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Fission fragment angular distributions: A probe to study heavy-ion fusion dynamics
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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 distributions,K-equilibration time is deduced to be;6
310220 s for a temperature;1 MeV.
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It is noticed in several cases of heavy-ion-induced fiss
reactions involving actinide target nuclei that the fragm
anisotropies are significantly larger than the statistical sad
point model~SSPM! predictions@1,2#, and this anomalous
behavior of the fragment anisotropies has been a subjec
extensive investigations both experimentally and theor
cally @3–10# in recent years. It has been pointed out ear
@4# that anomalous fragment anisotropies can arise due t
admixture of compound-nucleus fission~CNF! and noncom-
pound nucleus fission~NCNF! events in case of highly fissile
target nuclei. There is also currently much interest in de
mining the optimum entrance channel conditions to ma
mize the probability of compound nucleus formation lead
to heavy and superheavy nuclei without loss of flux to no
equilibrium fissionlike processes@11,12#. Thus, the study of
fragment anisotropies can serve as a useful probe to d
mine the admixture of the noncompound fissionlike p
cesses, in heavy-ion-induced fission reactions, which in
can guide in selecting optimum entrance channel conditi
for the synthesis of superheavy nuclei.

Two processes of NCNF events, namely, quasifiss
~QF! and fast fission are known to occur in heavy-io
induced reactions under certain conditions. Theoretica
quasifission is predicted when the productZ1Z2 of the
atomic numbers of target and projectile exceeds aro
1600, and fast fission is expected to be significant only
very large values of the compound nucleus (Z2/A) and an-
gular momentumJ when the fission barrier becomes vanis
ingly small. In the case of heavy-ion reactions induced
light projectiles such as B, C, O, and F on the actinide
gets, where none of these conditions are satisfied, the
served anomalous anisotropies for these cases have bee
derstood on the basis of a different NCNF mechanis
termed as preequilibrium fission~PEF! @4#.

The mechanism of PEF can be visualized as follows.
ter reaching the contact configuration, along the entra
channel trajectory, the composite system relaxes in var
degrees of freedom governed principally by the multidime
sional potential energy landscape. The relaxation in ma
asymmetry degree is known to depend on the entrance c
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nel mass asymmetry,a (5(AT2AP)/(AT1AP)) with
respect to the Businaro-Gallone critical valueaBG . If a
.aBG , there is a driving force to increase mass asymme
in the subsequent dynamics, favoring amalgamation of
two interacting nuclei, to form a compound nucleus th
mostly undergoes fission in case of actinide target nuclei.
the other hand, fora,aBG , the projectile-target system re
laxes towards a symmetric dinuclear system. For the li
projectile–heavy target systems studied in this work, the
conditional fission saddle is more elongated than the con
configuration of the entrance channel where the system
initially trapped towards fusion. For such cases, the sys
moves towards the path of compound-nucleus formation
the subsequent dynamics involving transition from the s
den potential to the adiabatic one. Considering that
equilibration in the elongation degree of freedom is mu
slower than in the mass-asymmetry degree of freedom,
dynamical trajectories are expected to get injected into
fission valley at different points between the compou
nucleus and the saddle point configurations correspondin
the different initial radial separationr at the contact point of
fusion. Herer5r /(R11R2), wherer is the center-to-cente
separation andR1 andR2 are the radii of the two spherica
nuclei. Subsequently, there is, in general, a large probab
for the intermediate system to roll down the potential ene
curve towards the mononuclear configuration, leading to
formation of a compound nucleus that mostly decays by
sion in the case of heavy systems. However, there can als
a significant probability for the intermediate excited d
nuclear system to undergo reseparation/fission~preequilib-
rium fission! while on its way to the formation of a com
pound nucleus. The probability of preequilibrium fission w
be governed by an effective barrier height against fissi
which is experienced by the intermediate system on en
into the fission valley. This effective barrier heightd would
correspond to the height of the unconditional saddle as m
sured with respect to the potential energy of the intermed
system configuration, and can be written asd5xBf . Here,
Bf is the normal fission barrier height that is measured w
respect to the potential energy of the compound-nucleus c
©2003 The American Physical Society01-1
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figuration, andx is a physical parameter whose value d
pends on the point at which the intermediate system confi
ration meets the fission valley, and thereby on the value or
involved at the contact point of fusion. Since the poten
energy of an elongated intermediate system is larger than
of the compound nucleus,x should be less than 1. Clearly, i
this picturex51 will correspond to compound-nucleus fi
sion, andx50 will correspond to the case~quasifission!
wherer is sufficiently large such that injection into the fi
sion valley is beyond the saddle point deformation, and
system does not experience any barrier along the pat
reseparation. Therefore a gradual transition from QF to P
to CNF is expected asr decreases. Measurements of t
fragment anisotropies can help us to identify the contri
tions from these different processes.

The K distributions of PEF will be the product of th
entrance channelK distribution and the saddle pointK dis-
tribution @5,6,8#, and the narrower of the above twoK distri-
butions governs the fragment anisotropy. This explains
observed larger anisotropies whenever the inputK distribu-
tion is not fully equilibrated. Thus, the PEF mechanism c
lead to anomalous fission fragment anisotropies, if the s
tem relaxes towards mass-symmetric dinuclear shape a
the case fora,aBG . For a.aBG , the intermediate system
moves towards a mononuclear shape, and therefore the
served anisotropies should be in agreement with the SS
In case of bombarding energies above fusion barrier,
prediction has been experimentally verified@1#. However,
there have been apparent deviations from the above pic
in the sub-barrier fusion reactions in the cases of10,11B,12C
induced reactions on actinide targets~corresponding toa
.aBG). While the observed anisotropies are consistent w
the SSPM for above barrier energies, the anisotropies
sub-barrier fusion are found to be anomalously large.
important aspect which has not been considered so far is
effect of channel couplings on the subsequent fission dyn
ics after being captured from the entrance channel, altho
it has been included in to estimate the fusion probabi
correctly. In this work, it is shown that with the inclusion o
channel coupling effects, the observed heavy-ion fiss
fragment anisotropies both below and above Coulomb b
rier energies can be explained by considering fission ev
as an admixture of CNF and PEF components. In what
lows, we show that due to a shifted BG point at sub-bar
energies, the PEF model can explain fragment anisotr
data for all projectile-target combinations, both below a
above barrier energies.

The Businaro-Gallone critical mass asymmetryaBG is de-
termined by maximizing the potential energy with respect
a, allowing all shape degrees of freedom to vary. Howev
on the assumption that the relaxation in the separation
ordinate is much slower than in mass-asymmetry degre
freedom, one would expect that mass flow in the early sta
of equilibration following neck formation of the dinuclea
complex will be governed by the potential energies cor
sponding to the given value of internuclear separationr at
fusion. It may be noted that the value ofr at fusion varies
significantly as a function of the bombarding energy acr
the fusion barrier. We have calculated the potential ener
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for different values ofr using the shape parametrization
Swiatecki, which consists of two spheres connected b
conical neck@13,14#. Figure 1 shows the plot of the potentia
energyV(a) ~with respect to sphere! as a function ofa for
the 10B1232Th compound system forr51 and 1.2. The ver-
tical dashed line in the figure shows the mass asymmetr
the entrance channel. This result shows that10B1232Th sys-
tem, which corresponds to the right side of the peak~or a
.aBG) for r51, turns out to be on the left side of the B
peak ~or a,aBG) for r51.2. Thus even for the system
with a.aBG , if fusion is initiated at a larger distance, as
the case of collisions with the tips of the deformed nuclei
sub-barrier energies, the mass equilibration in the ea
stages favors evolution of the system towards a ma
symmetric shape before equilibration is achieved in ther
degree of freedom. Consequently, in the sub-barrier fus
reactions of B1Th or C1Th, the potential energy drives th
dynamical trajectories towards the symmetric fission vall
But in the above barrier fusion, these systems behave
a.aBG to proceed to a mononuclear configuration befo
fission. One can thus understand the origin of the anoma
fragment anisotropies observed in the sub-barrier fusion e
for the target-projectile combinations witha.aBG .

We describe below the theoretical formalism to calcul
fragment anisotropies taking into account the PEF com
nent. We propose here that forTb<T0 ~whereTb andT0 are
the transmissions through the eigenchannelb, corresponding
to the barrierVb and the uncoupled barrierV0, respectively!,
the collision trajectory will lead to a compact configuratio
for which r<r0 ~wherer0 is the internuclear separation o
two spherical nuclei at the contact point!. On the other hand
for Tb.T0, we assume that the dinuclear configuration w
haver.r0. After being captured into the conditional traje
tory, the system will relax in mass degree of freedom a
will meet the unconditional trajectory at different point
Therefore, the effective barrier heightd and also the result-
ing escape probabilityf of PEF will depend on the entry

α
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FIG. 1. The potential energy,V(a,r) ~in arbitrary unit! with
respect to sphere as a function ofa for different values ofr. The
peak values are normalized to unity. The vertical dashed line g
the a value of the entrance channel.
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point to the unconditional saddle point curve. In an act
dynamical trajectory calculation, one expects the effect
barrier heightd to continuously vary with the value ofr,
which in turn depends on the angle between the internuc
axis and the target deformation axis at the contact point.
mentioned earlier, we take into account this feature by
volving a barrier scaling parameterx under the simplifying
assumption that forr.r0, the average effective fission ba
rier height is reduced by a factorx, while for r<r0, full
fission barrier heightBf is encountered. The mean fissio
time t f is then given by

t f~J!5
2p

veq
expS xBf~J!

t D for Tb~J!.T0~J!,

t f~J!5
2p

veq
expS Bf~J!

t D for Tb~J!<T0~J!, ~1!
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FIG. 2. Calculated fission fragment anisotropies on the basi
SSPM and PEF models along with experimental results for16O
1232Th @1,3,19,20# and 16O1238U @21# systems corresponding t
a,aBG .
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whereBf(J) is the fission barrier,t is the temperature, and
veq is set to 1021 s21. All the quantities are calculated as
function of the angular momentumJ of the collision. Now if
the equilibration time in theK degree of freedom of the
dinuclear complex istK , then the fractionf (J) which es-
capes by PEF before reaching equilibrium in theK degree of
freedom is given by

f ~J!5@12exp$2tK /t f~J!%#. ~2!

The above expression forf (J) is valid for systems with
a,aBG . Even the cases ofa.aBG wherein fusion occurs
via the eigenchannelb corresponding toTb.T0, the above
expression holds good, since in these cases the dynam
evolution to compound nucleus goes via a symmetric
nuclear shape. However, fora.aBG andb corresponding to
Tb<T0, preequilibrium fission is not possible andf (J)
50.

The fission fragment yieldW(u) at an angleu can be
written as

W~u!5(
b

Pb@W1~b,u!1W2~b,u!#, ~3!

wherePb is the probability of fusion from the eigenchann
b. In the case of deformed nuclei, the probabilityPb is
replaced by sin(v) and the summation is carried out overv,
the orientation angle between the internuclear axis and
target deformation axis.

W1(b,u) andW2(b,u) are the fragment angular distribu
tions for the CNF and PEF, respectively, and are given b

W1~b,u!5pl2 (
J50

Jmax

(
M

@12 f ~J!#3~2J11!TJ~b!

3 (
K52J

J
~2J11!udM ,K

J ~u!u2FS~K !

4p (
K52J

J

FS~K !

, ~4!

W2~b,u!5pl2 (
J50

Jmax

(
M

f ~J!3~2J11!TJ~b!

3 (
K52J

J
~2J11!udM ,K

J ~u!u2FP~K !

4p (
K52J

J

FP~K !

. ~5!

HereFS(K) is theK distribution at the saddle point give
by FS(K)5exp$2K2/2K0

2%, with K05AI e f ft/\2, I e f f the ef-
fective moment of inertia;FP(K) is theK-distribution func-
tion for the PEF events, which can be written as the prod
of the initial K distribution FI(K) @FI(K)5exp
$2K2/2sK

2 (J)%# and the saddle point distributionFS(K). It is
to be noted that in the present model, the symmetry axis
the fissioning nucleus is not the same as the target defor
tion axis, and therefore the initialK distribution is not depen-

of
1-3
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dent on the anglev as assumed by Vorkapic and Ivanisev
@6# and Lestoneet al. @8# in the entrance channel depende
K-state model. For the variance of the initialK distribution,
we usesK(J)5qAttJ, wheret is the fission time andq is
the speed ofK equilibration @8,15#. A fully equilibrated K
distribution can be approximated as a flat~isotropic! distri-
bution with all K ’s equally populated. It can be seen th
FI(K) will approach a nearly flat distribution~say up to
;90%) forsK;2J. Thus an estimate of theK-equilibration
time tK can be obtained from the relationtK54/(q2t).

In order to make comparison with the experimental da
the fragment anisotropies were calculated at different e
gies for various systems, for various values ofx andq. The
deformation parametersb2 ,b4 were taken as 0.22, 0.09 an
0.28, 0.05 for Th and U, respectively, for all the calculatio
The saddle point effective moments of inertia and fiss
barriers were calculated using Sierk’s model@16#. It was
found that forx.0.3 andq.83109 (MeV s)21/2, the best
x2 fits to the observed anisotropies are obtained for the v
ous systems studied here. The fission fragment anisotro
calculated using Eq.~3! for systems involving actinide de
formed target nuclei and zero target/projectile spins
shown in Figs. 2 and 3 with the above choice ofx andq.

In case of nonzero target/projectile spins, the effect
target or projectile spin on angular distributions due to d
ferent M-state distributions is negligible for heavy-ion
induced reactions. However, its effect onK distribution can-
not be ignored particularly at sub-barrier energies@8,10#. For
target/projectile systems with nonzero ground state spins
projection of intrinsic spin on to the fission symmetry ax
(K56I 0) makes the entrance channelK-distribution peak at
K56I 0 @8#. This has been incorporated while calculati
the angular distributions for target projectile systems w
nonzero ground state spins. Figures 4 and 5 show exam
of our calculations for systems with nonzero ground st
spin along with the experimental data for the same value
x and q. It is seen that the calculations are in very go
agreement with the data. From the best fit value ofq given
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FIG. 3. Same as Fig. 2 for the12C1232Th @9# system (a
.aBG).
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above, and taking a temperature of 1 MeV, we infer aK
equilibration time of;6310220 s. The best fit value ofx
.0.3 suggests that the NCNF events can arise due to
PEF mechanism when quasifission is not expected. Hi
et al. @7# had proposed that in case of deformed target nuc
quasifission may still take place due to collisions with t
tips of prolate deformed nuclei, and they tried to explain,
this basis, the anomalous fragment anisotropies in16O in-
duced fission of238U observed close to the fusion barrie
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FIG. 4. Same as Fig. 2 for10B1232Th and 11B1232Th systems
@10# corresponding to (a.aBG) and projectiles with nonzero spins
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taken from Ref.@8#.
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When quasifission is important, nucleon emission leading
evaporation residues should be suppressed. But recent re
of Sonzogniet al. @17# on excitation function for the 4n
evaporation residues from the12C1236U reaction at energies
between 62 and 73 MeV do not show any appreciable qu
ifission competition. In another recent study of12C,19F, and
30Si induced reactions of204Pb, 197Au, and 186W, Berriman
et al. @18# have reported that the compound-nucleus form
tion is suppressed for the case of heavier projectiles e
though theoretically one does not expect quasifission co
butions for such low values ofZ1Z2. The observed suppres
sion of compound-nucleus formation by Berrimanet al.
again points to the presence of preequilibrium fission in th
reactions.
gy

ch
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In conclusion, it is shown that the mechanism of preeq
librium fission, which is conceptually different from quasifi
sion and fast fission, contributes to non-compound-nucl
fission for a,aBG systems at all energies and even fora
.aBG at sub-barrier energies. The fission fragment angu
distributions calculated as an admixture of compou
nuclear and preequilibrium components are able to exp
consistently the energy dependence of the angular aniso
pies at energies both well below and above the Coulo
barrier for many systems involving the actinide targets. Th
the fragment anisotropies serve as a probe of the fus
fission dynamics and can be used as a guide in selec
optimum entrance channel conditions for the synthesis
superheavy nuclei.
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