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Abstract

Recent progress on three nucleon force study with three nucleon scattering at
at intermediate energies (E/A ≈ 100 MeV) are presented, especially focusing
on the experimental work on deuteron–proton elastic scattering and breakup
reactions at RIKEN. The first signature of three nucleon forces was iden-
tified in the cross section minimum for deuteron–proton elastic scattering
by direct comparison between the precise data and state of the art Fad-
deev calculations based on the nucleon–nucleon forces plus the 2π–exchange
three nucleon forces. However the polarization observables are not always
properly described by adding the three nucleon forces, indicating that com-
ponents other than 2π–exchange three nucleon forces are required to describe
the data.

1 Introduction

A main interest of nuclear physics is to understand the forces acting between
nuclear constituents. One recent topic of nuclear force study is to explore
the properties of three nucleon forces (3NFs) that appear in the system with
more than two nucleons (A ≥ 3). The 3NFs arise naturally in the standard
meson exchange picture, the main ingredient of which is considered to be
2π–exchange with ∆–isobar excitations [1], as well as in the more recent
concept of chiral effective field theory. However the effects of the 3NFs are
easily masked by those of nucleon–nucleon (NN) forces. Therefore it is hard
to approach and find evidences for them experimentally.

The three nucleon (3N) scattering has been studied for a long time as one
of the most promising tool to explore the properties of 3NFs since this sys-
tem provides a rich set of energy dependent spin observables and differential
cross sections. At lower energies (E/A . 20 MeV), very high precision mea-
surements were carried out in proton–deuteron (pd) and neutron–deuteron
(nd) scattering, including elastic and breakup reactions. However theoreti-
cally predicted 3NF effects are rather small and a generally good description
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of Nd elastic scattering data is obtained by exact solutions of 3N Faddeev
equations employing NN forces only [2,3] 1. The situation of the 3NF study
have changed since the end of 1990’s. The following advances have made us
possible to extract the 3NF effects in the 3N scattering.
(i) Establishments of the so-called modern NN forces, e.g. AV18 [4], CD-
Bonn [5], Nijmegen I, II and 93 [6], which reproduce a rich set of experimental
NN data up to a laboratory energy of 350 MeV with accuracy of χ2 ∼ 1.
(ii) Achievements of rigorous numerical Faddeev calculations based on the
modern NN potentials below the π-threshold energy (the incident nucleon
energy E/A ≤ 215 MeV) [2].
(iii) Developments of experimental techniques to obtain precise data of 3N
scattering at intermediate energies (E/A ≈ 100 MeV).
In 1998 indication of 3NF effects in the 3N scattering was first pointed out
in the cross section minima for Nd elastic scattering at intermediate en-
ergies by the two theory groups [7, 8]. Since then experimental studies of
the intermediate–energy pd and nd elastic scattering have been performed
intensively by the several facilities, RIKEN, RCNP, KVI, IUCF and Up-
psala, providing precise data of cross sections and variety of spin observ-
ables [9–14]. The situation would be more interesting in complete dp breakup
(d+ p → p+ p+n) reactions since they cover different kinematic conditions.
By selecting one kinematic configuration, one hopes to enhance the effects
which are sensitive to specific amplitudes of the 3NFs. Then the study of
dp breakup reactions has followed as the second step of investigation of the
3NF dynamics.

The significance of 3NFs have also been pointed out in nuclear envi-
ronments other than 3N scattering, e.g. descriptions of the binding of light
mass nuclei and the empirical saturation point of the symmetric nuclear mat-
ter density. Microscopic calculations, such as the Green’s function Monte
Carlo [15, 16] and the ab initio no-core shell model [17] have been applied
to light mass nuclei A . 12 with realistic two– and three– nucleon forces,
highlighting the necessity of including 3NFs to explain the binding energies
of these nuclei. As for the density of the symmetric nuclear matter it has
been reported that all NN potentials provide larger saturation points, and
3NF is taken as one candidate to shift the theoretical results to the empirical
point [18].

The current status is in the very beginning of the test ground of the 3NF
model. In the following sections, the experimental challenges on dp scattering
at RIKEN [9] are presented.

1Exceptions are the vector analyzing powers Ay and iT11 and the deuteron breakup in
the space star configuration.
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2 Experiment

2.1 dp Elastic Scattering

The experiments for dp elastic scattering have been performed at the RIKEN
Accelerator Research Facility (RARF). The observables we have covered are
cross sections and all deuteron analyzing powers (Ad

y, Ayy, Axx, Axz) in the
angular range of θc.m. = 10◦ − 180◦ at 70 − 135 MeV/A (deuteron energies
of Ed = 140 − 270 MeV). Later we have extended the measurement to the
deuteron to proton polarization transfer coefficients (Ky′

y , Ky′
xx–K

y′
yy, and Ky′

xz)

and the proton induced polarization P y′ at the angles θc.m. = 90◦ − 180◦ at
135 MeV/A. Note, the P y′ is equivalent with the proton analyzing power Ap

y

for the time-reversed reaction 2H(~p, p)2H.

The vector and tensor polarized deuteron beams [19] were accelerated
by the AVF and Ring cyclotrons and they bombarded a liquid hydrogen or
polyethylene (CH2) target. Either scattered deuteron or recoil proton was
momentum analyzed by the magnetic spectrograph SMART (Swinger and
Magnetic Analyzer with Rotator and Twister) [20] depending on the scatter-
ing angle and detected at the focal plane (see Fig. 1). For the polarization
transfer measurement, the polarization of the elastically scattered protons
from the hydrogen target was measured with the focal-plane polarimeter
DPOL [21]. The beam polarizations were monitored with the beam line po-
larimeter by using the analyzing powers for dp elastic scattering. To obtain
the absolute values of the deuteron beam polarizations, the analyzing pow-
ers for dp elastic scattering were calibrated by using the 12C(d, α)10B∗ [2+]
reaction, the Ayy (0◦) of which is exactly −1/2 because of parity conserva-
tion [22]. In all the measurements the actual magnitudes of the polarizations
were 60–80% of the theoretical maximum values.

Determination of Absolute Values of Cross Section It is essential to
get precise absolute values of the cross section to compare with the state of
the art Faddeev calculations. However, it is usually difficult to know exper-
imentally the systematic uncertainty. We performed the cross section mea-
surements with the three different experimental setups and tried to estimate
the systematic uncertainties. The procedure is as follows. First, we made a
measurement at RIKEN with the proton beam at 135 MeV and a CD2–CH2

sandwiched solid target at the angles where the pp and pd elastic scatter-
ing were simultaneously measured with the magnetic spectrograph 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
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Figure 1: Schematic view of the experimental setup for the measurements on
dp elastic and breakup processes at RIKEN.

angular distribution we measured with 135 MeV/A deuterons, a CH2 solid
target, and the SMART system. In the measurement we tried to check the
fluctuations of the target thickness during the experiment by measuring the
dp scattering at the fixed angle θc.m. = 69.7◦, where the scattered deuterons
and recoil protons were detected in coincidence in the scattering chamber.
For the same purpose, the cross section at θc.m. = 165.1◦ was measured with
the SMART system over several times during the experiment. Lastly, we
performed a totally independent measurement at the Research Center for
Nuclear Physics (RCNP) of Osaka University, using a 135 MeV proton beam
and deuterated polyethylene target. The absolute normalization of the cross
sections has been performed by taking data with a D2 gas target and the
double slit system for which the RCNP group has already established the
procedure to obtain the absolute pd cross section [10]. All the experimental
results are shown in Fig. 2. The data taken at RCNP are shown with black
solid diamonds. The open squares are the data measured with the proton
beam at RIKEN and the open circles are the data with the deuteron beam
at the same laboratory. Only statistical errors are presented. The very good
agreement between the independent measurements allows us to conclude that
the systematic uncertainty due to the detection setup is small [9].

2.2 dp Breakup Reaction

The breakup experiment was also performed with the SMART spectrograph
using polarized deuteron beams at 135 MeV/A. The measurement was fo-
cused on the deuteron to proton polarization transfer coefficient Ky′

yy and all
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deuteron analyzing powers for the specific coplanar configurations to study
the model dependence of 3NFs. The angle sets of the two scattered protons
(p1, p2) were (θ1 = 27◦–33◦, θ2 = 31◦, φ1 − φ2 = 180◦). The two emerging
protons were detected in coincidence to identify the dp breakup events. The
p1 was momentum analyzed by the magnetic spectrograph SMART and its
polarizations were measured with the focal plane polarimeter. The p2 was
detected by the E–dE counters consisting of NaI(Tl) and plastic scintilla-
tors installed in a scattering chamber (see Fig. 1). The kinetic energies were
covered from 164 MeV–180 MeV for the p1 and 30 MeV–75 MeV for the p2,
respectively.

3 Results and Discussion

Cross Section in elastic dp scattering First, we compare the cross sec-
tion data for elastic dp scattering with the theoretical predictions. The data
at 135 MeV/A are shown with open circles in the Fig. 2 together with the
Faddeev calculations by the Bochum-Cracow-KIT (BCK) group. The red
(blue) shaded band in the figure shows the calculations with (w/o) Tuscon-
Melbourne 99 (TM99) [23] based on the modern NN potentials, namely CD-
Bonn, AV18, Nijmegen I, II. The solid line is the calculation based on the
AV18 potential plus the Urbana IX 3NF [24]. Note the main ingredients of
these two 3NFs are two-pion exchange with ∆–isobar excitations. Based on
the comparison between the data and the NN force predictions, the clear
discrepancies are found in the angular range where the cross sections take
minimum at the measured incident energies 70 and 135 MeV/A (the data at
70 MeV/A are not shown here). They become larger as the incident energy
increases. The discrepancies are explained by taking into account the 2π
exchange type 3NF models (TM99, and Urbana IX ). All 2π-exchange 3NF
potentials considered here provide 3NF effects for the cross section which are
comparable in magnitude and sign.

Another alternative theoretical predictions have been reported by the
Hannover-Lisbon group in which the ∆–isobar excitations are explicitly in-
cluded in the coupled-channel approach [25]. The contributions are based on
all meson exchanges, i.e. π, ρ, σ, and ω exchanges contained in the coupled-
channel approach. Thus the π–π, π–ρ, ρ–ρ with with ∆–isobar excitations as
well as the Illinois type [16] many-π rings are incorporated effectively. The
CDBonn potential was taken as the NN interaction. Recently this group has
succeeded in incorporating the Coulomb forces via the screening and renor-
malization approach in the momentum-space framework [26]. The results are
shown in Fig. 2. The dashed curve in cyan is the coupled-channel approach
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prediction obtained with the ∆–isobar excitations and the dotted curve in
cyan is the prediction in which the Coulomb interactions are additionally in-
cluded. The predictions with the NN forces only are not shown in the figures
since they provide the similar results to those on the CDBonn potential by
the BCK group. The ∆-isobar effects improve the agreement in the angular
range where the cross sections take minimum as is similar to the results by
the BCK group. It should be noted that the very nice agreements are found
at the very forward angles by taking into account the Coulomb forces.

The theoretical approach to estimate the effects other than 3NFs is also
in progress. The BCK group have recently reported the calculations with the
Lorentz boosted NN potentials [27, 28] to estimate the relativistic effects in
3N scattering. For the cross section in elastic Nd scattering their effects are
restricted at the very backward angles, indicating that the 3NF is the only
plausible mechanism to resolve the discrepancies between NN theory and the
experimental data in the cross section minimum.

Figure 2: Cross section for dp elastic scattering at 135 MeV/A. For the
descriptions of the theoretical predictions, see text.

Polarization Observables in Elastic dp Scattering Parts of the po-
larization observables in dp elastic scattering are shown with open circles in
Fig. 3. The statistical errors are only shown in the figure and their values are
less than 0.03 for all the measured observables. Generally, the discrepancies
between the data and the pure NN force predictions (blue shaded bands) are
clearly seen at the angles where the cross sections take minimum. However
the predictions based on NN + 3NF not always provide better descriptions
of the data. The agreements are improved by incorporating the TM99 or Ur-
bana IX 3NF for the proton analyzing power Ap

y and the polarization transfer
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coefficient Ky′
xx − Ky′

yy, while for the tensor analyzing powers Axx and Ayy,
differences between the data and the NN force predictions are not reproduced
by adding the 3NFs. The ∆-isobar effects (dashed curves in cyan) are sim-
ilar to those of the TM99 and Urbana IX 3NFs for almost all observables
except for the tensor analyzing power Axx for which the prediction with the
∆–isobar provides a better agreement.

Figure 3: Proton and deuteron analyzing powers and polarization transfer
coefficients for dp elastic scattering at 135 MeV/A. For the descriptions of
the theoretical predictions, see text.

Polarization Observables in dp Breakup Reactions In Fig. 4 the ex-
perimental results are shown with open circles along with the kinematic
curves of the emerging two protons (S-curve). The statistical errors are
only shown and they are less than 0.03 for all the measured observables. The
data were obtained with the S–curve energy bin of 8 MeV for the analyzing
powers and 12 MeV for the polarization transfer coefficients. The predic-
tions shown here are averaged over the S-curve energy bin of 8 and/or 12
MeV for the direct comparison between the data and the calculations. For
the polarization transfer Ky′

yy, the inclusions of the 3NFs change the shapes
of the predictions from those on the pure NN forces (a blue shaded band)
drastically. The different results are predicted between the TM99 3NF (a
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Figure 4: Analyzing powers (Ad
y, Axx) and deuteron to proton polarization

transfer coefficient Ky′
yy for the dp breakup reaction at 135 MeV/A. For the

descriptions of the theoretical predictions, see text.

red shaded band) and the Urbana IX 3NF (a solid curve). The data rather
support the predictions with the Urbana IX 3NF. For the tensor analyzing
power Axx the agreements are improved by adding the TM99 or Urbana IX
3NFs, however for the vector analyzing power Ad

y the agreement is deterio-
rated by taking into account the 3NFs. The data are well reproduced by the
predictions with the NN forces only. It is interesting to note that the results
are opposite to what has been seen in elastic dp scattering.

The cross section data for elastic dp scattering have opened up a new
possibility to explore 3NFs via the 3N scattering at intermediate energies.
The results of spin observables both for dp elastic and breakup reactions
indicate insufficient understanding of spin dependent parts of 3NFs. It would
be interesting to see how well the theoretical approaches, e.g. addition of
3NFs other than 2π exchange types, relativistic treatment, and the potentials
based on chiral effective field theory [29] describe these obtained data.

4 Summary

The 3NFs are now taken as key elements to understand various nuclear phe-
nomena, such as the binding of light mass nuclei and the empirical saturation
point of nuclear matter density. The Nd scattering provide rich sources to
explore the properties of 3NF such as momentum and spin dependences.
Since the end of 1990’s extensive experimental measurements on proton–
deuteron and neutron–deuteron elastic scattering at intermediate energies
(E/A ≈ 100 MeV) have been performed at several facilities. Study of Nd
breakup reactions has followed as the second step. In this talk, the exper-
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imental work on dp elastic scattering and dp breakup reactions at RIKEN
was presented. Comparing the data with state of the art Faddeev calcula-
tions one concludes that the cross section data for elastic dp scattering are
explained by incorporating 2π–exchange 3NFs, what is the first clear sig-
nature of 3NF effects in the three nucleon scattering. However polarization
observables are not always properly described by adding the 3NFs, indicating
that additional components are required to describe the data. To understand
these spin observables, theoretical approaches incorporating 3NFs other than
2π exchange types, relativistic treatment, incorporating of coulomb effects,
and completely new approach based on chiral effective field theory are now
in progress.
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