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Fission fragment angular distributions for !'B and F+ 23U systems
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The fission fragment angular distributions were measured at energies above the fusion barrier, for the
systems ''B and !°F + 23%U. An analysis of the present data along with those already available for the systems
6714, 12C, and '°0O + 238U was made in terms of the saddle-point statistical model. While the anisotropies were
“normal” for %7Li, 'B, '?C+ 23U systems, the ones for '°0O and '"F+23%U systems were found to be
“anomalous.” The entrance channel mass asymmetry dependence of the anisotropies as observed here is
consistent with the expectations of preequilibrium fission dynamics. This result emphasizes the importance of
preequilibrium fission in heavy-ion induced fusion-fission reactions.

PACS number(s): 25.70.Jj

L. INTRODUCTION

In many investigations of heavy-ion induced fusion-
fission reactions, the measured fission fragment anisotropies
are significantly larger than the predictions of the standard
saddle-point statistical model (SSPSM) [1-10]. It appears
that these anomalous anisotropies are a manifestation of the
various reaction dynamics in different energy regions. There
are two distinct energy regions, (i) above the fusion barrier
(Vp) and (ii) near and below the barrier. At above barrier
energies, the preequilibrium (PE) fission [4] contribution to
the total fission cross section becomes very important. The
characteristic signature of PE fission is an entrance channel
dependence of the fission fragment anisotropies. At energies
well above the barrier, it was observed [11,12] that for the
systems °Be, 1°B, '2C + 232Th, and 2*’Np, the experimental
angular distributions follow the predictions of the SSPSM,
whereas the anisotropies are anomalously large for the
heavier projectiles like '®O and !°F. This was taken as an
evidence of PE fission. However, not enough data exist for
the systems '°0, '°F + 232Th, and %'Np at energies well
above the barrier. At near-barrier energies, the reason for
large anisotropies observed in the case of '2C + 2?Th
[13,14], *)C + 2'Np [11,15], and "B + 238U [15,16] sys-
tems may be due to couplings of the other degrees of free-
dom to the entrance channel. It is seen [13—16] that, even for
these systems where the PE fission contribution is not ex-
pected, the barrier dependent effects are present, independent
of the entrance channel.

If measurements are made at energies well above the fu-
sion barrier, the barrier dependent effects can be neglected
and the effect of entrance channel dependence, if present,
can be studied unambiguously. To investigate the role of PE
fission in heavy-ion induced fusion-fission reactions, we
have carried out measurements of fission fragment (FF)
anisotropies for the systems !'B and '°F + 233U, from near-
barrier to above barrier energies. The FF anisotropy data for
B + 23U reported here extend the work of Zhang et al.
[15] to energies well above the fusion barrier. In addition,
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fission excitation function and angular distribution data are
available for the ®’Li [17], "B [15,18], '2C [18-20], and
160 [2,18,20-24] + 233U systems over a range of energies.
Combining these data along with the present measurements,
we have investigated the entrance channel dependence of the
fission fragment anisotropies in 233U + projectile systems.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment was performed using !'B and '°F beams
from the BARC-TIFR 14UD Pelletron accelerator at Bom-
bay. The beam energies used were 57.6, 61.6, 65.7, and 69.7
MeV for ''B and 103.6, 107.6, 111.7, and 114.7 MeV for
E A ~250 ug/cm? thick "™'U target was prepared by elec-
trodeposition on a 400 ug/cm? rolled Al foil. The experi-
mental setup consisting of three AE-E surface barrier and
three gas-Si telescopes used for the detection of fission frag-
ments is shown in Fig. 1. For the surface barrier telescopes
most of the fission fragments were stopped in the AE detec-
tor (12 wm) and those which reached the E detector (1 mm)
were well separated in energy from the scattered elastic, in-
elastic, and transfer particles. The gas-Si telescopes consisted
of a common AE gas ionization detector backed by three
discrete E-Si detectors (2 mm). The gas detector was trap-
ezoidal in shape with two parallel electrodes separated by a
distance of 84 mm. Between the two electrodes a Frisch grid
was positioned at a distance of 12 mm from the anode. The
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FIG. 1. Experimental setup showing the detector configuration.
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FIG. 2. (a) Fission fragment angular distributions for the system !'B + 23%U. The solid lines are Legendre polynomial fits to the data. (b)

Same as (a) for the '°F + 23U system.

active gas length for AE was 200 mm. P-10 gas at a low
pressure of 10 mbar was maintained in the flow mode so as
to obtain a good separation between fission and projectilelike
particles, in the AE(gas)-E(Si) spectrum. The anode and
Frisch grid were kept at 270 and 150 V, respectively, with
reference to the cathode which was grounded. The E(Si) de-
tectors were mounted inside the ionization detector in an arc
shaped housing with a separation of 10° at a distance of 20
cm from the entrance window. A surface barrier monitor de-
tector of 300 wm thickness was kept at 40° with respect to
the beam, to detect the elastically scattered particles.

The data were collected as two dimensional spectra for
each of the six telescopes deriving the trigger signals from
the AFE detectors in the case of the surface barrier telescopes
and from the E detectors in the case of the gas-surface bar-
rier hybrid telescopes. Fission spectra were obtained by ap-
propriate projections on AE in all the cases. The angular
distributions of fission fragments were measured in the range
of 80° to 170° in the laboratory. The relative solid angles
between the different detectors were determined by taking
data at overlapping angles. The absolute cross sections were

extracted by normalizing the fission yields to the monitor
yields, assuming the latter to arise from Rutherford scatter-
ing. The fission fragment angular distributions were trans-
formed to the center-of-mass system assuming symmetric
mass division and using Viola’s systematics [25]. The angu-
lar distributions W( ) were fitted to a sum of Legendre poly-
nomials to extract the fission fragment anisotropies,
A = W(180°)/W(90°). The data and the fits for !'B and
9F at different energies are shown in Figs. 2(a) and 2(b).
The errors on the fission cross sections and the anisotropies
are due to counting statistics and interdetector solid angle
normalizations. The fission excitation functions for these sys-
tems are shown in Figs. 3(a) and 3(b). The fission fragment
anisotropies for the above systems as well as for 7Li, 12C,
and %0 + 23U are shown in Fig. 4.

III. CALCULATIONS

The FF anisotropy is given as

l2
A=1+§r—]% (1)
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FIG. 3. Fission cross sections as a function of E_,, /Vj for (a)
B + 238U and (b) '°F + 238U systems. The filled circles are the
present measurements, open circles are from Ref. [18], and the solid
lines are Wong model calculations.

where K3} is the variance of K (projection of the total angular
momentum / on the symmetry axis of the fissioning system)
distribution and (/) is the mean square spin of the com-
pound nucleus. The experimental fission excitation functions
were fitted using the Wong model [26] to obtain the required
(1) values. The (I?) values calculated using the zero point
model of Esbensen [27] are typically 10% higher than those
obtained from the Wong model. The deformation parameter
of the 28U target nucleus was taken as 8, = 0.28. The
‘Wong model fits to the measured fission excitation functions
are shown in Fig. 3. K% is given by

o Jeit

Ki=2=T (2

where J.¢ is the effective moment of inertia of the compound
nucleus, T is the nuclear temperature given by VE*/a, E* is
the excitation energy, and a is the level density parameter of
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FIG. 4. Experimental and SSPSM predicted anisotropies as a
function of E_,, /Vjp for the systems 5’Li, 'B, 12C, 190, F +
233U, The anisotropy calculations for a=Acn/8 MeV™! with
prescission neutron correction (v, = 0) are shown by the solid
lines; the dashed lines are without prescission neutron correction.
The data are from the present work, (solid circles), Ref. [15], (open
circles), Ref. [17], (open diamonds), Ref. [19], (star), Ref. [20],
(open triangles), Ref. [24], (open inverted triangles), and Refs.
[2,22,23], (open squares).

the compound nucleus at the saddle point. In the present
calculations we have taken a=Acn/8 MeV ™.

The excitation energy E* at the saddle point is calculated
using the relation

E*=E n+Q—BJ{(I*))—E({I*))—E, MeV  (3)

where Q is the Q value for the formation of the compound
nucleus. The spin dependent fission barrier B f((lz)), ground
state rotational energy E,.({!%)), and effective moment of
inertia J.g({/?)) are calculated using the Sierk model [28]
and the sharp cutoff approximation for the spin distribution.
The dependence of By, E,, and J. on (I?) for the system
160 + 238U was parametrized as given below:
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B4({I*))=—0.0013(I*>)+1.52 MeV, )
E,({I*))=0.0065(I*)y—0.017 MeV, 5)
Jeff 2\\ 2 -1

27 (%)) =0.14(1?)+200 MeV~". (6)

In Eq. (3), E,,, the average energy removed by the evapo-
rated neutrons from the compound nucleus, is taken as

E,=vy(B,+2T) MeV, (7)

where v, is the prescission neutron multiplicity, B,, is the
neutron binding energy, and 27 gives the average kinetic
energy of the evaporated neutrons. Experimentally, it is ob-
served that the number of particles emitted prior to fission is
more than that predicted by the usual statistical model.
Therefore v, was calculated using the systematics of New-
ton [29] for heavy-ion induced fission reactions. The depen-
dence of v, on excitation energy can be expressed as

Vel Ex)=0.077E, — 175 (8)

where E, = E_ .., +Q. The effect of neutron evaporation
prior to reaching the saddle point is to reduce the tempera-
ture of the fissioning nucleus which in turn increases the FF
anisotropy. Due to prescission neutron evaporation, the spin
distribution is also affected though not significantly. Prescis-
sion neutrons (Vy)can be emitted before the saddle point
(v,) or between saddle and scission (vg.). Only v, influ-
ences the fission angular distribution. Assuming all the
prescission neutrons are emitted before the saddle point, up-
per limits of the SSPSM anisotropies have been calculated
(indicated as vy, = 0 in Figs. 4 and 5). A calculation has also
been carried out taking into account v, and vy, components.
The multiplicity of presaddle neutrons, v,, was estimated
from the systematics of Saxena et al. [30] and this has been
used to calculate the anisotropies (indicated as v4.>0 in Fig.
5). A comparison of the two calculations (ve,, = 0 and
V> 0) with the data for the %0 + 233U system is shown in
Fig. 5. In the same figure, the sensitivity of the calculations
to the level density parameter a for a=Acn/8 MeV™! and
a=Acn/10 MeV™! is also shown.

IV. RESULTS AND DISCUSSION

In our measurements, we have not distinguished com-
pound nuclear fission (CNF) events from the incomplete mo-
mentum transfer events. For energies much above the fusion
barrier, transfer induced fission is not a significant fraction of
the total fission. Also, in the measurements where compound
nuclear fission events have been separated, the CNF
anisotropies are found to be higher than the total fission
anisotropies [31,32].

The measured anisotropies for various systems as a func-
tion of E ,,/Vp are shown in Fig. 4. The dashed lines are the
SSPSM predictions without the corrections for prescission
neutron emission. The solid lines are SSPSM calculations
with the v, correction taking vs. = 0. The prescission neu-
tron correction becomes important at higher energies [7,12],
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FIG. 5. Experimental and SSPSM predicted anisotropies as a
function of E_,, /Vg for the system '°0 + 23%U. The anisotropy
calculations with prescission neutron corrections (see text) are
shown by solid line for a=A /8 MeV ™! (v .= 0), the dot-dashed
line for a=Acn/8 MeV ™! (v.>0), and the short-dashed line for
a=Acy/10 MeV™! (v = 0). The data are from Ref. [20], (open
triangles), Ref. [24], (open inverted triangles), and Refs. [2,22,23],
(open squares).

where it can give about 10—-12 % higher values for the
anisotropies compared to the first chance fission anisotropies.
While the SLi data are described very well over the entire
energy range, the "Li, !'B, and '?C data are consistent with
the calculations only for E__, /Vz= 1.15. However, the
anisotropies for projectiles like '°O and '°F are considerably
higher than the theoretical predictions in the same energy
region.

In this discussion we consider only the energy range 1.15
<E.n/Vp=< 1.3.In this energy range B;~T and hence the
PE fission mechanism is expected to be observed unambigu-
ously. The lower limit is due to channel coupling effects
which are dominant at near-barrier energies. The upper limit
has been chosen to ensure that other processes like fast fis-
sion, which are important beyond this energy range, are not
included. The limiting energies mentioned above are typical
and it is this energy region which is likely to favor the oc-
currence of the PE process. In Fig. 6, we have plotted values
of (Aexp—1)/(Ay,—1) for different systems as a function of
mass asymmetry, « = (Ar—Ap) / (A7 + Ap). For the sake
of clarity in the figure, representative values of (Aqp—1)/
(Ap—1) averaged over the energy region mentioned have
been plotted for each case. The hatched area in the figure
represents the Businaro-Gallone (BG) critical mass asymme-
try region [33] taking into consideration the variation of
apg with fissility for the various systems. For a> apg the
anisotropies can be explained by the SSPSM, whereas they
are anomalously large for a<apg. The existence of this
kind of entrance channel dependence of anisotropies across
the BG boundary is a signature for the presence of PE fission
in the latter and its absence in the former.
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FIG. 6. Values of (Aq,—1)/(Ay— 1) are plotted as a function
of the entrance channel mass asymmetry parameter a for the sys-
tems ®’Li, 1B, 12C, 190, '9F + 238(J. The shaded region represents
the agg range for the various systems.

V. SUMMARY

We have reported measurements of fission fragment an-
gular distributions for ''B, F + 23¥U systems extending

from near-barrier to well above barrier energies. The data for
1B + 233U are an extension to higher energies of measure-
ments of Zhang et al. [15]. In this system the anisotropy
values are anomalous at near-barrier energies and are normal
at higher energies. At energies well above the barrier, the
fission fragment anisotropies for projectiles from °Li to
12C can be described by the SSPSM. However as the projec-
tiles become heavier (190, 1°F), the anisotropy values do not
follow the SSPSM predictions. This kind of entrance channel
dependence of fission fragment anisotropies is similar to the
one observed earlier in Th and Np systems. In the energy
region E_ . /Vp~ 1.15-1.3, an entrance channel dependence
of anisotropies is clearly seen and this is a characteristic of
preequilibrium fission.
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