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Three-Nucleon Force Studies in
Proton-Deuteron Break-Up Reaction
with BINA at 190 MeV
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Abstract The present knowledge of nuclear forces is not sufficient to describe all
experimental data for systems which consist of more than two nucleons. Recent
three-nucleon scattering experiments have shown that the theoretical models based
solely on nucleon-nucleon potentials fail to describemost of the experimental results.
In this paper, we present data of the �p + d −→ p + p + n break-up reaction that
were obtained using a 190 MeV polarized-proton beam impinging on a liquid deu-
terium target. The experiment was performed by exploiting BINA (Big Instrument
forNuclear-polarizationAnalysis), a detector systemwith a large angular acceptance
and a high energy resolution.
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56.1 Introduction

The nature of the nuclear force is still not well understood. Two-nucleon force
(2NF) models, most of which proposed based on Yukawa theory [1], deliver a
superb description for nucleon-nucleon scattering data and the characteristics of the
deuteron whereas, calculations based on the 2NF models underestimate the experi-
mental results of the three-body system such as the binding energy of the triton [2]
and show deviation when comparing their results with measured 3-body scattering
cross sections. Therefore, 2NFs are not sufficient to describe three-nucleon systems
and we need to take into account three-nucleon force (3NF) effects in the models.
There are various 3NFs most of which are based on the model which is developed
by Fujita-Miyazawa [3]. In these models, the 2π-exchange mechanism is used with
an additional � excitation of one of the nucleons [4].

In the last two decades, a large number of scattering experiments have been
performed to study 3NF effects by measuring differential cross sections and spin
observables such as analyzing powers [5, 6]. The 3-body break-up reaction is one of
the best tools to study 3NFs thanks to the rich kinematical phase space which allows
us to check 3NF at different kinematical configurations.

A comprehensive study of 3NFs has been started at KVI using various beam
energies and targets with the aim of measuring differential cross sections and ana-
lyzing powers [5–7]. The experimental setup (BINA), as it is shown in the left panel
of Fig. 56.1, consists of two main parts: a forward-wall and a backward-ball. In
this paper, results of measurements of the vector analyzing powers for the proton-
deuteron break-up reaction using a 190 MeV proton beam are presented for a part

Fig. 56.1 The left panel shows the structure of BINA. On top of the right panel the angular position
of each detector is marked with the center of gravity of each triangle
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Fig. 56.2 The left panel shows the energy correlation of the two protons for kinematical config-
uration (θ1 = 25◦ ± 2◦, θ2 = 127◦ ± 10◦,φ12 = 160◦ ± 10◦) and detector number 129, together
with the expected kinematical S-curve. The right panel shows the missing-mass spectrum of the
neutron for one of the gates alongside the S-curve (shown in the left panel)

of phase space which has not been explored before [8]. This part of the phase space
represents kinematics in which one proton scatters to the forward-wall and the other
to the backward-ball. As it is demonstrated in the right panel of Fig. 56.1, the position
of each ball detector has been used to measure the scattering angles of protons in the
backward-ball and therefore, the angular resolution is around ±10◦.

56.2 Analysis Method

In the three-body breakup reaction, it is sufficient to measure 5 of the 9 kinematical
variables in order to have all the information of the reaction. BINA is able to measure
energy and scattering angles of two protons in coincidence, which provides an extra
redundancy for extra check. Conventionally, in 3-body break-up reactions, kinemat-
ics are specified by the scattering angles of two protons (θ1, θ2,φ12 = φ2 − φ1). The
left panel of Fig. 56.2 shows the energy correlation of the two protons and the solid
line represents the expected energy correlation based on the relativistic kinematics
for a particular configuration. This curve is referred to as the S-curve. The value of
the variable S is defined as the arc length of the S-curve which is starting from the
minimum of E2. Commonly, the breakup observables are presented as a function of
the variable S for a given angle combination.

It is well known that the interaction of a polarized beamwith an unpolarized target
provides an azimuthal asymmetry in the scattering cross section which is given by
[9]:

N↑ − N↓

N↓p↑
z − N↑p↓

z

= Ay cosφ − Ax sin φ, (56.1)

where N↑(N↓) and p↑
z (p

↓
z ) are the cross section and beam polarization for up (down)

mode, respectively, Ax and Ay are the vector analyzing powers, and φ is the azimuthal
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scattering angle of one the protons. The vector analyzing powers have been obtained
for each configuration and ball detector. To get the final results, a weighted averaging
has been applied over the ball detectors which are located at the same polar angle.

56.3 Results and Discussions

The analysis has been done for 48 kinematical configurations and in Fig. 56.3, as rep-
resentative examples, the preliminary results of vector analyzing powers are shown
for some kinematical configurations together with the results of Faddeev calculations
using the CD-Bonn andAV18 two-nucleon potentials, with andwithout the inclusion
of two different types of 3NFs. The calculations are performed for the kinematical
configuration based on the center of each angular bins. To have a more accurate
prediction and considering the fact that the angular resolution is around 10◦, we
should average the calculations over all covered kinematical configurations within
an angular bin. This work is in progress. As observed in Fig. 56.3, the effects of the
3NF seem to be rather small for the configurations shown.
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Fig. 56.3 A comparison between the results of the analyzing power measurements for a few
selected break-up configurations with various theoretical predictions which are described in the
legend. Errors are statistical only
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