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THE EFFECT OF ELEMENTARY PARTICLES
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FRAGMENTS MASS DISTRIBUTION
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In the present work, we have shown that the suggested approach can account for the
presence of the fission neutrons and describes the temperature dependence of the
heavy nuclei fragment masses distribution. The capabilities of the theory are demon-
strated at the example of a binary fission of the heavy nucleus with mass number A
and charge Z, The data on the fission fragments mass distribution are presented for

the U and “*Th nuclei.
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The investigation of the mass and charge
distribution of the fission fragments (MCDF}
for heavy nuclei is an important task of nu-
clear physics that allows the problems of nu-
clear matter stability to be studied, as a rule,
the theoretical MCDF interpretation 1s based
on the fission process dynamics and requires
the introduction of fitting parameters that
characterize their geometrical dimensions or
one-particle nucleon state densities [1].

The statistical model of heavy nuclei fis-
sion has a fong history [2] and start from the
assumption on the thermodynamical equilib-
tium in the fission system for the time inter-
vals before the compound-nucleus decay. In
[3,4], the methods of statistical thermody-
namics of condensed state were applied to
describe the fission fragment system order-
ing. This has allowed one to describe MCDF
from the first principles by using the binding
energy of the fission fragments and the tem-
perature (excitation energy) of the initial nu-
cleus as the theory parameters. In the present
paper, these studies are complemented by
considering the effects related to the emis-
sion of elementary particles during the heavy
nuclei fission.
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Theory

The ensemble of two-fragment clusters
produced at the heavy nucleus fission is con-
sidered by us [4]) as the canonical one,
whereas the total energy of the system is a
motion integral. We assume the equality of
nuclear temperatures T of the initial nucleus
fission fragments with atomic mass Ay and
charge Zy. The experimental facts related to
that case could be found, e.g., in [5]. Ac-
cording to [6], due to the low number of par-
ticles forming the fragment nuclei 4~ 50-120
the notion of temperature for them is well
defined in the case of AT/T<<], where

ﬂ.TﬂrT = 2}“.?1? - (EMﬂv.‘de}'d (1}

where [J is the internal energy of the nu-
cleus. The estimate (1) was obtained within
the framework of the Fermi-gas model
whose critical discussion is given in [7].

If one neglects the effects related to the
pressure produced by nucleons in the nucleus
and the change of specific volume of nucle-
ons in different nuclei, then the equilibrium
ratios of masses and charges of the fission
fragments as the functions of T are defined
from the condition of minimum free energy
of the nuclear matter in a form of an ensem-
ble of the fission fragments:
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F=U-15 . (2)

In our case U/ is equal to the binding
energy of two fragments and has a discrete
set of quantities (levels) {g;}. A rule of cal-
culating the {£;} spectrum can be written as:

5=3 TUW,2ND) 4, xn)0)

LI AN N

where U is the binding energy of the j-th
fragments, A; is an average kinetic energy of
the fission neutrons, <.> is a symbol indi-
cating than summation in (3) is taken over
the i-th sets of nucleons {N,”, N}, obey-
ing the equations:

SN, NV 4n )= 4,
J=12

(4)

where, in the general case, we have included
the number n, (e} of neutrons (electrons)
emitted from the j-th fragment, j=1,2. The
configuration entropy in (2) is defined by the
number of possible realizations of the nu-
clear matter state with the energy U, The nu-
cleons with different binding energies should
be considered statistically non-equivalent.
Then 8=In (w; ), where

@, = AT TN, D0 (5)

J=12

[1#!=x!x,!: i is an index which indicates
=12

in (5) the above i-th set of nuclear fragments.
It is easy to show that the entropy term in (2)
is maximal if N, =N, hence it is respon-
sible for the symmetrization of the fission
fragment masses with increasing 7. The lev-
els {g;} are the energy spectrum of the en-
semble of fission fragments, whereas ¢y in
{5) is their degeneracy. In the general case, g;
levels are not equidistant and the pair of
fragments can occupy only one level of the
{g;} spectrum. The distribution function of
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the fragment pairs over the set {g}, which

defines FMD, can be written as:
Fewiexp(ed TV (6)

where £ is a partition function of the ensem-

ble of fragment pairs and is determined from
the normalization condition

2 1

=L

In general, we take into account the
neutron emission under fission, then minimi-
zation of F (1) must be performed on 4D
massive including the mass (charges) of the
nuclear fragment 4, (Z;) and n; — number of
neutrons, i=1,2.

F.Mevinugi,

Fig. 1. Free energy F surface (in MeVinuel) Tor the
ensemble of fragments of the Th-232 fission in the
mass number and charge coordinates A, Z, for one of
the fission fragments. The initial nucleus temperature
is T=1MeV,

In Fig.1 the F-dependence in the 4, Z
coordinates for the example of 2?Th fission
is presented, As one can see, there is a curve
of (A,.Z ) pairs minimizing the free energy
of fragment set. The neutron emission de-
creases the fragment pair total binding en-
ergy {/ (1) but increases their configuration
entropy S (4). The neutron equilibrium num-
ber #, i=1,2 for every fragment ratio can
also be determined from the condition of F
minimum. The theory is able to obtain both
neutron emission function for every frag-
ments mass and average neutron number per
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fission. If the nuclei temperature 7 in (2) is
increased or decreased, the shape of F- de-
pendence (Fig.1) will be changed. In this
way we can determine the equilibrium values
of the total binding energy 7, see (1), and
other thermodynamic functions of the en-
semble of the fragment pair.

The temperature dependence of **Th
MCDF is shown in Fig.2. This dependence
as well as the fragment charge distribution
can be constructed from the distribution
function £ (5). One can see at sufficiently
low T that MCDF is determined mainly by
the contribution of the mass channels with
magic neutron — 82 — and proton — 50 -
numbers. If T rises, and the entropy term in
(2) becomes more essential, MCDF (Fig.2) is
getting more symmetrical.

Yiald (%)

Fig. 2. Temperature dependence of MCDF at Th-232
fission. The calculation was perfarmed with the al-
lowance made for the fission neutrons.

The suggested theory has no fitting pa-
tameters since the binding energy of certain
nuclei is either the tabulated quantity or
could be calculated by using the mass for-
mulag. However, just the first calculations
have shown that deriving MCDF by formula
{6) we overestimate the role of the effects
related to the presence in the canonical en-
semble of the fragment nuclei with even or
magic proton (neutron) numbers.

The emission of elementary particles at
the fission is related to the relaxation of the
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excitation of the heavy nuclei fission frag-
ments or to the transition of the fragment nu-
clei isotopes to so-called beta or neutron sta-
bility isles, when we deal with the gain in the
specific binding energy of the system. One
may expect that this effect also affects
MCDF.

Elementary particle emission at nuclear
fission and MCDF

The further calculations will be per-
formed for the example of 2°U isotope fis-
sion MCDF taking into account the avail-
ability of reliable experimental data for this
isotope. In this case the ensemble of two-
fragment *°U fission fragments must be
complemented by the fission neutrons, while

electron and positron emission could be
taken into account when assuming the pres-
ervation of the total charge in the nuclei
fragment system with an accuracy up to the
number of charged particles, the emission of
which increases or decreases the charge of
separate fission fragments. The emission of
elementary particles results in the decrease
of the nucleus binding energy and they carry
out certain excitation energy. The latter fact
limits the number of particles, which could
be emitted at the fission. Thus, to obtain
more realistic MCDF dependences one has
to take into account the fission process en-
ergy balance.

It is known that the energy released at
the heavy nuclei fission is spent to the ki-
netic energy and excitation energy of ele-
mentary particles. Due to the equality of the
nuclear temperature of the fission fragments
that is one of the postulates of the suggested
theory, the fission energy may be redistrib-
uted between the kinetic energy of the frag-
ment nuclei emitted at the fission, including
the gamma-quanta. The following cases are
available:

The emission of elementary particles is
not taken into account. The excess of the
excitation energy may be carried out by
the gamma-quanta. In that case the “null’
variant of the theory is realized, when
there are no fitting parameters, and
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MCDF is defined by the mass channels

of yields stipulated by the pairing effects

for outer shell nucleons and the fission
fragments with the magic values of pro-
ton (neutron) numbers.

— The emission of fission neutrons and re-
moval or conservation of an additional
excitation energy are taken into account.
The neutron number is defined by the
condition of minimal specific binding
energy of the final two-fragment cluster
or by the energy balance in the system.

— Besides the availability of fission ncu-
trons, the peculiarity of the distribution
of fission fragment kinetic energies over
their mass ration iz taken into account,
since, as is known, the maximal kinetic
energy is reached in the case of the
symmetric fission of the heavy nucleus.
In that case the number of fission neu-
trons will be defined both by the fission
process energy balance and the fragment
mass ratio.

— The same effects should be considered in
the case of the presence of the emission
of charged particles (electrons, posi-
trons).

According to [8], we shall present an es-
timation of the energy balance: in the case of
55U the average fission energy is about 193
MeV, the average fission fragment kinetic
energy is 166 MeV, while their excitation
energy is 27 MeV. During 2*U fission 2.5
neutrons are emitted with the average kinetic
energy of each of them (in the center-of-
mass frame) being 1.5 MeV. The average
energy of gamma-quanta per one fission is
constant and less than the neutron binding
energy, i.e ~4.5 MeV.

More complicated is the consideration of
the energy balance at the beta-decay and
positron emission. These processes belong to
the weak interaction and are not directly re-
lated to the heavy nuclei fission physics. It
has been found that the most apart from the
stability domain fragments have the beta-
decay energy of 8-10 MeV, while the half-
decay period is about fractions of millisec-
ond. With the approaching the beta-stability
valley the beta-decay energy, as a rule, de-
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creases, whereas the half-decay period in-
creases.

The general repularity related to the
emission of elementary particles at the fis-
sion has been found experimentally — their
number is the maximal in the mass distribu-
tion maxima, ie. at 4-90-110 for light
fragments and 130-150 for the heavy ones
[9].

Figure 3 shows the results of calculation
of the mass distribution of U-236 fission
fragments at different initial nucleus tem-
peratures with the inclusion of the fission
neutron emission and with no such inclusion.
It has been assumed that the average energy
of neutrons is 1-1.5 MeV, and their number
is defined by the condition of equality of the
fragment nucleus excitation energy to that
carried out by the fission neutrons. It is seen
that the inclusion of the elementary particle
emission indeed improves the agreement
between the theoretical and experimental
data for 26U,

Yield, %
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Fig. 3. MCDF at the ¥*U fission: solid curve — ex-
perimental data for the spontaneous fission, triangles
= calculation at 7= 1 MeV with the fission particle
emission being neglected, Circles — MCDF at T=2
MeV with the inclusion of fission neutron emission,

Conclusions

Thus, the obtained results have testified
the possibility of the improvement of the ac-
curacy of the MCDF calculation for the
heavy nuclei by taking into account the
emission of elementary particles at the fis-
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gion. The mechanism of this account within
the framework of thermodynamical model is
not ¢lear yet, however, the comparison of the
calculated and the experimental data may
provide an interesting information on the nu-
clet fission mechanism.
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W0 SANpOnoHoOBAHHE niaxia mome BIANOBIMATH 38 OPHCYTHICTH

HelTpoHIE po3mamy | onMeye TEMIEPaTYPHY SANewHICTE MACOBOIe pO3Iouimy
viaMiie pamenx sgep. Ilponesoncrpoeanc MOomHBOCTI Teopll HA NpHEna
finapuoro posnazy BAWKOrD Zapa 3 Macosdit YHChoM 4 1 3apanos Z. Tlogano nani 3
MACOBOTO POIMOAINY yraskis posnamy mna anep -~ Ui “°Th,
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