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Deuteron Analyzing Powers for dp elastic scattering at 250–294
MeV/nucleon and three-nucleon force

K. Sekiguchi,∗1 Y. Wada,∗1 J. Miyazaki,∗1 T. Taguchi,∗1 U. Gebauer,∗1 M. Dozono,∗2 S. Kawase,∗3

Y. Kubota,∗3 Y. Maeda,∗4 T. Mashiko,∗1 K. Miki,∗5 S. Sakaguchi,∗6 H. Sakai,∗2 N. Sakamoto,∗2

M. Sasano,∗2 Y. Shimizu,∗2 K. Takahashi,∗1 R. Tang,∗2 T. Uesaka,∗2 T. Wakasa,∗6 and K. Yako∗3

The study of three-nucleon forces (3NFs) is essen-
tial for clarifying various nuclear phenomena. In addi-
tion to the first signals indicating 3NF effects in the
binding energies of 3H and 3He, the significance of
3NFs has been recently pointed out for descriptions
of discrete states in higher-mass nuclei. Three-nucleon
scattering at intermediate energies (E/A ∼ 200 MeV)
is one attractive approach to investigate the dynami-
cal aspects of 3NFs, such as momentum and/or spin
dependences. With the aim of clarifying the roles of
the 3NFs in nuclei, experimental programs with po-
larized deuteron beams at intermediate energies are in
progress at RIBF. As the first step, we measured a
complete set of deuteron analyzing powers (iT11, T20,
T21, T22) in deuteron–proton (dp) elastic scattering at
250 and 294 MeV/nucleon (MeV/N).

A schematic diagram of the experimental setup can
be found in Ref. (1). Vector- and tensor-polarized
deuteron beams were accelerated by the injector cy-
clotrons AVF and RRC up to 90 (100) MeV/N; subse-
quently, they were accelerated up to 250 (294) MeV/N
by the SRC. Typical values of the beam polarizations
were 80% of the theoretical maximum values. The
measurement for dp elastic scattering was performed
by using a detector system, BigDpol, installed at the
extraction beamline of the SRC. Polyethylene (CH2)
of thickness 330 mg/cm2 was used as the hydrogen
target. In BigDpol, four pairs of plastic scintillators
coupled with photo-multiplier tubes were placed sym-
metrically in the azimuthal directions to the left, right,
up and down. Scattered deuterons and recoil protons
were detected in the kinematical coincidence condition
by each pair of detectors. The angles (θc.m.) measured
in the center-of-mass system are in the range 40◦–162◦.
In the experiment, the deuteron beams were stopped
in a Faraday cup, which was installed at the focal plane
F0 of the BigRIPS spectrometer.

Here, we report the results of energy dependence of
the deuteron tensor analyzing power T22. The angu-
lar distribution of T22 is shown with open circles, to-
gether with the previously reported data at 70 and
135 MeV/N1). The red (blue) bands in the figure
are the Faddeev calculations with (without) Tucson–
Melbourne’99 (TM99) 3NF2) based on the modern NN
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potentials, namely CDBonn3), AV184), Nijmegen I,
and Nijmegen II5). The solid lines are the calcula-
tions including Urbana IX 3NF6) based on the AV18
potential.

The tensor analyzing power T22 reveals an energy
dependence different from those obtained for the cross
section and the other analyzing powers iT11, T20, and
T21

1). At 135 MeV/N and below, adding 3NFs de-
grades the description of data in a large angular region.
It is contrary to what happens at energies above 250
MeV/N, for which large 3NF effects are supported by
the T22 data.

In order to obtain a consistent understanding of the
spin dependence of 3NFs up to high momenta, we plan
to perform deuteron analyzing power measurements at
190 MeV/N.

Fig. 1. Tensor analyzing power T22 for dp elastic scattering

at 70–294 MeV/N.
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Shallow and diffuse spin-orbit potential for proton elastic scattering
from neutron-rich helium isotopes at 71 MeV/nucleon†
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Strong spin-orbit coupling in atomic nuclei plays an
important role in nuclear structure and reactions. Its
manifestation in neutron-rich nuclei has attracted ex-
tensive interest, since a number of experimental results
suggest a change in the shell structure that could be
explained by a reduction in the spin-orbit splitting. On
the other hand, there has been no experimental study
on how the spin-orbit coupling is modified in nuclear
reactions. Spin asymmetry in proton–nucleus scat-
tering is a prominent manifestation of the spin-orbit
coupling in nuclear reactions. The spin-orbit term in
the optical model potential is generally expressed by a
derivative of the density distribution1–3). It would be
interesting to probe the nature of the spin-orbit poten-
tial for a nucleus with a very diffuse surface.

In order to investigate the effect of the exotic den-
sity distribution on the spin-orbit potential, we mea-
sured the vector analyzing powers for proton elastic
scattering from 6He and 8He at 71 MeV/nucleon at
RIPS beamline at RI Beam Factory using the solid
polarized proton target specially constructed for the
RI-beam experiment 4). To determine the spin-orbit
potentials, we performed a phenomenological optical
model analysis using the ECIS79 code. For the func-
tion of the potential, we used a standard Woods-Saxon
form factor with a Thomas-type spin-orbit term. We
search for a parameter set that reproduces both the
dσ/dΩ and Ay data. Details of the fitting procedure
and obtained parameters can be found in Refs.5,6).
The characteristics of the spin-orbit potential is dis-

cussed in terms of the r.m.s. radius of the potential

⟨r2ls⟩1/2 =
√∫

r2Vls(r)dr/
∫
Vls(r)dr and the ampli-

tude of rVls(r) at the peak position. Here, r is the
distance from the center-of-mass of 6,8He and Vls(r) is
the spin-orbit potential. Figure 1(a) shows the mass-
number dependence of the ⟨r2ls⟩1/2 values for the spin-
zero nuclei. The closed circles show the potentials
locally obtained for each nucleus. The dashed and
dot-dashed curves represent the global optical poten-
tials7,8). We can see that the ⟨r2ls⟩1/2 values of 6He and
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8He are remarkably larger than the systematics. More-
over, it is interesting to find a close similarity between
the behavior of ⟨r2ls⟩1/2 and the matter radius rm, plot-
ted as the open squares in Fig. 1(a). This indicates
the particular sensitivity of the spin-orbit interaction
to the nuclear surface structure.

Figure 1(b) displays the amplitude of rVls(r) at the
peak position. The peak amplitudes for 6He and 8He
are considerably smaller than the standard values of
3.5–5.5 MeV fm. From these results, it is concluded
that the spin-orbit potentials between a proton and
neutron-rich 6He and 8He nuclei are considerably shal-
lower and more diffuse than the global systematics of
nuclei along the stability line. This is considered to
be a consequence of the diffuse density distribution of
these neutron-rich isotopes.

Fig. 1. See text for details. The symbols for rm are shifted

vertically by −0.5 fm to prevent overlap.
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