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Background: Interaction of a heavy projectile with a heavy target produces a massive compound nucleus (CN),
which deexcites through two possible modes: evaporation of light particles and fission. In order to develop a
clear understanding of fusion-fission (FF) dynamics, it is important to explore the preactinide region at energies
around and above the Coulomb barrier.
Purpose: The objective is to study the dynamics involved in the fusion of 12C, a cluster structured projectile,
with 181Ta target, at energies within 4.3–6.0 MeV/nucleon, by measuring the production cross sections of the
radionuclides formed through complete/incomplete fusion (CF/ICF) and fission processes. In addition, the mass
distribution of fission fragments, which is an important fission observable, is probed for a better understanding
of dynamics.
Method: Tantalum foil, backed by the aluminum catcher, arranged in a stack, was bombarded by 12C ions of
52–73 MeV energy. The off-beam γ -ray spectrometry method was adopted to measure the activity of the residues
produced in each Ta target after the end of bombardment (EOB), and cross sections were calculated. To analyze
the experimental cross sections, PACE4 and EMPIRE3.2.2 reaction model codes were employed. Further, the
mass distribution of fission fragments was explored to obtain mass variance information.
Results: In general, measured excitation functions of the residues produced through the evaporation of particles
in 12C + 181Ta reaction showed good agreement with the predictions of PACE4. ICF of 12C in 181Ta target with
strength up to 7.7% has been observed and compared with the strength deduced from previously reported data
for the same system. However, no signature of precompound processes has been observed in this study. A total
of 12 fission fragments within 71 � A � 135 mass range have been identified. Further, mass variance is rising
with increasing mass asymmetry, which hints at the importance of entrance-channel parameters’ role in deciding
the spread of the mass distribution.
Conclusions: Good agreement of PACE4 with the excitation functions of xn channel evaporation residues
confirms their production through the CF mechanism. Enhancement of cross sections in the αxn channel is
attributed to the ICF process. Further, evidence of the production of fission fragments through a compound
nuclear mechanism is indicated as a broad and symmetric mass distribution, observed through the Gaussian
fitting. The trend of mass variance with rising excitation energy and mass asymmetry is found to be growing.
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I. INTRODUCTION

Developments in accelerator technology have made it
possible to accelerate heavy ions (A > 4) and added new
opportunities to explore the dynamics of heavy interacting
partners. Such reactions involve a large number of nucleons,
leading to several new nuclear reaction processes depending
upon the energy carried by the projectile and entrance-channel
parameters. Several nuclear reaction processes that have been
traced in the existing literature [1] on heavy-ion-induced
reactions involve (i) complete fusion, the most dominating
process, in which the whole projectile fuses with the target,
(ii) preequilibrium (PEQ) emissions in which fast light parti-
cles are emitted prior to the thermodynamic equilibrium of
the composite system, (iii) incomplete fusion in which the
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projectile breaks up, and only a part of it gets fused with the
target, and (iv) nucleon transfer.

The ICF phenomena have been investigated in case
of weakly bound stable (6,7Li, 9Be, 10,11B) and unstable
(11Li, 11Be, 8B) projectiles even at low projectile energies,
≈4–8 MeV/nucleon, where major part of the reaction cross
section was expected from CF process [2–13]. Several ex-
periments involving α-clustered projectiles have also been
performed, which include 12C on 175Lu [14], 115In [15],
159Tb [16], 169Tm [17], and 165Ho [18,19] targets. The oc-
currence of ICF in these systems has been explained on the
basis of low α separation energy in the case of 12C projectile
that leads to its breakup into 8Be and α. Along with this,
strong influence of entrance-channel parameters, such as (i)
projectile energy (Elab), (ii) input angular momenta, (iii) mass
asymmetry, (iv) Coulomb effect, and (v) Qα values of pro-
jectiles, on ICF also have been reported at energies below 8
MeV/nucleon [5,20–23]. Although some theoretical models
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have been explored to understand the ICF dynamics, but none
of them gave satisfactory reproduction of ICF in this energy
range. Hence, experimental exploration of ICF dynamics still
carries great interest around the Coulomb barrier.

The study of heavy-ion-induced reactions with heavy-mass
targets around the Coulomb barrier is the talking point and
necessity at present, especially at the preactinide region due
to the lack of experimental studies. Hence, more experimental
data are required to understand the reaction dynamics in this
particular region. The use of heavy-mass (A > 120) targets in
the fusion reaction leads to the formation of a massive equili-
brated CN that tends to deexcite through two possible routes,
evaporation of particles and fission. Thus, the fission process
starts contributing along with the fusion in this situation.
Extensive studies have been reported for FF dynamics in the
actinide region, but those in the sub-lead region are limited.
We have made an effort to add some valuable information on
the mechanisms involved in the fusion of two massive nuclei
(12C + 181Ta).

Based on previous studies, it has been assumed that
fission is grossly originating through the CF process, and
a tiny contribution may be through ICF within the energy
range of interest [24,25]. Large angular momentum transfer
by the projectile results in lowering of the fission barrier
that eventually leads to high fission cross sections [26].
Fission fragment mass distribution (FFMD) is one of the
important yet complex postscission observables. Investigation
of FFMD as a function of excitation energy (E∗) of the
composite system is of great interest as it influences the
mass distribution. Maximum contribution of the asymmetric
component in the distribution for sub-lead isotopes at low E∗
has been studied; even for some isotopes, single-mode fission
(i.e., asymmetric mode) has been reported [27]. However,
as the E∗ increases, the shell effects start washing out, and
symmetric component contribution starts dominating. E∗ is
also related to the width of FFMD, and the rise in its value
with increasing E∗ of fissioning nuclei shows an increase in
the spread of fission-fragment masses. Dispersion parameters
have been deduced for a number of target-projectile
combinations, such as 19F + 169Tm [28], 11B + 181Ta [29],
11B + 232Th [30], 16O + 181Ta [31], 11B + 209Bi and
181Ta [32], 12C + 169Tm [33], 14N + 181Ta [34], and
their mass variance behavior with changing E∗, mass
asymmetry, and angular momentum also have been
reported by some of the authors. Further, study of fission
observables in 12C + 181Ta system have been reported at
energies >13 MeV/nucleon [35], 3.65 A GeV [36], and
47 MeV/nucleon [37].

It may be noted that Crippa et al. [38], and Babu et al. [39]
studied the 12C + 181Ta system at relatively low energies,
4.5–8.2 and 5–6.5 MeV/nucleon, respectively. However, it
has been mentioned in Ref. [38] that abundance information
for some evaporation residues (ERs) is of poor quality, and
relative values have been used for the calculation of CF and
ICF cross sections. Also, instead of individual ER excitation
function analysis, the CF cross section has been compared
with the predictions by Bass and Thomas [40] in Ref. [38].
Fission cross sections also have been calculated, but at higher
energies, Elab � 72.6 MeV. Whereas in the present study,

significant fission cross sections have been observed even at
energies below this. The authors in Ref. [39] were restricted
only to residue measurement, with no mention of fission data,
and used one level density parameter, A/8 MeV−1, in PACE2
code while comparing the measurements.

On the other hand, two theoretical model codes,
PACE4 [41] and EMPIRE3.2.2 [42], have been incorporated
in the present study for a better understanding of the reac-
tion mechanism. Moreover, ICF fractions have been estimated
from our measured data, and those reported in Ref. [39] con-
sidering PACE4 as a reference. Hence, the present study will
give a comprehensive overview of the possible mechanisms
involved at chosen energy range for the 12C + 181Ta system.

The experimental details and brief of theoretical calcula-
tions are presented in Secs. II and III, respectively. Section IV
discusses the results of the present study, and Sec. V con-
cludes the report.

II. EXPERIMENTAL DETAILS

The experiment was performed at the 14UD BARC-
TIFR Pelletron Accelerator facility, Mumbai, India, using
12C-ion beam having energy within 52–73 MeV in the lab-
oratory frame of reference. Self-supporting pure (99.99%)
natural tantalum (181Ta) targets having a thickness within 1.4–
1.8 mg/cm2 were prepared by the rolling method. A total of
four stacks, each of which contains two sets of Ta-Al foils,
were irradiated by 12C-ion beam. The arrangement of target
and catcher in stacks is similar to that shown in Ref. [43].
Aluminum foil was placed behind each Ta foil for energy
degradation and catching the ERs in the forward beam di-
rection. Measurements have been done using the stacked-foil
technique followed by off-line γ spectrometry, as popularly
used in literature too [44–47]. The degradation of energy in
each foil was estimated by SRIM (stopping and range of ions
in matter) code [48]. The estimate of energy at the center of
a target is the average of the incident and outgoing beam en-
ergy. The projectile energies at each Ta target are 72.7 ± 0.9,
68.1 ± 0.9, 63.3 ± 1.0, 62.2 ± 0.9, 57.8 ± 1.0, 57.2 ± 1.0,
and 52.0 ± 0.8 MeV. A constant beam current of ≈10 pnA
was maintained throughout the experiment, and an average
charge of ≈733 μC was collected by the Faraday cup installed
behind the target stack.

After the end of the bombardment, each target catcher (Ta-
Al) set was assayed with the help of γ -ray spectroscopy using
a large volume high purity germanium detector coupled with
a PC-based multichannel analyzer and GENIE-2K software.
Residues were identified through their characteristic γ rays
and decay profile. The detector having energy resolution 2.0
keV at 1332 keV γ ray of 60Co was precalibrated by using
the standard sources, 152Eu (13.517 y), 137Cs (30.08 y), and
60Co (5.27 y) of known activity. The spectroscopic data of the
ERs and fission fragments are given in Table I and Table II,
respectively.

The cross section of ith residue, σi(E), at an incident energy,
E is calculated from the below-mentioned equation:

σi(E ) = λiNi(t )eλitw

εγ Iγ Atgφ(1 − e−λitr )(1 − e−λitc )
, (1)
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TABLE I. Spectroscopic data [57,58] of the radionuclides
formed through CF/ICF processes in 12C + 181Ta system.

Nuclides Jπ Decay mode (%) Half-life Eγ (keV) Iγ (%)

190gAu 1− εa + β+ (100) 42.8 min 295.82 90.0
301.82 30.0
597.68 12.0
1057.7 4.4
1441.3 5.0

189mAu 11/2− ε + β+ (100) 4.59 min 166.4 59.0
188Au 1− ε + β+ (100) 8.84 min 265.63 36.5b

340.04 8.7b

189Pt 3/2− ε + β+ (100) 10.87 h 94.34 6.5
113.82 2.5
223.34 1.3
243.5 5.9
317.65 2.8
544.91 4.9
568.85 6.0
721.38 7.9

187gIr 3/2+ ε + β+ (100) 10.5 h 912.86 4.3
186gIr 5+ ε + β+ (100) 16.64 h 434.84 33.9

773.28 8.9

aElectron capture.
bDerived from relative intensity information given in Ref. [58].

where, λi and Ni(t ) are decay constant and area count under
the photo peak, respectively. εγ and Iγ are the geometry-
dependent detector efficiency and branching intensity of the
characteristic γ ray of the residue, respectively. Atg is the areal
density of the target nuclei and φ is the incident beam flux. tr ,
tc, and tw are the irradiation time, counting time, and waiting
time between EOB and the measurement, respectively. The
factors that are responsible for the uncertainty in cross sec-
tion measurement and energy are:

(1) Uncertainty in the efficiency calibration of the detector
(�2%).

(2) Uncertainty in the measurement of target thickness
(2%).

(3) Uncertainty in the beam flux due to beam current fluc-
tuations (6–7%).

(4) Statistical error in the background-subtracted peak
area count.

(5) Error in the estimation of beam energy due to en-
ergy degradation while passing through successive
target-catcher foils. However, energy straggling was
considered to be less.

The total uncertainty associated with the cross sec-
tion measurement was estimated by considering all the factors
mentioned above.

III. THEORETICAL CALCULATIONS

The theoretical estimations of residual cross sections have
been done for 12C + 181Ta reaction using nuclear reaction
model codes, PACE4 [41] and EMPIRE3.2.2 [42] within

50–80 MeV incident energy range. Brief details regarding the
used statistical codes and the input parameters used for the
calculations are given below.

In PACE4, the decay of excited CN is traced using the
Monte Carlo method. Conservation of energy and angular
momentum is considered at each stage of particle evaporation.
The code is based on Hauser-Feshbach (HF) formalism, which
follows the angular momentum coupling at each stage of de-
excitation of an excited nucleus. For heavy projectiles, fusion
cross section and initial spin distribution are calculated by the
Bass model [49]. However, it can not determine heavy-ion
fusion near and below the barrier and reaction induced by
very heavy beams. Fission is considered as a decay mode
and is calculated by using a modified rotating liquid drop
fission barrier given by Sierk [50]. During deexcitation of the
excited CN, light particles such as n, p, and α are emitted,
for which the transmission coefficients are obtained by using
the optical model calculations, whose parameters are taken
from Ref. [51]. In the expression a = A/K , a defines the level
density parameter, A is the mass number of CN, and K is
a free parameter whose value may be varied. In the present
study, we have used K = 9 and 10. The value of a ratio, a f /an

(where, a f and an are the level density parameters for fission
and neutron emissions), is taken as unity. Quantum mechan-
ical transmission probability below the barrier is taken into
account. PACE4 does not account for direct (DIR) processes
and PEQ emissions, and one can estimate the total production
cross section of a particular residue.

EMPIRE3.2.2 considers all the three major nuclear re-
action formalisms – DIR, PEQ, and EQ. The HF model is
used for the compound reaction process. For fission calcula-
tions, the optical model is used. Coupled-channels calculation
(CCFUS) is used for heavy-ion fusion cross section [52].
Nuclear masses, optical model parameters, ground-state de-
formations, discrete levels and decay schemes, level densities,
fission barriers, and γ -ray strength functions are internally
provided by input library RIPL-3 [53]. Some more details on
EMPIRE3.2.2 are available in literature [54,55]. In our cal-
culation, the phenomenological PEQ model (exciton model)
with a mean-free path parameter of 1.5 is used for the
PEQ emission process. EMPIRE3.2.2 code facilitates several
nuclear level density models, out of which we have used
Gilbert-Cameron model (GC) [56], in which the collective
(rotational/vibrational) effect of nuclei on nuclear level den-
sity is considered.

IV. RESULTS AND DISCUSSION

The γ -ray spectra collected from each Ta-Al set after the
EOB have been analyzed to identify the residual radionuclides
produced in the 12C + 181Ta reaction at different incident en-
ergies. It ensured the production of 190gAu, 189gAu, 189mAu,
188Au, 189Pt, 187gIr, and 186gIr in the target matrix. Addi-
tionally, several other residues with charge and atomic mass
values around half of the aforementioned residues have been
identified. This indicates the occurrence of fission of CN
formed through CF and/or ICF processes, which led to the
production of 71mZn, 73Se, 74mBr, 83Br, 85mY, 86Y, 93mMo,
104Ag, 107Rh, 122Xe, 132I, and 135Ce fission fragments. A γ -ray
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TABLE II. Spectroscopic data [57,58] of the fission fragments formed in 12C + 181Ta system.

Nuclides Jπ Decay mode (%) Half-life Eγ (keV) Iγ (%)

71mZn 9/2+ β− (100) 3.96 h 1107.5 2.0
73Se 9/2+ ε + β+ (100) 7.15 h 67.03 78.0
74mBr 4+ ε + β+ (100) 46 min 615.17 6.7
83Br 3/2− β− (100) 2.4 h 529.63 1.2
85mY 9/2+ ε + β+ (100) 4.86 h 767.4 3.6
86Y 4− ε + β+ (100) 14.74 h 645.9 9.2
93mMo 21/2+ ITa (99.88) 6.85 h 1477.13 99.1

ε + β+ (0.12)
104Ag 5+ ε + β+ (100) 69.2 min 362.3 1.3
107Rh 7/2+ β− (100) 21.7 min 670.05 2.22
122Xe 0+ ε (100) 20.1 h 350.06 7.8
132I 4+ β− (100) 2.29 h 812.0 5.5
135Ce 1/2+ ε + β+ (100) 17.7 h 828.38 5.14

aIsomeric transition.

spectrum of 68.1 MeV 12C irradiated 181Ta, collected after
26.3 min of the EOB is shown in Fig. 1 and the characteristic
γ peaks corresponding to each residue have been marked.
The spectrum also includes γ peaks associated with 34mCl
and 24Na residues, which might have been produced due to
the interaction of 12C beam with the backing material, 27Al,
during irradiation. It is worth mentioning that the marking
of extra peaks belonging to premarked residues have been

omitted to avoid overcrowding the spectrum. The confirma-
tion of residues has also been obtained from the estimation of
their half-lives, a representative decay profile for 721.38 keV
γ line of 189Pt at 63.3 MeV incident energy and its half-life
estimate is shown in the inset of Fig. 1. The calculated half-life
(11.0 ± 0.1 h) is close to the literature value (10.87 h) [57,58].
The background-subtracted and dead-time corrected peak area
of all the characteristic γ rays of each residue has been

FIG. 1. A typical γ -ray spectrum of 181Ta irradiated by Elab = 68.1 MeV 12C beam, collected after 26.3 min of EOB. The energy of γ -ray
peaks are in keV.
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TABLE III. Cross section (mb) of evaporation residues and fission fragments at various incident energies.

Residues(↓)
Elab (MeV)(→)
Ec.m. (MeV)(→)

Cross section (mb)

72.7 ± 0.9 68.1 ± 0.9 63.3 ± 1.0 62.2 ± 0.9 57.8 ± 1.0 57.2 ± 1.0 52.0 ± 0.8
68.2 ± 0.8 63.9 ± 0.8 59.4 ± 0.9 58.3 ± 0.8 54.2 ± 0.9 53.6 ± 0.9 48.8 ± 0.8

71mZn − 26.4 ± 5.4 0.5 ± 0.1 − − − −
73Se − − − − − − 0.5 ± 0.1
74mBr − 3.7 ± 1.0 7.7 ± 2.0 11.8 ± 2.0 17.0 ± 2.8 7.1 ± 1.6 −
83Br 46.7 ± 11.1 45.4 ± 9.6 79.6 ± 15.0 92.9 ± 15.3 20.2 ± 6.2 − −
85mY 25.7 ± 4.4 10.5 ± 2.6 14.3 ± 3.5 − − − −
86Y 31.8 ± 5.0 28.5 ± 4.5 42.0 ± 6.0 17.2 ± 4.2 7.1 ± 1.9 − −
93mMo 1.2 ± 0.2 1.0 ± 0.2 1.7 ± 0.3 − − − −
104Ag − 40.7 ± 7.9 107.2 ± 18.6 101.3 ± 15.0 90.9 ± 18.3 72.9 ± 12.7 −
107Rh 215.3 ± 27.5 179.2 ± 32.9 158.4 ± 27.7 − − − −
122Xe 29.6 ± 5.7 18.5 ± 4.2 26.8 ± 6.0 14.2 ± 3.9 − − −
132I 33.6± 4.5 28.5 ± 3.8 37.5 ± 5.3 32.4 ± 4.7 13.8 ± 2.8 − −
135Ce 38.1 ± 6.7 34.3 ± 6.2 56.3 ± 9.2 27.6 ± 8.0 − − −
190gAu 10.4 ± 1.8 19.0 ± 3.2 56.1 ± 8.8 67.3 ± 7.7 44.0 ± 8.5 28.5 ± 4.8 0.9 ± 0.2
189gAu 375.4 ± 79.8a 264.4 ± 79.0a 324.6 ± 49.2a 172.8 ± 35.2a 83.8 ± 10.1a 13.1 ± 2.8a −
189mAu 201.5 ± 20.3 230.5 ± 26.4 91.7 ± 4.3 55.0 ± 5.8 − − −
188Au 257.7 ± 25.5 29.7 ± 3.6 − − − − −
189Pt 595.6 ± 63.1 508.6 ± 56.0 431.9 ± 47.2 236.1 ± 30.9 87.7 ± 10.6 13.7 ± 2.9 −
187gIr 19.7 ± 4.5 20.1 ± 4.4 13.6 ± 4.2 11.4 ± 4.3 − − −
186gIr 41.1 ± 5.5 18.5 ± 2.6 18.6 ± 2.5 3.9 ± 1.1 1.6 ± 0.4 − −
aDerived.

analyzed to measure the activity and hence, the residual cross
section (σ ) by using Eq. (1).

A. Residual cross section

The cross sections calculated for the residues populated
through CF and ICF at various energies are shown in
Table III. The experimentally measured excitation functions
for ERs are compared with the experimental data reported by
Crippa et al. [38] and Babu et al. [39] for the same system,
12C + 181Ta, and the theoretically computed excitation func-
tions using the nuclear reaction model codes PACE4 [41] and
EMPIRE3.2.2 [42] as shown in Figs. 2 and 3. Theoretical
calculations are shown by curves, while experimentally mea-
sured cross sections are shown by symbols with the error bar,
except for the data reported by Ref. [38].

1. xn channel

Three radionuclides, 190g,189(g+m),188Au have been observed
in the γ -ray spectra through the evaporation of neutrons from
CN. Figure 2(a) shows the excitation function of 190gAu,
produced through 181Ta(12C, 3n) reaction. Data reported by
Refs. [38] and [39] are grossly satisfying the measured ex-
citation function. It is also observed that EMPIRE3.2.2 with
level density GC is satisfactorily reproducing the data only at
lower-energy point, 52.0 MeV, while at higher-energy region
EMPIRE is overpredicting the data. The effect of different
models in estimating fusion below the barrier energy region
by PACE4 and EMPIRE can be observed in Fig. 2(a). The
one-dimensional barrier penetration model used by PACE4
predicted quite low cross sections below the barrier. On the
other hand, incorporation of coupled-channels calculation by
EMPIRE estimates adequate cross sections in the lower-

energy region. However, PACE4 is reproducing the measured
cross sections well at energies >52.0 MeV, except for the
higher-energy point, 72.7 MeV. Since PACE4 computation is
based only on the HF formalism, a compound nuclear model,
it is evident that no PEQ emission occurs in this case. Hence,
the formation of 190gAu (3n channel) can be regarded through
an equilibrium mechanism.

Excitation function of 189(g+m)Au, produced through
181Ta(12C, 4n) reaction, is shown in Fig. 2(b). Since rela-
tive intensity information for 189gAu is available in literature
instead of absolute intensity, the cross sections for this ra-
dionuclide have been calculated through the production of
189Pt. As the half-life of 189gAu (28.7 min) is short compared
to the large half-life of 189Pt (10.87 h), one can expect that
the production observed in 189Pt is almost coming from the
decay of its parent nuclei, 189Au. Moreover, theoretical mod-
els predict very less cross section for 189Pt, as they only give
independent cross section estimates for the residues. Hence,
we have used the relation given below to calculate the cross
sections for 189(g+m)Au by assuming negligible independent
cross section for 189Pt [59],

σ
(C)

189Pt = σ
(I )

189Pt + 1.046σ189gAu + 1.007σ189mAu . (2)

An experimentally measured cross section for 189mAu is
used to calculate the cross section for 189gAu. From Fig. 2(b)
it can be observed that our measured excitation function is
in good agreement with that of Babu et al. [39]. The cross
sections for 189gAu are reported in (mb), whereas those for
189mAu are reported in arbitrary unit (a.u.) in Ref. [38]. Hence,
that data could not be compared with the measured cross
sections of 189Au. Theoretical estimates from PACE4 and
EMPIRE are following the trend similar to the measured
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FIG. 2. Comparison of measured excitation function of (a) 190gAu, (b) 189Au, (c) 188Au, and (d) 190g+189+188Au with theoretical predictions
from PACE4 and EMPIRE3.2.2 (denoted by EMP), and the data reported by Crippa 1994 [38] and Babu 2003 [39].

excitation function. However, PACE4 with K = 9 is repro-
ducing the data best. It also ensures the absence of the PEQ
process in the xn channel.

The half-life of 188Pt (10.2 d) is very large as compared to
188Au (8.84 min). Similar to the case of 189Au, it is expected
that the decay of 188Au would produce a considerable amount
of 188Pt. However, we have not identified any γ peak for 188Pt
in the present study. Therefore, the direct cross section es-
timation method for 188Au via identification of its γ peaks
from the spectra has been adopted. Figure 2(c) represents
the comparison of measured and theoretical excitation func-

tions of 188Au. Experimental data is in better agreement with
PACE4 with K = 9, but EMPIRE underpredicts the measured
data. The measured excitation function is also compared with
the data reported in Refs. [38,39]. It is observed that cross
sections reported by Crippa et al. [38] are much lower than
the present measured data. The observed divergence might
be due to the use of relative intensity for the γ lines of
188Au instead of absolute intensity in the cross section cal-
culations reported in Ref. [38]. The influence of the choice of
characteristic γ -ray intensity on the cross section can be un-
derstood based on Eq. (1). As the relative intensities have
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FIG. 3. Same as that of Fig. 2 for (a) 187gIr and (b) 186gIr.

higher values as compared to the absolute intensities used in
the present calculation, the lower cross sections can be seen
in Ref. [38]. On the other hand, cross sections reported by
Ref. [39] are in good agreement with the measured excitation
function within the uncertainty limit.

The sum of experimentally measured excitation functions
of all the xn reaction channel residues is compared with the
sum of theoretical excitation functions, as shown in Fig. 2(d).
It can be observed that EMPIRE with GC satisfactorily repro-
duces our measurements. PACE4 predictions are also in good
agreement with our measurements except below the Coulomb
barrier energies (Elab < 57.2 MeV). Hence, we can say that
below the barrier, PACE4 is unable to reproduce the data. No
evidence of PEQ emission is observed in the xn reaction chan-
nel. It can be concluded that all three radionuclides 190gAu,
189(g+m)Au, and 188Au produced through 3n, 4n, and 5n chan-
nel, respectively, are formed through the equilibrium process.
The sum of xn reaction channel cross sections reported by
Ref. [39] also can be seen as consistent with our data. So far,
we have observed that PACE4 with K = 9 and EMPIRE with
level density GC are reproducing our data well. Therefore,
the measured excitation functions of the remaining residues
produced through the αxn channel have been compared with
them.

2. αxn channel

Figure 3(a) represents the excitation function for 187gIr
radionuclide. Our measurements are consistent with the obser-
vations reported by Refs. [38] and [39] for this radionuclide.
However, a significant enhancement in the measured cross
sections is observed after comparing it with the theoretical
estimations given by PACE4 and EMPIRE. Similar behavior
is encountered in the case of 186gIr, which is formed through
181Ta(12C, α3n) reaction. From Fig. 3(b), we can observe the

enhancement in the experimental data as compared to the
theoretical predictions. The reason behind this observation
may be the breakup of the projectile (12C) into fragments
before fusing to the target nuclei. Hence, it is assumed that
the observed enhanced experimental data over the theoretical
predictions might be due to the contribution coming from
ICF along with the CF process. Crippa et al. [38] and Babu
et al. [39] also reported the presence of ICF in the αxn chan-
nel. Thus, we can consider that both 187gIr and 186gIr might be
produced by the following possible reaction channels:

(i) Complete fusion channel: The CF of 12C with 181Ta
results in the formation of (193Au*) CN, which leads to the
production of 187Ir and 186Ir through α2n and α3n channels,
respectively.

12C +181 Ta → 193Au∗ → 187Ir + α2n,

Eth = 29.28 MeV. (3)
12C +181 Ta → 193Au∗ → 186Ir + α3n,

Eth = 38.29 MeV. (4)

(ii) Incomplete fusion channel: As the projectile (12C) has
an α-cluster structure so in the presence of sufficient projectile
energy and with the influence of nuclear force field, it can
break up into fragments as shown below:

12C → 8Be + α, Qvalue = −7.37 MeV. (5)
12C → α + α + α, Qvalue = −7.27 MeV. (6)

The possible breakups of the projectile mentioned above
would lead to the formation of 187gIr and 186gIr when one of
the fragments fuses with the target, and the other fragment
moves in the forward direction as a spectator. For the ICF of
12C, 8Be fragment might fuse with 181Ta target and lead to the
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FIG. 4. (a) Variation of TF, CF, and ICF cross sections for α-emitting channels and (b) Comparison of ICF fraction (%) deduced from
present data and Babu 2003 [39].

formation of (189Ir*) CN, which may produce 187Ir and 186Ir
through 2n and 3n channel, respectively.

8Be + 181Ta → 189Ir∗ → 187Ir + 2n,

Eth = 20.98 MeV. (7)

8Be + 181Ta → 189Ir∗ → 186Ir + 3n,

Eth = 29.8 MeV. (8)

Sufficiently large cross sections than the theoretical esti-
mates of PACE4 and EMPIRE in αxn channels indicate the
ICF mechanism in the present data. On the other hand, the
fusion of α fragment with 181Ta would not produce Ir radionu-
clides.

B. ICF analysis

The ICF has been analysed for α-emitting channels by
using the data reduction method [10] with reference to the the-
oretical model calculations, PACE4 and/or EMPIRE. These
models do not consider ICF in the calculations, which might
be the reason for underprediction of cross section in the αxn
channels, whereas these models with same set of input param-
eters were observed satisfying the xn channel measurements.
For xn channel, comparison of measured data with the theo-
retical models, as shown in Fig. 2, reveals that PACE4 with
K = 9 is more reliable than EMPIRE with GC. Hence, the
total ICF cross section and strength of ICF is calculated in
reference to PACE4 by using the relations:∑

σICF =
∑

σ
187gIr+186gIr
TF(expt) −

∑
σ

187Ir+186Ir
CF(PACE4). (9)

FICF(%) =
(∑

σICF/σ
theor
TF

)
× 100%. (10)

Figure 4(a) represents the excitation function of total fu-
sion (TF) cross section, which is the sum of experimentally
measured cross sections of 187gIr and 186gIr, written in Eq. (9)
as

∑
σ

187gIr+186gIr
TF(expt) . It is compared with the sum of theoretical

estimates given by PACE4 for 187Ir and 186Ir. Theoretically,
only complete fusion is estimated; thus, it is total complete
fusion cross section,

∑
σ

187Ir+186Ir
CF(PACE4) . It is evident from Fig. 4(a)

that TF is showing a significant enhancement than the CF. For
estimating total ICF cross section,

∑
σICF, CF is subtracted

from TF. In order to calculate the strength of ICF, the ratio of
total ICF cross section (for αxn channels) and total theoret-
ical fusion cross section is taken, as mentioned in Eq. (10).
Variation of FICF with the projectile energy can be seen in
Fig. 4(b). A linear rise in the ICF strength is observed with
the increasing incident energy except at 63.3 MeV, where an
abrupt increase in FICF is observed. The FICF for the present
data is compared with the FICF deduced from the data reported
in Ref. [39] for the same system by incorporating the same
theoretical model code (PACE4 with K = 9). Although FICF,
in this case, is also showing an increasing trend, it is relatively
higher than the present data. This higher ICF strength fraction
(≈3–5%) for Ref. [39] data might be due to the consideration
of more number of α-emitting channels (three αxn and three
2αxn channels). While for our data, only two αxn channels
are considered for ICF strength fraction calculations. Consid-
ering two α-emitting channels (α2n and α3n) from present
data as well as from Ref. [39], FICF per contributing channel
has been calculated and found to be similar, ≈2.0–3.8% and
≈2.0–3.2%, respectively, for overlapping energy regions. It is
worth mentioning that due to the limitations in the adopted
technique, cross sections of stable residues and radionuclides
having weak γ rays and very short half-lives are not measured.
Thus, considering all these factors in mind, the ICF contri-
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FIG. 5. Mass distribution of evaporation and fission residues pro-
duced through CF and/or ICF at Elab = 72.7 MeV. Solid lines show
Gaussian fittings.

bution reported for the present data can be considered as the
lowest limit of ICF contribution for the 12C + 181Ta reaction
in which up to 7.7% of FICF has been estimated.

C. Mass distribution of fission fragments

Fission fragment mass distribution is one of the most inter-
esting fission observables. It provides insight into the structure
of potential energy surface (PES) and plays a significant role
in identifying the different reaction mechanisms in heavy-
ion-induced reactions. Several fissionlike events have been
identified from the γ spectra recorded from each Ta-Al set.
A total of 12 fission radionuclides within the mass range
71 � A � 135 have been identified in the present work, and
the measured cross sections at different energies are repre-
sented in Table III. Theoretical model codes, PACE4 and
EMPIRE, estimated very low fission cross sections in the
considered energy range. It is worthy to note that even at
the highest energy, 72.7 MeV, PACE4 estimated the fission
cross section to be around 0.27 mb and EMPIRE estimated
it to be zero. Contrary to these estimations, by summing the
individual cross sections of fission fragments, the total fission
cross sections have been measured in the order of several
hundred or tens of mb, such as 422.0 ± 65.1, 416.6 ± 78.4,
532.2 ± 93.8, 297.4 ± 53.2, 149.1 ± 31.9, 79.9 ± 14.4, and
0.6 ± 0.1 mb at Elab = 72.7, 68.1, 63.3, 62.2, 57.8, 57.2, and
52.0 MeV, respectively.

Figures 5 and 6 represent the experimentally measured
individual cross sections of the fission fragments populated in
the 12C + 181Ta reaction as a function of mass number. Broad
and symmetric mass distributions can be observed, at energies
Elab = 72.7, 68.1, 63.3, 62.2, and 57.8 MeV, which indicates

FIG. 6. FFMD at different incident energies. Gaussian fit is rep-
resented by solid line.

the formation of fission fragments from the compound nu-
clear mechanism, after fitting it with the Gaussian distribution.
Hence, the independent yield is represented as:

Y (A) = ae
−(A−MMP )2

2σ2
M , (11)

where, a, MMP, and σM are the peak amplitude, most probable
mass (centroid), and width parameter, respectively, obtained
from the Gaussian distribution. The energy points, Elab >

57.2 MeV, are above the Coulomb barrier, and maximum
fission fragments have been identified in this energy region.
On the other hand, only a few fission radionuclides, which
are insufficient to fit with the Gaussian, were populated be-
low the barrier. To explore the mass distribution of fission
fragments below the barrier, longer time measurements are
required. Using Gaussian fitting of the mass distribution in
the present work, dispersion parameters (MMP, σM) have been
extracted as (110.6, 14.1) at Elab = 72.7 MeV, (109.6, 13.2)
at Elab = 68.1 MeV, (110.6, 12.2) at Elab = 63.3 MeV, (111,
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FIG. 7. Variation of mass variance of fission fragments’ mass
distribution with excitation energy for 12C + 181Ta system. Linear fit
is shown by red line.

12.1) at Elab = 62.2 MeV, and (110.8, 11.1) at Elab = 57.8
MeV.

The variance σ 2
M of the mass distribution has been found to

be 199 u2, 174 u2, 149 u2, 146 u2, and 123 u2 at (Elab, E∗) =
(72.7, 53.1) MeV, (68.1, 48.8) MeV, (63.3, 44.3) MeV, (62.2,
43.3) MeV, and (57.8, 39.2) MeV, respectively. Figure 7 rep-
resents the linearly increasing trend of σ 2

M with increasing E∗,
which indicates the broadening of mass distribution of fission
fragments with increasing E∗. The smooth rise in σ 2

M with E∗
is the property of fission through the complete fusion process.
It can be explained on the basis of the liquid drop model,
according to which temperature and angular momentum play
an important role. Similar trend of rising variance is also
reported in Refs. [28,33,34].

Furthermore, an attempt has been made to under-
stand the role of entrance-channel mass asymmetry, α =
(MT − MP )/(MT + MP ), on the mass distribution of fis-
sion fragments. For this purpose, previously reported vari-
ance of FFMD for different target-projectile combinations,
11B + 232Th [30] and 16O + 181Ta [31], has been compared
with the present system, 12C + 181Ta, as a function of α. This
comparison has been made at Elab/Vb value around 1.3 for
the respective systems, where Vb represents Coulomb barrier
in laboratory frame of reference. It can be clearly observed
from Fig. 8 that mass variance increases with increasing
mass asymmetry. Similar observations have been reported in
Refs. [28,34] at fixed (Elab/Vb) value. The study of σ 2

M over
a wide range of α values would help in understanding its
dependence on α.

Maximum input angular momentum (�max) also affects the
distribution by varying the fission barrier (B f ) [60,61]. Taking
this under consideration, we have calculated �max for each E∗

FIG. 8. Comparison of mass variance of present work with
Gubbi 1999 [30] and Sharma 2011 [31] at normalized energy
Elab/Vb.

and found it to be 6h̄, 18h̄, 20h̄, 26h̄, and 32h̄ at 39.2 MeV,
43.3 MeV, 44.3 MeV, 48.8 MeV, and 53.1 MeV excitation
energy, respectively. Calculations revealed its increasing trend
with rising excitation energy. In addition, the cross sections of
observed ERs forming through CF and/or ICF along with
the fission fragments at Elab = 72.7 ± 0.9 MeV have been
plotted, as shown in Fig. 5. A broad and symmetric Gaussian
peak represents the fissionlike events in the medium mass
region, 75 � A � 135. On the other hand, a narrow Gaussian
in the heavy-mass region, 180 � A � 195, indicates the for-
mation of ERs through CF and/or ICF processes. Figure 5
separates the events coming from two different mechanisms
in heavy-ion-induced reaction of the 12C + 181Ta system.

V. CONCLUSION

In conclusion, excitation functions for radionuclides
produced through CF and ICF processes have been compared
with theoretical model codes PACE4 and EMPIRE. Good
agreement of PACE4 calculations, which is based on the
Hauser-Feshbach formalism, in xn channel, implies the
production of those radionuclides through the CF mechanism.
Although reported data in Ref. [39] agree with the present
data, variation up to a certain extent has been observed with
data reported in Ref. [38]. Relatively large cross sections com-
pared to theory in the αxn channel indicate the presence of
the ICF process. ICF fraction per observation channel in the
present study and the one deduced from the reported data [39]
is compared. Moreover, total fission cross sections have been
estimated by adding the individual fission fragment cross sec-
tions measured at energies 72.7 ± 0.9, 68.1 ± 0.9, 63.3 ± 1.0,
62.2 ± 0.9, 57.8 ± 1.0, 57.2 ± 1.0, and 52.0 ± 0.8 MeV. The
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FFMD at different E∗ is broad and symmetric, indicating that
the CN’s deexcitation follows the fission process. The trend
of mass variance with increasing E∗ is found to be linearly
increasing. The influence of entrance-channel parameters, es-
pecially mass asymmetry on mass variance has been observed
for Elab/Vb ≈1.3 value, and variance is found to be rising. A
rise in the value of �max with increasing E∗ has been observed.
This examination added an understanding regarding the
observed increment in the fission cross section with increasing
�max as it tends to diminish the fission barrier gradually.
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