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True ternary fission
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Abstract

Despite early theoretical predictions, the true ternary fission (with three identical
fragments) was not experimentally detected until now. A method to study ternary fission,
which allows to obtain the equilibrium shape without being necessary to specify a certain
parametrization is presented. As an example, the method is applied to the ternary fission
of 170Yb.

1 Introduction

The complexity of different fission phenomena [1] still continues to be revealed. Particle accom-
panied fission was discovered in 1946 (see the reviews [2, 3]), but only recently, by using new
methods of fission fragment identification [4], the “cold” processes o and °Be accompanied
cold fission as well as the double and triple fine structure in a binary and ternary fission have
been reported [5].

The importance of scission configuration for ternary fission [6] was repeatedly stressed in the
past. In binary fission, the scission configuration is now better understood due to a longstanding
effort of systematic analysis [7-14]. One knows three types of shape elongations: LDM governed
mass symmetric elongated shape (deformation 5 ~ 1.65); mass asymmetric deformation (3 ~
1.53), and shell-influenced mass symmetric deformation (5 ~ 1.43).

The unified approach of cold binary fission, cluster radioactivity, and a-decay [1] was ex-
tended to cold ternary fission [15] and to multicluster fission [16]. One should recall that fission
phenomena [17] were previously studied in the Institute of Atomic Physics, e.g. fission-isomers
[18, 19], potential energy surfaces [20-23], and a-decay was interpreted as a cold fission phe-
nomenon [24-27].

Theoretically it was pointed out by Present [28] in 1941 that Uranium tripartition would
release about 20 MeV more energy than the binary one. In the present paper we consider
the nuclear fragmentation into three identical or nearly identical fragments. In spite of having
quite large Q values [29], this “true ternary fission” is a rather weak process; the strongest
phenomenon remains a-particle-accompanied fission [3]. Experiments on so-called “symmetrical
tripartition” were performed e.g. using the induced fission of 2*U by thermal neutrons [30],
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the induced fission of 38U by intermediate-energy hellium ions [31], or spontaneous fission of
252Cf [32]. An yield of 6.7 + 3.0 per 10° binary fissions was reported by Rosen and Hudson
[30] who employed a triple gas-filled ionization chamber and a suitable electronics including
a triple coincidence circuit. Other “optimistic” results are mentioned by Iyer and Cobble
[31], who tried radiochemical methods of identification at intermediate energy of excitation.
While at high energy [33] implying bombarding heavy ions of several hundred MeV, a positive
result may be accepted, it is not certain whether it comes out from a compund nucleus. The
general conclusion [32] after measuring triple coincidences with detectors placed at 120° is rather
pessimistic: except for excitation energies over 24 MeV, the true ternary yield is extremely low:
under 10~® per binary fission act.

2 Fission into identical fragments
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Figure 1: () values divided by the surface energy of the parent nucleus versus fissility parameter,
for fission into n identical spherical fragments as estimated within the liquid drop model.

In 1958 it was theoretically shown [34] on the basis of the liquid drop model [35] that
for increasingly heavier nuclei, fission into three, then four and even five fragments becomes
energetically more favourable than binary fission (see Fig. 1). One can take, as an approximation
of the @) value, the energy difference between the sum of Coulomb and surface energies for the
parent (superscript °) and n identical fission fragments (superscript ?)

Qn ~ (B¢ + E) = > (B + EY) (1)
i=1
where n = 2 for binary fission, n = 3 for ternary fission, etc. A linear dependence of ),, on the
(binary) fissility parameter, X = E2/(2E?), of the form

Qu/E° ~1—n'3 4+ 2X(1 —n %3 (2)
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has been obtained [34]. In Fig. 1 one sees that as the fissility parameter increases, fission
into more than two equal fragments becomes energetically favored. At X > 0.426 tripartition
becomes exothermic and for X > 0.611 the Q-value for fission into three identical fragments is
larger than that for binary fission. The general trend, and sometimes even the absolute values
of @ and Q3, are well reproduced by the above equation [29].

3 Equilibrium shapes

Recently, a method was developed [36], allowing to obtain very general shapes as a solution of
an integro-differential equation without a need to give apriori any shape parametrization. This
equation was derived by minimizing the potential energy with constraints (constant volume
and given deformation parameter). The method allows to obtain straightforwardly the axially-
symmetric surface shape for which the liquid drop energy, Erpy = Fs + E¢, is minimum. By
adding the shell corrections 0E to the LDM deformation energy, Ei;y = FErpy + 0E, one can
get minima at a finite value of the mass-asymmetry parameter for binary fission.

The nuclear surface equation with axial symmetry around z axis, expressed as p = p(z)
in cylindrical coordinates, should minimize the potential energy of deformation with two con-
straints: volume conservation, and given deformation parameter, «, assumed to be an adiabatic
variable. The dependence on the neutron and proton numbers is contained in the surface energy
E?, the fissility parameter X = E2/(2E°) = [32%¢*/(5Ry)]/2]as(1 — kI?) A%/?], as well as in the
shell correction of the spherical nucleus 6 E°. The radius of spherical nucleus is Ry = roA'/3
with 79 = 1.2249 fm, and e? = 1.44 MeV-fm is the square of electron charge.
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Figure 2: Nuclear shapes obtained by solving an integro-differential equation [36] for n;, =
nr =4 and d;, = dg = 2.30;2.70 and 4.00. The binary fissility X = 0.60 corresponds to '"Yb.

The corresponding variational problem can be reduced to the following equation
pp" = p? = [A1 + Aoz + 10X Vi(z, p)] p(1 + p2)¥? =1 =0 (3)

where p = dp/dz, p"" = d*p/dz?*, and Vj is the Coulomb potential on the nuclear surface. This
is an integro-differential equation because the Coulomb potential is expressed as an integral [22,
23]. We used the following relationships for the principal radii of curvature R, = 7p, Ry =
—p" /73, in which 72 = 1+ p2. In this eq. A\; and \; are Lagrange multipliers corresponding to
the constraints of volume conservation (or given mass asymmetry if the voulume is conserved
in each “half” of the nucleus) and determined value of deformation parameter «, defined as the
distance between centers of mass of the fragments lying at the left hand side and right hand side
of the plane z = 0, respectively: a = |2§|+|z%|. This definition allows to reach all intermediate
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stages of deformation from one parent nucleus to two fragments by a continuos variation of
its value. The position of separation plane, z = 0, is given by the condition: (dp/dz),_, = 0.
Lengths are given in units of Ry, Coulomb potential in units of Ze/ Ry, and energy in units of the
surface energy EY. One can calculate for every value of « the deformation energy Fg.r(a). The
particular value oy for which dE4s(ay)/da = 0 corresponds to the extremum, i.e. the shape
function describes the saddle point (or the ground state), and the unconditional extremum of
the energy is the fission barrier. The other surfaces (for a # ) are extrema only with condition
«a = constant. In this way one can compute the deformation energy function of two variables:
elongation and mass asymmetry. Details are given elsewhere [36], including the definition of
input parameters d;, = dg and n; = ng for relection-symmetric shapes. Here L and R label
the left and right parts.

The elongated shapes for ternary fissions are shown in Figure 2. For shapes with three
fragments and two necks (ny = ng = 3) from 2.25 to 2.80 and 7.00 the deformation « increases
from 1.650 to 2.306 and 2.730. In the same time the elongation is initially increased from 5.234 to
5.392 and then decreased to 5.24; the fragment radii are 0.461/0.814/0.461, 0.592/0.753/0.592,
and 0.673/0.659/0.673, leading to decreasing energies in units of E? from 0.165 to 0.150 and
0.134. The last configuration with F/E? = 0.134 is not far from a “true ternary-fission” in
which the three fragments are almost identical: }0Yb—35V + 55V + 58Cr and the Q-value
is 83.639 MeV. One may compare the above E/EY value with the touching-point energy of
these spherical fragments (E; — Q)/E® = 0.239. Tt is larger, as expected, because of the finite
neck of the shapes in Figure 2. For a-accompanied fission of Yb with two §ifragments
Q = 87.484 MeV is larger and the touching point energy (E; — Q)/E? = 0.103 is lower. A
lower @ = 70.859 MeV and higher energy barrier (E; — Q)/E? = 0.147 is obtained for '°Be
accompanied fission of '™Yb with §3As fission fragments.

We should stress again that if one is interested to estimate the yield in various fission
processes, one has to compare the potential barriers and not the @-values. Our results are
in agreement with preceding calculations [37] showing also preference for prolate over oblate
shapes.

The shapes plotted in Figure 2 are produced for various values of input parameters; only
one of these shapes corresponds to the saddle-point. One should not be confused about the
unexpected shape with d; = dgr = 2.25 having a large fragment between two smaller ones; it is
the result of the low input value of d;, = dp.

By performing dynamical calculations, Hill arrives in his thesis and in [38] at elongated
shapes with pronounced necks looking more encouraging. In conclusion the “true” ternary
sponataneous fission is an extremely rare phenomenon which could be only observed in the
future with a very much improved experimental sensitivity.
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