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Complete fusion between two heavy nuclei
is hindered by non-compound nuclear fission
(NCNF) processes viz. quasi-fission, fast fis-
sion and pre-equilibrium fission. Presence of
NCNF in a system makes fusion probability

(PCN) to deviate from unity. In a recent sys-
tematic study, Banerjee et al. [1] examined
evaporation residue (ER) excitation functions
for 52 reactions with ACN=170–220. Compar-
ison of measured cross sections (σER) with the
predictions of statistical model (SM) vecstat
[2] revealed approximate boundaries for the
onset of NCNF. The transition from PCN = 1
to PCN < 1 occured in pre-actinide mass re-
gion. In this contribution, we report our in-
vestigation looking for signatures of NCNF in
the pre-actinides from fission fragment (FF)
angular distributions.

An experiment was carried out to mea-
sure FF angular distributions in six 28Si-
induced reactions involving 169Tm, 176Yb,
175Lu, 180Hf, 181Ta and 182W targets. The re-
actions led to probable formaton of compound
nuclei (CN) in the pre-actinide mass region,
viz. 197Bi, 204Po, 203At, 208Rn, 209Fr and
210Ra. Details of the experimental arrange-
ment can be found elsewhere [3]. The experi-
mental anisotropies (Aexp) were obtained from

the ratio W (180◦)
W (90◦) , in which W (θc.m.) were fit-

ted with the standard theoretical expression
for the angular distribution function.

In the transition state model of fission, an-
gular anisotropy is given by the approximate

expression Acal ≈ 1 + 〈J2〉
4K2

0

. Here, K2
0 =

Ieff

~2 Tsad is the variance of the Gaussian K-
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FIG. 1:
Aexp−1

Acal−1
as a function of Ec.m.

VB
for reac-

tions involving 28Si projectiles on various targets.
Data for systems other than the present ones were
obtained from literature [7–14].

distribution, Ieff is the effective moment of in-
ertia and Tsad is the saddle point temperature
of the CN. Mean of the square of total angu-
lar momentum, 〈J2〉, of the fissioning nucleus
was calculated using the statistical model code
pace3 [4] in trace back mode. The partial
capture cross sections (σℓ), used as the input
of pace3, were obtained from the coupled-
channels code ccfull [5]. The level density
parameter (a), ratio of a at the saddle point to

that in the ground state
(

af

an

)

and the scaling

factor for the RFRM [6] fission barrier (kf)
were taken as A

10 , 1.00 and 1.00, respectively,
in pace3 calculation.

We have plotted
Aexp−1
Acal−1 for the current sys-

tems as well as six more 28Si-induced reac-
tions in Fig. 1. One may observe two gen-
eral trends –(a) the ratio exceeds unity as
Ec.m. approaches VB (Ec.m. and VB are en-
ergy of the projectile in the centre of mass
frame of reference and the Coulomb barrier,
respectively) and (b) deviation of the ratio
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FIG. 2: Same as Fig. 1, but for different projectiles on (a) 175Lu, (b) 181Ta and (c) 182W targets. Data
for systems other than the current ones were obtained from literature [9, 17–25].

from unity increases as one moves towards the
actinide mass region. The first observation
can be explained by invoking the structural
effects [15]. The probability of tip to tip col-
lisions increases in such cases with decrease
in projectile energy. Reasons for the sec-
ond observation can be attributed to increas-
ing fissility (and increasing entrance channel
mass asymmetry), resulting in larger depar-
ture from model predictions.

However, exceptions to these general trends
were observed upon closer scrutiny of Fig.

1. Departure of the ratio
Aexp−1
Acal−1 from unity

is subdued for reactions involving targets
with large non-zero ground state spin (J π)
viz. 175Lu and 181Ta, both having J π =
7
2

+
. In such cases, the entrance channel K-

distribution does not peak at K
′

= J sinω (ω
being the angle of orientation of the target nu-
cleus with respect to the beam direction dur-
ing capture), but atK

′

= J sinω±I0 (I0 is the
ground state spin of the target), which results
in lowering of the anisotropies [16]. This point
is further highlighted in Fig. 2. One may note
that the ratio does not exceed unity in case
of reactions involving 175Lu and 181Ta targets
(panel (a) and (b)) even when one moves from
lighter to heavier projectiles. However, for re-

actions involving 182W (J π = 0+),
Aexp−1
Acal−1 ex-

ceeds unity as Ec.m. approaches VB. Also, de-
parture of the ratio from unity increases with
increasing mass of the projectile.

This systematic SM analysis of measured
fission angular anisotropies and fission exci-
tation functions [26], confirms the onset of

NCNF in the pre-actinides.
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