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Background: Several inclusive and few exclusive [evaporation residue (ER) gated] measurements for symmetric
systems reported in the literature describe the anomalous deviations of light particle evaporation spectra from the
statistical model predictions. However, no consistent description exists for these deviations.

Purpose: To establish the consistent interpretation of reported anomalous deviations.

Method: The inclusive and exclusive measurements of «-particle, proton, and neutron spectra were carried out
for the fusion of two relatively symmetric systems 28Si + **Sc (Ej,, = 125 MeV and I, = 47h) and 32S +*Sc
(Ejap = 125 MeV and I, = 437) leading to the compound nuclei 7Br and 77Rb with excitation energies 78 MeV
and 71 MeV, respectively.

Results: The experimental light particle spectra for both the reactions show anomalous deviations from the
statistical model predictions. The charged particles spectra are found to be suppressed, whereas the neutron
spectra exhibit a bump at the higher energy tail. These spectra are investigated in terms of the modification of the
important ingredients of the statistical model viz. the level density parameter, rescaling of the yrast line, and the
use of [ value suggested by the dynamical models.

Conclusions: It is conjectured that the higher partial waves do not fuse, but result in the formation of a deformed
dinuclear system. The binding energy of neutrons is reduced while those for protons and « particles are enhanced
in the deformed dinuclear system as compared to those in the shape-equilibrated system. Hence, the higher partial
waves inhibit their contributions to the a-particle spectra and lead to the preshape equilibrium of neutrons and

protons, with the neutron emission dominating over the proton emission.

DOLI: 10.1103/PhysRevC.89.034621

I. INTRODUCTION

Heavy ion induced fusion reactions populate compound
nuclei (CN) with high excitation energies and angular mo-
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menta. For projectile energy above 10 MeV /nucleon, fusing
nuclei reseparate before the formation of a fully equilibrated
CN. However, at low energy the formation of CN becomes a
dominant process. The hot rotating CN undergoes sequential
decay through fission or emission of « particles, protons,
and neutrons. The high angular momentum states decay
preferentially through «-particle emission (or fission in the
case of heavy CN) while the lower angular momentum states
decay through proton or neutron emission. These light particles
carry important signatures about the underlying reaction
mechanism of the fusion process. The statistical model has
been extensively used to explain the light particle evaporation
spectra and to extract information about the nuclear level
density and barrier penetration probability. Several experi-
mental studies [1-10] suggest that the light charged particles
and neutron spectra from mass symmetric projectile-target
systems show significant deviations from those predicted by
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the statistical model calculations using the rotating liquid
drop model (RLDM) moment of inertia, the transmission
coefficients from the optical model for spherical nuclei, level
density parameter ‘a’ = A/8 MeV~! and the maximum value
of angular momentum, / = Imax.! The deviations at the lower
energy side of the peak of evaporation spectra are explained
by lowering the emission barrier as compared to the inverse
absorption channels owing to large deformations at higher
excitation energy and angular momentum [11,12]. Anomalous
deviations from the statistical model are also observed at the
higher energy tail of the evaporation spectra. The higher energy
tail of the charged particles spectra are softer while for the
neutrons the spectra are harder in comparison to the statistical
model predictions and exhibit a bump which is a critical
signature for pre-equilibrium process [13]. The deviation of
a-particle spectra has been explained using different methods
like the modification of spin dependent level density or
optimizing the deformation parameters [14—17]. However,
these methods failed to explain the proton spectra for some
target-projectile combinations [2,3,16]. It was suggested that
the proton deviations may be due to the contributions from
pre-equilibrium processes. In another approach to explain
anomalous deviations, the dynamical model based code HICOL
[18] was used. It suggests that the fusion of higher partial
waves for the mass symmetric entrance channels is strongly
hindered. The / value suggested by this model, which is less
than the classical ! = I, explains the deviations for the
a-particle spectra [2—7], however still the proton spectra could
not be explained in certain cases [2,3].

For the neutron spectra, anomalous behavior could not be
explained either by using the HICOL predicted / values or the
modification of the spin dependent level density. In some
studies, attempts have been made to reproduce the spectra
by using the lower value of ‘@’ and the observed behavior
was explained in terms of pre-equilibrium emission owing to
high temperature of the nonequilibrated system [8—10]. But
at the same time, it is found that the thermal equilibrium is
very fast whereas the shape equilibrium is delayed [3-6,19],
so there should not be any localized high temperature region
in the composite system. Hence the interpretation given by the
authors for the pre-equilibrium emission does not seem to be
satisfactory.

In the whole scenario, it can be concluded that no consistent
picture exists which explains the anomalous deviations for
all the light particle evaporation spectra simultaneously.
Moreover most of the earlier measurements performed in this
direction are inclusive measurements and exclusive measure-
ments with the ER gating are scarce. Therefore it is essential
to carry out refined exclusive simultaneous measurements to
minimize the possibility of nonstatistical processes and to do a
critical shape analysis of the light particle evaporation spectra.
To explore these aspects in a better way, we have preformed the
exclusive (ER gated) measurements of «-particle, proton, and

Unash = V/21(Ecm = V)R + Dy), V(b) = SZ620, and R =

R,((Ap)} + (Ar)3) with R, = 1.18, D, =0.8, and D, =2.9 —
0.005(Ap + Ap).
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neutron evaporation spectra for the decay of 7*Br and ’Rb
CN produced in the heavy ion induced fusion reactions of
two relatively symmetric systems 28Si 4+ *Sc and 32S 4 #Sc.
As the heavy ion induced fusion reaction is one of the
most drastic rearrangements that a many-body system may
undergo, so the detailed applications of dynamical models
[18,20,21] in addition to the statistical model enabled us to
understand the details of the reaction mechanism and develop
a consistent picture of the deviations from the statistical
model. The present work reports the analysis of experimental
results in terms of both the statistical and dynamical model
calculations.

The present article is organized in the following way. The
experimental setup and data analysis is described in Sec. II
followed by the details of the theoretical analysis and results
in Sec. III. Section IV contains the discussion and finally the
summary and conclusions are presented in Sec. V.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The experiment was performed using Heavy Ion Reaction
Analyzer (HIRA) [22] facility at Inter University Accelerator
Centre (IUAC), New Delhi. The pulsed beams of 28Si and 32S
(pulse separation of 1 us) and Ej,, = 125 MeV were obtained
from the 15UD pelletron accelerator. The self-supporting
target of ¥Sc (of thickness 520 ug/cm?) was prepared by
the rolling technique. The CN 7*Br was populated with an
excitation energy of 78 MeV and ly.x = 47h through the
28Si +43Sc reaction and 7’Rb was populated with an excitation
energy of 71 MeV and [y, = 43h through the *2S +%3Sc
reaction. The typical flight time of ERs, formed in both the
reactions, through HIRA was of the order of 0.86 us.

A schematic layout of the experimental setup is shown in
Fig. 1. For monitoring the elastically scattered beam two Si
surface barrier detectors were kept inside the target chamber at
+25° with respect to the beam and at a distance of 10 cm from
the target position. Charged particle spectra were obtained
using a AE-E (25 um-5 mm) Si surface barrier telescope
detector setup kept at 40° with respect to the beam at a distance
of 5.1 cm from the target position. The telescope detector
was calibrated using 2*' Am source. Neutron spectrum was
recorded at 90° with respect to the beam using a NE213 liquid
scintillator detector, having 3 in. diameter and 5 in. thickness,
kept at a distance of 92 cm from the target position. The
neutron detector is sensitive to both the neutrons and y rays.
Discrimination between neutrons and y rays was achieved by
the time of flight (TOF) technique and method of pulse shape
discrimination (PSD) based on the zero crossover technique
[23]. Figure 2 shows the separation between neutrons and y
rays obtained by using TOF and PSD spectra.

The energy threshold of the neutrons was kept at 0.5 MeV
by calibrating the detector with standard y-ray sources ('3’Cs
and ®°Co) [24]. The level of the background in the neutron
spectra was estimated by taking a background run with a
blank target. The observed background was negligible in the
neutron spectra. In order to ascertain the statistical origin of
the experimental data, the coincidence light particle spectra
were obtained by gating with the ERs. For the detection of
ERs, HIRA spectrometer was scanned for the charge states,
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FIG. 1. The schematic layout of the experimental setup. Q, ED, M, and MD stand for magnetic quadrupole, electrostatic dipole, magnetic

multipole, and magnetic dipole, respectively.

mass, and energy of ERs for both systems and set for the
most dominant ER channel in each case. The ERs were
separated from the intense beam-like particles by HIRA and
were dispersed at the focal plane of HIRA according to their
m/q values. The focal plane detector consisted of a multiwire
proportional counter (MWPC) [25] having an active area
of 6 in.x2 in. The MWPC has a five electrode geometry
namely two cathodes sandwiching two position electrodes and
a central anode.

The TOF information of the ERs was obtained by setting
a time-to-amplitude converter (TAC) using the anode signal
of the MWPC as start and the delayed radio frequency (RF)
signal as stop. A two-dimensional spectrum was generated
using the TOF and energy loss of ERs (from the cathode of
MWPC). The spectrum provides a clean separation of ERs
from the beam-like particles as shown in Fig. 3. During the
evaporation process, when there is an emission of a particle
from CN the residue nucleus gets a recoil. This recoil will
be negligible for the case of protons and neutrons. However,
the recoil due to a-particle emission will be much larger and
it may be possible that all the ERs may not be accepted by
HIRA. So, for the exclusive measurement of light particle
spectra, ERs were also measured at different angle settings of
the HIRA from 0° to 12° with respect to the beam axis to take
into account the recoil of ERs due to «-particle emission. The
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FIG. 2. (Color online) Two-dimensional plot of TOF vs PSD
used to distinguish the neutrons from y rays. The neutron lobe is
marked with green dot-line markers.

spectra recorded at each angle of HIRA were added to get the
final spectra.

The data analysis has been performed using the CANDLE
[26] software. Inclusive a-particle, proton, and neutron spectra
are obtained from the respective detectors. The following sub-
sections describe the procedure followed for the experimental
data reduction.

A. Light particles evaporation spectra

The identification of « particles and protons has been
carried out using the range-energy method. The data from
the telescope is sorted to obtain separate lobes of different
particles by plotting (E 4+ AE) versus a characteristic particle
identifier variable constructed as [(E + AE)!-58 — E1.58]0.58
A suitable gate is applied to get the «-particle and proton
spectra. The spectra thus obtained are the inclusive «-particle
and proton spectra. The inclusive neutron TOF spectrum
has been calibrated considering the prompt y-ray peak as a
reference. The calibrated neutron TOF spectrum was converted
to neutron energy using the following relation:
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FIG. 3. (Color online) Two-dimensional spectrum showing the
energy loss vs time of flight of ERs. The ER lobe is marked with
green dot-line markers.
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FIG. 4. (a)-(c) Upper panel shows the comparison of the inclusive
and exclusive experimental spectra of (a) « particles and (b) protons
at 0y,, = 40°, (c) neutrons at 6, = 90° for the symmetric reaction
288i +4Sc at E* = 78 MeV. The solid circles represent the inclusive
data, and open circles represent the exclusive spectra. (d)—(f) The
same as the upper panels but for the symmetric reaction 32S 4 *Sc at
E* =71 MeV.

where m is the mass of neutron, d is the flight path, and ¢ is
the time of flight. The efficiency of the neutron detector has
been obtained using the Monte Carlo simulation based code
MODEFF [27]. The efficiency values of the neutron detector
depend on the neutron energy, scintillator geometry, and the
neutron threshold. The simulated efficiencies are found to
be in excellent agreement with the experimentally obtained
efficiencies [28]. Separate exclusive spectra are also obtained
by gating the particle spectra with the ERs detected at the focal
plane of HIRA. Figure 4 shows the comparison of exclusive
and inclusive spectra for the « particle, proton, and neutron
for both the CN 73Br and "’Rb. As evident from the figure, the
shapes are same for both the inclusive and exclusive spectra.
Moreover for the neutron spectra a bump-like structure is seen
in inclusive as well as exclusive spectra. The appearance of
the bump gives a signature about the presence of the pre-
equilibrium process [13]. For the theoretical analysis purpose,
we have used the exclusive spectra.

PHYSICAL REVIEW C 89, 034621 (2014)

B. Evaporation residue cross section

An attempt has also been made to obtain the fusion (= ER)
cross sections from the present experimental measurement.
The total ER cross sections can be calculated by the relation

Yer QMun< do ) @)
Yvon THRA \ d2Mon / Ruth

where Ygr is the ER yield at the focal plane of HIRA,
YMmon 1S the elastically scattered events detected by the
monitor detector, (do /d Q2mon)Ruth 1S the Rutherford scattering
differential cross section, Q2,, is the solid angle subtended
by the monitor detector, and fjgra is the average value of
transmission efficiency of the ERs through HIRA. The trans-
mission efficiency of each ER is given by the ratio of number
of that particular ER reaching the focal plane to the total
number of ERs emerging from the target. For the present work,
we have calculated the value of the transmission efficiency
of each ER using the semimicroscopic Monte Carlo code,
TERS [29,30]. TERS generates the displacement, divergence,
energy, and charge states of different ERs. Finally it calculates
the ER trajectories through HIRA by first-order ion optical
transfer matrices. The code has given good agreement with
the measured efficiency values for different systems [31]. The
average ER transmission efficiency through HIRA, 7yra, has
been evaluated by taking the weighted average of nymra for
different ER channels. The relative population of individual
ER channels has been taken from PACE3 [32]. The cross
sections measured by the above procedure for the systems
328 4+ 43Sc and 28Si + *3Sc at 125 MeV have been found to be
600 & 72 mb and 690 % 83 mb, respectively. The observed
values of the cross sections are found to be reduced in
comparison to the those predicted by the Bass model [33].
This reduction in the cross section values hints at the possible
reduction of the / values contributing to the fusion process.

OER =

III. THEORETICAL ANALYSIS AND RESULTS

The compound nucleus formation process and its de-
cay is generally described by various approaches such as
macroscopic theory [34], the statistical model [35], and full
microscopic theory such as time-dependent Hartree-Fock
(TDHF) [36]. In a macroscopic approach no dynamics of the
reaction process is given but the choice of the co-ordinates that
govern the evolution of the reaction is generally given as the
input [37,38]. The use of the statistical model in describing the
decay of the CN is quite successful even today [35]. Various
statistical model based codes such as CASCADE [39], PACE [32],
GEMINIH [16], etc., are used extensively for the interpretation
of the experimental data. However, it should be noted here
that the history of the nucleus-nucleus collision, leading to a
particular nuclear process can be best known by solving the
TDHF equation. This method serves as an important platform
for the fully microscopic many-body theory for heavy ion
reactions at low energies. These calculations can be performed
by using different parametrizations of the Skyrme interaction
between the nucleons. The density distribution are obtained
by squaring the time dependent wave functions. Different
reaction channels, such as fusion, fission, and deep-inelastic
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process, can be distinguished through these calculations. In
recent years such calculations have evolved and been highly
successful [37,40-44]. The predictions regarding the evolution
and decay of the CN, including the full dynamics of the
reaction process, from the fundamental theories like TDHF, are
certainly desirable, but for the sake of simplicity we have used
the statistical model based code CASCADE and the dynamical
model code HICOL.

The important ingredients of the statistical model calcula-
tions are level density, deformation parameters, transmission
coefficients, fission barrier height, inverse reaction cross
sections, and spin distribution. In the next subsection we shall
now describe the statistical model calculations based on the
CASCADE code.

A. CASCADE statistical model calculations

The measured light particle evaporation spectra for both the
systems are compared with the statistical model calculations
using the transmission coefficients from the optical model for
the spherical nuclei and the RLDM moment of inertia using
default values of deformation parameters (§; and 8,), / = /iax,
and level density parameter ‘a’ = A/8 MeV~!, see (Fig. 5).

It is observed that the experimental spectra are strongly
deviating from the statistical model CASCADE calculations,
especially, at higher energy sides of the spectra. These
calculations overpredict the «-particle and proton spectra
and underpredict the neutron spectra. To account for these
deviations of the experimental spectra from the predictions
of the CASCADE statistical model, we have carried out further
analysis as described in the following subsections.

B. Statistical model calculations by rescaling the yrast line
In the CASCADE code, the effective rotational energy is
parametrized as
_ RI(+1) . I+ 1)
B 23 2301+ 8,12 4+ 8,14

E; 3)
where §; and &, are the deformation parameters, <, is the rigid
body moment of inertia, M is the mass of the nucleus, and R
is the radius with R, = 1.25 fm. For fitting the spectra, the
spin dependent level density with E; values generated with
the increased values of §; and §, are introduced. It is observed
that the statistical model calculations performed using §; =
0.62x107% and 8, = 0.70x 1077 for the CN 7®Br and §; =
1.5 x 107 and 8, = 1.5x107% for 7’Rb, with the optical
model transmission coefficients for the spherical nuclei, / =
Imax and ‘@’ = A/8 MeV ™!, produce a noticeable change in the
slope of the high energy tail of the a-particle spectra without
affecting the peak and the low energy part of the spectra for
both systems as shown in Fig. 6. However, it does not explain
the proton and neutron spectra. This increase in the values of
81 and §, reduces the values of E; for the higher spin states
relative to those for the lower spin states. It raises the level
density of high spin states relative to that of lower spin states
in the residue nuclei and suppresses the available phase space
for o-particle emission from high spin compound nuclear
states. The suppression of first chance «-particle emission
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FIG. 5. (a)-(c) Upper panel shows the comparison of the exper-
imental data (solid circles) with the conventional statistical model
calculations (solid lines), as described in the text, for the symmetric
reaction 28Si +*Sc at E* = 78 MeV (a) the a-particle spectrum and
(b) the proton spectrum at 6j,, = 40°, (c) the neutron spectrum at
Ol = 90°. (d)—(f) The same as for the upper panels but for the
symmetric reaction 32S +*Sc at E* = 71 MeV.

leads to the softening of the slope of the high energy part
of the a-particle spectra and the low partial wave emission of
neutrons and protons from the CN is enhanced. Table I lists the
increased values of the deformation parameters required to fit
the light particle evaporation spectra for the present systems
and different systems existing in literature.

The conventional statistical model cannot be applied to
explain the evolution of a complex nuclear system formed in
a heavy ion induced reaction. During the interaction process
the energy of the projectile couples with the intrinsic degrees
of freedom which leads to a dissipative behavior. As a result
of dissipation, the thermal energy contained in the intrinsic
degrees may change rapidly up to a substantial fraction of the
coherent kinetic energy obtained in the macroscopic variables.
Different dynamical models have been framed to account for
the dissipative dynamics involved in the fusion process. We
have tried to understand the observed deviations of the spectra
by the Feldmeier one-body dissipation model calculations
using the HICOL code based on the long mean free path of
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FIG. 6. (a)-(c) Upper panel shows the comparison of the experi-
mental data (solid circles) with the statistical model calculations (solid
lines) as described in the text, for the symmetric reaction 2Si + % Sc
at E* = 78 MeV; (a) the « spectrum and (b) the proton spectrum at
O1a = 40°, (c) the neutron spectrum at i, = 90°.(d)—(f) The same
as for the upper panels but for the symmetric reaction 32S +*Sc at
E* =71 MeV.

nucleons in their self-consistent one-body potential and the
classical Swiatecki dynamical model calculations [20,21].
The results of HICOL calculations for both systems are
shown in Figs. 7 and 8. In Figs. 7(a) and 8(a) the distance
between the fusing nuclei ‘s’ is plotted as a function of time
for various values of /. The dashed line corresponds to closest
distance of approach, s = s.i, which is taken as equal to
the radius of the CN, R = R(,A%. These plots reveal that for
both systems the trajectories up to / > 30%4 do not approach
s = Sqic and hence only the partial waves up to / = 30h
fuse into the CN. This value of [/ is less than the | = [
for both systems. The compound nucleus shape equilibration
time for the fusing trajectories is about 40.6 x 1072% s and
37.1 x 10722 s for 7*Br and "’Rb, respectively. The thermal
excitation energy as a function of time is plotted in Figs. 7(b)
and 8(b). The thermal equilibrium (90% of the final excitation
energy) for various partial waves is approached within about
10 x 10722 5. So these calculations indicate that the shape
equilibration time is more than the thermal equilibrium process
thereby suggesting that the dissipation hinders the shape
equilibration more strongly than the thermal equilibration.
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TABLE I. List of different systems along with the corresponding fitting parameters used to explain the experimental light particle spectra.

S.No. System Asymmetry E* Classical [,,x  Spectra 81 8 HICOL [ ‘a’ Reference
parameter, dyym  (MeV) (h) (B MeVhH

1 28Si+%Sc 0.233 78 47 a 0.62x107* 0.70x107"" present work
o 30 present work
P 12.31 present work
n 6.3 present work

2 328 +%8c 0.169 71 43 a 1.5x107%*  1.5x1077 present work
o 30 present work
p 13.75 present work
n 6.4 present work

3 328 + T 0.200 70 43 o 445%107%  5.0x107% [6]

0.200 a 30 [6]

n 8 [8]

4 100 4 %47n 0.600 75 43 a,p,n  1.45x107%  2.0x107% 10 [6,8]

5 #S +48c 0.139 80 50 a 4.6x107%  4.9x107% [5]
o 35 [5]
p 35 [5]

6 160 +%3Cu 0.594 85 50 a, p 1.66x107%  1.95x107% 9.87 [5]

7 88i 4+ 27A1 0.0182 84 42 o 1.78x107% 1.81x107% [14]
o 30 [3]

8 BSi43v 0.291 85 56 a 23 [3]

9 160 + 34Fe 0.543 85 34 o 2.45x107%  3.01x107% 8.75 [4]

10 3P +48Sc 0.184 75 43 n 7.6 [9]

11 SP+27A] 0.059 79.5 56 n 5.8 [10]

A comparison of the thermal and shape equilibration times VETSuS mass asymmetry ‘easym’ shows a distinct peak in the
for the present systems with asymmetric systems '°0 4 Fe potential energy curve at dasym = g, the Businaro-Gallone
[4] and '°O + %Cu [5] populating CN with similar masses is critical mass asymmetry [45]. For @asym >apg, the interacting
shown in Table II. It can be seen that thermal equilibration for =~ nuclei get captured immediately forming a mononucleus and
all the systems is achieved within 10 x 10~22 s but the shape then undergo equilibration. On the other hand for aaym <otBG,
equilibration time of the CN increases rapidly as we move after the capture a dinuclear system is formed and the mass
from the asymmetric to the symmetric system. This delay in  transfer takes place from the heavier to the lighter nuclei.
the evolution or equilibration process may result into some  Thus the equilibration process is slowed down and some
other reaction channels which the dynamical model does not  other reaction processes (like pre-equilibrium processes) may
take into account. open up. The angular momentum dependent apg calculations

Another approach by Swiatecki [20,21], considers three [46] have been performed for present compound systems for
milestone configurations in the potential energy surfaces of the = different values of /. For higher partial waves the value of
colliding nuclei, namely the contact configuration for touching apg starts approaching the value of gy, indicating that the
spheres, the conditional saddle point of fixed mass asymmetry, fusion process follows a dynamically hindered path and their
and unconditional saddle point for the symmetric mass split. fusion is inhibited, thereby supporting the results from the
The necessary condition for fusion is that the system passes HICOL code predictions. So, we have performed the statistical
over the conditional saddle point whereas the system must  model calculations taking into account the nonfusion of the
pass over the unconditional saddle point in order to form the higher partial waves. These calculations are described in the
CN. The unconditional saddle point potential energy curve next subsection.

TABLE II. Comparison of various parameters for the present systems and asymmetric systems of similar masses.

S.No. System Ep E* Lnax Thermal equilibration Shape equilibration HICOL predicted
(MeV) (MeV) (h) time (x 10722 5) time (x 10722 s) [ value (h)

1 BSi+4Sc 125 78 47 6.0 40.6 30

2 28 4+48Sc 125 71 43 9.0 37.1 30

3 100 4 34Fe 110 85 48 5.0 26.0 48

4 160 +%3Cu 140 85 50 5.0 24.9 50
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C. Statistical model calculations using HICOL predicted ! value

The experimental «-particle, proton, and neutron spectra
from both the reactions are compared with the statistical model
predictions, carried out using the HICOL predicted / = 30A
(as suggested by other dynamical model also), transmission
coefficients from the optical model for the spherical nuclei, and
the RLDM moment of inertia using default values of §; and
8, and ‘@’ = A/8 MeV~! as shown in Fig. 9. It is evident that
the model predicted a-particle spectra are in good agreement
with the experimental spectra. This approach can be taken
as an alternative of rescaling the yrast line, such that E; for
higher spin states is diminished in comparison to E; for lower
spin states. The reduction in the / values, as predicted by
HICOL, is consistence with the observed reduction in the cross
sections as compared to the Bass model predictions [33], for
both the systems as described in Sec. II B. However, this
approach is still unable to explain the anomalous deviation
of the experimental proton and neutron spectra. The HICOL
predicted / values for different systems existing in literature
are listed in Table I.
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FIG. 9. (a)-(c) Upper panel shows the comparison of the experi-
mental data (solid circles) with the statistical model calculations (solid
lines) as described in the text, for the symmetric system 28Si +*3Sc at
E* =78 MeVi; (a) the a-particle spectrum and (b) the proton spectrum
at O}, = 40°, (c) the neutron spectrum at },, = 90°. (d)—(f) The same
as for the upper panels but for the symmetric system 32S 4 +Sc at
E* =71 MeV.
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D. Statistical model calculations using Gilbert and Cameron ‘a’

As an alternate approach to explain the experimental light
particle spectra, statistical model calculations are performed
using Gilbert and Cameron (GC) [47] level density parameter.
The GC prescriptions defines the level density parameter as

% = 0.00917S 4 0.142, 4)

where S = S(N)+ S(Z) is the total shell correction, and
S(N) and S(Z) are the shell corrections for neutrons and
protons, respectively. The calculated GC values in the mass
region of 7080 fall around 12 MeV~!. The statistical model
calculations are performed with ‘a’ as a free parameter and
using the transmission coefficients from the optical model for
the spherical nuclei, the RLDM moment of inertia using default
values of §; and 8, and / = [;,,,«. It is observed that this approach
explains the experimental proton spectra (for ‘a’ = 12.31
MeV~! and 13.75 MeV~! for the systems 28Si+*Sc and
325 4+ 43Sc, respectively) but is unable to explain the a-particle
and neutron spectra as shown in Fig. 10. The values of ‘a’
required to explain the proton spectra for both the systems are
in good agreement with the Gilbert and Cameron values. These
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FIG. 10. (a)—(c) Upper panel shows the comparison of the experi-
mental data (solid circles) with the statistical model calculations (solid
line) as described in the text, for symmetric reaction 28Si 4 % Sc at
E* =78 MeV; (a) the a-particle spectrum and (b) the proton spectrum
at Oy, = 40°, (c) the neutron spectrum at },, = 90°. (d)—(f) The same
as for the upper panels but for the symmetric reaction 32S +*Sc at
E* =71 MeV.
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calculations result in the softening of the higher energy side
of the proton spectra and the theoretical spectra come closer
to the experimental spectra, except over a very small energy
range closer to higher end point energy.

E. Statistical model calculations using lowered value of ‘a’

While attempting to fit the experimental spectra using
‘a’ as free parameter and transmission coefficients from the
optical model for the spherical nuclei, the RLDM moment
of inertia using default values of §; and 8, and [ = Iy,
it is observed that the reasonable fit to neutron spectra can
be obtained using a lower value of level density parameter
(‘a> = 6.3 MeV~! and ‘@’ = 6.4 MeV~! for "Br and
7TRb, respectively). Figure 11 shows the comparison of the
experimental results with the theoretical calculations. Here
it must be added that a considerable deviation from model
predictions has been observed at the higher energy tail of the
spectra. The observed deviation cannot be explained even by
lowering the value of ‘a’ which clearly indicates the significant
contribution of nonstatistical neutrons at the high energy tail
of spectra. However these values of ‘a’ are not able to fit the
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FIG. 11. (a)—(c) Upper panel shows the comparison of the experi-
mental data (solid circles) with the statistical model calculations (solid
lines) as described in the text, for symmetric reaction 2*Si 4+ *Sc at
E* =78 MeV; (a) the a-particle spectrum and (b) the proton spectrum
at 0y, = 40°, (c) the neutron spectrum 6y,, = 90°. (d)—(f) The same
as for the upper panels but for the symmetric reaction 32S +*Sc at
E* =71 MeV.
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a-particle and proton spectra. A summary of the values of ‘a’
used for explaining the observed deviations in neutron spectra
for different symmetric systems is given in Table I.

IV. DISCUSSION

The inclusive as well as exclusive (ER gated) a-particle,
proton, and neutron spectra from the CN 7*Br and "’Rb have
been measured. The experimental light particle evaporation
spectra have been compared with the statistical model predic-
tions using RLDM values of moment of inertia, optical model
transmission coefficients for spherical nuclei, ‘e’ = A/8, and
| = lhax. It is observed that the statistical model could not
explain the observed experimental spectra.

Similar observations have been reported for different
symmetric systems [ 1-10]. Unlike most of the earlier measure-
ments, the present work deals with the exclusive measurement
for all the decay channels. Similar deviations from the
statistical model predictions are observed both in inclusive
and exclusive measurements, which suggest that there is no
interference from other reaction channels. To explain these
deviations different techniques have been used. The use of
the increased value of deformation parameters explains the «-
particle spectra. Application of dynamical theories [18,20,21]
to the reactions under study suggests that the fusion of higher
partial waves (I -« 30~—40h) is strongly inhibited due to
delayed shape equilibrium and results in the formation of
deformed intermediate dinuclear system. The dynamical de-
formation modifies the yrast line and enhances the level density
of high spin states compared to the low spin states over the
expected values in the spherical or equilibrated CN. Besides
this, the dynamical deformation increases the binding energy
for « particles and protons significantly while for neutrons
the binding energy decreases with an increase in deformation
[48] in comparison to the spherical or equilibrated shape.
Both of these factors inhibit the participation of «-particle
emission through the dinuclear system formed by higher
partial waves. So, we conclude that as far as the deviations
of a-particle spectra from the statistical model predictions are
concerned, these arise from the fusion of lower partial waves
and there is no contribution from higher partial waves. The
a-particle spectra are fitted by using the lower value of / (30h)
as suggested by the dynamical model. However, both these
approaches could not explain the proton and neutron spectra.

Different values of ‘a’ were used to explain the proton
and neutron spectra. A comparison between the neutron and
proton spectra reveals that for neutrons the effective ‘a’ is
lower while for protons it is higher than conventional value
‘a’ = A/8 MeV~!. It indicates that the neutron and proton
spectra have the contribution from higher partial waves. This
results in the modification of level density of the CN which
indicates there is pre-equilibrium contributions from the higher
partial waves over the different energy ranges of the tail portion
of the spectra. We observe that the thermal equilibrium is
quite fast and is completed to about 90% level within 10722 s,
however the shape equilibrium is delayed significantly by
about 107! s as shown in Figs. 7 and 8. Therefore we conclude
that the delayed shape equilibrium process of the remaining
10% of the excitation energy may facilitate the occurrence
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of multistep compound (MSC) process [49,50] resulting in
pre-equilibrium. However, due to the difference in binding
energy in the deformed system the effective contribution from
neutrons and protons will be different [48]. The contribution
of neutrons will be dominant at the higher side of the tail
of the spectra while for protons the contribution towards the
pre-equilibrium is from the lower energy side of the tail of the
spectra. So, the pre-equilibrium type of enhanced contribution
of the neutron spectra at the high energy tail arises from the
MSC process. The possibility of the existence of deep inelastic
reactions is ignored as there is no effective decrease in the
thermal excitation energy with the evolution time.

So, the consistent picture for explaining the deviations of
the experimental spectra can be explained in terms of the
dynamical evolution of the fusion process. The dynamical
hindrance of the fusion of higher partial waves inhibits their
contribution to the a-particle spectra. This approach is similar
to the use of modified spin dependent level density which
results in the enhancement of level density of higher spin states
in the residual nucleus. The higher partial waves lead to MSC
process [49,50] resulting in the pre-equilibrium contribution
to neutron and proton spectra thereby modifying the effective
level density of the residual nuclei.

V. SUMMARY AND CONCLUSIONS

Inclusive and exclusive light particle evaporation spectra
are analyzed for the symmetric systems 28Si+*Sc and
328 +45Sc. For both the systems, anomalous deviations are
seen at the higher energy side of the experimental evaporation
spectra as compared to the statistical model predictions.
Different calculations are performed as an effort to explain
the observed experimental spectra. These calculations suggest
that the higher partial waves are not contributing to the fusion

PHYSICAL REVIEW C 89, 034621 (2014)

due to dynamical hindrance and the shape equilibration is
delayed resulting in the formation of a dinuclear system having
enhanced level density of higher spin states as compared to
the lower spin states. The binding energy for charged particles
increases and for neutrons the binding energy decreases. So
the «-particle spectra are explained by considering the delayed
fusion. The deviation of the protons and neutrons results from
the MSC process resulting in pre-equilibrium. However, due
to lower binding energy, neutron emission dominates over the
protons emission resulting in the enhanced ‘a’ value for the
protons and lowered value of ‘a’ for the neutrons. However
to establish the presence of the MSC process resulting in
pre-equilibrium to neutron and proton spectra, detailed refined
angular distribution, multiplicity, spin distribution, and cross
section measurements and their variations with energy, angular
momentum, and asymmetry of the entrance channel and their
comparison with the MSC process based calculations are
required. In addition to this, the interpretation of fusion of
different relatively symmetric systems should be made in terms
of TDHF theory. Different improved versions of this theory are
available now and it seems that these calculations may provide
a more realistic outlook for the reaction mechanism of heavy
ion induced reactions.
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