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Fission fragment angular distributions have been measured for fission following full momentum
transfer in!'B, 12C, '°0, and!°F + 232Th systems from above barrier to below sub-barrier energies.
The fragment anisotropig$V (0°)/W(90°)] are found to exhibit an anomalous peaklike structure below
the fusion barrier in all the systems. This structure has a universal behavior independent of the entrance
channel mass asymmetry. With some refinement in the quasifission hypothesis it is possible to explain
qualitatively the experimental results reasonably well. [S0031-9007(96)01887-X]

PACS numbers: 25.70.Jj

In recent years, there has been renewed interest iangular distributions of fragments from the full momen-
the study of the fragment angular distributions in heavytum transfer events were measured. For'&@ + >32Th
ion fusion-fission reactions at near and below barriereaction, the entrance channel mass asymmpiry=
energies, following the observation that, in a numbedMy — M;)/(My + M_)] is larger than static critical
of systems, the fragment anisotropies are anomalouslBusinaro-Gallone (BG) mass asymmeirl;. The quasi-
large [1,2] compared to that expected on the basis ofission reaction is favorable for systems with entrance
the statistical saddle point model (SSPM) [3] calculationschannel mass asymmetry smaller thails [10], and
In some earlier works of inclusive measurements using pre-equilibrium fission model was applied to systems
track detectors, the fragment anisotropies!fé + »>Th  with a < afg. In order to examine the behavior of
and !0 + 2*2Th systems were found to have a peaklikethe fragment anisotropies at the sub-barrier energies, we
structure in the sub-barrier energies [4—6]. Howeverhave now carried out extensive measurements of fragment
in later measurements, after taking into account thenisotropy and an excitation function for CNF events in
contributions from incomplete fusion events, the fragmenti number of systems with entrance channel asymmetries
anisotropies for compound nuclear fission (CNF) reactionsmaller and larger thanf. It is seen that the anoma-
were found to show only a rising trend with decreasinglous peaklike structure in the fission fragment anisotropies
energy at sub-barrier energies [7—9]. Such a risingt sub-barrier energies is a universal feature for all the sys-
behavior in the fragment anisotropy was also reportedems with the projectiles df' B, 1>C, 1°O, and!°F on the
in more recent measurements for tH®© + 23U [10],  232Th target.
9F + 232Th [11,12], and?C + #32Th [13] systems. The experiments were performed with heavy ions from

The increasing trend in anisotropy for CNF at sub-the Bhabha Atomic Research Centre-Tata Institute of
barrier energies was sought to be explained by the quasFundamental Research 14 UD Pelletron at Bombay. A
fission model [10] and pre-equilibrium fission model 1.8 mg/cn? thick self-supporting?®?Th target was used.
[9,14]. In the quasifission model, for certain relative The energy loss of different beams in the half thickness
orientations of the axes of the deformed target and thef the target varied from 0.5 to 1.7 MeV and has been
projectile, quasifission reactions were postulated to takeorrected for while analyzing the present data. Coincident
place. In the pre-equilibrium fission model [9], an angu-fission fragments were detected with t¥6Y position
lar momentum dependent nonequilibrat€ddistribution  sensitive, large ared5.0 cm X 3.5 cm), low pressure (2
was proposed to explain the rise in anisotropies at sulto 3 torr) Breskin detectors. The detectors had excellent
barrier energies. In both models, nonequilibrium fissiontiming and position resolution, and were transparent to
is assumed to dominate at lower energies, and fragmeihdw Z (Z = 20) ions [15]. One detector was placed at
anisotropies are predicted to saturate at the lowest enet6.0 cm from the target subtending an angle56f at
gies. A departure from the predicted trend was reportethe target. It was moved in three overlapping steps to
by us in the!'?C + 232Th system where the anisotropy cover 10° to 110° in the reaction plane, improving the
was found to again fall close to SSPM value at deemormalization of data and counting statistics compared
sub-barrier energies [12]. It may be emphasized thato our earlier measurements [11,12]. The other detector,
this was the first indication for a clear peaklike struc-placed at a distance of 12.0 cm from the target and
ture in fragment anisotropies for CNF reactions, wheresubtendings5° angle at it, was moved in the range70°
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to —170° to detect the complementary fragments. Thegetlike fission events (at smaller folding angles). At for-
transformations from(X,Y) positions to (6, ¢) angles ward angles, targetlike fragment fission events show a long
of the coincident fragments were carried out accuratelyail to higher folding angles [16]. At very low energies,
by using calibrations from the positions of the “images”an extra peak is noticed in all systems, with folding angles
of the support wires of gas windows of detectors. Theabout180° corresponding to very small momentum trans-
folding angle distributions of coincident fragments werefer events, which might be due to the fission of Coulomb
obtained for typically5° bins in the forward detector. The excited states of the target. At very low energies and at
fragment yields for CNF events were determined from thdorward angles, the admixture of other noncompound fis-
folding angle distributions following a suitable kinematic sion channels was less thdi% and could be corrected
analysis, details of which were reported earlier [11,16]. for as shown in the figure. The CNF yields were thus de-
In Fig. 1, we have shown typical angular distributions oftermined with+20%, or better, accuracy.
fragments for kinematically separated compound nuclear The experimental angular distributions (solid squares)
events at some of the lowest energies, where no measureere fitted by a Legendre polynomial up #®, terms
ments have been reported so far. At these energies, thefgolid lines) to determine the fission fragment angular
is a large admixture of contributions from noncompoundanisotropy W(0°)/W(90°) for CNF events. The SSPM
channels to the CNF events. This can be seen from thi] predictions are shown in Fig. 1 by the dashed lines.
folding angle distributions (insets in Fig. 1) fo6° binsin ~ The anomalous enhancement of anisotropies are clearly
the forward detector fo25° (top) and75° (bottom) frag- evident from the figures. It may be noted that, even at
ment emission angles. The positions of the CNF peak, athe lowest energies, reliable fragment angular anisotropies
expected from kinematics, are indicated by arrow markswith an accuracy of-15% could be obtained.
Gaussians (solid lines) are fitted to the CNF events and tar- The fission fragment angular anisotropies are shown in
Fig. 2 for various systems at all the energies measured in
the present work, along with our earlier results for the

F4P2Th %04P%Th "'B+*PTh 12C + 22Th system [12]. As can be seen, the fission
F80.0 Mav 174.8 Mev 12497 Mev fragment anisotropies for CNF events are reported for
- o3 sFo the first time extending to deep sub-barrier energies

(about18% below the Coulomb barrier) for systems with
entrance channel mass asymmetries lying on both sides
of the afjy values. It is seen in Fig. 2 that, for all the
systems, the fragment angular anisotropy first decreases
as the projectile energy decreases, but, at a certain energy
-------- around the barrier, it rises and reaches maximum and
711 MeV  |46.8 MeV then decreases to almost the SSPM value at the lowest

- energies. The results of SSPM calculations are shown by
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FIG. 1. Typical experimental fission fragment angular distri- Ecm (MeV)

butions (solid squares), Legendre polynomial fits (solid lines),

and SSPM calculations (dashed lines) for CNF reactions at sub=IG. 2. Variation of fission fragment anisotropies with
barrier energies for various systems. The folding angle distric.m. energy of projectile for systems with different entrance
butions (counts v®,r in degrees) are shown in insets, where channel mass asymmetries. The solid lines are theoretical
the peaks for CNF are marked by arrows. (SSPM) predictions with neutron corrections.
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Figure 3 shows the experimental results on the excitaversal behavior more clearly. We show in Fig. 4 the val-
tion functions, barrier distributions and the second mo-ues of(Acx, — Asspm)/Asspm as a function of beam en-
ment of spin distributions [determined using the relationergy in the form(E. ... — V¢)/Ve, WhereV¢ is the static
W(0°)/W(90°) = 1 + (12)/4K3] for F, O, and B+ Th  Coulomb barrier height. This figure brings out the re-
systems. We have included the relevant results of thguired features that need to be explained by any theo-
earlier work (open symbols) reported by Zhagigal. [8].  retical model for the calculations of the fission fragment
Because of low statistical errqt %—10%) in cross sec- anisotropies in these reactions. The model should ex-
tions, the barrier distributions are determined with fairplain the rise and fall of the anisotropy irrespective of
accuracy despite the effect of target thickness. The exthe entrance channel mass asymmetry and the relative
citation functions and barrier distributions could be fittedshift in energy at which the peaks occur for systems with
very well by coupled channel calculations (solid lines).a < afy anda > afg.

Typically, the ground statgd, and B8, deformation pa- In Fig. 4 we have also shown the theoretical calcu-
rameters of the target, th& state of2*Th, and the lations based on the quasifission hypothesis of Hinde
spherical ground state of projectile were included in theet al.[10] for '°F and !0 by solid lines. The rise in
calculations. The transmission coefficiels) obtained anisotropy can be explained for projectilé$ and'°O,
from these fits were used in subsequent calculations djut this model cannot predict the fall in anisotropy and
the SSPM and quasifission analysis. The experimentainly produces a saturation of anisotropy at lower energies.
(I*) values have been compared wit) values calcu- For '2C and!'B, even the rise in anisotropy could not be
lated from coupled channel calculations in the lower parfpredicted well. The pre-equilibrium fission model of Liu
of Fig. 3. In all the systems, the experiment&l) devi- et al.[9], which assumes an exponential dependence of
ate strongly from the calculated behavior. One interestinghe variance ok distributions(c%) on the compound nu-
observation is that, for the B- Th (and C+ Th [12]) clear spin, may also explain the rise in anisotropy, but
system, the peak in thg?) values occurs at an energy again does not lead to the peaklike structures. For sys-
very close to the peak in the barrier distribution, whereastems with mass asymmetries greater than static critical
for the O and F+ Th systems, the peak is at an energyBG mass asymmetries, it is known that mass relaxes to
8—10 MeV lower than the peak in barrier distribution. It still higher asymmetries, and any divergence of the sys-
may be pointed out that this difference is beyond the extem towards saddle before equilibration of shape (quasi-
perimental uncertainty in the barrier distribution functionfission) or tilting angle of the nuclear symmetry axis
due to target thickness effect, statistics, etc. (pre-equilibrium fission) would produce binary fragments

The present results have shown that the variations aéf higher mass asymmetry not recognized experimentally
the fragment anisotropy with projectile energy near ands fission fragments. However, this picture changes due
well below the Coulomb barrier energy have a universato the shift of the Businaro-Gallone point itself to higher
behavior for target-projectile combinations having differ-mass asymmetry for higher spins. In a simple theoreti-
ent entrance channel mass asymmetries. In Fig. 4, theal calculation of total energies, including shell effects,
results are plotted in a different way to bring out the uni-the critical mass asymmetry for théC + 232Th sys-

tem is found to shift from the static value of about
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FIG. 3. Variations of experimental cross sections, barrier disFIG. 4. Universal plot 0fAc, — Asspm)/Asspm VS (Ecm, —
tributions, and(/?) (solid squares) with c.m. energy. Reported V¢)/Vc. The solid curves marked C and B in (a), F and O

data are shown by open squares [8]. Coupled channel and (b), are fits to the data using quasifission formalism. The
SSPM calculations are shown by solid lines. dotted curves are fits with cuts invalues in units off.
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0.83-0.87 to 0.87-0.91 for a spin 0f5-20)%4, so that, of quasifission mechanism more thoroughly, and such
beyond these spins, the mass flow may reverse towardsperiments are under way.
lower asymmetry. Realistic calculation including defor- In summary, we have reported the measurements of
mation, etc., is expected to lower the spins at whichthe cross sections and anisotropies of fission fragments
mass flow reverses in these systems. We can therefofellowing full momentum transfer in systems with en-
assume that, for spins above some critical value, dependkance channel mass asymmetries smaller and larger than
ing upon the c.m. energy, the mass flow pattern may rethe Businaro-Gallone critical mass asymmetry from above
verse and be similar to that of the cases with< afg.  barrier to below sub-barrier energies. In all systems,
Simple calculation of anisotropy, introducing a cut-off anisotropies show a peaklike structure at deep sub-barrier
spin above which quasifission mechanism is expected irnergies. The cross sections can be explained by coupled
2C and!'B + %2Th systems, shows improvement in the channel calculations, including the deformations and the
fit to anisotropies. At a cut-off spin of1%, as shown first few excited states of the target and projectile in all
by the dashed lines in Fig. 4(a), even a peaklike structhe systems. In a refinement of the nuclear orientation
ture in anisotropy may be reproduced. Since there islependent quasifission reaction hypothesis, the peaklike
no experimental evidence or firm theoretical guidelinesstructures in fragment anisotropies can be qualitatively ac-
available on the values of spin at which the reversal oftounted for. More rigorous theoretical calculations are
mass flow may take place for these systems, the abowalled for to explain the present experimental observation.
picture can be considered only as a plausible mecha- We thank the Pelletron accelerator crew for their
nism for the boosting of fragment anisotropy in theseefficient running of the machine during the experiment.
systems. One of the authors (N.M.) thanks Professor B. B. Back of
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