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Abstract )

Nuclear fission was discovered during the irradiation
of uranium material with a neutron beam. Many
experimental attempts have been carried out to
understand this complex mechanism. By investigating
fission in a new region of the chart of nuclides, deeper
understanding of fission has been achieved by finding
a new phenomenon. In the present research, we
have developed a new method to study the fission of
neutron-rich nuclei. The method using multinucleon
transfer reaction is a remarkable approach as it
provides a large set of fission data in terms of produced
nuclides and their excitation-energy range. Also, the
method allows us to determine fission barrier height,
useful to evaluate nuclear fission data. In this report,
the experimental method and results are shown by
highlighting the effects of multichance fission on fission
observables, i.e., fission after neutron evaporation,
as a process known in general but less understood
quantitatively.

1. Background )

Knowledge of the atomic nucleus has developed with
new findings being provided by producing isotopes that
do not exist in nature. The discovery of closed shell
structure and associated magic numbers in the new
region of the chart of nuclides are one of the examples.
The theoretical models predict the “island of stability”
in the region of superheavy elements, attracting
nuclear physicists as one of the largest challenges
in nuclear physics. Similarly, deeper understanding
was obtained in fission by investigating previously
inaccessible regions of the nuclear chart. One of the
examples is the fission of fermium isotopes (Fm,
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atomic number Z=100) [1]. While lighter isotopes than
®TFm show a mass-asymmetric shape in the fission-
fragment mass distributions (FFMDs), the neutron-rich
Fm nucleus suddenly exhibits a prominently sharp
mass-symmetric shape by producing two fragments
with almost identical mass. This was interpreted to
be due to emergence of the shell structure of doubly
magic nucleus, ™Sn (Z=50, N=82), driving the system
to evolve through a different nuclear shape in fission.
Another example is the discovery of the mass-
asymmetric fission of the proton-rich nucleus “*"Hg
(Z=80, N=100) [2], found in 2010 with a collaborative
research program led by our group. In contrast to
the initial anticipation that the system would split
symmetrically by producing two “Zr (Z=40, N=50)
nuclei, ®Hg exhibits mass-asymmetric fission by
generating fragments with mass 80 and 100. The result
indicates that fission is not necessarily regulated by the
shell structure of the fragments, but the structure of
the fissioning nucleus has a crucial role. This became
the discovery of a new type of asymmetric fission. The
recent advancement of experimental fission studies is
reviewed in our recent paper [3], including the present
method.

The study of fission of neutron-rich nuclei is
motivated by two reasons. One is related to the
appearance of new types in fission in the unexplored
neutron-rich heavy-element region on the way to the
island of stability. In addition to the fission like **Fm
characterized by the *Sn structure, a theory predicts
a new type of asymmetric fission that is largely
regulated by the closed-shell structure associated with
“8pp (=82, N=126) and "Ni (Z=28, N=50), thus leading
to an extremely massy-asymmetric fission. The finding
should have a large impact to understand the fission
phenomenon. The second reason comes from the
relevance of r-process nucleosynthesis. In the site of
neutron-star mergers, heavy elements are produced
rapidly by successive neutron capture and f~ decay
processes. In the final phase of the r-process, the
produced heavy nuclei disintegrate through neutron-
capture induced fission and/or f~ -delayed fission. The so
called “fission recycle” process is nowadays extensively
discussed, as the fission fragments can be a seed
entering the r-process network. The process should
change the abundance of elements in the universe,
which is thus sensitive to the FFMDs. A nucleus which
survives against fission can be a source to produce
superheavy elements via the successive neutron
capture and the S~ decay. The key observable is the
fission barrier height, as it regulates the fission
probability. Although several models predict fission
barrier for such a neutron-rich nucleus, their values
deviate with each other as much as a factor of two.
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Fig. 1 Experimental method to take fission data using
multinucleon transfer reaction.
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Such a large deviation among fission models comes
from an insufficient knowledge in fission mechanism. It
is thus important to obtain fission data in the neutron-
rich region to provide experimental constraints in the
model development.

To study the fission of neutron-rich nuclei, we
adopted multinucleon transfer reaction. This is the
reaction which can happen in between colliding nuclel
by exchanging several neutrons and protons. The
process is explained in Fig. 1 using the ®*0 + **U
reaction. In this example, two neutrons are transferred
from "0 to **U, resulting in the compound nucleus *°U.
Depending on the ways of exchanging neutrons and
protons, many compound nuclei are produced. In the
channel of adding extra neutron to target nucleus (or
removing extra protons from target nucleus), neutron-
rich nucleus can be produced. Using a 0 beam, we
demonstrated that 23 nuclei can be studied in one
reaction study [3,4,5], as well as their evolution with
excitation energy up to a maximum of 70 MeV.

Our experiment was carried out at the JAEA
tandem facility in Tokal. One of the unique features
of this facility is that we can use many radioactive
actinide target materials. Coupled with our new
measurement technique, the number of studied nuclides
have been significantly increased. We have carried out
experiments using “*Th, **U, *Np, **Am, **Cm, and
®Es. We plan to continue experiments using target
such as #Ra and ®“Cf. Also, it is advantageous for us
to have a laboratory to make chemical purification of
the material and to make thin target foils.

The sharp beam profile from the tandem accelerator
1s also essential to our study. Thanks to the small beam
diameter of about 1 mm and a drift free property of the
beam position through several days, we can perform
the experiment by preparing a target-material layer
of only 1.0-mm diameter, meaning that the material to
be used is minimized down to 01 ug. This is important
when we use isotopes with short half-life and/or rare
isotope available in extremely limited quantities, such
as ®'Es.

2. Contents of research )

The experimental method is shown in Fig.l. A
key technique to realize the measurement is the
identification of the compound nucleus produced in the
multinucleon transfer reaction. This was achieved by
a newly developed silicon AE-E telescope (see Fig.l).
Different ejectile nuclides give a different energy
deposition in the AE layer (75-um thickness). Figure 2
shows an example to cleanly separate ejectile isotopes,
thus compound nuclides. In this figure AE energy is plotted
as a function of ejectile energy. Also, it is noticed that
kinetic energy of the ejectlie nucleus distributes widely.
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Fig. 2 Identification of ejectile nucleus using silicon A E-E telescope in the '®0 + 2°"Np reaction.
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(a)

Figure 4 (a) explains the process of multichance
fission. Direct fission from the initial compound nucleus
is called 1°" chance fission, but there is a probability
that the nucleus emits a neutron. In this case, a nucleus
with a lower excited state is populated. When the
excitation energy remains still enough, competition
between fission and neutron evaporation happens.
Fission after emitting one, two, and three neutrons are
called 2™, 3 and 4™ chance fissions; the same applies
hereafter. Figure 4 (b) shows the FFMD of U at the
initial excitation energy of 45 MeV in comparison to a
model calculation [5]. It is found that 1* chance fission
has a yield of only 12 %. The asymmetric shape of
FFMD predominantly comes from higher-order fission
chances, 4" (*"U), 5" (*°U) and 6" (**U).

The calculation shown in Fig. 3 and Fig. 4 (b) is from
the dynamical model using Lagnevin equations [7].
The red curves in Fig.3 are the results which takes
into account multichance fission. Coming back to the
isotope dependence of the FFMDs at 35-45 MeV,
the calculation nicely reproduced the measured data,
Le., heavier isotope has deeper valley. As the heavier
isotope have smaller neutron binding energy, the
nucleus has larger probability to emit neutrons, thus
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Fig. 4 (a) Concept of multichance fission. Due to neutron evaporation, fission-fragment mass distribution tends to
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show mass-asymmetric shape due to the revival of the shells.

(b) Fission-fragment mass distribution of 2*°U from initial excitation energy of 45 MeV. The calculated results are

decomposed into yields for different fission chances.

6th (235U 11.7%)

ARl /—~ Vol. 27 No.1

February 2021 1207



21

TV FF X 2 ARG RO BB O 1k
T ANVF—ARGEECE N D 27 v TIROFEED S H
THDHN, FoEVHENRZL20EE4 3 F v A
BAHRETT, ZNL Y BN RV F—TOEBRN 2
AR v, REEROBHESZ, I3 TR, AELT
RL72*Np (55 MeV) OBAGZIZERT 5, S
BT 2HTE, BO™Np (45 MeV) ks b, [
BRI AT RBIC X > T CODVE ORTEIIMES NS,
FHEMEIX, *'Np OGRS $ 53T OB L)
HIRELS DT =5 2HB L C\wb, ZOMGE, i
ERIAVFE—IZBITAT N v 7 ADTF— ¥ 2 FIC
ANBZETHREE B oTze EROERED X HIZ. FFE
OERERFR L AN F—DF— 7 # AT 2572517 TIEH
TR A HETE Vv, KBIZEIX. BIRDT v ¥ A
EE T AN D DFEMEE RO CTHFEICIRIE L2 0
THY, BT AINVTF—BHHE LR, BolEmz i
D ETEERRREE 5 272,

REBRT =5, BORBEEOE S ORETE S,
A ON SR EELZ IR AV -2 LTy b
T5. M1IIRT LI, BaREREL D RnT AL F
— 7P L EERIZIZIZ PO TH Y, BEELB LA
VBEENRD, ZOLEWESK SRR L 5, 15
BB SRS & RN T IE R~ L7z 8, Z
NETEBRWICHEHSN TV A REROS 1, Th
UEDBEWTHETR2HEZ T THY, RLEVWITTHEIZ
Cf (Z=98) 12& &b, RERZHEM L0 ¥ -
LRV TH Md (Z=101) FCHBRTE, i/
WA DT — 7 # Wb & HAA TV,

INFE TR OBEERGA LB RBEEO R S
OWTiEMm L7ce EHIZHEADEY M7 v 7 TR, By
e ZHTRBATRISICE L, T OB, TE 5 HEA
EoTRY ., EREMBITEED TV D,

(1) H1IWRT I, BagicttoTlithisn s
BFoBEFHEFIINF— A7 MU HET
&b BoHoEHIIHTL 2T IdEs R0
B A7 =V x 5.2 5, M4 O35 R 2 & it
ENLHETORIE. THREBROEGER DL
Ex52 %,

(2) BEBO BN T 202 O AES A
ENTWwAE, 2I0b, EETFBITRIEES 25
AESEAMHTE 5, BT AT OKE A&
BEOMELRABOTHEY., KSEHBEL>D
H5o

HBRlZ /—N Vol. 27 No.1 February 2021

fission fragments are generated from lower excited

states in average. On the contrary, the calculation

which does not include mutlichance fission fails to
reproduce the data.

The 2" and 3™ fission chances are well known
phenomena as evidenced in the onset of stepwise
structure of fission cross section as a function of
neutron energy. However, evaluation at higher
excitation energy and the role of higher fission chances
have been scarcely investigated. The validity of our
conclusion is evidenced in Fig. 3 by looking at the
fission chain starting from, for example, the initial
compound nucleus *'Np (55 MeV) marked as A. By
neutron emission, the nuclei **Np (B), ®*Np (C), ®**Np
(D), and ®'Np (E) are produced depending on the
number of emitted neutrons. FFMDs from every fission
chance are well demonstrated in the calculation. Our
results are the first to show the importance of higher
order fission chances at high energies, important to
develop an appropriate fission theory.

We determined the fission barrier height from the
present measurement. For this we plot the fission
probability as a function of excitation energy of the
compound nucleus. In the lower-energy region below
the fission barrier, prompt fission does not happen, see
Fig. 1. Overcoming the fission barrier, fission probability
increases rapidly. The fission barrier determined in
our experiment agree with the literature value [8],
warranting the validity of our method. We note that
available fission-barrier data above thorium isotopes
are 52 with the highest element data of californium
(Z=98). Using our setup, we expect to derive 48 new
barrier data additionally in the O induced reaction by
reaching elements up to mendelevium (Z=101).

Our experimental setup offers other fission
observables, as well as the mechanism of multinucleon
transfer reaction as follows.

(1) We are measuring prompt neutrons accompanied
by fission, see Fig.l. Neutrons emitted during
fission provide information on the fission time scale,
whereas those emitted from individual fragment tell
how much fission fragment is deformed in shape at
the time of nuclear rupture.

(2) We can draw fission-fragment angular distribution
with respect to the rotational axis of the compound
nucleus, defined by recording the reaction plane.
This has information on the angular momentum
of the system, and we are finding a correlation
between the number of exchanged nucleons and
angular momentum.
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The importance of our results in fission research
and nuclear data evaluation is apparent in the above
discussions. Here, we shown another example of
how our data contribute to the understanding of
fission process. This is related to the sudden change
of the FFMDs in the Fm isotopes explained in the
introduction. Our FFMD data for many nuclides are
used to fix a parameter entering in the Langevin
model. The updated model nicely explained the
dramatic change of the FFMD from mass-asymmetric
fission to sharp symmetric fission at ®*Fm [9]. It is
found that heavier nuclei such as “*Fm open a new
saddle point leading to the symmetric fission that can
compete with traditional mass asymmetric fission.
Furthermore, collective motion over the specific degree
of freedom in nuclear shape is essential to realize such
a sharp transition. Explanation of the mechanism is also
described in [10].

4. Perspectives )

We have taken fission data using *O-induced
multinucleon transfer reactions. Heavier projectile
nucleus has larger chance to reach more neutron-rich
nucleus.

It is apparent that excited nucleus which survives
against fission results in evaporation residue after
emitting neutrons and y-rays. In the multinucleon
transfer reaction, we have a chance to produce
neutron-rich heavy and superheavy nuclei in the
unexplored region of the chart of nuclides on the way
to the island of stability. At the JAEA tandem facility,
we have an apparatus called Recoil Mass Separator
(RMS), which can make an in-flight mass separation
of produced nuclei and guide them at the focal point
located about 10 m downstream of the target. We
have started the experiment to produce neutron-rich
evaporation residues using the RMS.

In contrast to heavy-ion fusion reactions, the
multinucleon transfer reaction is a complicated reaction.
In order to accurately predict the cross section to
produce such a neutron-rich heavy nucleus with a
proper model, it is important to promote experiments
to derive the excitation energy distribution and spin
distributions of the initial excited compound nucleus,
and this is our next step.
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