electromagnetic interaction, as its name indi-
cates. Discussion about the weak interaction is outside the scope of this thesis and,
therefore, it is not further mentioned. Below, I will describe how the concepts of the
strong force in the nuclear system have developed over the decades.

1.1 The Nucleon-Nucleon Force

The first step in understanding the strong force was to establish the Nucleon-Nucleon
(NN) potential. If this force is under control, one might then employ the superposi-
tion principle to solve problems involving three or more bodies. This picture looks
very classical, nevertheless it can answer our questions about the many-body sys-
tems up to a certain degree of accuracy. In order to achieve a realistic NN potential,
there were many questions to be answered, such as:

• What is the characteristic of the interaction?

• What is the mechanism for exchanging the force?

• What is the range of the potential?

• What is the form of the potential?

How could these questions be answered? In the early 20th century, there were
neither the computers to facilitate the calculations nor the modern laboratories to
do precise measurements. From 1930 till 1950, most attempts to answer the ques-
tions were made within the framework of the non-relativistic Schrödinger equation.
Even for light nuclei, such as 3He or 4He, solving the Schrödinger equation was not
possible. Physicists had to resort to many approximations in order to come up with
an analytical solution. Nevertheless, some of the important aspects of the strong
force were understood at that time, e.g. the short range of the strong force.

It is known that the electromagnetic force is exerted through the exchange of
virtual photons; since the photon is massless, the range of the electromagnetic force
is infinite. In the same way, Yukawa explained the nuclear interaction by exchange of
massive scalar particles between two interacting nucleons [1]. His theory was called

1 The short-range aspect of the strong force was explained later in framework of QCD by confine-
ment of the massless gluons.



1.2. Three-Nucleon systems 3

for some time the mesotron theory. In 1935, he calculated the mass of the exchanged
particle, using the Heisenberg uncertainty principle. He used the fact that the strong
force has a short interaction range of about 2 fm. Then the exchanged mass is:

mc2 =
~c

∆r
' 197 MeV.fm

2 fm
' 100 MeV. (1.1)

This particle is now called the pion, π-meson, with a mass of 134.98 MeV for π0

and 139.57 MeV for π±. As two nucleons get close, the attractive force increases,
but this attraction stops at some point and turns to repulsion. This is an empirical
fact. Therefore, the potential seems to be highly repulsive at distances of less than
1 fm. The behavior of the NN potential was explained by the exchange of mesons.
It turned out that only the long-range of the potential is governed by π-meson
exchange and the middle-range attraction is modeled by scalar mesons such as the
σ-meson. The heavier vector mesons such as the ω-meson contribute to the repulsive
short-range part of the NN potential.

In the 1960’s and early 70’s, the theory of Quantum Chromo-Dynamics (QCD)
was developed to explain the strong force. In this theory, the hadrons are not
elementary, but are made up of quarks. The quarks have color charge and interact by
exchanging gluons. Hadrons are colorless compositions of quarks. Unfortunately, at
low energies the interaction is so strong that one cannot apply perturbative methods
and it is, thus, hard to use QCD at low energies. One way to resolve the problem is
to model the NN potential semi-phenomenologically. At the present time, there are
several high-quality NN models [2, 3, 4] which will be discussed in Sec. 2.2. There
are about 40 parameters in each model to be fitted to the world data-set. There is
also a systematic attempt to explain the NN potential fully based on effective field
theory. This work started by Weinberg’s idea about the low-energy expansion of the
Lagrangian of QCD [5, 6]. This will be discussed in Sec. 2.3.4.

1.2 Three-Nucleon systems

The NN potential is well studied and a variety of models, as will be explained in
Sec. 2.2, have been introduced (at least up to an energy of 350 MeV). Now, the
question is whether the NN potential models are able to describe the three or more
nucleon systems. For example, can we calculate the binding energy of nuclei such
as 3H, 3He or 4He, using the NN potential? To answer such a question, one needs
to solve the Schrödinger equation with the relevant potential:

Hψ = Eψ,
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Figure 1.1: Binding energies of the ground and excited states of light nuclei. The experi-

mental results are compared with AV18 and AV18+IL2.

where

H = −
∑

i

~
2

2mi
∇2

i +
∑

i>j

vij ,

and vij is the NN potential. The solution clearly shows that the NN potential
is not adequate. As shown in Fig. 1.1 in calculations using the Green’s Function
Monte-Carlo method [7], the AV18 NN potential fails to predict the experimental
results for the binding energies of the light nuclei. It seems that one must consider
an additional three-nucleon potential vijk, to explain the experimental observables.
Adding the Illinois-2 [7] three-nucleon potential (3NP), the calculations come closer
to the experimental results, especially for the first few light nuclei. As can be seen
from Fig. 1.1, even adding the 3NP is not enough to explain the differences between
the theoretical calculations and the measurements for some of the states especially
for heavier nuclei. This kind of discrepancy may be explained by a many-body
potential. One presumes that the four-nucleon potential (4NP) is much smaller
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than 3NP just as the 3NP is smaller than the NNP2, thus the larger discrepancies
cannot be explained by the 4NP. Rather, the existence of large discrepancies might
be a sign that the present 3NPs need to be modified.

Apart from the binding-energy, there are phenomena such as scattering that can
be addressed in three-nucleon systems. In NN scattering, if we have a long time
interval to determine the energy of the system, before and after scattering, then
the energy is conserved ∆E ∼ ~

∆t = ~

∞ = 0. The energy conservation restricts
the particle momenta, so all possible events are on a hyper-spherical shell on the
momentum space, the so-called “on-energy-shell events”. However, in three-nucleon
scattering, when two nucleons can be considered as isolated during a time interval
δt but interact with the third nucleon outside the time interval, we have only a short
time ∆t to evaluate the energy so the energy conservation can be violated, ∆E 6= 0;
see Fig. 2. Such a process is called “off-energy-shell” or simply “off-shell”. The high-
quality NN models are fitted to the NN scattering data-set in order to fix the free
parameters of the model. Thus, they produce the same on-shell physics but could
have different off-shell behavior. However, these off-shell effects are arbitrary and
should not affect the theoretical prediction of an observable as long as the 3NP effect
is taken into account consistently. One should notice that in high-energy scattering
experiments, relativistic effects must also be taken into account. Unfortunately,
there is still no acceptable relativistic framework and the relativistic effects are
included by corrections of velocity-dependent terms in the potential [8].

In 1933, Wigner predicted that 3H can exist [9]. He calculated the binding
energy of 3H and concluded that the binding energy of the second neutron is even

2 The hierarchy and relative strength of few-nucleon potentials were understood by chiral pertur-
bation theory.
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larger than that of the first one. Although, he mentions the three-body force for
the first time, he was wrong about the necessity for a three-nucleon force to have
3H. The first quantitative derivation of the three- and more-body potentials, in the
framework of quantum field theory, was done by Primakoff and Holstein [10]. They
studied many-body interactions in atomic and nuclear systems. They found that the
two-body potential is a very excellent approximation to describe electrons in atomic
systems and that the higher order three-body, four-body, etc. forces have a small
effect. Their estimation of the relative magnitude of the m-body potential in the
nuclear system is (m-body potential) ' (vn/c)

m−2×(two-body potential), where
vn is the average velocity of the heavy particles, namely nucleons, in the nucleus.
They obtained the 3NP from a transition in which two virtual mesotrons, or pions,
were emitted simultaneously from a nucleon, one of the pions being absorbed by the
second nucleon and the other pion by the third nucleon. The idea of exchanging two
pions in 3NP was well developed by the work of Fujita and Miyazawa in 1957. Fujita
and Miyazawa introduced a model based on Two-Pion Exchange (TPE) with one
intermediate ∆ excitation [11]. The two-pion exchange 3NP is still the most accepted
element in any model for three-body potentials and it governs the long-range part of
the 3NP. There are other 3NP models as well, for instance, the Tucson-Melbourne
model which is also a TPE model [12]. In chapter 2 an overview of the commonly
used three-nucleon potentials will be given.

1.3 The goals and outline of this thesis

The study of three-nucleon systems allows insight into the effects of the three-nucleon
potential (3NP). In order to achieve the more realistic 3NP, many accurate exper-
iments must be performed in a wide range of energy and angle to form a good
data-base. Having a broad data-base for three-nucleon scattering, free parameters
of the theoretical potentials could be fitted to such a data set and the existing models
can be tested.

In the past few years, the three-nucleon system at intermediate energy has been
studied systematically at KVI and elsewhere. Bieber et al. [13] and Ermisch et
al. [14, 15, 16, 17, 18] measured the cross section and the analyzing power of 2H(~p, d)p
reaction at several incident beam energies at KVI. The measurements were compared
with theoretical predictions calculated with and without a 3NP. Fig. 1.3 shows the
cross section (left panel) and analyzing power (right panel) measured by Ermisch et
al. at 108 MeV. The cross section is explained better with a NN+3NP (grey band)
in comparison with predictions involving only a NN potential (black band). The
analyzing power follows the NN band between 90◦ and 120◦, and the NN+3NP (grey
band) overestimates the data points in this region. It seems that more attention
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Figure 1.3: Results for the cross section (left) and analyzing power (right) for 2H(~p, d)p

reaction at 108 MeV measured at KVI by Ermisch et al. [14]. The energy for this mea-

surement, which has been performed at KVI, is the closest energy to that of the present

report.

should be paid to the spin-dependent terms of the 3NP. To examine the other spin-
dependent components of the 3NP, one must study more complex observables such
as polarization-transfer coefficients and spin-correlation coefficients. The goal of this
thesis is to study a number of spin-dependent observables involving three nucleons.
Some of these observables have already been studied at other laboratories. Sakai et
al. [19] and Sekiguchi et al. [20, 21] studied the cross section and several observables
involving spin polarization for H(~d, ~p)d reaction at RIKEN. The n-d reaction has
been studied at RCNP. Maeda et al. measured cross section and vector analyzing
power for n-d reaction at 250 MeV [22]. The spin-correlation coefficient has been
measured at IUCF for p-d reaction at 200 MeV [23]. Recent experiments performed
in the intermediate energy are summarized in Tab. 1.1.

In this thesis, the measurement of a number of scattering observables for H(~d, ~p)d
elastic scattering is reported. Using polarized deuterons makes it possible to mea-
sure spin-observables of rank two, for instance, tensor analyzing power and tensor
polarization-transfer coefficient. In our experiment, a hydrogen target was exposed
to the polarized deuterons of 90 MeV/nucleon. The outgoing protons from this
primary reaction passed through a magnetic spectrometer, called the Big-Bite Spec-
trometer (BBS), where the particles were separated by their momentum. The focal-
plane polarimeter of the Euro-Super-Nova (ESN) collaboration, which is placed at
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Table 1.1: The list of experiments performed recently at various laboratories in order to

study the three-nucleon systems through elastic scattering at intermediate energies. The

symbols i and j can be x, y or z.

Laboratory Reaction Energy [MeV/A] Observables

KVI [13, 14, 15, 16, 18] 2H(~p, p)d 108, 120, 135, dσ
dΩ , Ay

150, 170 and 190

RIKEN [19, 20, 21] H(~d, ~p)d 70, 100 and 135 dσ
dΩ , Ad

y, Py′ , Aij ,

Ky′

y , Ky′

ij

RCNP [22, 24] 2H(n, d)n 150 and 250 dσ
dΩ

2H(~p, ~p)d 250 dσ
dΩ , Ki′

i , Kz′
x and Kx′

z

IUCF [23, 25] ~d(~p, pd) 135 and 200 dσ
dΩ , Ad

y, Ci′
i and Cij

i

the exit of the BBS, was employed to measure the polarization of the scattered pro-
tons from the primary reaction. In this experiment, the cross section, dσ/dΩ, a num-
ber of analyzing powers, Ay and Ayy, induced-polarization, Py′ , and polarization-

transfer coefficients, Ky′

y and Ky′

yy, were measured for the H(~d, ~p)d reaction for several
center-of-mass angles between 90◦ and 170◦. In order to study the polarization-
transfer coefficients, the ESN polarimeter was calibrated for the measurement of
the proton polarization. In the calibration experiment, the analyzing power of p-C
reaction was measured in the energy range of 44.8-136.5 MeV.

In chapter 2, the theoretical background for the two- and three-nucleon potentials
will be presented. Also, the measured observables in our experiment are introduced
in this chapter. The detectors along with other facilities used in this experiment
will be described in chapter 3. In chapter 4, the data-analysis techniques will be
described. The results are shown and discussed in chapter 5 where they will be
compared with several theoretical calculations. In chapter 6, conclusions and the
outlook for these studies are presented.



2. Theoretical background

Scattering is a mean to probe matter. The first particle scattering experiment, done
by Rutherford, taught us that matter in an atom is not continuous, but is made of
a small and dense core, the atomic nucleus, surrounded by an almost empty space
(electron cloud). Scattering experiments are essential to examine and test our ideas
about the constituents of matter and their interactions. Indeed, nuclear and particle
physics could not have developed without scattering experiments.

Scattering experiments are used also to study the forces. One of these forces
is the nuclear force which has not been derived from first principles (QCD) so far,
but the valuable scattering data have enabled us to build up a potential which
explains the nuclear phenomena. As it was discussed already in the introduction,
the NN potential (NNP) is well studied using about 4300 experimental data points
of NN scattering up to 350 MeV. There exists a sophisticated Partial-Wave Analysis
(PWA), as well as five high-quality NNPs fitted to this data-base with a χ2 ' 1.
These NNPs can describe the observables of two-nucleon systems very well.

To describe the observables of three- or many-nucleon systems, a NNP can be
used; however, the results are not satisfactory. There are some effects which one may
consider in order to account for the discrepancy between experimental results and
theoretical calculations such as relativistic effect. Of course, this effect cannot resolve
the problem in all experiments, e.g. very low-energy scattering. Another possibility
is to add more potential terms to the NNP. In fact, the free parameters of the NNPs
are fixed by the two nucleon scattering data, and as such they all reproduce only
“on-shell” physics. In other words, the NNPs have the same on-shell properties
but a different and arbitrary “off-shell” behavior. One notes that any of the off-
shell effects included in any of these models cannot be examined experimentally. As
already discussed in the previous chapter, in the three- or many-nucleon systems, it is
important that the off-shell effects are properly handled. To resolve the discrepancies
between data and theoretical calculations for three-nucleon systems, adding more
potential terms such as a three-nucleon potential (3NP) is proposed. There are
several 3NP models which have been developed by different groups. Any of the 3NP
models can be added to one of the high-quality NNPs of interest.

The many-nucleon potential is still underdeveloped. Therefore, a three-nucleon
(3N) system is a good start for this study. However, within chiral perturbation
theory, it can be shown that the size of the 3NP is much smaller than the 2NP, the
4NP is much smaller than the 3NP, and so on. It is, therefore, a good assumption

9
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that including the correct 2NP and 3NP in the calculations of many-body systems
should be sufficient. Unfortunately, in contrast to two-nucleon systems, there is
no good data-base for the three-nucleon system. A data-base for three-nucleon
scattering could be used to examine the existing 3NPs. Also, one could perform a
PWA of the three-nucleon system where the free parameters could be fitted using
such data. A phase shift analysis below the breakup threshold has been already
performed in Ref. [26].

In this chapter, the scattering formalism for two- and three-nucleon scattering
will be reviewed. The general aspects of the NNPs and 3NPs will be introduced and
at the end the observables which will be measured by this experiment are derived.

2.1 Scattering formalism

In this section, first the scattering theory in quantum mechanics will be reviewed
and later it will be extended to the case of the three-body system. The derivations
and notations in this section are mainly taken from Refs. [27, 28, 29].

2.1.1 Scattering formalism in quantum mechanics

In the framework of non-relativistic quantum mechanics, the state and evolution of
a system is given by the Schrödinger equation:

i~
∂

∂t
|ψ〉 = H|ψ〉 time-dependent (2.1)

and

H|ψ〉 = E|ψ〉 time-independent (2.2)

where the Hamiltonian is given by:

H = −
∑

i

~
2

2mi
∇2

i + V, (2.3)

where i runs from 1 to the number of particles involved. The time evolution of the
states is obtained from Eq. 2.1 as |ψ(t)〉 = exp−iHt/~ |ψ〉, where |ψ〉 is the time-
independent state. In a scattering problem, a beam of free particles comes close to
a position where the particles interact with a potential V . Therefore, in the absence
of any potential, H = H0 = −∑

i
~
2

2mi
∇2

i , the scattering state |ψ(t → −∞)〉 must

be equal to a free state of |φ(t)〉 = exp−iH0t/~ |φ〉 with the same energy

lim
t→−∞

‖ exp−iHt/~ |ψ〉 − exp−iH0t/~ |φ〉‖ = 0. (2.4)
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It can be shown [28] that the relation between the scattering state and the free-
particle state is

|ψ±〉 = lim
ε→0

iε
1

E −H ± iε
|φ〉. (2.5)

One can define G± = 1
E−H±iε as the resolvent or the Green’s function for the

Helmholtz equation

(∇2 + k2)G±(~x, ~x′) = δ(~x− ~x′). (2.6)

Using operator algebra, the Green’s function can be decomposed depending on the
problem of interest. For instance, in case of two interacting particles with potential
V , one can write

1

E −H ± iε
=

1

E −H0 ± iε
+

1

E −H0 ± iε
V

1

E −H ± iε
= G0 +G0V G (2.7)

where G0 = (E − H0 ± iε)−1 is sometimes called the free-particle propagator. By
inserting Eq. 2.7 into Eq. 2.5 and using the fact that iεG0|φ〉 = |φ〉, we obtain the
Lippmann-Schwinger Equation (LSE)

|ψ±〉 = |φ〉 +G0V |ψ±〉. (2.8)

Note that at large distances, the wave function 〈~x|ψ±〉 is written as the sum of
the incident wave 〈~x|φ〉 and an outgoing (incoming) spherical wave corresponding
to the positive (negative) solution. The homogeneous LSE, |ψ〉 = G0V |ψ〉, has
no solution for the positive energy E > 0. Because, if a solution exists it must
fulfill the Schrödinger equation and a solution of the Schrödinger equation conserves
probability. The homogeneous solution, however, does not contain the incident wave
and, thus, cannot conserve the probability. Therefore, the inhomogeneous equation
has a unique solution. This is only true for the two-body system. For the three-body
system, the LSE does not have a unique solution. To obtain a unique solution for
the 3N system, supplementary conditions are necessary [29]. This will be discussed
in the next section.

In a scattering problem, the most interesting subject is the transition of the
initial state to the scattering state by means of a potential. The transition operator,
t, is defined with

V |ψ+〉 ≡ t|φ〉. (2.9)

Multiplying the LSE by V from the left results in

t = V + V G0t. (2.10)
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The cross section is directly related to the t-matrix which is the matrix element of
the transition operator in momentum space via

dσ

dΩ
∝ |〈p′|t(E + iε)|p〉|2, (2.11)

where E = p′2

2µ = p2

2µ and µ is the reduced mass. Of course, if the energy is not

conserved (off-shell particles) then E 6= p′2

2µ 6= p2

2µ . However, the observables for two-
nucleon scattering are determined by on-shell t-matrix. The t-operator and therefore
the t-matrix can be evaluated iteratively

t = V + V G0V + V G0V G0V + V G0V G0V G0V + ... (2.12)

This can be shown diagrammatically as

+ +t = + ....

where all irreducible diagrams are included in the kernel, the potential V :

+ +V = = + ....

The dashed lines show pions.

2.1.2 Three-nucleon scattering

The Hamiltonian for the 3N system is written as

H = −
3

∑

i=1

~
2

2mi
∇2

i +
3

∑

i>j=1

vij +
3

∑

i>j>k=1

vijk (2.13)

where vij is the NNP and vijk is the three-nucleon potential (3NP) with a cyclic
permutation of ijk. From experimental and theoretical investigations, we already
know that the 3N potential is smaller than the NNP in magnitude. If we just consider
the NNP, the results of the theoretical calculations for most observables are close to
the measurements. Let us, then, start with the formalism of treating the three-body
system with only the NNP and later add the 3NP to it. Consider three particles with
mass mi and momentum ~ki conjugate to ~xi. We need a coordinate system in which
the center-of-mass motion is separated out. The Faddeev choice of coordinates in
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Figure 2.1: The Jacobi coordinate system. The particles j and k are two-nucleon subsystem

and i is a spectator.

which he could nicely decompose the Schrödinger equation for the 3N system was
the Jacobi coordinate system. There are three possibilities to have a two-nucleon
subsystem in a three-nucleon system. Suppose particles j and k are the two-nucleon
subsystem and particle i is the third particle (i, j, k = 1, 2, 3); as shown in Fig. 2.1:

~ri ≡ ~xj − ~xk,

~Ri ≡ ~xi −
mj~xj +mk~xk

mj +mk
,

~η ≡ mi~xi +mj~xj +mk~xk

mi +mj +mk
.

(2.14)

The conjugate momenta for the new coordinates are

~pi =
mj
~kk −mk

~kj

mj +mk
,

~qi =
(mj +mk)~ki −mi(~kj + ~kk)

mi +mj +mk
,

~K = ~ki + ~kj + ~kk.

(2.15)

The momenta, ~pi, which is the conjugate of ~ri, is the relative momentum of particles
j and k; ~qi which is the conjugate momentum of ~Ri, is the relative momentum of
particle i with respect to c.m. of j − k particles; and ~K which is the conjugate
momentum of ~η, is the total momentum of the three particles. Now, we can write
the Hamiltonian with only the NN interaction in the new coordinate system as
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(α = 1, 2 or 3)

H ′ =
K2

2(m1 +m2 +m3)
+

p2
α

2µα
+

q2α
2Mα

+
3

∑

i=1

Vi, (2.16)

where Vi ≡ Vjk(|~xj − ~xk|), 1
µi

= 1
mj

+ 1
mk

and 1
Mi

= 1
mi

+ 1
mj+mk

. The total c.m.

motion is not important for this discussion and can be left out. The configuration
of a bound pair and a free particle is, then, described by

〈~ri, ~Ri|Φi〉 = Φi(~ri, ~Ri) = φi(~ri)e
i~qi·~Ri , (2.17)

which is the solution of

Hi|Φi〉 = Ei|Φi〉, (2.18)

where

Hi =
p2

i

2µi
+

q2i
2Mi

+ Vi (2.19)

is called the channel Hamiltonian and Ei = (q2i /2Mi) + ei is the total energy E in
the c.m. frame and ei is the binding energy for φi(ri). Obviously, there are three
configurations in each of which two of the particles are interacting and the third one
is spectator. The configuration is described with the Schrödinger equation

h|ψ+
i 〉 ≡ (Hi + Vj + Vk)|ψ+

i 〉 = E|ψ+
i 〉. (2.20)

The solution of this equation is

|ψ+
i 〉 = lim

ε→0
iε

1

E − h+ iε
|Φi〉. (2.21)

We can again decompose the Green’s function as

1

E − h± iε
=

1

E −Hi ± iε
+

1

E −Hi ± iε
(Vj + Vk)

1

E − h± iε
. (2.22)

Inserting Eq. 2.22 into Eq. 2.21 gives the LSE

|ψ+
i 〉 = |Φi〉 +Gi(Vj + Vk)|ψ+

i 〉, (2.23)

where Gi = limε→0(E −Hi ± iε)−1.

It can be shown that this LSE does not have a unique solution for a three- or
more-body system as opposed to the two-body system [30]. The |ψ+

j 〉 and |ψ+
k 〉 with

j, k 6= i are also solutions of Eq. 2.23. More boundary conditions are needed in order
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to get a unique solution. Glöckle has shown that |ψ+
i 〉 satisfies the following two

homogeneous equations as well [29]:

|ψ+
i 〉 = Gj(Vi + Vk)|ψ+

i 〉, (2.24)

|ψ+
i 〉 = Gk(Vj + Vi)|ψ+

i 〉. (2.25)

These two homogeneous equations and the LSE (Eq. 2.23) are called Lippmann-
Schwinger triad and can be written in one equation as

|ψ+
i 〉 = δil|Φi〉 +Gl(Vj + Vk)|ψ+

i 〉, (2.26)

where the permutation of ljk is cyclic and l = i, j or k. It can also be shown that
the solution of the triad must be a solution of the Schrödinger equation with E > 0;
it is unique and corresponds to an outgoing spherical wave.

Similar to NN scattering, one can define a transition operator. Consider that we
have now the three equations of a triad. As in the NN case, Eq. 2.10, we can write

T = V + V G0T. (2.27)

This T -operator has the same singularity problem as Eq. 2.23 since they have the
same kernel. To solve the problem, Faddeev splits Eq. 2.27 into three equations [31].
Because V = V1 + V2 + V3, one can write

T = (V1 + V2 + V3) + (V1 + V2 + V3)G0T

=

3
∑

i=1

(Vi + ViG0T ) =

3
∑

i=1

Ti,
(2.28)

where
Ti ≡ Vi + ViG0T. (2.29)

Let us arrange Eq. 2.29 as

Ti − ViG0Ti = Vi + ViG0(Tj + Tk), {i 6= j 6= k} = {1, 2 and 3}. (2.30)

By defining ti ≡ (1 − ViG0)−1Vi one can write Eq. 2.30 as

Ti = ti + tiG0(Tj + Tk), (2.31)

or in matrix form




T1

T2

T3



 =





t1
t2
t3



 +





0 t1 t1
t2 0 t2
t3 t3 0



G0





T1

T2

T3



 . (2.32)
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This is the Faddeev T -matrix. If we just compare ti with Eq. 2.10, we will recognize
it as a two-body T -matrix in three-body space. In contrast to the NN T -matrix, ti
contains off-shell information because of the energy shift of E−q′2i /2Mi which is due
to an extra term in the channel Hamiltonian. Having a set of coupled equations and
terms like tiG0Tj implies an integration over all possible intermediate states |p′′i q′′i 〉
with

p2
i

2µi
6= p′′2i

2µi
6= E + iε− q′′2i

2Mi
. (2.33)

Iteration of the Faddeev T -matrix, Eq. 2.32, describes the 3N scattering as a
multiple NN scattering where the NN sub-system scattering can be on-shell or off-
shell. The first iteration is





T1

T2

T3



 =





t1
t2
t3



 +





t1G0(t2 + t3)
t2G0(t3 + t1)
t3G0(t1 + t2)





+





t1G0(t2 + t3) t1G0t3 t1G0t2
t2G0t3 t2G0(t3 + t1) t2G0t1
t3G0t2 t3G0t1 t3G0(t1 + t2)



G0





T1

T2

T3



 , (2.34)

which consists of terms such as t1G0t3 that can be represented diagrammatically as:

t

t

1

3

1

2

3

A Neumann series of the Faddeev equations, Eq. 2.34, for T1 is shown in Fig. 2.2.
In every NN scattering, only a pair of particles interact and the third particle is
free. Then, the three particles propagate freely to the next NN scattering. The
state of the third non-interacting particle does not change and this will be expressed
mathematically by a δ-function:

〈piqi|ti(E + iε)|p′iq′i〉 = δ(qi − q′i)〈pi|ti(E + iε− q′2i
2Mi

)|p′i〉. (2.35)

Fortunately, this δ-function disappears when integrating over possible intermediate
states. This is the advantage of the iteration.
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= +
t 1

+
t

t t

3

1 1

t
t

2

1

+

+  . . . .+
t 1

T1

t 1

t 3

t 1

t 2

Figure 2.2: Diagrammatic representation of T1.

Inclusion of the 3NP

The 3NP can be added to the pairwise part of potential of the 3N system [32, 33]
which is already decomposed using the Jacobi coordinate system. Let us represent
the 3NP by V4. Equation 2.21 does not change except that now h = H0 +V1 +V2 +
V3 + V4. It seems natural to modify the integral kernels of Eq. 2.26 to

|ψ+
i 〉 = δil|Φi〉 +GlV

l|ψ+
i 〉, (2.36)

where V l = (Vj + Vk + V4). Hereafter, all Roman indices take values 1,2,3 and
number 4 is indicated specifically. Although this equation already determines the
scattering state of |ψ+

i 〉 uniquely, one can still define an auxiliary equation:

|ψ+
i 〉 = G4(V1 + V2 + V3)|ψ+

i 〉 (2.37)

where G4 ≡ limε→0(E −H0 − V4 + iε)−1 satisfies the following Lippmann identity

lim
ε→0

iεG4(E + iε)|φi〉 = 0. (2.38)

The inclusion of 3NP in the Faddeev equation for the T -operator, Eq. 2.27, can
be achieved by splitting the T -operator into four parts rather than the three parts
as was done in Eq. 2.29.

2.2 NN potentials

The phenomenological NNPs are based on the most general form for a potential
which is restricted by symmetries [2]. The potential must be invariant under rota-
tion, reflection and time reversal. The model-independent terms are written in the
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configuration space as a sum of 6 terms, V =
∑6

i=1 ViPi, where

P1 = 1,

P2 = ~σ1 · ~σ2,

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

P4 = ~L · ~S,

P5 = Q12 =
1

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

P6 = (~σ1 − ~σ2) · ~L.

(2.39)

In general, Vi is a function of the distance between two nucleons, r, and the operators
of linear and angular momentum p2 and L2 and, thus, generally independent of
partial waves. These 6 terms are multiplied by isospin operators 1 or ~τ1 · ~τ2. In
the modern high-quality NNPs such as NijmI, NijmII and Reid93, up to Elab = 350
MeV, Vi is also a function of S2 and J2 which results from the fact that each partial
wave is parameterized separately. These new potentials have been fitted to about
4000 data points with χ2/datum ' 1. The best potential models up to 1980 and
including the models of the 1980s had only χ2/datum ' 2 [2].

After discovery of heavy mesons in the 1960s, the NNPs were written as a sum of
the potentials representing exchanged bosons. The long range part (& 2 fm) of the
potential is governed by the π-meson and is, therefore, called the One-Pion-Exchange
Potential (OPEP). As Eq. 1.1 shows, at shorter distances, the attractive medium-
range, a heavier meson such as the σ-meson or two π-mesons could be exchanged.
The short-range (. 1.4 fm) repulsive part of the NNP needs a heavy vector boson
such as the ω-meson or ρ-meson. The high-quality NNPs explain the long-range
part of the potential by employing the OPEP together with the electromagnetic
interaction, and the shorter range is normally treated phenomenologically.

The short-range repulsive part is short enough to be screened by a centrifugal
barrier for the higher partial waves [34]. In other words, the partial waves with
higher angular momenta do not need to be parameterized and only the partial-
waves of low angular momenta, normally up to J = 5, are parameterized. For the
partial waves of lower angular momenta, the short-range part is represented by an
energy dependent square-well of range r = b = 1.4 fm. The depth of square-well is
independent of r but energy dependent which is, therefore, different for each of the
partial-waves. In general, the NNP is written as a sum of an electromagnetic part,
an OPEP part and an intermediate- and short-range phenomenological part:

v(NN) = vEM (NN) + vπ(NN) + vI(NN) + vS(NN). (2.40)

The OPEP for pp scattering is given by

vπ(pp) = f2
πV (mπ0), (2.41)
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and for np scattering it is

vπ(np) = −f2
πV (mπ0) + (−)I+12f2

πV (mπ±), (2.42)

where I is the isospin and

V (m) =

(

m

mπ±

)2 1

3
mc2[VS(r)~σi · ~σj + VT (r)Sij ]. (2.43)

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

VS(r) =
e−µr

µr
,

VT (r) =

(

1 +
3

µr
+

3

(µr)2

)

e−µr

µr
,

(2.44)

where µ = mc/~ [4] and f2
π = 0.075 is the pion-nucleon coupling constant [35]. A

part of the intermediate-range attraction is often explained by σ-meson exchange
for which the potential is given by

vσ = g2[Vc(r) + VLS(r)~L · ~S]. (2.45)

There are several high-quality NNPs based on One-Boson-Exchange (OBE).
They have been fitted to the world NN scattering data-set up to 350 MeV and
they are all non-relativistic. However, they take the relativistic effects into account
by using a relativistic momentum. I will briefly explain some of the aspects of the
models which were used in predicting the observables of the present experiment.

The Nijmegen group has introduced NijmI, NijmII and Reid93 potential models
and Partial-Wave Analysis PWA93 [2]. The PWA93 has 39 parameters and has been
fitted to almost 4300 data points with χ2/datum ' 0.99. This can be compared to,
for instance, Nijm93 which fits the NN data with χ2/datum = 1.87 and has only 15
parameters. The relativistic effects are estimated via the potential and by using the
relativistic relation between the three-momentum and laboratory kinetic energy.

The newest Charge-Dependent (CD) Bonn potential which is the successor of the
original Bonn potential is called CD-Bonn [3]. This high-quality potential fits 2932
pp scattering data points with χ2/datum = 1.01 and 3058 np scattering data points
with χ2/datum = 1.02. It is based on meson exchange and all mesons with masses
smaller than the nucleon mass are included. The group responsible for this poten-
tial has also studied Charge-Independence Breaking (CIB) and Charge-Symmetry
Breaking (CSB), since the pp and nn interactions are different even after removing
the electromagnetic interaction (CSB).
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Another high-quality NNP is Argonne v18 (AV18) [4]. This potential has 18
operators. Fourteen operators are charge-independent corresponding to an updated
version of Argonne v14 [36]. Three charge-dependent operators have been added be-
cause of isospin-breaking aspect of the strong interaction and one charge-asymmetric
operator to explain the difference in the pp and nn scattering lengths. AV18 has 40
parameters which have been adjusted via fitting the model to 4300 pp and np scat-
tering data points from the Nijmegen data-base with χ2/datum = 1.09. The AV18

is also corrected for relativistic effects. Since the NN interaction depends on the
relative momentum ~pij = (~pi − ~pj)/2 of the two nucleons and the total momentum
~Pij = ~pi + ~pj , one writes

vij = ṽij + δv(~Pij), (2.46)

where vij is the potential between particle i and j and ṽij is the first-order not
corrected potential; δv(Pij = 0) = 0, and

δv(Pij) = −
P 2

ij

8m2
ṽ +

1

8m2
[~Pij · ~r ~Pij · ~∇, ṽ] +

1

8m2
[(~σ1 − ~σ2) × ~Pij · ~∇, ṽ]. (2.47)

The boost correction of δv(Pij) has a repulsive contribution in the binding energy of
3H and 4He [7].

In spite of the good performance of the high-quality NNPs, the potentials still
have problems which need further attention. To transform the potentials written
in momentum space to configuration space by means of Fourier transform, a form-
factor is needed to handle the singularity at the origin [2]. This form-factor is not
fixed by theory or experiment. Every model takes a form-factor that fits better to
the data-set. One of the scalar mesons, the σ-meson, which in OBEPs is necessary to
explain especially the medium-range attraction has not yet been definitely observed
experimentally. The high-quality models, such as NijmI, have more parameters to be
fitted to the data than the OBE models, such as Nijm93. Therefore, they necessarily
depend on the choice of parameters, and this leaves still some freedom in the way
they are parameterized. Comparing the NN phases for different NN models show
deviations specially above 200 MeV [27]. These are some of the issues that leave
room for more developments in the construction of NNPs.

2.3 Three-nucleon potential models

The first 3NP model was developed by Fujita and Miyazawa (FM) [11]. They de-
scribed the 3N interaction by Two-Pion Exchange (TPE) and one intermediate ∆-
isobar excitation, as illustrated in the right diagram in Fig 2.3. The main ingredient
of TPE-models is the πN scattering amplitude such as T3 in Fig 2.3 (left diagram).
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π

π

∆

π

π

T3

1 3 2 1 3 2

Figure 2.3: Left: the Feynman diagram for the TPE where T3 represents πN scattering

amplitude with all three nucleons involved. Right: A TPE with ∆-isobar excitation as one

of the possibilities for T3. This is used in FM model.

The models developed later included other possibilities for the T3 scattering ampli-
tude. The Tucson-Melbourne potential (TM) is an example of this, see Sec. 2.3.1.
In the TM model, T3 is the full pion-nucleon interaction except for a propagation
of the pion which does not interact with the middle nucleon, because this is already
included in the NNP.

Theoretical predictions for the observables of our interest were calculated by
three groups. The Bochum-Cracow group used the modified-TM-model [37, 38]
which is called TM′ or TM99 as 3NP. They added TM′ to the NN models, CD-
Bonn, NijmI, NijmII and AV18. They have also used the Urbana-IX [7] 3NP which
is developed by the Argonne-Illinois group to be added to AV18. The Hanover
group has also calculated the observables for our H(~d, ~p)d reaction with the ∆-isobar
treated dynamically [39], see Sec. 2.3.3. The third calculation was performed using
Chiral Perturbation Theory (χPT) [40]. The χPT will be discussed in Sec. 2.3.4.
The TM99 is described in some detail in the following section after which the other
3NP models are briefly discussed.

2.3.1 Tucson-Melbourne potential

The Tucson-Melbourne potential (TM) is a 3NP model of the TPE type [12]. TM
includes the πN scattering amplitude in which the pions are off-mass-shell1, i.e.
E2

π 6= p2
π + µ2, where µ is the pion mass. In contrast to the FM model which

considers only the p-wave ∆-isobar excitation, the TM model includes also other
possibilities for the πN scattering amplitude, see Fig. 2.3. In general, the FM model
or other models based on the ∆-isobar are a special case of TM models.

There are three geometrical configurations of three nucleons for which one of the

three nucleons is in the middle; see Fig 2.3. The notation V
(3)
4 stands for a 3NP

1 This is needed for the exchange of virtual space-like pions in a nuclear-force diagram.
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where nucleon 3 is in the middle, so the full 3NP is

V4 =
3

∑

i=1

V
(i)
4 . (2.48)

Using this notation, the TM potential is [41]

〈~p′1 ~p′2 ~p′3|V
(3)
4 |~p1~p2~p3〉 = (2π)3δ3(~p1 + ~p2 + ~p3 − ~p′1 − ~p′2 − ~p′3)

(~σ1 · ~Q)(~σ2 · ~Q′)

(Q2 + µ2)(Q′2 + µ2)

g2
πNN

4m2
N

F 2
πNN (Q2)F 2

πNN (Q′2)[Tαβ
πNτ

α
1 τ

β
2 ].

(2.49)

The T -matrix for πN scattering is

Tαβ
πN = δαβ[a+ b ~Q · ~Q′ + c(Q2 +Q′2)] − d(τγ

3 ε
αβγ~σ3 · ~Q× ~Q′), (2.50)

where α and β are the isospin labels of the initial and final states, ~pi and ~p′i are

incoming and outgoing momenta of the nucleons, ~Q = ~p1 − ~p′1, ~Q′ = ~p′2 − ~p2; see
Fig. 2.4; gπNN is the pion-nucleon coupling constant; σi and τi are the spin and
isospin operators, respectively. FπNN (Q2) is the form-factor of the πNN vertex
when the nucleons are on-the-mass-shell and the pion is off-the-mass-shell:

FπNN (Q2) =
Λ2 − µ2

Λ2 −Q2
. (2.51)

Here, Λ is the cut-off parameter which is fitted to data.

In Eq. 2.50, the πN scattering amplitude is parameterized. The parameters
a, b, c and d are obtained by fitting the amplitude to the πN scattering data. In
the TM model, the strength parameters are a = 1.13/µ, b = −2.58/µ3, c = 1.0/µ3

and d = −0.753/µ3 and the corresponding term consists of several πN scattering
diagrams [41]. For instance, the ∆ contribution is included in the b-term.

The calculation of the triton binding energy including the TM potential yields
an overbinding and a strong dependence on the πNN form-factor. The value of the
cut-off parameter, Λ, is taken to reproduce the 3H binding energy [42]. The potential
was modified and developed further by adding other meson exchanges; e.g., π − ρ
and ρ − ρ were added to the model to have more complete two-meson-exchange
3NP [37]. This TM model is sometimes referred to as TM93 [38].

The parameterization of the TM model was criticized later by Friar et al. [43],
since it was not fully chirally symmetric; see Sec. 2.3.4. They obtained the TM
3NP by the chiral-perturbation-theory (χPT) approach and showed that the c-term
is unnatural and must be dropped. The parameters obtained in this approach are
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Vπ N

Figure 2.4: TPE diagram. Solid lines represent nucleons and dashed lines pions. VπN is

the πNN vertex and Tαβ
πN

is the amplitude for πN scattering. The momentum of nucleons

before and after scattering are shown by pi and p′i and Q = p1 − p′1 and Q′ = p′2 − p2 are

the pion momenta.

different from those of TM model: a′ ∝ −a and c = 0. This model is sometimes
referred to as the Texas model.

The latest TM model was introduced by Coon and Han, taking into account all
previous developments [38]. The c-term was decomposed into a 2π-exchange term,
which can be added to a-term, and a short-range term. Therefore, in the latest
model, which is named TM′, the parameters are a′, b and d, where a′ is related to
the old parameters by a′ = a− 2µ2c.

2.3.2 Urbana-IX and Illinois potentials

After developing the NNP of Argonne v18 (AV18), the Urbana-Argonne collaboration
in Illinois introduced new phenomenological 3NPs, namely Urbana-IX (UIX) and
Illinois1-5 [7]. These 3NPs together with the AV18 NN-potential have been developed
to fix the binding energy of the first few light nuclei, as was shown in Fig. 1.1. The
three-nucleon potentials developed by the Illinois group have the following general
form:

Vijk = ASW
2π O2π,SW

ijk +APW
2π O2π,PW

ijk +A∆R
3π O3π,∆R

ijk +ARO
R
ijk, (2.52)

where the terms represent TPE due to s-wave and p-wave πN scattering, three-pion-
exchange due to ring diagrams with one ∆ in the intermediate states and a repulsive
term respectively; see Fig. 2.5. ASW

2π , APW
2π , A∆R

3π and AR are the strengths of the
terms. The UIX potential does not have the s-wave and the three-pion-exchange
terms [7].
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Figure 2.5: Feynman diagrams for 3NP of the Illinois group: a) the FM potential (TPE

p-wave), b) TPE s-wave, c) and d) three-pion rings with one ∆ at a time in intermediate

states.

The spin-isospin and spatial dependence of the terms was obtained from theoret-
ical models but the strength of the terms was fixed by fitting to the binding energies
of light nuclei.

2.3.3 Hanover potential

The Hanover group takes the ∆-isobar excitation into account to obtain an effective
3NP from any NNP. In this model, an explicit ∆-isobar is added to the nucleonic
Hilbert space of a three-nucleon system [44]. The ∆-isobar is considered as a stable
particle rather than a dynamic πN system and it is created in a two-nucleon scat-
tering in a medium through the internal excitation of a nucleon [45]. The ∆-degree
of freedom is treated in a coupled-channel approach. A two-baryon coupled-channel
potential was developed which couples two-nucleon states to nucleon-∆ states. The
transition potential from NN to N∆ states is derived from π- and ρ-exchange. The
Coulomb interaction between protons in two-protons reactions has recently been in-
cluded in the potential [46]. As a first step, the CD-Bonn+∆ potential was refitted
to the Nijmegen data-base. This potential was then employed to describe elastic
and inelastic 3N scattering [47]. This calculation has been performed only using the
CD-Bonn potential until now, though it is planned to employ this method to other
high-quality NNPs [48].

2.3.4 Effective Chiral Lagrangian approach

One believes that QCD will be able to describe the nuclear potential. However, in
the energy range of interest in nuclear physics this has not been feasible yet, because
the problem is non-perturbative. On the other hand, using the basic symmetries of
QCD, one can construct a field theory of nucleons and pions with which nuclear
physics phenomena could be explained. Based on the chiral symmetry of QCD,
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Figure 2.6: 3NP terms appearing in NNLO in χPT: 1) TPE, 2) OPE with the pion emitted

or absorbed by NN contact interactions, and 3) 3N contact interaction.

Weinberg suggested a method [5, 6] by which the potential among any number of
low-energy nucleons is expanded in powers of the nucleon momenta, Q/Λ, and the
pion mass, mπ/Λ, scaled by a characteristic mass, Λ, of order of 1 GeV [49]. The
highest momentum allowed for any involved particle is Q � Λ and the nucleons
with momenta greater than Q are integrated out. The lowest-order or the leading
order (LO), Q0/Λ0, consists of OPEP and s-wave direct contact term and provides
the longest range force between two nucleons. The next-to-leading order (NLO) po-
tential consists of TPEP and higher partial waves such as p-wave direct two-nucleon
contact interaction; and so on. The three-nucleon effective potential appears for
the first time in the order of (Q/Λ)3 or next-to-next-to-leading (NNLO). Figure 2.6
shows 3N vertices which make a contribution to the chiral 3NP in NNLO. The con-
tribution of the diagrams in Fig. 2.6 was calculated in Refs. [40, 49]. Weinberg
further showed the intuitive hierarchy of the few-nucleon forces: the NNP is more
important than the 3NP, the 3NP is larger than the 4NP, and so on. Weinberg’s
proposal has been successful in the NN system [50, 51, 52, 53, 54], and is being
studied in 3N scattering [55]. There are a few free parameters in the effective po-
tential called the low-energy constants, coming from the effective Lagrangian, which
have to be fitted to the πN data. It was shown later that the form of the derived
effective 3NP matches the form of the existing phenomenological 3NPs, Eq. 2.49, as
discussed extensively in Ref. [43].

2.3.5 Other 3NPs

There are other 3NPs on the market such as the Brazil 3NP. The Brazilian group
derived a TPE 3NP using an effective Lagrangian [56]. They consider the s-wave and
p-wave potentials and their relative importance. The 3NP of the Brazilian model
in momentum space is quite similar to the TM potential, Eq. 2.49. A comparison
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µa′ µ3b µ3c µ3d

FM† 0.0 –1.15 0.0 –0.29
TM† –1.03 –2.62 1.03 –0.60
TM′‡ –1.12 –2.80 0.0 –0.75
Brazil† –1.05 –2.29 1.05 –0.77
UIX† 0.0 –1.20 0.0 –0.30
Texas† –1.87 –3.82 0.0 –1.12
†Ref. [43] and ‡Ref. [38].

Table 2.1: Low-energy πN scattering parameters for some of the TPE 3NPs.

between the πN scattering parameters of various 3NPs of TPE-type is shown in
Tab. 2.1.

2.4 The scattering observables

The most common observable in a scattering experiment is the cross section. In
order to measure the cross section of a reaction, what we need is a beam of particles
impinging on a target and a detector to observe the outgoing particles. In such a
simple scattering experiment the cross section depends only on the polar angle, θ.
If the beam of projectiles is polarized, then the cross section depends not only on
the polar angle but also on the azimuthal angle, φ. This dependence can easily be
observed by putting two detectors at the same polar angle but on the opposite sides
of the beam. The φ-dependent part of the scattering cross section is characterized
by the observable called analyzing power.

Having polarized incident particles, one can measure, in principal, many other
polarization observables. For instance, the transfer of the polarization of the incom-
ing particles to the outgoing particles. The coefficients that relate the polarization
of the outgoing particles to that of the incoming ones are called the polarization-
transfer coefficients. To measure the polarization of the outgoing particles, a second
scattering is required, where by studying the asymmetry of the secondary scatter-
ing, one can measure the polarization of the secondary incident particles, namely
the polarization of the outgoing particles of the primary reaction. These types of
experiments are, therefore, called double-scattering experiments. The first scatter-
ing is usually the scattering process of interest and the second scattering is used to
measure the polarization of the scattered particles.

Let us introduce first the concept of polarization for proton and deuteron beams.
The concepts of polarization and experiments involving polarized beams and details
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about the derivations can be found in Ref. [57]. The polarized source at KVI is an
ion source, see Sec. 3.1. The polarized beam produced by an ion source has an axial
symmetry because of the presence of a magnetic field in the source. It is convenient
to take the axis of quantization along this magnetic field direction, Z axis. The
X and Y axes are arbitrary because of the axial symmetry. This XY Z frame is
called the polarization frame [57]. Polarized protons produced by the ion source
have the states, |j,m〉, of spin-up, | 12 , 1

2〉, and spin-down, |12 ,−1
2〉. If the populations

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

pZ =
N+ −N−

N+ +N−
. (2.53)

Deuteron is a spin-1 particle, so it can be in three spin states, namely |1, 1〉, |1, 0〉
and |1,−1〉. If the populations of these states in an ensemble are denoted by N+, N0

and N−, respectively, then a vector and a tensor polarization for such an ensemble
in the polarization frame are defined as

pZ =
N+ −N−

N+ +N− +N0
,

pZZ =
N+ +N− − 2N0

N+ +N− +N0
= 1 − 3N0

N+ +N− +N0
.

(2.54)

In the polarization frame, all other components vanish except pXX and pY Y which,
because of the axial symmetry, are related to pZZ :

pXX = pY Y = −1

2
pZZ . (2.55)

Therefore, in the polarization coordinate system the vector polarization is ~p =
(0, 0, pZ) and the tensor polarization is

P =





−1
2pZZ 0 0
0 −1

2pZZ 0
0 0 pZZ



 =
3

2
pZZ





0 0 0
0 0 0
0 0 1



 − 1

2
pZZ





1 0 0
0 1 0
0 0 1



 .

The polarization frame is not the frame in which the measurements are performed.
A frame that is generally used for a scattering reaction is the helicity frame, see
Fig. 2.7. For projectile helicity frame, the l̂ axis is defined parallel to particle mo-

mentum k̂in; the n̂ axis is along the normal to the scattering plane, n̂ =
~kin×~kout

|~kin×~kout|
;

and the ŝ axis is defined in a way to make a right-handed coordinate system, ŝ = n̂× l̂.
In the figure, β is the angle between k̂in and quantization axis Ẑ, and φ is the angle
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Figure 2.7: Beam polarization in the projectile helicity frame. Ẑ is the natural quantization

axis along the magnetic field and n̂ = k̂in × k̂out is normal to the scattering plane.
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Figure 2.8: Projectile helicity frame (s, n, l) and outgoing helicity frame (s′, n′, l′).
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between n̂ and the projection of Ẑ in the s − n plane. The transformation from
polarization frame to helicity frame is performed via rotation operators. A rotation
of β degrees around the s axis followed by a rotation of φ degrees around the l axis
transforms the polarization to the projectile helicity frame. For vector polarization

~ph =





ps

pn

pl



 =





cosφ − sinφ 0
sinφ cosφ 0

0 0 1









1 0 0
0 cosβ sinβ
0 − sinβ cosβ









0
0
pZ





= U





0
0
pZ



 =





−pZ sinβ sinφ
pZ sinβ cosφ
pZ cosβ



 ,

(2.56)

where h denotes helicity and

U =





cosφ − cosβ sinφ − sinβ sinφ
sinφ cosβ cosφ sinβ cosφ

0 − sinβ cosβ



 .

For the tensor polarization

Ph = UPU t =
3

2
pZZU





0 0 0
0 0 0
0 0 1



U t − 1

2
pZZ





1 0 0
0 1 0
0 0 1



 .

The non-zero components of the tensor polarization are:

pss =
1

2
(3 sin2 β sin2 φ − 1)pZZ ,

pnn =
1

2
(3 sin2 β cos2 φ − 1)pZZ ,

pll =
1

2
(3 cos2 β − 1)pZZ ,

psn = −3

2
sin2 β cosφ sinφ pZZ ,

pnl =
3

2
sinβ cosβ cosφ pZZ ,

psl = −3

2
sinβ cosβ sinφ pZZ .

(2.57)

At present, only a beam polarization with β = 90◦ is available at KVI, so pnl =
psl = 0.

In the measurement of polarization-transfer coefficients, an outgoing helicity
frame is also necessary. The n̂′ axis for the outgoing helicity frame is parallel to
n̂. The l̂′ axis is along k̂out and ŝ′ completes the right-handed system; see Fig. 2.8.
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There is a variety of spin-observables in the scattering process which can be
studied. The form of the observables for the reactions studied in this thesis will be
shown here. Suppose that the initial spin state of a scattering reaction is described
by

χi =
∑

j

ajφj , (2.58)

where φj makes the basis for spin states before the reaction, j is dimension of the
space and i denotes “initial”. The final state can be represented by

χf =
∑

j

bjφ
′
j , (2.59)

where φ′j makes the basis for spin states after the reaction, and f denotes “final”.
The scattering amplitude, represented by M , relates the initial and final states:

χf = Mχi and bj =
∑

k

Mjkak. (2.60)

The initial and final density matrices are defined for an ensemble of N particles as

ρi ≡
N

∑

n=1

χ
(n)
i [χ

(n)
i ]† (2.61)

and

ρf ≡
N

∑

n=1

χ
(n)
f [χ

(n)
f ]†. (2.62)

By substituting Eq. 2.60 into Eq. 2.62 we obtain

ρf = MρiM
†. (2.63)

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

I(θ, φ) = Trρf = TrMρiM
†. (2.64)

Observables of the H(~p, ~p)p reaction

The reaction H(~p, ~p)p was used in the calibration of the BBS polarimeter. The

spin structure of the H(~p, ~p)p reaction is ~12 + A −→ ~1
2 + B. As a simple case, one

can consider A and B to be spinless. All arguments will remain the same for the

interesting case of non-zero spin for A and B. For the case of ~12 + 0 −→ ~1
2 + 0, one
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can expand the density matrix in terms of the set of Pauli matrices, σ1, σ2, σ3, and
the unit matrix I:

ρi =
1

2



I +
3

∑

j=1

pjσj



 . (2.65)

For any operator Ω, We have 〈Ω〉 = TrρiΩ. Therefore:

pj ≡ 〈σj〉 = Trρiσj (2.66)

is the jth component of the beam polarization. By substituting Eq. 2.65 into 2.64
we obtain

I(θ, φ) = I0(θ)



1 +
3

∑

j=1

pjAj(θ)



 , (2.67)

where

Aj(θ) ≡
TrMσjM

†

TrMM †
(2.68)

is the jth component of the analyzing power, and

I0(θ) =
1

2
TrMM † (2.69)

is the cross section for an unpolarized beam. Similarly, the polarization of the
outgoing particles can be calculated through

pk′I(θ, φ) = I0(θ)



Pk′(θ) +

3
∑

j=1

pjK
k′

j (θ)



 , (2.70)

where

Pk′(θ) =
TrMM †σk′

TrMM †
(2.71)

is the k′th component of polarization which is produced by an unpolarized beam and
is called the induced polarization. Time-reversal invariance implies that Pn = An

where the bar refers to time-reversed reaction. For an elastic scattering where the
forward and reverse reactions are the same Pn = An. The polarization-transfer co-
efficient Kk′

j (θ) from the jth initial polarization component to k′th final polarization
component is given by

Kk′

j (θ) =
TrMσjM

†σk′

TrMM †
. (2.72)
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Figure 2.9: The relation between the incoming helicity frame and the laboratory frame.

For a general parity-conserving reaction with A(~12 ,
~1
2)B spin structure, the cross

section and polarization can be written as

I = I0 (1 + pnAn(θ)) ,

ps′I = I0(psK
s′

s (θ) + plK
s′

l (θ)),

pn′I = I0(Pn′(θ) + pnK
n′

n (θ)),

pl′I = I0(psK
l′

s (θ) + plK
l′

l (θ)).

(2.73)

All other coefficients are zero. To use Eq. 2.73, one must transform it from the
helicity frame into the laboratory coordinate system. Figure 2.9 shows the relation
between the incoming helicity frame and the laboratory frame. One can easily write
the unit vector of the incoming helicity frame in the laboratory frame. In matrix
form, these relations are

l̂ =





0
0
1



 , n̂ =





sinφ
cosφ

0



 and ŝ =





cosφ
− sinφ

0



 , (2.74)

where φ is shown in Fig. 2.9. A rotation of θ degrees around the n̂ axis transforms
the incoming helicity frame into outgoing helicity frame. Therefore,

l̂′ =





sin θ cosφ
− sin θ sinφ

cos θ



 , n̂′ =





sinφ
cosφ

0



 and ŝ′ =





cos θ cosφ
− cos θ sinφ

− sin θ



 (2.75)
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are the unit vectors of the outgoing helicity frame in the laboratory frame. Let ~p′

be the outgoing polarization in the laboratory frame. Using Eq. 2.75 and the fact
that one can write ~p′ = ps′ ŝ′ + pn′ n̂′ + pl′ l̂′, the components of ~p′ are

~p′ =





px′

py′

pz′



 =
I0
I





ps′ cos θ cosφ+ pn′ sinφ+ pl′ sin θ cosφ
−ps′ cos θ sinφ+ pn′ cosφ− pl′ sin θ sinφ

−ps′ sin θ + pl′ cos θ



 . (2.76)

To obtain the relation between the incoming and outgoing polarizations in the lab-
oratory frame, one must substitute the ps′ , pn′ and pl′ components in terms of the
polarization of the incoming particles in the laboratory frame, px, py and pz. If the
polarization of the incoming beam in the laboratory frame is assumed to be

~p =





px

py

pz



 ,

then the polarization in projectile helicity frame is

~pih =





ps

pn

pl



 =





cosφ − sinφ 0
sinφ cosφ 0

0 0 1









px

py

pz



 =





px cosφ− py sinφ
px sinφ+ py cosφ

pz



 , (2.77)

where i denotes “initial” and h the “helicity”. A polarized beam accelerated by a
cyclotron is assumed to have no x and z components, though analysis of the polarized
beam produced at KVI shows a small px polarization; see Sec. 4.1.1. Therefore, only
the pz component in Eq. 2.77 will be set to zero. The relation between polarization
of the incoming particles and that of outgoing particles in helicity frame is given by
Eq. 2.73. In matrix form, Eq. 2.73 can be written as

~pfh =





ps′

pn′

pl′



 =
I0
I





0
Pn

0



 +
I0
I





Ks′
s 0 Ks′

l

0 Kn′

n 0

K l′
s 0 K l′

l









ps

pn

pl





=
I0
I





psK
s′
s + plK

s′

l

Pn + pnK
n′

n

psK
l′
s + plK

l′

l



 =
I0
I





(px cosφ− py sinφ)Ks′
s

Pn + (px sinφ+ py cosφ)Kn′

n

(px cosφ− py sinφ)K l′
s



 , (2.78)

where f denotes “final” and

I0(θ)

I(θ, φ)
=

1

1 + pnAn
=

1

1 + (px sinφ+ py cosφ)An
. (2.79)
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To obtain the relation between the incoming and outgoing polarizations in laboratory
frame, all we need to do is to substitute Eq. 2.78 into Eq. 2.76. The analyzing power
An, induced polarization Pn and polarization transfer coefficients Ks′

s , Kn′

n and K l′
s

have been obtained from the Nijmegen data-base with a PWA [58].

Observables of the H(~d, ~p)d reaction

The spin structure of the H(~d, ~p)d reaction is ~1 +A −→ ~1
2 +B. The same procedure

as for the H(~p, ~p)p reaction leads us to the following equations:

I(θ, φ) = I0(θ)



1 +
3

2

∑

j

pjAj(θ) +
1

3

∑

j,k

pjkAjk



 , (2.80)

pi′I(θ, φ) = I0(θ)



Pi′(θ) +
3

2

∑

j

pjK
i′

j +
1

3

∑

j,k

pjkK
i′

jk



 , (2.81)

where pj is the vector component and pjk the tensor component of the beam polar-
ization and

Aj(θ) =
TrMPjM

†

TrMM †
vector analyzing powers, (2.82)

Ajk(θ) =
TrMPjkM

†

TrMM †
tensor analyzing powers, (2.83)

Pi′(θ) =
TrMM †σi′

TrMM †
induced polarization, (2.84)

Ki′

j (θ) =
TrMPjM

†σi′

TrMM †
vector polarization-transfer coefficients, (2.85)

Ki′

jk(θ) =
TrMPjkM

†σi′

TrMM †
tensor polarization-transfer coefficients. (2.86)

Here, Pj and Pjk are a complete set of operators which makes a basis for the
spin space of spin-1 particles. Parity conservation eliminates many of the terms
in Eq. 2.80 and 2.81. Thus, for the elastic scattering of a polarized deuteron beam
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from an unpolarized hydrogen target we have
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(2.87)

To use Eq. 2.87, the polarizations on the right side of the equation must be sub-
stituted by Eq. 2.56 and Eq. 2.57. The relation between the polarization of the
scattered particles in the helicity and laboratory frames in the left side of Eq. 2.87
is

py′ =
pn′

cosφ
, (2.88)

where φ is the azimuthal angle of scattering. There are a few identities which might
be used to change the form of Eq. 2.87. The tensor components of the polarization
satisfy the identity

pss + pnn + pll = 0. (2.89)

Also, the tensor analyzing powers and the polarization-transfer coefficients satisfy
similar identities

Ass +Ann +All = 0, (2.90)

Kn′

ss +Kn′

nn +Kn′

ll = 0. (2.91)

Using these identities, one can obtain two other useful identities

1

3
(pssAss + pnnAnn + pllAll) =

1

6
(ptt − pmm)(Att −Amm) +

1

2
pkkAkk, (2.92)

1

3
(pssK

n′

ss + pnnK
n′

nn + pllK
n′

ll ) =
1

6
(ptt − pmm)(Kn′

tt −Kn′

mm) +
1

2
pkkK

n′

kk, (2.93)

where t,m, k are s, n, l in any order. The identities 2.92 and 2.93 can be used to
rewrite Eq. 2.87 in a form which might be more convenient for a specific experiment.
In the following, the convenient form of Eq. 2.87 for the present H(~d, ~p)d reaction
will be obtained. The vector and tensor polarizations (pZ and pZZ in Eq. 2.54) can
be measured by the In-Beam Polarimeter (IBP); see Sec. 4.1. By inserting pZ and
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pZZ in Eq. 2.56 and 2.57 and setting β = 90◦, the non-zero components can be
obtained:

~ph =





ps

pn

pl



 =





−pZ sinφ
pZ cosφ

0



 , (2.94)

and
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1

2
(3 sin2 φ − 1)pZZ ,
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2
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2
pZZ ,
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2
cosφ sinφ pZZ ,

pss − pll =
3

2
sin2 φ pZZ ,

psl = pnl = 0.

(2.95)

Therefore, Eq. 2.87 can be rewritten as:
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(2.96)

The employed detector for the experiment has an aperture with φ = 180◦±φm where
φm varies between 5◦ to 15◦ depending on the position of the detector. Integration
over φ distribution of the events will cancel out the terms with sinφ and sin2 φ.
Therefore, the remaining terms of Eq. 2.96 are:

I = I0

(

1 +
3

2
pZ cosφAn +

1

4
(3 cos2 φ− 1)pZZAnn
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,
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.

(2.97)
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In our experiment, I0, Pn′ , An, Ann, Kn′

n and Kn′

nn have been measured for several
center-of-mass angles.

Sometimes, spherical coordinates are used to derive the formulas. The relations
between spherical and Cartesian analyzing powers are:

iT11 ≡
√

3

2
An,

T20 ≡ 1√
2
All,

T21 ≡ − 1√
3
Asl,

T22 ≡ 1

2
√

3
(Ass −Ann).

(2.98)

Using these relations, the cross section of Eq. 2.96 can be written as:

I(θ, φ) = I0(θ)

[

1 +
√

3pZiT11(θ) cosφ− 1√
8
pZZT20(θ) −

√
3

2
pZZT22(θ) cos 2φ

]

.

(2.99)
This form of cross section will be used for the analysis of the In-Beam Polarimeter
data. In most of the literatures the helicity coordinates are indicated by (x, y, z)
which corresponds to (s, n, l) in this chapter. In order to be consistent with literature
the (x, y, z) coordinates are used for helicity frame in chapter 4.
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3. Experimental setup

The study of the reaction H(~d, ~p)d was performed at Kernfysisch Versneller Instituut
(KVI), using the Big-Bite Spectrometer (BBS). The incident beam of 180 MeV
polarized deuterons was provided by the superconducting cyclotron AGOR. At KVI,
the POLarized Ion Source (POLIS) is used to produce polarized proton and deuteron
beams. Figure 3.1 shows the AGOR cyclotron, POLIS, and other experimental
facilities at KVI as they were in 2004.

In order to study the polarization-transfer observables of the reaction H(~d, ~p)d,
the polarization of the incoming and the outgoing particles have to be measured.
The polarization of the proton and deuteron beams emerging from AGOR can be
measured using the In-Beam polarimeter (IBP). A Lamb-Shift Polarimeter (LSP)
can be employed to measure the polarization of the beam before injecting to AGOR.
The polarization of the outgoing protons was measured with the polarimeter of the
BBS. To use the BBS for such an experiment, the detector had to be calibrated
for proton polarization measurement. This calibration was performed by using the
reaction H(~p, ~p)p with 190 MeV polarized proton beam. These experiments were
performed in parts in 2002 and 2005. In this chapter the various parts of the
experimental setup used for this experiment will be discussed.

3.1 The polarized ion source

The POLarized Ion Source (POLIS) is an atomic beam source which is able to
produce polarized protons and deuterons [59, 60]. The source consists of an atomic
jet, providing an atomic hydrogen (or deuterium) beam by means of an RF-induced
discharge. This beam passes through two hexapole lenses where the atoms with
positive electron polarization (mj = +1/2) are focused toward Radio Frequency
(RF) transition units while atoms with negative electron polarization are defocused.
Each transition unit consists of a solenoid followed by an RF cavity which is inside
a permanent dipole magnet with a certain gradient.

The electron and nucleus spins are coupled to give the total angular momentum J
(J=1, 0 for hydrogen and J=3/2, 1/2 for deuterium) [61]. An external magnetic field
removes the degeneracy of the energy levels, making it possible to induce transitions
between the sub-states by appropriate RF fields, as illustrated in Fig. 3.2.

The ionizer is down-stream of the transition units and hexapoles. It is an RF
field of 2.54 GHz, and has a magnetic field between 125 and 200 mT. Therefore,

39
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Figure 3.1: Schematic diagram of the cyclotron vault, the experimental areas and experi-

mental facilities; 2004.
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Figure 3.2: Schematic diagram of the hyperfine structure of deuterium (left) and hydrogen

(right). The external magnetic field removes the degeneracy of the energy levels. Atoms

with spin-up electrons are focused whereas atoms with spin-down electrons are defocused.

the ionizer field induces a transition, causing non-zero polarization of the beam even
when all the transition units are off. This is referred to as the polarization-off in
this thesis. This non-zero polarization is larger for protons than deuterons due to
the large difference in the respective magnetic moments. To obtain a completely
unpolarized beam, it is necessary to switch off both RF transition units and the
hexapoles [61].

3.1.1 Proton polarization

A so-called weak field (WF) of 7 MHz at a low magnetic field of about 1 mT induces
transitions between hyper-fine structure states with equal total angular momentum
and opposite magnetic quantum number (∆J = 0,mJ → −mJ). The weak field
leaves the other states untouched. In this way, the majority of the protons will have
their spin pointing downwards (spin-down protons).

In order to increase the population of the protons with their spin pointing up-
wards (spin-up protons), a strong field (SF) transition at a magnetic field of about
8 mT is needed. Applying this strong field of 1.4 GHz induces a transition between
hyper-fine structure states with different total angular momentum and equal mag-
netic quantum number (∆J = 1,∆mJ = 0). Figure 3.2 shows all possible transitions
for hydrogen and deuterium.



42 Chapter 3: Experimental setup

Table 3.1: The polarization degrees of deuterons which are used in this experiment.

Field(s) pz pzz

WF −2/3 0 pure vector down

SFI+SFII +2/3 0 pure vector up

MF+SFII 0 −2 pure tensor down

MF+SFI 0 +1 pure tensor up

unpolarized 0 0 off

3.1.2 Deuteron polarization

Deuteron is a spin-1 particle for which one can define vector and tensor polarizations.
The vector and tensor polarization are defined as:

pz =
N+ −N−

N+ +N− +N0
, (3.1)

pzz =
N+ +N− − 2N0

N+ +N− +N0
, (3.2)

where N+,0,− is the population of particles in the substates with m = +1, 0 and −1,
respectively. Deuterons with pure vector polarization can be obtained using a weak
field of 7 MHz and two strong fields of 455 MHz and 331 MHz, the so-called SFI and
SFII, respectively. As shown in Fig. 3.2, the weak field transition gives pz = −2/3
and pzz = 0, while applying both strong fields together yields pz = +2/3 and pzz = 0.
To obtain pure tensor polarization, another transition unit called mean field (MF),
residing between the two hexapoles, is used. The mean field induces a transition
with (∆J = 0,mJ → −mJ). The second hexapole after MF is used again to focus
atoms with (mj = +1/2) and defocus (mj = −1/2). Behind this hexapole, the
atomic beam consists of atoms with m = −1 and 0. With this MF, using SFI or
SFII now yields pure tensor polarization with (pz = 0 and pzz = +1) or (pz = 0
and pzz = −2), respectively. The polarization scheme used in this experiment is
summarized in table 3.1. The polarizations mentioned in the table are theoretical
values and difficult to achieve in practice. The polarizations which were obtained
during the experiment are typically 60-80% of the theoretical values. The analysis
results will be discussed in the next chapter.

3.2 The AGOR accelerator

The Accélérateur Groningen ORsay (AGOR) is a second generation cyclotron with
superconducting coil [62]. AGOR is capable of accelerating protons, deuterons and
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heavy ions. It is a compact three-sector cyclotron with a pole diameter of 1.88 m,
equipped with three accelerating electrodes, located in the pole valleys. Protons
could be accelerated up to 190 MeV and deuterons with q/A=0.5 to maximum
energy of 90 MeV/nucleon at the time of the experiment. These are also the beams
used in this experiment.

3.3 The In-Beam Polarimeter (IBP)

The In-Beam Polarimeter (IBP) is used to determine the polarization of proton
or deuteron beams, via the H(~p, p)p or H(~d, d)p elastic reactions, respectively [63].
Its location along the beam line is shown in Fig. 3.1. It consists of 16 Phoswich
detectors grouped into four independent planes (0◦, 45◦, 90◦ and 135◦); see Fig. 3.3.
For example, plane 0◦ is defined as the plane containing the beam axis and the line
on which detectors 1, 2, 3 and 4 are placed. In order to reduce the background, inner
and outer detectors of each plane are coupled, detecting the ejectile and the recoil
of the reaction in time coincidence. For instance, in the plane of 0◦, the detectors
numbered 1 and 2 measure in coincidence and are considered as Left, the same
for the detectors 3 and 4 which are considered as Right; see table 3.2. This setup
is capable of measuring the asymmetry of the reaction, using simply the left-right
asymmetry. The measured asymmetry is directly related to the analyzing power
of the reaction and the polarization of the incoming beam. Knowing the analyzing
power, the polarization of the incoming beam can be obtained from:

p =
As

Ay
, (3.3)

where Ay is the specific analyzing power of the reaction, As is the asymmetry and
p is the related beam polarization. In the case of the proton beam, the plane of 0◦

measures the y-component of the polarization and the plane of 90◦ the x-component.
In principle, these two planes can work independently. Although the two other planes
of 45◦ and 135◦ seem to be redundant, they have been used to extract the value and
the direction of the beam polarization more precisely; see Sec. 4.1.1. To measure
the tensor polarization, the detectors of two planes, say 0◦ and 90◦, are needed at
the same time. The method of analyzing the IBP data will be discussed in chapter
4.

3.4 The Big-Bite spectrometer (BBS)

The Big-Bite Spectrometer (BBS) is a QQD-type (Quadrupole-Quadrupole-Dipole)
magnetic spectrometer with a solid angle of up to 13 msr and 430 MeV K-value [64].
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Table 3.2: Relation between the azimuthal angle φ and the IBP planes.

Plane φ

0◦ 0◦(Left)/180◦(Right)

45◦ 45◦/225◦

90◦ 90◦(Down)/270◦(Up)

135◦ 135◦/315◦

The BBS can be used in three different modes which are called A, B and C. In
these modes the quadrupole doublets are placed at three different distances from
the dipole, while the target-dipole distance is fixed. Putting the quadrupoles closer
to the target gives a bigger solid angle at the cost of a smaller momentum bite. For
this experiment the mode ‘B’ was used. Table 3.3 shows the design parameters for
mode B. More details about the spectrometer can be found in [64, 65, 66]. A top
view of the BBS and its detectors are shown in Fig. 3.4.
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Table 3.3: Design parameters of the BBS in mode B.

Max. solid angle 9.2 msr
Max. horizontal opening angle 66 mrad
Max. vertical opening angle 140 mrad
Momentum bite ∆p/p0 19%
Dispersion D 2.54 cm/%
Horizontal magnification Mx −0.45
Vertical magnification My −10.1
Bending limit 430 MeV
Optimum resolution ∆E/E 4 ×10−4

Radius of curvature 220 cm
Max. dipole field 1.4 T
Distance target-entrance aperture 81.7 cm
Distance target-entrance Q1 114 cm

3.5 BBS detector system

The detection system developed by the EuroSuperNova collaboration consists of
several position-sensitive detectors and two scintillator planes, shown in Fig. 3.4. In
the following sections we will discuss the various aspects of the detectors.

3.5.1 Focal-Plane Detection System (FPDS)

There are two Vertical Drift Chambers (VDC) mounted parallel to the focal plane of
the BBS. This kind of high-resolution position-sensitive detector was first developed
to be used with spectrometers [67]. The VDCs are separated by 23 cm along the
central ray with which they form an angle of 39◦, see Fig. 3.4. Each chamber has
an X and a U wire-plane. The geometrical parameters of the VDCs are listed in
table 3.4. The sense wires, which carry a positive high voltage, are read out by time-
to-digit converters (TDCs). The VDCs are filled with a gas mixture of 50% argon,
as counting gas, and 50% isobutane, as quenching gas. Traveling particles which
cross through a VDC ionize the argon atoms. The released electrons are accelerated
toward the positively-biased sense wires, producing more ionizations. This causes
an avalanche of charge which can be read out by the sense wires. Since the traveling
particles pass the VDC obliquely, they can produce several avalanches, absorbed
by adjacent wires. By measuring the arrival times of the pulses against a common
reference, one obtains a distribution of drift times from which the intersection point
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direction.
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Table 3.4: Geometrical parameters of the VDCs.

Active detection area 1030 × 367 mm2

Angle between VDCs and BBS central ray 39◦

Number of sense wires in X planes 240
Number of sense wires in U planes 240
Tilt angle of U plane wires 32.86◦

Average cluster size for X planes 9
Average cluster size for U planes 7.5
Sense-wire spacing 4.2 mm
Guard-wire spacing 4.2 mm
Sense-wire thickness 20 µm
Guard-wire thickness 50 µm
Distance wire plane to cathode foil 15 mm

of the particle track and the wire plane can be calculated [67]. The signals of
the sense wires are read out by LeCroy 3377 pipeline TDCs which are capable of
converting and storing up to 16 signals per channel. The drift times were recorded
over a time window of 350 ns.

3.5.2 Focal-Plane Polarimeter (FPP)

In order to measure the polarization of the particles entering the BBS, a polarimeter
has been mounted downstream of the FPDS. The polarimeter consists of four Multi-
Wire Proportional Chambers (MWPC) and a carbon slab. The polarimeter is based
on the measurement of azimuthal asymmetry of a secondary scattering from the
graphite slab. The carbon slab is placed after D1, and before D2, D3 and D4 as
shown in Fig. 3.4. The geometrical parameters of the MWPCs are listed in table 3.5.
Each MWPC has an X and a Y plane of wires. The MWPCs are filled with a mixture
of 50% argon and 50% isobutane. The wires are kept at zero potential and a negative
high voltage is applied to the cathode foils. They are positioned perpendicular to
the central ray and on average one or two wires produce a signal when a particle is
passing through them. The signal of the wires are read out by the LeCroy PCOS
III system. This system only returns information about the number of hit wires in
an event by which the value of the central hit and the size of cluster created by the
track can be calculated.

The redundant information of three detectors (two VDCs and D1) before and
three detectors (D2, D3 and D4) after the carbon analyzer can be used to fix the
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Table 3.5: Geometrical parameters of the MWPCs.

Active detection area MWPC D1 840 × 400 mm2

Active detection area MWPC D2 1080 × 520 mm2

Active detection area MWPC D3 and D4 1240 × 960 mm2

Total number of channels 2976
Wire spacing 2.5 mm
Wire thickness 20 µm
Distance wire plane to cathode foil (D1 and D2) 3 mm
Distance wire plane to cathode foil (D3 and D4) 5 mm

problem of missing or ringing wires in the off-line data analysis. Unfortunately,
during a part of the experiment, D3 was not operational. Therefore, to fix this kind
of problems, another track reconstruction method was used. A track of incoming
particle before the carbon slab is reconstructed using the two VDCs and D1. This
track is, then, extrapolated to the middle of the carbon slab. The track of outgoing
particle is reconstructed by D2 and D4. This track also can be extrapolated to
the middle of the carbon slab. In case there are missing or ringing wires in one
of the planes, the extra point at the middle of the slab can be used as redundant
information. The distance between the incoming and outgoing tracks should be
kept within a certain tolerance allowed by resolutions. The quality of this track
reconstruction will be discussed in chapter 4.

3.5.3 Scintillators

Two segmented scintillator planes (Fig. 3.4) located before the carbon analyzer, S1,
and after the last MWPC, S2, trigger the readout and produce a common stop signal
for VDCs. Each plane consists of five overlapping scintillator paddles of NE102A,
which are read out at both ends by Philips XP2262 photo-multipliers. The S1 has
a thickness of 2 mm to minimize scattering and energy losses. The second plane
has a thickness of 6 mm. The output of the photo-multipliers are discriminated by
modified Ortec CCF8200 constant-fraction discriminators (CFDs) which produce
logic output signals proportional in width to the time over threshold (TOT) of the
incoming pulse. Energy deposit in the scintillators is obtained by measuring the
width of the CFD signal with TDCs.
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Figure 3.5: Schematic diagram of the read-out of the detection system.

3.6 Electronics

The electronics setup of the ESN detector used during this experiment is shown in
Fig. 3.5. It will be described here briefly; more details can be found in [66]. All the
wires of the VDCs and MWPCs are read out by preamplifier cards mounted directly
on the chambers. One preamplifier board has two Amplifier-Shaper-Differentiator
chips with eight channels per chip. The differential logic signals of the chips are
converted to ECL signals using PECL/ECL converters. The ECL signals and dis-
criminated signals of the scintillators are read out by CAMAC-based modules. The
scintillators and VDCs are read out by LeCroy 3377 TDC modules. Each module
contains 32 channels and can store timing information of up to 16 signals per chan-
nel. The TDCs of the VDCs are bussed together via ECL front-panel connectors
using the LeCroy FERA protocol. The MWPCs are read out by LeCroy PCOS III.
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PCOS III delivers the position of the central wire which is hit by the particle and
the size of the cluster of wires hit.

The CAMAC units are grouped in five branches which are connected to VME-
based real-time data processing. The implemented real-time data-processing system
at KVI consists of five first-in-first-out (FIFO) modules, an arbiter and a number of
Digital Signal Processors (DSPs) which can be programmed to do some necessary
on-line tests. The five CAMAC branches are connected to the front of five FIFOs
where the data is buffered. The buffers will be distributed to DSPs by the arbiter.
The data will be transfered to a PC where one can visualize them, using on-line
data analysis, and save them on disk or a DLT tape for off-line analysis.

The DSPs are programmed to reject the events which have a small scattering
angle from the carbon analyzer. Most of the particles scatter to small angles due to
Coulomb multiple scattering and only a few percent of particles undergo a hadronic
scattering. The calculation performed in the DSPs relies on data from MWPCs.
Since during this experiment the MWPC D3 was not working, this option was not
used.

Figure 3.6 shows the trigger logic of the system. The trigger is made by coin-
cidence signals from S1 and S2 scintillators. The outputs of CFDs are connected
to mean-timers which produce a common output signal for both photo-multipliers
connected to top and bottom of the same scintillator paddle. The mean-timer sig-
nals of all scintillator paddles of a plane are ORed together. The trigger is made by
taking the AND of the two signals from S1 and S2. Moreover, the two signals are
connected to TDCs to measure the time-of-flight (TOF) between the two scintillator
planes. The trigger signal can be inhibited later by a busy signal of the CAMACs
and VME. The advantage of inhibiting the trigger after its creation until the com-
puter is ready to process another event, is that the number of created (primary)
versus not inhibited (acquired) triggers, as registered by scalers, gives the dead-time
of the read-out system:

Deadtime = 1 − Acquired events

Primary events
(3.4)

The modules are read out and cleared at regular time intervals and upon change of
the polarization state of the beam.

3.7 Targets

Part of the experiment, studying both H(~d, ~p)d and H(~p, ~p) reactions, was performed
using solid CH2 targets of various thicknesses. The target thickness for the calibra-
tion experiment of H(~p, ~p) was 50 mg/cm2. For H(~d, ~p)d reaction two targets of
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20 mm

10 mm

Figure 3.7: The front and side view of the target cell. In the side view the bulging is shown.

109.2 ± 0.3 mg/cm2 and 194.1 ± 2.2 mg/cm2 thicknesses were used. The thickness
was obtained by measuring the density and the thickness of target around the mark
of the beam spot on it.

At the larger angles, where the energy of the scattered particles of the first
reaction decreases, the analyzing power of p-C reaction decreases to about 0.1 and
lower. Therefore, the figure of merit decreases rapidly; see Sec. 5.1. As a result, the
running time would be prohibitively large for these angles. It was decided to use
a liquid-hydrogen target for these measurements. Using the liquid-hydrogen target
produces much less background as compared to CH2 solid target, since the scattered
protons from the carbon in CH2 are considered as background.

The target cells used in the experiments were made of high purity aluminum to
optimize the thermal conductivity. Two sizes of cells were used. The thicker cell
which was used for H(~d, ~p)d experiment had 20 mm diameter and 10 mm thickness
which is corresponding to about 85 mg/cm2 target thickness including the bulging;
see Fig. 3.7. The other cell used in part of the calibration experiment had 16 mm
diameter and 6 mm thickness which was about 50 mg/cm2. The cell together with
its gas lead were mounted on a cryogenic cold head which could cool the target
cell down to a temperature of around 10 K. The operational target pressure and
temperature were chosen to be 190 mbar and 15 K. To decrease the local heating
due to the energy loss of the beam particles, the target was mechanically kept in
a constant wobbling motion around its center. The foil which was used as target
windows was 4 µm synthetic Aramid foil [68]. Using this very thin foil resulted in
a low background and minimized the energy loss of the scattered particles in the
target. To decrease the energy straggling of the scattered particles in the target, all
targets were placed such that the normal vector to the target bisects the scattering
angle. Of course, this increased the effective target thickness which was properly
accounted for in the analysis.



4. Data Analysis

As mentioned in the introduction, the main goal of the present work is the study of
the polarization-transfer coefficients in elastic deuteron-proton scattering, H(~d, ~p)d.
However, in order to measure the polarization of the outgoing protons, the po-
larimeter had to be calibrated. This was achieved by using the well-known elastic
proton-proton scattering. Therefore, polarized beams of deuterons and protons were
utilized for this experiment. The two reactions are discussed in parallel throughout
this thesis.

In the analysis of H(~d, ~p)d and H(~p, ~p)p reactions, the polarization of the initial
beams, namely polarized deuterons or protons, was measured by the In-Beam Po-
larimeter (IBP), see section 4.1. The beam scattered from a target at the BBS target
chamber. The scattered protons of either reaction were subjected to a secondary
scattering from a graphite target at the ESN, see section 3.4. In this chapter, all
the necessary steps taken to analyze the IBP and ESN data will be discussed.

4.1 Analysis of the IBP data

The polarization of the incoming beam was measured by the IBP. The IBP data
were taken in parallel with the BBS data acquisition. To measure the degree of
polarization with the IBP, elastic scattering reactions H(~d, p)d or H(~p, p)p were used
for the deuteron and proton beams, respectively [63]. A coincidence detection of the
ejectile and recoil particles in both reactions reduced the background drastically.

4.1.1 The proton beam

The polarization of the 190 MeV proton beam was switched between three spin
states (up, off and down) every 2 minutes. There is a simple relation between
the polarization of the incoming proton beam and the asymmetry of the reaction
H(~p, p)p. If one measures the asymmetry and knows the analyzing power of the
reaction, the polarization can be extracted from

pi =
1

Ap
y cosφi

Li −Ri

Li +Ri
, (4.1)

where φi(6= 90◦) is the angle between the normal vector to the ith plane of the
polarimeter and the polarization direction, and Li(Ri) is the number of coincidence
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events counted on the left(right) side of the polarization axis in the ith plane. The
analyzing power Ap

y of the elastic proton-proton reaction was obtained from the
partial-wave analysis of Nijmegen group which fits the existing NN data set with
very good precision.

To take into account the instrumental asymmetry, a measurement with an un-
polarized beam was also performed. The observed asymmetry for the unpolarized
beam originates from the geometrical asymmetry of the instrument. To produce an
unpolarized beam, the hexapole magnetic field and the transition units of the POLIS
were turned off. If we refer to the number of coincidence events counted during the
hexapole-off measurement by Li

0 and Ri
0, the correct polarization of the beam can

be obtained from [69]

pi =
1

Ap
y cosφi

Y i
L − Y i

R

Y i
L + Y i

R

,

with Y i
L =

Li

Li
0

and Y i
R =

Ri

Ri
0

.

(4.2)

One must notice that it is assumed that the left and right scattering angles are
equal and the solid angle and efficiencies are the same for both runs, polarized and
unpolarized beams, i.e., they are not time dependent.

Though, the py(px) component of the polarization can be calculated from the
counts of the detectors in only the 0◦(90◦) plane, all four planes of the IBP were
used to achieve a better statistical uncertainty. One should notice that, by design,
the laboratory frame for IBP is exactly the same as the incoming helicity frame; as
introduced in Sec. 2.4. Therefore, x, y and z in the laboratory frame are equal to
s, n and l in the incoming helicity frame. To obtain the polarization of the proton
beam from the detectors of all four planes, the function

P (φ) = A cos(φ+ α) (4.3)

with the free parameters, A and α, was fitted to the polarization values obtained
from the four planes. The py and px components were then calculated from

py = A cosα,

px = A sinα.
(4.4)

The results of the IBP data analysis are shown in Figs. 4.1 and 4.2 for the experi-
ments performed in 2002 and 2005, respectively. The time is given in run numbers.
The data of Fig. 4.1 were taken in about 44 hours and the absolute value of the
y-component of the polarization seems to decrease by about 2% in the course of
time. This change is due to accumulation of dirt on the gas nozzel of the ion source.
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Figure 4.1: The x and y components of the polarization of the proton beam at 190 MeV

as a function of run number, for the experiment performed in 2002. Every run corresponds

to a BBS data file of a few million events which were registered in parallel with the IBP.

The absolute value of the polarization seems to decrease in the course of time. The total

time spent to obtain the data displayed in this figure is about 44 hours. Lines are fits to the

data which were used in the further analysis.
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Figure 4.2: The same graph as 4.1 for the experiment performed in 2005. The polarization

was fluctuating at the beginning of the experiment. Wherever the fluctuations were statis-

tical, a constant was fitted to the data points and the results of the fit was used. The points

with big fluctuation were used individually in the analysis of the data. A particular beam

polarization which produced a negligible polarization of the outgoing particle at a certain

scattering angle was not used. This results in the gaps observed in the figure. The total

time spent to obtain the data displayed in this figure is about 24 hours.
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Table 4.1: The coefficients of the line, p = bt+a, where t is the run number, fitted to every

data set which was taken within 44 hours in 2002 and it shown in Fig. 4.1. The errors are

statistical. It is, however, known that the IBP has 0.02 systematical error which is added

to the errors in the calculations.

py a δa b δb χ2

up 0.720 0.002 −0.00042 0.00006 0.6
off 0.090 0.002 −0.00013 0.00007 0.38

down −0.750 0.002 0.00023 0.00006 0.72

px a δa b δb χ2

up 0.020 0.002 0.00019 0.00006 0.92
off 0.020 0.002 0.00013 0.00007 1.03

down 0.010 0.002 0.00017 0.00006 0.6

The data of Fig. 4.2 were taken in about 24 hours. As can be seen, the polarization
fluctuated strongly in the begining. The analysis of the data showed that the px

component was not zero, however, it was expected to be zero for a beam produced
by a cyclotron. The reason for having a small px component is not presently known.
The average polarization of the data taken in 2005, Fig. 4.2, was smaller than the
average polarization for data taken in 2002, Fig. 4.1. This was due to a source pro-
blem. The coefficients of the line fitted to the data in Fig. 4.1 are given in Tab. 4.1.
The lines fitted to the data of Fig. 4.2 are constant numbers and the results are
tabulated in Tab. 4.2. However, where the fluctuations are large, the polarization
of each point was used individually in the analysis of the BBS data.

4.1.2 The deuteron beam

The polarization of the 180 MeV deuteron beam switched every 2 minutes between
five states of “pure” positive tensor, “pure” negative tensor, “pure” vector up, “pure”
vector down and off. Notice that, the pure positive tensor, for example, means the
tensor component of the polarization was positive while the vector component was
about zero. We chose a center-of-mass angle of θc.m. = 99.7◦ (θp = 39◦, θd = 28.12◦)
for the IBP detectors. At this angle, the values of vector and tensor analyzing
powers are fairly high. Concerning the kinematics of the elastic H(~d, p)d reaction,
the particle detectors at θd = 28.12◦ can detect protons and deuterons whereas the
detectors at θp = 39◦ only receive protons. In Fig. 4.3, the curved band in the
left panel which ends in the blob above channel 1250 -on the “Long-gate” axis- is
made by protons. The protons in the blob have arrived in time coincidence with
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Table 4.2: The polarization of the proton beam used in 2005. A constant was fitted to

data points which had statistical fluctuations. Points with large fluctuations were used

individually. These data were taken within 24 hours and are shown in Fig. 4.2.

spin state py ∆py χ2 px ∆px χ2

u1 0.350 0.004 0.6 –0.013 0.004 1.2
u2 0.400 0.004 1.1 0.002 0.004 1.0
u3 0.440 0.002 0.8 –0.008 0.002 2.0

off1 0.001 0.001 0.7 0.001 0.001 1.0
off2 0.070 0.001 1.2 –0.003 0.001 2.1

d1 –0.520 0.004 1.0 0.002 0.004 0.3
d2 –0.530 0.002 0.1 –0.001 0.002 0.5
d3 –0.530 0.002 1.3 0.010 0.002 4.0
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Figure 4.3: Short-gate vs. Long-gate integration of charge for a proton detector (left) and

a deuteron detector (right). The blob above channel 1250 on the Long-gate axis in the left

panel is formed by protons which have arrived in time coincidence with deuterons shown in

the blob observed around channel 1250 on the Long-gate axis of the right panel.

deuterons. These time-coincident deuterons form the blob at around channel 1250
on the “Long-gate” axis in the right panel of Fig. 4.3.

The background was almost completely removed by putting a gate around the
time coincident particles (blobs) in both proton and deuteron graphs. Figure 4.4
shows the coincident events for a pair of proton and deuteron detectors. The gate
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Figure 4.4: Deposited energy (ADC channel) in a proton detector versus that in a deuteron

detector for coincidence events after putting a cut around the blobs for coincident protons

and deuterons in Fig. 4.3.

was wide enough so that if the blob moved due to small gain shifts, the good events
would still remain inside the gate. This might increase the effect of the remaining
background under the peak, so the background was studied as well. The number of
events at higher energy (larger channel numbers than where the blob is) was so few
that their effect could be neglected. A similar gate was placed in the background
(outside the blob at lower energy) and the obtained events were used to calculate
the polarization, assuming that the polarization of these events is similar to the
polarization of the background under the blob. The vector polarizations were the
same within the error bars. For the tensor components, the biggest difference be-
tween the polarizations calculated from the blob events and the background events
was 5% of the polarization obtained from the blob. Considering the fact that the
total events in the background under the peak was estimated to be at most 7% of
the good events, the overall background effect is about 0.35% which is less than the
known systematic error of the IBP [63].

The cross section of H(~d, p) reaction is written as [57]

I(θ, φ) = I0(θ)

[

1+
√

3pZiT11(θ) cosφ− 1√
8
pZZT20(θ)−

√
3

2
pZZT22(θ) cos 2φ

]

, (4.5)

where θ and φ are the polar and azimuthal angles, iT11 is the vector analyzing
power and T22 and T20 are tensor analyzing powers; see chapter 2. By measuring
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the following asymmetries, with Y i = N i/N i
0,

ALR =
Y i

L − Y i
R

Y i
L + Y i

R

,

ALRUD =
(Y i

L + Y i
R) − (Y i

U + Y i
D)

(Y i
L + Y i

R) + (Y i
U + Y i

D)
,

(4.6)

the tensor, pZZ , and vector, pZ , polarizations of the deuteron beam are obtained
from

pZZ =
ALRUD

(1/
√

8)T20ALRUD − (
√

3/2)T22

,

pZ =
ALR√
3iT11

(

1 − pZZ

(

1√
8
T20 +

√
3

2
T22

))

.

(4.7)

In the same manner as for proton polarization, the instrumental asymmetry was
corrected for by hexapole-off measurement. The data for the hexapole-off were
analyzed in the same way as the data with polarized beam. The analyzing powers
in Eq. 4.7 were obtained in a separate experiment performed at RIKEN in Tokyo [70].
They are T11 = −0.426 ± 0.006, T20 = −0.238 ± 0.002 and T22 = −0.208 ± 0.003 at
θc.m. = 101◦ for the elastic H(~d, d)p reaction at 90 MeV/nucleon . The systematic
error of these observables is 2% at the corresponding c.m. angle.

The results of the deuteron polarization measurements as a function of time (run
number) for the experiments performed in 2002 and 2005 are shown in Figs. 4.5 and
4.6 and tabulated in Tab. 4.3 and Tab. 4.4, respectively.

4.2 Analysis of the BBS data

We have done two experiments with the BBS. The goal of the main experiment
utilizing the reaction H(~d, ~p)d was to study some of the spin observables in a three-
nucleon system such as analyzing powers and polarization transfer coefficients. In
this experiment, it was necessary to measure the polarization of the scattered pro-
tons by the ESN detection system in a double-scattering experiment. To measure
the polarization of the secondary proton beam, the beam must be subjected to a
secondary scattering in the ESN polarimeter. To calibrate the ESN polarimeter for
such a measurement, the H(~p, ~p)p reaction was used, for which the NN-potential
is well studied. In the calibration experiment, the angle-averaged effective analy-
zing power of p-C reaction was measured for the energy range of 45–136 MeV1 and
compared with the existing data which are only available for energies above 90 MeV.

1 This energy is the kinetic energy of the protons at the center of the graphite slab.
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Figure 4.5: The vector, PZ , and tensor, PZZ , components of the polarization of the

deuteron beam for the experiment performed in 2002. The graphs from top to bottom

show positive vector, negative vector, off, positive tensor and negative tensor states of beam

polarization, respectively. The horizontal axis is the run number and corresponds to time.

The total time spent to obtain the data displayed in this figure is about 90 hours. Every IBP

run shown here corresponds to a BBS data file of a few million events which were registered

in parallel.



62 Chapter 4: Data Analysis

Table 4.3: The values of the polarization for all 5 spin states for deuteron beam at 180

MeV in the experiment of 2002. The values have been obtained by a fit to a group of data

points, as shown in Fig. 4.5, for the periods of time in which the polarization seems to be

constant within the statistical uncertainties.

spin state pZ ∆pZ χ2 pZZ ∆pZZ χ2

vu1 0.397 0.004 0.6 0.005 0.012 0.8
vu2 0.421 0.004 2.5 0.002 0.011 1.3
vu3 0.407 0.003 0.4 −0.027 0.008 1.4
vu4 0.387 0.003 0.9 −0.023 0.009 2.7
vu5 0.413 0.004 0.4 −0.038 0.010 0.4
vu6 0.427 0.003 0.6 −0.041 0.008 0.5
vu7 0.405 0.003 0.3 −0.030 0.009 1.7
vu8 0.418 0.003 0.2 −0.014 0.010 0.4
vu9 0.332 0.003 0.8 −0.021 0.007 0.5
vu10 0.385 0.003 1.5 −0.030 0.009 1.0

vd1 −0.566 0.003 2.3 0.010 0.007 1.3
vd2 −0.541 0.002 0.6 0.019 0.005 1.4
vd3 −0.552 0.002 0.8 0.019 0.006 0.4
vd4 −0.459 0.003 1.5 0.013 0.007 0.5
vd5 −0.548 0.003 0.4 −0.008 0.009 1.7

off 0.011 0.001 1.1 −0.017 0.003 1.1

tu1 −0.077 0.002 1.7 0.546 0.006 0.8
tu2 −0.072 0.003 1.0 0.506 0.008 0.7
tu3 −0.072 0.002 0.8 0.550 0.005 1.5
tu4 −0.081 0.003 1.2 0.420 0.007 1.5
tu5 −0.100 0.003 1.1 0.502 0.010 1.3

td1 −0.042 0.004 0.4 −1.024 0.005 1.4
td2 −0.065 0.004 0.6 −1.024 0.005 1.4
td3 −0.042 0.003 2.2 −1.024 0.005 1.4
td4 −0.023 0.005 3.1 −1.024 0.005 1.4
td5 −0.016 0.004 0.6 −1.024 0.005 1.4
td6 −0.021 0.002 3.7 −0.948 0.006 1.6
td7 −0.002 0.002 2.2 −1.030 0.007 1.4
td8 −0.020 0.003 0.7 −0.973 0.010 1.7
td9 −0.008 0.003 1.9 −1.009 0.008 2.4
td10 −0.023 0.004 0.8 −0.811 0.010 0.3
td11 −0.043 0.003 0.9 −0.801 0.010 0.3
td12 −0.056 0.003 1.6 −0.998 0.008 0.4
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Figure 4.6: The same as in Fig. 4.5 but for the experiment performed in 2005. Note also

that the data points with large fluctuations were used individually in the data analysis of

the corresponding BBS data. The total time spent to obtain the data displayed in this figure

is about 72 hours.
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Table 4.4: The same as Tab. 4.3 except for the experiment in 2005 shown in Fig. 4.6.

spin state pZ ∆pZ χ2 pZZ ∆pZZ χ2

vu1 0.461 0.005 0.8 0.062 0.014 1.5
vu2 0.443 0.003 0.5 0.124 0.008 3.5
vu3 0.457 0.003 1.1 0.069 0.008 1.9
vu4 0.472 0.003 0.7 0.030 0.008 0.6
vu5 0.338 0.004 0.6 −0.655 0.013 0.3

vd1 −0.570 0.005 3.0 −0.003 0.014 1.2
vd2 −0.595 0.002 1.0 0.028 0.005 1.2
vd3 −0.578 0.003 0.5 −0.018 0.008 1.4
vd4 −0.522 0.004 1.0 −0.563 0.013 1.6

off −0.004 0.004 0.7 0.001 0.011 0.7

tu1 0.011 0.002 1.3 0.880 0.006 1.3
tu2 −0.083 0.003 1.2 0.582 0.009 1.5
tu3 −0.113 0.005 0.5 −0.062 0.014 1.8

td1 −0.098 0.004 0.1 −1.265 0.011 0.1
td2 −0.080 0.003 4.5 −1.383 0.007 1.1
td3 −0.104 0.002 0.7 −1.317 0.007 1.0
td4 −0.094 0.003 0.8 −1.782 0.009 0.4

In both experiments, a polarized beam, produced by an ion source, scattered
from a CH2 or liquid-hydrogen target at the BBS target chamber. The polarization
of the initial beam was measured by the IBP on its way to the BBS target chamber.
The scattered protons, from either of the experiments, were sent through the dipole
magnet of the BBS and focused on the focal plane of the spectrometer where the
VDCs are placed. The VDC information was used to deduce the scattered proton
coordinates at the target by using the optical properties of the spectrometer; see
Sec. 4.2.2. These protons were subjected to a secondary scattering from various
graphite slabs with a density of 1.84 [gr/cm3] which is part of the ESN polarimeter.
The MWPCs, which are positioned after the graphite slab, had a large acceptance
enabling one to measure the asymmetry of the secondary p-C reaction. The asym-
metry of the reaction, As, is directly related to its analyzing power, Ac, and the
polarization of the secondary proton beam, p,

As = pAc. (4.8)

Therefore, by measuring the asymmetry either the polarization or the analyzing
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power can be calculated if one knows the other quantity. In the calibration exper-
iment, the polarization was calculated as discussed in Sec. 2.4 and the analyzing
power was then obtained, whereas in the H(~d, ~p)d experiment, the calibrated analy-
zing power was used to calculate the polarization of the outgoing protons.

To analyze the data, first the raw data were transformed into physical quantities
and stored in NTUPLE. These physical quantities were then used to calculate results,
using PAW and MINUIT from the CERN library. To exclude the background as much
as possible, there were several conditions that were applied to the data. Some of
the event selections were performed during the raw data analysis and before storing
them into the NTUPLE. Some other conditions were applied to the data stored into
the NTUPLE. Hereafter, the steps in the data analysis are explained one-by-one.

4.2.1 First data reduction

During the measurements, it was realized that sometimes the beam intensity dropped
suddenly to less than 20% of its nominal value; this was due to a source problem. It
turned out that the beam polarization was not reliable during these times, and thus
the events obtained under these circumstances were excluded. It was tested that the
choice of 20% is not critical. The other cut that was applied before storing the data
into the NTUPLE was a cut on the target angles. Events were excluded if their target
angles, obtained from the ray-tracing procedure, were far larger than the opening
angles of the BBS. In total, we lost less than 2% of the total events after applying
these two cuts.

4.2.2 Ray-tracing procedure

In a magnetic field, charged particles move in a bent trajectory. The radius of the
trajectory, ρ, is linearly related to the momentum oe the particle, p = mv via

Bρ = mv/q, (4.9)

where B is the magnetic-field strength, q is the charge and m the relativistic mass
of the particle. The quantity Bρ is called the rigidity. The deviation of the rigid-
ity of a particle with respect to the particle traveling along the central ray of the
spectrometer with trajectory radius, ρ0, is defined as

δ =
Bρ−Bρ0

Bρ0
. (4.10)

By adjusting the dipole-field strength, the particles can be positioned at a certain
position at the focal plane of the spectrometer. During the experiment, the dipole
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Figure 4.7: The target angles θt and φt and the spherical angles θ and φ.

magnetic field was set to position the particles of interest at the center of the focal-
plane. The quadrupole fields were adjusted to perform almost a point-to-parallel
focusing over the focal-plane region. This setting allows a one-to-one relation be-
tween the extracted information from position-sensitive detectors at focal plane and
the target coordinates:

αt =
∑

(αt|xχ
dθ

µ
dy

λ
dφ

ν
d)xχ

dθ
µ
dy

λ
dφ

ν
d. (4.11)

In equation 4.11, αt can be θt, φt or δ; subscript ‘t’ refers to target coordinates
and subscript ‘d’ to those of the detector. The coordinates xd and θd describe the
position and the angle of the trajectory, respectively, in relation to the central ray
in the horizontal plane and similarly for yd and φd in the vertical plane. To obtain
the coefficients of Eq. 4.11 a sieve-slit measurement was performed. The sieve slit
is a plate with a regular grid of holes which is placed at the entrance of the BBS.
Knowing the distance of the neighboring holes, target coordinates θt, φt and δ of
the sieve slit can be calculated.

The target coordinates are determined independently from the angle at which
the BBS is placed, however they are related to the spherical angles of the scattering.
Figure 4.7 shows the relation between the target angles and the spherical angles.
The direction of the outgoing particle, r̂, is given by

r̂ =





sin(ΘBBS + θt) · cosφt

sinφt

cos(ΘBBS + θt) · cosφt



 .
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Figure 4.8: To compensate for the kinematic broadening, the horizontal VDC coordinate

of the tracks, xd, should be projected to a displaced focal-plane with a tilt angle of ψ.

Now, the polar angles can be calculated

θ = arccos(ẑ · r̂) = arccos(cos(ΘBBS + θt) · cosφt), (4.12)

φ = arctan(
r̂y
r̂x

) = arctan

(

tanφt

sin(ΘBBS + θt)

)

. (4.13)

4.2.3 Recoil correction

Scattered particles, emerging from target, leave recoils with different energies de-
pending on their scattering angle. This causes the effect of kinematic broadening,
described in [71]. This effect can be compensated by projecting the horizontal po-
sition of the particles at focal plane, xd, into a displaced focal plane, x′f , shown in
Fig. 4.8. In the figure the coordinate systems used as focal-plane coordinate sys-
tem and displaced focal-plane coordinate system are shown; ψ is the angle between
the two planes. The amount of the displacement, L, is a function of the kinematic
broadening factor K, defined by:

K =

∣

∣

∣

∣

∣

1

p

∂p

∂θ

∣

∣

∣

∣

∣

[
1

mrad
], (4.14)
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Figure 4.9: The horizontal focal-plane angle θd versus the focal-plane position. The left

panel is before the recoil correction and the right panel is after the correction for the protons

of H(~d, ~p)d reaction, the middle band. The other bands at the right side of the graphs come

from the 12C(d,p)13C reaction. The excitations of the recoil carbon are also seen clearly.

and some first-order transport matrix elements of the spectrometer sii:

L =
−s11s16K

1 + s11s26K
(4.15)

where s11 = −0.45, s16 = 2.54 [cm/%] and s26 = 7.32 [mrad/%]. The kinematic
factor was calculated using the two-body kinematics code KINEMA [72]2. The
transformation relation between the two focal-plane coordinates can be derived from
Fig. 4.8.

x′f =
(xm + L cosα− xd) tan(α− θd) − L sinα

sinψ − cosψ tan(α− θd)

Figure 4.9 shows the focal-plane angle θd versus the focal-plane position before
and after the recoil correction. The projection of a vertical line to xf axis gives a
sharper and well-defined peak for the properly-corrected line, whereas the oblique
lines produce a broad peak. The background can be fitted and subtracted from a
peak of interest in a more efficient way if one has a sharp peak.

2 More details about the effect and its software correction can be found in Refs. [66, 71, 73].
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Figure 4.10: The tracks of a particle before and after scattering from the graphite slab. ~d

is the the distance of closest approach.

4.2.4 Track reconstruction

The track of the particles before and after scattering from the carbon sheet were
extracted from the VDCs and MWPCs information. During our experiments, only
two of the MWPCs after the graphite slab were working, while discriminating be-
tween a real event and an event with a ringing wire would, in principle, need the
third MWPC. To discriminate between a real wire hit and a ringing wire, the in-
coming and outgoing tracks were extrapolated to meet each other at the middle of
the graphite slab; see Fig. 4.10. In case there were more than one hit per MWPC
plane per event, the hit with the closest approach was accepted. The top panel in
Fig. 4.11 shows the closest approach for events with θc > 5◦.

4.2.5 The calibration of the BBS polarimeter

Data reduction

Excluding the background is the most important part of an analysis. This needs
a good knowledge of the reaction and the instrument. In the H(~p, ~p)p reaction,
the protons scattered not only from the hydrogen target but also from the carbon
nuclei of the target in case of CH2 or from the collected frozen dirt in case of the
liquid hydrogen target. Moreover, if the beam had halo, there would also be some
scattering from the target-holder material. There were also other sources for the
background, such as radiation from the beam stop.

In the experiment, the magnetic field of the spectrometer was set in order to
get the elastically-scattered protons from the proton target in the middle of the
focal plane. The protons which were scattered from the other elements or scattered
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Figure 4.11: Upper graph is the distance of closest approach, |~d| shown in Fig. 4.10 for

events with a secondary scattering angle θc > 5◦. The lower graphs are the z-coordinate

of the vertex position for the protons scattered from the graphite slab; left graph is for

all events and right graph is only for protons that scattered via hadronic interaction with

θc > 5◦. The shaded area on the lower right graph is the position of the carbon analyzer

and the dashed lines in the graphs indicate the cuts applied during the data analysis. The

vertical axis represents the number of events.

inelastically had normally different rigidities. Therefore, they ended up at different
positions of the focal plane. After recoil correction, the elastically-scattered protons
formed a band in the scatter plot of θd versus xf , as shown in Fig. 4.9. By putting
a cut around the band of interest, one only looks at the events of interest and the
background under the peak.

Two other gates could be applied; one on the z-position of the vertex and one
on the closest approach. Fig. 4.11 shows these quantities and the gates for a run



4.2. Analysis of the BBS data 71

with a 5 cm-thick graphite slab. The top panel in Fig. 4.11 is the closest approach
for events with θc > 5◦. The lower left graph is the z-coordinate of the vertex
position for all protons scattered from the graphite slab. The lower right graph is
the z-coordinate of the vertex position only for protons that scattered via hadronic
interaction with θc > 5◦. The dashed lines in Fig. 4.11 show the gates applied during
the data analysis. It is observed from the lower right panel of the figure that the
FWHM of the peak is about the thickness of the graphite slab. However, for the
lower-energy scattered protons where a 2.5 or 1 cm-thick slabs were used the FWHM
was larger than the graphite thickness. This is due to a larger angular straggling in
the graphite slab. As can be observed from the lower graphs in Fig. 4.11, the cut
could throw away many events with Coulomb multiple scattering which leads the
track reconstruction to a wrong vertex position. However, the hadronically-scattered
protons of interest which have a scattering angle, θc, larger than say 5◦ were less
affected.

Data analysis

The usual method of measuring the polarization of a beam is to study the asymmetry
of its scattering from a target. Using an unpolarized target such as 12C is very usual
because the spin correlation coefficients do not play any role and a carbon target in
the form of graphite can be easily prepared with various thicknesses.

In our calibration experiment, the H(~p, ~p)p reaction, a beam of 190 MeV po-
larized protons was scattered from a hydrogen target. The scattered protons had
different energies corresponding to the polar angle of the scattering. The experiment
was performed at several angles resulting in energy steps of 5 MeV. To obtain the
angles, the kinematics of the reaction was calculated with the use of the program
KINEMA. Since all the particles involved in the scattering carry spin, the scattered
beam could, in principle, be polarized. The polarization of the scattered beam was
calculated from Eq. 2.73; the analyzing power and the polarization-transfer coeffi-
cients were taken from the Nijmegen PWA93 [58] which is fitted to about 4300 data
with χ2/N ' 0.99. Figure 4.12 shows the polarization of the scattered beam in the
laboratory frame after the first scattering from the hydrogen target; up, down and
off denote the incoming beam polarization states produced by the ion source and
measured by IBP; see Sec. 4.1.1. In the angular range of the experiment (22.4◦ to
54.5◦), the x′-component is about zero and z′-component is less than ±0.01. These
two components rotate in the BBS dipole, converting to each other. The preces-
sion angle in the BBS dipole is about 108◦. Therefore, the z′-component produces
an x′-component of about pz′ sin 108◦. In other words, the x′-component of the
polarization, arriving at the ESN, was much less than ±0.01 and, thus, ignored.

The secondary polarized beam of protons scattered again from the graphite slab
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Figure 4.12: The polarization of the scattered polarized protons from the hydrogen target.

Up, down and off refer to the polarization of the initial beam produced by the ion source.

that was used as polarimeter target of the ESN. Graphite slabs with three different
thicknesses were used: 1, 2.5 and 5 cm depending on the energy of the secondary
beam. The thickness of the slabs was chosen so that the protons could pass through
it and reach the second scintillator plane of the BBS, making an event. The majority
of the protons are scattered to small angles via the multiple-Coulomb interaction
and only a small fraction of them are scattered by hadronic interaction to larger
angles.

The hadronic interaction is spin dependent and causes an asymmetric distribu-
tion of the scattered particles. This asymmetry is polar-angle dependent and is,
generally, non-zero for θc > 5◦. This results in an azimuthal-angle, φc, dependent
cross section. From Eq. 2.73, we have

I(θc, φc) = I0(θc)

(

1+pnAc(θc)

)

= I0(θc)

(

1+(px′ sinφc+py′ cosφc)Ac(θc)

)

(4.16)

where px′ and py′ are the beam polarization. The index c denotes the scattering
from graphite slab. Notice that, in our experiment, the px′ was negligible and An is
replaced by Ac for analyzing power of the p-C reaction. There are several methods
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Figure 4.13: The φc distribution of the scattering of protons from the graphite slab with

θc > 5◦ along with a fit to the data.

with which one can extract the analyzing power Ac. We checked the consistency
of three different methods namely estimators, φ-fit and “left-right”. The extracted
asymmetry from all three methods were the same within the statistical uncertain-
ties. However, to extract the results shown in the next chapter, only left-right
method, which is easy to apply, was used. In the following, all three methods will
be explained.

φ-fit method

Since the cross section of the p-C reaction is azimuthal-angle dependent (Eq. 4.16),
the φc distribution of the events must show a cosφc pattern as seen in Fig 4.13. If
one fits a function of y = p1(1 + p2 cosφc) to the data, the amplitude of the cosφc

term is simply the asymmetry of the reaction. We refer to this method as φ-fit
method. Since we are interested in the angle-averaged analyzing power, only events
with θc > 5◦ are included in the fit. In addition, all φ’s are needed for the fit.
Therefore, θc angles were chosen which had a complete φ acceptance of the detector.
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Estimators for azimuthal asymmetry

The φ angular distribution, f(φc), of spin 1
2 particles in a θ bin, concerning the

acceptance of the detector, a(φc), is given by

f(φc) =
1

2π

(

1 + εn cosφc + εs sinφc

)

a(φc), (4.17)

where

εn(θc) = py′An(θc),

εs(θc) = px′An(θc).

Besset et al. [74] showed that for a detector with a(φc) = a(φc + π) one can write

∫ 2π

0
f(φc) cosφcdφc =

∫ 2π

0
f(φc)

(

εn cos2 φc + εs sinφc cosφc

)

dφc,

∫ 2π

0
f(φc) sinφcdφc =

∫ 2π

0
f(φc)

(

εn sinφc cosφc + εs sin2 φc

)

dφc,

since for an odd value of m + n,
∫ 2π
0 f(φ) sinm φ cosn φdφ = 0. If one estimates the

integrals by summing over the events, one obtains

(∑

ev cosφc
∑

ev sinφc

)

'
( ∑

ev cos2 φc
∑

ev sinφc cosφc
∑

ev sinφc cosφc
∑

ev sin2 φc

) (

εn
εs

)

(4.18)

or in matrix form B ' Fε where

B =

(∑

ev cosφc
∑

ev sinφc

)

, (4.19)

F =

( ∑

ev cos2 φc
∑

ev sinφc cosφc
∑

ev sinφc cosφc
∑

ev sin2 φc

)

(4.20)

and

ε =

(

εn
εs

)

(4.21)

The asymmetries can be calculated from ε̂ = F−1B. The statistical errors of the
estimators are given by the covariance matrix V (ε̂) = F−1; see Ref. [74].
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Figure 4.14: A polar angle bin, ∆θc between θc and θc + ∆θc. φc is the angle between the

y axis in laboratory and the normal vector to the scattering plane.

Left-Right method

With the two MWPCs of the ESN, which were placed after the graphite slab, polar
angles, θc, up to about 35◦ and azimuthal angles, φc, from 0◦ to 360◦ can be measured
in a large part of the polarimeter. In every bin of ∆θc, all the events with 0◦ < φc <
90◦ and 270◦ < φc < 360◦ were counted as Left (L) and particles with 90◦ < φc <
270◦ were counted as Right (R); see Fig. 4.14. Therefore,

L =

∫ 90

0
I(θc, φc)dφc +

∫ 360

270
I(θc, φc)dφ,

R =

∫ 270

90
I(θc, φc)dφc.

With this definition and using Eq. 4.16, the asymmetry, As, of the reaction p-C can
be obtained from the left-right counting:

As =
L−R

L+R
(4.22)

In Fig. 4.15, the asymmetry of p-C reaction obtained with the left-right and the
estimators methods is compared. As it is seen from the figure, the results of the
two methods are perfectly consistent. The asymmetry below 5◦ where Coulomb
scattering is dominant must be very small. Therefore, this asymmetry must have
another source and should be corrected for in another way as discussed later.

Every detection system has imperfections leading to instrumental asymmetries.
The misplacement of the wire chambers is one source of the instrumental asymmetry.
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Figure 4.15: Asymmetry versus scattering angle from the graphite slab θc before correcting

for instrumental asymmetry. The energy of protons at the center of the graphite is 105.4

MeV for this measurement. The triangles were obtained from the left-right method and the

circles were obtained using the estimators method. There is a good agreement between the

two methods.

To align the MWPCs, measurements were done without the graphite analyzer. For
such a measurement, almost all of the particles move straight and without deflection
after the dipole magnet. Therefore, the track of the particles obtained from MWPCs
must be aligned with that obtained from VDCs. Figure 4.16 shows the distance
between the two tracks obtained from VDCs and MWPCs after the alignment of
typically 1-2 mm is made.

The vertex-position of the second scattering should be inside the graphite slab.
The particles scattered from the slab to angles θc and φc, form a cone. Since the
geometrical acceptance of the MWPCs is limited and not all protons impinging on
the slab hit the center of the graphite, there would not be a full φ coverage for
every bin of ∆θc. To correct for such an asymmetry, the so-called cone test was
performed [75]. One can make sure that one picks up either the events that make a
complete cone or the events for which the mirror image of their tracks are also inside
the geometrical acceptance. In other words, for every event the outgoing track is
rotated around the incoming track of the particle by 180◦ and if the rotated track
is still inside the geometrical acceptance, the event is accepted.

Some small instrumental asymmetries would still remain after the above checks
and corrections. For instance, the MWPCs inefficiencies show up as asymmetry. To
measure this false asymmetry, one should use an unpolarized beam impinging on the
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Figure 4.16: Collinearity of the tracks of particles extracted from VDCs and MWPCs for

a measurement without graphite analyzer. The left graph is for x-coordinate and the right

one is for y-coordinate.

graphite slab. If an asymmetry is seen for such an unpolarized beam, it should be,
by definition, an instrumental asymmetry. To obtain an unpolarized proton beam
after the first scattering from the hydrogen target, one can use the proton beam in
the off spin-state, with py = +0.09 ± 0.02, and place the BBS at 41◦. As can be
seen from Fig. 4.12, the polarization after scattering, py′ , is zero. A measurement
in 2002 with this beam showed a small asymmetry of about 0.02. The results of the
analysis showed that this small false asymmetry did not change during the whole
experiments done in 2002. Alternatively, using an unpolarized incident beam while
the BBS was placed at θBBS = 43.6◦, where the induced polarization is known to be
zero, also results in unpolarized protons after the primary scattering. This beam was
used to measure the instrumental asymmetry in 2005. The instrumental asymmetry
was still small, but not constant. It fluctuated in the course of time between –0.02
and –0.03. Although this instrumental asymmetry was very small, its effect on the
results of the polarization measurements was sizable and had to be corrected for.
Notice that the background can affect the observed instrumental asymmetry.

In order to correct for the overall remaining instrumental asymmetry, the method
introduced in [69] was used. If the instrumental asymmetry does not change in time,
a polarized-unpolarized method can be used. The measurement with the unpolarized
beam could be performed before or after the measurement with polarized beam. This
method was used to analyze the IBP data. In case, the instrumental asymmetry
does change in time because of a changing background for example, the best method
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Figure 4.17: The analyzing power, Ac, for p-C reaction as a function of polar angle θc.

The results were extracted from the left-right calculation of Eq. 4.23.

is to measure the analyzing power from two different polarization measurements
performed shortly after each other. Suppose, L1(R1) and L2(R2) are the left(right)
counting corresponding to two different polarizations, py′1 and py′2, respectively.
The analyzing power can then be obtained from:

Ac =
π(py′2 − py′1)

4py′1py′2

{

YL + YR

YL − YR
−

√

(

YL + YR

YL − YR

)2

+
4py′1py′2

(py′2 − py′1)2

}

, (4.23)

where

YL =
L1

L2
and YR =

R1

R2
. (4.24)

Since in the experiments performed in 2002, the instrumental asymmetry was al-
most constant, the results obtained from a polarized-unpolarized method and from
Eq. 4.23 were consistent within the statistical uncertainties. However, since the
instrumental asymmetry changes with time during the experiments in 2005, only
Eq. 4.23 should be used for the calculation of the analyzing powers. Figure 4.17
shows the analyzing power, Ac, as a function of the scattering angle θc as obtained
from Eq. 4.23. The small analyzing power below 5◦, as compared with that shown in
Fig. 4.15, shows that this method accounts properly for the instrumental asymmetry.
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4.2.6 Analysis of the H(~d, ~p)d reaction

The aim of the present experiment was to measure a number of observables in elastic
scattering of deuterons from protons. The observables that could be measured for
the H(~d, ~p)d reaction were unpolarized cross section I0, vector analyzing power Ad

y,
tensor analyzing power Ayy, induced polarization P ′

y, vector polarization-transfer

coefficient Ky′

y and tensor polarization-transfer coefficient Ky′

yy. The superscript “d”

of the vector analyzing power of the H(~d, ~p)d reaction is used to avoid confusion
between this analyzing power and the p-C analyzing power of the previous section
and also the analyzing power measured with a polarized proton beam on a deuteron
target.

The data were analyzed in two steps. In the first step, the unpolarized cross
section and the analyzing powers were extracted from the data. In the second step,
the polarization-transfer coefficients and the induced polarization were obtained.
In the following sections, these steps are outlined. All pre-analysis data reduction
techniques as used for the calibration experiment were also used for these data.

The measurements were performed in two parts. In 2002, a solid CH2 target
was used. As shown in Fig. 4.18, a large background from the carbon content of the
target was present in the measurement. As the scattering angles become smaller in
center-of-mass (C.M.) frame, the energy spread of the elastically-scattered protons
of reaction H(~d, ~p)d over the opening of the detector becomes larger which makes
the peak wider. This results in a smaller ratio of signal to noise and the unwanted
background poses a problem in the run time. Moreover, for the smaller angles, 90◦

to 110◦, the energy of scattered protons is low and thus the analyzing power of
p-C for the secondary scattering at polarimeter becomes rather small; see Fig. 5.2.
This decreases the figure-of-merit, as defined in Eq. 5.2, drastically. One, therefore,
needs to either increase the beam current or run for a long time. The first option
was not possible because of the computer dead time. Taking data with a typical rate
of 2.5 kHz (including the background from the carbon) would result in dead time
of up to about 65%. In order to reduce this background and increase the number
of good events while keeping the running time rather constant, a liquid hydrogen
target (LH2) of about 85 [mg/cm2] was used instead of the solid CH2 target. The
data with LH2 target were taken in 2005. Using a faster computer also improved
the rate of data taking to about 5 kHz with a dead time of typically 30%. Tab. 4.5
shows some relevant information about these measurements.

Study of the background

In order to calculate the cross sections and other observables, the background must
be studied and removed. To study the background, one needs to know the detector
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Table 4.5: Some relevant information on individual data points. The “total events” is the

total collected events over the acceptance of the VDCs including the background events.

θlab. θc.m. total events rate dead time target Analyzer Date
[deg] [deg] (×106) [kHz] [%] [mg/cm2] [cm]

4.8 169.6 35 2.6 64 109 CH2 5 2002
9.6 160.0 41 2.4 61 109 CH2 5 2002
14.4 150.0 61 2.2 52 109 CH2 5 2002
19.3 139.8 55 2.5 63 194 CH2 5 2002
24.1 129.7 72 2.3 55 194 CH2 5 2002
29.0 119.4 294 2.3 56 194 CH2 2.5 2002
33.9 109.4 196 5 22 85 LH2 2.5 2005
38.8 99.5 285 5 32 85 LH2 2.5 2005
43.8 90.0 264 5 49 85 LH2 2.5 2005

and the possible reactions between the incident beam and the target. This is a large
part of the data analysis.

In a magnetic spectrometer such as the BBS, every particle with a certain mo-
mentum shows up in a particular position at the focal plane of the spectrometer;
see Sec. 4.2.2. The magnetic field of the BBS was set to get the outgoing protons of
elastic scattering in the middle of the VDCs. Apart from these protons, there were
lower and higher energy protons and also other particles that could show up at the
focal plane. These are considered as background. These particles came either from a
reaction between the deuteron beam and the CH2 target or from radiation from the
beam stop which was placed inside the target chamber. Radiation from the beam
stop could not be prevented from reaching the focal-plane detector. However, the
trend of this background changes with the BBS angle. The reason for this is that
the relative position of the opening aperture of BBS and the beam stop changes as
the BBS angle changes.

For some angles, the energy of the deuterons from the elastic channel is about
half of the energy of the protons but their rigidity is the same. However, the energy
of these deuterons is not enough to punch through the carbon analyzer and reach the
S2 scintillators. Therefore, they cannot make the trigger, which was produced by a
coincidence signal between S1 and S2. As a result, they do not form any background
at these angles.

H(d, p)pn and 12C(d,p)13C were the most important reactions for which the
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Figure 4.18: The x-position of the events at the focal plane of BBS, after correction for

the kinematic broadening. Both graphs were obtained for the same BBS angle but different

targets. The target for the left graph was CH2 whereas for the right graph, it was pure

carbon. The peak in the left graph originates from the protons of elastic H(~d, ~p)d reaction.

Protons from break-up channel end up at the left, low energy, side of the peak. One can see

the 2.2 MeV Q-value of the break-up. The dashed lines show the gate applied to select the

good events for the analysis of polarization observables.

outgoing protons could end up at the focal plane, since at certain angles their rigidity
did not differ much from that of the elastic protons of the H(~d, ~p)d reaction. The
protons from 12C(d,p)13C reaction had higher energies than protons of H(~d, ~p)d and
only for the small BBS angles they have the right rigidity. The bands at the right
side of the plot in Fig. 4.9 show the excitation energies of the recoil carbon from the
12C(d,p)13C reaction. For the smallest angle in the experiment, 4.8◦ in laboratory
frame, the carbon excitation bands were close to the elastic band of interest. By
increasing the BBS angle the bands belonging to scattering from carbon moved
out of the spectrometer acceptance. The protons of the break-up channel have less
energy than those of the H(~d, ~p)d reaction by at least 2.2 MeV and they form the
continuous spectrum which starts at the low energy side of the elastic scattering band
in Fig. 4.9. One can clearly see the 2.2 MeV energy difference between the elastic
protons and those of the break-up channel. Thus, the protons of these channels did
not contribute to the background underneath the elastic peak.

To learn more about the background, a measurement was performed with a pure
carbon target. As can be seen from Fig. 4.18, the trend of the background with
the pure carbon target and CH2 target in the same scattering angle look the same,
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Figure 4.19: The x-position of the events at the focal-plane of the BBS after correction

for the kinematic broadening at 140◦ in the center-of-mass frame. Left graph shows the

polynomial function that has been fitted to the background with χ2 ' 1.2. The right graph

shows the peak after background subtraction in the range that the fit is done.

except that there are no protons from the deuteron break-up channel. By increasing
the BBS angle the slope of this background increases.

To obtain the form of the background, a polynomial function was fitted to it in
the range above the elastic peak of interest up to the point where the first excitation
band of the 12C(d,p)13C reaction is expected; see Fig. 4.19. The number of events,
N , above the background and under the peak is the number of good events which
are used to extract the cross section.

To calculate the polarization-transfer coefficient, the polarization of the outgoing
protons must also be measured. Therefore, after correction for the kinematic broad-
ening a gate is placed around the elastically-scattered protons. The width of this
gate was two times FWHM. The background was about 10% (for the CH2 target)
and about 3% (for LH2 target) of the total number of events. The protons which
were inside this gate were chosen for further analysis. These protons go through
the graphite analyzer where a small fraction undergo a hadronic interaction. By
measuring the asymmetry of these large-angle hadronic interactions and using the
calibrated analyzing powers, Ac, the polarization of the protons was extracted. To
estimate the effect of background on the asymmetry another gate was set, so that
the elastic scattering peak was excluded whereas the events around the peak were
accepted. The asymmetries produced by the events using both gates were rather
close. Considering the fact that the background is a small fraction of the peak, its



4.2. Analysis of the BBS data 83

effect on spin observables can safely be discarded without even subtracting them.
For a discussion about the effect of the background on polarization see [17].

The VDC efficiency

The inefficiency of the VDC produces wrong cross sections. Therefore, it is necessary
to study this inefficiency and account for it in the analysis. There are two VDCs
both of which consist of an X and a U plane. An event that had only one hit per
each plane was considered as a good event, whereas missing or ringing wires in one
plane leads to inefficiency in our analysis as events with ringing wires were thrown
away for ease of analysis and later corrected for. To evaluate this inefficiency, the
number of events with only one hit per plane, N1, the number of events with one or
more hits per plane, N≥1, and the number of events with one hit per three planes
but missing the fourth plane, N0i, were counted separately. The efficiency of the
VDCs for ringing wires is

ε≥1 =
N1

N≥1
(4.25)

and the efficiency for the missing wire in the ith plane is

εi = 1 − N0i

N0i +N1
(4.26)

The overall efficiency of the VDCs is

ε = ε≥1

4
∏

i=1

εi (4.27)

The results for every c.m. angle at which H(~d, ~p)d reaction was measured is shown
in Fig. 4.20. The cross sections for every c.m. angle were corrected using the corre-
sponding efficiency at that angle.

4.2.7 Extraction of the polarized cross sections from data

A deuteron beam of five different polarization states was used in this experiment as
described in Sec. 4.1.2. After the data reduction, the cross section was calculated
for each of these spin states separately using the following relationship:

dσ

dΩ
=

Nq

LT ε Q ∆Ω

A cos θt

n t NA
(4.28)
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Figure 4.20: The total VDC efficiency versus c.m. angle for H(~d, ~p)d experiment. Statistical

errors are smaller than the symbol size.

where

N = number of counts under the peak after background subtraction,

LT = electronic live-time,

Q = total integrated charge collected in the Faraday cup,

∆Ω = solid angle of the detector,

ε = the VDC efficiency,

t = target thickness,

NA = Avogadro’s number,

A = atomic mass of the target,

n = number of scattering centers per mole,

q = charge of the projectile,

θt = the angle between the beam and normal to the target.

Thus, in case of a deuteron beam impinging on CH2 target, the cross section was
obtained from

I(θ, φ) ≡ dσ

dΩ
[
mb

sr
] = 1.862

N

LT ε Q[nC] ∆Ω[msr]

cos θt

t[mg/cm2]
(4.29)
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The live-time was obtained as explained in section 3.6.

LT = 1 − Dead-time =
Acquired events

Primary events
(4.30)

4.2.8 Extraction of unpolarized cross sections and analyzing
powers

The relation between spin-dependent cross section and the unpolarized cross section
is given by the first equation of 2.87. Using the identity of 2.92 and the incident
beam polarization in the incident helicity frame given by 2.57, one obtains

I(θ, φ) = I0

(

1 +
3pZ

2
Ay cosφ+

pZZ

4
(Axx −Azz) sin2 φ+

pZZ

4
Ayy(3 cos2 φ− 1)

)

.

(4.31)
Here, x, y and z are the labels of the axes in the helicity frame. Note that in

chapter 2 the helicity frame is labeled with s, n and l, respectively. To use this
equation, an integration over the azimuthal opening angle of BBS is necessary. The
opening angles and the result of the integration of the functions of φ over the opening
are tabulated in Tab. 4.6. As seen from the table, the term proportional to sin2 φ dφ
is negligible in comparison to the other terms. Thus,

I(θ) = I0(θ)

(

1 +
3pZ

2
Ay

1

∆φ

∑

ev.

cosφ+
pZZ

4
Ayy

1

∆φ

∑

ev.

(3 cos2 φ− 1)

)

. (4.32)

In this equation, I(θ) was measured for each beam polarization by BBS and pZ and
pZZ were measured by IBP, so we can calculate the observables of I0, Ay and Ayy.
There are two ways to extract the unknowns at each c.m. angle. First is to fit the
equation of 4.32 for every c.m. angle to the five data points (the five polarized cross
sections). The code MINUIT from the CERN library was used to minimize the χ2 of
the fit,

χ2 =
5

∑

i=1

(f(I0, Ay, Ayy) − Ii(θ))
2

σ2
i

, (4.33)

where the σi = δIi is the error of the measured cross section and the summation
is over the 5 spin-states of the beam. I0, Ay and Ayy are the parameters of the
function which were fitted by MINUIT to minimize the χ2.

The other way is an iterative method. In this method, in a first estimation of
the unknowns the small terms are ignored. In the second iteration, none of the
unknowns are ignored but the results of the first iteration are used. These iterations
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Table 4.6: The opening angles of BBS at different c.m. angles where the measurements

were performed. The integration over the azimuthal angle of the BBS opening must be

taken from π − ∆φ/2 to π + ∆φ/2. In this table, the integration has been replaced by a

summation over all events.

θlab θc.m. ∆θc.m. ∆φ/2 1
∆φ

∑

cosφ 1
∆φ

∑

sin2 φ 1
∆φ

∑

(3 cos2 φ− 1)

[deg] [deg] [deg] [deg]

4.8 169.9 7.7 ±15 −0.989 0.045 1.93

9.6 159.9 7.2 ±15 −0.989 0.045 1.93

14.4 150.1 7.2 ±10 −0.995 0.020 1.97

19.3 139.9 6.7 ±7.7 −0.997 0.012 1.98

24.1 129.3 6.3 ±9∗ −0.996 0.016 1.98

29.0 119.5 5.6 ±8∗ −0.997 0.013 1.98

33.9 109.4 5.4 ±7.1 −0.997 0.010 1.98

38.8 99.5 5.1 ± 6 −0.998 0.007 1.99

43.8 90.0 4.1 ±5.4 −0.999 0.005 1.99

*For these points, the diaphragm at the entrance of the BBS opening was
removed resulting in a bigger acceptance.

can be repeated as much as one likes, nevertheless after a few iterations the variables
reach their final values asymptotically and more iterations would not be necessary.
For example, the cross section of the off polarization state for which pZ ' pZZ ' 0
was a good estimation for the unpolarized cross section, Ioff = I0. Since the vector
and tensor polarizations were rather small in this spin state, the other iterations did
not change the first estimation that much. The vector- and tensor-analyzing powers
were calculated using the cross sections measured with vector- and tensor-polarized
beams. The following equations were used to calculate I0, Ay and Ayy. For the sake
of simplicity, the summation 1

∆φ

∑

has been omitted in the following equations.

I0 =
Ioff

1 + 3
2p

off
Z Ay cosφ+ 1

4p
off
ZZAyy(3 cos2 φ− 1)

, (4.34)

Ay =

(Iv− − Iv+)

(

pv+
Z − pv−

Z + 1
4(pv−

ZZp
v+
Z − pv+

ZZp
v−
Z )Ayy(3 cos2 φ− 1)

)

3
2(Iv−pv+

Z − Iv+pv−
Z )(pv−

Z − pv+
Z ) cosφ

− (pv−
ZZ − pv+

ZZ)Ayy(3 cos2 φ− 1)

6(pv−
Z − pv+

Z ) cosφ
,

(4.35)
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Ayy =

(It− − It+)

(

pt+
ZZ − pt−

ZZ + 3
2(pt+

ZZp
t−
Z − pt−

ZZp
t+
Z )Ay cosφ

)

1
4(It−pt+

ZZ − It+pt−
ZZ)(pt−

ZZ − pt+
ZZ)(3 cos2 φ− 1)

− 6(pt−
Z − pt+

Z )Ay cosφ

(pt−
ZZ − pt+

ZZ)(3 cos2 φ− 1)
.

(4.36)

Hereafter, the superscripts off, v+, v−, t+ and t− stand for the off, pure positive
vector, pure negative vector, pure positive tensor and pure negative tensor spin
states, respectively, of the polarized beam produced by POLIS. For instance, I t− is
the cross section for purely negative tensor-polarized deuteron beam. To calculate
the analyzing powers, the up-down measurements were used (I+ − I−) and not the
polarized-unpolarized cross sections (I±/I0). This is because the latter is much more
sensitive to errors than the former; see App. A.

4.2.9 Extraction of the polarization-transfer coefficient and
induced polarization

The relation between the polarization of the incident beam and the polarization of
the scattered beam in helicity frame is given by Eq. 2.87. Note that in chapter 2 the
helicity frame is labeled with s, n and l. In this chapter, in order to be consistent
with literature, the helicity frame is indicated by x, y and z, respectively. Since our
polarized deuteron beam has β = 0 then Eq. 2.57 and Eq. 2.50 result in pyz = pxz =
pz = 0. Also, the following integration over the azimuthal opening ∆φ,

∫ π+∆φ/2

π−∆φ/2
sinφdφ = 0,

∫ π+∆φ/2

π−∆φ/2
sinφ cosφdφ = 0,

result in the fact that pxy = px = 0. Therefore, the only non-zero component of the
polarization after the scattering is the normal component to the scattering plane:

py′

I

I0
= Py′ +

3

2
pZK

y′

y cosφ+
pZZ

4
(Ky′

xx−Ky′

zz) sin2 φ+
1

4
pZZK

y′

yy(3 cos2 φ−1) (4.37)

Note that the summation 1
∆φ

∑

event is dropped from the above equation for simplic-
ity. For the same azimuthal opening angle as in table 4.6, the third term in the right
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side of above equation related to the sin2 φ can be neglected. Having a deuteron

beam of five different polarizations, the three observables of Py′ , Ky′

y and Ky′

yy were
then determined.

To calculate the unknown observables of this equation, the polarization of the
scattered proton beam, py′ , ought to be measured. To measure py′ , the scattered pro-
tons impinged on the carbon analyzer. By measuring the asymmetry of p-C reaction
and knowing the analyzing power of the reaction from the calibration experiment,
the polarization of the ejectile protons of the H(~d, ~p)d reaction was obtained. The
asymmetry was obtained by left-right method. The polarization of the protons just
before the graphite analyzer is:

py′′ =
π

2Ac

YL − YR

YL + YR
,

YL =
L

L0
and YR =

R

R0
,

(4.38)

where L(R) is the number of scattered particles to the left(right). L0(R0) is the
number of scattered particles to the left(right) for an unpolarized proton beam.
L0 and R0 are used to determine the instrumental asymmetry. For the left-right
counting, only particles that scattered within 5◦ ≤ θc ≤ 20◦ were considered. Notice
that the obtained polarization from Eq. 4.38 is in the laboratory frame for which
the z′′-direction is along the proton beam before scattering from the graphite slab,
the y′′-direction is upward and the x′′-direction is so that the frame forms a right-
handed coordinate system. Therefore, this polarization must be transformed to the
outgoing helicity frame of H(~d, ~p)d reaction by

py′ =
py′′

cosφ
. (4.39)

Inserting Eq. 4.39 into Eq. 4.37 and ignoring the sin2 φ term, we get

py′′

I

I0
= cosφ

(

Py′ +
3

2
pZK

y′

y cosφ+
1

4
pZZK

y′

yy(3 cos2 φ− 1)

)

. (4.40)

Using MINUIT, one can fit a function similar to the right side of Eq. 4.40 to pi
y′′

Ii

I0
obtained for the five points of our initial beam polarizations, and minimize

χ2 =
5

∑

i=1

(f(Py′ ,Ky′

y ,K
y′

yy) − pi
y′′

Ii

I0
)2

σ2
i

, (4.41)

where σi is the measurement error of pi
y′′

Ii

I0
, discussed in the next subsection (Eq. 4.49),

and i denotes the five initial polarization states. From this fit, the three parameters

of the fitting function, Py′ , Ky′

y and Ky′

yy can be obtained.
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The iteration method was also used to extract the results, which were then
compared with the results obtained by fitting. The results of both methods were in
agreement within the uncertainties. In the iteration method, the first approximation
of the induced polarization was obtained from the off polarization Py′ = py′

Ioff

I0
. In

order to calculate the unknown variables from Eq. 4.40, the equation needs to be
rearranged.

Py′ =
py′′I

I0 cosφ
− 3

2
pZK

y′

y cosφ− 1

4
pZZK

y′

yy(3 cos2 φ− 1), (4.42)

Ky′

y =

pv+

y′′
Iv+−pv−

y′′
Iv−

I0
− 1

4(pv+
ZZ − pv−

ZZ)Ky′

yy(3 cos2 φ− 1) cosφ
3
2(pv+

Z − pv−
Z ) cos2 φ

, (4.43)

Ky′

yy =

pt+

y′′
It+−pt−

y′′
It−

I0
− 3

2(pt+
Z − pt−

Z )Ky′

y cos2 φ
1
4(pt+

ZZ − pt−
ZZ)(3 cos2 φ− 1) cosφ

. (4.44)

Note that using this method, the induced polarization can be obtained from all

5 initial spin-polarizations, whereas the Ky′

y and Ky′

yy should be extracted only from
vector and tensor polarizations, respectively. Remember that the superscript of “v”
denotes the vector polarizations and “t” denotes the tensor polarizations.

4.2.10 Statistical and systematic uncertainties

The statistical error of the polarized cross sections was calculated from Eq. 4.29
where only N , LT and ε are statistical. The live-time, LT , and the VDCs efficiency,
ε, are determined with very high statistical accuracy by using the scaler values,
and their error will be neglected. Error in the other quantities are considered as
systematic error and will be discussed separately. Therefore,

δI

I
=

1√
N
. (4.45)

The statistical uncertainties of I0, Ay and Ayy were calculated by differentiating
equations 4.34, 4.35, and 4.36:

δI0 = I0

√

√

√

√

δI2
off

I2
off

+
T1 + T2

(1 + 3
2p

off
Z Ay cosφ+ 1

4p
off
ZZAyy(3 cos2 φ− 1))2

, (4.46)

δAy =

√

T ′
1 + T ′

2 + T ′
3 + T ′

4
3
2 cosφ

, (4.47)

δAyy =

√

T ′′
1 + T ′′

2 + T ′′
3 + T ′′

4
1
4(3 cos2 φ− 1)

, (4.48)



90 Chapter 4: Data Analysis

where

T1 =
9

4

(

(poff
Z δAy)2 + (δpoff

Z Ay)2
)

cos2 φ,

T2 =
1

16

(
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Also, the statistical uncertainties for Py′ , Ky′

y and Ky′

yy can be calculated by differ-
entiating equations 4.42, 4.43, and 4.44. If

X ≡ py′′I

I0

then
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where py′′ = As

Ac
and δpy′′ = δAs

Ac
. Therefore,

δPy′ =

√

(

δX

cosφ

)2

+R1 +R2, (4.50)
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Table 4.7: The values of the systematic errors and the affected observables.

affected observables

Source dσ
dΩ Ay Ayy Py′ Ky′

y Ky′

yy

Target thickness 1% – – – – –

Opening 1% – – – – –

Total charge < 3% < 1% < 1% < 1% < 1% < 1%

(Polarization)sys. – ' 2% ' 2% ' 2% ' 2% ' 2%

δKy′

y =

√

(δXv+)2 + (δXv−)2 +R′
1 +R′

2
3
2(pv+

Z − pv−
Z ) cos2 φ

, (4.51)
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.

The errors of the polarizations as given in Sec. 4.1.2 were propagated using the
above equations. The errors of the other variables are considered as systematic
errors. The error of target thickness, as discussed in Sec. 3.7, is about 1%. The
error of the total collected charge in Faraday-cup is at most 3% for cross sections.
This value is obtained in earlier experiments at KVI. The error of the calculation
of the BBS opening is due to beam ray-tracing and the error of the VDCs which is
about 1%. The values of systematic errors from different sources and the affected
observables are summarized in Tab. 4.7. Note that Eqs. 4.35 and 4.36 show that the
choice of angular opening, detector efficiency and target thickness are canceled out
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in the analyzing powers, so they do not contribute in the systematic errors. This
is also true for induced polarization and polarization-transfer coefficients obtained
from Eqs. 4.42–4.44.



5. Results and discussion

In this project, the cross section and several spin-related observables have been
measured for the reaction H(~d, ~p)d at 90 MeV/u. To facilitate these measurements,
the angle-averaged effective analyzing power of p-C had to be measured as well.
The results of the experiments performed at KVI are presented in this chapter. In
section 5.1, the results of the measured p-C analyzing power will be shown and
discussed. In section 5.2, the measured observables for the reaction H(~d, ~p)d will be
presented and compared with the state-of-the-art theoretical calculations.

5.1 Results of the calibration experiment

To measure the polarization of the outgoing protons from a primary reaction in the
scattering chamber of the BBS, the BBS/ESN was calibrated using the well-studied
reaction of H(~p, ~p)p. In this experiment, the inclusive angle-averaged analyzing
power, Āc, of p-C reaction was measured in the energy range of 44.8 – 136.5 MeV.
This energy range corresponds to the kinetic energies, Ec, of protons at the center of
the graphite analyzer in the present experiments. The p-C analyzing power was then
used to extract the polarization of the outgoing protons from the H(~d, ~p)d reaction.
For each energy, the angle-dependent analyzing power, Ac(θ), was extracted from

A
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Figure 5.1: Angle-dependent analyzing power at Ec = 132.3 MeV. The analyzing power

up to 5◦ is about zero because of Coulomb scattering dominance.
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Figure 5.2: The angle-averaged effective analyzing power of p-C versus the energy of pro-

tons at the center of the graphite slab, Ec. The average was obtained by integrating Ac(θ)

over the range of 5◦ ≤ θc ≤ 20◦ with equal weight for each angle after integrating over φc.

data using Eq. 4.23. Fig. 5.1 shows typical Ac(θ) for Ec = 132.3 MeV. As can
be seen from the figure, the analyzing power is almost zero up to 5◦ and it starts
rising above that angle. This originates from the fact that the Coulomb scattering
is dominant at small scattering angles and has no analyzing power.

The angle-averaged analyzing power, Āc, was calculated by integrating the angle-
dependent analyzing power, Ac(θ), as shown in Fig. 5.1, in the range of 5◦ ≤ θc ≤
20◦, giving an equal weight to each angle. The range of 5◦ − 20◦ is chosen since
most data sets measured at different laboratories use this range. The geometrical
acceptance of detectors does, generally, not go much beyond 20◦. However, the
ESN may be used up to 35◦. The results of our measurements at different energies
are presented in Fig. 5.2 and Tab. 5.1 along with the measurements from other
laboratories overlapping with our data.

Up until now, no measurement below Ec = 90 MeV has been reported. Our
measurements extend these earlier measurements down to 44.8 MeV with a sizable
overlap with the previous ones. There is a good agreement between our data and
the data from other laboratories [76, 77, 78] in the overlapping region. Also shown
in Fig. 5.2, is a polynomial function of third order which is fitted to the complete
data-set from 44.8 to 157 MeV with χ2 = 1.2 per degree of freedom. This polynomial
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Table 5.1: The angle-averaged effective analyzing powers versus proton energy, Ec, at the

center of the graphite analyzer. The density of the graphite used in the present measure-

ment was 1.84 g/cm3. The errors are statistical uncertainties. The averages calculated for

5◦ ≤ θc ≤ 20◦ and 8◦ ≤ θc ≤ 20◦ are both shown. The data from TRIUMF (‡) [76], SIN

(†) [77], LAMPF (?) [78] and KVI (#) [75] are also included in the table. The LAMPF data

point was obtained by integrating the fit function from 5◦ − 20◦.

Ec Āc δĀc Āc δĀc Analyzer thick.
(MeV) (cm) 5◦ − 20◦ ± 8◦ − 20◦ ±

44.8 0.077 0.019 0.086 0.024 1
50.6 0.085 0.021 0.096 0.026 1
56.5 0.087 0.017 0.087 0.020 1
56.8 0.034 0.005 0.041 0.009 2.5
63.3 0.078 0.018 0.080 0.021 1
68.8 0.125 0.018 0.118 0.020 1
74.4 0.117 0.021 0.128 0.026 1
74.5 0.114 0.016 0.139 0.021 2.5
78.9 0.166 0.022 0.177 0.024 1
80.0 0.118 0.006 0.131 0.008 2.5
80.3 0.147 0.020 0.154 0.025 2.5
86.2 0.168 0.024 0.192 0.027 2.5

90.0 (‡) 0.153 0.027 3
91.7 0.205 0.025 0.212 0.028 2.5

95.0 (†) 0.192 0.004 3
97.3 0.204 0.027 0.235 0.030 2.5
103.2 0.292 0.028 0.301 0.030 2.5
105.4 0.214 0.011 0.249 0.014 5

107.0(?) 0.226 0.016 3.2
108.3 0.278 0.030 0.261 0.032 2.5

113.0(‡) 0.285 0.020 3
117.1 0.291 0.021 0.329 0.025 5

119.0(‡) 0.284 0.011 6
126.0(#) 0.316 0.004 5

126.9 0.317 0.026 0.344 0.029 5
132.3 0.356 0.020 0.388 0.023 5

133.0(‡) 0.352 0.017 3
136.5 0.390 0.023 0.420 0.026 5

144.0(†) 0.401 0.004 3
145.0(‡) 0.414 0.010 6
151.0(†) 0.438 0.004 7
157.0(‡) 0.450 0.014 3
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Figure 5.3: The efficiency of various analyzers normalized to one centimeter of thicknesses

versus the incident energy of protons. The angular region for integration is 5◦ − 20◦.

has the following form:

Āc = 0.22869− 0.0071675 ∗Ec + 0.95263× 10−04 ∗E2
c − 0.25674× 10−06 ∗E3

c (5.1)

and is only valid in the range of 45–157 MeV. This indicates that the angle-averaged
analyzing power does not depend much on the thickness of the analyzer, even though
a closer inspection reveals that there is a systematic tendency that analyzing powers
for thicker analyzers are slightly lower than those of thinner ones for the same energy.
The 56.8 MeV data point was excluded from the fit. This point was measured
using a 2.5 cm analyzer whereas the neighboring points were measured using a 1
cm one. For such low-energy protons, the energy and angular straggling are large
for this thickness and so the Coulomb scattering becomes dominant well above 5◦.
Therefore, calculating the average analyzing power between 5◦ and 20◦ leads to a
smaller value. Moreover, inelastic p-C reactions contribute less, due to the fact that
the lower-energy particles do not go through the thick analyzer. Thus, this point
cannot be compared with the neighboring points. The agreement between data sets
measured in different laboratories shows that the p-C analyzing power is insensitive
to the exact geometry of various polarimeters.

The choice of the analyzer thickness is very critical in an experiment involving
polarimetry. A thick analyzer increases the luminosity and the range of the Coulomb
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Figure 5.4: Figure-of-Merit (FOM) as a function of energy at the center of graphite for the

angular range of 5◦ − 20◦.

scattering at the same time. The latter decreases the analyzing power and the former
increase the counting rate. To find out which thickness is most appropriate for a
particular energy, one should study the Figure-Of-Merit (FOM). FOM defines an
overall quality of the detector and can be defined as:

FOM = ηĀ2
c (5.2)

where η is the efficiency defined by:

η =
Number of particles scattered in the angular region of interest

Total number of incoming particles
. (5.3)

Figure 5.3 shows the efficiency of various analyzers normalized to one centimeter
of thickness versus incident energy of protons, measured in the angular range of
5◦ − 20◦. The FOM of our detector for the same range is shown in Fig. 5.4. The
figure shows that FOMs from 2 × 10−4 up to 7 × 10−3 have been measured in the
present experiment. A polynomial function of third order can also be fitted to FOMs
of our measurements with χ2 = 0.65 per degree of freedom. In general, the FOM
does not seem to depend very much on the analyzer thickness. There is, incidentally,
a limit in increasing the thickness. The point at 56.8 MeV for which the thickness
was 2.5 cm is beyond this limit. Although, the efficiency, η, of the point is higher
than the neighboring points, its FOM is still smaller than FOM of those points.
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Figure 5.5: The same graph as Fig. 5.2 except that the average was calculated for

8◦ ≤ θc ≤ 20◦.

This could be due to the effect of Coulomb scattering above 5◦ or exclusion of the
inelastic reactions. It turned out that the inelastic reactions play an important role.
To show this, the FOM of this analyzer was calculated when the integration over
angles was performed for an angular range above 10◦ which was certainly beyond
the point where the Coulomb scattering is important. Above 10◦, the ratio of FOMs
for 1 cm and 2.5 cm analyzers, FOM(1)

FOM(2.5) , was about 2.7, regardless of the upper limit
of the integration. This means that the exclusion of some inelastic reactions results
in a lower analyzing power.

In general, one may increase the lower limit of the angle integration from 5◦ to
a larger angle, say 8◦, in order to decrease the Coulomb effect and thus increase the
average analyzing power. Fig. 5.5 shows the average analyzing power from our data
calculated in the range of 8◦−20◦ in comparison with the data from literature which
are obtained by averaging in the range 5◦ − 20◦. Our data points are systematically
larger than the other data. Even though the average analyzing power increases
slightly, FOM will not improve, because, the efficiency, η, decreases even more.
Increasing the upper limit while the lower limit is still 8◦ increases the efficiency,
but the FOM does not change much relative to the FOM calculated for the range
of 5◦ − 20◦.
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5.2 Results of the H(~d, ~p)d reaction

In this section, the results of measured observables for the reaction H(~d, ~p)d are pre-
sented and compared with the theoretical predictions. The theoretical calculations
presented here have been performed by three different groups. The Hanover group
has performed calculations using NN potentials of AV18, NijmI, NijmII and CD-Bonn
and a calculation using CD-Bonn with ∆-isobar excitation [47, 48]. They have also
included the Coulomb interaction between the two protons [46]. This calculation will
be referred to as CDB∆. The Bochum-Cracow group has also performed calculations
with the NN potentials of AV18, NijmI, NijmII and CD-Bonn and also calculations
with 3NP included. The calculations of the Bochum-Cracow group with 3NP are
AV18+U-IX, AV18+TM′, CD-Bonn+TM′, NijmI+TM′ and NijmII+TM′ [79, 80].
For a brief review of these models see chapter 2. The results derived from various
NN potentials are slightly different, and since none of the NN potential models is a
priori preferred, the spread of the theoretical predictions can be considered as the
theoretical uncertainty. Therefore, the theoretical predictions are shown as a band in
all the graphs; a line would then mean that the calculation has been performed using
only one potential model. In the figures, only NN calculations from the Bochum-
Cracow group are shown (dark grey band), because there is no significant difference
between the NN calculations from different groups in the angular range covered by
this work. The NN calculations of the Hanover group are, of course, different for
small angles where the Coulomb interaction becomes important and has properly
been taken into account by them. The calculation of NN+TM′ is shown by light
grey band, AV18+U-IX by black dashed line and CDB∆ by black solid line. Finally,
one calculation within the framework of χPT [55, 81] is presented; see Sec. 5.3.

In this work, all the calculations and data points shown in the figures are in
the Center-of-Mass (C.M.) frame. The error bars which are included for each data
point might, sometimes, be smaller than the symbol size of the point. This error
accounts for the statistical uncertainty and a point-to-point systematic error which
includes the instability of experimental apparatus, background subtraction, etc. To
obtain the point-to-point systematic uncertainty, run-files were grouped based on
the fluctuations of the beam polarization; see Sec. 4.1. The observables were then
calculated for each group. At each C.M. angle, the results from all corresponding
groups ought to be consistent within the statistical uncertainty. This was checked
by fitting a constant to the results at each C.M. angle. In case, the χ2 of this fit
was larger than 1, a systematic error was added to obtain a χ2 = 1. Therefore, the
errors are larger compared to their statistical uncertainties for the points which had
large fluctuations in the results obtained from their individual groups of polarization
runs. These errors are still rather small. The other possible source of systematic
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Table 5.2: Results for the cross sections at 90 MeV/u incident-beam energy. The angles

are in [deg] and the cross sections in [mb/sr]. The last column shows the errors including

the point-to-point systematic errors. The absolute systematic error on cross section is 5%.

θc.m. dσ/dΩ δ(dσ/dΩ)st. δ(dσ/dΩ)

90.0 0.767 0.002 0.002
99.5 0.641 0.002 0.002
109.4 0.575 0.004 0.004
119.4 0.528 0.001 0.003
129.7 0.512 0.001 0.004
139.8 0.549 0.001 0.003
150.0 0.801 0.001 0.001
160.0 1.488 0.001 0.001
169.6 2.724 0.004 0.009

errors and the affected observables are listed in Tab. 4.7.

5.2.1 Cross section

Figure 5.6 shows the cross sections, I0, for deuteron-proton scattering at 90 MeV/u
(filled squares). The values of the cross sections are listed in Tab. 5.2. To obtain
the absolute cross section, it is necessary to know the target thickness precisely.
The target thickness of the solid target was obtained by measuring the density of
the target and its thickness; see Sec. 3.7. In the case of the LH2 target, after a
measurement at a given C.M. angle, namely at θc.m. = 90◦, 100◦ and 110◦, one
other measurement was performed at θc.m. = 150◦. The cross section obtained at
150◦ with the LH2 target was then normalized to the cross section obtained at the
same angle with the solid target by fitting the LH2 target thickness.

As explained before, the errors shown are the sum of statistical and point-to-point
systematic errors. The small but non-zero polarization of the off-state of the beam,
which was used for this measurement, was properly accounted for. Also, the error
of the beam polarization has been propagated to the total error. As summarized in
Tab. 4.7, the overall systematic uncertainty for the cross section is about 5%. As
can be seen from Fig. 5.6, the data points are clearly above the NN calculations
specially between 90◦ to 150◦ and they support the shape of the calculations with
3NP. The calculations with AV18+U-IX, AV18+TM′ and NijmII+TM′ potentials are
closest to the data. However, concidering the 5% systematic error, all calculations



5.2. Results of the H(~d, ~p)d reaction 101

Figure 5.6: The cross section, I0, for elastic deuteron-proton scattering at 90 MeV/u. The

statistical errors are smaller than the symbol size. Data from other laboratories at slightly

higher energy are also shown for comparison. The dark gray band shows the results of the

calculations based on NN interaction only, and the light gray band represents the results of

the Bochum-Cracow calculations including the TM′ 3NP. The calculation for AV18+U-IX is

shown by black dashed line while the solid line represents CDB∆ calculated by the Hanover

group.

with 3NP are in agreement with the data.

The cross sections at 95 MeV, measured at other laboratories, are also shown
in figure. The cross sections for deuteron-proton scattering measured by Cham-
berlain et al. [82] are shown by open diamonds. Mermod et al. [83, 84] measured
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Table 5.3: Results for the vector analyzing power, Ad
y, and the tensor analyzing power,

Ayy, at 90 MeV/u incident-beam energy. The angles are in [deg]. Columns 4 and 7 show

the errors including the point-to-point errors.

θc.m. Ad
y δ(Ad

y)st. δAd
y Ayy δ(Ayy)st. δAyy

90.0 –0.444 0.001 0.008 0.381 0.002 0.004
99.5 –0.499 0.003 0.004 0.496 0.004 0.010
109.4 –0.467 0.004 0.004 0.589 0.004 0.004
119.4 –0.351 0.001 0.003 0.622 0.002 0.007
129.7 –0.169 0.002 0.004 0.624 0.003 0.006
139.8 0.089 0.002 0.002 0.500 0.003 0.008
150.0 0.252 0.002 0.002 0.357 0.004 0.004
160.0 0.180 0.001 0.007 0.242 0.003 0.005
169.6 0.062 0.003 0.058 0.229 0.004 0.033

neutron-deuteron cross sections at 95 MeV using two different setups. These data
are shown by open circles and stars. The errors shown for these measurements are
statistical plus systematic errors. Concerning the fact that the cross sections at 95
MeV should be about 10% lower than the cross sections at 90 MeV, our data are in
good agreement with the data from other laboratories.

5.2.2 Analyzing powers

In Fig. 5.7, the vector and tensor analyzing powers measured at 90 MeV/u are
shown and compared with the theoretical predictions. The results are also listed in
Tab. 5.3. The errors shown in the figure are statistical uncertainty plus the point-
to-point systematic uncertainty. Total systematic error for the analyzing powers is
less than 3%; see also Tab. 4.7. The measurement at 169.6◦ was performed using
a Faraday-cup positioned inside the dipole magnet of the BBS. In this case, the
incoming beam is deflected by the dipole magnet and so the Faraday-cup must be
positioned very precisely because of the deflection. Therefore, small changes can be
magnified such as the movement of the beam spot or changing the magnet strength
and so on. As the measurements were grouped depending on their incoming beam
polarizations, it turned out that for this particular angle the results had a large
fluctuation. To account for this fluctuation a bigger point-to-point systematic error
was added to the statistical errors.

The data points of the vector analyzing powers (upper panel in Fig. 5.7) between
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Figure 5.7: Vector (upper panel) and tensor (lower panel) analyzing powers at 90 MeV/u.

For the description of the curves, see the caption of Fig. 5.6. Note that the CDB∆ for vector

analyzing power above 50◦ is hidden in the NN band.
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90◦ and 130◦ are in between the NN band and the NN+TM′ band. Note that between
50◦ and 120◦ the results of the Hanover calculation is at the lower limit of the NN
calculations and above 120◦ it is hidden in the NN band. The data points above 130◦

are in agreement with all calculations. The AV18+U-IX performs the best at angles
larger that 120◦. However, in the band of NN+TM′, the calculation of AV18+TM′

is at the far edge from data and CDB+TM′ is at the near edge. This might imply
that if there was a band made for NN+U-IX, it could fit the data the best. Of
course, this must be checked and confirmed theoretically. The results of the tensor-
analyzing powers (lower panel in Fig. 5.7) does not seem to be fully described by any
of the calculations, except may be by AV18+U-IX. Note that the peak widths of the
calculations are different and also different from the data. Because of this behavior,
there is no trend in the agreement between the data and the calculations. At large
and small angles, the NN calculations are relatively closer while in the intermediate
region, the 3N calculations come somewhat closer to the data. In general, the U-IX
3NP explains both analyzing powers better.

5.2.3 Induced polarization and polarization-transfer coefficients

To measure the induced polarization and polarization-transfer coefficients, the po-
larization of the scattered protons from the reaction H(~d, ~p)d must be known. This
is obtained through a measurement using the ESN polarimeter. As discussed in the
previous chapter, the proton polarization can be obtained from Eq. 4.38 knowing
the analyzing power of the secondary p-C reaction. The effective p-C analyzing
power, Āc, for each energy was obtained by the calibration experiment resulting in
Eq. 5.1. In the same way as in the calibration experiment, the left (right) counting
measurement was performed in the range of 5◦ − 20◦ except for the data point at
90◦. In this case, Coulomb scattering was significant above 5◦ since a thick analyzer
was used. Therefore, the counting was performed in the angular range of 10◦ − 20◦.
To account for overall effects because of the usage of a thicker analyzer, a calibra-
tion measurement was also performed with an analyzer with the same thickness; as
described in Sec. 5.1.

To extract the polarization of protons from Eq. 4.38, one needs to know the
instrumental asymmetry. The instrumental asymmetry of the BBS was rather small
(about 0.02); nevertheless, it had a significant effect on the results of the polariza-
tion. This false asymmetry, indicated by different L0 and R0, can be measured using
an unpolarized proton beam. One way of obtaining such an unpolarized beam is
to use an unpolarized initial deuteron beam and by positioning the BBS at 180◦ in
c.m. frame where the induced polarization is known to be zero. However, one must
assume that the obtained instrumental asymmetry does not change in time and it
does not depend on a background which depends on the BBS angle. In fact, the
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Table 5.4: Results for the induced polarization, Py′ at 90 MeV/u incident-beam energy.

Column 2 shows the results before normalization and column 3 shows them after normal-

ization to CDB∆ calculation. The statistical errors are shown in column 4 and statistical

errors plus the point-to-point systematic errors in column 5.

θc.m. Py′ Py′ δ(Py)st. δPy

90.0 0.638 0.480 0.019 0.040
99.5 0.520 0.610 0.007 0.008
109.3 0.668 0.630 0.009 0.009
119.4 0.337 0.440 0.007 0.010
129.7 0.140 0.239 0.011 0.015
139.8 –0.144 –0.064 0.008 0.008
150.0 –0.297 –0.229 0.009 0.009
160.0 –0.226 –0.163 0.010 0.010
169.6 –0.134 –0.076 0.015 0.015

background is not the same for all angles. We used the instrumental asymmetry
obtained during the calibration experiment; see Sec. 4.2.5. However, it did not lead
to the expected results for the induced polarization of the reaction H(~d, ~p)d. The
induced polarizations for angles larger than 120◦ were below the theoretical estima-
tions by 0.1 at most(see Tab. 5.4), but they agree in shape. This is due to the fact
that the backgrounds were not the same for the reactions H(~d, ~p)d and H(~p, ~p)p. The
three data points at 90◦, 100◦ and 110◦, measured in 2005, were fluctuating around
the theoretical curves by about ±0.1. In addition to the background changing with
the angle of BBS, it turned out from part of the calibration experiment, performed
right after the H(~d, ~p)d experiment in 2005, that the instrumental asymmetry was
also not stable during the data taking. It was, therefore, decided to use the in-
strumental asymmetry as a free parameter to normalize the induced polarization to
the three-body calculations as discussed below. The obtained instrumental asym-
metry from this normalization was then used to calculate the polarization-transfer
coefficients.

The induced polarization for reaction H(~d, ~p)d is the same as the analyzing power
of the time-reversed reaction 2H(~p, d)p (with a sign difference). This observable was
measured at KVI for several energies by Ermisch et al. [14]. As Ermisch et al. have
shown, at the lower energy of 108 MeV which is the closest energy to the present
experiment, the analyzing power of 2H(~p, d)p is described rather well by CDB∆
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Figure 5.8: Induced polarization for reaction H(~d, ~p)d at 90 MeV/u. For the description of

the curves, see the caption of Fig. 5.6. The data points were normalized to CDB∆ calculation

via setting the false asymmetry of the detector as a free parameter.

calculation. Also, looking at the energy dependence of the analyzing power from 190
MeV down to 108 MeV [14], this calculation comes closer to the experimental results
as one moves to lower energies. Therefore, we decided to normalize the induced-
polarization to this theory using the instrumental asymmetry as a fit parameter. As
was explained above, for the data points of 120◦ and larger only one instrumental
asymmetry was needed. For the three points of 90◦, 100◦ and 110◦ each point
was normalized to theoretical calculations separately. Figure 5.8 shows the induced
polarization after normalization to the CDB∆ calculation; the values are tabulated
in Tab. 5.4. Since the points from 120◦ and larger are normalized to the theoretical
calculations by using only one free parameter, the shape of this observable can be
compared to that of the theory. As can be observed in the figure, these points
nicely follow the theoretical curves. By changing the instrumental asymmetry by
less than 2%, the points above 120◦ can be normalized to AV18+UIX calculation.
This change would be about 7% for 90◦, 100◦ and 110◦. The errors shown in the
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Table 5.5: Results for the vector, Ky′

y , and the tensor, Ky′

yy, polarization-transfer coefficient

at 90 MeV/u incident-beam energy. The errors in columns 4 and 7 are statistical errors plus

the point-to-point systematic errors.

θc.m. Ky′

y (δKy′

y )st. δKy′

y Ky′

yy (δKy′

yy)st. δKy′

yy

90.0 0.390 0.032 0.035 0.488 0.045 0.045
99.5 0.418 0.015 0.015 0.581 0.021 0.026
109.3 0.459 0.013 0.013 0.599 0.019 0.019
119.4 0.431 0.014 0.021 0.415 0.024 0.024
129.7 0.271 0.020 0.020 0.095 0.039 0.045
139.8 0.200 0.014 0.014 –0.265 0.026 0.026
150.0 0.314 0.018 0.018 –0.360 0.034 0.034
160.0 0.552 0.020 0.020 –0.220 0.036 0.036
169.6 0.627 0.028 0.031 –0.111 0.054 0.054

figure are statistical plus the point-to-point systematic errors. The systematic error
is less than 3%; see Tab. 4.7.

The results of the vector and tensor polarization-transfer coefficients are shown
in Fig. 5.9 and Tab. 5.5. The vector polarization-transfer coefficient (upper panel)
follows the NN calculations. The CDB∆ calculation (for most of the angles) and the
AV18+U-IX calculation larger than 130◦ fit the data well. Obviously, the TM′ 3NP
cannot describe this observable. Also, the data points for the tensor polarization-
transfer coefficient (lower panel) are in good agreement with the NN band and the
CDB∆ line and underestimated with NN+TM′ calculations. The two points at 90◦

and 100◦ seem to drop somewhat faster than the theoretical calculations. In general,
the closest calculations with 3NP to both the vector and tensor polarization-transfer
coefficients are CDB∆.

If one normalizes the induced polarization to AV18+U-IX calculation rather than
CDB∆, the data points for 120◦ and larger do not change significantly for both the
vector and tensor observables. Only the three points at 90◦, 100◦ and 110◦ move
systematically lower but well within the statistical errors. These points for vector
polarization-transfer coefficients will go then between NN band and the NN+TM′

band.

In summary, the cross sections (see Fig. 5.6) are closer to AV18+U-IX and lower
edge of NN+TM′, however once the systematic error of 5% is taken into account,
it becomes difficult to make a distinction between various calculations including the
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Figure 5.9: Vector (upper panel) and tensor (lower panel) polarization-transfer coefficients

for the reaction H(~d, ~p)d at 90 MeV/u. For the description of the curves, see the caption of

Fig. 5.6.
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3NP. What is obvious is that the calculations based on NNPs completely fail to
describe the data around the minimum from 90◦ to 140◦. The analyzing powers
(see Fig. 5.7) are, in general, closer to AV18+U-IX, and a band of NN+U-IX could
possibly describe the vector analyzing powers very well. This theory is also closer to
tensor analyzing powers, although it does not describe the data over the whole range
of angles measured. The differences between the calculations with 3NPs are sizable
and the data points are just in between these calculations. For the polarization-
transfer coefficients (see Fig. 5.9), the NN potentials seem to describe the data
points better than all other calculations with the exception of CDB∆ which does a
good job everywhere and AV18+U-IX at angles larger than 130◦. With the relatively
high-precision measurements of these observables, it is clear that the details of the
three-nucleon force are not yet completely understood and need to be further studied.

5.3 χPT calculations

A calculation in the framework of χPT has been performed at next-to-next-to
leading-order (NNLO) with the 3NP included up to J = 7/2, which might be in-
sufficient at this energy. However, one expects small changes by adding J = 9/2.
On the other hand, at the energy of this experiment, 190 MeV, the next order in
chiral expansion, NNNLO, may be more important than adding a larger angular mo-
mentum, because the chiral approach is an expansion in momenta. The observables
measured in this work are shown in Fig. 5.10 in comparison with the χPT calcula-
tions and two 3NPs (CDB∆ and AV18+U-IX) shown before. In contrast to the 3NP
models that can describe the cross sections over the whole angular range, the χPT
calculation overestimates the cross sections from 90◦ to 140◦. This could be due to
lack of convergence of the present calculations. The χPT calculation is consistent
with all the spin observables. Of course, it has a very large uncertainty due to the
way the model is constructed. As explained before, the AV18+U-IX 3NP describes
the analyzing powers best and CDB∆ does well for polarization-transfer coefficients.
Interestingly, AV18+U-IX has a better overlap with χPT band for analyzing powers
and CDB∆ agrees well with χPT results for polarization-transfer coefficients. This
observation should provide some insight into the spin ingredients of the 3NP.
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Figure 5.10: Results for cross sections and spin observables in comparison with the χPT

calculations (grey band). The band shows the theoretical uncertainties of these calculations.

The results of the calculations of CDB∆ (solid line) and AV18+U-IX (dashed line) are also

shown.



6. Summary and conclusions

The theory of Quantum Chromo-Dynamics (QCD) has been developed to explain
the strong force. Despite the success of the theory in high-energy physics, the nuclear
potential could not be derived yet from QCD. Therefore, most attempts to establish
the nuclear potential have been semi-phenomenological resulting in the modern high-
quality nucleon-nucleon potentials (NNP) namely, NijmI, NijmII [2], CD-Bonn [3]
and AV18 [4]. These potentials which have, in general, been developed in meson
exchange picture contain about 40 parameters which have to be fitted by the world
nucleon-nucleon scattering data-base up to 350 MeV.

The high-quality NNPs describe the phenomena involving two nucleons. How-
ever, using NNP alone to describe systems of three or more nucleons is not sufficient.
One needs to add more terms to the NNP in order to describe three- or more-nucleon
systems. The most obvious addition is the three-nucleon potential (3NP). The same
as NNPs, several 3NPs have been introduced by different groups; as discussed in
Sec. 2.3. In order to examine various potential models and probe different terms of
a potential in a model, a large data-base is necessary.

To obtain a good data-base, one needs to perform scattering experiments aiming
at obtaining cross sections and all possible spin-observables. In the past few years,
several high-precision experiments have been performed at various laboratories to
achieve this. Measurements at KVI [14] and elsewhere [19, 20, 24] showed that
the spin-averaged observables such as cross section are explained by NNP+3NP
calculations, however, some discrepancies have been seen. There are a variety of
3NPs, but they cannot be tested further, because of the typical systematic error of
the measurements. The spin-dependent observables such as analyzing powers are
not usually well described as the cross section by the theoretical models. Therefore,
to understand more about the different aspects of 3NPs one should set up spin-
involved experiments. The present experiment was set up to particularly measure
several spin-dependent observables in the elastic scattering of polarized deuterons
from protons, H(~d, ~p)d, where the polarization of the outgoing protons was also
measured. We measured the cross sections, vector and tensor analyzing powers,
induced polarizations and vector and tensor polarization-transfer coefficients at 90
MeV/u. The most challenging part of this experiment was the measurement of
the polarization-transfer coefficients, because the polarization of scattered particles
must be measured in a secondary scattering.

This experiment was performed using the BBS and its focal-plane polarimeter
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of the ESN collaboration. The first scattering reaction H(~d, ~p)d took place in the
target chamber of the BBS. The scattered protons from this reaction were detected
by two VDCs at the focal-plane of the magnetic spectrometer. In order to measure
the polarization of the protons, they were then subjected to a secondary scattering
from a graphite analyzer at the ESN polarimeter. To use ESN polarimeter for such
an experiment, it must be calibrated. The calibration of the ESN was itself the
subject of another experiment with which the p-C effective analyzing powers were
obtained in a wide range of proton energies.

6.1 The calibration of the ESN polarimeter

The angle-averaged effective analyzing power for p-C was measured in a double
scattering experiment in the energy range of 44.8 to 136.5 MeV. The energies are
the kinetic energy of protons at the center of the analyzer, and the averaging was
performed in the polar angular range of 5◦ − 20◦ after the secondary scattering.
Below 90 MeV, there exist no data in the literature. The results along with the
measurements in other laboratories and a previous measurement performed at KVI
by Hannen et al. are shown in Fig. 5.2 and tabulated in Tab. 5.1. Our data agree
with previous measurements in the overlapping region. Therefore, the p-C inclusive
analyzing power is rather insensitive to the exact geometry of various detectors. The
thickness of the analyzer does not have a large effect if the Coulomb scattering is
small in the region where averaging is performed. Nevertheless, there is a slight
tendency in that the average analyzing powers decrease with increasing analyzer
thickness. This points to the fact that relatively thicker analyzers exclude some
inelastic reactions. For the ESN polarimeter, values of FOM varied between 2×10−4

to 7 × 10−3 in the energy range of measurements; see Fig. 5.4. The FOM seems to
be rather independent of the analyzer thickness. The obtained effective analyzing
powers were used to extract the polarization of the scattered protons from reaction
H(~d, ~p)d in another secondary scattering.

6.2 The reaction H(~d, ~p)d

In this project, a set of spin-dependent observables and the cross section were mea-
sured for the reaction H(~d, ~p)d at 90 MeV/u. This experiment was performed in the
scope of the systematic study of three-nucleon force at KVI. It was realized from the
previous experiments [14] that the spin-dependent part of the 3NPs may need more
attention; see Sec. 1.3. Therefore, it was the goal of this experiment to study more
spin-dependent observables, which offers an insight into spin-features of 3NP. The
results of this measurement are shown in Figs. 5.6–5.10 and given in Tab. 5.2–5.5.
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The statistical errors and the errors including the point-to-point systematic errors
are given separately in the tables. The errors shown in the figures are the statistical
errors plus the point-to-point systematic errors. In addition, one should add a sys-
tematic error of about 5% for the cross section and an error of at most 3% for other
observables. The theoretical predictions for the measured observables are also shown
in the figures. The calculations were performed by Bochum-Cracow group [79] and
Hanover group [48] with and without 3NP. Another calculation in the framework of
χPT has been performed and compared with the present data. Taking into account
both systematic and statistical errors, the following conclusions can be made:

• Cross section
The NNPs fail to describe the value and shape of the cross sections (Fig. 5.6)
around the minimum. As expected, adding the 3NPs accounts for the dif-
ferences. Taking the systematic error into account, the cross sections are
consistent with all calculations that include 3NP. To distinguish among the
3NP models one should improve the systematic precision of the measurements
drastically. The results show that the 3NPs are well developed for the spin-
averaged cross-sections. The χPT calculations also fail to explain the data
in the minimum. This could be due to a lack of convergence in the present
calculations.

• Analyzing power
The data points for the vector-analyzing power (upper panel of Fig. 5.7) below
140◦ are just in between the NNP calculation and NNP+3NP calculations of
Bochum-Cracow group. The Bochum-Cracow calculations overestimate and
the Hanover calculation underestimates the data. The data points at 140◦ and
larger are systematically on the NN band, however within the errors they are
consistent with other theoretical calculations as well. In general, the AV18+U-
IX calculation describe the data best. The data points for the tensor-analyzing
power (lower panel of Fig. 5.7) are well below the NN band between 100◦ and
150◦. The results do not seem to be fully described by any of the calculations,
except may be by AV18+U-IX. The peak widths of the calculations are different
and also different from the data. The theoretical spread for these observables
is slightly larger than for Ad

y. Both the vector- and tensor-analyzing powers
are consistent with the band of χPT calculations.

• Induced polarization
This observable was used to obtain the instrumental asymmetry of the po-
larimeter. Therefore, not much can be said about this observable, except that
the data points follow the shape of the Bochum-Cracow calculations above
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120◦. Notice that the instrumental asymmetry was used as a free parameter
to normalize all the data points to CDB∆ calculations.

• polarization-transfer coefficients
The data points for the vector polarization-transfer coefficients (upper panel
of Fig. 5.9) can be described better by the NN calculations and CDB∆ 3NP.
Above 120◦, the AV18+U-IX calculation also works fine, but the TM′ 3NP can-
not describe this observable at all. The data points for the tensor polarization-
transfer coefficients (lower panel of Fig. 5.9) are between the NN band and
the CDB∆ curve. The data points from 110◦ to 150◦ are underestimated by
NN+TM′ calculations. The vector and tensor polarization-transfer coefficients
are also consistent with the χPT calculations.

The set of spin-dependent observables measured and reported here confirms the pre-
vious observation by Ermisch et al. that the spin-dependent terms in 3NPs still need
to be better understood. The variations of 3NPs and the theoretical uncertainties
for spin-dependent observables are rather large and they should be reduced. There is
no single 3NP which can describe all the spin observables. In general, the U-IX 3NP
looks better on analyzing powers and relatively close to polarization-transfer coeffi-
cients. On the other hand, the CDB∆ is closer to polarization-transfer coefficients.
In other words, a band of calculations with ∆-isobar dynamics accounting for the
spread in the NN part might be fine for the polarization-transfer coefficients while a
band of calculations for NN+U-IX might describe the analyzing powers better. Note
that a band of NN+U-IX or NN+∆ must be calculated theoretically in order to con-
firm this claim. The comparison between the data and χPT calculations together
with CDB∆ and AV18+U-IX calculations (Fig. 5.10) shows that the theory which
describes an observable well also falls in the band produced by χPT calculation for
that particular observable. Both of these 3NP models treat the ∆-excitation more
explicitly than the TM′ model, though in different ways. This might point to the
fact that the ∆-excitation contributes more than TM′ would lead to believe.



A. Sensitivity of analyzing power on
various spin combinations

Polarized cross section for H(~d, ~p)d reaction, studied in this thesis, is given by
Eq. 2.97. The unpolarized cross section, I0, and vector and tensor analyzing powers,
Ay and Ayy, were extracted from the data. To calculate an analyzing power e.g. Ay,
two various spin combinations could be used, up-down or polarized-unpolarized. To
use the polarized-unpolarized combination, Eq. 4.32 must be rewritten as

Ay =
I
I0

− 1 − 1
4(3 cos2 φ− 1)PZZAyy

3
2PZ cosφ

(A.1)

If a pure vector-polarized beam is used for this measurement, the tensor part will
be zero and the above relation simplifies to

Ay =
1

3
2pZ cosφ

(
I

I0
− 1) ∝ I

I0
− 1 (A.2)

For the up-down combination, two polarized states of the beam are used, such as
pure positive-vector and pure negative-vector polarizations. If one supposes pv+

Z =
−pv−

Z = pZ , Eq. 4.35 can be simplified as

Ay =
Iv− − Iv+

(Iv− + Iv+)3
2pZ cosφ

∝
Iv−

Iv+ − 1
Iv−

Iv+ + 1
(A.3)

Equation A.2 shows that if I and I0 are measured relatively wrong, this mistake
could enhance the analyzing power Ay and there is, mathematically, no limit on the
enhancement:

lim
I
I0

→∞
Ay = ∞ and lim

I
I0

→0
Ay = −1,

(A.4)

whereas for the up-down combination

lim
Iv−

Iv+ →∞

Ay = 1 and lim
Iv−

Iv+ →0

Ay = −1.
(A.5)

In other words, the up-down combination is, by construction, less sensitive to relative
errors. The measured ratios are never infinity or zero and the limits taken here are
just to show the extent of the sensitivity of methods to relative errors.
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Phys. Rev. C 71, 064004 (2005).

[15] K. Ermisch, A.M. van den Berg, R. Bieber, M. Hagemann, V.M. Hannen, M.N.
Harakeh, M.A. de Huu, N. Kalantar-Nayestanaki, M. Kǐs, A. Micherdzinska,
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68, 051001 (2003).

[19] H. Sakai, K. Sekiguchi, H. Wita la, W. Glöckle, M. Hatano, H. Kamada, H.
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W. Glöckle, J. Golak, C. Grosshauser, R.J. Holt, C.E. Jones, H. Kamada, E.R.
Kinney, M.A. Miller, W. Nagengast, A. Nogga, B.R. Owen, K. Rith, F. Schmidt,
E.C. Schulte, J. Sowinski, F. Sperisen, E.L. Thorsland, R. Tobey, J. Wilbert,
and H. Wita la, Phys. Rev. Lett. 86, 967 (2001).

[26] A. Kievsky, S. Rosati, W. Tornow, and M. Viviani, Nucl. Phys. A 607, 402
(1996).
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[65] H.J Wörtche, Nucl. Phys. A 687, 321c (2001).

[66] V.M. Hannen, Ph.D. thesis, University of Groningen, 2001.

[67] W. Bertozzi, M.V. Hynes, C.P. Sargent, C. Creswell, P.C. Dunn, A. Hirsch, M.
Leitch, B. Norum, F.N. Rad, and T. Sasanuma, Nucl. Instr. and Meth. 141,
457 (1977).

[68] N. Kalantar-Nayestanaki, J. Mulder, and J. Zijlstra, Nucl. Instr. and Meth.
Phys. Res. A 417, 215 (1998).

[69] G.C. Salzman, C.K. Mitchell, and G.G. Ohlsen, Nucl. Instr. Meth. 109, 61
(1973).

[70] H. Mardanpour, 2005, private communication (to be published).

[71] D.L. Hendrie, in Nuclear Spectroscopy and Reactions, edited by J. Cerny (Aca-
demic Press, New York, 1974).



122 BIBLIOGRAPHY

[72] J.R. Comfort, K. van der Borg, M.N. Harakeh, P.A. Kroon, and F. Zwarts,
Computer code KINEMA (KVI library), 1980, unpublished.

[73] A.M. van den Berg, KVI internal report (1991).

[74] D. Besset, B. Favier, L.G. Greeniaus, R. Hess, C. Lechanoine, D. Rapin, and
D.W. Werren, Nucl. Instr. and Meth. 166, 515 (1979).

[75] V.M. Hannen, R. Bassini, A.M. van den Berg, N. Blasi, D. De Frenne, R. De
Leo, F. Ellinghaus, D. Frekers, M. Hagemann, M.N. Harakeh, R. Henderson,
J. Heyse, M.A. de Huu, E. Jacobs, B.A.M. Krüsemann, S. Rakers, R. Schmidt,
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Samenvatting

De kernkracht werd ontdekt in het begin van de 20e eeuw. Deze kracht zorgt voor een
wisselwerking tussen de bouwstenen van atoomkernen, de nucleonen (protonen en
neutronen). De kernkracht, die een gevolg is van de sterke wisselwerking, is één van
de fundamentele krachten in de natuurkunde, naast de elektromagnetische, zwakke
en gravitatiekracht. Het begrijpen van de eigenschappen van krachten is één van de
belangrijkste uitdagingen in de geschiedenis van de natuurkunde. Het eerste geac-
cepteerde model voor de kernkracht werd voorgesteld door Yukawa [1]. Hij beschreef
de kracht tussen twee nucleonen door uitwisseling van een virtueel deeltje, ook wel
het piondeeltje of π-meson genoemd. Ook heeft hij met behulp van de theorie van
de kwantummechanica de massa van het piondeeltje afgeschat. Deze voorspelde
massa bleek goed overeen te komen met de later gemeten massa van het reële pio-
ndeeltje. Het model van Yukawa heeft de basis gevormd voor verdere beschrijvingen
van de kernkracht. Helaas kan de kernkracht nog niet worden beschreven vanuit
de grondbeginselen van de natuurkunde en moeten haar eigenschappen vanuit een
model worden geproduceerd. Veelbelovende ontwikkelingen vinden inmiddels plaats
om vanuit de kwantumveldentheorie kernkrachten te beschrijven.

Er zijn verschillende hoog-kwalitatieve nucleon-nucleonpotentialen (NNPen) voor
het beschrijven van kernkrachten. De meest algemene vorm van een potentiaal wordt
bepaald door symmetrieën. Bijvoorbeeld, een potentiaal verandert niet onder ro-
tatie, spiegeling of omkering in tijd. Er zijn echter vrije parameters in een model die
worden bepaald door een vergelijking met experimentele data te optimaliseren (fit-
ten). Alle hoog-kwalitatieve NNPen zijn gefit aan experimentele data en beschrijven
uiterst precies de eigenschappen van het systeem bestaande uit twee nucleonen. De
vraag blijft hoe deze modellen kunnen worden toegepast op een systeem opgebouwd
uit drie nucleonen. De meest voor de hand liggende methode is om een decom-
positie te maken van het drie-nucleonsysteem naar drie twee-nucleonsubsystemen.
De totale potentiaal kan dan worden bepaald uit de som van de drie afzonderlijke
NNPen. Men kan echter beargumenteren dat de aanwezigheid van een derde nucleon
aanleiding geeft tot een extra potentiaal. Een soortgelijk effect is gezien in het drie-
lichamensysteem bestaande uit de aarde, de maan en een satelliet. Omdat de aarde
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geen puntlichaam is wordt de wisselwerking tussen de aarde en de satelliet bëınvloed
door de maan. Immers, de vorm van de aarde verandert door de gravitatiekracht
tussen aarde en maan. Dit soort effecten op satellieten is echter verwaarloosbaar.
Dit is echter niet het geval bij kernkrachten. Theoretische berekeningen gebaseerd
op NNPen van drie- of meer-nucleonsystemen blijken niet overeen te stemmen met
experimentele data. Om preciezer te zijn, door het toevoegen van een extra poten-
tiaal, ook bekend als de drie-nucleonpotentiaal (3NP), wordt de discrepantie met
de data verholpen. Voor de studie naar 3NP worden de resultaten van een experi-
ment vergeleken met theoretische berekeningen. De meest gebruikelijke observabele
in verstrooiingsexperimenten is de werkzame doorsnede, die de fractie van de in-
vallende deeltjes aangeeft die wordt verstrooid naar een bepaalde hoek. De geme-
ten resultaten van de werkzame doorsnedes voor deuteron-protonverstrooiing zoals
beschreven in dit proefschrift, staan afgebeeld in het bovenste paneel in Figuur A.3.
De figuur laat zien dat de theoretische berekening waarbij slechts een NNP wordt
gebruikt de data niet kan verklaren, in tegenstelling tot een berekening waarbij een
extra 3NP wordt toegevoegd.

Net zoals voor de nucleon-nucleonpotentiaal, zijn er ook vele soorten drie-
nucleonpotentialen. De verschillende 3NPen geven uiteenlopende resultaten zoals
te zien is in Figuur A.3. Om onderscheid te kunnen maken zijn er nauwkeurige
experimentele data nodig. De allereerste 3NP werd gëıntroduceerd door Fujita en
Miyazawa [11]. In hun model wordt een uitwisselingspion tussen twee nucleonen
tijdelijk geabsorbeerd door het derde nucleon, dat daardoor wordt aangeslagen naar
een zogenaamd ∆-deeltje. Het derde deeltje verandert dus de wisselwerking tussen
twee nucleonen.

In een verstrooiingsexperiment is het mogelijk om meer dan één fysische ob-
servabele te meten. Om duidelijk te maken wat voor extra observabelen men kan
meten, moeten we eerst ingaan op bepaalde aspecten van verstrooiingsreacties. In
het geval een potentiaal tussen deeltjes slechts afhangt van de afstand tussen beide
deeltjes, V = V1(|~r|), kan men een symmetrische verdeling van verstrooide deeltjes
verwachten. Met andere woorden, het aantal verstrooide deeltjes naar - bijvoorbeeld
- links of rechts is gelijk. Dit is echter niet altijd zo, bijvoorbeeld in het geval dat
V = V2(|~r|)~L · ~S met L de draaiimpuls en S de spin van de deeltjes. In dit geval
is de verstrooiing niet symmetrisch, m.a.w. het aantal naar links verstrooide deelt-
jes verschilt met het aantal dat naar rechts wordt verstrooid. Experimenteel is het
mogelijk de bijbehorende asymmetrie, As, te meten door het tellen van het aantal
deeltjes dat naar links en naar rechts wordt verstrooid. Delen we nu deze asymme-
trie door de polarisatie, p, van de invallende deeltjesbundel, dan verkrijgen we het
analyserend vermogen, A = As

p . Een schematische afbeelding van een experimentele
opstelling waarin verstrooide deeltjes naar links en rechts kunnen worden gemeten, is
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Invallend gepolariseerd 
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Figuur A.1: Schematische weergave van een experimentele opstelling waarmee het anal-

yserend vermogen kan worden gemeten. Dit type detector wordt ook wel polarimeter ge-

noemd.
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voor de polarimeter
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Figuur A.2: Schematische weergave van een experimentele opstelling waarmee de polar-

isatie van verstrooide deeltjes kan worden gemeten door een tweede verstrooiingsplaat te

gebruiken.

weergegeven in Figuur A.1. Dit soort detector wordt ook wel polarimeter genoemd.

Een deel van de spin-polarisatie van de invallende deeltjesbundel kan worden
overgedragen naar de verstrooide deeltjes. De fractie van deze overgedragen polar-
isatie wordt ook wel spinoverdrachtcoëfficiënt genoemd. Zelfs in het geval dat de



126

invallende deeltjes ongepolariseerd zijn, is het mogelijk dat de verstrooide deeltjes
toch worden gepolariseerd. Dit betekent dat de polarisatie wordt gëınduceerd in
de verstrooide deeltjes. De verkregen polarisatie wordt ook wel gëınduceerde polar-
isatie, Py′ , genoemd. Er bestaan nog andere spinobservabelen, die echter niet zijn
gemeten in dit werk en daarom ook niet worden besproken. Voor het meten van
de gëınduceerde polarisatie en spinoverdrachtcoëfficiënten moet zowel de polarisatie
van de invallende deeltjesbundel als de polarisatie van de verstrooide deeltjes wor-
den gemeten. Figuur A.2 laat een schematische afbeelding zien van een opstelling
waarmee de polarisatie van de verstrooide deeltjes m.b.v. een tweede doelwit kan
worden gemeten. Door het bestuderen van de asymmetrie, veroorzaakt door de
tweede verstrooiing, kan de polarisatie van de deeltjes na het eerste doelwit worden
bepaald.

In dit werk worden gepolariseerde deuteronen met een kinetische energie van
180 MeV gebruikt als primaire bundel. Een deuteron is een gebonden toestand
bestaande uit een proton en neutron en heeft een spin van 1. Een spin-1 deeltje
kan slechts parallel, loodrecht of anti-parallel gericht staan t.o.v. bijvoorbeeld een
extern magnetisch veld. Dit wordt verduidelijkt in de volgende afbeelding

Extern
magnetisch veld

magnetisch veld

Spin loodrecht t.o.v.

Spin anti−parallel t.o.v.

magnetisch veld

magnetisch veld

Spin parallel t.o.v. 

Neem nu een ensemble van N deuteronen waarbij N+ het aantal deeltjes is dat
parallel georienteerdis t.o.v. een extern veld, N0 het aantal loodrecht gerichte en
N− het aantal anti-parallel gerichte. Het totaal aantal deuteronen is dus N =
N+ + N0 + N−. Als we de richting van het magnetische veld aangeven als de Z-
richting, dan definiëren we

pZ =
N+ −N−

N+ +N0 +N−

pZZ =
N+ +N− − 2N0

N+ +N0 +N−

(A.6)



Samenvatting 127

als de vectorpolarisatie, PZ , en tensorpolarisatie, PZZ , van het ensemble van deutero-
nen. Zoals te zien is uit de formule, wordt de vectorpolarisatie bepaald door de
asymmetrie tussen N+ en N0 en is voor de tensorpolarisatie ook N0 van belang.
Een bundel van deuteronen kan worden geprepareerd met verschillende combinaties
van N+, N− en N0 populaties. Dit geeft ondermeer de mogelijkheid om een pure
tensorgepolariseerde bundel te ontwikkelen, PZ = 0 en PZZ 6= 0, of een pure vec-
torgepolariseerde bundel, PZ 6= 0 en PZZ=0.

Zes observabelen zijn gemeten tijdens het deuteron-protonverstrooiingsexperiment
op het KVI. Deze zijn afgebeeld in Figuur A.3: de werkzame doorsnede, dσ/dΩ,
(linksboven), the gëınduceerde polarisatie, Py′ , (rechtsboven); het vector-analyserend
vermogen, Ad

y, (linksmidden), verkregen door gebruik te maken van een pure vector-
gepolariseerde deuteronenbundel; het tensor-analyserend vermogen, Ayy, (rechtsmid-
den), waarbij een pure tensor-gepolariseerde deuteronenbundel werd gebruikt; de

spinoverdrachtcoëfficiënten voor vectorpolarisatie, Ky′

y , (linksonder), verkregen m.b.v.
een vector-gepolariseerde deuteronenbundel en waarbij de polarisatie van de ver-
strooide protonen werd gemeten; en tot slot de spinoverdrachtcoëfficiënten voor ten-

sorpolarisatie, Ky′

yy, (rechtsonder), verkregen met een tensor-gepolariseerde deutero-
nenbundel en waarbij de polarisatie van de verstrooide protonen werd bepaald. In
dezelfde figuur worden de gemeten resultaten vergeleken met verschillende theoretis-
che berekeningen. Hoewel de gemeten werkzame doorsnedes goed worden beschreven
door berekeningen waarbij een 3NP is toegevoegd, zoals NN+TM’, AV18+UIX en
CDB+∆, zijn andere gemeten observabelen niet consistent met deze berekeningen.
Er is dus geen eenduidige theorie die alle observabelen kan beschrijven. De resul-
taten van dit experiment en andere experimenten uitgevoerd op het KVI of in andere
laboratoria, laten zien dat het spin-afhankelijke gedeelte van drie-nucleonpotentialen
verder bestudeerd moet worden.
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Figuur A.3: Resultaten voor proton-deuteron elastische verstrooiing verkregen met een

bundelenergie van 90 MeV/nucleon: werkzame doorsnedes (linksboven), gëınduceerde po-

larisatie (rechtsboven), vector-analyserend vermogen (linksmidden), tensor-analyserend ver-

mogen (rechtsmidden), spinoverdrachtcoëfficiënten voor vectorpolarisatie (linksonder) en

spinoverdrachtcoëfficiënten voor tensorpolarisatie (rechtsonder). De donkere grijze band is

het resultaat van berekeningen gebaseerd op twee-nucleonwisselwerkingen en de lichtgrijze

band is het resultaat van berekeningen waarbij een extra 3NP (TM’) is toegevoegd. De ge-

broken en doorgetrokken strepen zijn het resultaat van berekeningen waarbij andere 3NPen

zijn gebruikt (CDB+∆ en AV18+UIX).
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