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Abstract : The asymmetric fission barriers and the released kinetic energies in the
deformation valley leading rapidly to two tangent spherical fragments have been
calculated for 1%4Hg, 149Tb, 110¢112In, %Mo and 7SBr 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 numbers : 2380, 2475, 2585



Light nuclei decay primarily by light-particle emission since the fission barrier heights
increase monotonically with the fragment symmetry. For heavier nuclei, the symmetric
fission barrier is lower than the asymmetric fission barrier except for the greatest
asymmetries corresponding to the light particle evaporation. Therefore, the major nuclear
decay modes are symmetric fission and light particle emission. Nevertheless, heavy-ion
reactions have allowed to explore asymmetric binary fission-like breakup from central
collisions at low to intermediate energies. Excitation functions and kinetic energies of the
intermediate mass fragments are now available and asymmetric fission barrier heights can be
extracted [1-8]. These data allow 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 fusion-like 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 potential barrier heights correspond roughly to the
experimental 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, firstly, 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,
secondly, 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 chosen 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 of compact and creviced shapes describing
the rapid formation of a deep and narrow neck leading the initial nucleus 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 asymmetries 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] :
2

E=-a,(1-k,J2)A+a,(1-kJI*AY*(S/4nR5) +-§-e2 IZ{—BC +E prox- (1)
0

A, Z and I = (N-Z)/A are the mass, charge and relative neutron excess of the initial nucleus.
The surface energy coefficient a, and the surface asymmetry coefficient k, are taken as

a, = 17.9439 MeV and k, = 2.6. 2)
The volume energy coefficient a, and the volume asymmetry coefficient k, take on the
values

a,=15.494 MeV and k, = 1.8. 3)
B, is the Coulomb shape dependent function calculated from elliptic integrals.
The effective sharp radius is defined by :

R, =1.28A"%-0.76+0.8A7"" fm. (4)

R,/ AY? equals 1.13 fm for 4°Ca and 1.18 fm for 24°Pu.

When the two fragments are separated the volume, surface and Coulomb energies are
respectively given by :

By =-a,[0 -k DA+ (1-KJD)As), (5)



E, =a[(1-kIDA} +(1-k1)A3"), 6)
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E, =%ezzf'/R1+ge 73 IR, +¢2Z,Z, /. (7

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 separating the two
nascent fragments reads :

E prox = 27 ¢(D/b)27thdh, (8)

with ¥=0.95174/(1-kJ2)(1-kJ2) MeV.fm™. 9)
h is the transverse distance varying from the neck radius to the height of the neck border. D
is the distance between the opposite infinitesimal surfaces, b = 0.99 fm the surface width
and ¢ the proximity function.

The discontinuity of a few MeV appearing at the contact point due to the difference
between Z,/A, and Z,/A, has been linearized from the sphere to the contact point supposing
that the charge rearrangement occurs progressively.

For comparison, the LDM [14] does not take into account the proximity energy and
assumes :

a_=17.9439 MeV, R/ A" = 1.2249 fm and k, = 1.7826. (10)
The adopted equation (4) allows to lower significantly the nuclear radius and to detail its
mass dependence.
The values of the constants used in the YEFRLDM are respectively :

a,=21.13MeV, Ry/A" = 1.16 fm and k = 2.3. (11)
The essential difference resides in the value of the surface energy coefficient a_. There is still
a large incertitude on these coefficients [13,16].

In figure 1, recent data on the asymmetric breakup of the 4°Tb compound nucleus
obtained in the 86Kr + 63Cu reaction are compared with calculations. It is known 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 experimental barriers are 37 %
greater than those determined by the YEFRLDM which, nevertheless, reproduces generally
accurately nuclear masses and fission and fusion barrier heights. Our prediction agrees well
with the data. In figure 2, the same comparison is done for 7*Br. The experimental results
coincide with the YEFRLDM calculations while the two other approaches lead to too high
barriers. 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. The figures 3 and 4 show that our approach reproduces 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 asymmetric fission barrier heights lie between the
predictions of the LDM and YEFRLDM models. The figure 5 indicates 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 of the fragments is the potential energy at the scission point
plus the possible pre-scission 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 saddle-point and corresponds, on the potential barrier, to the position where
the proximity forces end to act. In figures 6 and 7, the TKE's of the intermediate mass



fragments produced during the asymmetric fission of 49Tb and !9*Hg 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 describe within the hypothesis that spherical fragments are rapidly emitted
by compact nuclei and that the basic ideas of the liquid drop model are still valid if the
proximity energy is taken into account.
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FIGURE CAPTIONS

Figure 1 : Comparison of experimental and theoretical fission barrier heights for 49Tb as
functions of the fission asymmetry. The experimental data are taken from Ref.[7]. The full and
dashed lines correspond respectively to the YEFRLDM [12,13] and LDM [14] predictions while
our results are given by the dashed and dotted curve.

Figure 2 : Comparison of experimental and theoretical fission barrier heights for 75Br as functions
of the fragment charge. The experimental data are taken from Ref.[S]. The full and dashed curves
give respectively the YEFRLDM and LDM predictions. The dashed and dotted curve
corresponds to our results.

Figure 3 : Comparison of experimental asymmetric fission barrier heights [8] and our predictions
(dashed and dotted curve) for **Mo.

Figure 4 : Same as figure 2 but for the In nucleus. The experimental data are taken from Ref.[2].

Figure 5 : Comparison of theoretical fission barrier heights (see Ref.[4]) vs angular momentum for
the 52Fe light nucleus determined from the rotating liquid drop model (dashed line), the Yukawa
plus exponential finite range model (solid line) and our approach (dashed and dotted line).

Figure 6 : Fission total kinetic energies as a function of the light fragment charge for 1499Tb. The
theoretical estimate is based upon the energy at the scission point defined by ‘Epmx < 0.5 MeV.

The experimental data are extracted from Ref. [6].

Figure 7 : Comparison between experimental TKE's (Ref.[1,3]) and our predictions (dashed and
dotted curve) for light fragment emission from 1°4Hg.
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