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Microscopic study of fission fragment angular distributions
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The statistical scission model is applied to fission fragment angular distributions from heavy-ion induced
reactions. It is shown that the statistical scission model predicts angular distributions in good agreement with
those measured from heavy-ion induced fission of some reaction systems where the fission barrier has vanished
or is very small relative to the nuclear temperature. The statistical variances extracted from these model
calculations are compared with their corresponding values from a microscopic theory, which includes nuclear
pairing interaction. It is found that the values of statistical varia@@are very sensitive to the pairing energy.

The effects of pairing interaction on the fragment angular distributions are illustrated and discussed.
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I. INTRODUCTION The normalizedi), «(6) functions are defined bj12]

K—M+2X
(—1*

Recent publicationfl-5] have focused on extensions of _ 12
the transition state model to the domain of fusionlike heavy-d"’I k(O)=LAFMIA =M+ KOL = K)!] ;
ion reactions in which the fission barrier is small or absent.
For heavy reaction systems where the angular momentum (6 g\ 1% ~K+rM-2X
and excitation energy are large, fission fragment angular dis- sin > co >
tribution is analyzed with the statistical scission model X .
(SSM. Versions of this model have been published by vari- (I=K=XH+M =X (X+K=M)IX!
ous author$6—9|. Furthermore, the superconductivity theory 2)
and the BCS Hamiltonian, the success of which in dealing
with the pairing effects of ground state nuclei is well recog-Here the direction of spin projectil@ (m is the projection
nized [9], have also been applied in the evaluation of theof total angular momenturhalongn) is taken to be a Gauss-
statistical variances and the corresponding fission fragmernan with variancesé. WhereSS for spherical fission frag-
angular distribution$10]. ments is given by either of the two following equatidds]:
The variance§§ have been evaluated by employing the
microscopic theory of interacting fermions, using the realis- 5o o T 5 5
tic set of single particle eigenvalues. Our microscopic calcu- So= 2Jsphﬁ[(2~’sph+MRc)/MRc] ()
lation of the statistical variances and their related angular
distributions are in very good agreement with experiment,,
specially at lower spin and moderate excitation energies. In

Sec. Il the basic theoretical formulas are presented, together T T
with the model calculation of the statistical variances based S5=202{ | 202+ ,uRE—Z / ,uR§—2 . (4
on the statistical scission model. The theory of superconduc- f h

tivity is outlined in Sec. lll. In Sec. IV the resulting fragment
angular distributions are presented and are compared wi
those obtained from the statistical scission model.

ith o?=T5,nT/h2=2MR?T/#%. The quantities Jgpp,

, M, andR are the moment of inertia, nuclear temperature,
mass, and radius of one of the symmetric fission fragments.
II. FORMALISM OF THE STATISTICAL SCISSION R. is the distance between the centers of fragments at sciss-

MODEL ion configuration and is equal to 1.22G(*+A}%)

_ o o ~ X(c/a)?® (A, and A, are mass numbers of fission frag-
According to the statistical scission model the relativementg,

cross sectioW(#) for fission fragments to be emitted inthe  For 4 scission configuration of two unattached deformed
directionn forming an angled with the beam axis, when the fragments, the variancS% is given by either of two equa-

target and projectile spins are zero is given[b{] tions:
Imax
W(O)x D (21+1)T Sk 2 [on T ~ 2 2, om  on
= I9K=—I SH= ZJH_ /[(2JL+MRC)/(MRC+2JL_2JH)] (5)
min ﬁZ
K2
(2l +1)exp( - F) or
X di—ok (0|2 1 T T
) (o0 @ s§=2aﬁ[ 202+ uRE— / pR2— +20% —20f ]
Seexp ——— f h
25 (6)
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whereJ, 7, , aﬁ, and of are moments of inertia and spin formed average potential. They are characterized by the pro-
cutoff parameters of a single fission fragment rotating aboujection(} of the angular momentum on the nuclear symmetry
an axis parallel and perpendicular to the symmetry axis, reaxis.
spectively. Employing the microscopic theory with nuclear pairing,
The primary fission fragments are assumed to have sphéhe spin cutoff parametefﬁ(E) is defined by
roidal shapes with the principal one-half axes of magnitude
in terms of their ratio c/a, namely, a
=1.225(A./2)"3(c/a)"Y® and c=1.225(A./2)*3(c/a)??
whereA. is the mass number of composite system. The total
intrinsic excitation energy in the two fission fragments at 1 : 1
scission is given by10] - 5[ > Qigs'”ﬁ(EﬁEip>

, T
f’n(E):f‘nﬁ

E*=Ecm+Q—Ecou—Eder—Erot» (7)

+> Qiﬁsinhz(%ﬁEm ] (11)
whereQ represents the difference in energy between the en-

trance channel nuclei and the ground state of the two fissiohere g=1/T, E;, is the proton quasiparticle energy, and
fragments E¢qyint Eger is the sum of the Coulomb and de- E; | is the neutron quasiparticle energi&sare related to the
formation energies stored in potential energy at the instant afingle particle energies; by

scission. The Coulomb energy is estimated by use of the

expressiorf13] E=[(s,—\)2+A2]Y2 (12)

2

7
ECouI(MeV):]--442_Ci )

where\ is the chemical potential andl is the ground state
gap parameter.

The quantityJ; is the moment of inertia about an axis
whereZ is one-half of the charge of the composite systemparallel to the symmetry axis. The spin cutoff parameter
The rotational energf,, of the system at the scission con- of(E) is determined by the properties of the intrinsic states.
figuration for spinl and projection m on the scission axis is Hence Eq/(11) is a definition of the moment of inertia

[14] Since the interaction between the neutron and proton is
1\2 neglected, the value of the moment of inertia is the sum of
I+ —mz}ﬁ2 the proton and neutron moments of inertia,
E t— ’ (9)
'° 2uc2+ 473, I=Tp+ Iy (13)

where w is the reduced mass of the fission fragments. The L ) .
temperature of each fission fragment was assumed to bE"€ temperature dependenceJos investigated by examin-

given by
TABLE |. Variances obtained from theoretical calculations.

E*/2 1/2
- s

LDP

b
Reacion E., E* ca T S° £ WHS®

W(90)

where the liquid drop parameter LBFA/8, A is the mass
number of one fragment, and the total excitation endffy  208pp+19% 190 1459 1.54 2.27 203.4 147.6
is divided equally between the two symmetric fission frag-zoepb+ 19 110 719 154 1.60 140.8 104.8
ments. _ _ _ 08ppt24Mg 210 141.8 1.56 221 195.2 147.2

For the calculation of angular anisotropies, Et). was 208pht 24ig 140 79.1 156 1.65 144.0 110.9
used with the valucs 08} estimatcd vyith a macroscopic 2093i 1160 94 618 1.54 1.48 1035 959 20
cipal moment of inertiaSi=2(2)M(c®+a?)T/#2. Angular ~ %Er+0 250 193.7 1.41 2.89 206.9 146.6 8.6
distributions have been calculated using these valuegjof "Er+°0 140 932 1.41 200 1357 101.1 60.6
and they are compared with their corresponding measure’Au+N 102 741 150 1.68 129.6 99.5 2.65
values. The results for several reactions will be discussed i#*Au+'N 110 81.5 1.50 1.76 136.8 204.3 3.2

the next section. 22Th+1%0 140 1379 1.59 2.11 207.9 1555
238 4160 250 252.9 1.60 2.82 294.8 2149 302
Il. MICROSCOPIC CALCULATIONS 1920s+1%0 250 201.4 1.49 2.78 2258 162.8 #0.3

. 2 . . . 29 j+12c 81 558 153 1.42 1175 90.0
The variances; entering the statistical scission model canizay 120 95 619 141 163 1074 824 684

be estimated also with a microscopic theory of interacting
fermions using a realistic set of single particle levels. ForfTheoretical variances from BCS calculations.
deformed fission fragments with axial symmetry the single’Theoretical variances from SSM calculations.
particle states arise from the motion of a nucleon in the de¢Experimental anisotropy, Refg16,17].
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FIG. 1. Comparison of the experimental fis-
- sion fragment angular distributions fof’C
+17%b with calculated results based on the
. SSM. The results of the microscopic calculations
] are also displayed for comparison.
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ing the data on angular distribution of fission fragments. Thebeen calculated by means of E@) and by using the values
results will be given in the next section. of the variance§§ from Table I. They are compared with
their corresponding experimental values taken from Refs.
[16,17 and are plotted in Figs. 1-4. From these figures we
see that the statistical scission model gives generally a good
The statistical varianceSS have been calculated assum- agreement with experiment. Fission fragment angular distri-
ing spheroidal fragments in the fission reaction$C( butions are also evaluated by means of the superconductivity
+17%b), (“N+°7Au), (*O0+1%Er), (*F+2%%Pb), and theory. For the details of this theory see our previous publi-
(>*Mg+2%pPb) at typical energies. The theoretical values ofcations[18,19. The important parameter to be calculated in
S% are computed using E@5) by assuming the liquid drop this model istT/ﬁZ. This quantity is directly related to the
value L of the radius constant,=1.225 F,L=A/8, and average of the variancﬁ% over the particle spectrum and is
Egei=10 MeV. The simulation of the effect of prescission given by the spin cutoff parametmﬁ(E)zj“T/ﬁz.
particle emission on the fission fragment angular distribu- The spin cutoff parameters were calculated for the shapes
tions is more complex due to the reduction of the nucleacorresponding to the saddle point configuration. Assuming
temperature at the scission configurat[ds]. VariancesS;  that the transition nucleus has a spheroidal shape, the ratio of
calculated with SSM including postscission neutron emissiorihe major to minor axisy=c/a, is calculated from the rela-
show that the change in the over all variarﬁé is quite  tion
small. In the present calculations the effects of prescission
and postscission particle emission on the theoretical angular xP(x*-1) Jsn T
distributions of fission fragments were neglected. Our theo- Tl: et =Jsph - (14)
retical values 08(2, for deformed fragments with energies in X
MeV are listed in Table I.
Theoretical fission fragment angular distributions haveThe corresponding deformation thends (c—a)/a. The set

IV. RESULTS AND DISCUSSION
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FIG. 2. Same as Fig. 1 fot°0+2%2Th reac-
tion.
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FIG. 3. Experimental fission fragment angular distributions of ~ FIG. 4. Same as Fig. 3 fof*Mg+2°%Pb reaction for(@) Ej,p
19F+2%%pp  reaction for (@) Ej,p=110 MeV and (b) Ejp =140 MeV and(b) E,,;,=210 MeV. (All microscopic calcula-
=190 MeV. The solid curves are SSM calculations. The dashedions reported here correspond to a prolate deformation.
curves are the results from microscopic calculations.

sponding values obtained from macroscopic calculations.

of Nilsson single particle states were generated at this defofry;g is probably due to the strong dependence of the quantity

mation. The spin cutoff parameter is then calculated fromaﬁ(E) on the single particle energies near the Fermi energy.

Eq. (Iil) Eflr_lg tjh(fa set of Ellsslcmlsl_ngle partll_clte (Ije\_/el_ls_. ;heﬂt is worth noting that in the microscopic calculations, the
results obtained from such calculations are listed in fable pairing diminishes at higher excitation enerdi26]. So, it is

The full fragment angular distributions computed from theexpected that the varian(% will approach its macroscopic

deduced variances are also plotted in Figs. 1-4 for comparl- . o
o ) values at these energies. We hope that in time the supercon-
son. From the examination of these figures, we conclude tha}]t

) 5 ) . ductivity theory presented in this paper will serve as a means
]'E_he.var:canceso from SISM dgal_cgjla_tlons kg‘;enerallly results IT)IOf calculating the statistical variances as well as the angular
Ission fragment angular distributions that are in reasonabi@qy i tion of fission fragments at higher excitation energies
agreement with experiment. However, variances obtaine

- ) e nd angular momentum.
from the superconductivity theory give a rather superior fit to
the data and this agreement is even better at lower excitation
energies. It is interesting to note that, as is apparent from
Table I, the values 083 obtained from microscopic calcula-  We acknowledge the support of the Research Council of
tions are generally higher by about 20% than their correShiraz University through Grant No. 77SC-1064-622.
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