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Background: Complete fusion of two nuclei leading to formation of a heavy compound nucleus (CN) is known
to be hindered by various fission-like processes, in which the composite system reseparates after capture of the
target and the projectile inside the potential barrier. As a consequence of these non-CN fission (NCNF) processes,
fusion probability (Pcy) starts deviating from unity. Despite substantial progress in understanding, the onset and
the experimental signatures of NCNF and the degree of its influence on fusion have not yet been unambiguously
identified.

Purpose: This work aims to investigate the presence of NCNF, if any, in pre-actinide nuclei by systematic study
of fission angular anisotropies and fission cross sections (oy;) in a number of nuclear reactions carried out at and
above the Coulomb barrier (Vy).

Method: Fission fragment angular distributions were measured for six **Si-induced reactions involving
isotopically enriched targets of '®Tm, "Yb, >Lu, "**Hf, '®!Ta, and '$2W leading to probable formation of CN
in the pre-actinide region, at a laboratory energy (Ey,) range of 129—146 MeV. Measurements were performed
with large angular coverage (6., = 41°-170°) in which fission fragments (FFs) were detected by nine hybrid
telescope (E-AE) detectors. Extracted fission angular anisotropies and o, were compared with statistical model
(SM) predictions.

Results: Barring two reactions involving targets with large non-zero ground state spin (7), viz., °Lu (%+) and
181Ta (%Jr), experimental fission angular anisotropies were found to be higher in comparison with predictions
of the statistical saddle point model (SSPM), at E.,, near V3. Comparison of present results with those from
neighboring systems revealed that experimental anisotropies increasingly deviated from SSPM predictions as one
moved from pre-actinide to actinide nuclei. For reactions involving targets with large nonzero 7, this deviation
was subdued. Comparison between measured oy and predictions of SM indicated the presence of NCNF in
at least four systems, when shell effects, both in the level density and the fission barrier, were included in the
calculation.

Conclusions: Systematic SM analysis of measured fission angular anisotropies and o35 confirmed the onset of
NCNF in pre-actinide nuclei. Discrepancies between results about the degree of its influence on complete fusion,
as deduced from various experimental probes, remain challenges to be solved. Complete measurement of all
signatures of NCNF for many systems and preferably a dynamical description of the collisions between projectile

and target nuclei are warranted for a deeper understanding.

DOI: 10.1103/PhysRevC.94.044607

I. INTRODUCTION

Production of a fully equilibrated massive compound
nucleus (CN) by fusing two heavy nuclei is known to be
inhibited by competing fission-like processes. Fast fission [1],
quasifission [2], and pre-equilibrium fission [3], often collec-
tively called non-CN fission (NCNF), may cause reseparation
of the composite target-projectile system after its capture
inside the potential barrier. The presence of NCNF in areaction
thus reduces the probability of synthesis of a heavy evaporation
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residue (ER), which is the cold residual nucleus formed
following evaporation of light particles and emission of y rays
from the excited CN. Besides suppression of ER cross sections
(ogr) [4-6], NCNF is reported to have other experimental
signatures, viz., increase in the width of the fission fragment
(FF) mass distribution [7-9] incompatible with fission of the
CN (CNF), anomalous FF angular anisotropies [10,11], and
FF mass-angle correlation [12]. NCNF in a reaction causes the
fusion probability (PcN) to deviate from unity. Determining
the NCNF cross section, oncnr (or the complementary fusion
Cross section, o) as a fraction of capture cross section, ocap,
is a difficult task, especially for the less fissile systems. This
is because the characteristics of the experimental observables
from CNF and NCNF in these nuclei often show considerable
overlap. Moreover, there are disagreements between the quanta
of NCNF in a given reaction, as deduced from different
experimental probes.

©2016 American Physical Society
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Banerjee et al. [13] recently examined ER excitation
functions for 52 reactions with Acy = 170-220 and concluded
that at least two parameters are needed to predict the onset of
NCNF: one for the bulk properties of the composite system
(fissility of the CN, xcn) and one for the entrance channel

[charge product Z,Z; or mass asymmetry n = lﬁg;ﬁil , Zp
(Z)) and A, (A, being the atomic number and the mass
number of the projectile (target), respectively]. The authors
also prescribed approximate boundaries for the onset of NCNF.
These boundaries, though obtained from a robust analysis of a
large data set, are somewhat model dependent and susceptible
to systematic uncertainties primarily because of ambiguities
in choosing SM parameters. However, it was quite evident that
the transition from the domain of statistical models to that of
the dynamical models occurred in pre-actinide nuclei.

In the present work, we attempt to further investigate the
presence of NCNF processes in pre-actinide nuclei from FF
angular distribution data. FF angular anisotropies and o in six
28Si -induced reactions are reported. Any deviation from the
prediction of the statistical model (SM) is usually interpreted
as a signature of NCNF. The experimental details are described
in Sec. II. Results are presented in Sec. III followed by
a discussion in Sec. IV. We summarize our findings and
conclude in Sec. V.

II. EXPERIMENTAL DETAILS

The experiment was performed at the general purpose
scattering chamber (GPSC) facility of the Inter University
Accelerator Centre (IUAC), New Delhi. A 22Si beam from
the 15UD Pelletron accelerator was bombarded onto six
isotopically enriched targets [14—17], details of which are
presented in Table I, leading to probable formation of pre-
actinide CN, viz., 13 Bi, 37 Po, 20 At, 20°Rn, 30 Fr, and 23 Ra.
All the targets were fabricated at the target preparation
laboratory of IUAC. The target ladder was placed at the center
of the cylindrical scattering chamber, tilted 45° with respect to
the beam direction and about a vertical axis passing through
the center of the target. A schematic of the experimental setup
is shown in Fig. 1.

Two silicon PIPS detectors (active area 100 mm?, thickness
300 um, bias 460 V) were mounted at laboratory angle (6,p)
10° with respect to the beam direction in the horizontal plane
and at a distance of 70.0 cm from the target. Signals from these
detectors were utilized for positioning the beam at the center
of targets during the experiment and absolute normalization of
cross sections during post-experiment analysis of data.

Nine hybrid telescope detectors [18], in two groups, were
mounted on the two movable arms inside the scattering
chamber: six telescopes on the upper arm covering G, of
60°-170° and three telescopes on the lower arm covering 6y,
of 41°-70°. Each telescope consisted of an ionization chamber
(IC) for measuring energy loss (A E) of reaction products in
the front followed by a silicon detector to record the residual
energy (E) of the same at the back. The ICs, with active
diameters of 25 mm, were composed of three wire planes and
operated with isobutane gas at a pressure of 74 mbar and a bias
of +150 V. The three telescopes at the forward angles had PIN
diodes from Detection Technologies (active area 100 mm?,
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TABLE I. Details of the targets used in this work. All values are
in the units of ug/cm?.

STmo PYe Lo Ee BT jPw
Thickness 250 150 110 150 160 70
natC backing 22 25 22 40 22 22
" capping 20 20 20

thickness 300 um, bias 430 V) as the back detectors. Silicon
PIPS detectors (active area 150 mm?, thickness 300 um, bias
+40 V) were used as the back detectors in the remaining
six telescopes. Measurements were carried out keeping the
telescopes at overlapping 6j,,. Uncertainties in measured
partial cross sections caused by uncertainties in relative solid
angles of the telescopes were found to be insignificant. All
the AE and E detectors were coupled with custom-designed
charge-sensitive preamplifiers [19] with the advantages of
having low noise, high gain, low power consumption, and
good timing characteristics for particle identification.

The logical OR of the timing signals from each of the
detectors was the master trigger for the data acquisition system.
List mode data were recorded employing IUAC’s in-house data
acquiring software CANDLE [20].

III. RESULTS

A. Fission anisotropies

Fission fragments were distinguished from other re-
based on energy loss and

action products residual

FIG. 1. Schematic of the experimental setup (top view) used for
measurement of the FF angular distribution for the six *Si -induced
reactions. Two monitor detectors (M1 and M2) and nine hybrid
telescope detectors were used in the experiment. Laboratory angles of
all the detectors are mentioned in the figure. At each E},, and for each
reaction, FF yields were measured at seventeen angles by rotating
the movable arms on which telescope detectors were mounted. The
primary beam was dumped on an adequately shielded Faraday cup
placed ~3 m downstream from the target.
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energy, as shown in Fig. 2 for the reaction 28Si+!®ITa
at Epp = 146.5 MeV. FFs were unambiguously identified
at all 6, except at 170°. Differential fission cross sec-
tions in the laboratory frame of reference, d”ﬁ‘ o (Orap), for
each reaction at different E),;, were first determmed using
the Rutherford-scattering normalization. Measured angular

J
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distributions were transformed to the center-of-mass (c.m.)
frame of reference by assuming symmetric mass division
and using Viola systematics [21] for FF kinetic energies.
The FF angular distributions in the c.m. frame of reference,
d”‘“ T (Ocm.), thus obtained, were fitted with the following
exact theoretical expression [22] for the angular distribution
function:

(9)|2 exp (_21(_1{23)

Wero«d, Y 4> D )

J=0 M=—(Ip+s) | ¢=0 S=|lo—s| p=—1Iy

Here Iy and s are target and projectile spins, respectively. S
is the channel spin, defined by the relation S =1Iy+5. The
total angular momentum J is defined by J =S+ 0, where ¢
is the orbital angular momentum. p and M are the projections
of IB and J (and S) on the space-fixed axis whereas K is
the projection of J onto the nuclear symmetry axis. The
fusion transmission coefficient for a particular orbital angular
momentum £ is given by Ty. |CM 0. /] and |C1°,f,,‘fM‘M| are the
Clebsch-Gordan coefficients. The latter one couples the spins
of target and projectile resulting in the channel spin S, and the
former one couples this S with the orbital angular momentum
¢ ending up in forming J. Kg is the variance of the Gaussian
K distribution and |d ,{,, x (0)] is the nontrivial rotational part of
Wigner D function. The measured FF angular distributions,
normalized to W(90°), for the six reactions are shown in
Figs. 3-8. In each case, the best fit to data was obtained by
treating K as the free parameter. Effects of light particle
evaporation were not included in the present calculation.
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FIG. 2. Scatter plots of energy (E) versus energy-loss (AE) of
reaction products for the system 288 +181Ta at Ey, = 146.5 MeV
with the hybrid telescope detectors kept at 6y, (a) 41°, (b) 90°, (c)
130°, and (d) 170°. The FFs are labeled in each panel.

> 2,26+ DT,

5 (D
Zf{:-] exp (_ZK_Kg)

The quantity within curly brackets in Eq. (1), usually
denoted by W(J,M), is the weighting function for each
possible fission channel (J, M). In the limits I, = 0, s = 0, and
consequently M = 0, this part disappears and Eq. (1) reduces
to a simpler form. Fission angular distributions from reactions
involving projectiles and/or targets with small 7 are often
fitted with the reduced form of Eq. (1) for simplicity.

The three odd-mass targets in the present work have nonzero
J (Table II). Butt et al. [23,24] reported in detail the effects
of finite J on fission fragment angular distributions. It was
shown that measured fission anisotropies (Aeyp) for 3'P +'"°Lu
(J™ = 7%) could be reproduced only when correlation of the
ground state spin of "°Lu with the nuclear deformation axis
was taken into consideration. In the present work, we did not
consider deformation aligned ground state spin as A.y did
not change appreciably for the reaction 3'P +'"Lu (%+) with
isotropic and aligned spin [24]. However, we investigated the
differences between W(J), calculated with the assumption
M = 0 and with nonzero isotropic spin. The finding is shown

a = 144.4 MeV

132.8 MeV — Bestfit
o Expt. [this work]

0 30 60 90 120 150 180
6 (degree)
c.m.

FIG. 3. Measured fission fragment angular distributions along
with the best fit to data for the reaction 2Si 4+'%Tm.
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FIG. 4. Measured fission fragment angular distributions along
with the best fit to data for the reaction 23Si +'7°Yb.

in Fig. 9 for the reaction *®Si +!7°Lu. Though some difference
was noted between the two sets of result for W(J), fitted
angular distributions with M = 0 and M # 0 did not show
any significant difference in the case of odd-mass targets.
Acxp Were obtained from the ratio v‘t;/((198(§~‘))’ in which W(0c.m)
was calculated by Eq. (1), and are presented in Table III and
Fig. 10.

We may note here that |d /Jvz x (6)], when calculated by means
of the Wigner formula [22] as a polynomial of cosine and sine
of half of the second Euler angle, 8, leads to an intolerably large
numerical error for large values of J. Tajima [25] recently
reported a method of evaluating |dAJ,L k(@) without loss of
precision, in which the d function was expressed as the Fourier
series of % In our work, we adopted Tajima’s prescription
while evaluating |d], ()| in Eq. (1).

In the transition-state model of fission, K is given by

Teft
e
where Z is the effective moment of inertia at the saddle point.
The saddle point temperature is calculated by the expression

Eem + Q — Bi(0) — Ev(0) — Ep\ 2
Tm:( +0 f(a> ©) > )

K§ = =5 Taas 2)

where E. . is the energy in the center-of-mass (c.m.) frame of
reference and Q is the Q value for formation of the CN. B¢(£)
and E,(¢) are the £ dependent fission barrier and rotational
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FIG. 5. Measured fission fragment angular distributions along
with the best fit to data for the reaction *Si+'"Lu.

energy, respectively. E,, is the average energy removed by the
evaporated neutrons from the CN.

In the statistical saddle point model (SSPM) [26], fission
angular anisotropy is a function of Z¢, J, and Ty,q and is given
by the approximate expression

(J?)
A~ 1+ —. 4
! 4K} @)

4l E,,=144.4 MeV
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FIG. 6. Measured fission fragment angular distributions along
with the best fit to data for the reaction 28Si 4-'*°Hf.
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FIG. 7. Measured fission fragment angular distributions along
with the best fit to data for the reaction *Si 4-'8'Ta.

ZLetrs Br(£), and E;,(£) were calculated by the rotating finite
range model (RFRM) of Sierk [27] while evaluating Agy.
E, was calculated using the systematics of Itkis [28]. The
mean of the square of total angular momentum, (J?), of
the fissioning nucleus was calculated in two steps. First, the
capture ¢ distribution for the reaction was obtained from the
coupled-channels code CCFULL [29]. Next, (J2) was calculated
using the statistical model code PACE3 [30] in trace-back mode

4| E,,=146.5MeV i

2_
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0 ! ! ! ! !
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2 4
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0 PR P S | P R |

0 30 60 90 120 150 180
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FIG. 8. Measured fission fragment angular distributions along
with the best fit to data for the reaction 2Si 482w
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TABLE II. Deformation parameters [31-33] used in coupled-
channels calculation with CCFULL. J7 is the ground state spin and
parity of the projectile and the target nuclei.

ZSSi 169Tm 176Yb 175Lu ISOHf ISITa 182W
B, —0407 0294 0306 0287 0274 0269 0.259
Ba 0.25 -0.016 —0.071 —0.069 —0.096 —0.090 —0.084
1 + 7 + 7 +
jn o+ _ o+ _ o+ _ ot
2 2 2

using the ¢ distribution from CCFULL as the input. The level
density parameter (a), ratio of a at the saddle point to that in the

ground state (;-), and the scaling factor for the RFRM fission

barrier (k¢) were taken as 4 1.00, and 1.00, respectively, in

the PACE3 calculation. °

It was important to verify reliability of the capture ¢
distribution used in our calculation. This is usually achieved
by reproducing the experimental capture excitation functions.
We must mention here that the capture cross section for any
reaction at a given E. ,, can be divided into three components:

Ocap = OER + OCNF + ONCNF, 5)

where the three terms on the right-hand side of Eq. (5) stand
for ER, CNF, and NCNF cross sections, respectively. We also
note that CNF and NCNF events were indistinguishable in
the present experimental setup. It then follows from these
facts that measured of, can be considered as o, if ogR is
insignificant. We indeed estimated (upper limits of) ogr, within
the framework of SM (discussed in Sec. IIIB), and found
those to be comparable with the uncertainties in measured o¥;
for four reactions, viz., 22Si +!"Lu, 22Si + '8°Hf, 28Si + '8! Ta,
and 28Si 4-'82W. Therefore, we reproduced measured fission
excitation functions for these reactions (Fig. 11) using CCFULL
to produce the capture ¢ distribution. For the remaining
two reactions, viz., 28Si +'Tm and 2Si +'7°Yb, we relied
upon CCFULL predictions. Potential parameters, i.e., depth
Vo, radius ry, and diffuseness a, were obtained from the
Woods-Saxon parametrization of the Akyiiz-Winther potential
for all the reactions except 288i +'Lu and 8Si +'3!Ta, for
which a deeper potential well (Vo = 82 MeV) was required
to reproduce measured excitation functions. The projectile
28Gj was treated as oblate deformed [35,36]. The deformation
parameters used in coupled-channels calculation are listed in
Table II. For each odd-mass target, deformation parameters
and energy of the first 27 excited state were approximated by
averaging the corresponding values in neighboring even-even
nuclei.

Acal, thus calculated, are also plotted in Fig. 10. Uncertain-
ties in Ay, that may arise as a consequence of reasonable
variations in the input parameters of PACE3, are addressed in
Sec. IV.

B. Fission cross sections

The experimental ops for the six reactions were obtained
by integrating the measured %(Qc,m_). Measured fission
excitation functions are shown in Fig. 12 and the cross sections
are listed in Table III. The PACE3 predictions (with a = 110’
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FIG. 9. The J distribution, W(J), for the reaction B8+,
calculated at Ej, = 132.8 MeV. One may notice depletion of the
distribution at J < %h (left of the dotted line) when J is nonzero,
compared to the case with 7 = 0.

% = 1.00, and k¢ = 1.00) are also shown in this figure. No
shell effects were considered in the PACE3 calculations. The
PACE3 results are found to be very close to the experimental
excitation functions of all the systems except 23Si+'3CHf,
where the calculated values are larger than the experimental
cross sections.

We next performed SM calculations using the code VEC-
STAT [37], in which shell effects in the fission barrier and
the nuclear level density parameter were included. In this
code, evaporation of light particles (proton, neutron, and o

TABLE III. Measured fission cross sections and fission angular
anisotropies. Energy in the center-of-mass frame of reference (E. ., )
and the excitation energy (E*) were calculated at the center of the
target.

CN EcAmA E* Ofis Aexp
MeV)  (MeV) (mb)
+7Bij4 113.4 50.3 64.8+7.8 4.3340.52
117.9 54.8 146.3+£17.6  4.76 £0.57
123.4 60.3 235.6+424  490+0.59
2 Poi 111.5 54.8 29.24+4.7 429 +0.51
116.2 59.6 108.54+13.0  4.58+£0.55
118.4 61.7 146.4£17.6  4.12+£0.49
124.3 67.7 330.1£52.8  4.42+0.53
%At 114.3 49.8 72.0 £+ 8.6 2.48 +£0.30
118.8 54.3 186.6 £22.4  2.61+0.31
124.3 59.8 319.6£38.4  3.224+0.39
2%Rnyy) 116.6 54.9 64.8 £7.8 3.30 £ 0.40
121.3 59.7 167.6£20.1  3.28+£0.40
126.5 64.9 333.9+£40.1  2.9840.36
Fr1y 116.6 50.4 71.4+ 8.6 2.30 £0.28
121.4 55.2 166.8+£20.0  2.40+0.29
126.6 60.4 3284+£39.4  2.72+£0.33
#'Rain 116.9 49.9 52.0+6.2 2.66 £ 0.32
121.6 54.6 138.0£16.6  2.39£0.29
126.8 59.8 305.9+£49.0  2.90+0.35
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FIG. 10. Measured and calculated fission angular anisotropies
for six 28Si-induced reactions. The default parameters in the PACE3
calculation were a = 1%, Z—‘: = 1.00, and k; = 1.00. Variation in A,
with a is shown in panel (a). The data points shown with solid squares
in panel (b) are taken from Ref. [34]. Variation in A., caused by
varying RFRM fission barrier is shown in panels (b) and (c). See text

for further details.

particle) and statistical y rays were considered as possible
decay channels of a CN in addition to fission. While the particle
and y emission widths were obtained using the standard
prescriptions as given in Ref. [38], the fission width was
calculated from the transition-state theory of nuclear fission
due to Bohr and Wheeler [39]. The Bohr-Wheeler fission
width for a nucleus with total excitation energy £, measured
with respect to the ground state mass of the CN, and angular
momentum £ is given as

| E*—Bi(t)
gw(€l) = ——— E* — Bi(€) — €)de,
Bw(E,€) ang(E*)_/o ps( t(£) — €)de

(6)

where E* is the intrinsic or thermal part of £ and is given as
E* = & — Er(£) — Epair, Eroi(£) and Ep; being the rotational
and the pairing energies, respectively. The level densities at the
ground state and the saddle configuration are denoted by p,
and ps, respectively. B¢(£) is the angular momentum dependent
fission barrier. The fission width used in VECSTAT was finally
obtained as

I(E.0) = hawg(£)

Few(€,0) @)

where I'gw(E,€) was multiplied by the phase-space factor

hw;(e) to account for the collective degrees of freedom in the
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FIG. 11. Experimental and theoretical o, for (a) B8i+!Lu,
(b) Si+Hf, (c) Si+'"*1Ta, and (d) **Si+'$2W reactions. The
vertical arrow in each panel indicates the position of the Coulomb
barrier.

ground state [40]. Here wy(£) is the frequency of a harmonic
oscillator potential having the same curvature of the nuclear
potential at the ground state and 7 is the nuclear temperature.
The fission barrier Bf(£) in the present calculation was
obtained by incorporating a shell correction in the liquid-drop
nuclear mass [41]. The shell correction term § W is given as the
difference between the experimental and the liquid-drop model
(LDM) masses (§W = Mcyp, — Mrpwm). The fission barrier then
is given as
Bi(E*,6) = BF°M(E*,0) — (W, — §Wy) (8)
where B}“DM(E *,£) is the angular momentum dependent LDM
fission barrier and 6 W, and § W, are the shell correction ener-
gies for ground state and saddle configurations, respectively.
BfPM(E*,£) was obtained from the finite range liquid drop
model (FRLDM) potential [27] and W, was taken from
Ref. [42]. For small ¢, the fission barrier is high and the
nuclear shape at the saddle is highly deformed. In such cases,
we neglected the shell correction at the saddle deformation
(8 W) following the topological argument forwarded by Myers
and Swiatecki [43]. However, with increasing ¢, the saddle
configuration becomes more compact and, for a large value of
£ where the LDM fission barrier vanishes, the ground state and
the saddle configurations become infinitesimally close to each
other. Consequently, the shell correction term should vanish in
the above limiting condition. It thus appears that there should
be a scaling of the shell correction term as the saddle point
moves closer to the ground state configuration with increasing
£. We therefore introduced a scaling factor f; in the shell
correction term and obtained the fission barrier as
Bi(E*,0)

= B{PM(E*,0) — fidWy, )
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where f; = 1 for £ = 0 and f; — O for large £. We used the
BEPM (o)

BIPM(¢=0)

The intensity of various decay modes of a CN depends
critically on the density of levels of the parent and the daughter
nuclei. The level density in turn is a sensitive function of the
level density parameter (a), which was taken from the work of
Ignatyuk et al. [44]. In this prescription, a includes shell effects
at low excitation energies and goes over to its asymptotic form
at high excitation energies,

a(E™) = Zz(

with f(E*) =1 —exp (—g—;) where a is the asymptotic level
density and Ep is a parameter which decides the rate at
which the shell effects disappear with an increase in E*. A
value of 18.5 MeV was used for Ep, which was obtained
from an analysis of s-wave neutron resonances [45]. The
shape dependent asymptotic level density was also taken from
Ref. [45]

The capture ¢ distributions obtained from CCFULL treating
28Si as oblate deformed were used as input CN ¢ distribu-
tions in VECSTAT. The calculated fission excitation functions
from VECSTAT are also shown in Fig. 12. The calculated
values are lower than the experimental values for most of
the systems. In particular, the VECSTAT-predicted ofs for
28i +170Yb are substantially smaller than the experimental
values. o were also obtained from VECSTAT without con-
sidering shell effects in the fission barrier as well as the
level density parameter. These calculated cross sections were
very close to the PACE3 predictions, as expected (Fig. 12).
Inclusion of shell effects thus lowered the fission cross
sections.

ansatz f, = in the present calculation.

F(E?)
= ) (10)

IV. DISCUSSION

We first examine in detail the uncertainties in A, because
of the variation in input parameters of PACE3. The parameters
a, Z—i, and k¢ are often adjusted to reproduce experimental
observables. Ramachandran et al. [46] had measured pre-
scission neutron, proton, and c«-particle multiplicities for
28Si+!Lu. In order to explain observed multiplicities, a
fission barrier of 1.10 times the RFRM barrier [27] was used
in the SM calculation. Hinde et al. [47] considered a = ﬁ)
and Z—i = 1.00 for successfull reproduction of ogr or neutron
multiplicity. On the other hand, to avoid overprediction in
charged particle multiplitcity, Lestone et al. [48] had to take

a < E and “—' > 1.00. Mahata et al. [49] showed that ER and

fission excnatlon functions were less sensitive to By and &

whereas pre-saddle neutron multiplicity and fission angular
anisotropy were more sensitive to these parameters. Different
combinations of By and Z—‘ could give equally good fits to the

excitation functions. Saxena et al. [50] found the use of a = F)
fruitful in describing experimental neutron and «-particle
spectra and pre-scission and post-scission multiplicities. The
same value of a was used by Ikezoe et al. [51] for reproducing
pre- and post-scission multiplicities of protons and « particles.
In a comprehensive SM analysis of ER and fission excitation
functions and spectral shapes of evaporated o particles in
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FIG. 12. Measured and calculated o for (a) 22Si+'Tm, (b) %Si

105 110 115

c.m.

120 125 130 105
(MeV)

110 115 120 125 130

+175YD, (c) 2Si+'Lu, (d) 2Si+"Hf, (e) BSi+'"'Ta, and (f)

288i +182y. Data points from the present work are shown with solid squares. The (black) continuous lines represent VECSTAT predictions
whereas the thick (orange) continuous lines show the result from PACE3. The (blue) dashed lines are the predictions of VECSTAT with a
scaled-down LDM fission barrier. The (red) dotted lines show results from VECSTAT when shell effects were not included in the calculation.
The vertical arrow in each panel indicates position of the Coulomb barrier. See text for further details.

YF+'¥!Ta, Caraley ef al. [52] used k¢ = 1.00, £ = 1.04,
and moderate temperature dependence in the level density
parameter in the range from a = 10 stoa = 2. In the present

work, a = ]%, Zf = 1.00, and ks = 1.00 were used in the
PACE3 calculation. Nevertheless, the variations in Ay, due to
reasonable changes in these parameters were also investigated.
Figure 10(a) shows changes in A, with different values of a.
Likewise, the effect of variation in fission barrier (in other
words, k¢) on Acy is shown in Figs. 10(b) and 10(c). No
significant changes in A, were noticed except for the case
with k¢ = 0.77.

In the case of reactions involving 197 ,170Yb , '8OHf and
182y, targets, Ay deviates from A, when going towards
V. The obvious reason for this is structural effects, as was
explained by Hinde et al. [53]. Fusion-fission and quasifission
start competing with each other from this mass region. A range
of fusion barrier radii are involved in the reactions. At E. .
near and below Vg, the entrance channel K distribution is
narrow and peaks close to K' = J sin @ (w being the angle of
orientation of the target nucleus with respect to beam direction
during capture) preferring tip-to-tip collision of deformed
nuclei and in effect increasing I.. This strong influence makes
Acxp higher than SSPM predictions. But, at Ej,, above Vg, the
entrance channel K distribution for each J is uniform and
broad enough not to be influenced by the K -state equilibration
severely. In other words, the dinuclear system gets more

compact, resulting in a larger fraction of CNF. Thus Ay, comes
closer to SSPM predictions at E. , above Vg.

The effect of nonzero [J (of target and/or projectile)
on FF angular distribution and anisotropy is a long known
fact [23,24,54-57]. In the case of nonzero .7, the entrance
channel K distribution does not peak at K’ = Jsinw,
but at K = Jsinw £+ J which results in a lowering of
anisotropies [56]. Acy for the two reactions involving >Lu
and '"®'Ta exceeded Aexp, as shown in Figs. 10(c) and 10(e).

We plotted

28Si -induced reactlons in Fig. 13. The ratio exceeds unity
as one moves towards the Coulomb barrier (increasing the
probability of tip-to-tip collisions) and from lighter to heavier
targets (increasing CN fissility and entrance channel mass
asymmetry), indicating departure from SSPM predictions.
This deviation also signifies the presence of NCNF in a system.
However, one may also observe exceptions to this general trend

upon closer scrutiny of Fig. 13. Departure of the ratio Ae“]’ 11

from unity is subdued for systems mvolvmg targets with large
J, eg., Lu (7+) and "®'Ta (7 ), as already mentloned

This point is further highlighted in Fig. 14, in which ‘“p is

plotted for reactions involving different projectiles on 175Lu
1817, and '82W targets. The ratio does not exceed unity in the
case of reactions involving the first two targets [panels (a) and
(b)] even when one moves from lighter to heavier projectiles.

for the current systems as well as six more
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FIG. 13. % as a function of E“/];“ for reactions in-
volving 28Si projectiles on various targets. Data for sys-

tems other than the present ones were obtained from lit-
erature: 28Si—+'°Er [58], 2*Si+'7°Yb [34], Si+'*Hf [24],
BSi+7Au [59], #ESi+'Pt [60], 2Si+®Pb [10,35,61],
8Si +2Bj [59]. For all the reactions, A, has been calculated
treating 2#Si as oblate deformed in CCFULL and considering a = 1’%,
ZT: = 1.00, and k¢ = 1.00 in PACE3.

However, for reactions involving the third target '32w (07),

% exceeds unity as one approaches V. Also, departure
of the ratio from unity increases with increasing mass of the
projectile.

Regarding SM analysis of fission excitation functions,
we first note in Fig. 12 that both PACE3 and VECSTAT give
reasonable fits to experimental data for all the systems except
288i +13°Hf when no shell effects were considered in the
calculations. However, shell effects contribute to the ground
state energy of a nucleus as well as to the nuclear level density
at low excitation energies. The importance of shell effects in
nuclear fission had also been demonstrated [70]. We therefore
included shell effects in defining both the fission barrier and
nuclear level density in VECSTAT, and the calculated results

PHYSICAL REVIEW C 94, 044607 (2016)

were found to underestimate measured oy in most cases
(Fig. 12).

In the past, measured values of o5 had been found to exceed
SM predictions (or conversely, measured oggr had fallen short
of the theoretical values) and such observations were often
interpreted as manifestations of reduction in the LDM fission
barrier [71-74]. For example, Sagaidak and Andreyev [73] had
reported calculated fission excitation function for '°0 4'#80s
leading to the CN 2%*Po. Measured ops were reproduced by
scaling down the LDM fission barrier by a factor (k) of 0.77.
We observed that a similar scaling factor was required for
SM predictions with shell effects to fit the measured fission
excitation function for 2*Si+'"°Yb leading to formation of
the same CN (**Po). For the other reactions studied in this
work, a reduction of the LDM fission barrier was required to
reproduce measured op, except for the systems 8Si+!81Ta
and 8Si +182y. The CN formed in these two reactions, viz.,
29Fr and 2'°Ra, are highly fissile and the calculated o
consumes almost the entire input oc,p,. Also, the calculated
fission excitation functions, both with and without shell effects,
are indistinguishable for 28Si +'52w.

It may, however, be remarked that reduction in the LDM
fission barrier to reproduce a single experimental observable
in a limited number of reactions may lead to erroneous
conclusions. One may notice in Fig. 10(b) that A in
288i +17°Yb is reduced significantly and thereby worsening
the fit to Aeyp, if the RFRM fission barrier is scaled down
by the factor 0.77. Moreover, the probable role of NCNF in
enhancing measured ogs (or suppressing measured oggr) in
comparison with SM prediction is completely ignored in the
above approach. The enhancement (suppression) of ogs (OgR)
may also be interpreted as caused by the presence of NCNF,
which in turn causes Pcy to deviate from unity. Results from
other experimental probes indicate that the latter approach has
sufficient justification. For example, the recent observation of
enhanced mass distribution width (oy,) by Shamlath et al. [9]
in *°Si +'3°Hf in comparison with SSPM prediction points
to the presence of NCNF in this reaction. The fact that
om from the reaction '°Q+'**Pt leading to the same CN
could be reproduced by SSPM calculation reveals the role of

4 —T T —T—TT T T T T — T T T
L (a) 1 ® 1}t © :
? 3 i O 19F+175Lu 1 | m 160+181Ta | | A ] 160+182W |
g @) ZBSi+175Lu (@) 19F+1B1Ta o 28$i+182w
s i NKPRICH 1 i A Bg 18 i A 2g, 182y )
X ot 1} 1+ . -
-
&l | [ o-gn0e T [ B T '
O {b-sompatptspnt-—-qod BB 0D ege-0-0] |----FEpmE__ 8 _____ .
\<./ | o o © @ @ @ | 4@& 1 i ) 1
0 P R NS BN | P T T R . I L . I .
0.9 1 1.1 1.2 1.3 0.9 1.2 1.5 1.8 0.9 1 1.1 1.2 1.3
E../V;
FIG. 14. /:‘ef‘]’:ll as a function of E‘;—B“‘ for reactions involving different projectiles and (a) '’Lu, (b) ! Ta, and (c) '8*W targets. Data for

systems other than the present ones were obtained from literature: "F+'"Lu [62], 3'P +!7Lu [24], '°0 +'8!Ta [63-65], F +'1Ta [51,66],
160 +182yy [67], 328 +'82W [68,69]. For all reactions barring *2Si -induced ones and '"F +!"°Lu, Agp and A, were taken from the same

reference in each case.
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entrance channel dynamics in the observed deviation in case of
308i +180Hf. Therefore, the SM description of the outcome of
afusion reaction in this mass region, requiring drastic variation
of the LDM fission barrier to reproduce a set of cross sections,
may not be adequate. Rather, a dynamical model description
of the reaction process would be more appropriate. Similar
conclusions were drawn in a few other recent works [13,75].

Finally, we look for signatures of NCNF, if any, in the
current reactions. Deviation of Ay, from SSPM predictions
near Vg indicates presence of NCNF in the system. For
reactions involving odd-mass targets with large J ('”°Lu
and '®!Ta), we found this signature to be clearly subdued.
Therefore, concluding about the presence of NCNF in a
particular reaction, based on fission angular anisotropy alone,
may be incorrect. The fact that the measured oj are larger than
VECSTAT predictions for four reactions can be interpreted as
a signature of NCNF. Statistical models, inherently, assume
Pcn to be unity. Therefore, measured ops in excess of
calculated os must have non-CN origin. Four reactions, for
which measured fission excitation functions exceed VECSTAT
predictions [Figs. 12(a)-12(d)], thus reveal the presence of
NCNEF. Since, measured fission excitation functions for the two
remaining systems, viz., 23Si 4+'®1'Ta and 28Si +'8W, could be
reproduced satisfactorily by VECSTAT, the presence of NCNF
in these two reactions appears to be insignificant. We note
that these two are the most asymmetric reactions among the
six systems studied in this work. Also, '8!'Ta and '"$*W are
the least deformed among the six targets, having the lowest
quadrupole deformation parameters (listed in Table II). These
could be among the probable reasons for nonobservation of
clear signatures of NCNF in 28Si+'®1Ta and 28Si+'82w.
Study with other experimental probes and calculation by a
suitable dynamical model may reveal the extent of NCNF in
such cases.

V. CONCLUSIONS

We measured the FF angular distribution for six reactions
induced by 2Si projectiles at and above V3, leading to probable
formation of pre-actinide CN. Fission angular anisotropy
and og, were extracted from the data. Uncertainties in Acqy

PHYSICAL REVIEW C 94, 044607 (2016)

that may be caused by reasonable variation of the input
parameters of SM were thoroughly investigated and were
found to be insignificant. Ay, were found to be higher than
SSPM predictions at E. ., near Vg, except for the two reac-
tions involving odd-mass targets with large nonzero 7, viz.,
5Ly (%+) and '8'Ta (%+). We compared the current results
with fission angular anisotropies from neighbouring systems.
The comparison revealed that A, in general, increasingly
exceeded SSPM predictions with increasing entrance channel
mass asymmetry and mass of the composite system. Deviations
of Aexp from SSPM predictions were found to be subdued, in
the case of reactions involving odd-mass targets with large
nonzero J. We thus conclude that asserting the presence of
NCNF solely based on observed deviation of Aey, from SSPM
predictions may not be justified. Experimentally obtained
ofs were reproduced by PACE3 in most cases, with a = %,
Z—[‘] = 1.00, and ks = 1.00 and without including shell effects
in the calculation. However, the SM calculation with VECSTAT,
in which the shell effect in the level density parameter and shell
correction in the fission barrier were included, yielded lower
o7fs than those obtained experimentally for all reactions barring
288i+!81Ta and 28Si+!'82W. Observation of experimental
ofs being larger than calculated oy signifies the presence
of NCNF in a given system. Thus all the reactions except
288i +'81Ta and 28Si +'82W show clear signatures of NCNF
in the present analysis. However, the dependence of this
conclusion on a specific model and input parameters should
be investigated further. Also, the outcome of fusion reactions
in which signatures of NCNF are observed ought to be better
described by a dynamical model.
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