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Abstract )

Research activities of our group were mainly focused
on the study of fission and nuclear structure of exotic
nuclei. In the fission of proton-rich nucleus, "*"Hg, we
observed a new type of mass asymmetric fission. We
also studied fission of neutron-rich and very heavy
nuclei. On the nuclear-structure side, we succeeded in
accounting for the breakdown of the magic numbers
in the N=28 region in a unified manner by carrying out
shell-model calculations including the tensor force.

1. Background y

The research goal of our group was set to understand
nuclear fission and structure of exotic nuclei. Properties
of nucleus,such as e.g. mass, litetime, reaction
dgnamics, and the limit of existence of nuclei, including
super-heavy elements, are largely intluenced by the
microscopic structure asscoiated with energy levels of
nucleon. We focused our interest especially on proton-
rich and neutron-rich nuclei located far from stable
isotopes.

(1) Fission of exotic nuclei

The liquid drop model of the nucleus predicts that
fragments with equal mass should be produced in fission.
This is not the case, however, for the fission of actinide
nuclei, which show asymmetric mass distributions due
to the change of the potential energy surface associated
with the microscopic shell energy correction.

Our interest in the study of fission of proton-rich
nuclei goes back to collaborative work performed at
the SHIP of GSI, Darmstadt, Germany. We observed
unexpected high energy events when studying the decay
of proton-rich isotopes in the Pb region. We reached the
conclusion that the high-energy particles are the fission
fragments produced by the B'/EC delayed fission of
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Fig.1 Q-value of the parent astatine (At) nuclei and fission barrier height of the daughter polonium (Po) nuclei
The figure on the right side shows the process of the 87/EC delayed fission.
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""At. This finding triggered our campaign of fission
studies in this region.

Figurg 1 (left) shows the Qg.-value for the p"/EC
decay of astatine (At) isotopes (red line). This Q. value
determines the maximum excitation energy which can be
attained by the daughter nuclei, polonium isotopes (Po).
Fission barrier height B, of the Po isotopes are shown by
the blue curve. The fission probability of the daughter
Po nucleus is largely determined by the Q. (At) relative
to the B, (Po). The proton-rich (or neutron-deficient)
At has a larger Q. value than the fission barrier of

""Po, giving us a chance to observe B’/EC delayed

fission of '*At. In the past, a Russian group reported this
phenomenon in this region using track detectors [1]. The
reported physical quantities were, however, very limited.
We achieved definite conclusion by detecting directly
the high-energy release in fission. The finding opened
a campaign to study low excitation-energy (<10MeV)
fission of proton-rich nuclei.

We also extended our research program to include
fission of neutron-rich actinide nuclei at the tandem
facility of JAEA. Taking advantage of multi-nucleon
transfer reactions, we could investigate neutron rich
nuclei not yet studied so far. The reaction O + **U,
for example, gives access to more than 10 fissioning
actinides in a single measurement. This experiment
reveals the systematic change of fission-fragment mass
distributions across different isotopes, and as a function
of excitation energy. This program was promoted using
external funds. Heavy-ion induced reactions were also

used to study fission of super-heavy nuclei, which is
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expected to be regulated by shell structures different
from those affecting the fission of actinide nuclei. These
super-heavy nuclei are populated by collisions between
heavy isotopes, thus the dynamical effects from the
entrance channels would be also observed. The observed
mass distributions constrain the dynamic fissioning
path along the potential energy landscape, and therefore
constitute an essential test of theoretical calculations.

(2) Nuclear structure of unstable nuclei

One of the most challenging topics in nuclear physics
is to predict the reorganization of shell structure in
the very neutron-rich and proton-rich regions. This
subject is closely related to the study of fission because
it is strongly influenced by shell structure. To answer
this question, large-scale radioactive-ion-beam (RIB)
facilities are currently being operated and constructed in
Europe, North America, Japan and South Korea. Recent
experimental studies carried out at RIB facilities have
provided unexpected results: in the very neutron-rich
region, for example, conventional magic numbers 8, 20,
28 disappear and a new magic number 16 appears. Since
the magic number arises as a large shell gap between
neighboring orbits, the breakdown of magic numbers
indicates sharp modifications of shell structure, often
called shell evolution. In order to probe the origin of shell
evolution, state-of-the-art nuclear-structure calculations
that take many-body correlation into account are needed.
In this subject, our group aims at understanding the
origin of shell evolution by performing large-scale shell-
model calculations. Developing a new methodology and
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Fig.2 Fission fragment distribution on the mass and the total kinetic energy plane for the fission of 'Hg

populated by the B8*/EC decay of '°Tl

Fission of 180Hg shows the mass asymmetric fission centered at masses 80 and 100 [2].
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computational framework is also crucial for this purpose.

2. Contents of the study )

(1) Fission in new region of chart of nuclei
Closed shell structure around the neutron-rich nucleus
Sn plays an important role in the fission process of, for
example, **U(n,f). On the other hand, "*’"Hg is a proton-
rich isotope with Z/N value (proton-to-neutron ratio)
equal to 0.8. Fission fragments are expected, on average,
to exhibit the same Z/N ratio. In the fission of "*"Hg,
therefore, we expected that the semi-magic nucleus
*Zr (Z=40, N=50, Z/N=0.8) would play a key role and
that '*
fragments.

Measurement of fission of "*"Hg was carried out
at the CERN-ISOLDE facility. Proton beams of 1.4
GeV impinged onto UC, targets to produce the Tl

132

Hg would fission symmetrically into two *Zr

parent nuclei, to observe its B’/EC delayed fission. The
radioactive "*°T1 beams were extracted from the target
using a resonance ionization laser ion source. The
distribution of the fission fragments in the low energy
""Hg splits mainly
into nuclei of mass 80 and 100, showing a surprising
asymmetric fission. Assuming the conservation of the 7/
N value, the produced isotopes are centered around *’Kr
and '“Ru. These results imply that the structure of *Zr
does not play a role in the fission of *’Hg.
Potential-energy landscapes were calculated for
*U and """Hg to explain the difference in fission as
shown in Fig.3 [3]. In the fission of **U, the saddle
point appears at the mass-asymmetric shape, and the
asymmetry degree of freedom is conserved from the

fission of "*"Hg is shown in Fig.2 [2].

E3 2%y &L 'Hg DERICHTBRT VI vILIRILF—DZE(L

P RILREDBER (scission) S Z O TRL TW5, KHIIFE, BE SN DD HOETRE[3],

Fig.3 Potential energy landscapes for 226U and '®°Hg

Saddle and scission points are marked by an open circle. The arrows show the expected trajectory of the shape evolution in

fission [3].
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saddle to the scission point. The nucleus "**Hg also
shows an asymmetric saddle point. For the extremely
elongated shape, the potential energy drops significantly
at the mass-symmetry point to create two *Zr tragments,
which contradicts to the experiment data. This
experimental result showed that the simple scission
point model, which works for actinide fissions, does not
explain the asymmetric fission of '"’Hg.

We therefore investigated also the p’/EC-delayed
fission of neighboring nuclei: '*>'**At [4], "*'®Bi [5],

EPFNIz, FRE, TR 2 v 7 AR T - 72, and "*T1 [6]. The results are presented in Fig.4 [7],
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Fig.5 Calculated fission fragment mass distributions for proton-rich nuclei [8]

Experimental data were measured in our experiment for nuclei marked by blue (B*/EC-delayed fission) and red (fusion-
fission) boxes. The green belt shows the region, where B*/EC-delayed fission happens. Measured fission fragment mass
distributions for 190Hg produced by fusion reaction %®Ar + '®#Sm is shown in the right hand side [9].
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Fig.6 Silicon A E-E detector used for the identification
of multi-nucleon transfer channels.
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which shows the fission fragment mass distributions
for "**"Po and *”Rn, obtained in the B’/EC delayed
fission of '**'"At and *”Fr. "*'*Po and *”Rn exhibit
a predominantly mass symmetric shape, with a
moderate amount of asymmetric fission mode. These
results suggest a smooth transition from asymmetric
to symmetric fission. This trend is also found in the
calculation using a random walk approach coupled
with the five dimensional potential energy surface [8],
shown in Fig.5. The calculation shows the “Island” of
mass asymmetric fission and the calculations reasonably
explain the measured trend of Fig.4.

In order to better understand this island of mass
asymmetry, we also measured the fission of '"’Hg,
located on the right hand side of the island. The
compound nucleus "’Hg was populated in the **Ar +
"**Sm fusion reaction, using the **Ar beam supplied
by the JAEA tandem facility. The results are shown in
the upper-right corner in Fig.5. In spite of the wider
distribution of the spectrum, due to high excitation of the
compound nucleus (47.8MeV), the measured data reveal
an asymmetric fission centered on *’Br and '’Rh [9].

Our results on B'/EC- delayed fission and the fission
of proton-rich nuclei were summarized in Rev. Mod.
Phys. [10]. As a part of this work, the first ionizatim
potential for the element astatime was determined for the
first time as 9.3158 (8) eV with high precision [11].

The fission program was extended to the neutron-rich

actinide nuclei, where '

Sn would play an important
role. In the experiment at the JAEA tandem taciliy, we
studied the fission of neutron-rich actinide nuclei not yet
known. The fragment mass distribution and its excitation
energy dependence was measured for nuclei populated
by multi-nucleon transfer. The transfer channels (and

associated fissioning nuclei) were identified using our

Excitation energy dependence is shown [12]
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Fig.7 Measured fission fragment mass distributions of nuclei populated by multi-nucleon transfer reaction '20 +
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newly developed silicon AE-E detectors shown in Fig. 6.
The fission fragments were detected using position-
sensitive multi-wire proportional counters, and a time-
of-flight analysis permitted to determine the fragment
masses.

The results are shown in Fig.7, which includes data for
oy, 240’241’242Np, and **Pu obtained for the first time. The
peak-to-valley (P/V) ratio of the measured distributions
decreases for higher excitation energy, as a result of
damping of the shell cowection. We observed that the
P/V ratio also increases with the neutron number (N) of
the fissioning nucleus. Heavier isotopes have larger N/Z
ratibs, thus the fragments approaches to the N/Z value
of '*’Sn (=1.64). Surviving shell structure even at high
excitation for larger N/Z value indicates the dominance
of the shell **Sn in fission.

Fission of super-heavy nuclei was studied at the JAEA
tandem facility in different reactions of heavy ions
with a ***
produced fission products.

The obtained data are shown in Fig.8. Four panels
for each reaction correspond to different incident beam
U, mass asymmetric
fission starts to appear at low incident energies. A sharp
transition from symmetric to asymmetric fission was

*®U. The asymmetric fission

U target and measuring the distribution of the

energy. In the reaction of *°Si +

seen in the reaction *°S +
peak is more pronounced when heavier projectiles are
used. This observation suggests that mass asymmetric
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[13-15],

Fig.8 Fission fragment mass distributions obtained in the heavy-ion induced reactions involving 238U target

nucleus

Pink arrows show the quasifission components, whereas green arrows show the center of the compound-nucleus fission.
The configurations for the polar and equatorial collisions are shown in the right side [13-15].
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Fig.9 Excitation energies in silicon isotopes compared
between experimental (circles) and theory (lines)

The experimental data published after the present
calculation are shown in open circles [16].
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fission occurs without forming a compound nucleus
(quasi-fission). The light and heavy mass peaks agree
with the masses around the doubly-magic nuclei,
*Ni and **Pb. These findings were compared with
calculations based on the fluctuation-dissipation model.
The calculations imply evolution of nuclear shape,
and trajectories were tracked from the collision point
of the entrance channel down to the scission points.
The calculations indicate that the mass asymmetry is
indeed due to quasifission [13-15]. It is also predicted
that the compound nucleus fissions symmetrically. This
study suggested that potential energy surfaces can be
investigated more widely by studying quasifission. The
analysis showed that static prolate deformation of **U
determines the probability for quasifission. At lower
bombarding energies, the nuclear contact is achieved
only on the polar side of the ***U nucleus. The data
reveal that the polar collision results in quasifission
with larger probability. Higher energy enhances the
symmetric fission yield due to the larger fraction of
compound nucleus formation.

(2) Nuclear structure study for neutron rich nuclei

Nuclear structure around the neutron number N=28
was studied using shell-model calculations. N=28 is a
well-known conventional magic number, originating
from the spin-orbit splitting of the f;,-f,, orbitals.
N=28 magicity was recently found to disappear in *Si,
which attracted much interest in the community. Shell-
model calculations were performed [16] using a newly
constructed effective interaction, which incorporates the
tensor force. As shown in Fig. 9, the present study has
succeeded in reproducing the anomalously low-lying
first excitation energy in **Si, which is considered as
an evidence for the disappearance of the N=28 magic
number. Since this energy cannot be explained without
the tensor force, the tensor force is proven to be the main
source of the disappearance. The tensor force decreases
the spin-orbit splitting in j-j closed nuclei such as *’Si,
and makes them deformed due to correlations between
near-lying orbitals. This is the first calculation to point
out that the shell evolution due to the tensor force
changes even the nuclear shape. The present calculation
has also predicted the appearance of a new magic
number N=34 in the nucleus **Ca. This prediction has
recently been confirmed in the experiment reported in
Nature [17].

To calculate the structure of heavier nuclei, further
development in methodology and computing is required.
This group has developed a new method of calculations,
named Monte Carlo shell model, in collaboration with
the University of Tokyo. Among a number of papers
published in this term, we highlight here, as a work
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mainly carried out by our group, a new computational
method that reduces the computer time by a factor of
5 to 10 [18]. This development allowed us to calculate
for the first time the low-lying energy levels in the
nickel (Z=28) isotopes in the framework of the shell
model [19]. The large-scale shell-model calculations
have successfully applied to study the evolution of
energy levels in antimony (Z=51) isotopes, and has
demonstrated that it is due to the tensor force [20].

3. Importance of the result and its impact )

Study of nuclear fission has a long history of more
than 70 years. Mass asymmetric fission for actinide
nuclei was already known in the early stages of this
research. Studying the fission of "*"Hg revealed the
new region of mass asymmetry on the chart of nuclei.
This result also suggests that conventional methods to
search for the energy minimum at the very end of the
nuclear elongation cannot always explain the fission
yield. Potential-energy-landscape calculations are
required to explain the fission observables. The present
study reminds that dynamical model calculation is also
essential to describe fission. The present data for "*’Hg
provides a benchmark for various theory models in
fission.

The developments were carried out to determine the
fission yields for various nuclei and their excitation
energy dependence using multi-nucleon transfer
reaction. The new technique allowed us to obtain data
for neutron-rich nuclei and neutron-induced data of
short-lived nuclei, some of which bear repercussions
on atomic energy applications. Experimental data also
reveal the damping of the shell at high excitation energy,
which is a key subject describe not only fission but also
heavy-ion induced reactions.

The understanding of heavy-ion induced fission is
closely connected to synthesis of super-heavy nuclei.
On the one hand, relative yields of fusion-fission and
quasifission can be used to determine the production
cross section of superheavy compound nuclei as a first
step for the element synthesis. We have estimated the
cross sections to produce seaborgium (Sg; Z=106) and
hassium (Hs; Z=108) isotopes in the reactions *’Si+>*U
and **S+7*U, respectively [13,14]. Our estimate was
compared with the measured data obtained in the
collaboration between JAEA and GSI. The predictions
are consistent with the measured cross sections. The
agreement suggests that super-heavy nuclei can be
produced in sub-barrier fusion reactions. This knowledge
was applied to produce the new isotope ***Hs [14]. The
actinide-based reactions are now the major reactions
to promote the study for super-heavy nuclei, and the
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