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Abstract. We found that a true ternary fission with formation of a heavy third fragment (a new kind of radioac-
tivity) is quite possible for superheavy nuclei due to the strong sheltes leading to a three-body clusterization

with the two doubly magic tin-like cores. The three-body quasifission process could be even more pronounced for
giant nuclear systems formed in collisions of heavy actinide nuclei. In this case a three-body clusterization might
be proved experimentally by detection of two coincident lead-like fragments in low-energycullisions.

1 Introduction 10°2f

Ternary fission process has already tens years history of
experimental and theoretical study. The term “ternary fis-
sion” is commonly used to denote the process of formation
of light charged particle accompanying fission [1]. This
is a rare process (less than 1%) relative to binary fission,
see Fig. 1. The probability of such a process decreases
sharply with increasing mass number of the accompany-
ing third particle. These light particles are emitted almost
perpendicularly with respect to the fission axis (equato- 10 20 30
rial emission) [1]. It is interpreted as an indication that the third particle mass number
light ternary particles are emitted from the neck region and
are accelerated by the Coulomb fields of both heavy frag- Fig. 1. Relative to binary fission yields of ternary particles in the
ments. (nw, T) reactions. The figure is a simplified version of Fig. 4 from
In contrast to such a process, the term “true ternary fis- [2] kindly prepared by F. Gonnenwein.
sion” is used for a simultaneous decay of heavy nucleus
into three fragments of not very féiérent mass [1]. Such
decays of low excited heavy nuclei were not observed yet,
but being discovered it becomes a new type of radioactiv-
ity. Early theoretical considerations based on the liquid-
drop model (LDM) [3,4] and a more sophisticated three-
center shell model [5, 6] showed that the potential energy o ) )
landscape and, in particular, the fission barrier plays a de-2 Clusterization and shape isomeric states
cisive role for the ternary fission process. It was also found of heavy nuclei
that the shell fiects may significantly reduce the ternary
fission barriers even for much less probable oblate (tri- The two-center shell model (TCSM) [9] looks most ap-
angle) deformations of very heavy nuclei. For superheavy propriate for calculation of the adiabatic potential energy
nuclei, where the LDM fission barriers are rather low (or of heavy nucleus at large dynamic deformations up to the
vanish completely), the shell correction to the total defor- configuration of two separated fragments. The nuclear shape
mation energy plays even more important role. Dynamical in this model is determined by 5 parameters: the system
aspects of the true ternary fission of very heavy nuclearelongationR, which for separated nuclei is the distance
systems (treated as a neck instability within the LDM) and between their mass centers; the deformations of the two
its dependence on nuclear viscosity were discussed in [7].parts of the systemd; and d2; the mass-asymmetry =
To our knowledge, since then there was no any significant(A; — A1)/(Az + Ag), whereA; andA; are the mass num-
progress in theoretical (or experimental) study of ternary bers of the system halves; and the neck paranzetdrich
fission. Today it becomes possible to study experimentally smoothes the shape of overlapping nuclei.
Within the macro-microscopic approaches the energy
@ e-mail: karpov@jinr.ru of the deformed nucleus is composed as the sum of two

relative yield

the properties and dynamics of formation and decay of su-
perheavy nuclei [8], for which the ternary fission could be
rather probable (see below).
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Fig. 2. Schematic view of binary and ternary fission.

parts: The macroscopic pafEmac, sSmoothly depends on
the proton and neutron numbers and may be calculated’
within the LDM. The microscopic par§E, describes the
shell dfects. It is constructed from the single-particle en-
ergy spectra by the Strutinsky procedure [10]. The details
of calculation of the single-particle energy spectra within
the TCSM, the explanation of all the parameters used as
well as the extended and empirical versions of the TCSM
may be found in [11].

Within the TCSM for a given nuclear configuration
(R, 7, 61, 62) we may unambiguously determine the two de- Fig. 3. Adiabatic potential energy for nucle8%116 formed
formed coresy anda, surrounded with a certain number in collision of **Ca with **%Cm. (a) Potential energy in the
of shared nucleonsA = Acy — a; — @, (see Fig. 2). Dur- ~ “elongation-mass asymmetry” space. (b) Topographical land-
ing binary fission these valence nucleons gradually spreadScape of the same potential in tizg ) plane. Dashed, solid and
between the two cores with formation of two final frag- dptted curves shoyv most probablle trajectorlgs of fusion, quasifis-
mentsA; and A,. Thus, the processes of compound nu- sion and regular f|§5|on,.respect|vely. The diagonal corresponds
cleus (CN) formation, binary fission and quasifission may © i€ contact configurationR(= Reon. 21 + 2 = Zen, 4A = 0).
be described both in the space of the shape parametergc) Potential energy Calcmate?}fg%r binary (dotted curve) and sym-
(R 7,61,65) and in the Spacea{, o1, a, ). This double metric ternary fission of nucleus®116 (see below).
choice of equivalent sets of coordinates is extremely im-
portant for a clear understanding and interpretation of the
physical meaning of the intermediate local minima appear-
ing on the multi-dimensional potential energy surface and
could be used for extension of the model for description of
three-core configurations appearing in ternary fission.

The adiabatic driving potential for formation and decay
of the superheavy nucled®116 at fixed deformations of
both fragments is shown in Fig. 3 as a function of elonga-
tion and mass asymmetry and also as a function of charg
numbersz; andz of the two cores (minimized over neu-
tron numbers; andny) at R < Reon. Following the fis-
sion path (dotted curves in Fig. 3a,b) the nuclear system
passes through the optimal configurations (with minimal o .
potential energy) and overcomes the multi-humped fission3 True ternary fission of superheavy nuclei
barrier. The intermediate minima located along this path
correspond to the shape isomeric states. These isomeridhere are too many collective degrees of freedom needed
states are nothing else but the two-cluster configurationsfor proper description of the potential energy of a nuclear
with magic or semi-magic cores surrounded with a certain configuration consisting of three deformed heavy fragments.
amount of shared nucleons. In the case of binary fissionWe restricted ourselves by consideration of the potential
of nucleus’®116 the second (after ground state) minimum energy of a three-body symmetric configuration with two
on the fission path arises from the two-cluster nuclear con-equal coresy = a, (and, thus, with two equal fragments
figuration consisting of tin-like g = 50) and krypton-like A3 = Ay in the exit fission channels). Also we assume
(z = 36) cores and about 70 shared nucleons. The thirdequal dynamic deformations of all the fragments, =
minimum corresponds to the mass-symmetric clusteriza-6, = d3 = 6, and use the same shape parametrization
tion with two magic tin cores surrounded with about 30 for axially symmetric ternary fission as in Ref. [12] (de-
common nucleons. termined by three smoothed oscillator potentials).

A three-body clusterization might appear just on the The third fragmentas, appears between the two cores
path from the saddle point to scission, where the sharedwhen the total elongation of the system, described by the
nucleons may form a third fragment located between the variableR (distance betweesy anday), is suficiently large
two heavy clustera; anday. In Fig. 2 a schematic view is  to contain all three fragments, i.dR,> R(a;) + 2R(as) +
shown for binary and ternary fission starting from the con- R(ay). Finally, we calculated the three-dimensional poten-
figuration of the last shape isomeric minimum of CN con- tial energyV(R, 6, As) trying to find a preferable path for

80 7,

sisting of two magic tin cores and about 30 extra (valence)
nucleons shared between the two clusters and moving ini-
tially in the whole volume of the mononucleus. In the case
of two-body fission 0£%116 nucleus these extra nucleons
gradually pass into one of the fragments with formation of
two nuclei in the exit channel (Sn and Dy in our case, see
the fission path in Fig. 3). However there is a chance for
these extra nucleonsA to concentrate in the neck region
%etween the two cores and form finally the third fission
fragment.
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Fig. 5. Potential energy for ternary fission of superheavy nu-
Fig. 4. Macroscopic part of the potential energy for fission of cleus?*°116. Macroscopic part of potential energy and the to-
238 (upper panel) and nuclear shapes (lower panel) dependingta| one (LDM plus shell corrections) are shown at the upper and
on elongation and mass of third fragment (italic numbers). The lower panels, respectively, depending on elongation and mass of

contour lines are drawn over 1 MeV. The dashed curve shows third fragment (italic numbers). The dashed curve shows the most
one of possible fission paths. probable ternary fission of nuclet®¥116 onto™¥2Sm-325+1325n,

ternary fission and estimate how much larger the barrier
is for three-body decay as compared to binary fission. For
better visualization we plot the calculated potential energy
V(R, 6, Az) as a function ofR/Ro - 1) cos (x3) and R/Ro -
1) sin (@3) at fixed dynamic deformatiof = 0.2, where
a3 = n - Az/100 andR, is the radius of sphere of equiva-
lent volume (CN).

The macroscopic (LDM) part of the potential energy
for 238U is shown in Fig. 4 along with the corresponding

nuclear shapes. One may see that the potential energy h cavy fragmentsy = A, ~ 130. The ternary fission val-

two barriers. The first one, which is closer to the ground lev is quite well separated by the potential ridae from the
state, is the usual barrier of binary fission. The second one yisqg P y P 9

is the barrier of three-body clusterization, that prevents theblnary fission valley. This means that the ternary fission of

296 H [T - tin” H H
system from the ternary fission. Both barriers become lower 116 nucleus into the *tin—sulfur—tin” combination should
as the system getting heavier. However, in the case of ac_domlnate. as compared with other true ternary fission chan-
tinides the binary fission dominates, because after the passr-]e's of this nucleus. Even more pronouncéde may be

i 4238
ing over the binary fission barrier the potential energy is ter:((er)?::relgrfol‘ri;ZiGC)2y(st:remtz\le:s;‘issig,r1\)N\t/1vﬁIr Tetgg t%r?gfmSZt(i)(In
much steeper just in the binary exit channel (right bottom f1h Y11 lust JS%S 42 0 g 4130 g
corner,Az ~ 0). Emission of light third particle is possible otthree magic clusterstsn+=tLa+ n.
here but not the true ternary fission. The shell correction = More sophisticated consideration of the multi-dimen-
(which makes deeper the ground state of this nucleus) doesional potential energy surface is needed to estimate the
not change distinctively the total potential energy. The rea- “ternary fission barrier” accurately. However, as can be
son for that is quite simple. For nuclei with< 100 there ~ seen from Fig. 5, the height of the ternary fission barrier
is just not enough charge and mass to form two doubly is notimmensely high. It is quite comparable with the reg-
magic tin-like nuclei plus a third heavy fragment. Never- ular fission barrier because the ternary fission starts in fact
theless the experiments aimed on the observation of reafrom the configuration of the shape isomeric state which is
ternary fission of actinide nuclei (with formation of heavy located outside from the first (highest) saddle point of su-
third fragment) are currently in progress [13]. perheavy nucleu®%116 [see the solid curve in Fig. 3(c)].

In the case of superheavy nuclei the macroscopic po-
tential energy does not lead to any barrier at all (neither
in binary nor in ternary exit channel) and stability of these
nuclei is determined completely by the shell corrections.
In bottom panels of Fig. 5 the calculated potential energy
is shown for superheavy nucleé®116. In contrast with
2381, in this case a real possibility for ternary fission ap-

ears with formation of third fragmemt; ~ 30 and two

10002-p.3



EPJ Web of Conferences

V(R,Az,8=const) > 203Pp + 50Ca+ 208Pp «— 0@@ V(R=ReonactZ1-Z3)

’

10

0

35U, MeV

-10

(R/Ren—1)sin(a3)

-20

233y

05 0 05 15 0 20 40 60 80 100 5 o 15 2 25 30
(R/Ren—1)cos(a3) Ay Zy

Fig. 6. (Left panel) The same as in Fig. 5 but f§fU+233U collision. (Middle panel) The shell correction of this system at contact
configuration at zero deformation as a function of the third fragment mass. (Right panel) Landscape of potential energy of three-boc
contact configurations of giant nuclear system formed in collisioti®f+238U.

4 Ternary quasifission of giant nuclear third fragment) is quite possible. The simplest way to dis-
systems cover this phenomenon is a detection of two tin or xenon-
like clusters in low-energy collisions of medium mass nu-
clei with actinide targets, e.g., iNi+238U reaction. These
Hnusual decays could be searched for also among the spon-
taneous fission events of superheavy nuclei [8].

The extreme clustering process of formation of two
lead-like doubly magic fragments in collisions of actinide
puclei is also a very mterestlng subject for experimental
study. Such measurements, in our opinion, are not too dif-
ficult. Itis sufficient to detect two coincident lead-like ejec-
tiles (or one lead-like and one calcium-like fragments) in
U-+U collisions to conclude unambiguously about the ternary
fission of the giant nuclear system.

Similar process of decay onto three doubly magic heavy
fragments might occur also for giant nuclear systems forme
in low-energy collisions of actinide nuclei. In this case
compound nucleus hardly may be formed, and such de-
cay is, in fact, a quasifission process. Conditions for the
three-body decay are even better here, because the shell e
fects significantly reduce the potential energy of the three-
cluster configurations with two strongly bound lead-like
fragments. In Fig. 6 the landscape of the potential energy
surface is shown for a three-body clusterization of the nu-
clear system formed in collision of U It is seen (mid-
dle panel) that the shell correction at contact configura-
tions has a very deep minimum for the “lead-calcium-lead”
(As = 50) clusterization. References
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