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1. General introduction

Understanding the exact nature of the nuclear force is one of the long-standing questions
in nuclear physics. A detailed knowledge on the nuclear force would provide a natural
basis for the description of the properties of nuclei and their reactions. Nowadays, the
progress in exploring the nuclear force in both the theoretical and experimental fronts
is remarkable. On the experimental side, high precision measurements on few-nucleon
systems provide large sets of data which allow a systematic study of physical phenomena
such as the three-nucleon force, and relativistic effects for a large range of energies. From
the theoretical side, different theoretical approaches such as Chiral-Perturbation (χPT),
partial-wave analysis, and meson-exchange potentials provide a detailed description of
these phenomena.

In 1935, Yukawa explained the pair-wise nucleon-nucleon (NN) force as an exchange of
a particle [1, 2], similar to the electromagnetic interaction which can be represented by an
exchange of a photon. Later, this particle, the pion, was discovered and its mass was found
to be close to the mass predicted by Yukawa using the finite range of the nuclear force
of ∼2 fm. The longest-range attractive two-nucleon force (2NF) is due to the exchange
of pions and for the repulsive shorter ranges, exchange of two pions and heavier mesons
contribute to the reaction [3, 4]. Figure 1.1 shows the NN interaction between two nucleons
by an exchange of a meson.

Figure 1.1: The NN interaction between two nucleons is shown by an exchange of a meson.

At present, existing 2NF models provide an excellent description of the high-quality
database of proton-proton and neutron-proton scattering and of the properties of the
deuteron, such as the binding energy. For a three-nucleon system, using only NN inter-
actions to describe the experimental observables is not enough. For the simplest three-
nucleon system, the triton, an exact solution of the three-nucleon Faddeev equations em-
ploying 2NFs clearly underestimates the experimental binding energy [5], showing that
2NFs are not sufficient to describe the three-nucleon system accurately. For heavier sys-
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2 Chapter 1: General introduction

tems, the deviations between the calculated and the measured binding energies become
even larger [6]. Deficiencies of theoretical predictions based on pair-wise nucleon-nucleon
potentials have been observed in three-nucleon scattering observables as well. For example,
exact solutions of the Lippmann-Schwinger equations (Faddeev calculations) [7, 8] solely
based on modern NN interactions fail to describe high-precision differential cross sections
of proton-deuteron elastic scattering at intermediate energies obtained at KVI [9, 10, 11]
and at RIKEN [12].

In a three-nucleon system, the interaction between two of the nucleons may be influ-
enced by the presence of the third nucleon. For systems in which the internal degrees
of freedom are frozen (a rigid system), the effect of the third system can be analytically
calculated using the superposition rules. For a dynamic system like nucleon, corrections
emerge when these degrees of freedom are taken explicitly into account. The presence
of a third nucleon in a three-nucleon system can influence the characteristics of all three
nucleons. This extra effect which is beyond the two-body interaction will be referred to
as three-body forces in this thesis and for the nucleonic systems it is called three-nucleon
forces (3NF).

A large part of the previously described discrepancies in three-nucleon systems can
be resolved by introducing additional 3NFs [13]. Figure 1.2 shows the 3NF mechanism
in a simple three-nucleon system as a Feynman diagram. Most of the present-day 3NFs
are based on a refined version of the Fujita-Miyazawa force [14] in which a 2π-exchange
mechanism is incorporated by an intermediate ∆ excitation of one of the nucleons. Later,
more refined ingredients have been added such as in Urbana-Illinois X (UIX) [15], Tucson-
Melbourne (TM’) [16], and CD-Bonn+∆ [17] allowing for additional processes contributing
to the re-scattering of the mesons from an intermediate excited nucleon (∆-isobar).

Figure 1.2: In the 3NF, a 2π-exchange mechanism is incorporated by an intermediate ∆ excitation

of one of the nucleons.
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Figure 1.3: The deviation of the measured cross sections and vector analyzing powers from the

Faddeev calculations using NN+TM’ (dark gray band), AV18+Urbana-IX (solid line), CDB+∆

(..-..), and Nijmegen-II+∆ (dash-doted) potentials in the energy range from 90-200 MeV [11] are

depicted at θc.m. = 130◦. The top row shows the cross section and analyzing power at different

energies and the bottom row depicts the corresponding difference between the result of a fit through

the data and theory predictions.

1.1 Study of 3NF effects in elastic scattering

A measurement of the differential scattering cross sections in three-nucleon systems is one
of the tools to study the nature of the 3NF. More detailed information can be obtained by
measuring other observables such as analyzing powers. For instance, the spin-dependent
part of the 3NF can be studied specifically by measuring the vector (and tensor) analyzing
powers using polarized proton (and deuteron) beams.

In the last few years, high-precision measurements of the elastic reaction were carried
out at KVI and at other laboratories with the aim of studying three-nucleon-force (3NF)
effects. Measurements of the cross section and vector analyzing power in the elastic proton-
deuteron scattering have been performed at various beam energies ranging from 90 to 250
MeV [9, 10, 11, 12, 18, 19]. Figure 1.3 shows the deviation of the measured cross sections
and analyzing powers at θc.m. = 130◦ from Faddeev calculations using various 2NFs with
the inclusion of different 3NFs in the energy range from 90-200 MeV [11]. Results of
these measurements show a systematic discrepancy between data and calculations using
three-nucleon potentials in which the size of the discrepancy increases with increasing the
beam energy. Part of these deficiencies could be attributed to the relativistic corrections
which are not properly included in the theoretical models. In fact, all calculations are
derived from the Lippmann-Schwinger equations, which are based on the non-relativistic
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Schrödinger equation.

Precision data on vector- and tensor-analyzing powers in ~d + p scattering are scarce.
Vector- and tensor-analyzing powers at various energies between 75-187 [20], 191, and
395 MeV [21] have been obtained in the past. Most of these data do not have sufficient
precision and, therefore, not enough sensitivity to study 3NF effects. The only precision
data covering a large angular range were obtained using a polarized deuteron beam with
energies of 140, 200, and 270 MeV [12, 22]. For a systematic study of the 3NF, an extensive
database with higher precision data is essential. To investigate 3NF effects in the vector-
and tensor-analyzing powers and provide a precision data set, these observables in ~d + p
elastic scattering at Ed

lab = 130 and 180 MeV were measured at the RIKEN accelerator
research facility. Furthermore, the analyzing powers from this experiment are used for the
calibration of the In-Beam Polarimeter (IBP) at KVI.

1.2 Study of 3NF effects in the break-up reactions

The break-up reaction has a very rich phase space. The number of free parameters in
the three-body break-up scattering is larger than in the elastic reaction and it, therefore,
gives an access to a larger kinematical phase space. We are interested in the role of 3NF
in the break-up reaction. Besides the 3NF effects, the effect of the Coulomb force and
relativistic effects can be seen in some regions of phase space. Predictions show that large
3NF effects can be expected at specific kinematical regions in the break-up reaction. The
top and bottom panels in Fig. 1.4 demonstrate the effect of 3NF and Coulomb interaction,
respectively, for the cross section and analyzing power in a small part of the break-up
phase space. The left column shows the cross section and the right column depicts the
analyzing power. These plots have been made for the polar angles of outgoing protons
at (θ1, θ2) = (30◦, 25◦). In all the pictures, the relative azimuthal opening angle, φ12,
is plotted versus S. The parameter S combines the energy of the two protons. For a
complete description of these parameters, we refer to Chap. 2. The color code indicates
the difference between Faddeev calculations using the NN potential only (CD-Bonn), and
3NF (CDB+∆) predictions (top row), and NN (CD-Bonn) and NN+Coulomb (NN+C)
predictions (bottom row). These pictures cover a small part of the break-up phase space,
but show a 3NF effect of more than 10% in some regions such as: φ12 ' 0◦, S ' 100
MeV. Some parts of the kinematical phase space have minimum sensitivity to the 3NF
effects, such as φ12 ' 180◦. These regions are, therefore, very sensitive to other effects,
like relativistic effects or Coulomb effects. Therefore, the number of free parameters in
three-body scattering allows a detailed analysis of two- and three-body forces in the three-
nucleon system.

There is a long history of break-up studies at low-energy (∼10 MeV). These measure-
ments have been performed in the past at Bonn, Cologne, TUNL, and Kyushu producing
interesting results. In particular, the so-called symmetric space-star configuration (SST)
appears rather puzzling. In this configuration, the plane in the c.m. system spanned by the
outgoing nucleons is perpendicular to the beam axis, and the angles between the nucleons
are 120◦. At Elab = 13 MeV, the proton-deuteron (pd) and neutron-deuteron (nd) cross-
section data are deviating significantly from each other. Theoretical calculations based on
both phenomenological and chiral nuclear forces have been carried out for the nd case and
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Figure 1.4: The 3NF (top row) and Coulomb (bottom row) effects in a part of the break-up phase

space, (θ1, θ2) = (30◦, 25◦). The relative azimuthal angle, φ12, is plotted versus the S-value. The

color code in the left column demonstrates the relative difference in % between cross sections of

Faddeev calculations using the NN (CD-Bonn), and 3NF (CDB+∆) potentials (top left panel), and

NN (CD-Bonn) and NN+Coulomb (NN+C) potentials (bottom left panel). The color code in the

right column demonstrates the difference between analyzing powers of Faddeev calculations using

the NN (CD-Bonn), and 3NF (CDB+∆) potentials (top right panel), and NN (CD-Bonn) and

NN+Coulomb (NN+C) potentials (bottom right panel). For the pictures where Coulomb effects

are presented, white areas show difference of zero.

are unable to describe the data. In addition, the Coulomb effect was found to be far too
small to explain the differences between the pd and nd data. Recently, proton deuteron
break-up data for a similar symmetric constant relative-energy (SCRE) configuration have
been measured in Cologne [23] at Ed = 19 MeV. This geometry is characterized by the
angle α between the beam axis and the plane in the c.m. system spanned by the outgoing
nucleons. Similar to the SST geometry, one observes large deviation between the theory
and the data, in particular for α = 56◦, see Fig. 1.5. The available 3NFs have only a
small effect on the cross-section values whereas the effect of the Coulomb interaction is
significant but not sufficient to describe the data.

To have a complete picture of the undergoing process in three-nucleon forces, one
also needs to map the reaction phase space at higher energies. A systematic study of
the observables of the break-up reaction has been started at KVI using SALAD [24]
by a collaboration between Krakow, Katowice and KVI. This collaboration proved the
feasibility of conducting high-precision measurements of the observables of the break-up
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Figure 1.5: Results of the SCRE break-up cross section, d3σ/dΩ3dΩ4dS, at Ed = 19 MeV as a

function of the kinematical variable S, with α=56◦. The cyan (red) bands depict χPT predictions at

NLO (N2LO). Short-dashed and solid (long-dashed) lines show the results based on the CDB+TM’

and the CDB+∆ with (without) Coulomb interaction.

60 80 100 120 140 160
S(MeV)

0

0.05

0.1

0.15

0.2

d5 σ 
/ d

Ω
1dΩ

2dS
 (m

b 
sr

-2
M

eV
-1

)

Cross Section of 1H(d,pp)n Breakup at 130 MeV

EXP:

2N
2N+TM’

NNLO
NNNLO

θ1=25ο  1ο

ϕ12=160ο   1ο
θ2=20ο  1ο

+

+

+-

--

---

Figure 1.6: The cross sections of the ~d + p → p + p + n reaction are shown for the indicated

configuration for a beam energy of Ed
lab = 130 MeV. The left panel shows a comparison with

predictions based on two-nucleon forces (2N), 3NF (TM’), and χPT (NNLO, NNNLO). The right

panel shows the effect of the Coulomb interaction. In the left panel, the green, brown, cyan, and

violet bands represent the NNLO, NNNLO, 2N, and 2N+TM’, respectively. In the right panel,

cross section for the configuration (θ1, θ2, φ12) = (15◦, 15◦, 20◦) is shown. The solid line shows

the predictions of the CDB+∆ potential including the Coulomb interaction and the dashed line

shows the predictions without the Coulomb interaction. The dash-dotted line combined with the

right-hand scale present the dependence of the relative energy of the two break-up protons on S.

reaction for a large part of the kinematical phase space. The cross sections and tensor-
analyzing powers of the ~d + p → p + p + n reaction have been published for a beam
energy of Ed

lab = 130 MeV [25, 26, 27, 28]. The data are compared with predictions of
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calculations based on various NN and 3N potentials. The discrepancies between the data
and theoretical calculations gave evidence of 3NF effects in this energy range. Later, a
large part of the disagreement between data and the theoretical calculations was explained
by including the Coulomb-force effects in the 3NF calculations [29, 30, 31]; see the right
panel in Fig. 1.6.

Furthermore, a comparison between the break-up data and calculations based on χPT
has been presented; see the left panel in Fig. 1.6. It was shown that these calculations,
based on a low-energy expansion of QCD, describe reasonably well the scattering data
at these energies. Hence, χPT is becoming a powerful tool to describe scattering observ-
ables for energies of less than 100 MeV/nucleon and should further be developed to make
predictions at higher energies.

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

lab = 190 MeV at KVI using BINA. BINA has been installed
in 2004 and this was the first experiment. In this measurement, the energy per nucleon is
a factor of 3 larger than in the previous experiment which provides new insights into three-
nucleon systems at higher energies, such as relativistic effects. In this first measurement
with BINA, we present the data analysis for the kinematics in which the difference between
calculations solely based on 2NF and on 2NF+3NF are predicted to be small.

1.3 Outline of the thesis

In the next chapter, the principles of the scattering theory for two-body and three-body
systems are presented and different nucleon-nucleon, and three-nucleon potential models
are presented. Also, the scattering formalisms for vector- and tensor-polarized beams
which will be used in the rest of the thesis are explained.

The experimental part of the thesis is divided into two. In the first part, we describe
a measurement of vector- and tensor-analyzing powers of the ~d + p → d + p reaction at
Ed

lab=130, 180 MeV which was performed at RIKEN using the SMART spectrograph [32],
and in the second part, we discuss a measurement of the cross section and vector-analyzing
powers of ~p + d elastic and break-up reactions at Ep

lab = 190 MeV which was performed
at KVI using BINA.

Chapter 3 presents the experimental setup, the results and discussion of the measure-
ment of vector- and tensor-analyzing powers in ~d + p → d + p scattering conducted at
RIKEN. Chapter 4 provides a general overview of the experimental facilities at KVI with
a focus on the BINA setup. In chapters 5 and 6 the data analysis for the ~p + d elastic
and break-up reactions are explained, respectively. The results of the ~p + d reaction are
presented and discussed in chapter 7. Finally, the summary and conclusions of the whole
thesis are presented in chapter 8.
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