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Interpretation of the Mechanism of Spontaneous Fission
of Heavy Nuclei in the Framework of Dinuclear System Conception

A new approach to the interpretation of the process of spontaneous fission of
heavy nuclei is suggested. It is based on nuclear physics data which are obtained in
heavy ion collisions. The process of spontaneous fission consists of three sequential
stages: clusterization of the valent nucleons of a heavy nucleus into a light nucleus-
cluster, which leads to the formation of a dinuclear system; evolution of the dinuclear
system which proceeds by nucleon transfer from the heavy to light nucleus; and decay
of the dinuclear system from the equilibrium configuration into two fragments.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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INTRODUCTION

The assumption about a possibility of spontaneous fission of 2*3U nuclei
was first made by N.Bohr and J. Wheeler in their classical paper clarifying the
mechanism of fission of uranium nuclei [1]. The description of low-energy fission
of uranium was based on the liquid-drop model of the nucleus. In the framework
of this model, spontaneous fission of 233U nuclei was impossible due to the lack
of energy needed to overcome the fission barrier. However, the authors in [1]
used quantum mechanics to interpret this nuclear process. The decay of 238U
nucleus into two fragment nuclei proceeded at the expense of quantum mechanical
penetration of one of the nuclei through the fission barrier. The required kinetic
energy was drawn from the energy of zero fluctuations of the quantum system
consisting of two nuclei (hw ~ 0.8 MeV). The calculation of the penetrability
of the fission barrier was done using the method proposed by G. Gamow for the
description of « decay [2]. According to the calculations in [1], the 233U half-life
was to be ~ 10?2 years. Such a value of half-life held out little hope for the
experimental observation of spontaneous fission of 238U.

However, K. A. Petrzhak and G. N. Flerov managed to observe experimentally
the decay of 238U nuclei into two nuclear fragments in 1940. After thorough
experiments which excluded the influence of cosmic rays, it was reliably proved
that they observed spontaneous fission of 238U nuclei [3]. But the half-life turned
out to be 6 orders of magnitude smaller than predicted by the theory. The rapid
development of nuclear physics in the post-war years, first and foremost, the
experiments on the synthesis of transuranium elements, resulted in a discovery
of tens of new spontaneously fissioning nuclei. Their half-lives varied in quite a
wide range: from 10'® years up to seconds and milliseconds. The most complete
information about the spontaneous fission of isotopes of elements from thorium
to meitnerium can be found in a review by N.Holden and D. Hoffman published
in 2000 [4].

1. THE PRESENT-DAY CONCEPT OF THE MECHANISM
OF SPONTANEOUS FISSION

The mechanism of spontaneous fission is briefly described in the chapter
“Spontaneous Fission” in the book [5]: “Spontaneous fission, i.e., the disintegra-
tion of the nucleus in two heavy fragments without exterior supply of energy,
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Fig. 1. A schematic representation of the fission barriers for the actinides

occurs via a quantum mechanical tunneling through the fission barrier, so the
penetration of this barrier is the dominant factor in determining the probability
for spontaneous fission.

The ground state spontaneous fission half-life 77 /5(SF) can be expressed as
T1/2(SF) = 1In2/(foPs), where fo = wo /2 is the frequency of oscillations in the
fission mode for the ground state in the first well, and P, is the barrier penetrability
for the ground state. For a vibrational frequency corresponding to hwy = 1 MeV,
one obtains a number of barrier assaults fo = 2.5 - 1020 per second. The barrier
penetrability Py is usually calculated along the effective fission trajectory from
the ground state to the exit of the barrier along a one-dimensional path of least
action (WKB approximation).”

Figure 1 shows fission barriers for the actinide nuclei [5]. The way from
the ground state up to the point of exit from the fission barrier is calculated for
the one-dimensional trajectory in accordance with the classical principle of least
action. It is assumed that a spontaneously fissioning nucleus in the ground state
has a zero energy level ~ 0.5 MeV, which ensures the frequency of oscillations
in the fission mode of ~ 102° oscillations per second, leading to a spontaneous
fission of the original heavy nucleus.

Because the penetration through the fission barrier is a dominant factor in
the spontaneous fission, it is useful to briefly examine this phenomenon. The
passage of a microparticle through the potential barrier is a quantum mechanical
process taking place due to its corpuscular-wave dualism. If we address such
classical processes as « decay and cluster radioactivity, we shall see that both
the « particle and the cluster nucleus make oscillating motions inside a “potential
pocket” which localizes their motion in a particular area of space. The wave
properties of an « particle and a cluster nucleus, their mass, and the size of the
“potential pocket” determine the frequency of zero oscillations of these particles.

During a spontaneous fission, there is no spatial “potential pocket” where the
fissioning nucleus could make zero oscillations. It can only change its shape. If
a zero quantum level is achieved at the first minimum of potential energy (see
Fig. 1), it will produce only pulsating vibrations of shape of the heavy nucleus,



which will hardly lead to its spontaneous fission. This situation does not change
in the case when the potential energy of a spontaneously fissioning nucleus is
represented as a function of its deformation along the large axis.

Nuclear physics research using heavy ions, in our opinion, allows one to
analyze the mechanism of spontaneous fission of heavy nuclei in a brand new way.

2. NEW INFORMATION ABOUT THE PROPERTIES OF NUCLEI
AND NUCLEAR PROCESSES OBTAINED
IN HEAVY ION INVESTIGATIONS

Nuclear physics research using heavy ions resulted in a discovery of two
new objects of nuclear micro-world and a principally novel evolutionary nuclear
process. In 1960, E. Almqvist, D. A. Bromley and J. A. Kuchner [6] observed the
formation of nuclear molecules in a collision of two 2C nuclei. Such a nuclear
molecule is composed of two nuclei being in close contact with each other, yet
preserving for a long time, at a nuclear scale, their own individuality.

The discovery of deeply inelastic transfer reactions (DITR) [7, 8] indicated
that the collision of two nuclei with an energy higher than the Coulomb barrier
is accompanied by a complete dissipation of the collisional kinetic energy that
transforms into internal excitation of the colliding nuclei as well as by the for-
mation of a nuclear complex — a dinuclear system (DNS). Both nuclei in the
DNS intensively interact with each other and exchange weakly bound nucleons
of the upper shells while preserving their individuality due to the tightly bound
nucleons of the lower shells. Contrary to nuclear molecules, the DNS is unstable.
Its evolution progresses fairly quickly at the expense of nucleon transfer from
one nucleus to another. The evolution of the DNS is governed by its potential
energy which is dependent on the system’s charge and mass asymmetry. If the
nucleons are passed from the light to heavy nucleus, such an evolution culminates
in the emergence of a compound nucleus. However, the nucleon transfer in the
opposite direction results in the DNS shape symmetrization. This shape proves
to be unstable for a massive DNS which breaks up into two nuclear fragments
during a quasi-fission process.

The fission of a heavy nucleus is an evolutionary process where the fissioning
nucleus is to pass through an array of intermediate states. A classical analogue of
this process will be a liquid drop of a smoothly varying shape that may break up
into two smaller droplets. The interpretation and description of the heavy-nucleus
fission in the framework of the liquid-drop nuclear model [1] have stayed in
nuclear physics for a long time.

The DNS, together with DITR, has revealed a real evolutionary nuclear
process which leads to deep restructuring of the nucleus or a system of two
nuclei formed after their collision. Nuclei are composed of neutrons and protons,



and the most natural way for their deep restructuring is to donate and accept
nucleons. But the nucleon transfer is possible only in the presence of another
nucleus contacting with the given nucleus. Therefore, we arrive at the following
remarkable conclusion: an essential prerequisite for a deep restructuring of the
nucleus or a complex of two nuclei is the formation of a dinuclear system.
During the fusion of nuclei into a compound nucleus or a quasi-fission
process, the formation of a DNS is obvious: when a collision of two nuclei
occurs, the kinetic energy of collision transforms into internal nuclear excitation,
and the colliding nuclei become bound together into a dinuclear system by the
nucleus—nucleus potential. However, with the spontaneous fission we have to
deal with a heavy nucleus in the ground state. How does the formation of a DNS
occur in that case? The answer is suggested by the cluster radioactivity. Analysis
of this nuclear process in paper [9] indicated that nuclei heavier than 2°8Pb have
the ability to spontaneously condense valence nucleons — the nucleons which
are found in the states of super-closed proton and neutron shells of the 2°%Pb
nucleus playing the role of the cores — into nuclei of light elements, the clusters.
Formation of an asymmetric nuclear molecule takes place when all the valence
nucleons have been condensed to a cluster, as it happens in the light isotopes of
radium and actinides. We assume that the ability of heavy nuclei to condense
valence nucleons to nuclear clusters is inherent to all nuclei heavier than 2°8Pb,.

3. THE MECHANISMS OF SPONTANEOUS FISSION
OF HEAVY NUCLEI IN THE FRAMEWORK OF
THE DINUCLEAR SYSTEM CONCEPTION

In the framework of the proposed approach, spontaneous fission of heavy
nuclei takes place in the space of the DNS charge and mass asymmetry. It
includes three consecutive stages: formation of the DNS, its evolution up to the
equilibrium configuration and decay into two nuclear fragments. Further, we shall
consider such stages in more detail.

Based on the concept of the mechanism of cluster radioactivity expounded
in our previous article [9], we formulate the following statement: spontaneous
condensation of valence nucleons of a heavy nucleus to a light cluster nucleus is
peculiar not only to light isotopes of radium and actinides but also to isotopes
of all elements heavier than lead. However, for heavy isotopes of uranium and
transuranium elements it is impossible for all valence neutrons to be condensed
to a cluster. This would be energetically unfavourable as it would lead to the
formation of light super neutron-excess nuclei with a very low binding energy of
neutrons. As a consequence, part of the neutrons will be found in covalent states;
i.e., they will envelop in their motion both the cluster nucleus and the associated
heavy nucleus.



Covalent nucleons play an important role in the process of spontaneous fission
of heavy nuclei. They encompass in their motion both nuclei of the molecule,
intensify their interaction, and enhance the transfer of kinetic energy of the relative
motion of the nuclei into the nuclear excitation energy. As a result, the nuclear
molecule with covalent nucleons transforms into a dinuclear system. The nuclei
formed in the DNS are not engaged in the relative motion and only exchange
nucleons. Due to the DNS formation, the binding energies of the nucleons in
both nuclei get closer together as the mass number of the clusters increases (see
Fig.4 in [9]). It should be emphasized that the formation of the DNS is the final
stage in the clusterization of the valence nucleons of a heavy nucleus.

The main property exhibited by the DNS is its capability for evolution taking
place via nucleon transfer from one nucleus to another. The tendency of evolution
is determined by the potential energy of the system which is dependent on its
charge and mass asymmetry. Figures 2-5 show the DNS potential energies formed
from such nuclei as 233U, 242Pu, 245Cm, and 2°°Cf.

The arrows point to the initial configurations of the DNS which are formed
during the condensation of the valence nucleons of these nuclei into a light cluster
nucleus. From the data presented in Figs.2-5 it is obvious that in all of the DNS
the evolution will proceed towards the potential energy minimum. This is the
second stage of spontaneous fission of heavy nuclei.

At the potential energy minimum, the DNS consists of two nuclei which are
close in their charge and mass. The Coulomb forces acting between them reach
a maximum value causing deformation of the nucleus and decay of the DNS into
two fragment nuclei. This corresponds to the third stage of spontaneous fission
of heavy nuclei.
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Fig. 2. The potential energy of the DNS formed at the spontaneous fission of the 2**U
nucleus
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Fig. 4. The same for the 2*°Cm nucleus

In the proposed interpretation of the spontaneous fission, the half-life 7 /5 (SF)
depends not on the quantum-mechanical penetration through the fission barrier
but on the time of full clusterization of the valence nucleons of the heavy nucleus
to the light nucleus in a dinuclear system. This is a very complex nuclear process
where a considerable number of valence nucleons of the heavy nucleus make
quantum transitions into light nucleus cluster states that are radically different
in their characteristics. The valence neutrons and protons are paired, possess a
large shell angular momentum and localize their motion in the surface area of
the heavy nucleus. In the light cluster nuclei, nucleons under the same name are
not paired, have a small angular momentum and concentrate their motion in a far
lesser area of space.
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Experimental values of the spectroscopic factors (Wexp)

Cluster Wesp!/ (¥%) Cluster Wesp!/ (¥%)
e 2.0 -10710/(%) Mg | 2.0-10722/(*4U)
HNe | 7.1-1071%/(*%2U) | Mg | 6.1-1072%/(**Pu)
Ne | 7.8-10718/(*%U) | Mg | 4.6-10721/(**3Pu)
328 | 2.1-10724/(238Pu)

*Average values for 222Ra, 224Ra and 226Ra.

* %k
Parent nucleus.

The quantitative analysis of this complex nuclear process is an exceptionally
challenging task. Useful data on the time of full clusterization of the valence
nucleons of heavy nuclei can be obtained from the experimental data for the
spectroscopic factors of nuclear molecules.

The respective experimental values taken from review [10] (see also refer-
ences therein) are shown in table. We can see that these values point to a lengthy
duration of clusterization of the valence nucleons of heavy nuclei, as expected.

4. THE POTENTIAL ENERGY OF A DNS
The potential energy of a DNS is calculated as follows:

U(Ra ZaA):Bl+B2+V(R7Z7A561752)73127 (1)

where By and B, are the mass excesses of the fragments in their ground states; Z
and A are the charge and mass numbers of one of the nuclei in the DNS; 3; and



(B2 are their quadrupole deformation parameters which are taken from [11] for
even—even nuclei. For the quadrupole deformation parameter of an odd nucleus
we choose the maximal value from the deformation parameters of the neighboring
even—even nuclei. The experimental values of B; and By are used, if available
in [12]. Otherwise, we use the values from [13]. Here, Bis is the mass excess
of the initial nuclei. The nucleus—nucleus potential

V(Ra ZaA7ﬁlaﬂ2) = VC(Ra ZaA7ﬁlaﬂ2) + VN(R727Aaﬁ17B2) (2)

in Eq. (1) is the sum of the Coulomb potential V> and the nuclear potential V.
For calculation of the Coulomb potential we applied the well-known Wongs
formula from [14]. For the nuclear part of the nucleus—nucleus potential, we use
the double-folding formalism [15]

Vi //)1 (r1)p2(R —ro)F(r1 — re) dry dra, 3)

where

F(ri —rg) =Co [Fmpo(rl) + Fox (1 - po(ﬁ))] 0(r1 — o)
L0oo £0oo

is the Skyrme-type density-depending effective nucleon—nucleon interaction, which
is known from the theory of finite Fermi systems [16], and

(N1 — Z1)(Ny — Z3)
r)= r)+ R*T, Enex: in,ex 1 i2nex )
po(r) = p1(r) + p2( ) , fin, X (N + Z1)(No + Zo)

where p1(r1), p2(re) and No(Zs = Ay — Ns) are, respectively, the nucleon
densities of the light and heavy nuclei of the DNS and the neutron (charge)
number of the heavy nucleus of the DNS. Our calculations are performed with
the following set of parameters: Cy = 300 MeV - fm?, fi, = 0.09, fox = —2.59,

! =042, f/_=0.54 and poo = 0.17 fm~3 [16]. The densities of the nuclei
are taken in the two-parameter symmetrized Woods—Saxon form. The radius
parameter 7o in nuclear densities is taken as 1.2 fm for all nuclei, except for the
« particle for which we take 1.02 fm. The diffuseness parameter is parametrized
here as

ap = 0.54 + (0.011- Z)*(A - 2Z)/A

in order to take effectively into account the deformation and isospin effects on
the nuclear densities during the fission process.

Due to the sum of the repulsive Coulomb and attractive nuclear forces in
Eq. (2), the nucleus—nucleus potential has a “pocket” with a minimum situated for
the pole—pole orientation at the touching distance between the nuclei

5 )
R=Rp~R |1+, —— | +Ro[1+,/—— | +0.5 fm,
' ( (47r)61> ? ( (47r)62>



where R, = roA;/ 3 are the radii of the interacting nuclei. The DNS is localized
in the minimum of this pocket. The position of the Coulomb barrier in V'
approximately corresponds to

R=Ry~ R, +2fm
in the DNS under consideration. Then the depth of the potential pocket is

dpot = V(Ry, Z1, Av, B1, B2) — V (R, Z1, A1, B1, B2).

The depth of the potential pocket depends on the charge asymmetry of the DNS.
For the asymmetric DNS, the potential pocket is deeper than for a more sym-
metric configuration. For spontaneous fission the excitation energy of DNS is
E*(DNS) = —-U(R, Z, A).

5. THE INTERPRETATION OF SOME PROPERTIES
OF SPONTANEOUS FISSION

The growth of the atomic number Z and mass number A of transuranium
elements is accompanied by a drastic decrease in the spontaneous fission half-life
T} /3(SF). In our opinion, this is due to the following factors. With the growth
of Z of the heavy nucleus, the binding energy of the valence nucleons, especially
of protons, diminishes.

This assists and accelerates the formation of the DNS through clusterization
of the valence nucleons. Further, with rising Z and A of the heavy nucleus, the
cluster charge and mass increase as well, which is attended by a growth in the
binding energy of the nucleons in the cluster.

With the light and medium nuclei, this growth is especially notable. As
a result, the nucleon transfer from the associated heavy nucleus to the cluster
nucleus does not stop with 298Pb, which is the case with cluster radioactivity,
and continues. One can see from Fig. 6 that with growing Z and A of the heavy
nucleus the excitation energy of the DNS is augmented, which is the major factor
affecting the rates of its evolution and decay. It is also clear from the figure that
the depth of the nucleus—nucleus potential decreases with a growth in the mass
of the light fragment of the DNS, which leads to enhanced probability of the
spontaneous fission in this configuration.

At one time considerable interest was aroused in the characteristics of the
spontaneous fission of 2°"Fm, 258Fm, 2°9Fm, 26°Md nuclei. In the mass distrib-
utions of the spontaneous fission fragments of these nuclei, only one maximum
was observed, which coincided with half of the fissioning nucleus mass. The
kinetic energy of the fragments corresponded to a decay under the action of the
Coulomb forces of a system of two non-deformed nuclei being in contact with
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Fig. 7. The nucleus—nucleus potential for the DNS formed from the 2°Fm nucleus during
its evolution towards the equilibrium configuration

their surfaces. From our point of view, the presence of only one maximum in
the mass distribution of the spontaneous fission fragments is due to the fact that
the potential energy minimum of the DNS for these nuclei coincides with its
symmetric configuration.

The changes in the nucleus—nucleus potential for the evolving DNS formed
from the 2°8Fm nucleus were also observed. As is visible from Fig. 7, the potential
pocket holding the DNS nuclei in contact becomes very shallow upon reaching
the equilibrium configuration, thus opening a way for the DNS to decay into two
identical fragment nuclei. The closed proton shell in these nuclei plays a certain
role as well.

10



A possibility for the spontaneous fission of the 232Th nucleus was considered.
However, the experimental endeavors to register spontaneous fission of 232Th did
not meet with success for quite a long time. And only in 1995 it was observed
for the first time with a half-life of 1.2 - 102! y [17].

Figure 8 displays the potential energy of the DNS which can be formed from
the 232Th nucleus. The condensation of the valence nucleons of this nucleus to
the light cluster nucleus is accompanied by the formation of a neutron-excess
oxygen isotope. As can be seen from Fig.8, the initial configuration of the
DNS (the associated 2°°Pb heavy nucleus) is in the local minimum of the DNS
potential energy, and its evolution towards the primary minimum of the DNS
potential energy turns out to be impossible. Nevertheless, the cluster nucleus can
quantum-mechanically penetrate through the potential energy local maximum at
the expense of the energy released at nucleon condensation, and then spontaneous
fission of the 232Th nucleus will take place. In this case, the half-life will be very
large.

Let us now consider the spontaneous fission of a light isotope of uranium,
232U, In [18] its half-life was calculated to be 5 - 101 y. But all attempts at
experimental observation of its spontaneous fission were not successful. The
lower limit T} />(SF) amounted to 6.8 - 10'® y. A peculiarity of the ?3*U nucleus
is that condensation of all the valence nucleons leads to the formation of an
asymmetric nuclear molecule 2°®Pb + 24Ne where further transfer of neutrons is
prohibited for the energetic reasons and the proton transfer is hampered by the
24Ne nucleus “neutron atmosphere” without overlapping of the wave functions of
the 2°8Pb nucleus protons and cluster nucleus protons. This is a classical nuclear
molecule that decays via ?*Ne nucleus emission due to the 2*Ne nucleus quantum
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Fig. 8. The potential energy of the DNS formed at the spontaneous fission of the 2>2Th
nucleus
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mechanical penetration through the potential barrier. Cluster radioactivity (>*Ne
emission) with a half-life of 3.4 -10'3 y was indeed observed for the 232U nuclei.

Quite an intriguing peculiarity is found in the spontaneous fission of cali-
fornium isotopes. The spontaneous fission channel is the major channel for the
radioactive decay of the 2°4Cf and 2°6Cf heavy isotopes. It is also the main chan-
nel of radioactive decay for such neutron-deficient californium isotopes as 2*7Cf
and 238Cf. However, if the half-lives for the heavy isotopes are measured in days
and minutes, for the light isotopes they reduce to seconds and even milliseconds.

We have attempted to gain an insight into this peculiarity of spontaneous
fission for the above californium isotopes in the framework of the developed
approach. In the 252Cf and 25*Cf nuclei, sulfur isotopes with a great excess of
neutrons are formed as starting clusters. Further transfer of neutrons from the
208Pb nucleus makes no sense energetically, and the proton transfer is hindered by
the “neutron atmosphere” surrounding the cluster nuclei. In the 237Cf and 238Cf
nuclei, on the contrary, starting clusters are represented by such neutron-deficient
sulfur isotopes as 29S and 3°S. The transfer of both neutrons and protons from the
208ph nucleus into these cluster nuclei proves to be energetically beneficial. As a
result, the evolution of the DNS towards the equilibrium configuration proceeds
in these nuclei more rapidly.

In study [19], an attempt was made to observe the spontaneous fission of the
298Pb nucleus. A lower limit on its half-life was obtained to be T} 5 > 2-10"y.
From our point of view, the spontaneous fission is in principle impossible for the
208pp nucleus: this nucleus has no valence nucleons from which a light cluster
nucleus could be formed. This implies that even the first stage of spontaneous
fission cannot be realized here.

CONCLUSIONS

A possibility for a new approach to the interpretation of the mechanism of
spontaneous fission of heavy nuclei is considered. It is based on the information
about nuclear interactions obtained in nuclear physics research using heavy ions.
Of key importance here is the discovery of dinuclear systems and their evolution
via the nucleon transfer from nucleus to nucleus and governed potential energy
of the system. According to the new approach, the process of spontaneous fission
of heavy nuclei includes three consecutive stages. At the first stage, the valence
nucleons of the heavy nucleus are condensed into the light cluster nucleus, which
leads to the formation of a dinuclear system. At the second stage, the evolution
of the dinuclear system takes place proceeding by way of nucleon transfer from
the heavy nucleus to the cluster nucleus. Such an evolution is governed by
the potential energy of the system, which is a function of its charge and mass
asymmetry. It ends when the DNS reaches the potential energy minimum. In

12



this state the DNS is unstable and falls into two fragment nuclei close in mass
under the action of the Coulomb forces. This is the third stage of the spontaneous
fission process.

A qualitative interpretation of some properties of spontaneous fission of heavy

nuclei is made in the framework of the developed approach. Along with this,
the authors hope that it provides a more realistic picture of the mechanism of
spontaneous fission of heavy nuclei as our approach relies on the experimental
data on nuclear interactions.
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