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Abstract Fission fragment anisotropies have been investigated for various systems produced in heavy-ion reactions

at near and sub-barrier energies.
of fragment angular anisotropies.
carbon, and oxygen ions on Thorium and Neptunium targets

In particular, special attention has been paid to the entrance channel dependence
The results of our analysis of the fragment angular anisotropies induced by boron,

as well as Fluorine ions on Neptunium target indicate strong

dependence of fragment anisotropies on the channel spin, in consistence with the predication of the pre-equilibrium model.

PACS numbers: 21., 21.60.-n
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1 Introduction
At bombarding energies sufficiently above the fission
barrier the transition state model™ is quite successful in
accounting for measured angular distributions. In this
model the distribution of K-states for fissioning systems
is determined by the moment of inertia at fission saddle
point and the nuclear temperature T'.

In recent years there has been much interest in the
failure of the transition state model of fission fragment
angular distribution in sub-barrier heavy-ion reactions
involving actinide nuclide targets. Anomalously large
anisotropies around the fission barrier energies were re-
ported in heavy-ion induced fission reactions involving ac-
tinide targets.[l'2] A recent observation of the strong influ-
ence of the ground state spin of the target on the fission
fragment anisotropies in heavy-ion induced fusion fission
reactions around the Coulomb barrier has attracted con-
siderable interest.3] In a more recent work, it has been
shown that the projectile spin also strongly influences the
anisotropies at near barrier bombarding energies. Fur-
ther investigations have confirmed that the presence of
projectile and target ground state spins affects the fission
fragment anisotropies in a significant way at near bar-
rier and sub-barrier energies. We have investigated the
fission fragment anisotropies for various systems at near
barrier and sub-barrier energies. We have shown that the
entrance channel-dependent K-state model incorporating
the ground state spin of the target and projectile explains
the measured fragment systems anisotropies reasonably
well for systems under investigation. Our result supports
the observation that the ground state spin of the target
and/or projectile affects the fission fragment anisotropies
of actinide system in the sub-barrier energy region.

In Sec. 2 a brief theory will be discussed. In Sec. 3
an actual calculational procedure will be presented and in
Sec. 4 our results will be reported and discussed.

2 Theory

The fissioning transition nucleus is characterized by to-
tal angular momentum I and its projection on the spaced
axis, M, and with its projection on the symmetry axis, K.
If a compound state (I, M) fissions through a transition
state K, the angular distribution is given byl

Whae®) = D, o2, 1)
where the d*

() functions are the rotational part of the
collective wave function. Therefore, the fission fragment
angular distribution offers a direct source of information
on the spectrum of quantum states associated with the
transmission nucleus. The K distribution of the levels in
the transition nucleus for a given temperature is predi-
cated to be Gaussian,

F(K) o exp(—K?/2K3) (2)
and the variance of the K distribution (designated as K3)

(3)

The quantity Seg is equal to \SJ_\SH/( 11— "H) where
& and & 3| are nuclear moments of inertia about an axis
perpendicular and parallel to the symmetry axis, respec-
tively, and T is the temperature of the nucleus at the
saddle point.
If the target and projectile spins are zero, the angular
| distribution for a particular, I is
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When many I values of the compound nucleus contribute and the transmission coefficients 7; are known, the over all

angular distribution for M = 0 becomes!!
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where T} is the transmission coefficients. If the target and projectile spins are 1ncluded, an exact expression for the

fission fragment angular distribution becomes!!
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the quantities Iy, s, and j are the target spin, projectile spin, and channel spin, respectively. The channel spin j is
defined by the relation j = Iy & s. The total angular momentum I is given by the sum of the channel spin and orbit
angular momentum, I = j @& [. The projection of Iy on the space fixed axis is given by pu, whereas the projection of j
(and T) on the space fixed axis is M. The quantity in the first set of large square brackets gives the weighting factor
for a particular (I, M) combination. This value multiplies to angular-dependent term for the allowable K-state (K
distribution is weighted also) of a particular I. This product is summed first over all M values for a particular I and
finally over all I values.

3 Results and Discussions | In the figures the results of exact theoretical calculations
The statistical variance K2 has been deduced in the with Eq. (6), which includes the spins of both target and

fission reaction 9B + 232Th, 1B + 23"Np, !B + 2*"Np,  projectile, are shown by solid curves. The results obtained

120 4 287Np, and 0 + 23"Np at typical energies. The  with Eq. (5), which assumes that both the target and pro-

analyses of experimental angular distribution of fission jectile spins are zero, are plotted as dashed curves. The

fragments at moderate excitation energies, which have values of K3 derived from Eq. (5) is about 13% larger

been reported in the literature have been performed with ~ and demonstrates the error introduced by neglecting the

Egs. (5) and (6). The sharp cut-off approximations for  target and projectile spins.

optical model transmission coefficients are used in the cal-

culations. The results for '°B + 237Np reaction at various

bombarding energies are given in Table 1. It is clear that Table 2 Variance K2 obtained from theoretical calculations.

the values of K2 calculated with expressions which do and

. 2a 2b w(o) ©
do not include the projectile target spins are quite differ- Reaction Erap (MeV) K9 K9 W (90)
ent. 70 289.11 225.765 1.501 50
1B + 237Np 60 169.05 135.874 1.342 99
Table 1 Variance K¢ obtained from theoretical calculations. 56 195.44  87.5437  1.146 59
Reaction Erap (MeV) Kga Kgb V‘g/((gg())) ¢ aVariance Kg from approximate theory, Eq. (5).
b : 2
70 207.36  150.03 1.57967 Cva“ar,lce Ko fror.n exact E}ffi]y Ha. (6).
64 19044  141.24 1.34000 Experimental anisotropy.**"
10B + 237N 60 132.25 112.89 1.32111 . . . . .
- P 56 192.80 05,347 14951 The statistical variance K2 obtained in the fission re-
: : ) action "'B+23"Np system at various bombarding energies
53 11025 88.486 1.09247 is shown in Table 2. It is interesting to note that the K2
&Theoretical variance K2, assuming zero projectile and target spin.  values for this reaction is about 13% larger than the values
bTheoretical variance K2, including the projectile and target spin. deduced for 9B + 237Np reaction. This clearly shows that
CExperimental anisotropy.[8—11] the projectile spin also strongly influence the fragment

anisotropies at near barrier energies. The full angular dis-

Full fission fragment angular distributions calculated tributions calculated with exact theory, Eq. (6), and the

by means of Egs. (5) and (6) and by using the values of —approximate theory using the variances Kg from Table 2

the variances K2 from Table 1 are plotted in Figs. 1 and are plotted in Fig. 3. Although the general fits to the

2. From these figures, we see that statistical transition experimental data are equally good, however, the result

model gives generally a good agreement with experiment. obtained from the expression which includes the channel
However, their corresponding K2 values are very different.  spin are much more superior.
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Fig. 1 Experimental fission fragment angular distributions of '°B 4 #*"Np reaction at (a) Eiap = 53 MeV, (b) Ejap, =
56 MeV, (¢) Eiab = 60 MeV. The solid curves are for the exact theoretical calculation from Eq. (6). The dashed curves
are the results from approximate Eq. (5).
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Fig. 2 The same as Fig. 1 but at (a) Flap, = 64 MeV and (b) Fiap = 70 MeV.
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Fig. 3 Experimental fission fragment angular distributions of **B + 23"Np reaction for (a) Ej., = 56 MeV, (b) Eiap =

60 MeV, and (¢) Fiap = 70 MeV. The solid curves are the exact theoretical calculation

are the results from approximate Eq. (5).

In some reactions the approximate theoretical expres-
sion deviates markedly from their corresponding experi-
mental values. However, by considering entrance channel
spin the agreement with experiment becomes very good.
In Fig. 4 results of the exact theoretical angular distribu-
tion with Eq. (6) which includes the spins of both pro-
jectile and target are shown by solid curve. The results
obtained with Eq. (5), which assumes both the target and
projectile spins are zero, plotted as dashed curve. Com-
paring these with their corresponding experimental dis-
tributions it is seen that the results obtained with exact
Eq. (6) is quite different, which demonstrates the influence
of entrance channel spin on the angular anisotropies. This
confirms that the presence of projectile target and ground
state spins affects the fission fragment anisotropies in a
significant way.

Several fission reactions are chosen to illustrate the de-
pendence of the derived value of K2 on the role of target
spin on the theoretical analysis. The experimental fission
anisotropies for the reactions '°B and '2C, on 2*2Th and
23TNp are listed in Table 3. Their corresponding KZ val-
ues deduced from the theoretical analysis are also listed

by Eq. (6). The dashed curves

| in this table. The dada on Table 3 reveals clearly that the
fragment anisotropy depends on target spin.
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Fig. 4 Comparison of the experimental fission frag-

ment angular distributions for 10 + 23"Np reaction at

94 MeV. The approximate theoretical values are shown

with a delta curve while the solid curve is the reaction
| obtained by considering the entrance chain spin.

To demonstrate the dependence of the variance K2 on the values of the transmission coefficients appearing on the
theatrical expressions (5) and (6), we have computed the variance K¢ for the >C + 29Bi reaction in the same way
as described above except that the values of the optical mode transmission coefficients were used instead. The results
are displayed in Table 4. As can be seen from a comparison of these results, the neglection of the exact values of the
transmission coefficients leads to a value of K2, which is too large by several percent.
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Table 3 Fission fragment anisotropies from different fission reactions.

Reaction Erap (MeV) % K2
10B 4 232Th 68 1.572 161.88
10B 4 237Np 68 1.335 226.76
12C 4 232Th 77 1.667 192.23
12C + 27Np s 1.450 233.75
Table 4 Variance K3 obtained from theoretical calculations.
Reaction E/Vp Anisotropy Variance Kg
a b c d
0.9 1.1 71.27 64.21 66.15 56.65
1264 209 1.03 1.4 87.03 73.14 78.71 63.66
1.08 1.6 107.24 86.49 96.93 77.78
1.25 2.05 157.87 127.69 142.12 113.43

aCalculated from Eq. (5
bCalculated from Eq. (5
¢Calculated from Eq. (6
dCalculated from Eq. (6

==

4 Summary

using the sharp cut-off approximation.
using the actual values of the transmission coefficients.
using the sharp cut-off approximation.

using the actual values of the transmission coefficients.

In summary we have shown that the entrance channel dependence K-state model incorporating the ground state
spins of the target and projectile explains the measured fragment anisotropies well for all systems under study. Our
results further show that the variance KZ calculated by considering the entrance channel spin are less than those
calculated by neglecting the entrance channel spin which may imply the presence of reaction mechanisms such as

channel coupling at those energies.
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