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Theory1) predicts that nuclei with N = 126 exist up
to Fm (Z = 100) because of the fission barrier arising
from the ground-state shell effect. The heaviest N =
126 nuclei reported so far is 218U (Z = 92). In this
program to study nuclei with N = 126, we attempt
to produce heavier nuclei such as 220Pu. In previous
experiments, a new isotope 216U, which is the daughter
nucleus of 220Pu and 215U, were observed2).

We performed an experiment at the RIKEN Linear
Accelerator (RILAC) facility. We used 82Kr ion as an
incident beam and 136,137,138BaCO3,

NatLa2O3, and
NatCeO2 as targets to study the 82Kr + 136,137,138Ba,
139La, and 140Ce reactions. Each target material
was prepared by sputtering on 0.8–1.1-µm-thick alu-
minum foils so as to achieve a thickness of 300–500
µg/cm2, and it was also covered with 40 µg/cm2 of
aluminum.The 82Kr beams with energies of 365, 381
and 386 MeV were used to bombard these target foils
mounted on a rotating target.

Evaporation residues (ERs) were separated from the
beam particles and other products using a gas-filled re-
coil ion separator (GARIS), and they were implanted
into a position-sensitive strip detector (PSD; 58 × 58
mm2). The PSD was boxed in four Si detectors (SSD)
to catch α particles escaping from the PSD. Two tim-
ing detectors were set in front of the PSD to measure
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Fig. 1. α-decay time (a) and energy (b) spectra for 216U.

The previous results are indicated by dotted arrows.

Each ∆T indicates the time difference between each de-

cay generation (αp, αd, and αgd). The labeled energies

Eα1, Eα2, and Eα3 for 216U are specified. Observed α-

decay energies and half-lives are written with reported

ones except for 216U.
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the time-of-flight (TOF) of the ERs. Time informa-
tion was also used to distinguish between the α-decay
events in the PSD and the recoil implantations. A Ge-
detector was placed 6 mm behind the PSD to measure
the γ-rays coinciding with the α-decays. The isotopes
were identified by using an α-decay chain with known
α-decay properties of the descendants and the position
correlations between the implanted ERs in the PSD
and the subsequent α-decays.

In this experiment, we confirmed the production of
215U and 216U by observing one chain and six chains,
respectively, including the candidates of new transi-
tions. For the decay chains of 216U, the α-decay en-
ergies and decay times are shown in Fig. 1. These
decay events and cross sections are summarized in Ta-
ble 1, and we labeled the decay energies with Eα1,
Eα2, and Eα3 temporarily. For a new transition, Eα2

of 216U may be a transition from isomer-state in 216U
to ground-state in 212Th as well as an isomer state of
218U with the α-decay energy of 10678 keV3). In the
attempt to produce 219Np and 220Pu using the 82Kr
+ 139La and 140Ce reactions, cross section upper lim-
its of 28 pb and 46 pb, respectively, were obtained.
Further discussion, such as the interpretation of new
transitions, is ongoing.

Table 1. α-decay events of 215U and 216U. The time and

position difference between the implanted ERs and the

α-decay are ∆T and ∆X, respectively. Eb represents

the 82Kr beam energy at the center of the target.

Eα ∆T |∆X| Reaction (Eb) &
(keV) (ms) (mm) Cross section

216U 84082) 6.98 0.2 137Ba+82Kr (366)
(Eα1) 8371 3.95 0.2 → 216U + 3n

8379* 0.43 0.5 22+14

−9
pb

216U 10518 2.50 0.2
(Eα2) 10459* 0.43 2.3
216U 8254 1.81 0.1 136Ba+82Kr (350)
(Eα3) 8265* 3.40 0.2 → 216U + 2n

58+77

−38
pb

215U 84362) 5.82 1.0 136Ba+82Kr (373)
(Eα1) → 215U + 3n

215U 82302) 0.64 0.4 31+28

−18
pb

(Eα2) 8283 2.10 0.2

* Sum energy of PSD and SSD.
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A new isotope search experiment in the neutron-
rich region around Z = 33 was performed in Novem-
ber 2014, aiming to expand the frontier of accessible
neutron-rich exotic nuclei. In this experiment, the nu-
clei of interest were produced by the in-flight fission of
a 345 MeV/nucleon 238U beam colliding with a 4.00-
mm-thick Be target. The primary beam intensity was
10.8 particle nA on average. Fission fragments were
separated and identified using the superconducting in-
flight separator BigRIPS1). In order to separate and
purify the RI beams, two wedge-shaped energy de-
graders were placed at the F1 and F5 dispersive foci.
The typical counting rate at the F3 and F7 achromatic
foci were 30.1 kHz and 1.88 kHz, respectively. Table 1
summarizes the experimental conditions.

Table 1. Summary of the experimental conditions.

Target (mm) Be 4.00
Bρ a (Tm) 8.087

Degrader at F1 (mm) Al 2.82
Degrader at F5 (mm) Al 2.99

F1 slit (mm) +64.2 / −64.2
F2 slit (mm) +20.0 / −12.0
F5 slit (mm) +120.0 / −120.0
F7 slit (mm) +15.0 / −15.0

Central particle 94As
Irradiation time (h) 97.3

Live time of DAQ (%) 66.1
Trigger rate (kHz) 1.24

Total dose 2.35× 1016
a The values from the magnetic fields of the first dipole
magnet.

Particle identification (PID) was performed using
the ∆E-TOF-Bρ method in which the energy loss
(∆E), time of flight (TOF), and magnetic rigidity (Bρ)
were measured to allow the event-by-event determina-
tion of atomic number Z and mass-to-charge ratio A/Q
of fragments2). The PID was confirmed by measuring
the delayed γ-rays emitted from short-lived isomers,
such as 95Kr and 94Br, by using two clover-type high-
purity germanium detectors placed at the F7 achro-
matic focus; this technique is called isomer tagging.
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Figure 1 shows a two-dimensional PID plot of Z
versus A/Q. The solid red line indicates the limit of
previously identified isotopes. The relative root mean
square (rms) Z resolution and the relative rms A/Q
resolution achieved were typically 0.57% and 0.055%,
respectively. We can see some candidates for new iso-
topes such as 93As, 96Se, and 99Br.

Detailed analysis is currently in progress.
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Fig. 1. Two-dimensional PID plot of Z versus A/Q. Red

line indicates the limit of known isotopes.
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