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formation, evolution, and decay of a dinuclear system is discussed. The interpreta-
tion is based on the nuclear interaction data obtained in heavy-ion nuclear physics
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INTRODUCTION

Atomic nuclei are objects of the nuclear microworld, and processes in them
are described by quantum mechanics. Quantum mechanics has allowed interpre-
tation and description of numerous phenomena of the microworld, which were
impossible within classical mechanics. At the same time, some processes occur-
ring in atomic nuclei are difficult to describe within quantum mechanics. One of
such processes is fission of uranium discovered by Hahn and Strassman in 1938.
Nuclear fission could not be regarded as a simple quantum transition. It was
an evolutionary process in which the initial heavy nucleus passed through many
intermediate states ultimately evolving into two lighter fragments.

Just a few months after the discovery of fission, an article was published by
N.Bohr and J. A. Wheeler entitled “The Mechanism of Nuclear Fission” [1] in
which fission process was described in the framework of the classical liquid-drop
model. It should be noted that in the very same article, but in the framework of
quantum mechanics, the authors predicted the possibility of spontaneous fission
of 238U and estimated the half-life period.

Over a period of nearly thirty years, the fission model proposed by N. Bohr
and J. A. Wheeler was a conventional theoretical approach to describing many
different aspects of low-energy fission of heavy nuclei. However, this model had
one serious drawback: the model predicted symmetric mass distribution of fission
products, whereas the experiment clearly indicated its asymmetry.

Following the development of the shell model of nucleus, the shell structure
of nuclei was promptly found to generate the asymmetry of mass distribution
of fission products. With the efforts of many theoreticians, among whom one
should first of all mention V.M. Strutinsky, the macroscopic—microscopic model
of fission was developed. The liquid-drop model of nucleus is used to perform
calculations on changes in the macroscopic form of nucleus during fission, and
shell corrections take account of influence of the shell structure on the potential
energy of a fissioning nucleus. Although the combination of the classical and
quantum mechanics in this way seems to be artificial, this “physical centaur” was
efficiently used in calculations of numerous properties of low-energy fission. In
his final report at the international conference devoted to the 50th anniversary of
the discovery of fission, J. R.Nix described the macroscopic—microscopic model



of fission in the following way: “This method synthesizes the best features of
two complementary approaches: the smooth trends of the potential energy (with
respect to particle number and deformations) are taken from a macroscopic model,
and the local fluctuations are taken from a microscopic model” [2].

Despite the success of the macro-microscopic model of fission, we should
definitely continue searching for other perceptions of the mechanism of low-
energy fission in the hope to get a better understanding and uncover a more
realistic mechanism of this nuclear process.

Nuclear physics investigations with heavy ions revealed two new objects
in the nuclear microworld and a novel evolutionary nuclear process. In 1960
Almgqvist, Bromley, and Kuehner discovered the nuclear molecule [3] while study-
ing the interaction of two 12C nuclei. In the nuclear molecule, two nuclei come
into a very close contact with each other but do not fuse into a compound nu-
cleus, thus, retaining their individuality for a long time. The discovery of deep
inelastic transfer reactions (DITRs) [4,5] revealed that, when two nuclei with the
energy higher than the Coulomb barrier collide, one observes full dissipation of
kinetic energy which turns into inner excitation of collided nuclei and formation
of a specific nuclear complex, a dinuclear system (DNS) [4]. In DNS both nuclei
interact intensively, exchanging with weakly bound nucleons in outer shells and,
at the same time, retain their individuality, which is due to highly bound nucleons
in lower shells. In contrast to nuclear molecules, DNS states are not stable. It
quickly evolves in time by transferring nucleons from one nucleus to the other.
The evolution of DNS is governed by its potential energy, which is a function of
its charge and mass asymmetry. If nucleons are transferred from the light nucleus
to the heavy one, the evolution of DNS is completed by a compound nucleus
being formed. If nucleons are transferred in the opposite direction, a symmetric
DNS is formed. For the massive DNS, symmetry proves to be unstable: the DNS
nuclei undergo deformation, and the system breaks up into two nuclei fragments,
that is, quasi-fission occurs.

DITR allowed us to obtain unique information on how the evolutionary
process proceeds in nuclear systems. The point is that both fission and its reverse
nuclear process, i.e., nuclear fusion of two nuclei into a compound nucleus, are
closed nuclear reactions. Experimenters can only observe the initial states and
final products of the process: two fission fragments or the decay products of
an excited compound nucleus. Neither the fissioning nucleus nor two colliding
nuclei “send out signals” that could give us a realistic picture of these two nuclear
processes. The uniqueness of DITRs lays in the fact that they reveal the essence
of evolutionary nuclear processes which lead to a deep reconstruction of the
fissioning heavy nucleus or two nuclei fusing into a compound nucleus.

Atomic nuclei consist of protons and neutrons. One of the most natural
ways of rearrangement of nucleonic structure is ejecting or attaching nucleons.
However, nucleus can eject or attach nucleons only when it is in a close contact



with another nucleus. From the consideration above, we can draw the following
fundamental conclusion: the indispensable condition of deep reconstruction of the
structure of a nucleus or a complex of two nuclei is the formation of a dinuclear
system.

The DNS formation is apparent in complete fusion and quasi-fission reactions,
where two nuclei are collided, the kinetic energy of the collision, thus, transforms
into the inner excitation of nuclei, whereas nuclei themselves are strongly bound
due to the nucleus—nucleus potential. However, in fission process we deal with an
excited heavy nucleus. How is DNS formed in this case? The answer is prompted
by cluster radioactivity. Analyzing the mechanism of cluster radioactivity, authors
of [6] came to the following conclusion: nuclei heavier than 2°%Pb are able to
spontaneously condense valence nucleons which are above the closed proton
and neutron shells of 2°8Pb, playing the role of a core, to light nuclei-clusters.
Condensation of all the valence nucleons into a cluster, which is true for light
isotopes of radium and actinides, is accompanied by formation of an asymmetric
nuclear molecule. We assume that the capability of heavy nuclei to spontaneously
condense valence nucleons to the light nuclei-clusters is inherent to all nuclei
heavier than 2°8Pb. However, for heavier isotopes, not all valence nucleons
are condensed into cluster because the process is not energetically favorable. The
motion of some of them embraces both nuclei, which gives rise to a covalent bond.
The asymmetric nuclear molecule with covalent neutrons essentially constitute a
dinuclear system.

1. MECHANISM OF LOW-ENERGY FISSION OF HEAVY NUCLEI

In macro-microscopic model, nuclear fission is a process occurring in de-
formation space. Owning to the excitation energy, a heavy nucleus becomes
deformed. With the evolution of deformation, the nucleus passes over the fis-
sion barrier. Subsequently, the heavy nucleus decays into two fission fragments,
since deformation becomes irreversible. In our interpretation, the fission process
evolves in mass and charge asymmetry coordinates of DNS. It consists of three
stages. At the first stage, an excited asymmetric DNS is formed as a result of
condensation of valence nucleons of the heavy nucleus into a cluster. The second
stage involves evolution of DNS by transferring nucleons from heavy to the light
nucleus. The DNS evolution ends when its potential energy is at a minimum. In
this configuration, one of the DNS nuclei is in the vicinity of the doubly magic
nucleus '32Sn. The nucleus—nucleus potential in this case is characterized by
the potential “pocket” which prevents DNS nuclei from decay. It means that
DNS is in a quasi-equilibrium state. It is this property of DNS which determines
the statistical character of its decay. The shell structure of nuclei, representing
future fragments, and their individual deformations play an important role in the



formation of the mass, charge, and energy distributions of fission fragments. The
statistical decay of DNS from the equilibrium configuration is the third stage of
low-energy fission. Our interpretation of the low-energy fission process allows
one to understand why the statistical model of fission proposed by Fong [7] is
successful in explaining asymmetric mass distributions of fission products of 236U
and 2“°Pu. Fong assumed statistical equilibrium at prescission configuration of
a fissioning nucleus, which at that time seemed quite unrealistic. Subsequently,
an assumption of rather long-lived prescission configuration was made in [8]. It
allowed use of the statistical approach to describing the prescission configuration
decay into different exit channels of fission. The influence of the shell structure
and deformation of fragments on the decay probability was taken into account.
As a consequence, the results were in satisfactory agreement with the experi-
mental data on mass, charge, and energy distributions of fission fragments. The
interpretation of the prescission configuration of a fissioning nucleus as DNS was
for the first time proposed in [9, 10].

Certain information on the fission mechanism can be obtained from compar-
ison of fission and fusion processes. These two reactions can be regarded as the
direct and reverse processes, proceeding through similar intermediate states. This
comparison was made in [11]. The author and his colleagues developed in their
works a model of complete fusion of nuclei based on the DNS conception [12].
The practice has proven that this conception presents the most realistic picture
of the mechanism of complete fusion of nuclei [13]. In [14], it was shown ex-
perimentally that at the last stage of fusion, DNS adopts the form of asymmetric
nuclear molecules in which lighter nuclei are 60, 1°N, '2C, and “He. The sys-
tem conceivably could also go through these DNS configurations, but in a reverse
order, at the first stage of fission of heavy nuclei.

2. POTENTIAL ENERGY OF DINUCLEAR SYSTEM FORMED
IN LOW-ENERGY FISSION PROCESS

The potential energy of DNS is calculated as follows [15]:
U(Ra ZaA):Bl+B2+V(R7Z7Aa61762>73127 (1)

where B; and Bs are the mass excesses of the fragments at their ground states,
Z and A are charge and mass number of one of the nuclei of DNS, 3; and
(B2 are their quadrupole deformation parameters which are taken from [16] for
even—even nuclei. For the quadrupole deformation parameter of odd nucleus,
we choose the maximal value from the deformation parameters of neighboring
even—even nuclei. The experimental values of B; and By are used, if available
in [17]. Otherwise, we use the values from [18]. Here, Bys is the mass excess



of CN. The nucleus—nucleus potential
V(R7 Za Aa ﬂla 62) = VC(Ra Z; Aa ﬂla 62) + VN(R7 Za Aa 617 52) (2)

in Eq.(1) is the sum of the Coulomb potential Vi and the nuclear potential
V. For calculation of the Coulomb potential we applied a well-known Wongs
formula [19]. For the nuclear part of the nucleus—nucleus potential, we use the
double-folding formalism [15]

VN = //)1 (r1)p2(R = r2)F(r1 —r2) dridrs, (3)
where F(r;—rz) = Cy {Erl%""ﬁ—‘ex(l_wﬂ d(ry—r2) is the Skyrme-type
L0oo

density-depending effective nucleon—nucleon interaction, which is known from the

theory of finite Fermi systems [20], and po(r) = p1(r) + p2(R — 1), Finex =

Jinyex + ﬁmx%. Here, p1(r1) and p2(rz), and Ny (Zy = A — Na)

are the nucleon densities of the light and heavy nuclei of DNS and neutron
(charge) number of the heavy nucleus of DNS, respectively. Our calculations are
performed with the following set of parameters: Cy = 300 MeV - fm3, fi, = 0.09,
fex = —2.59, fl =0.42, f!. = 0.54, and poo = 0.17 fm 3 [20].

The densities of the nuclei are taken in the two-parameter symmetrized
Woods—Saxon form. Radius parameter rq in nuclear densities is taken as 1.2 fm
for all nuclei, except for alpha particle for which we take 1.02 fm. Diffuseness
parameter is parameterized here as ag = 0.54+ (0.0112)?(A—22)/A, to take ef-
fectively into account deformation and isospin effects on nuclear densities during
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 pole—pole orientation at the touching distance between the nuclei R = R,, ~
Ri(1 4+ +/5/(4m)B1) + R2(1 + /5/(4m)B2) + 0.5 fm, where R; = roA;/s are
the radii of interacting nuclei. The DNS is localized at the minimum of this
pocket. The position of the Coulomb barrier in V' approximately corresponds
to R = Ry = R,, + 2 fm in DNS under consideration. Then the depth of the
potential pocket is dpor = V(Ry, Z1, A1, 01, 082) — V(Rm, Z1, A1, 51, B2). The
depth of the potential pocket depends on the charge asymmetry of DNS. For the
asymmetric DNS, the potential pocket is deeper than the one for a more symmetric
configuration.

In the case of thermal neutron-induced reaction, excitation energy of CN is

Een =@, (4)
where Q = By — By — B>. Excitation energy of DNS can be calculated from

E¢y as follows:
Epns = Eon —U(R, Z, A). (&)



3. INTERPRETATION OF SOME PROPERTIES
OF LOW-ENERGY FISSION

Let us consider some properties of low-energy fission within the proposed
interpretation of this nuclear process. In the interpretation of fission mechanism
suggested in this work, some new definitions arise for quantities which usually
describe fission process. Let us demonstrate these new features of fission process
by way of examples. In Figs. 1-4, we present the potential energy of DNS as a
function of its charge asymmetry coordinate for the nuclei 233Th, 239U, 236U, and
240py, which are formed in thermal neutron capture by the nuclei 232Th, 238U,
2350, and 2*°Pu. In Figs.1 and 2, one can see that excitation energy of DNS,
in the case of 233Th and 239U, is not sufficient to overcome the maximum of
the potential energy. It means that capture of the thermal neutron followed by
fission of these nuclei will not occur. On the contrary, 236U and 2*°Pu (Figs. 3
and 4) prove to be excited enough for DNS to overcome the maximum of the
potential barrier and fall into the “valley” of evolution which leads to the fissioning
configuration. Thus, the maximum of the driving potential determines the energy
threshold (or fission barrier) of fission process. During nucleon exchange process,
we assume that DNS has no time to develop deformations to adjust to the energy
minimum. Thus, we took deformations of DNS nuclei in their ground states.
However, we believe that deformations will develop at the third stage of the fission
process, i.e., during the separation phase, thus, affecting the kinetic energies of
future fragments.

In Figs.5 and 6, we present the nucleus—nucleus potential for DNSs formed
from the nuclei 226U and 24°Pu. These DNSs reached the minimum of potential
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Fig. 1. Potential energy of DNS, formed in n(thermal) + ?3>Th reaction, in dependence on
charge asymmetry coordinate of the system. The value of A relates to Z to supply the
minimum of U. Z is the charge number of one DNS nuclei, B} is fission threshold, @ is
the Q-value of the reaction
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Fig. 2. The same as in Fig. 1, but for n(thermal) + ?**U reaction
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Fig. 3. The same as in Fig. 1, but for n(thermal) + 235U reaction
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Fig. 4. The same as in Fig. 1, but for n(thermal) + **°Pu reaction
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Fig. 5. Nuclear—nuclear potential of DNS in equilibrium configuration for n(thermal) +
235U reaction. dpot is the depth of potential pocket
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Fig. 6. The same as in Fig. 5, but for n(thermal) + *°Pu reaction

energy. One can see that in both cases nuclear attraction prevails over the
Coulomb repulsion, which means that DNS is in a quasi-stationary state and
cannot decay instantly. It is the duration of lifetime of the equilibrium DNS in
nuclear timescale that makes it possible to reveal the statistical behavior during its
decay. This is also supported by successful description by Andreev et al. of the
mass, charge, and energy distributions of low-energy fission fragments with the
improved statistical scission-point model [21,22]. Quasi-stationary equilibrium
of the prescission configuration of DNS is also confirmed by the recent discovery
of the third source of fission neutrons [23], which are believed to be related to
the prescission configuration of the fissioning nucleus.

In Fig.7, we show the excitation energy of DNS and the depth of the po-
tential “pocket”, varying with the charge asymmetry of the system formed in
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Fig. 7. Excitation energy and dpo of DNS configurations formed in n(thermal) + 233U
reaction

the n(thermal) + 23°U reaction. One can see that the excitation energy of DNS
exceeds the depth of the potential “pocket” when the system reaches the charge
asymmetry Z ~ 24. It means that the system can in principle partially decay
before reaching the equilibrium configuration, and the dynamics of motion in
charge/mass asymmetry coordinates can affect the mass and charge distributions
of fission fragments. On the other hand, it does not seem possible to concen-
trate all the energy in only one collective degree of freedom which leads to the
decay of the system. Therefore, this question will be the subject of our future
investigations.

CONCLUSIONS

The interpretation of low-energy fission of heavy nuclei within the dinuclear
system (DNS) conception is suggested. The interpretation is based on the infor-
mation on the properties of nuclei and nuclear processes, which is obtained in
nuclear physics investigations with accelerated heavy ions.

The process of low-energy fission comprises three stages. At the first stage,
an excited asymmetric DNS is formed as a result of condensation of valence
nucleons of the heavy nucleus (nucleons located above the closed proton and
neutron shells of 2°®Pb) into a light nucleus-cluster. The second stage involves
evolution of DNS by transferring nucleons from the heavy to the light nucleus.
The DNS evolution ends when its potential energy is at a minimum. In this
configuration, one of the DNS nuclei is in the vicinity of the doubly magic
nucleus '32Sn. In equilibrium configuration, nuclear attraction prevails over the
Coulomb repulsion, and the excited DNS is in a quasi-stationary state.



The statistical decay of DNS from the equilibrium configuration is the third

stage of low-energy fission. The decay of DNS is induced by deformation of
DNS nuclei due to the Coulomb forces. The probability of the DNS decay is
determined by statistical laws, where in calculation of decay barriers the shell
structure of DNS nuclei and their deformations play an important role.

for

In our interpretation, fission threshold has a new definition. Fission thresholds
233Th, 239U, 236U, and 2%°Pu derived from our model describe well the

fissionability of these nuclei by thermal neutrons.

Moreover, we give a possible explanation of why statistical models are effi-

cient in describing the mass, charge, and energy distributions of fission fragments
observed in experiments.
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