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Atomic nuclei show dual features, the single-particle
shell nature and collective modes, which compete with
each other to express the actual nuclear structure. For
an attempt to describe the structural variety of un-
stable nuclei by using unified and general models, it
is necessary to understand how the shell evolves in
unstable-nuclei regions, and how the shell competes
with the collectivity. In the present study, we demon-
strate the precision analysis of this competition by fo-
cusing on the magnetic moment of an isomeric state
of a neutron-rich nucleus 75Cu,1,2) where an intriguing
shell evolution along the Cu isotopic chain has been
reported.3–5)

The experimental magnetic moment measurement
was conducted at the BigRIPS at RIBF, taking advan-
tage of a spin-aligned RI beam obtained in a scheme
of two-step projectile fragmentation with a technique
of momentum-dispersion matching.6) The 75Cu beam
with a spin alignment of 30(5)% was produced by one
proton removal from 76Zn, which was a fission prod-
uct of 238U. The magnetic moment was determined
with the time-differential perturbed angular distribu-
tion (TDPAD) method. Owing to the high spin align-
ment realized with the two-step scheme, the oscillation
in the TDPAD spectrum was observed with a signif-
icance larger than 5σ. The magnetic moment of the
66.2-keV isomer with spin parity 3/2− was determined
for the first time to be µ = 1.40(6)µN.
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Fig. 1. Systematics of the magnetic moments for odd-A Cu

isotopes. Filled and open circles represent experimental

data for the 3/2− states and the 5/2− states, respec-

tively. The filled red circle represents the result ob-

tained in this work. The solid green and blue lines rep-

resent the MCSM calculations for the 3/2− states and

the 5/2− states, respectively, with the 20 ≤ (N,Z) ≤ 56

model space.7) µ(πp3/2) and µ(πf5/2) denote the pro-

ton Schmidt values for p3/2 and f5/2, respectively.

The magnetic moment, thus obtained, shows a con-
siderable deviation from the Schmidt value, µ =
3.05µN, for the p3/2 orbital. Figure 1 shows the sys-
tematics of magnetic moments of the 3/2− and 5/2−

states, where deviation from the Schmidt values ap-
pears to be maximal at 75Cu. The analysis of the mag-
netic moment with the help of state-of-the-art shell-
model calculations7) reveals that the trend of the de-
viation corresponds to the effect of the core excitation.
Furthermore, it was found that the low-lying states in
75Cu are, to a large extent, of single-particle nature on
top of a correlated 74Ni core.
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Complete set of deuteron analyzing powers from d⃗p elastic scattering
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All the deuteron analyzing powers, iT11, T21, T20

and T22, for elastic deuteron-proton (dp) scattering
have been measured with a polarized deuteron beam
at 186.6 MeV/nucleon at the angles in the center of
mass system of θc.m. = 39◦–165◦. These data, together
with our previously reported deuteron analyzing pow-
ers taken at different energies, constitute a solid basis
to guide the theoretical investigations of three-nucleon
forces (3NFs).

Our new deuteron analyzing powers and the previ-
ously measured data at 70 and 135 MeV/nucleon to-
gether with the elastic cross section data in the energy
region of interest, are compared with the results of 3N
Faddeev calculations based on the standard nucleon–
nucleon (NN) potentials1) alone or combined with the
TM99 3NF.2) The AV18 NN potential is also com-
bined with the Urbana IX 3NF.3) Parts of the data
are shown in Figs. 1a), c), and e). Predicted 3NF ef-
fects localized at backward angles are supported only
partially by the data. The data are also compared to
predictions based on locally regularized chiral NN po-
tentials.4) The N4LO chiral potential predictions are
close to the semi-phenomenological NN results for the
measured observables. At 190 MeV, the N4LO NN pre-
dictions are generally away from the data. This would
indicate the effects of 3NF contributions that were ne-
glected in our calculations. An estimation of the the-
oretical truncation uncertainties in the consecutive or-
ders of chiral expansion (Figs. 1b), d), and f)) suggests
that the observed discrepancies between this modern
theory and the data could probably be explained by
including chiral 3NF’s in future calculations.
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Fig. 1. Elastic dp scattering deuteron tensor analyzing
power T22 at incoming nucleon laboratory energies of
E = 70 MeV: a) and b), 135 MeV: c) and d), and
190 MeV: e) and f). In a), c), and e) the blue shaded
band indicates predictions of standard NN potentials1)

and the red shaded band indicates predictions when they
are combined with the TM99 3NF. The dashed black
curve represents the prediction of the AV18+Urbana IX
combination. The solid green curve shows prediction
of the locally regularized (regulator R = 0.9 fm) N4LO
chiral potential. In b), d), and f), the estimated theo-
retical uncertainties at different order of chiral expansion
are shown by the bands of increasing width at: N4LO
(blue), N3LO (magenta), N2LO (green), and NLO (yel-
low). The black circles are dp data taken at RIKEN.
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