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Abstract

Nucleon-deuteron (Nd) scattering for which a rigorous formulation in terms
of Faddeev equations exists and exact solutions of these equations for any dy-
namical input can be obtained, offers a good opportunity to study the dynamical
aspects of 3NFs such as momentum, spin dependences. Since the first indica-
tion of 3NF effects in Nd elastic scattering around 100 MeV /nucleon, precise
measurements of proton-deuteron/neutron-deuteron scattering have been exten-
sively performed at 60-250 MeV /nucleon. Direct comparison between the data
and the Faddeev calculations based on realistic nucleon-nucleon forces plus 27-
exchange three nucleon forces draws the following conclusions, (1) the 3NF is
definitely needed in Nd elastic scattering, (2) the spin dependent parts of the
3NF may be deficient, (3) the short-range components of the 3NF are probably
required for high momentum transfer region, and (4) establishment of 3NFs
in Nd breakup processes should be performed in the framework of relativistic
Faddeev calculations.
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1 Introduction

Experimentally, one must utilize systems with more than two nucleons (A > 3) to
investigate properties of three nucleon forces (3NFs). The 3NFs arise naturally in
the standard meson exchange picture in which the main ingredient is considered to
be a 2m-exchange between three nucleons along with the A-isobar excitation initially
proposed by Fujita and Miyazawa in 1957 [1]. Further augmentations have led to the
Tucson-Melbourne (TM) [2], the Urbana [3] 3NFs, etc. A new impetus to study 3NFs
has come from chiral effective field theory (YEFT) descriptions of nuclear interactions.
In that framework consistent two-, three-, and many-nucleon forces are derived on the
same footing [4,5]. The first non-zero contribution to 3NFs appears in YEFT at the
next-to-next-to-leading order (N?LO) of the chiral expansion. Generally, the 3NFs
are relatively small compared to the nucleon-nucleon (NN) forces and their effects
are easily masked. Therefore it is hard to find an evidence for them experimentally.
The first evidence for a 3NF was found in the three-nucleon bound states, H and
3He [6,7]. The binding energies of these nuclei are not reproduced by exact solutions
of three-nucleon Faddeev equations employing modern NN forces only, i. e., AV18 [8],
CD Bonn [9], Nijmegen I, IT [10]. The underbinding of H and 3He can be explained by
adding a 3NF, mostly based on 2m-exchange, acting between three nucleons [6,7,11].
The importance of 3NF's has been further supported by the binding energies of light
mass nuclei and by the empirical saturation point of symmetric nuclear matter. Ab
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initio microscopic calculations of light mass nuclei, such as Green’s Function Monte
Carlo [12] and no-core shell model calculations [13], highlight the necessity of including
3NFs to explain the binding energies and low-lying levels of these nuclei. As for the
density of symmetric nuclear matter, it has been reported that all NN potentials
provide saturation at a too high density, and a short-range repulsive 3NF is one
possibility to shift the theoretical results to the empirical point [14].

Three-nucleon (3N) scattering has been studied for a long time as one of the
most promising tools to explore the properties of 3NFs because this process pro-
vides a rich set of energy dependent spin observables and differential cross sections.
At lower energies (E/A < 20 MeV), very high precision measurements were carried
out in proton-deuteron (pd) and neutron-deuteron (nd) scattering, including elas-
tic and breakup reactions. However, theoretically predicted 3NF effects are rather
small and a generally good description for nucleon-deuteron (Nd) elastic scattering
data is obtained by exact solutions of 3N Faddeev equations employing only NN
forces [15,16]'. Study of the 3NF has changed since the end of 1990’s. The following
advances have made it possible to explore the 3NF effects contained in 3N scattering.

(i) Generation of the so-called realistic NN forces (e. g., AV18 [8], CD Bonn [9],
Nijmegen I, IT and 93 [10]) which reproduce a rich set of experimental NN data for
laboratory energy up to 350 MeV with an accuracy of x? ~ 1.

(ii) Achievement of rigorous numerical Faddeev calculations based on the re-
alistic NN potentials below the 7w-threshold energy (the incident nucleon energy
E/A <215 MeV) [15].

(iii) Development of experimental techniques to obtain precision data for 3N
scattering at intermediate energies (E/A ~ 100 MeV).

In the last decade the experimental studies of intermediate-energy pd and nd
elastic scattering have been extensively performed by groups at RIKEN, KVI, RCNP,
and IUCF providing precision data for cross sections and a variety of spin observ-
ables [17-21]. This is partly due to the fact that the first indication of 3NF was
pointed out [22,23] in the elastic channel. A compilation of recent experiments for
pd and nd elastic scattering at intermediate energies is shown in Fig. 1. It should
be noted that the experimental study of dp scattering have been recently extended
at the new facility of RIKEN RI beam factory (RIBF) [24] where polarized deuteron
beams are available up to ~ 400 MeV /nucleon.

Complete dp breakup (d + p — p + p + n) reactions would be more interesting
because they cover different kinematic conditions. By selecting a particular kinematic
configuration, one hopes to enhance the effects which are sensitive to specific compo-
nents of 3NFs. Thus the study of dp breakup reactions has been in progress as the
second step in investigating 3NF dynamics [25-28].

The experiments for dp scattering at RIKEN [17,27] are described in Section 2.
The recent achievements in the study of 3/VFs in intermediate-energy Nd scattering
are discussed in Section 3. Section 4 presents a summary.

2 Experiment

The experiments at RIKEN have been performed with unpolarized /polarized deuteron
beams. The observables we have obtained for elastic dp scattering are: (i) differen-

d
tial cross section % at 70-135 MeV /nucleon, the angles in the center of mass sys-

tem 0., = 10°—180°; (ii) all deuteron analyzing powers (A‘?j7 Ayy, Agy, and Ay)
at 70-294 MeV /nucleon, 6. .,, = 10°—180°; (iii) deuteron-to-proton polarization
transfer coefficients (K¥', K¥,~KY,, and KY.) at 135 MeV /nucleon, 0., = 90°—180°.
We also extended the measurement to the dp breakup reaction at 135 MeV /nucleon.

Spin observables for specific kinematical conditions have been measured.

I Exceptions are the vector analyzing powers Ay and T for pd elastic scattering.
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pd andnd Elastic Scattering at 65—400 MeV/nucleon
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Figure 1: Compilation of recent experiments of pd and nd elastic scattering at
65-400 MeV /nucleon. Solid blue circles denote pd experiments and solid red circles
denote nd experiments. The measurements with large circles cover a wide angular
range while those with small circles cover a limited angular range.

A schematic view of the experimental setup is shown in Fig. 2. The vector and
tensor polarized deuteron beams [29] accelerated by the cyclotrons bombarded a hy-
drogen target [liquid hydrogen or polyethylene (CHs)]. Either the scattered deuteron
or the recoil proton was momentum analyzed by the magnetic spectrograph SMART
(Swinger and Magnetic Analyzer with Rotator and Twister) [30] depending on the
scattering angle and detected at the focal plane. For the polarization transfer mea-
surement, a double scattering experiment was performed to obtain the polarizations
of elastically scattered protons from the hydrogen target [31]. One characteristic fea-
ture of the RIKEN polarized deuteron beams was that we could obtain beams which
axis was controlled in an arbitrary direction on the target making it possible to ob-
tain all the deuteron analyzing powers AZ, Ayy, Azz, Az.. The polarization axis of
the deuteron beams was controlled by the spin rotator Wien Filter prior to accel-
eration [32]. Due to the single-turn extraction feature of the RIKEN cyclotrons the
polarization amplitudes were maintained during acceleration. The beam polarizations
were monitored with the beam line polarimeter by using the analyzing powers for dp
elastic scattering. To obtain the absolute values of the deuteron beam polarizations,
the analyzing powers for dp elastic scattering were calibrated by the 12C(d, a)1°B* [27]
reaction which Ay, (0°) is exactly —1/2 because of parity conservation [33]. In all
measurements the actual magnitudes of the polarizations were 60-80% of theoretical
maximum values.

It was essential to obtain precise absolute values of the cross section to com-
pare with the state-of-the-art Faddeev calculations. However, it is usually difficult
to know experimentally the systematic uncertainty. We performed the cross section
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Figure 2: Schematic view of the experimental setup for the measurements of dp elastic and breakup reactions at RIKEN.
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measurements with three different experimental techniques and tried to estimate the
systematic uncertainties. First, we made a measurement at RIKEN with the proton
beam at 135 MeV and a CD>—CH; sandwiched solid target at the angles where the
pp and pd elastic scattering were simultaneously measured with the magnetic spec-
trograph SMART. Using the well-known elastic pp cross sections we can estimate the
overall systematic uncertainty for the pd cross section. Secondly, to confirm the an-
gular distribution, we performed a measurement with 135 MeV/A deuterons, a CHs
solid target, and the SMART system. In this measurement we tried to check the fluc-
tuations of the target thickness during the experiment by measuring the dp scattering
at the fixed angle 6. ,,., = 69.7° where the scattered deuterons and recoil protons were
detected in coincidence in the scattering chamber. The cross section at 6., = 165.1°
was measured for that same purpose with the SMART system several times during
the experiment. We also measured the carbon background events. Finally, we per-
formed a totally independent measurement at the Research Center for Nuclear Physics
(RCNP) of Osaka University using a 135 MeV proton beam and deuterated polyethy-
lene target. The absolute normalization of the cross sections has been performed
by taking the data with a Dy gas target and the double slit system for which the
RCNP group has already established the procedure to obtain the absolute pd cross
section [18]. A very good agreement between these independent measurements allows
us to conclude that the systematic uncertainty due to the detection setup is small [17].

3 Results and discussion

Elastic Nd scattering

In Fig. 3 some representative experimental results for pd and nd elastic scattering
are compared with the Faddeev calculations with and w/o 3NFs. The red (blue)
bands are the calculations with (without) TM’99 3NF [34] which is a version of the
Tucson—-Melbourne 3NF consistent with chiral symmetry [35,36], based on modern
NN potentials, i.e., CD Bonn, AV18, Nijmegen I and II. The solid lines are the
calculations based on the AV18 potential with including the Urbana IX 3NF.

Note, so far the calculations with the next-to-next-to-leading order YEFT po-
tential have been available for three-nucleon scattering [5] up to 100 MeV /nucleon.
Since our discussion is on 3NF effects for higher energies (=100 MeV /nucleon) we
don’t show the results on yYEFT potentials here. The theoretical analysis for ener-
gies 2 100 MeV /nucleon is now in progress [37].

For the cross section, specific features are seen depending on scattering angles in
the center of mass system 0., . (i) At forward angles 0., < 80° where the direct
processes by the NN interactions are dominant, the theoretical calculations based
on various NN potentials are well converged and the predicted 3NF effects are very
small. The experimental data are well described by the calculations except for the very
forward angles. This discrepancy comes from that fact that the calculations shown
in the figure do not take into account the Coulomb interaction between protons [38].
(ii) At middle angles 6., ~ 80°-140° where the cross sections take minimum, the
clear discrepancies between the data and the calculations based on the NN potentials
are found. They become larger as the incident energy increases. The discrepancies
are explained by taking into account the 27w exchange type 3NF models (TM'99 and
Urbana IX ). (iii) At backward angles .., = 140° where the exchange processes
by the NN interactions are dominant, the differences begin to appear between the
experimental data and the calculations even including the 3NF potentials with in-
creasing the incident energy. Since this feature is clearly seen at higher energies, the
relativistic effects have been estimated by using the Lorentz boosted NN potentials
with the TM'99 [39]. However the relativistic effects have turned out to be small and
only slightly alter the cross sections (see Fig. 4).
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Figure 3: Differential cross sections and deuteron analyzing powers i1}, To for elastic Nd scattering at 70-294 MeV /nucleon (MeV/N). The red
(blue) bands are the calculations with (w/0) TM99 3NF based on the modern NN potentials, namely CD Bonn, AV18, Nijmegen I and II. The solid
lines are the calculations with including Urbana IX 3NF based on AV18 potential. For the cross sections, the open circles are the data of Refs. [17].
The open squares and circles are the pd and nd data at 250 MeV /nucleon [18], respectively. For the deuteron analyzing powers, the data at 70 and
135 MeV /nucleon are from Refs. [17]. The data at 250 and 294 MeV /nucleon are taken at the RIBF [24].
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Figure 4: Differential cross section and the tensor analyzing power Tho for Nd elastic
scattering at 250 MeV /nucleon. Faddeev calculations based on the CD Bonn potential
with the TM’99 3NF are shown by blue solid lines. The calculations based on the
Lorentz boosted NN potential with the 3INF are shown by red dashed lines.

As for the polarization observables, the energy dependence of the predicted 3NF
effects and the difference between the theory and the data are not always similar to
that of the cross section. The deuteron vector analyzing power i77; has features sim-
ilar to those of the cross section. Meanwhile the tensor analyzing power T, reveals
a different energy dependence from that of ¢77;. Large 3NF effects are predicted
starting from ~ 100 MeV /nucleon. At 135 MeV/nucleon and below, adding 3NFs
worsens the description of data in a large angular region. It is contrary to what
happens at higher energies above 250 MeV /nucleon where large 3NF effects are sup-
ported by the Ty data. The relativistic effects are estimated to be small also for these
polarization observables for Nd elastic scattering (see Fig. 4).

The results obtained for Nd elastic scattering draw the following conclusions:
(i) the 3NF is definitely needed in Nd elastic scattering; (ii) the spin dependent
parts of the 3NF may be deficient; (iii) the short-range components of the 3NF are
probably required for backward scattering at higher energies.

Breakup Nd reactions

Studies in a large amount of kinematical configurations for the deuteron breakup
reactions have been reported for the cross section as well as deuteron analyzing powers
at the incident nucleon energy of 65 MeV /nucleon [25]. Generally the effects of 3NF's
are predicted to be small at 65 MeV /nucleon, and the agreement to the data is good
for all calculations both including and not including 3NFs. Focusing on particular
kinematical configurations strong effects of the Coulomb interaction are found in the
cross section.

The situation seems to change at higher energies = 100 MeV /nucleon. In recently
reported relativistic Faddeev calculations with the TM’99 3NF, large relativistic ef-
fects are predicted in specific kinematical configurations [39]. For example, the agree-
ment to the data for the polarization transfer coefficient K, at 135 MeV /nucleon is
rather improved by taking into account the relativistic effects in the calculation with
3NF (see Fig. 5). The results of these new calculations suggest that the final expla-
nation of the breakup reactions will be achieved when both two- and three-nucleon
forces will be treated in the framework of relativistic Faddeev calculations.
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Figure 5: Polarization transfer coefficient Kyy; for 'H(d, 1 p2)n at 135 MeV /nucleon
shown as a function of S-curve arc-length. For descriptions of the calculations, see
Fig. 4.

4 Summary

The 3NFs are now accepted as key elements in understanding various nuclear phe-
nomena such as the binding of light mass nuclei and the equation of state for nuclear
matter properties. The Nd scattering data provide rich sources to explore the prop-
erties of 3NF's such as momentum and spin dependences. In this talk the experiments
performed with polarized deuteron beams at RIKEN are presented and recent achieve-
ments in the study of 3NFs in intermediate-energy Nd scattering are discussed.

In the last decade extensive experimental studies of pd and nd elastic scattering
at intermediate energies (E 2 100 MeV) were performed at several facilities. The
energy and angular dependent results for the cross section as well as the polarization
observables show that (i) clear signatures of the 3NF effects are found in the cross
section, (ii) the spin dependent parts of the 3NF may be deficient, and (iii) short-
range components of the 3NF are probably required for description of backward
scattering at higher energies.

Studies of pd breakup reactions (p +d — p + p + n) followed as the second step
in investigation of the 3NF dynamics. In the break up reactions at 65 MeV /nucleon
in a wide range of kinematical configurations the 3NF effects are predicted to be
small and the agreements to the data are generally good. At a higher energy of
135 MeV /nucleon, large 3NF effects as well as those of the relativity are predicted
for some observables in relativistic Faddeev calculations recently reported. The cal-
culations indicate that the establishment of 3NFs in the pd breakup reactions will be
achieved when both two- and three-nucleon forces will be treated in the framework
of relativistic Faddeev calculations.

As the next step of the 3NF study in few-nucleon scattering, it would be inter-
esting to see how well the theoretical approaches, e. g., inclusion of 3NFs other than
that of the 2m-exchange type and the potentials based on chiral effective field theory,
describe these data. Experimentally, it is interesting to measure spin correlation co-
efficients as well as polarization transfer coefficients for elastic pd scattering at higher
energies of 200-400 MeV /nucleon. Various kinematic configurations of the exclusive
pd breakup reactions should also be measured in order to study the properties of
3NFs as well as relativistic effects. As a first step from few- to many-body systems,
it is interesting to extend the measurements to 4N scattering systems, e. g., p +° He
scattering, which would provide a valuable source of information on 3/NFs including
their isospin dependences.
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