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The spontaneous fission of 2°*Fm has been analysed in the constrained
Hartree-Fock—Bogolubov calculations. The bimodal fission in this nucleus
has been explained. The single particle energies and densities on the fis-
sion path have been investigated. The pre-scission formation of the fission
fragments have been found.

PACS numbers: 21.10.Gv, 21.10.Pc, 21.60.Jz, 25.85.Ca

1. Introduction

The physics of the spontaneous fission of heavy nuclei has been quite
well investigated over the last 50 years (see e.g. the review articles [1,2]).
258Fm is a very specific nucleus in this area. The half-live time is smaller
by seven orders of magnitude then its neighbour ?*Fm. The mass fragment
distribution of 2°8Fm is symmetric, with maximum at A = 129, whereas
256Fm gives the asymmetric masses of fission products [3].

Furthermore, in contrast to the lighter nuclei, the fission of 2*Fm is the
bimodal type [4,5]. In one mode the distribution of the total kinetic energy
(TKE) of the two fragments has the maximum at 230 MeV, whereas in the
other mode the mean TKE has the peak at 205 MeV. The two paths lead-
ing to the fission were found in the theoretical description of this process
(e.g. [6-8]). In the first mode, referred to as the compact fission (CF)
mode, the nucleus goes through shapes, consisting of two identical, touching
spheres. The Coulomb repulsion in such a situation is relatively strong and
causes the high TKE of the fragments.

The nucleus can also follow the path with reflection asymmetric shapes.
In this case one part of the nucleus has a big deformation, whereas the other
part remains almost spherical. The larger distance between the centres of
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the mass of the two fragments at the scission point makes the Coulomb
repulsion much weaker, and the mean TKE, smaller. This is referred to as
the elongated fission (EF) mode.

In this paper, the analysis of the fission process of ?*Fm within self-
consistent Hartree-Fock-Bogoliubov calculations with the Gogny forces has
been done. In this constrained calculation, both the CF and the EF fission
paths have been found. The difference in the TKE values and the mass
distributions have been explained.

Apart from changes in the global properties of the nucleus during the
fission, single particle (sp) properties have also been analysed. The sp ener-
gies and the densities of nucleons in each state have been determined. Those
results are helpful in better understanding of the fission process. The two
centres of the nuclear potential, created at the relative low deformation have
been found. The pre-scission formation of the nuclear fragments has been
proved.

In Sec. 2. the outline of the theory is presented. The results of our calcu-
lations are included in Sec. 3. Sec.4. contains the conclusions of this paper.

2. Theory

The Gogny density-dependent effective nucleon—nucleon force was taken
in the following form [9]

2 _ (F1=7)?
Vio = Y (Wi+ BiP, - HiP, - M;P,Pr) e /1
i=1

+i Wis (V1 = Va) x 8(7 — ) (Vi = V3) - (51 + 62)

The D1S [10, 11] parameterization of the Gogny interaction has been
used. The microscopic self-consistent HFB equations have been solved [12]
by expanding the quasiparticle creation and annihilation operators on finite
bases of axially symmetric deformed harmonic oscillator eigenfunctions.

The basis used in calculations had one centre with Ny = 15 oscillator
shells in a direction perpendicular to the symmetry axis and N, = 22 shells
in z direction. This have made us possible describe more thoroughly very
elongated shapes, which appear during the fission of the nucleus concerned.

In order to study different paths to fission in these calculations, the
following constraints have been used: the axial quadrupole (Q2), octupole
(Q3) and hexadecapole (Q4) moments as well as the number of nucleons in
the neck region (@Qn). The corresponding operators are given by
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with axy = 1fm.
3. Results

3.1. Two fission modes

The shape of the potential energy surface provides the most important
information on the spontaneous fission of nuclei. As it can be seen in Fig. 1,
in 2°®Fm the deformed ground state minimum is separated from the scis-
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Fig.1. (a): The fission barrier of 2°8Fm as a function of the quadrupole moment
Q- for Ng = 15. The solid line corresponds to the compact fission path (CF) and
the dashed line to the elongated one (EF). The dotted line shows the reduction
of the first barrier due to nonaxial degrees of freedom. The shapes of the nucleus
at a density of pg = 0.08 fm 2 are depicted for several values of > both for the
CF and EF paths (note that the EF path leads to octupole deformed shapes).
Additionally, in (b), (c¢) and (d) the octupole and hexadecapole moment as well as
the neck parameter Qn are plotted, respectively, [8].
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sion point by the two-hump potential barrier [8]. The first hump is around
10MeV high, but it can be decreased by a few MeV by including triaxial
shapes in the calculations.

The two paths leading to the fission appear in the second minimum
region. After tunneling the first barrier hump, the nucleus goes to the path
on which the reflection symmetry is conserved. The shapes of the nucleus
on this path consist of two touching spheres, which means that it produces
the CF mode. The second path leads to asymmetric shapes (Q3 # 0). The
nucleus is built of one near spherical part and the deformed one. This path
is responsible for the EF mode in the fission of 2°8Fm.

The transfer to the asymmetric path is possible around ()3 = 90 b, since
the potential energy of the nucleus in both modes is similar in this region,
and there is a small barrier separating them [8,13].

3.2. Single-particle energies and densities

Beside the potential energy surface we can also determine the single-
particle energies as a function of the quadrupole moment Q2. The results
obtained for protons and neutrons along the CF path are presented in Fig. 2.

For small deformations with Q2 < 30 b, the sp energy spectrum looks like
the traditional Nilsson diagram. In the spherical nucleus, the main quantum
number multiplets are well separated and the magic numbers can be easily
obtained.

Protons 28em Neutrons

&s.p. [MeV]
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Q [b] Q2 [b]
Fig.2. The single-particle energies of 2°*Fm nucleus in the CF mode for different
()2 values. The positive parity states are plotted with the solid lines, while the
negative parity states with the dashed lines.
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Fig.3. The sp densities for j = 1/2 and positive parity in >**Fm at Q2 = 15 b.
Labels describes the number of energy levels from the lowest one. The equidensity
lines are plotted every 0.002 fm~3 as a function of r on the horizontal and z on the
vertical axis.
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Fig.4. The same as in Fig. 3, but for negative parity.

The new structure appears from the chaotic level spectrum at Q2 ~ 50 b.
The lowest levels (with F < 35 MeV) are grouped into blocks. Going to the
higher deformations, more groups can be found. The energy gaps separating
them correspond to doubled magic numbers (i.e. 4, 16, 40, 56, 100 and 164).

In each group, the pairs of the states with positive and negative parity
and the same total angular momentum are coupled. Finally four-times de-
generated levels are created. The nucleons which these levels are comprised
of differ only in parity and spin quantum numbers. At the scission point,
multiplets, characteristic for spherical nuclei, are created again.
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These results can be easy explained if compared with the shape of nucleus
at the scission point. The nucleus is built from two spherical parts. From
each of them, a new, spherical, daughter nucleus '??Sn is created. The sp
energies must change their arrangement to the ones corresponding to the
fission products. In fact, the two-centre system, manifesting the creation
into two Sn nuclei, appears much before scission point.

The similar conclusion can be derived from the analysis of sp densities.
In the ground state, at Q2 = 15 b sp densities correspond to the orbitals
of an electron in a hydrogen atom. As an example, the densities of protons
with j=1/2 and positive and negative parities are presented in Figs. 3and 4,
respectively.

The sp wave function and densities evolve with an increase in deforma-
tion. At low quadrupole moments, sp densities deform their shapes, pre-
serving ground state scheme. At the larger deformations, the two-centre
structure is created. The rearrangement of the two lowest j = 1/2 proton
energy states of both parities at the CF path is shown in the Fig. 5. For
these particles splitting into two centres can be noticed already at Qs = 40 b.
At Q2 = 80 b the density at the central point of the nucleus decreases to
zero. Moreover, from ()2 = 100 b the sp densities are identical in the case of
the two lowest energy levels. The nucleons in these states are well located
in the new created centres.

The same scenario is repeated for the other pairs of levels with the same j
and opposite parities. The general tendency is that states with higher energy
start to transform their orbitals at higher deformations.
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Fig.5. The sp densities for the lowest (lower row) and the second lowest (upper
row) j = 1/2 energy states in 2°8Fm for different Q)2 values. The equidensity lines
are plotted every 0.002 fm 2 as a function of r on the horizontal and z on the
vertical axis.
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In Figs. 6 and 7, proton states with j = 1/2 are presented again, yet at
the deformation very close to the scission point with Q3 = 120 b. In Fig. 6
states with positive parity and in Fig. 7 with negative parity are shown. The
first three density distributions are identical in both figures. In the following
panels the two centre structure can also be found, but the formation of the
fission fragments is not complete yet. The maximum of the sp density at
z = 0 can be even found for some states.
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Fig.6. The same as in Fig. 3, but at Q2 = 120 b.
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Fig.7. The same as in Fig. 7, but for negative parity.

These results are consistent with the results of the two-centre shell model
[14]. Although we deal with one centre deformed basis, the cluster structure
with two centres is obtained by selfconsistent calculations.
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The situation is slightly different in the case of EF mode. The reflection
symmetry between the two parts is broken and energy levels in this mode
can not couple into pairs (see Fig. 8). There are no such well defined energy
gaps as in the CF mode. The sp energies do not vary significantly (espe-
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Fig.8. The single-particle energies of 2**Fm nucleus in the EF mode for different
()2 values.

cially in the low energy states) even if big changes in the deformation of
the nucleus are concerned. In the EF mode, changes in quadrupole moment
are connected with an increase in the distance between the centres of the
fragments. This does not affect strongly the nucleons in the states that are
located in one of the clusters.
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Fig.9. The single-particle energies of 2**Fm nucleus in the EF mode for different
()2 values.
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The nucleons in some low energy quantum states are shifted completely
to the one of the nuclear parts (see Fig. 9, where two the lowest energy states
are in the centres of two creating fragments of the nucleus). However, some
sp densities are spread out through entire the nucleus for all deformations,
and do not take part in pre-scission nucleus formation (Fig. 10).
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Fig.10. The sp densities for 5 = 1/2 in 2*®Fm at @2 = 150 b in the EF mode.
Descriptions are the same as in Fig. 3.

4. Conclusions

Two fission paths were found in 2°®Fm: the symmetric one leading to the
compact fission and the reflection asymmetric corresponding to the elongated
fission in the total kinetic energy distribution. The splitting of the nucleus
into two fragments begins before the scission point. The nucleons from the
deepest energy levels separate their orbitals already in the second minimum
(Q2 =50 b). In the compact mode four-times degenerated energy levels are
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created with two pairs of nucleons in each centre of the system. The energy
structure of fragments to be created in the fission is manifested before the
scission point.

In the EF mode no groups in the energy spectrum can be noticed. The
nucleons with low energy are located in the spherical or in the deformed part
of the nucleus.

The agreement of these results with the two-centre shell model proves
that the deformed basis chosen in our calculations is sufficient for the de-
scription of the nuclear fission.
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