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Effects of prefission neutron emission on the fission fragment angular distributions
in heavy-ion-induced fission
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Earlier calculations of fission fragment anisotropies made with the use of the standard saddle point
statistical model have been corrected to include the effects of prefission neutron emission. These calcula-
tions are compared with the data reported earlier for the fissioning systems formed by projectile-target
combinations of ' B, ' C, ' 0, and ' F on Th and Np and Be on Th. It is seen that for these sys-
tems the conclusions reached earlier regarding the entrance channel dependence of the fission fragment
anisotropy as a function of mass (charge) asymmetry are not affected by the inclusion of corrections due
to prefission neutron emission.

PACS number(s): 25.85.Ge

It has been found that in several cases [1,2] of heavy-
ion induced fission, the measured fission fragment angu-
lar distributions show larger anisotropies than compared
to the predictions of the standard saddle point statistical
model (SSPSM). This deviation has been observed for a
range of bombarding energies and target-projectile com-
binations. It has been suggested that at sub-barrier and
near-barrier energies, this deviation arises due to the
broadening of the spin distribution of the compound nu-
cleus due to effects such as channel coupling [3] leading
to a larger (I ) than that used in the SSPSM calcula-
tions. Another suggested mechanism for these anoma-
lous angular distributions, which can contribute at all en-
ergies, is based on the proposition that in the observed
fission events there is, in general, an admixture of fission-
like events from a preequilibrium fission process charac-
terized with incomplete equilibration in the K degree of
freedom [4]. It was also pointed out that a characteristic
signature of such a nonequilibrium process would be an
entrance channel dependence of the fragment anisotro-
pies for target-projectile combinations across the
Businaro-Gallone (BG) ridge in the mass (charge) degree
of freedom [5]. Subsequently, such an entrance channel
dependence in the fragment anisotropies was inferred
[6—8] from the analysis of the experimental data for the
fissioning systems formed with target-projectile combina-
tions of ' B, ' C, ' 0, and ' F on Th and Np targets
and Be+ Th systems, at center of mass energies most-
ly above the fusion barrier. In the analysis, the anisotro-
pies expected from SSPSM were calculated taking the
"experimental" values of J,z deduced from the fragment
anisotropy data for alpha-induced fission [9]. In the ear-
lier analysis, while making comparison with the predic-
tions of the SSPSM, it was assumed that all the fission
events correspond to the first chance fissions. In other
words, the nuclear temperature at the saddle point used
as an input to the SSPSM was taken to correspond to the
full excitation energy available at the saddle point.

In view of the recent observation of significant
prefission neutron multiplicties in heavy-ion-induced
fusion-fission reactions [10—12] we have carried out cal-

Ko =J,s.+(E„'/a/)/4 (2)

=J,~T/A
where E„' and T are the excitation energy and tempera-
ture of the fissioning nucleus at the saddle point and a& is
the level density parameter for the transition state nu-
cleus.

(3)

culation of fragment anisotropies taking into account the
effect of prefission neutron emission to make a better
comparison of SSPSM predictions with the experimental
results. Rossner et al. [13] have also incorporated this
effect in calculating the fission fragment angular distribu-
tion for the system ' 0+ Pb. But in their analysis,
they have used the effective moment of inertia of the
fissioning system at the saddle point J,~ as calculated
from the rotating liquid drop model. They have found
that for the above system their calculated results, after in-
corporating effects due to emission of prefission neutrons,
are in better agreement with the experimental values.
However, one still notices a small discrepancy in their
comparison of model predictions with the data at higher
bombarding energies.

In the present work, we have studied the effects of
prefission neturon emission on the fission fragment aniso-
tropies calculated using the statistical model for the sys-
tems reported in Refs. [6—8].

If W(8) represents the fragment angular distribution
with respect to the beam direction, the fission fragment
anisotropy, 8'(180'/90'), in the framework of SSPSM is
given by [14,15]

2 = W(180')/W(90 )=1+(,I )/4KO,
where (I ) is the mean square spin of the compound nu-
cleus, which is calculated from a reaction model that de-
scribes the fusion excitation function data. Ko is the vari-
ance of the K distribution of the fissioning nucleus at the
transition state [14,15], where K is the projection of the
total angular momentum I on the symmetry axis of the
fissioning nucleus. According to SSPSM, the value of Eo
is given by
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We report here calculations of the fission fragment an-
isotropies for systems reported in Refs. [6—8] by deter-
mining the saddle point temperatures after taking into ac-
count the appropriate number of prefission neutrons
based on actual measurements for these systems [16]or as
taken from the systematics of the excitation energy and
fissility dependence of the prefission neutron multiplicity
data [10]. In this analysis, we have made an assumption
that all the prefission neutrons are emitted prior to reach-
ing the saddle point to estimate an upper limit of this
effect on the calculation of K0. A small fraction of
prefission neutrons is expected to be emitted between sad-
dle to scission or during fragment acceleration and, there-
fore, the present calculation will be an upper limit of the
prefission neutron emission on the calculated Ez or an-
isotropy. In one set of calculations we have used J,ff

from the systematics of suitable alpha-induced fission
fragment angular distribution data [9] (as per Refs.
[2,6,7]). In this case the appropriate correction for
prefission neutron emission also needs to be made for
alpha-induced fission. However, as experimental infor-
mation on prefission neutron emission in alpha-induced
fission is not available for all the systems studied here, we
have calculated the theoretical curves for different as-
sumed values of prefission neutrons in alpha-induced
fission. Excitation energy at the saddle point E' was cal-
culated using the relation

E„'=E, +Q Bf —E„,— (4)

where Q is the reaction Q value for the formation of the
compound nucleus. Bf in the above expression is the
fission barrier at an average angular momentum (I ) and
is typically in the range of 1.0—3.0 MeV depending on
the system. E„ is the energy removed from evaporated

prefis

sio neutrons and is typically around 8
MeV/neutron. For heavy-ion-induced reactions, the
quantity (I ) was calculated from the fiuctuating barrier
models of Wong and Esbensen [17,18] that described the
measured fusion excitation function. Further, for both
alpha-induced fission as well as for heavy-ion-induced
fission, (I ) was also suitably corrected to take into ac-
count prefission neutron emission assuming each neutron

2.0—

"C+ "Th

2.0—

10B i 232Th 9 +232Be' Th

2 p 9~ 232T "F '"r~

1.0 10
60 70 80 90 50 60 70 80 50 52

E, b~~ev)

1.2 .

2.2

I ) 1

50 55 60 65
160+ 232Th

2.2

18—

14—

(b) 16 237O+ Np

2.0—

l I J

, 5
90 100 110

2.0—

19 + 237
Np

&pre(&)—0
1-'—2/

(&p«( Hr]
corrected as per

da« /systematics)

)

90 100 110 120

—12
C

10

~ 1.4aO

+10
4O
cn 18-

+ 1.4-

I

0

I I I I

60 70 80 90

10 ~
I l I [

90 100 110 12p
—16 2370+ Np

2.2—

14—
I

80
18 12 23

C+

2.0—
B~ Np

2.0—
12 237

C+ Np 18

1.4

60 70 80 90

10 I i i i i 10,
5o 6o 7o eo go

Ezb(Mev)

1.0 I

50 60 70 80 90

Et b
(MeV)

0 I I I

5O 6O 7O 8O 9O

(MeV)
lab

FIG. 1. (a), {b). The experimental and the calculated values
of anisotropies, A, for the various target-projectile systems.
The curves represent the SSPSM calculations after taking into
account the effects of prefission neutron for heavy-ion-induced
fission as well as alpha-induced fission. Various curves corre-
spond to the different values of prefission neutrons assumed in
alpha induced fission.

FIG. 2. The experimental and the calculated values of aniso-
tropies, 8'(180')/8'(90'), for the various target-projectile sys-
tems. The curves represent the SSPSM calculations after the in-
clusion of the effects of prefission neutron emission in the
heavy-ion-induced fission. The dashed and continuous curves
correspond to the calculations for the two values of level density
parameter, ACN/10 and ACN/7. 5 MeV ', respectively.
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on an average carries an angular momentum of 0.5. This
change in (I ) is about 5 —7%%uo depending on the number
of neutrons emitted. The values of Ko thus deduced for
alpha-induced fission cases were scaled by the relation
"1/E„(H.I. )/QE (a) to obtain Ko for the corresponding
case of heavy-ion-induced fission. In this procedure, the
values of Eo and anisotropies for the heavy-ion-induced
fission case do not depend on the assumption about the
level density parameter af. As the values of (I ) in
heavy-ion-induced fission reactions are significantly
larger than in alpha-induced fission, one expects small
differences in J,z for the two cases due to a weak angular
momentum dependence of J,s [19]. The deduced values
of Jo/J, ~ were therefore corrected as follows:

(Jo/J, s)„„=(J0/J,s)„„„„—P(I ), (5)

where P is obtained by fitting Sierk model [20] predic-
tions of Jc/J, s for various II ). P values are in the
range of 10 —10 depending on the fissioning system.
This correction is found to be rather small for most of the
(I ) values determined in the present work. The results
of these calculations are shown in Figs. 1(a) and 1(b)
along with the experimental data. It may be noted that,
while the calculations give satisfactory agreement with
the data for Be, ' B, and ' C projectiles, they are
significantly lower than the observed fragment anisotro-
pies for ' 0- and ' F-induced fission. These conclusions
are the same as the earlier calculations [6—8] made
without prefission neutron correction.

In a second set, the fragment anisotropies were calcu-
lated from the values of Ko, using the values of J,z given
by the model of Sierk [20]. The saddle point tempera-
tures were calculated taking into account loss of excita-
tion energy due to neutron emission and assuming level
density parameter af = AcN/7. 5 and AcN/10 MeV
(ACN is mass of the compound nucleus). These calculat-
ed theoretical curves for af =ACN/7. 5 and AcN/10
MeV ' along with the experimental data are shown in
Fig. 2. It is clear that the larger anisotropies observed for
' 0- and ' F-induced fission continue to remain anoma-
lous with respect to transition state model predictions in
this set of calculations as well. It is also seen that the
theoretical predictions of both the procedures do not
significantly differ from each other and, hence, the Sierk
model can be applied, with confidence to calculate J,z for
those compound systems where the alpha-induced fission
data do not exist.

To summarize, after incorporation of prefission neu-
tron corrections in the calculations, the fission fragment
angular distributions for the cases involving ' 0 and ' F
projectiles continue to be anomalously large and the con-
clusions reached earlier [6] are not affected by the in-
clusion of prefission neutron corrections in the model
predictions.
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