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It is shown that when fusion is initiated at relatively larger distances due to the presence of rotational
couplings, the Businaro-Gallone barrier shifts towards higher mass asymmetry, thus favoring further mass
equilibration towards symmetric configurations. This leads to the occurrence of preequilibrium fission events
for all systems which affect the fission fragment angular distributions at subbarrier energies. The fission
fragment angular distributions calculated as an admixture of compound nuclear and preequilibrium compo-
nents explains quite well the energy dependence of the angular anisotropies for many systems around the
actinide regions irrespective of the entrance channel mass asymmetries at energies both well below and above
the Coulomb barrier. From the fits to the angular distributidisquilibration time is deduced to be6
X 10 %% s for a temperature-1 MeV.
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It is noticed in several cases of heavy-ion-induced fissiomel mass asymmetrya (=(At—Ap)/(At+Ap)) with
reactions involving actinide target nuclei that the fragmentrespect to the Businaro-Gallone critical valagg. If «
anisotropies are significantly larger than the statistical saddle- ez, there is a driving force to increase mass asymmetry
point model (SSPM predictions[1,2], and this anomalous in the subsequent dynamics, favoring amalgamation of the
behavior of the fragment anisotropies has been a subject &fvo interacting nuclei, to form a compound nucleus that
extensive investigations both experimentally and theoretimostly undergoes fission in case of actinide target nuclei. On
cally [3—10] in recent years. It has been pointed out earlierthe other hand, fono<agg, the projectile-target system re-
[4] that anomalous fragment anisotropies can arise due to daxes towards a symmetric dinuclear system. For the light
admixture of compound-nucleus fissi@@NF) and noncom-  projectile—heavy target systems studied in this work, the un-
pound nucleus fissiofNCNF) events in case of highly fissile conditional fission saddle is more elongated than the contact
target nuclei. There is also currently much interest in deterconfiguration of the entrance channel where the system is
mining the optimum entrance channel conditions to maxi-nitially trapped towards fusion. For such cases, the system
mize the probability of compound nucleus formation leadingmoves towards the path of compound-nucleus formation in
to heavy and superheavy nuclei without loss of flux to non-the subsequent dynamics involving transition from the sud-
equilibrium fissionlike processé41,12. Thus, the study of den potential to the adiabatic one. Considering that the
fragment anisotropies can serve as a useful probe to detegquilibration in the elongation degree of freedom is much
mine the admixture of the noncompound fissionlike pro-slower than in the mass-asymmetry degree of freedom, the
cesses, in heavy-ion-induced fission reactions, which in turelynamical trajectories are expected to get injected into the
can guide in selecting optimum entrance channel conditionfission valley at different points between the compound
for the synthesis of superheavy nuclei. nucleus and the saddle point configurations corresponding to

Two processes of NCNF events, namely, quasifissiorthe different initial radial separatiom at the contact point of
(QF) and fast fission are known to occur in heavy-ion-fusion. Herep=r/(R;+R;), wherer is the center-to-center
induced reactions under certain conditions. Theoreticallyseparation andR; andR, are the radii of the two spherical
quasifission is predicted when the produ¢iZ, of the nuclei. Subsequently, there is, in general, a large probability
atomic numbers of target and projectile exceeds arountbr the intermediate system to roll down the potential energy
1600, and fast fission is expected to be significant only foicurve towards the mononuclear configuration, leading to the
very large values of the compound nucle@/@) and an- formation of a compound nucleus that mostly decays by fis-
gular momentund when the fission barrier becomes vanish-sion in the case of heavy systems. However, there can also be
ingly small. In the case of heavy-ion reactions induced bya significant probability for the intermediate excited di-
light projectiles such as B, C, O, and F on the actinide tarnuclear system to undergo reseparation/fisgjoreequilib-
gets, where none of these conditions are satisfied, the olsium fission) while on its way to the formation of a com-
served anomalous anisotropies for these cases have been peund nucleus. The probability of preequilibrium fission will
derstood on the basis of a different NCNF mechanismpe governed by an effective barrier height against fission,
termed as preequilibrium fissidiPEP [4]. which is experienced by the intermediate system on entry

The mechanism of PEF can be visualized as follows. Af-into the fission valley. This effective barrier heightwould
ter reaching the contact configuration, along the entranceorrespond to the height of the unconditional saddle as mea-
channel trajectory, the composite system relaxes in variousured with respect to the potential energy of the intermediate
degrees of freedom governed principally by the multidimen-system configuration, and can be written &sxB;. Here,
sional potential energy landscape. The relaxation in massB; is the normal fission barrier height that is measured with
asymmetry degree is known to depend on the entrance charespect to the potential energy of the compound-nucleus con-
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figuration, andx is a physical parameter whose value de- ~ ‘ 100 232
. . . . ! — p=1.0 B+~“Th
pends on the point at which the intermediate system configu- e 012 \ .
ration meets the fission valley, and thereby on the valye of ' '
involved at the contact point of fusion. Since the potential 0.99 |
energy of an elongated intermediate system is larger than that
of the compound nucleus,should be less than 1. Clearly, in 0.98
this picturex=1 will correspond to compound-nucleus fis- =
sion, andx=0 will correspond to the casé&uasifission Y 097 I
wherep is sufficiently large such that injection into the fis-
sion valley is beyond the saddle point deformation, and the 0.96 -
system does not experience any barrier along the path of
reseparation. Therefore a gradual transition from QF to PEF 095 |
to CNF is expected ap decreases. Measurements of the :
fragment anisotropies can help us to identify the contribu- 0.94 . . ; R

tions from these different processes. 075 0.80 0.85 090 095 1.00
The K distributions of PEF will be the product of the

entrance channé{ distribution and the saddle poiit dis-

tribution [5,6,8], and the narrower of the above twodistri- FIG. 1. The potential energy/(,p) (in arbitrary unij with

butions governs the fragment anisotropy. This explains theggpect to sphere as a function @ffor different values ofp. The

observed larger anisotropies whenever the inputistribu-  peak values are normalized to unity. The vertical dashed line gives
tion is not fully equilibrated. Thus, the PEF mechanism canne « value of the entrance channel.

lead to anomalous fission fragment anisotropies, if the sys-
tem relaxes towards mass-symmetric dinuclear shape as fier different values ofp using the shape parametrization of
the case fow<agg. For a>agg, the intermediate system Swiatecki, which consists of two spheres connected by a
moves towards a mononuclear shape, and therefore the openical neck13,14. Figure 1 shows the plot of the potential
served anisotropies should be in agreement with the SSPMnergyV(«a) (with respect to sphejes a function ofw for
In case of bombarding energies above fusion barrier, thighe 1B+ 232Th compound system fgr=1 and 1.2. The ver-
prediction has been experimentally verifiet]. However, tical dashed line in the figure shows the mass asymmetry of
there have been apparent deviations from the above pictutbe entrance channel. This result shows tH&t+23*Th sys-
in the sub-barrier fusion reactions in the cases®fB,'’C  tem, which corresponds to the right side of the péaka
induced reactions on actinide targdtorresponding tow >apg) for p=1, turns out to be on the left side of the BG
> agg). While the observed anisotropies are consistent withpeak (or a<agg) for p=1.2. Thus even for the systems
the SSPM for above barrier energies, the anisotropies fowith a> apg, if fusion is initiated at a larger distance, as in
sub-barrier fusion are found to be anomalously large. Arthe case of collisions with the tips of the deformed nuclei at
important aspect which has not been considered so far is trgub-barrier energies, the mass equilibration in the early
effect of channel couplings on the subsequent fission dynanstages favors evolution of the system towards a mass-
ics after being captured from the entrance channel, althougsymmetric shape before equilibration is achieved in ghe
it has been included in to estimate the fusion probabilitydegree of freedom. Consequently, in the sub-barrier fusion
correctly. In this work, it is shown that with the inclusion of reactions of B- Th or C+ Th, the potential energy drives the
channel coupling effects, the observed heavy-ion fissiomlynamical trajectories towards the symmetric fission valley.
fragment anisotropies both below and above Coulomb bamBut in the above barrier fusion, these systems behave like
rier energies can be explained by considering fission events> agg to proceed to a mononuclear configuration before
as an admixture of CNF and PEF components. In what folfission. One can thus understand the origin of the anomalous
lows, we show that due to a shifted BG point at sub-barriefragment anisotropies observed in the sub-barrier fusion even
energies, the PEF model can explain fragment anisotropfor the target-projectile combinations with> agg.
data for all projectile-target combinations, both below and We describe below the theoretical formalism to calculate
above barrier energies. fragment anisotropies taking into account the PEF compo-
The Businaro-Gallone critical mass asymmetgy; is de-  nent. We propose here that fogp<T, (WhereT; and T, are
termined by maximizing the potential energy with respect tothe transmissions through the eigenchamhetorresponding
@, allowing all shape degrees of freedom to vary. Howeverto the barrielV ; and the uncoupled barrigt,, respectively,
on the assumption that the relaxation in the separation cahe collision trajectory will lead to a compact configuration
ordinate is much slower than in mass-asymmetry degree dbr which p<p, (wherepg is the internuclear separation of
freedom, one would expect that mass flow in the early stagesvo spherical nuclei at the contact pgin®n the other hand,
of equilibration following neck formation of the dinuclear for T,>T,, we assume that the dinuclear configuration will
complex will be governed by the potential energies corre-havep>p,. After being captured into the conditional trajec-
sponding to the given value of internuclear separagioat  tory, the system will relax in mass degree of freedom and
fusion. It may be noted that the value pfat fusion varies will meet the unconditional trajectory at different points.
significantly as a function of the bombarding energy acrosSherefore, the effective barrier heightand also the result-
the fusion barrier. We have calculated the potential energieig escape probability of PEF will depend on the entry

a
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4.5 whereB;(J) is the fission barriers is the temperature, and
1604+232Th weq is set to 18's™ 1. All the quantities are calculated as a
40- m Lietal 7 function of the angular momentudnof the collision. Now if
a5 o backetal | the equilibration time in thek degree of freedom of the
' i sgnmdaén;ggcyheéta;i dinuclear complex igy, the_n the f_rgct_ionf(_J) which es-
> 3.0 SSPM ‘ . capes by PEF before reaching equilibrium in khdegree of
o —— PEF model freedom is given by
S 25| E
< 20 1 f(3)=[1—exp{—t/ti(I}]. 2
15+ 7 The above expression fdi(J) is valid for systems with
100 a<agg. Even the cases af> agg wherein fusion occurs
' via the eigenchannes corresponding td z>T,, the above
05 L ‘ ‘ ‘ ‘ expression holds good, since in these cases the dynamical
70 80 90 100 110 120 evolution to compound nucleus goes via a symmetric di-
E_ (MeV) nuclear shape. However, far> agg andB corresponding to
em Tz=<T,, preequilibrium fission is not possible aridJ)
35 T T T \ =0.
o Hinde etal. 160+2%y The fission fragment yieldV(6) at an angled can be
30 - SSPM ] written as
—— PEF model
25 W(O)=35 Pl Wa(5,0)+Wa(5,0)], 3
52.0* %§ §380og . PCLLEE i
'g whereP is the probability of fusion from the eigenchannel
15+ 4 B. In the case of deformed nuclei, the probabilRy, is
replaced by sing) and the summation is carried out ovey
10l i the orientation angle between the internuclear axis and the
(b) target deformation axis.
0.5 ‘ ‘ ‘ ‘ ‘ W, (B, 6) andW,(B,6) are the fragment angular distribu-

70 75 80 8 90 95 100 tions for the CNF and PEF, respectively, and are given by

Ecm(MeV) Imax
- o _ Wi(B,0)=m\>2 > [1-f(I)]X(23+1)Ty(B)
FIG. 2. Calculated fission fragment anisotropies on the basis of J=0 M
SSPM and PEF models along with experimental resultsfar

+232Th [1,3,19,20 and 0+ 238U [21] systems corresponding to % EJ: (2‘]+1)|d|J\A,K(9)|2FS(K) @
a<agg. K=-J ) ,

4m > Fy(K)
point to the unconditional saddle point curve. In an actual =
dynamical trajectory calculation, one expects the effective I
barrier heights to continuously vary with the value qf, _\2
which in turn depends on the angle between the internuclear Wa(B,0)=m\ JZO % F)X(2I+D)Ty(B)
axis and the target deformation axis at the contact point. As 3
mentioned earlier, we take into account this feature by in- (23+1)|d},s k(O)]?Fp(K)
volving a barrier scaling parametgrunder the simplifying XK:_J J -
assumption that fop>p,, the average effective fission bar- 47 E Fp(K)

K=-J

rier height is reduced by a facto while for p<pg, full
fission barrier heighB; is encountered. The mean fission
time t; is then given by HereF (K) is theK distribution at the saddle point given
by Fg(K) =exp{—K?%/2K32}, with Ko= I o117/72, | o¢¢ the ef-
) XB:(J) fective moment of inertiaF p(K) is theK-distribution func-
_ T f tion for the PEF events, which can be written as the product
t(J) weqexr‘( 7 ) for Tp()>To(J), of the initial K distribution F,(K) [F,(K)=exp
{—K?202(3)}] and the saddle point distributidfs(K). It is
to be noted that in the present model, the symmetry axis of
the fissioning nucleus is not the same as the target deforma-
tion axis, and therefore the initi&l distribution is not depen-

27 B:(J)
tf(J)zw—exp( - ) for Tp(D)<To(J), (1
€q
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241, Mein et al. C+%Th ] 2.0 10 ‘232 ‘ ‘
® |estone etal. B+ Th (I :3)
< Ramamurthy et al. 18 [ 0
SSPM ] e SSPM d I
20 —— = —— PEF mode
PEF model 16 L |
14 a
B16
3 > 1.2 ¢ 7
g 3
1.2 - § 1.0 " i »32 \ \ \ \
= B+""Th (1,=3/2
<18 SSPM (0 ) )
0.8 7 16 | — PEF model i
50 55 60 65 70 75 14+ |
Ecm(MeV) 1.2 (b) 7
FIG. 3. Same as Fig. 2 for thé’C+2%Th [9] system 1.0 L L L L L
> apg). 40 45 50 55 60 65 70

E (MeV)

dent on the angl@ as assumed by Vorkapic and lvanisevic o
[6] and Lestoneet al. [8] in the entrance channel dependent  FiG. 4. Same as Fig. 2 fol%B+232Th and !B+ 232Th systems
K-state model. For the variance of the initkaldistribution,  [10] corresponding tod> ag¢) and projectiles with nonzero spins.
we usea(J)=q+/7tJ, wheret is the fission time andj is
the speed oK equilibration[8,15]. A fully equilibratedK  above, and taking a temperature of 1 MeV, we infeK a
distribution can be approximated as a fleotropig distri-  equilibration time of~6x10"?°s. The best fit value ok
bution with all K's equally populated. It can be seen that=0.3 suggests that the NCNF events can arise due to the
Fi(K) will approach a nearly flat distributiofisay up to  PEF mechanism when quasifission is not expected. Hinde
~90%) forox~2J. Thus an estimate of thé-equilibration et al.[7] had proposed that in case of deformed target nuclei,
time t, can be obtained from the relatiop=4/(q°7). quasifission may still take place due to collisions with the

In order to make comparison with the experimental datatips of prolate deformed nuclei, and they tried to explain, on
the fragment anisotropies were calculated at different enethis basis, the anomalous fragment anisotropies®® in-
gies for various systems, for various valuesxandd. The  duced fission of?*8 observed close to the fusion barrier.
deformation parameteis,, 8, were taken as 0.22,0.09 and

0.28,0.05 for Th and U, respectively, for all the calculations. 29
The saddle point effective moments of inertia and fission ' o« 4Py (1,=0)
barriers were calculated using Sierk’s modi&b]. It was o ety (1,20)
found that forx=0.3 andgq=8x10° (MeV's)™ 2 the best 200 o Fea™y (=12
x? fits to the observed anisotropies are obtained for the vari- oS el with 1.0 2 %
. . . . . - 0~ :
ous systems studied here. The fission fragment anisotropies 1.8 |- — — PEF model with ;=72 ]

calculated using Eq(3) for systems involving actinide de-

formed target nuclei and zero target/projectile spins are §1_6 1
shown in Figs. 2 and 3 with the above choicexaindg. =
In case of nonzero target/projectile spins, the effect of 214 ]
gL

target or projectile spin on angular distributions due to dif-
ferent M-state distributions is negligible for heavy-ion-
induced reactions. However, its effect Kndistribution can-
not be ignored particularly at sub-barrier enerdi&4.0]. For

=
[N}

target/projectile systems with nonzero ground state spins, the 101 7
projection of intrinsic spin on to the fission symmetry axis

(K= =£1,) makes the entrance chanmebistribution peak at 0.8 L L L L L
K= =1, [8]. This has been incorporated while calculating 60 65 70 75 80
the angular distributions for target projectile systems with E__(MeV)

nonzero ground state spins. Figures 4 and 5 show examples

of our calculations for systems with nonzero ground state F|G. 5. PEF model predictions for systems with nonzero target
spin along with the experimental data for the same values ofround state spins. The calculatiotsolid line) for the spin-zero

x and g. It is seen that the calculations are in very good*C+23%J system is also shown for comparison. Experimental data
agreement with the data. From the best fit valuggfiven  taken from Ref[8].
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When quasifission is important, nucleon emission leading to In conclusion, it is shown that the mechanism of preequi-
evaporation residues should be suppressed. But recent resuitsrium fission, which is conceptually different from quasifis-
of Sonzogniet al. [17] on excitation function for the @  sion and fast fission, contributes to non-compound-nucleus
evaporation residues from tHéC+23%U reaction at energies fission for a<agg Systems at all energies and even tor
between 62 and 73 MeV do not show any appreciable quas> agg at sub-barrier energies. The fission fragment angular
ifission competition. In another recent study '8€,*°F, and  distributions calculated as an admixture of compound
305 induced reactions of*Pb, 1°’Au, and ®%, Berriman  nuclear and preequilibrium components are able to explain
et al. [18] have reported that the compound-nucleus forma<onsistently the energy dependence of the angular anisotro-
tion is suppressed for the case of heavier projectiles evepies at energies both well below and above the Coulomb
though theoretically one does not expect quasifission contribarrier for many systems involving the actinide targets. Thus
butions for such low values at;Z,. The observed suppres- the fragment anisotropies serve as a probe of the fusion-
sion of compound-nucleus formation by Berrimatal. fission dynamics and can be used as a guide in selecting
again points to the presence of preequilibrium fission in theseptimum entrance channel conditions for the synthesis of

reactions. superheavy nuclei.
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