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The asymmetric fission barriers and the released kinetic energies in the deformation valley leading
rapidly to two tangent spherical fragments have been calculated for ***Hg, **°Tb, *1°*%[n, Mo,
and "®Br within the generalized liquid-drop model including the nuclear proximity energy. Results
are compared to experimental data and predictions of the Yukawa plus exponential finite range
liquid-drop model and the liquid-drop model. The calculated asymmetric fission barrier heights lie
between the values obtained by the two other theoretical approaches.

PACS number(s): 24.75.+i, 25.85.—w

Light nuclei decay primarily by light-particle emis-
sion since the macroscopic fission barrier heights increase
monotonically with the fragment symmetry. For heavier
nuclei, the macroscopic symmetric fission barrier is lower
than the macroscopic asymmetric fission barrier except
for the greatest asymmetries corresponding to the light-
particle evaporation and for the actinides for which shell
effects play the major role. Therefore, the major nu-
clear decay modes are symmetric fission and light-particle
emission. Nevertheless, heavy-ion reactions have allowed
one to explore an asymmetric binary fissionlike breakup
from central collisions at low to intermediate energies.
Excitation functions and kinetic energies of the interme-
diate mass fragments are now available and asymmetric
fission barrier heights can be extracted [1-8]. These data
allow one to test the ability of the current macroscopic
nuclear models to describe the symmetric fission, the
intermediate mass fragment production, and the light-
particle emission as a common process only governed by
the mass-asymmetry coordinate.

In previous works [9-11] the fusionlike second fission
valley has been investigated within a generalized liquid-
drop model including the nuclear proximity energy. This
peculiar deformation path is plausible since the poten-
tial barrier heights correspond roughly to the experimen-
tal fission barrier heights in the whole mass range when
the effects of the nuclear proximity forces between the
nascent fragments are properly taken into account.

The purpose of the present work is, first, to study the
compatibility of this deformation valley described within
our macroscopic approach with recent experimental data
relative to fission barriers and total kinetic energies
for very asymmetric breakup and, second, to compare
(for some results) with predictions of the Yukawa plus
exponential finite-range liquid-drop model (YEFRLDM
[12,13]) and the liquid-drop model (LDM, [14]). The
differences between these three macroscopic approaches
lie both in the selected shape sequences and in the cho-
sen ingredients to determine the potential energy. The
YEFRLDM and LDM rather explore elongated shapes
with shallow and wide necks. In contrast, to maximize
and test the influence of the proximity energy during the
splitting of the nucleus, we have defined [9,15] a sequence
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of compact and creviced shapes describing the rapid for-
mation of a deep and narrow neck leading the initial nu-
cleus to two tangent unequal spherical fragments which
go away later. Then the saddle point corresponds to two
separated fragments maintained in equilibrium by the
balance between the attractive proximity forces and the
repulsive Coulomb forces, except for the largest asymme-
tries for which the saddle point stands close to the sphere
just before the neck development.

Within our approach derived from the generalized
liquid-drop model, the energy of the deformed nucleus
is given by [15]

E = —ay(1 — kyI?)A+ as(1 — ksI?)A*3(S/4nR})
3,22

+ge R—OBC+Eprox . (1)

A, Z,and I = (N — Z)/A are the mass, charge, and rel-
ative neutron excess of the initial nucleus. The surface
energy coefficient ag and the surface asymmetry coeffi-
cient kg are taken as

as = 17.9439 MeV and ks =26 . (2)

The volume energy coefficient ay and the volume asym-
metry coefficient ky take on the values

ay = 15.494 MeV and ky = 1.8 . (3)

B, is the Coulomb shape-dependent function calculated
from elliptic integrals. The effective sharp radius is de-
fined by

Ro = 1.284Y/3 —0.76 + 0.847 /% fm . (4)

Ry/A/? equals 1.13 fm for *°Ca and 1.18 fm for ?*°Pu.
When the two fragments are separated the volume, sur-
face, and Coulomb energies are, respectively, given by

Ev = —ay[(1 — kvI?)A; + (1 — kvI2)As] , (5)
Bs = as[(1 - ksI?) AT + (1 —ksI3)AY®],  (6)
E.=2e*Z2/Ry + 2e®Z% /Ry + € Z1 2, /7 . (7)
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All along the fission path, the nuclear proximity energy
which takes into account the finite-range effects of the
nucleon-nucleon force inside the crevice or the gap sepa-
rating the two nascent fragments reads

Bprox = 27 [ 61D (k) b2k (8)

with

5 = 0.9517y/(1 — K, I3)(1 ~ k,I) MeV fm™ . (9)

h is the transverse distance varying from the neck ra-
dius to the height of the neck border (see Fig. 1). D is
the distance between the opposite infinitesimal surfaces,
b = 0.99 fm is the surface width, and ¢ is the proximity
function.

The discontinuity of a few MeV appearing at the con-
tact point due to the difference between Z;/A; and
Z3/Az has been linearized from the sphere to the con-
tact point supposing that the charge rearrangement oc-
curs progressively. For comparison, the LDM [14] does
not take into account the proximity energy and assumes

as = 17.9439 MeV ,
Ro/AY? = 1.2249 fm ,

and
ks = 1.7826 . (10)

The adopted equation (4) allows one to lower significantly
the nuclear radius and to detail its mass dependence.

The values of the constants used in the YEFRLDM
are, respectively,

as = 21.13 MeV ,
Ro/AY? =1.16 fm ,

and
ks =2.3. (11)

The essential difference resides in the value of the surface
energy coefficient ag. There is still a large incertitude on
these coefficients [13,16].

In Fig. 2 recent data on the asymmetric breakup of
the 1°Tb compound nucleus obtained in the 86Kr+4-%3Cu
reaction are compared with calculations. It is known

FIG. 1. Schematic definition of the height h and the corre-
sponding distance D in the neck.
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FIG. 2. Comparison of experimental and theoretical fission
barrier heights for **®Tb as functions of the fission asymme-
try. The experimental data are taken from [7]. The solid
and dashed lines correspond, respectively, to the YEFRLDM
[12,13] and LDM ([14] predictions while our results are given
by the dashed-dotted curve.

that the LDM predicts too high fission barrier heights for
light and mass intermediate nuclei. Here, the difference
with the data is only 10%. In contrast, the experimen-
tal barriers are 37% greater than those determined by
the YEFRLDM which, nevertheless, reproduces gener-
ally accurately nuclear masses and fission and fusion bar-
rier heights. Our prediction agrees well with the data. In
Fig. 3, the same comparison is done for "Br. The experi-
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FIG. 3. Comparison of experimental and theoretical fission
barrier heights for "°Br as functions of the fragment charge.
The experimental data are taken from [5]. The solid and
dashed curves give, respectively, the YEFRLDM and LDM
predictions. The dash-dotted curve corresponds to our re-
sults.
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FIG. 4. Comparison of experimental asymmetric fission
barrier heights [8] and our predictions (dash-dotted curve)
for **Mo.
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FIG. 5. Same as Fig. 3 but for the In nucleus. The exper-
imental data are taken from [2].
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() L i termined from the rotating liquid-drop model (dashed line),
- . the Yukawa plus exponential finite-range model (solid line),
3 . and our approach (dash-dotted line).
10 - —
: : mental results coincide with the YEFRLDM calculations
obivvu bl b b lanay while the two other approaches lead to too high barri-
0 10 20 30 ers. The data seem somewhat uncertain since Boger and

Alexander [7] note that *He emission was not considered
in the analysis though its cross sections are known to be
important. Figures 4 and 5 show that our approach re-
produces also fairly well the recent data for ®*Mo (except
for the lightest fragments) while it overestimates slightly
the barriers for the In nucleus. In all cases, our asym-
metric fission barrier heights lie between the predictions
of the LDM and YEFRLDM models. Figure 6 indicates
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FIG. 7. Fission total kinetic energies as a function of the
light fragment charge for '*®*Tb. The theoretical estimate
is based upon the energy at the scission point defined by
| Eprox| < 0.5 MeV. The experimental data are extracted from

(6.
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FIG. 8. Comparison between experimental TKE’s [1,3] and
our predictions (dash-dotted curve) for light fragment emis-
sion from °*Hg.

that this result is also valid in the symmetric fission case
for light nuclei. For heavier nuclei, the YEFRLDM and
our approach lead to about the same symmetric fission
barrier heights [9] but the calculated maximal angular

momentum against fission is higher in the deformation
path through compact and creviced shapes due to the
position of the saddle point and the curvature at the top
of the barrier [9,11].

The total kinetic energy (TKE) of the fragments is the
potential energy at the scission point plus the possible
prescission kinetic energy. In this second fission valley,
the scission point is not the point where the rupture of
the matter bridge between the future fragments occurs
since the barrier top is not still reached. The effective
scission point is more external and lower than the sad-
dle point and corresponds, on the potential barrier, to
the position where the proximity forces end to act. In
Figs. 7 and 8, the TKE’s of the intermediate mass frag-
ments produced during the asymmetric fission of 4°Tb
and 94Hg are displayed. Our predictions agree nicely
with the measured values in the first case but there are
some discrepancies with the data relative to 1%4Hg.

Finally, it seems that the very asymmetric fission
leading to intermediate mass fragments may be de-
scribed within the hypothesis that spherical fragments
are rapidly emitted by compact nuclei and that the ba-
sic ideas of the liquid-drop model are still valid if the
proximity energy is taken into account.
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