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The region around the doubly magic nucleus 132Sn
(N = 82 and Z = 50) is of particular interest for nu-
clear structure investigations. Nuclei with a few nucle-
ons outside this closed-shell core provide direct infor-
mation about the evolution of nucleon-nucleon corre-
lations, quadrupole collectivity and single-particle en-
ergies. In this context, the low-lying states in the
neutron-rich nucleus 133Sn, which consists of a single
neutron coupled to the doubly-magic nucleus 132Sn,
provide information about the position of the neutron
single-particle orbitals belonging to the N = 82–126
major shell. Neutron single-particle energies of 854,
1367, 1561, and 2002 keV for the 2p3/2, 2p1/2, 0h9/2

and 1f5/2 orbitals, respectively, relative to the 1f7/2
orbital, have been established combining the informa-
tion from both β decay and (d, p) neutron-transfer ex-
periments.1,2) The neutron single-hole states in 133Sn
are expected to have excitation energies above Sn =
2.402(4) MeV and to decay via neutron emission me-
diated by the strong interaction.
In an experiment performed in April 2015 at the

RI Beam Factory (RIBF), excited states in the nu-
cleus 133Sn were investigated by in-beam γ-ray spec-
troscopy. These states in 133Sn were populated knock-
ing out a neutron from a slightly heavier nucleus,
134Sn, at relativistic energies. The exotic nuclei to be
investigated were produced by the in-flight fission of a
345 MeV/nucleon 238U beam with an average intensity
of 15 pnA, impinging on a 4-mm thick Be target. In the
BigRIPS in-flight separator, the Bρ-∆E-Bρ method
was used in order to select and identify a secondary
beam of 134Sn. The identified 134Sn ions then impinged
with a kinetic energy of 165 MeV/nucleon on a 3-mm
thick C target. The γ radiation emitted in the decay of
excited states was detected using the γ-ray spectrom-
eter DALI2 which was installed surrounding the sec-
ondary target. Reaction products from the secondary
target were identified using the ZeroDegree spectrom-
eter.3)

Figure 1 shows the Doppler-corrected γ-ray spec-
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Fig. 1. Doppler-corrected γ-ray spectrum (for γ-ray mul-

tiplicity Mγ = 1 after add back) of 133Sn populated

via one-neutron knockout from 134Sn. The response

function fit to the experimental spectrum is shown by

the thick red line while the individual components are

shown as thin black lines. The background is indicated

as the gray area. The inset shows the high-energy re-

gion of the spectrum on a linear scale.

trum measured in coincidence with 134Sn ions detected
in BigRIPS and 133Sn nuclei detected in the ZD spec-
trometer. Besides the known γ rays emitted in the
decay of the single-particle states (transitions at 513,
854, 1561, and 2002 keV), clearly additional γ strength
is observed above the neutron separation energy, reach-
ing up to about 5.5 MeV. These excited states are in-
terpreted as neutron-hole states that are populated fol-
lowing the knock-out of a neutron from the closed N =
50–82 shell of the 134Sn projectile ion. These neutron-
hole states are expected to decay via neutron emission
because they are situated far above the neutron sepa-
ration energy. However, the ability of γ-ray emission
to compete with neutron decay is explained taking into
account the structure of the initial and final states and
the resultant wave-function overlap. Our study raises
the question whether, due to nuclear structure effects,
the γ-ray emission may play a much more significant
role than generally assumed in the decay of highly ex-
cited states populated following β decay in the region
southeast of 132Sn.
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The successful observation of gravitational waves
from a neutron star merger1) highlights the importance
of the nuclear Equation of State (EoS). Heavy ion col-
lisions are an appropriate tool to evaluate the nuclear
EoS at supra-saturation. In nuclear EoS at a density
more than that of normal nuclear matter (ρ > 2ρ0),
the isospin symmetry energy term includes large un-
certainly in theory, because of the lack of experimental
data. In a previous work, the π−/π+ production ra-
tio was a super soft EoS;2) however, the proton and
neutron collective flow analysis3) was inconsistent.
The SAMURAI Pion-Reconstruction and Ion-

Tracker-Time-Projection Chamber (SπRIT-TPC)
project was proposed to constrain the EoS using differ-
ent isospin asymmetry systems with 132Sn and 108Sn
beams at 270 MeV/u on 112Sn and 124Sn targets at
SAMURAI in RIBF. Multiple observations, such as
π−/π+ production ratio, proton and neutron collective
flow, and H3/He3 production ratio, will be obtained to
study the EoS for heavy ion collisions.

The collective flow of neutron and proton is expected
to be sensitive to the isospin symmetry potential be-
cause it could minimize the influence of the isoscalar
potential.4) In this paper, recent results for the collec-
tive flow analysis will be discussed.

The SπRIT-TPC is described in Ref. 5) NeuLAND
was installed 8.8 m downstream from the target to de-
tect neutrons emitted around the mid-rapidity region.
Trigger devices, KATANA array6) and Multiplicity ar-
ray7) were installed surrounding the SπRIT-TPC.
The strength of the collective flow is analyzed from

the azimuthal distribution with respect to a reaction
plane. The reaction plane orientation angle, Ψ , is de-
termined event by event. The azimuthal angle of the
reaction plane is defined as the sum of the transverse
momentum unit vector.

Ψ =

∑m
i ωi sin(nϕi)∑m
i ωi cos(nϕi)

(1)

∆Ψsub = ΨA −ΨB (2)

The coefficient ω is 1 if rapidity is larger than the center
of rapidity, otherwise it is −1.
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The geometrical acceptance of the SπRIT-TPC is
limited and asymmetric in the azimuthal angle, so it
was necessary to apply a flattening correction.8) Tracks
were randomly selected from independent events to
create “mixed” events. To check the feasibility of de-
termining the reaction plane with this flattening cor-
rection applied, two sub-events of equal multiplicity
were formed event by event. The reaction planes ΨA

and ΨB were measured from the sub-events, and the
opening angle of two sub-events, ∆Ψsub, is plotted in
Fig. 1. The real events are plotted as red circles, which
show an enhancement at ∆Ψsub = 0 indicating the
ability of determining the reaction plane from the mea-
surements. The mixed events are plotted as green cir-
cles, which show a flat distribution indicating that the
detector bias has been removed. It was confirmed that
the reaction plane could be determined using sub-event
correlations with SπRIT-TPC. More detailed analysis
is on going.
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Fig. 1. Opening angle of reaction planes determined by two

sub-events Red and green circles show real and mixed

events, respectively.
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