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Production cross-section measurement and new-isotope search for
very-neutron-rich RIs produced from 70Zn beam at 345 MeV/nucleaon

by BigRIPS separator

H. Suzuki,∗1 M. Yoshimoto,∗2 N. Fukuda,∗1 H. Takeda,∗1 Y. Shimizu,∗1 Y. Yanagisawa,∗1 H. Sato,∗1 and
K. Yoshida∗1

We performed production cross-section measurements
and a new-isotope search in the neutron-rich region
with the atomic numbers Z = 12–19, located south-
east of 48Ca in the nuclear chart. The neutron-rich ra-
dioactive isotopes (RIs) were produced by the projec-
tile fragmentation of a 600-particle-nA 70Zn beam at
345 MeV/nucleon impinged on a 10-mm-thick Be target
in the BigRIPS separator. Particle identification based
on the TOF-Bρ-∆E method1) was performed in the sec-
ond stage of BigRIPS. Three BigRIPS settings were used
with 45S, 43Si, and 45Si as centeral particles. The former
two settings were for the cross-section measurements,
and the last one was for the new-isotope search. The
production cross sections were deduced from the mea-
sured production rates and their transmission efficiencies

10-14

10-12

10-10

10-8

10-6

10-4

Pr
od

uc
tio

n 
cr

os
s 

se
ct

io
n 

(m
b) Cr

Ti
CaAr

SSi

Mg

(a)

EPAX3.1a
EPAX2.15
FRACS1.1

10-14

10-12

10-10

10-8

10-6

10-4

 25  30  35  40  45  50  55  60  65  70

Pr
od

uc
tio

n 
cr

os
s 

se
ct

io
n 

(m
b)

Mass number

VSc

KClP

Al

(b)

2012 data
2014 data

43
45S setting
45Si setting

Si setting

Fig. 1. Measured production cross sections of RIs produced
in the 70Zn + Be reaction at 345 MeV/nucleon with semi-
empirical cross-section formulae. (a) Results for even-Z
isotopes. (b) Results for odd-Z isotopes.
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Fig. 2. PID plots obtained in the 45Si setting. Events of a
new isotope, 45Si, were clearly observed.

in BigRIPS, which were simulated with lise++ calcula-
tions.2) In the simulation, parameters that control the
momentum and angular distribution2,3) are not changed
from the default values in the current preliminary anal-
ysis.

Figure 1 shows the production cross sections of RIs
obtained in this work (filled symbols), together with
measurements in 2012 and 2014 (open symbols). The
solid, dashed, and dotted lines show the cross sections
predicted by the semi-empirical formula FRACS1.1,4)
EPAX2.15,5) and EPAX3.1a.6) Overall, FRACS1.1 best
reproduces the measured cross sections among these for-
mulae; however, around the very-neutron-rich region,
the discrepancy between the measured and predicted
cross sections becomes larger. A new isotope, 45Si,
was discovered in this work, as shown in Fig. 2. One
event was also observed at the location of 46Si, although
more elaborate analysis, such as background removal, is
needed for confirmation as a new isotope. The detailed
analysis is currently in progress.
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N = 32 shell closure below calcium: Low-lying structure of 50Ar†
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An interesting region to study shell evolution is
around Ca isotopes, where the development of shell clo-
sures for N = 32 and N = 34 has been suggested.
The N = 32 sub-shell closure was evidenced by its
relatively high E(2+) energy,1) and confirmed by two-
proton knockout cross sections2) and mass measure-
ments.3) For the N = 34 shell closure, evidence was
provided by E(2+),4) systematic mass measurements,5)
and neutron-knockout cross sections.6) The preserva-
tion of the N = 32 shell closure has been determined
in Ti and Cr via spectroscopy, reduced transition prob-
abilities, and precision mass measurements, while for
N = 34, it has been suggested to disappear above Ca.
In contrast, the recent measurement of the E(2+) of
52Ar suggests the conservation of the N = 34 shell clo-
sure for Z = 18.7) The first spectroscopy of 50Ar showed
a relatively high E(2+),8) hinting at the conservation of
the N = 32 shell closure below Ca. A candidate for the
4+ state was also reported. No further spectroscopic in-
formation is available for this very exotic nucleus. This
work reports low-lying states in 50Ar.

A beam of 70Zn with an average intensity of 240 par-
ticle nA was fragmented on a Be target. Isotopes
were identified using BigRIPS9) and delivered to the
151.3(13)-mm-long liquid hydrogen target of MINOS10)

placed in front of the SAMURAI magnet. Outgoing
fragments were identified using SAMURAI and associ-
ated detectors.11) The DALI2+ array,12,13) composed of
226 NaI(Tl) detectors, was used to detect the emitted
γ-rays. Doppler-corrected γ-ray spectra were obtained
using the reaction vertex and the velocity of the frag-
ment reconstructed with MINOS.

Based on the spectra and γγ analysis of the
proton- and neutron-knockout, inelastic-scattering, and
multinucleon-removal reactions, the level scheme shown
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Fig. 1. Experimental level scheme of 50Ar.

in Fig. 1 was constructed. The two previously reported
transitions and five new ones were identified. Theo-
retical level energies and spectroscopic factors for the
proton- and neutron-knockout reactions were obtained
with shell-model calculations using the SDPF-MU in-
teraction, as well as with ab initio calculations using the
VS-IMSRG approach. Tentative spin assignments were
made based on the comparison of the calculations and
the experimental results. In both calculations, states
with Jπ = 2+ are preferably populated by the reac-
tions, as shown in the figure. In addition, a (3−) state
is suggested to be populated following the proton in-
elastic scattering. Both theoretical calculations provide
consistent results and a relatively good agreement with
the experimental data, emphasizing the subshell closure
at N = 32 and strengthening our understanding of shell
evolution in this region.
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