
Ⅱ-1. Nuclear Physics

- 17 -

RIKEN Accel. Prog. Rep. 47 (2014)

Study of proton and neutron density distributions observed via
proton elastic scattering at 200 and 300 MeV

J. Zenihiro,∗1 H. Sakaguchi,∗2 S. Terashima,∗4 Y. Matsuda,∗2 S. Adachi,∗3 T. Baba,∗3 T. Furuno,∗3

T. Hashimoto,∗2 T. Kawabata,∗2 J. Lee,∗1 Y. Maeda,∗5 K. Miki,∗2 T. Murakami,∗3 H. J. Ong,∗2

A. Tamii,∗2 J. Tanaka,∗2 M. Tsumura,∗3 T. Yamamoto,∗2 and L. Yu,∗4

A systematic study of the nucleon density distribu-
tions of finite nuclei is important for understanding the
isospin dependence of the nuclear many-body system.
For example, the neutron skin thicknesses are known to
be strongly correlated with the density-dependent term
of the symmetry energy, and the isospin-dependent
term of the nuclear equation of state.

In previous works,1,2) we have succeeded in extract-
ing the neutron density distributions of stable nuclei
such as Sn and Pb isotopes via proton elastic scatter-
ing. At the same time we have launched a new project
aimed at measuring the Elastic Scattering of Protons
with RI beams (ESPRI) with the purpose of the ex-
traction of proton and neutron density distributions of
unstable nuclei. We have newly developed and tested
unique devices for the ESPRI measurements at NIRS-
HIMAC in Chiba and GSI in Germany.3,4) Finally, we
have successfully performed the ESPRI experiment at
RIBF in April, 2013.5)

Unlike the case of stable nuclei, however, we have
no information on the nuclear charge densities of un-
stable nuclei. Thus, we have proposed a new method
to extract proton and neutron densities via two-energy
proton elastic scattering. This method is based on the
large difference between the energy dependences of the
p-p and p-n interactions. Recently, we performed an
experiment to demonstrate this new method using real
data of Zr isotopes. In this report, we show the prelim-
inary results of 90Zr only. For other isotopes (92,94Zr),
the analysis is still ongoing.

The experiment was performed at RCNP, Osaka
University. Polarized proton elastic scattering from
90,92,94Zr and 58Ni at 200 and 300 MeV was mea-
sured by using the Grand Raiden magnetic spectrome-
ter.6) Figure 1 shows the angular distributions of cross
sections (dσ/dΩ) and the analyzing powers (Ay) of
90Zr(p⃗,p) at 200 and 300 MeV and of 58Ni(p⃗,p) at
200 MeV. The red lines denote the result of relativistic
impulse approximation (RIA) with relativistic-Hartree
(RH) densities. The 58Ni data was used to determine
the effective interaction at 200 MeV (solid lines). Using
the effective interaction, the proton and neutron den-
sities of 90Zr were simultaneously searched and the re-
sults are denoted by the solid lines in Fig. 1 and 2. The
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proton and neutron densities can be separately and si-
multaneously determined by the new method. The ex-
tracted proton and neutron radii of 90Zr are 4.210(20)
and 4.300(17) fm, respectively. The extracted pro-
ton radius is very consistent with that of 4.198(1) fm,
which is derived from the charge radius determined via
the combined analysis of electron elastic scattering and
muonic atom X-rays data.7)

Fig. 1. Obtained data of dσ/dΩ and Ay of 90Zr at 200 and

300 MeV and of 58Ni at 200 MeV. The black solid lines

show the fitting results while the red dashed lines are

RIA calculations with RH densities.

Fig. 2. Extracted proton and neutron densities, denoted by

solid red and blue lines, respectively. While upper and

lower lines show the error envelopes due to the experi-

mental errors, middle lines are the best-fit results. The

red dashed line shows the proton density by unfolding

the nuclear charge density. Blue dashed line shows the

same by the RH model calculation.
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Charge-exchange (p, n) reactions at intermediate en-
ergies (E > 100 MeV) serve as powerful tools to study
spin-isospin responses of nuclei; Gamow-Teller (GT)
transitions are a particular example of such reactions.
In the present work, we focused on the neutron-rich nu-
cleus 8He, which has the largest neutron-to-proton ra-
tio among all known particle-stable nuclei (N/Z = 3).
It can be described as an α-particle surrounded by four
valence neutrons, exhibiting a neutron halo or thick
neutron skin. We measured the 8He(p, n)8Li reaction
at 190A MeV in inverse kinematics in order to study
the spin-isospin response of 8He. This is the first mea-
surement of the charge-exchange reaction on 8He.

The experiment was performed at the RIKEN RI
Beam Factory (RIBF). Recoil neutrons with low ki-
netic energies from the (p, n) reactions were detected
by the recently developed neutron detector WINDS.1)

The residual nucleus 8Li and its decay product 7Li were
detected using auxiliary beam line detectors, a plas-
tic scintillator, and a multi-wire drift chamber (LP-
MWDC)2), installed at FH10, which is downstream
from the secondary target at FH9. A superconducting
triplet quadrupole (STQ) was installed between FH9
and FH10. The triton decay channel of the excited
state in 8Li was not tagged in this measurement.

Double differential cross sections for the 8He(p, n)8Li
reaction at excitation energies of 0–20 MeV and neu-
tron energies of 2.0–4.4 MeV, which correspond to mo-
mentum transfers of 0.31–0.46 fm−1, were obtained.
Figure 1 shows the double differential cross sections
for Tn = 2.0–2.6 MeV, corresponding to q = 0.31–
0.35 fm−1. In the spectrum, two peaks were observed
at ∼ 1 MeV and ∼ 8 MeV. The lower peak corresponds
to the first excited 1+ state of 8Li at 0.98 MeV.
The angular distributions of the cross sections for

the peaks at ∼ 1 MeV and ∼ 8 MeV are shown in
Fig. 2. In this figure, the differential cross sections
were corrected for the transmission efficiencies between
FH9 and FH10. They were compared to the results of
distorted wave impulse approximation (DWIA) calcu-
lations. The angular distribution of the peak at ∼
1 MeV, which is a flat distribution, was reproduced
well by the sum of the 0.98-MeV state (Jπ = 1+) and
the ground state (Jπ = 2+). The cross sections at
q = 0 for the 0.98-MeV and 8-MeV states were ex-
tracted. We then calculated the GT strength B(GT)
for the 8-MeV state by using the extracted cross sec-
tions at q = 0 and the known B(GT) value of 0.24
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Fig. 1. (Preliminary) Double differential cross sections for

Tn = 2.0–2.6 MeV.

Fig. 2. (Preliminary) Angular distributions of the mea-

sured cross section for the 0.98-MeV (black) peak and

the 8-MeV (red) peak.

for the 0.98-MeV state. The obtained GT strength
was B(GT) ∼ 8 for the neutron decay channel of the
8-MeV state.

It is known that the excited state at ∼ 9 MeV with a
large GT strength of B(GT) ∼ 5 decays primarily by
triton emission.3,4) In contrast, we observed, for the
first time, a neutron decay channel of the resonance
state with a large B(GT) strength. This result sug-
gests that most of the GT strength is concentrated in
the resonance state at ∼ 8 MeV. The observed state is
most likely the Gamow-Teller resonance of 8He. Fur-
ther analysis is in progress.
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