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Mass resolved angular distribution of fission fragments for near-barrier fusion-fission reactions
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It is shown thatK-equilibration fission can explain the decrease of mass resolved fission fragment anisotropy
at larger mass asymmetries. Two competing mechanisms contribute to the anisotropy. The effective moment of
inertia andK0

2 decreases with the increase of mass asymmetry and contribute to the increase of anisotropy. On
the other hand, for larger asymmetries, the barriers are higher and lifetimes are longer. Such systems are more
K equilibrated and will have smaller anisotropy.@S0556-2813~97!03005-7#
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Measured fission fragment anisotropies at near- and
barrier energies in a number of target-projectile systems@1,2#
are anomalously large compared to the predictions base
the standard saddle-point statistical model@3#. In the stan-
dard saddle-point model~SPM! @3# fission fragments are as
sumed to be emitted along the direction of the nuclear s
metry axis at the fission saddle point, which is taken to be
transition-state configuration. For a compound state of an
lar momentumI , thez component~along the beam! M , and
the projection of angular momentum on the nuclear symm
try axis K, the angular distribution of fission fragments
given by

WMK
I ~Q!5

~2I11!

4p
udMK

I ~Q!u2.

HereQ is the observation angle with respect to the be
axis in the center-of-mass frame. For spin-zero nuclei
spin projectionM onto the beam axis is zero. The distrib
tion of K values is estimated by using a constant tempera
level density argument at the fission saddle point

r~K !5
exp~2K2/2K0

2!

(exp~2K2/2K0
2!
,

whereK0
25JeffT/\

2 and 1/Jeff51/Ji21/J' .
The angular anisotropy of fission fragments is defined

the ratio of the cross section at 180°~0°) to that at
90°. It is shown in Ref.@4# that anomalous fragmen
anisotropies appear only for systems with entrance-cha
mass asymmetrya5(AT2AP)/(AT1AP) smaller than the
Businaro-Gallone critical mass asymmetryaBG . On the
other hand, for the reactions where the entrance channel
responds to the casea.aBG , the measured anisotropies a
found to be in agreement with the prediction of the stand
theory@3#. It must be pointed out that anomalous anisotro
exists for the reaction12C1 236U, which is very close to the
theoretically calculated Businaro-Gallone critical ma
asymmetry point (a50.903 andaBG50.897!.

*Permanent address: Vinc˘a Institute of Nuclear Sciences, Be
grade, Yugoslavia.
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It has been proposed@5,6# that preequilibrium fission can
give rise to a large anisotropy at sub-barrier energies. It w
postulated that the emission of fission fragments not o
came from the compound nucleus but also may take p
after equilibration of all degrees of freedom except theK
degree of freedom.

On the other hand, the second explanation is based on
measurement of the fission fragment angular distributions
the reaction16O1 238U at near-barrier energies@7,8#. It was
interpreted by Hindeet al. @7,8# that collisions with the tips
of the deformed238U target nuclei lead to quasifission, whil
collisions with the sides result in fusion-fission.

The angular anisotropy of individual fission fragments h
been measured by Cohenet al. @9# in 22 MeV proton-
induced reactions of232Th, 235U,238U, and 233U. It was ob-
served that asymmetric products have higher anisotropy
symmetric products. Similar observations were also found
Kudo et al. @10#, Goswamiet al. @11#, Kapoor et al. @12#,
and Dattaet al. @13#. All the measurements on proton an
a-induced fission of actinide nuclei show an increase in
isotropy with an increasing mass asymmetry of fission fr
ments.

The mass resolved angular distributions of fission fra
ments have been measured by Johnet al. @14# in 10B-,
12C-, and 16O-induced fission of232Th at near-barrier ener
gies. The mass dependence of fragment anisotropy in
fission of 11B1 237Np and 16O1 209Bi have been measure
by Pantet al. @15#. The 10B1 232Th, 11B1 237Np, and 12C1
232Th systems showed no mass dependence of anisotr
On the other hand, it was observed in the reactions16O1
232Th and 16O1 209Bi that asymmetric fission fragment
have smaller anisotropy than symmetric fragments. This
new effect which deserves to be explained.

For proton- anda-induced fission of actinide nuclei, an
isotropy increases with the increasing mass asymmetry
fission fragments. This effect is easy to explain. The eff
tive moment of inertiaJeff at the saddle point decreases wi
increase of the asymmetry of mass division. T
K0
25JeffT/\

2 decreases with the increase of asymmetry a
therefore the angular anisotropy will increase for larger m
asymmetries. For the reactions wherea,aBG ~16O1232Th!
the pre-equilibrium fission is the dominant process and
expect explanations in the framework of th
K-equilibration fission@KEF# model @5#.
2711 © 1997 The American Physical Society
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2712 55BRIEF REPORTS
We will calculate the mass resolved angular distribut
for the 16O1 232Th reaction at near-barrier energies. W
have proposed that theK distribution is represented by
Gaussian around the most probable projection on the s
metry axis:

Kpro5Isinvcosw,

where the initial orientation of the target is given by t
anglesv and w. The time-dependent variancesK5ICtm
was used, wheretm is the mean of some time interval an
C is a constant which represents the speed ofK equilibra-
tion. The probability of fission was calculated for 18 diffe
ent intervals of time. For each interval of time we have c
culated the contribution of the angular distribution. T
probability of fission for some time interval (tm ,tm11) is
given by

Pm5exp~2tm /t f !2exp~2tm11 /t f !,

wheret f is the compound nucleus lifetime@16#. The com-
pound nucleus lifetime is given by

t f5
h

T@exp~2Bf /T!2exp~2E/T!#
,

whereBf is the height of the fission barrier preventing t
system from fast fission. In Ref.@5# we have calculated fis
sion barriersBf by the Sierk model@17# only for symmetric
division. Here we have calculated fission barriers using
‘‘funny hills’’ parametrization@18# both for symmetric and
for different asymmetric divisions. The ‘‘funny-hill’’ barriers
are higher than Sierk barriers. In order to reproduce the
sults of Ref.@5# we have compensated the increase of fiss
barriers by changing the parameterC ~speed ofK equilibra-
tion!. Here we have usedC50.5531020 s21 instead of
C50.7531020 s21. We have calculated the mass resolv
fission fragment angular distribution for the16O1 232Th re-
action at 92, 96, 100, and 85.7 MeV bombarding energ
Comparison of these calculations with experiment@14# are
shown for 92, 96, and 100 MeV in Figs. 1~a!, 1~b!, and 1~c!
respectively. The solid squares are experimental results@14#
and the solid lines represent KEF model calculations. T
experimental results show that anisotropy decreases
mass asymmetry of fission fragments at all three ener
and this trend is theoreticaly reproduced. There is, howe
sharp variation in anisotropy in the mass region 120–13
all three energies.

For systems witha,aBG , larger anisotropies for sym
metric fragments as compared to asymmetric fragments
be explained taking into account the competition of two o
posite effects. The first effect explains why anisotropy
creases with mass asymmetry increase~as for p- and
a-induced fission, wherea.aBG). The effective moment of
inertia Jeff andK0

2 decreases with an increase of asymme
and this effect will contribute to the increase of anisotro
for larger mass asymmetries.

The second effect is connected to theK equilibration and
fission barriers. For larger asymmetries the barriers
higher. According to Bohr@16#, the compound nucleus life
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FIG. 1. Fission fragment angular anisotropy versus fission pr
uct mass for the16O1232Th reaction at Elab5100, 96, and 92 MeV.
The solid squares are experimental results and the solid l
present results of our theory.
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55 2713BRIEF REPORTS
time t f is proportional to exp(Bf /T), that is, the lifetime of
the system is longer for higher barriers~larger asymmetries!.
The system with longer lifetime will be more equilibrate
and therefore will have smaller anisotropy. The second ef
contributes to the decrease of anisotropy for larger m
asymmetries. From Figs. 1~a!, 1~b!, and 1~c! we see that the
contribution of the second effect is stronger than the con
bution of the first effect. In Fig. 2 we show expectatio
based on the KEF model for lower energies~for the
16O1232Th reaction at 85.7 MeV laboratory energy!. This
shows that the decrease of anisotropy is larger for asymm
ric fragments at lower energies. We expect that contribut
of the second effect will be even stronger for lower energ

The importance of the deformation of the target is sho
in Fig. 3. The solid lines present results of our theory for
deformed target, while the dashed lines present results fo
target without deformation. The anisotropy difference b
tween the results with the deformed target and with the ta
without deformation becomes larger at lower energies. T
ratio of transmission coefficients for target orientation ang
around 180° in comparison with angles around 90° will
crease with a decrease of energy. For higher energies
ratio becomes equal to 1 and the difference between the
cases~with and without deformation! will disappear. Even in
the case of the target without deformation, the decreas
anisotropy for asymmetric fragments compared to the ani
ropy for symmetric fragments is larger for lower energie
The importance of angular momenta for this phenomena
be explained as follows. The fission barriers are lower
larger angular momenta. The difference between fission
riers for asymmetric and symmetric divisio
Bf(asym)2Bf(sym) is larger for lower angular momen
and the ratio of lifetimes for asymmetric and symmetric m
division is exponentially proportional to this difference:

t f~asym!

t f~sym!
;expSBf~asym!2Bf~sym!

T D .

FIG. 2. Fission fragment angular anisotropy versus fission pr
uct mass for the16O1232Th reaction at Elab585.7 MeV. The solid
line presents results of our theory.
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Therefore for lower angular momenta and lower energies
difference of angular anisotropy at the symmetric and asy
metric division is larger. The dashed lines in Fig. 3, whi
present the results without deformation, show that just t
anisotropy difference becomes larger for lower energies.

In order to show the importance of the angular mome
tum for angular anisotropy we have calculated the angu
anisotropy for the16O1232Th reaction at 96 MeV labotatory

- FIG. 3. Fission fragment angular anisotropy versus fission pr
uct mass for the16O1232Th reaction at Elab585.7, 92, and 100
MeV. The solid lines present the results of our theory with def
mation of the target and dashed lines present the results of
theory without deformation. The two lines with the largest wid
represent the reaction at the energy of 100 MeV. The two lines
the medium width represent the reaction at 92 MeV, and the
lines of the smallest width represent the reaction at 85.7 MeV.

FIG. 4. Fission fragment angular anisotropy versus fission pr
uct mass for the16O1232Th reaction at 96 MeV laboratory energy
Different lines show results of our theory for different angular m
mentum windows.
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2714 55BRIEF REPORTS
energy for different angular momentum window
(I50–10, 11–20, 21–30, 31–40, and 41–50!. These results
are shown in Fig. 4. The anisotropy is larger for larger a
gular momenta due to lower barriers for higher angu
momenta. The second and third angular momentum wind
have a smaller difference in anisotropies for symmetric a
asymmetric division in comparison to the first angu
momentum window. This is already explained in Fig.
For larger angular momenta~fourth and fifth window!
the difference of anisotropy for symmetric and asy
metric division again increases. For lower angular mome
for this reaction at 96 MeV laboratory energy the tran
mission coefficients are nearly equal for all orientations
the target. But, for larger angular momenta the transmiss
coefficients are larger for target orientation angles aro
180° in comparison with angles around 90° and this expla
the large difference for the fifth window of angular m
menta.

Recently, fission fragment angular distributions have b
measured@19,20# for 11B, 12C, 16O, and19F1 232Th systems
at sub-barrier energies. The mass averaged fission frag
anisotropy was found to exhibit an anomalous peakl
structure below the fusion barrier in all the measured s
tems. The decrease of angular anisotropy at deep sub-ba
energies cannot be explained by the model, which takes
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account only symmetric division. It may be that at deep s
barrier energies, where the excitation energy is below
MeV, there is a significant increase of the asymmetric yie
It is shown in Fig. 1 that the mass resolved fission fragm
anisotropy decreases as the asymmetry of fission increa
For low energy this decrease becomes significant~Fig. 2!.
Therefore, as the excitation energy decreases, the asym
ric yield increases, leading to decrease of mass averaged
isotropy.

In conclusion, mass resolved fission fragment angu
anisotropies have been explained in the framework of
K-equilibration fission model. We have interpreted the
sults in terms of two competing mechanisms. The fi
mechanism explains why anisotropy increases with m
asymmetry increase fora.aBG . The effective moment of
inertia andK0

2 decreases with an increase of mass asymm
and contribute to the increase of anisotropy. The sec
mechanism is connected toK equilibration. For larger mass
asymmetries the barriers are higher and the lifetime of
system is longer. Such systems will be more equilibra
and, therefore, will have smaller anisotropies.
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