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Interpretation of Fission-Fragment Angular Distributions in Heavy-Ion Fusion Reactions
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Fission-fragment angular distributions in a number of heavy-ion —induced fusion reactions are
explained on the basis that for composite systems with fission barrier heights comparable to their
intrinsic temperatures, a fraction of the fission events take place before the fused system equili-
brates fully in the K degree of freedom. A value of about 8x 10 ' s is deduced for the characteris-
tic time for K equilibration.

PACS numbers: 25.70.Jj, 25.85.Ge

In a number of recent measurements of the frag-
rnent angular distributions in heavy-ion —induced
fusion-fission reactions, ' the data are not consistent
with the predictions of the conventional theory8 9 of
fragment angular distributions in fission following
compound-nucleus formation. Theoretical approaches
different from the conventional theory have been pro-
posedto " to account for the discrepancy but no single
quantitative theory exists at present to explain all the
measured distributions. In this work, we present a
model based on the suggestion that in heavy-
ion —induced fusion reactions the observed fission
events consist of an admixture of events of two types:
(i) compound-nucleus fission (CNF), and (ii) non-
compound-nucleus fission (NCNF) of a composite
system which has equilibrated in all degrees of free-
dom except the K degree of freedom, where K is the
projection of the angular momentum on the nuclear
symmetry axis. Reaction mechanisms such as fast fis-
sion, '2 taking place for the case of composite systems
with zero fission barriers, and quasifission, '3 taking
place for composite systems with fission-barrier shapes
more compact than the entrance-channel contact con-
figuration, are cases of type (ii). Another class of
NCNF events which has not been considered before
includes those occurring in a time comparable to the
characteristic relaxation time in the K degree of free-
dom when the fission-barrier heights become compar-
able to the temperature of the composite system.

For the CNF events we use the conventional
theory8 9 with a small modification'4 to include also
the dependence of transition-state shape on the quan-
tum number K. For calculating the deformation and
rotational energies, we have used the shape parametri-
zation of Brack et al. '5 and the liquid-drop-model
parameters of Pauli and Ledergerber' which were ar-
rived at by them to reproduce the systematics of the
liquid-drop-model fission-barrier heights for actinide
nuclei. A value of the radius parameter ro=1.22 fm
was used to calculate the moments of inertia. For cal-
culating the temperature, a value of the level density
parameter a =3/7 was used. The use of another
reasonable set of these parameters will result in only
slightly different angular distributions (5/o —10/0

change in anisotropy values) for this component. We
have also made the reasonable assumption that all
CNF events correspond to first-chance fission.

There exists at present no theoretical formulation
for calculating fragment angular distributions for
type-(ii) events. However, in some recent experi-
ments3 involving very high spin and large values of
Z2/2 of the composite system where the compound-
nucleus formation probability is very small, highly an-
isotropic angular distributions have been measured.
Since these are characteristic of a rather narrow distri-
bution of K states around K=0, Lesko et al. 3 have
suggested that a memory of the entrance-channel reac-
tion plane with K =0 is retained in these reactions
leading to a highly anisotropic I/sin(0) type of angular
distribution. We suggest here that one should also in-
clude the possibility of a spread in the K distribution of
this component due to such processes as nucleon ex-
change between the target and the projectile in the en-
trance channel and the finite time for fission even in
the absence of a fission barrier. Let o-~ be the angular
variance representing misalignment of the symmetry
axis of the fused composite system with respect to the
K=0 plane. The corresponding variance cr„of the
K distribution for NCNF events is then given by

2 I2 2

Figure 1 shows the measured angular distributions'
for the systems ' F+ Pb, Mg+ Pb, Si+' Pb,
and 32S+20~Pb at three bombarding energies. The cor-
responding limiting angular-momentum values, I„,for
fusion as deduced from measured fission cross sec-
tions and the rotating-liquid-drop-model' limit for
vanishing fission barrier, IP, are also shown in the
figure. The dashed curves in Fig. 1 shown for the
cases of lowest bombarding energies represent the cal-
culated angular distributions on the assumption that all
the fission events are of type (i). The effect of the
modification introduced in Ref. 14 to the standard
theory can be seen in the figure by comparison of
the dashed curve with the dotted curve, shown for the
case of S+ Pb. If the NCNF events originated
only from the fast fission process, one would have ex-
pected that, for all the cases of bombarding energies
where 1„(I+R" M, the measured angular distributions

178



VOLUME 54, NUMBER 3 PHYSICAL REVIEW LETTERS 21 JANUARY 1985

19F 208 p b

I
RLOM

F

24~9 + 2«pb

)
RLOM

F

Sl + 208pb
RLQM

'F
+ 208Pb

I FILDM

F

—400- 160

300 300 120

200

100—

c=9
200

100

80

—40

0

250—

~ 400-

~ 300

200

&50

320—

240—

—160

—120

200

100

100

50—

160

eo'
0

C

80

40

0 I I I

50 -50

80— 40

12G— 50 30 30

80 40 20 20

&0- 20 -10

0 60 120
I

180 0 60 120
I

180 0 60

eC.III. (d+g )

I I I

120 180 0 60 120 180

FIG. 1. Experimental (Refs. I and 2) and calculated fission-fragment angular distributions. The continuous curves are the
results of the present calculations. The dashed lines are the calculated distributions for type-(i) events with the modification of
Ref. 14. For the case of "S+'O'Pb (185 MeV) the calculation without the above modification is also shown as the dotted line

for comparison.

should be in agreement with the above predictions for
type-(i) events. However, even for the cases of lowest
bombarding energies where I«& IJ;, a systematic
deviation of the statistical-theory prediction from the
experimental results is seen in Fig. 1. While this devi-
ation is quite small for composite systems with small
values of Z2/A, it increases with increasing Z2/A of
the fissioning system. Since this discrepancy points to
the presence of NCNF events, attempts' have been
made to ascribe these deviations to the presence of

quasifission events. This, however, needed a modifi-
cation of the constants of the extra-push model for
quasifission. ' We propose here that the above
discrepancy arises from the presence of fission events
occurring on a time scale comparable to the charac-
teristic relaxation time in the K degree of freedom
when the fission-barrier height of the composite sys-
tem becomes comparable to its temperature.

Let us consider a fused composite system with an
angular momentum I less than IPLDM and a tempera-
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ture T. This system is initially formed predominantly
in a K = 0 configuration with a small width in the K
distribution. Let Bz(I,K) be the height of the barrier
preventing this system from a fast binary split (fast fis-
sion). Left to itself, the system will then relax in the
shape and orientation degrees of freedom to form a
fully equilibrated compound nucleus. However, if the
fission time is comparable to the characteristic time r
for K relaxation, the composite system has a finite
probability of undergoing fission in a time shorter than
the K equilibration time and the fragment angular dis-
tribution of such events will carry the memory of the
entrance-channel K distribution. For a given BF(I,K),
one can calculate the fission probability per unit time
from the Bohr-Wheeler theoryts and therefore the pro-
bability PNcNF of fission in a time less than r.

Figure 2 shows a plot of the probabilities PNcNF vs
the barrier height BJ;(I,K)/T for different values of
the K equilibration time r. The vertical bars represent
the range of PNcNF values for the temperature range
1.0( T( 2.0 MeV for the same B~/Tvalue. In prin-
ciple, the evolution of the K distribution is continuous
and the effective K distributions for fission events tak-
ing place at different times are different. However, for
the sake of simplicity we assume that only those com-
posite systems that survive fission for a time longer
than r will result in the formation and subsequent fis-
sion of a fully equilibrated compound nucleus while all

fission events taking place in a time less than r carry a
memory of the entrance-channel K distribution. We
have fitted the experimental data on the fragment an-
gular distributions shown in Fig. 1 in terms of the
model described above. It was found that all the data
shown in the figure can be fitted with a single set of
parameters corresponding to r=gx10 ' s and o.j= 0.06. The calculated angular distributions are shown
in Fig. 1 as solid lines. The dashed line in Fig. 2 corre-

1.0

100—

80—

60

19F 208pb
&cr

RLDM iIp

32S+ 208p

lcr
P.OMi

225 Me V

20

80-

60
C

C

20

)&cr Icr

sponds to a simplified expression for PNcNF vs BF/T
given by

PNcNF( I) = exp[ 0.5' (I,K = 0)/ 7],
which is also found to fit the data.

The differential cross sections for fission following
compound-nucleus formation versus l as deduced from
the present analysis are shown in Fig. 3 as dashed
lines, along with the total differential fusion cross sec-
tions given by the solid lines, for the two typical cases
of '9F+~osPb and 2S+ Pb. While on the basis of
the usual assumption of an l window for fast fission,
compound-nucleus formation is expected for all partial
waves with l ( IFL, the present analysis demon-
strates that true compound-nucleus formation is con-
siderably reduced over a significant range of / values
even below JRLDM

In conclusion, we have shown that the apparently
anomalous angular distributions observed in a number
of heavy-ion —induced fusion-fission reactions can be
explained on the basis that, for the composite systems
with fission-barrier heights comparable to their tem-
peratures, the fission width becomes sufficiently large
that a fraction of the fission events take place during
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FIG. 2. Plots of PNcNF vs 8+/T for different r values.
The dashed line is based on Eq (I).

FIG. 3. da-/dl vs l (in units of 2'/k2; k is the entrance-
channel momentum). The shaded area represents the CNF
events as deduced from the present analysis. The vertical
lines define the angular-momentum window for fast fission,
IRLDM( 1~ I
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the time the system is equilibrating in the E degree of
freedom. The measured angular distributions are
found to be consistent with a value of about 8 &&10

s for the characteristic time for E equilibration.
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