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Few–nucleon scattering offers a good opportunities to study dynamical aspects of three-nucleon
forces, that are momentum, spin and iso-spin dependent. In this contribution the experimental re-
sults of deuteron–proton elastic scattering obtained in the course of the study are presented. The
data are compared with the state-of-the art theoretical predictions based on the realistic bare nu-
clear potentials. Recently the experimental study has been extended to the proton–3He scattering.
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1. Introduction

A hot topic in present day few-nucleon system studies is exploring the properties of three-
nucleon forces (3NFs) that appear when more than two nucleons (A ≥ 3) interact. The 3NFs arise
naturally in the standard meson exchange picture in which the main ingredient is considered to be
2π-exchange between three nucleons along with the ∆–isobar excitation, the mechanism initially
proposed a half century ago by Fujita and Miyazawa [1]. Impetus to study 3NFs has also come
from chiral effective field theory (χEFT) descriptions of nuclear interactions. In that framework
consistent two-, three-, and many-nucleon forces are derived on the same footing [2, 3]. The first
non-zero contribution to 3NFs appears in χEFT at the next-to-next-to-leading order (N2LO) of the
chiral expansion. That explains why 3NFs are relatively small compared to NN forces (2NFs) and
why their effects are easily masked. Therefore, it is, in general, hard to find evidence for them.

Few–nucleon scattering offers a good opportunity to study to study dynamical aspects of 3NFs,
which are momentum, spin and isospin dependent, since it provides not only cross sections but also
a variety of spin observables at different incident nucleon energies. Direct comparison between the
experimental data and the rigorous numerical calculations in term of Faddeev theory based on the
realistic bare nuclear potentials provides information on 3NFs. The importance of 3NFs in few-
nucleon scattering was shown in the nucleon–deuteron (Nd) elastic scattering for the first time in
Ref. [4]. Clear signals from 3NFs were found around the cross section minimum occurring at c.m.
angle θc.m. ≈ 120◦ for incident energies above 60 MeV/nucleon. Since then the pd/nd scattering at
60–200 MeV/nucleon have been performed at the facilities, e.g. RIKEN, RCNP, KVI, and IUCF,
providing precise data of the cross sections as well as various types of the spin observables [5].
Compilations of recent experiments for pd and nd elastic scattering at intermediate energies are
shown in Fig.1.

The four-nucleon (4N) systems could also play an important role for the study of 3NFs. 3NF
effects are expected to be sizable in the 4N system. In addition, while the Nd scattering is essen-
tially a pure isospin T = 1/2 state, tests of the T = 3/2 channel in any 3NFs can be performed in
a 4N system such as proton–3He scattering. Note importance of study of the iso-spin dependence
of 3NFs has been pronounced for understanding of nuclear system with larger-isospin asymme-
try [6, 7]. In recent years, there has been a large progress in solving 4N scattering problem with
realistic Hamiltonian even above four-nucleon breakup threshold energies [8, 9], which opens up
new possibilities to approaching to properties of 3NFs.

With the aim of exploring the 3NFs experimental programs of deuteron–proton (d p) scattering
as well as proton–3He (p+3He) scattering using the polarized beam and target systems are on going
at RIKEN, RCNP Osaka University, and CYRIC Tohoku University, in Japan. In this contribution
we introduce recently conducted experiments and present the results of comparison between the
experimental data and the theoretical predictions based on the realistic bare nuclear potentials.

2. Experiments and Results of elastic d p scattering at RIKEN

The experiments of the d p scattering was performed at the RIKEN Accelerator Facility using
the polarized deuteron beams at the incident energies up to 135 MeV/nucleon. Measured observ-
ables are the cross section, all deuteron analyzing powers (iT11, T20, T21, and T22), and deuteron to
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Figure 1: Compilations of recent experiments of pd and nd elastic scattering at 65–400 MeV/nucleon. Solid
circles denote pd experiments and open circles denote nd experiments. The measurements with large circles
cover the wide angular range, while those with small circles cover the limited angular range.

proton polarization transfer coefficients (Ky′
y , Ky′

yy, Ky′
xx, and Ky′

xz) [10]. Later the experiments were
extended to the RIKEN RI Beam Factory (RIBF). All deuteron analyzing powers were obtained at
190, 250, 294 MeV/nucleon [11, 12, 13].

In Fig. 2 some representative experimental results reported in Ref. [13] are shown together
with the calculations based on the locally regularized (regulator R = 0.9 fm) N4LO χEFT NN
potential [14]. Generally the N4LO chiral potential predictions are close to those based on the semi-
phenomenological NN potentials (e.g. CD Bonn [15], AV18 [16], Nijmegen I and II [17]) [13]. At
higher energies, N4LO NN predictions are generally different from the data. For the cross section
large difference is seen at the backward angles, that is quite similar to the results obtained for the
semi-phenomenological NN potentials. The vector analyzing power iT11 data are well described
by the N4LO χEFT NN potential, while large discrepancies are found for the tensor analyzing
power T22. In order to see how χEFT 3NFs describe the data the theoretical treatments are now in
progress [18].

3. Experiments and Results of elastic p+3He scattering

Following the experiments of d p scattering we proceed to the experiments of the p+3He scat-
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Figure 2: Differential cross section and deuteron analyzing powers iT11, T22 for elastic d p scattering. The
bands in the figure are the calculations based on the locally regularized (regulator R = 0.9 fm) N4LO χEFT
NN potential.

tering at incident nucleon energies above ∼ 65 MeV. The experiment consisted of two measure-
ments. The measurement of cross section and proton analyzing power was performed by using
65 MeV polarized proton beam at RCNP, Osaka University. The measurement of 3He analyzing
power at an incident proton energy of 70 MeV was performed by using the newly constructed 3He
target at Cyclotron Radioisotope Center (CYRIC), Tohoku University. Both measurements covered
wide angular range in the center of mass system. In Fig. 3 parts of the data are compared with the
rigorous numerical four-nucleon calculations in terms of the Alt, Grassberger, and Sandhas equa-
tion based on the modern NN potentials (CDBonn and INOY04 [19]) [20]. The clear discrepancies
are found in 3He analyzing power at the angles 80–120 degrees in the center of mass system. The
data analysis is now in progress.

4. Summary and Outlook

The few-nucleon scattering provide rich sources to explore the properties of 3NFs that are mo-
mentum, spin and iso-spin dependent. With the aim of exploring the 3NFs experimental programs
of deuteron–proton (d p) scattering as well as proton–3He (p+3He) scattering using the polarized
beam and target systems are on going at RIKEN, RCNP Osaka University, and CYRIC Tohoku
University, in Japan.
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Figure 3: Proton analyzing power and 3He analyzing power for p+3He elastic scattering. The data of proton
analyzing power were taken with a polarized proton beam at 65 MeV. Those of 3He analyzing power at 70
MeV were obtained using a polarized 3He target. The solid (dotted) lines are the calculations based on the
INOY04 (CD Bonn) NN potential.

In this contribution, the experimental results obtained with polarized deuteron beams at RIKEN
are presented and the recent achievements of theoretical descriptions based on the χEFT NN poten-
tial via d p scattering are discussed. The energy and angular dependent results of the cross sections
as well as the deuteron analyzing powers show that one needs to take into account chiral 3NFs in
future calculations.

The 3NF effects could also be sizable in the four-nucleon scattering systems in which tests of
the isospin T = 3/2 channel in 3NFs can be performed such as p+3He scattering. As the first step
we conducted the experiments of p+3He elastic scattering at around 65 MeV.

As the next step we are planning the following experiments; i) measurements of p+3He scat-
tering at 65–200 MeV, and ii) measurements of spin correlation coefficients for d p scattering at
65–200 MeV. These data would provide a valuable source to testify nuclear potentials including
3NFs and/or to determine the low energy constants of the chiral EFT nuclear potentials. Such
theoretical work is now in progress [21].
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