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Fission-fragment angular distributions in reactions of ' B, ' C, ' 0+ ' Th and Np, and ' F+ Np
have been measured. While the measured anisotropies in B- and C-induced fission are found to be in

agreement with the predictions of the standard Halpern-Strutinsky theory, they are anomalously large in

the case of 0- and F-induced fission. Such a discontinuous behavior in angular anisotropy with respect
to the entrance-channel mass-to-charge asymmetry provides an experimental verification of the predic-
tions of the preequilibrium fission model proposed earlier to explain the anomalous fragment angular dis-
tributions.

PACS numbers: 25.70.Jj

It is now well established that in several cases of
heavy-ion-induced fusion-fission reactions, the fission-
fragment angular distributions exhibit much larger an-
isotropies than predicted by the standard Halpern-
Strutinsky theory. Several explanations have been put
forward to interpret these anomalous angular distribu-
tions. In one approach, it has been proposed that the
standard saddle-point statistical model (SSPSM)
breaks down at high spin and/or large values of Z /A of
the compound nucleus (CN), and the angular distribu-
tion of fission fragments is governed by an effective tran-
sition state different from the fission saddle point. In
another approach, anomalous angular distributions are
ascribed to the possible emergence of new reaction chan-
nels such as quasifission and fast fission, which result in

fissionlike fragments without going through well-defined
saddle points. In a recent work, anomalous fragment
angular distributions observed in sub-barrier fusion reac-
tions have been analyzed on the basis of SSPSM to
deduce the value of the mean-square spin (I ) of the
fissioning nucleus. The analysis gave considerably larger
values of (I ) than those calculated by standard reaction
models, which may imply the presence of reaction mech-
anisms such as channel coupling at sub-barrier energies.

In an earlier work, we had shown from the analysis of
the anomalous fragment angular distributions in heavy-
ion-induced fission reactions that, apart from CN fission,
there is an additional component of fissionlike events of
the composite system which has equilibrated in all de-
grees of freedom except the K degree of freedom. Since
the variance og of the unequilibrated EC distribution of
these non-compound-nuclear (NCN) events is small due
to the memory of the entrance-channel reaction plane
(K=0), they give rise to highly anisotropic fragment an-
gular distributions. Consequently, any admixture of
such events leads to observed fragment anisotropies
larger than that given by the standard theory for CN
fission. It was pointed out that these NCN events consist
of not only those arising from quasifission or fast fission,

but also from reaction trajectories leading to CN forma-
tion but reseparating prematurely in those systems where
the fission barrier is comparable to the temperature. It
was also suggested' that a characteristic signature of
fission before full E equilibration will be an entrance-
channel dependence of the fragment anisotropies for
target-projectile combinations across the Businaro-
Gallone ridge in the mass-to-charge asymmetry degree
of freedom. To look for any such entrance-channel
dependence of fragment anisotropies, we have carried
out measurements of fragment angular distributions in

fission induced by boron, carbon, and oxygen ions on tho-
rium and neptunium targets and by fiuorine ions on a
neptunium target. To avoid possible uncertainties in the
calculation of (I ) arising from anomalous reaction
mechanisms such as channel coupling at sub-barrier en-
ergies, the above measurements were carried out at
above-barrier energies. The results of the present mea-
surements indicate an entrance-channel dependence of
the fragment anisotropies consistent with the expecta-
tions of the above "preequilibrium" fission model.

The experiments were performed using the heavy-ion
beams from the Bhabha Atomic Research Centre-Tata
Institute of Fundamental Research 14UD Pelletron ac-
celerator. The Th and Np targets were about 300
pg/cm thick deposited on aluminium backing. Two
silicon-surface-barrier detectors of about 30 pm thick-
ness were used to detect the fission fragments. The
elastic- and inelastic-scattering events of the projectile
ions were eliminated by taking anticoincidence with veto
detectors mounted behind the fission detectors. The an-
gular distribution measurements were carried out over
the laboratory angular range of 80 -170 . The relative
solid angles of the two detectors were determined by
counting the a particles from the Np target and by
taking data in both the detectors at overlapping angles.
The absolute fission cross sections were measured by nor-
malization to Rutherford scattering with a monitor
detector mounted at a forward angle. The measured
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FIG. 1. Measured fragment angular distributions for loB, l~C 0+"'Th and "'Np systems at a few typical bombarding ener-
gies. Results of the SSPSM calculations are shown by the solid lines.

fragment angular distributions were transformed to the
center-of-mass system assuming symmetric mass division
and using the Viola systematics" for total fragment ki-
netic energy. Figure l shows the fragment angular dis-
tributions for a few typical cases of target-projectile sys-
tems and bombarding energies. Figure 2 shows the ex-
perimental anisotropies deduced by fitting Legendre
polynomials with the observed angular distributions for
all cases measured in the present work along with the
available data for the ' 0+ Th system. ' The re-
sults of calculations based on the SSPSM are also shown

in Figs. l and 2. The fragment angular distributions
were calculated using the effective moment of inertia J,a.

derived from the measured systematics of a-induced
fission anisotropies' rather than that calculated from
the rotating-liquid-drop model ' (RLDM). A small
correction for the dependence of J,q on the spin of the
compound nucleus was, however, suitably incorporated.
This procedure was adopted to remove uncertainties due
to the choice of parameters which enter the RLDNI cal-
culations. The spin distributions were calculated in the
framework of the models of Esbensen ' and Wong '

by
adjusting the barrier fluctuation parameters to fit the
fusion cross sections measured for the various systems.
The agreement between the experimental and calculated
fusion cross sections was quite good for all the target-
projectile systems as seen from Fig. 3.

It can be seen from Fig. 2 that the experimental aniso-
tropies are in general agreement with the predictions of
the SSPSM for the cases of ' B+ Th, ' C+ Th,
'OB+ ~3 Np, and ' C+ ~3 Np projectile-target systems.
For ' 0+ Th, ' 0+ Np, and ' F+ Np systems,
the calculated anisotropies are in major disagreement
with the experimental data. The values of the mass
asymmetry a=(AT —At )/(AT+Ap) for the different
systems are given in Fig. 2. The above results clearly
show that the anomalously large fragment anisotropies
arise only for the target-projectile combinations whose
mass asymmetry values are smaller than the Businaro-
Gallone (BG) critical asymmetry, ' which is calculated
to be about 0.9 for the range of composite nuclei studied
in the present work. The anomalous behavior is unlikely
due to any compound-nucleus effects, since some of the
above target-projectile combinations lead to similar com-
pound nuclei, but give different anisotropies depending
on the entrance-channel mass asymmetry. The recent
results of Kailas et a/ 'for the Be+ .Th (a =0.925),
Be+ U (a=0.926) systems and those of Zhang et

al. ' for the ' F+ Th system (a=0.848) also fall into
the same pattern as above with the entrance-channel
asymmetries for these systems on either side of the BG
value and the measured anisotropies in agreement with
the SSPSM calculations in the case of Be-induced fission
and anomalous in the case of F-induced fission. It may
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FIG. 2. Experimental and calculated fission-fragment anisotropies as a function of bombarding energy for various target-
projectile systems. Open circles are from Ref. 8 and triangles are from Ref. 12. The arrows correspond to the calculated fusion bar-
riers for various systems.

also be pointed out that while anomalous anisotropies
have been reported for the ' C+ U (a =0.903) sys-

tem, these measurements were at sub-barrier energies,
where possible reaction mechanisms such as channel cou-

pling may also cause larger than expected (I2), and
hence anomalous angular distributions.

The present results of a discontinuous behavior in an-

gular anisotropy with respect to entrance-channel mass-
to-charge asymmetry are consistent with the predictions
of the preequilibrium fission model and can be under-
stood in the following manner. When the entrance-
channel mass asymmetry in a heavy-ion fusion reaction
is varied, a qualitative change in the fusion path is ex-
pected to take place across a critical mass-to-charge
asymmetry called the Businaro-Gallone critical asym-
metry (A„;,). When the entrance-channel asymmetry is

smaller than A„,t, the dinuclear system, after capture in-
side the conditional saddle point, relaxes in mass asym-
metry and elongation, passes over the unconditional
fission saddle point, and moves towards the spherical
compound nucleus. Thermal diAusion during this phase
can result in a reseparation of the mass-equilibrated
fragments over the barrier leading to the occurrence of
preequilibrium fission events. On the other hand, if the

entrance-channel mass asymmetry is larger than A„,t,
the system, after capture inside the conditional saddle
point, experiences a driving force towards larger asym-
metries and smaller elongation, thus leading to the for-
mation of the compound nucleus in a relatively shorter
time scale. Even if the system reseparates before the for-
mation of the compound nucleus, the asymmetry of the
resultant products will be close to or larger than the
entrance-channel asymmetry and not fissionlike. Conse-

quently, in these cases, preequilibrium fission events will

not take place. With the systematics deduced in our ear-
lier analysis, the expected fraction of preequilibrium
fission in the present systems can be as much as 30% of
the CN fission events, for Bf/T-2 Since the pr.eequili-
brium fission events have large anisotropies, an admix-
ture of these events will make the observed anisotropies
anomalous as compared to the SSPSM calculations for
compound-nuclear fission. The anomalous behavior will

be more pronounced at lower bombarding energies,
where the CN anisotropies are small, than at higher
bombarding energies. While this feature is seen in the
' 0+ Th case for which data are available over a
large energy range, a quantitative interpretation of this
would require further investigations of the eA'ects of oth-
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FIG. 3. Comparison between the measured and calculated

fission excitation functions for various target-projectile sys-

tems.

er possible mechanisms such as channel coupling and

transfer-induced fission.
In conclusion, it is shown that anomalous fragment an-

isotropies appear only for systems with entrance-channel
asymmetries smaller than the BG critical mass asym-

metry. The anomalous angular distributions can be un-

derstood on the basis that the observed fission events in

heavy-ion-induced fission reactions, in general, consist of

' Present address: Institute of Physics, Bhubaneswar, India.
'L. Vaz and J. M. Alexander, Phys. Rep. 97, I (1983).
zT. Murakami et al. , Phys. Rev. C 34, 1353 (1986).
3H. H. Rossner et al. , Phys. Rev. Lett. 53, 38 (1984).
4P. D. Bond, Phys. Rev. Lett. 52, 414 (1984).
sR. Freifelder et al. , Phys. Rep. 133, 315 (1986).
sl. Halpern and V. M. Strutinski, in Proceedings of the

Second United Nations International Conference on the Peace
ful Uses of Atomic Energy, Geneva, l958 (United Nations,
New York, 1958), Vol. 15, p. 408.

7B. B. Back et al. , Phys. Rev. Lett. 50, 818 (1983).
sR. Vandenbosch et al. , Phys. Rev. Lett. 56, 1234 (1986).
V. S. Ramamurthy and S. S. Kapoor, Phys. Rev. Lett. 54,

178 (1985).
'oV. S. Ramamurthy and S. S. Kapoor, in Proceedings of the

International Conference on Nuclear Physics, Harrogate,
United Kingdom, 1986, edited by J. L. Durell, J. M. Irvine,
and G. C. Morrison, IOP Conference Proceedings No. 86 (In-
stitute of Physics, Bristol, 1986), Vol. 1, p. 292.

' 'V. E. Viola et al. , Phys. Rev. C 31, 1550 (1985).
'2B. B. Back et al. , Phys. Rev. C 32, 195 (1985).
' R. F. Reising, G. L. Bate, and J. R. Huizenga, Phys. Rev.

141, 1161 (1966).
'4S. Cohen, F. Plasil, and W. J. Swiatecki, Ann. Phys. (N.Y.)

82, 557 (1974).
'sH. Esbensen, Nucl. Phys. A352, 147 (1981).
'sC. -Y. Wong, Phys. Rev. Lett. 31, 766 (1973).
' U. L. Businaro and S. Gallone, Nuovo Cimento 5, 315

(1957); K. T. R. Davies and A. J. Sierk, Phys. Rev. C 31, 915
(1985).

' S. Kailas et al. , Proc. DAB Symp. Newer Approaches Biol.
Appl. (India) 32B, P34 (1989).

'9H. Zhang et al. , Phys. Lett. B 218, 133 (1989).

28


