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1. Introduction

In 1967 StruTINSKY proposed the shell correction method [1]. Since
the first succesful applications of this theory there has always been a high
interest in justifying this phenomenological theory by microscopical methods.

According to the shell correction method the emergy of a deformed
nucleus can be written as

E = E,;, + 6E, + SE, (1)

where E, ;, is the average energy calculated within the framework of the liquid
drop (LDM) model {2], the shell correction 6E, is calculated in a given deformed
shell model potential. The parameters of this potential have to be consistent
with the deformation parameters of the LDM energy. 6E, is the second order
correction term.

Recently Brack and QUENTIN have verified [3] the validity of the shell
correction method within the framework of the Hartree~Fock approxima-
tion.

The problem of relating the shell correction theory to the statistical
theory (the first approximation of which is the Thomas—Fermi (TF) theory)
was discussed by Tyarin [4], and since then it has been investigated in many
papers (see e.g. [5]). For carrying out this program one has to substitute the
smooth part (E, ) of energy (1) by the energy calculated on the basis of the
statistical theory, and the shell correction 6E, has to be calculated from the
single particle potential obtained from the statistical theory. For practical
applications it would be desirable, if the smooth energy of the statistical theory
reproduced the experimental data (fission barriers, average energy of the
nucleus, ete.) as well, as the LDM energy does. This problem will be discussed
in this paper, the problem of the potential has been discussed in [6].
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2. The Thomas—Fermi energy of the nucleus

The energy of the nucleus can be written as
E = Ekin + Epot -+ Ecoul » (2)

where the kinetic energy is in the TF approximation:

Epp = g‘dr [05/3 L 95/3] + de;[(VQn)z . (VQP)?,:I ‘ 3)

On Op

Here g, is the neutron (proton) density, x = 119.06 MeVfm? and ¢ = #/72 M
(where Al is the mass of a nucleon) according to [7]. For the potential energy
E . the usual decomposition is applied (e.g. [8]):

Eppt = Enat + Epg (4)

with terms arising from the short-range and long-range components (Ey,,
and E, . respectively) of the nuclear forces.
In the local density approximation (e.g. [8]) Ey,; has the form

Exy = 5 dr w(0p Qp) s (5)

where (0, 0,) is assumed to reproduce the results of nuclcar matter calcula-
tions [9, 12]. The expression for E, is

1 . o - "
Er= —2';' dfdiy v (|71 — Talr0) - o (Fi) = (©)
# [0Te) — ()] w7 =p.n

This energy vanishes for constant density. The density-dependent effective
interaction in Eq. (6) is

= Uy = Z(a, 4 KT exp [—(F, — T2)¥ 23],
| 1 o)
Ve == Upyy k}-;' - It—g}—‘”;—gr,} /3’ T, 7," =P, 1

taken from [10]. The values of the constants of this expression are found in
[10].
The Coulomb energy is calculated in the usual way:

coul_“—fd d Qp rl)gp( ) (8)

— Ty

The Coulomb exchange energy is mneglected.
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The next step is to minimize the energy with respect to the densities
0, and p,. The constraints

[dfo(f)=N,, r=p,n (9)

have to be taken into account, where Np is the charge number and N, the
neutron number of the nucleus.

There are two different methods to minimize the energy. Solution of the
coupled integro-differential TF equations is very time consuming. Hence the
second method will be chosen, assuming an approximate analytical expression
for the nuclear densities. These expressions (see item 3) depend on some set of
deformation parameters (i.e. for given deformation) and varying the variation-
al parameters the minimal energy in the TF approximation is obtained.

3. Parametrization of the density

Instead of the more general form suggested in [6] the following expression
will be used for the description of densities:

1 bh(l(r, z)‘2+ by M 4
G e +lz;pj[l(r, Z)/L& ] )

T=p,n

where g, is the scale factor (determined by the constraint (9)); R, is the radius
of a sphere with a volume equal to that of the region inside the nucleus;
a.is the diffuseness parameter, I(r, z) is the distance from the point with cylindri-
cal co-ordinates r and z to the surface of the nucleus (see [6]); by, and by, are
the parameters defining the radial dependence of the density. The parameters
characterizing the deformation are incorporated in lr, z) (see [11]). If by, =
= by, = 0, we obtain the Fermi distribution.

4. Results

The minimum energy of the nuecleus Py at several deformations was
calculated. As a first approximation the nuclear densities were described by the
Fermi distribution. The variational parameters R, and a, were varied simul-
taneously for both the protons and neutrous.

The long-range energy was calculated as in Eqs (6) and (7). The energy
density function w(g,, g,) for the short-range energy was taken from [12].
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The results are shown in Fig. 1. The fission barrier obtained by us are
seen not to agree with the experimental value (~6 MeV). The binding energy
of the spherical shape is overestimated.

Using the same effective nuclear interaction, but approximating the
nuclear densities with the “wine-bottle” shape (b;, == 0, by, == 0), it was tried
to improve the results. Neither in this way was any essential improvement
achieved.

The dependence on deformation of both the Coulomb and surface energy
is in good agreement with the results of standard calculations [13] (see Figs
2, 3). The slight difference is due to the fact that in the standard caleulations
sharp surface densities were assumed. On the other hand, the effective nuclear
interactions used in our calculation are fitted to the results of nuclear matter
calculations and to the binding energies of spherical nuclei. Hence, one can
assume that the discrepancies of our results could be overcome by the slight
re-adjustment of the effective interaction used in this paper. Investigating
the statistical potential, which is necessary for obtaining the shell-correction
OE,, the same conclusions were obtained [6].

To prove this assumption the following investigation was carried out.
The binding energy of fictive spherical nuclei was calculated with relative
neutron excess x = (N—z)/(IN 4+ z) = 0 and 0,2, and for mass number
A4 = 40 (20) 300. Following DworzeckA and MoszKowskl’s proposal [14]
the constants of the semi-empirical mass formula were determined by the least
square method. The results of this calculation are shown in Table 1. These
results suggest that after re-adjusting the effective nuclear interaction (the
test of this procedure may be the fit to the LDM parameters) there is a hope
to improve our results.
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Fig. 1. Deformation energy curve of *°Pu. The deformation parameter ¢ is defined in [11]




FISSION BARRIER 169

Table I

Volume, surface and curvature energies, and the corresponding asymmetry energies in the

semi-empirical mass formula of Ref. [14],i.e. E = (W, + WauXDA - (W - W a4, X?)AY3

+ (War + WaerX?AY3, Our results are given in the first row, the second row shows the
results of Ref. [15], which can be considered as test values (see the text)

Weol W gl Waur W ssur Weur W acur
—15,1 16,69 20,71 41,20 0,97 —143,9
—16,43 31,54 18,34 —175,92 13,1 53,71

03 06 & (def)
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Fig. 2. Dependence of the Coulomb energy on the deformation. The quantity B, = [Egu(e) —
— E_;(0))/Epu(0) is shown. The solid line refers to the results of standard calculation {13],
the dashed line shows the result of the present work
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Fig. 3. Dependence of the surface energy on the deformation. The quantity B;= [E(e) —
— E(0)]/E(0) is shown. The solid line refers to the results of standard calculation [13}, the
dashed line shows the result of the present work
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Chu and others [15] determined the constants of the semi-empirical
mass formula for various types of the Skyrme interaction using the least
squares method. The good results obtained in this paper prove our assumption
that the application of any re-adjusted interaction will give the requested
numerical test for the approximation of the smooth energy term in the shell
correction method within the framework of the TF theory.
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Summary

The fission barrier of **°Pu was calculated in the Thomas—Fermi approximation. The
discrepancies between the obtained results and known data demand the re-adjustment of the
effective interaction used in the present work., The fit to the LDM parameters gives a good
test for the re-adjusting procedure.
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