
PHYSICAL REVIEW C 96, 014620 (2017)

Fission-like events in the 12C + 169Tm system at low excitation energies
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Background: Fission has been found to be a dominating mode of deexcitation in heavy-ion induced reactions
at high excitation energies. The phenomenon of heavy-ion induced fission has been extensively investigated
with highly fissile actinide nuclei, yet there is a dearth of comprehensive understanding of underlying dynamics,
particularly in the below actinide region and at low excitation energies.
Purpose: Prime objective of this work is to study different aspects of heavy-ion induced fission ensuing from the
evolution of composite system formed via complete and/or incomplete fusion in the 12C + 169Tm system at low
incident energies, i.e., Elab ≈ 6.4, 6.9, and 7.4 A MeV, as well as to understand charge and mass distributions of
fission fragments.
Method: The recoil-catcher activation technique followed by offline γ spectroscopy was used to measure
production cross sections of fission-like events. The evaporation residues were identified by their characteristic
γ rays and vetted by the decay-curve analysis. Charge and mass distributions of fission-like events were studied
to obtain dispersion parameters of fission fragments.
Results: In the present work, 26 fission-like events (32 � Z � 49) were identified at different excitation energies.
The mass distribution of fission fragments is found to be broad and symmetric, manifesting their production via
compound nuclear processes. The dispersion parameters of fission fragments obtained from the analysis of mass
and isotopic yield distributions are found to be in good accord with the reported values obtained for different
fissioning systems. A self-consistent approach was employed to determine the isobaric yield distribution.
Conclusions: The present work suggests that fission is one of the competing modes of deexcitation of complete
and/or incomplete fusion composites at low excitation energies, i.e., E∗ ≈ 57, 63, and 69 MeV, where evaporation
of light nuclear particle(s) and/or γ rays are assumed to be the sole contributors. A single peaked broad Gaussian
mass dispersion curve has corroborated the absence of any noncompound nuclear fission at the studied energies.
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I. INTRODUCTION

Since the discovery of nuclear fission [1], it has inspired a
great deal of effort across the globe and has been prodigiously
investigated in light- and heavy-ion induced reactions on
actinide targets [2]. The cross-section data for fission frag-
ments in a diverse range of projectile-target combinations are
essential for applications in the areas of superheavy element
synthesis, nuclear astrophysics, nuclear energy, and radio-
chemistry for national security. They are also of fundamental
importance for the development of next generation nuclear
reactors for the production of nuclear energy and transmutation
of commercial nuclear waste [3,4]. The accurate knowledge
of fission dynamics and cross-sections is required to optimize
the production of new heavy radioactive isotopes of interest.
Fission plays a vital role in ascertaining the stability of
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superheavy nuclei [5]. In macroscopic theories of heavy-ion
collisions, the energy of the colliding nuclei is the sum of
repulsive electrostatic energy and attractive nuclear energy.
Moller and Sierk [6] suggested that the multidimensional
potential “energy landscape” sways the dynamics of the fusion
process from the touching configuration of two nuclei to
the formation of a compound system, equilibrated in all
degrees of freedom. The topography of the potential energy
landscape is, however, different for the fusion of lighter and
heavier systems because for the latter the electric forces are
relatively stronger. Additionally, the inclusion of microscopic
effects, which arise because neutrons and protons inside
the nuclei obey quantum mechanical laws, is of paramount
importance for the theoretical studies of nuclear collisions. The
other factors—, deformation of colliding nuclei, their mass-
asymmetry, separation between the two, and the nature of neck
joining them, together with the microscopic effects—increases
the complexity in theoretical reckoning of the path taken
by the system through its evolution. Consequently, different
experimental probes have been used to explicate the path
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traversed by the system. Nishio et al. [7] and Hinde et al.
[8], measured the angular distributions of fission fragments
and the production cross sections of evaporation residues to
investigate the aforementioned aspects. The conclusions of
both the works are well described by macroscopic models but
they have contradictory interpretations in determining the path
taken by the system: the fusion meadow or the fission valley
[6]. Recently, Ghosh et al. [9], proposed that the accurate
measurement of mass distribution as a function of excitation
energy can be used as a probe to determine the path followed
by the system. They performed measurements for spherical
and deformed targets with different projectiles, and picked
up microscopic effects to determine the different topological
paths a system follows through the energy landscape. It has
been reported that the width of the mass distribution of fission
fragments from fusion-fission reactions on a deformed target
increases with the increase in excitation energy near the
Coulomb barrier, whereas there is a smooth variation in the
width of the mass distribution for a spherical target.

Over last few decades, heavy-ion induced reactions have
captivated nuclear physicists, as they offer the most drastic
rearrangement of nucleons in a many-body system [10]. In a
fusion-fission process, the compound nucleus formed via com-
plete and/or incomplete fusion may proceed towards fission
depending upon the available excitation energy. Other entrance
channel parameters, i.e., mass asymmetry (μ = MT −MP

MT +MP
),

deformation, and Coulomb factor (Z1Z2), have been found
to influence the dynamics of fusion-fission. The final reaction
products may be populated via the emission of light nuclear
particles and characteristic γ rays from the fission fragments
[11–16]. Nishio et al. [7] reported incomplete fusion-fission as
one of the dominant reaction modes in addition to the complete
fusion-fission at intermediate energies. The studies presented
in Refs. [17–22] suggest that several reaction channels open
up at intermediate projectile energies, i.e., E/A � 8 MeV.

Further, the survival probability of an excited compound nu-
cleus against fission was first explained by Bohr and Wheeler
using the liquid drop model [23]. It has been suggested that
the dynamics of fission can be viewed as the passage of the
fissioning nucleus over the fission barrier, which arises due
to the competition between Coulomb and surface energies.
According to the liquid drop model, no fission barrier exists for
Z � 104; therefore, a symmetric, single-humped distribution
of masses of fission fragments is most probable. Later, the
observation of asymmetric mass distribution in majority of
the experiments performed using actinide targets [24], and
synthesis of elements beyond Z = 104 by Oganessian et al.
[25] showed the inadequacy of the liquid drop model. This
discrepancy was resolved by incorporating shell effects in the
liquid drop model [26–29]. Strutinsky [26] proposed the shell
corrections method and used averaged single particle energy as
a correction term to the liquid drop model energy. It was found
that the inclusion of the shell correction term increases the
fission barrier height, thereby increasing the fission half-lives
for heavy elements. Thus, shell effects play a crucial role in
determining the stability of superheavy elements. It has also
been observed that the asymmetry in the mass-distribution
decreases at higher excitation energies, which makes the
process of fission more symmetric. This may be attributed to

gradual washing out of the shell effects at higher excitation
energies of the composite system. It may be pointed out
that the charge and mass distributions are two indispensable
post-fission observables that have been extensively studied at
intermediate energies to understand the fading of shell effects
with excitation energy and the dynamics of the fission process.
These observables act as a probe to identify different reaction
mechanisms.

For many years now, the phenomenon of nuclear fusion-
fission with heavy-ions has been extensively studied for a
wide range of fissility, excitation energy, and other entrance
channel parameters [17,30–33]. Although a large amount of
data has been generated, complete understanding of various
reaction mechanisms in general, and below the actinide region
in particular, is still lacking. Therefore, the dynamics of
heavy-ion interactions and the comprehensive understanding
of processes ensuing from the collision of the projectile and the
target nuclei are significant and need to be further investigated.

In order to explore different aspects of low energy heavy-ion
induced reactions, a series of experiments was performed at
the Inter-University Accelerator Center (IUAC), New Delhi.
In this work, the production cross sections of fission-like
events were measured in 12C + 169Tm system at projectile
energies 77.18, 83.22, and 89.25 MeV. The mass and charge
distributions of reaction residues likely to be populated
via fission of complete and/or incomplete fusion at these
energies were studied. Experimental details, data reduction
methodology, and the findings of present work are discussed
in Sec. II. Summary and conclusions are given in Sec. III of
this paper.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiments were performed at the IUAC New Delhi
using the pelletron accelerator facilities. Beams of 12C (Elab =
77.18, 83.22, and 89.25 MeV with beam current 25–34 nA)
were bombarded on a self-supporting 169Tm (abundance =
100%) target foil of thickness ≈900 μg/cm2 prepared by
rolling technique. An aluminum foil of sufficient thickness was
placed behind the target foil to stop recoiling reaction products.
The thickness of target and catcher foil was measured using
an α-transmission method in which α particles of 5.487 MeV
obtained from a standard 241Am source were allowed to fall
on the target and catcher foils. The energy loss suffered by
α particles was used to calculate thickness of the foils. A
stack of target and catcher foils was installed on an aluminum
target holder with a concentric hole of 1.2 cm diameter.
The target-catcher foil assembly was mounted in the General
Purpose Scattering Chamber (GPSC), with the target facing the
beam, and irradiated for a time span of ≈ 6–8 hours depending
upon the half-lives of interest.

The γ -ray activities produced in the target-catcher foil
assembly after the irradiation were counted with two pre-
calibrated high-purity germanium (HPGe) detectors coupled
to a computer aided measurement and control (CAMAC) based
data acquisition system [34]. The calibration of detectors was
done using standard (152Eu and 60Co) γ sources of known
strengths. The measurement with the standard sources was
performed before and after the offline counting of irradiated
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FIG. 1. A typical γ -ray spectrum of 12C + 169Tm at Elab =
89.25 MeV. The γ lines are assigned to the different reaction
products populated via complete fusion-fission and/or incomplete
fusion-fission processes and evaporation residues. A typical decay
curve of krypton isotope is shown in the inset. The dashed red line is
the linear fit through data points.

target foils, at different detector-source separations, to vet the
efficiency of the detectors. The geometry-dependent efficiency
of the detectors was estimated at different detector-source
separations to make efficiency corrections in the observed
activities [35]. The uncertainty in the geometry dependent
efficiency of the detectors was estimated to be �2%. The
target-catcher stack was counted in the same geometry as
that of the standard sources to circumvent the errors due to
solid angle effect. The resolution of the HPGe detectors was
≈1.8 keV at the 1332 keV γ ray of the 60Co source. Besides,
the dead time of the detector was kept �10% by adjusting the
detector-stack distance for irradiated samples.

The identification of reaction products was done explicitly
based on their characteristic γ rays and half-lives obtained
from the decay curve analysis. A typical γ -ray spectrum
obtained at Elab = 89.25 MeV for 12C + 169Tm system is
presented in Fig. 1. γ lines assigned for different fusion-
and fission-like events are marked. Decay γ lines assigned
to different evaporation residues were followed at increasing
times after the stop of irradiation. In order to generate decay
curves for individual γ lines, the count rates for γ lines were
plotted as a function of lapse time. As a representative case, the
decay curve of 74Kr achieved by following the 202.98 keV γ
line for a lapse time of ≈30 min is shown in inset of Fig. 1. As
shown in this figure, the activity reduced to half in ≈11.5 min
of lapse time, which is the characteristic half-life of 74Kr. This
confirms the identification of 74Kr. Decay γ lines assigned
to different evaporation residues are given in Table I along
with the other spectroscopic properties [36,37]. The decay
curve analysis was performed for all identified γ lines listed
in this table. The intensities of the observed γ rays were used
to calculate the formation cross section (σER) of evaporation
residues using the standard activation equation [35],

σER = Ct=0

N0θφGεK(1 − e−λt1 )
, (1)

TABLE I. Decay data of the fission fragments identified in the
present work.

Serial No. Eγ (keV) Iγ (%) Nuclide Half-life (T1/2)

1 728, 634.8 35.6, 91.2 74Brm 46 min
2 202.98 18 74Kr 11.50 min
3 286 88 75Br 96.7 min
4 264 11.4 75Ge 82.78 min
5 154.6 21.1 75Kr 4.29 min
6 315.7 39 76Kr 14.8 h
7 146.59 37 77Kr 74.4 min
8 613.8 54 78As 90.7 min
9 668.1 23.4 79Rb 22.9 min
10 443.3 17 81Sr 22.3 min
11 881 98 84Br 31.76 min
12 454 40 85Zr 7.86 min
13 627.7 32.6 86Y 14.74 h
14 201 96.4 87Zr 1.68 h
15 947.7 10 89Rb 15.15 min
16 266.9 7.4 93Y 10.18 h
17 367.2 75 94Ru 51.8 min
18 336.4 69.9 95Ru 1.64 h
19 657.8 98.2 97Nb 72.1 min
20 657.8 98.2 98Nbm 51.3 min
21 306.83 89 101Tc 14.02 min
22 630.2 16.1 102Tcm 4.35 min
23 358 89 104Tc 18.3 min
24 941.6 25 104Ag 69.2 min
25 159 10.2 105Tc 7.6 min
26 787.3 93.4 105In 5.07 min

where Ct=0 is the count rate at the end of irradiation, N0 is the
initial number of target nuclei per unit area, θ is the branching
ratio of the characteristic γ rays, Gε is the geometry dependent
efficiency of the detector, K is the self-absorption correction
factor, λ is the decay constant of the evaporation residue, and
t1 is the duration of irradiation.

The cross sections of evaporation residues populated via
fusion and/or fission-like events in 12C + 169Tm system at
77.18, 83.22, and 89.25 MeV energies are presented in
Table II with experimental uncertainties. The uncertainty in
the production cross sections may arise due to various factors
given elsewhere [35]. The overall error in the measured cross
sections is estimated to be �13%.

In order to establish the credibility of the method used
to obtain measured cross sections of the fission fragments,
the cross sections of evaporation residues populated via
complete and/or incomplete fusion in 12C + 169Tm reaction
were analyzed in the framework of the Projected Angular
momentum Coupled Evaporation (PACE) [38] code, version
4.0. The code PACE4 is a statistical model code based on the
Hauser-Feshbach formalism and uses the Monte Carlo method
to follow the deexcitation of a compound nucleus [39,40]. It
may be pointed out that the code PACE4 takes into account
only a complete fusion reaction; therefore, any deviation in
experimental cross-sections as compared to the theoretical
model predictions may be attributed to some physical effect
which is not included in the code.
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TABLE II. Formation cross sections of the fission products and
evaporation residues populated in the 12C + 169Tm reaction at Elab =
89.25, 83.22, and 77.18 MeV.

Cross sections σ (mb)

Nuclide 89.25 MeV 83.22 MeV 77.18 MeV

74Brm 9.5 ± 0.8 7.6 ± 0.6 5.1 ± 0.4
74Kr 4.5 ± 0.5 2.6 ± 0.3
75Br 12.1 ± 0.9 8.5 ± 0.7 6.3 ± 0.5
75Ge 8.6 ± 0.9 5.3 ± 0.6 3.8 ± 0.4
75Kr 14.7 ± 1.3 11.2 ± 1.3 7.2 ± 0.8
76Kr 13.4 ± 1.1 13.2 ± 1.2 6.7 ± 0.7
77Kr 3.1 ± 0.4 4.2 ± 0.5
78As 12.4 ± 0.9 8.4 ± 0.9 7.1 ± 0.8
79Rb 17.1 ± 1.4 14.5 ± 1.6 8.9 ± 0.9
81Sr 8.3 ± 0.8 8.3 ± 0.9 7.4 ± 0.7
84Br 14.3 ± 1.3 11.3 ± 1.2 8.6 ± 0.9
85Zr 18.6 ± 1.4 14.1 ± 1.5 11.3 ± 1.1
86Y 11.6 ± 1.0 9.5 ± 0.8 9.6 ± 0.6
87Zr 15.1 ± 1.5 16.5 ± 1.4 12.1 ± 1.2
89Rb 13.2 ± 1.2 11.2 ± 1.0 9.4 ± 0.7
93Y 15.7 ± 1.6 11.5 ± 1.3 9.3 ± 0.8
94Ru 12.4 ± 1.4 9.4 ± 1.0 8.6 ± 0.6
95Ru 14.9 ± 1.2 13.9 ± 1.4 9.7 ± 0.8
97Nb 13.7 ± 1.5 14.3 ± 1.1 10.8 ± 0.9
98Nbm 14.6 ± 1.2 14.3 ± 1.1 7.8 ± 0.7
101Tc 3.1 ± 0.3 2.9 ± 0.5
102Tcm 12.8 ± 1.3 10.6 ± 1.4 8.7 ± 0.7
104Tc 15.3 ± 1.4 12.9 ± 1.1 7.4 ± 0.6
104Ag 11.6 ± 0.9 15.6 ± 1.3 7.9 ± 0.6
105Tc 3.9 ± 0.5 3.5 ± 0.5
105In 9.7 ± 1.1 6.8 ± 0.7 5.2 ± 0.5
178Re (3n) 1.6 ± 0.2 2 ± 1
177Re (4n) 22 ± 4 90 ± 11 300 ± 24
176Re (5n) 522 ± 73 757 ± 95 600 ± 75
175Re (6n) 512 ± 60 180 ± 25 1.2 ± 0.3
177W (p3n) 2.7 ± 0.6 7.6 ± 0.8 31.1 ± 4.2
176Ta (αn) 93 ± 11 95 ± 11 49.4 ± 5.9
175Ta (α2n) 0.9 ± 0.2 7.8 ± 1.4
174Ta (α3n) 45.7 ± 6.5 64.3 ± 7.9 69.5 ± 8.3
173Ta (α4n) 128.8 ± 18.5 70.8 ± 9.5 28.2 ± 3.6
171Lu (2α2n) 46.1 ± 4.7 54.4 ± 5.3 37.2 ± 4.2

The experimental cross sections of 178,177,176,175Re (xn),
177W (pxn), 176,175,174,173Ta (αxn), and 171Lu (2αxn) residues
expected to be populated via complete and/or incomplete
fusion in the 12C + 169Tm system at energies Elab = 77.18,
83.22, and 89.25 MeV were compared with PACE4 predictions.
It was found that the xn channels are reasonably well repro-
duced with the theoretical calculations performed for a value of
level density parameter a = A/8 MeV−1, indicating the pro-
duction of these residues via complete fusion. Therefore, the
value of a = A/8 MeV−1 may be used as a default parameter
for other complete fusion channels identified at this energy.

As a representative case, the ratio of experimentally mea-
sured and theoretically calculated cross sections of different
residues identified at Elab = 83.22 MeV is shown in Fig. 2. As
shown in this figure, the ratio of experimentally measured

FIG. 2. Ratio of measured and PACE calculated cross sections
of evaporation residues in the 12C + 169Tm reaction at Elab =
83.22 MeV. Dashed lines are drawn at unity.

and theoretically calculated production cross sections of
177,176,175Re (xn) and 177W (pxn) follow the unity line, but
not 178Re (3n). This suggests the production 177,176,175Re and
177W residues via complete fusion. However, Sharma et al.
[41] explained the enhanced cross section in the case of
178Re using the code ALICE [42]. ALICE takes into account
both the equilibrium and preequilibrium components. The
cross section for 178Re was reasonably reproduced with the
predictions of the code ALICE including rotational energy
(Erot) corrections. 178Re was found to have contributions from
both equilibrated compound nucleus decay and preequilibrium
decay of three neutrons from the early stage of equilibration.
Further, PACE4 underpredicts the measured cross sections of
α-emitting channels. The evaporation residues 176,175,174,173Ta
are expected to be populated via both complete and/or
incomplete fusion in which residues may be populated via
emission of 2p3n from 181Re∗, or by fusion of one of the
fragments 8Be with 169Tm, forming 177Ta∗ which may decay
subsequently via one neutron. The enhanced cross sections for
α-emitting channels may be a hint of the onset of incomplete
fusion at this energy. The production of 176,175,174,173Ta via
169Tm(12C,α)177Ta∗ and 172,171Lu via 169Tm(12C,2α)173Lu∗
were confirmed in a recoil range distribution experiment by
Chakrabarty et al. [43].

In the present work, the evaporation residues populated via
fission were identified using the same procedure as that of com-
plete/incomplete fusion residues presented in Fig. 2. It may be
pointed out that the fission residues may originate from the
deexcitation of complete/incomplete fusion composites, as the
identified residues have charge and atomic mass around half
the values of the residues populated via complete/incomplete
fusion channels. It is pertinent to mention here that all fission
residues were identified first by characteristic γ rays and then
vetted by their decay-curve analysis.

A. Mass distribution of fission fragments

The mass distribution of fission fragments is an interesting
post-fission probe to discern various reaction mechanisms
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FIG. 3. Mass yields of fission products in 12C + 169Tm at Elab =
(a) 89.25 MeV, (b) 83.22 MeV, and (c) 77.18 MeV. The solid lines
are the Gaussian fits through data points.

leading to nuclear fission [24,44–46]. In heavy-ion induced
reactions, the mass distribution of fission fragments is, gen-
erally, found to be symmetric because in most of the cases a
compound nucleus is formed with an excitation energy which
is well above the fission barrier. In order to obtain the mass
distribution of fission fragments produced in 12C + 169Tm
reactions at Elab = 89.25, 83.22, and 77.18 MeV, experimen-
tally measured cross sections of 74,75,76,77Kr, 101,102m,104,105Tc,
74m,75,84Br, 75Ge, 86,93Y, 94,95Ru, 105In, 81Sr, 79,89Rb, 85,87Zr,
78As, 104Ag, and 97,98mNb residues are plotted as a function of
mass number in Figs. 3(a)–3(c). The excitation energy and the
maximum input angular momentum of the compound nucleus
formed in the 12C + 169Tm reaction at incident projectile
energies Elab = 77.18, 83.22, and 89.25 MeV are estimated
to be ≈57 MeV and ≈37h̄, ≈63 MeV and ≈41h̄, and ≈69
MeV and ≈45h̄, respectively.

FIG. 4. Mass variance, σ 2
M , as a function of excitation energy (E∗)

for a deformed thulium target. The solid lines show the increase in
σ 2

M with E∗. The arrow indicates the excitation energy corresponding
to the Coulomb barrier.

As shown in Figs. 3(a)–3(c), the mass distributions are
found to be symmetric and can be fitted with one Gaus-
sian function, indicating the formation of identified fission
fragments from compound nuclear processes. The centroid
and the width parameters, which represent most probable
mass and dispersion of fission fragments, obtained from the
analysis of mass distributions are found to be 88.18 ± 0.22 and
20.83 ± 0.62 at Elab = 89.25 MeV [Fig. 3(a)], 89.76 ± 0.29
and 20.11 ± 0.63 at Elab = 83.22 MeV [Fig. 3(b)], and 91.4 ±
0.5 and 18.80 ± 0.96 at Elab = 77.18 MeV [Fig. 3(c)]. The
variance of mass distribution σ 2

M is found to be 434 ± 26 u2

at Elab = 89.25 MeV, 404 ± 25 u2 at Elab = 83.22 MeV, and
353 ± 36 u2at Elab = 77.18 MeV. The uncertainties quoted in
these values are the fitting errors. In order to track the change
in mass variance (σ 2

M ) with excitation energy, the value of
σ 2

M obtained from the analysis of mass distributions of fission
fragments at different excitation energies, E∗ ≈ 69, 63, and
57 MeV, is plotted in Fig. 4.

The observed variation in the value of σ 2
M with excitation

energy for the present system follows the same trend as that
reported by Ghosh et al. [9] for 19F, 16O, and 12C projectiles on
a deformed thorium, 232Th, target. As shown in Fig. 4, the value
of σ 2

M increases with excitation energy, indicating larger spread
in fission-fragment masses for higher excitation energies. The
variation of the value of σ 2

M with excitation energy at and below
the barrier energies needs to be further investigated to better
understand this aspect. In the present work, the variance of
mass distribution agrees reasonably well with similar systems
[24]. However, due to high angular momentum (〈l〉 = 27.4h̄)
of the fissioning nucleus, variance of the mass distribution is
larger than that of systems with the same fissility and at low
angular momentum [13,47,48].

For better insights into the dynamics of fission, and to
understand how distribution of fission fragments relates to
the choice of entrance channel parameters, the mass variance
of fission fragments for different projectile-target combina-
tions has been plotted as a function of mass asymmetry,
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FIG. 5. Mass variance, σ 2
M , as a function of mass asymmetry, μA,

of different projectile-target systems.

μA = MT −MP

MT +MP
, in Fig. 5 [14,49–53]. As shown in this figure,

the mass variance for the present system is consistent with
the value reported by Sharma et al. [49] for the 16O + 181Ta
system. The mass variance data presented in Fig. 5 for 16O +
209Bi [14], 16O + 181Ta [49], 238U + 16O [50], 16O + 232Th
[51], 16O + 208Pb [52], and 12C + 209Bi [53] systems shows
a linear increase in dispersion parameter (σ 2

M ) with mass

FIG. 6. Mass number vs cross sections for fission fragments
and compound nucleus evaporation residues at Elab = 89.25 MeV
populated in the 12C + 169Tm reaction. The dashed blue and dotted
red lines through data points are drawn to guide the eyes.

asymmetry (μA). This suggests broader distribution of fission
fragments for more mass-asymmetric systems.

Further, the cross sections for all the evaporation residues
identified in the present work at beam energy Elab =
89.25 MeV are plotted in Fig. 6 as a representative case.
For heavy-ion induced reactions, the plot of mass number

FIG. 7. Isotopic yield distribution of [(a) and (b)] krypton (74,75,76,77Kr), and [(c) and (d)] technetium (101,102m,104,105Tc) isotopes at
Elab = 83.22 and 89.25 MeV. The solid lines show the fitted Gaussian distribution.
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TABLE III. Charge distribution parameters for Elab = 89.25 and
83.22 MeV in 12C + 169Tm system.

89.25 MeV 83.22 MeV

Isotope Z Ap σ 2
A Ap σ 2

A

Kr 36 75.42 ± 0.03 3.90 75.63 ± 0.04 3.05
Tc 43 103.08 ± 0.04 3.27 103.1 ± 0.1 2.94

vs cross sections may have components from complete and/or
incomplete fusion residues and fusion-fission residues. As is
apparent from this figure, the wider peak at intermediate mass
range corresponds to the fission-like events whereas the narrow
peak at higher mass numbers is attributed to the complete
and/or incomplete fusion events.

B. Isotopic yield distribution

At moderate excitation energies, neutron emission com-
petes directly with the process of fission, as the emission of
charged particle(s) is obstructed due to the large Coulomb
barrier. Thus, nucleon emission from the primary fission
fragments and/or fission of precursors of the fission-decay
chains give rise to isotopic and isobaric yield distributions
of the fission residues. To determine the total chain yield of
a fission product with mass A and charge Z, values of the
most-probable charge Zp and the width parameter of charge
distribution σZ for the isobaric mass chain are required.

In order to obtain these parameters, cross sections of at
least three members in an isobaric chain should be measured.
Since it is difficult to measure three independent yields in
an isobaric chain, an alternative approach of isotopic yield
distribution of the fission products was used to obtain the
charge distribution parameters. In an isotopic chain, a fission
product with mass A for fixed Z may result from subsequent
evaporation of neutron(s) from several fragments.

Thus, its total yield Y total(A) may be related to the yields of
the corresponding fragments Y (A′) using the relation

Y total(A) =
n∑

ν=1

PνY (A′), (2)

where A′ (=A + ν) is the mass number of the fragment
emitting n neutrons to form the fission product with mass
A, and Pn is the probability of emission of n neutrons by the
fragment A′. The independent yields of the fission fragments
are assumed to have a Gaussian charge distribution given by

Y (A′) = YZ√
2πσ 2

A′

e−(A′−A
′
p)2/2σ 2

A′ , (3)

where A′
p and σ 2

A′ are the most probable mass and variance
of the isotopic yield distribution. YZ is the elemental yield.
Substituting Y (A′) in Eq. (3) gives the total yield of the
corresponding decay chain as

Y total(A) =
n∑

ν=1

Pν

YZ√
2πσ 2

A′

e−(A′−A
′
p)2/2σ 2

A′ . (4)

TABLE IV. Comparison of variance (σ 2
A) of isotopic yield

distribution for different fissioning systems.

System E∗ (MeV) Isotope σ 2
A Refs.

12C + 169Tm 68.6 Kr 3.90 ± 0.20 a

12C + 169Tm 68.6 Tc 3.27 ± 0.18 a

12C + 169Tm 62.9 Kr 3.05 ± 0.18 a

12C + 169Tm 62.9 Tc 2.94 ± 0.28 a

16O + 181Ta 67.04 Y 3.05 ± 0.10 [49]
16O + 181Ta 67.04 In 4.16 ± 0.01 [49]
16O + 159Tb 57.1 Sr 3.31 [54]
16O + 159Tb 57.1 Y 4.41 [54]
16O + 169Tm 61.06 In 4.24 [54]
16O + 169Tm 61.06 Tc 4.62 [54]
7Li + 232Th 41.7 Sb 4.08 [55]
7Li + 232Th 41.7 I 3.96 [55]
11B + 232Th 55.7 Sb 4.0 [22]
11B + 232Th 55.7 I 5.43 [22]
11B + 232Th 55.7 Cs 3.72 [22]
11B + 238U 67.4 Rb 3.84 ± 0.16 [56]
11B + 238U 67.4 Cs 3.95 ± 0.14 [56]
22Ne + 238U 64.5 Rb 4.23 ± 0.40 [56]
22Ne + 238U 64.5 Cs 4.26 ± 0.90 [56]
20Ne + 208Pb 46.4 Sb 3.43 ± 1.02 [57]
20Ne + 208Pb 46.4 I 3.95 ± 0.87 [57]

aThis work.

The mean-squared deviation of the calculated isotopic yields
Y total(A) from the respective experimentally determined yields
Y exp(A) can be estimated by the χ2 fit as given by

χ2 = 1

(m − p − 1)

m∑
j=1

[
Y total

j (A) − Y
exp
j (A)

]2
. (5)

The χ2 minimization was done using a nonlinear least-
square fit procedure, keeping width (σA) and most-probable
mass (A

′
p) as the free parameters in Eq. (5). p is the number

of free parameters, which is equal to 2 in the present case.
Summation was carried over m isotopes of a given element. In
the present work, the foregoing approach was used to obtain
the charge distribution parameters from the experimentally
measured independent yields of krypton (74,75,76,77Kr) and
technetium (101,102m,104,105Tc) isotopes at energies 83.22 and
89.25 MeV. Mass dispersion curves and the corresponding
parameters for Kr and Tc isotopes are obtained by fitting
their respective independent yields to a Gaussian function. The
fitted curves and the experimentally determined independent
yields at both the energies are shown in Fig. 7. The values of
most probable mass Ap for Kr and Tc isotopes at excitation
energy E∗ ≈ 69 MeV corresponding to incident energy Elab =
89.25 MeV are found to be 75.42 ± 0.03 and 103.08 ± 0.04,
respectively. The width parameters σA for Kr and Tc isotopes
are estimated to be 1.97 ± 0.07 and 1.81 ± 0.07, respectively.
The uncertainties quoted for these parameters are the fitting
errors. The measured charge distribution parameters evaluated
from the analysis of isotopic yield distributions at energies
Elab ≈ 83.22 and 89.25 MeV are presented in Table III. The
isotopic yield distribution at Elab = 77.12 MeV could not be
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FIG. 8. Fractional independent yield distribution as a function of Z − Zp for [(a) and (b)] Kr isotopes at Elab = 83.22 and 89.25 MeV
respectively. (c) and (d) are similar plots for Tc isotopes. The solid lines are the Gaussian fits to determine σz.

obtained, as the number of measured cross sections was not
ample for distribution studies. The values of variance (σ 2

A)
reported in the literature for a number of other fissioning
systems at comparable excitation energies are presented in
Table IV. It was found that the σ 2

A values obtained in the present
work for the 12C + 169Tm system are in the same range as the
values for other systems presented in this table.

C. Isobaric yield distribution

Charge distribution studies gauge the distribution of nuclear
charge between two complimentary fission fragments for a
given mass division of the system undergoing fission. The
charge distribution in nuclear fission is determined by (i) the
most probable atomic number (Zp) for the fission product
which has the highest yield among all the products of given
mass chain A, and (ii) the fractional independent yield for
an isotope obtained by dividing the yield of the isotope by
the total yield of the mass chain A to which it belongs.
Based on the uncharged distribution (UCD) hypothesis [58],
the most probable charge Zp for Kr and Tc isotopes was
obtained as

Zp = A
Ap

Z

(6)

Using Eq. (6), the value of Z − Zp was calculated for each
isotope of Kr and Tc. The experimentally determined yields of
Kr and Tc were normalized to obtain their respective fractional
independent yields (FIY). Figure 8 shows the fractional
independent yields of Kr and Tc as a function of Z − Zp.
The value of the isobaric charge dispersion parameter (σz) for
Kr and Tc obtained from the fitting procedure is estimated
to be 0.94 ± 0.05 and 0.75 ± 0.05 charge units, respectively.
Further, the values of σz were calculated by converting the
width parameter of isotopic yield (σA) to σz = σA.Z/Ap as
discussed in Ref. [59]. The value of σz calculated for Kr and
Tc isotopes is found to be 0.942 and 0.754, respectively, which
is in reasonably good agreement with the values obtained from
the experimentally determined yields presented in Fig. 8. This
indicates the self-consistency of the present analysis.

III. SUMMARY AND CONCLUSIONS

The production cross sections for various fission fragments
were measured in the 12C + 169Tm system at energies Elab =
77.81, 83.22, and 89.25 MeV. The mass distribution of fission
fragments at different excitation energies was studied to
probe dispersion of fission fragments. The mass dispersion
of fission fragments was found to be symmetric at all
the studied excitation energies, E∗ ≈ 57, 63, and 69 MeV,
and can be fitted with one Gaussian function, indicating
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the population of fission fragments via deexcitation of the
compound nucleus. For better insights into the distribution
of fission fragments, the dispersion of fission fragments
σ 2

M was studied in terms of excitation energy and mass
asymmetry of interacting partners. It was found that the value
of σ 2

M increases with excitation energy and mass asymmetry,
indicating broader distribution of fission fragments at larger
excitation energies and for more mass-asymmetric systems.
The isotopic and isobaric yield distributions of several fission
fragments were studied to understand the dynamics of charge
distribution. The charge distribution parameters were obtained
from the analysis of experimental yields of Kr and Tc

isotopes. It was found that the charge distribution parameters
compare well with the experimental values reported in the
literature.
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