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Mass and isotopic yield distributions of fission-like events in the 19F + 169Tm system at low energies
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In the present work, 22 fission-like residues with mass number 67 � A � 156 produced via complete fusion-
fission and/or incomplete fusion-fission have been identified and their production cross sections measured at
three projectile energies, viz., 92.0 ± 1.8, 102.5 ± 1.5, and 105.4 ± 1.6 MeV in the 19F + 169Tm system. The
absolute cross section of each fission-like residue is measured by recoil-catcher activation technique using off-
line γ -ray spectroscopy. The data have been analyzed to deduce the parameters for isotopic yield and isobaric
charge distributions. The deduced isotopic yields for indium (107,108,109,110mIn) and neodymium (134,135,137,139Nd)
isotopes are reproduced by Gaussian distribution and their variance is in good agreement with that reported
in literature. The mass distributions of fission-like residues at three energies are also found to be Gaussian
peaked, which confirms their production via deexcitation of a compound nucleus through complete fusion-fission
and/or incomplete fusion-fission processes. It has been observed that, the mass variance (σ 2

M ) values of fission
fragments for two different systems, 12C + 169Tm and 19F + 169Tm, at nearly the same excitation energy and
angular momentum are distinctly different, indicating the importance of the entrance channel effect in fission
reaction dynamics. The theoretically calculated isobaric charge dispersion parameters for these residues are
found to be in good agreement with those obtained from the experimental data.
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I. INTRODUCTION

The study of fission-like events associated with high spin
matter produced in heavy ion (HI) interactions at moderate
excitation energies has been a topic of interest for the last
couple of decades [1,2]. In HI induced reactions, the forma-
tion of a heavy system takes place predominantly via two
modes, viz., (i) complete fusion (CF) and (ii) incomplete
fusion (ICF) processes [3–8]. The heavy composite system so
formed may undergo fission [9–15] leading to the production
of intermediate mass fragments. Further, at higher excitation
energies, the nucleus is so excited that its shell properties
can be neglected. Moreover, the system acquires a significant
angular momentum (�), which strongly affects the shape of
the fissioning nucleus and lowers the fission barrier [16,17].
Attempts have been made to investigate the fusion-fission
reactions at energies ≈5–7 MeV/nucleon [10,11,15]. Recent
experimental data shows the presence of fission like events
at energies ≈5-7 MeV/nucleon for the systems 12C + 169Tm
[10],16O + 159Tb, 169Tm [11], and 16O + 181Ta [15], where
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fusion is expected to be a dominant mode of reaction. Studies
done by Sikkeland and Trautmann [18] indicate that the higher
angular momentum (�) may lead to the final state of fission
via the ICF process. However, Viola et al. [19] studied the
fission dynamics and estimated the critical angular momen-
tum associated with the system, and correlated it without
any major discrepancy with the rotating liquid drop model.
They further indicated that fission becomes important with
projectile energies above 10 MeV/nucleon. Nishio et al. [20]
measured the angular distribution of fission fragments for
the system 16O + 238U, and from similar studies done on the
systems 12C + 233,235,238U [21], 16O + 232Th [22], 16O + 238U
[23], 19F + 232Th [24,25], and 40Ar + 238U [26] it may be
concluded that fission following incomplete fusion dominates
over fission following complete fusion in heavy ion reactions
at intermediate energies. Hinde et al. [27] measured the angu-
lar distribution of fission fragments and the production cross
section of the evaporation residues for the system 16O + 238U
at energies ≈76–104 MeV. However, these measurements
could not conclusively identify the path followed by the fis-
sioning system: via fusion meadow or the fission valley [28].
Ghosh et al. [29] carried out precise measurements of mass
distribution of fission fragments as a function of excitation
energy, which can be used as a probe to determine the path
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FIG. 1. A typical γ -ray spectrum of 19F + 169Tm interaction at 105.4 ± 1.6 MeV, where identified γ lines assigned to different reaction
products expected to be populated via CFF and/or IFF processes are indicated.

followed by the systems. The measurements of variance in
mass distributions of fission fragments from fusion-fission
reactions on deformed targets exhibit a sharp anomalous
increase with energy, in contrast to the smooth variation
of variance for spherical targets [29]. It may be pertinent
to mention that the charge and mass distributions are two
essential post-fission observables that have been extensively
studied at intermediate energies to understand the fading of
shell effects in the dynamics of fission processes. Moreover,
the cross-section data for fission-like events obtained from
HI induced reactions are relevant to reactor technology, such
as in accelerator-driven systems (ADS) for transmutation of
nuclear waste and energy production [30]. Several attempts
have been made to explain HI-induced fission for various
entrance channel parameters, but a proper systematics for
fission dynamics is still unclear and require a comprehensive
investigation with more projectile and target combinations. In
the present work, the production cross sections of residues
likely to be populated through the fission of a compound
nucleus (CN) formed via CF and/or ICF processes in the
19F + 169Tm system at three incident energies, viz., 92.0 ±
1.8, 102.5 ± 1.5, and 105.4 ± 1.6 MeV, have been measured.
Analysis of data has been done to obtain the isotopic yield
and the mass distributions of fission-like fragments. The mass
variance (σ 2

M) of the fission-like residues has been deduced
and its dependence on various entrance channel parameters
has been studied.

The present paper is organized as follows: a brief descrip-
tion of the experimental methodology is given in Sec. II,
while Sec. III deals with the details of analysis of data and
their interpretation. Section IV represent the summary of the
present work.

II. EXPERIMENTAL METHODOLOGY

Experiments to measure the production cross section of
fission-like residues populated in the 19F + 169Tm system
were carried out at the ion beam facility of the Inter-
University Accelerator Centre (IUAC), New Delhi, India. The
19F+7 beam produced by the accelerator was focused on a
169Tm target. An activation technique followed by offline
γ -ray spectroscopy was employed. The details of experi-
mental methodology are given elsewhere [7]; however, for
the sake of completeness, important details are summarized
here. Isotopically pure (99.99%) 169Tm targets (thickness
≈1.0–1.5 mg/cm2) and aluminum catcher/energy-degrader
foils (thickness ≈1.5–2.5 mg/cm2) were prepared by the
rolling technique. To achieve the wide range of energy, an
energy degradation technique was used in which each target
foil is backed by an Al catcher foil (hereafter called the target-
catcher assembly). In the present experiment, three stacks
(each consisting of three target-catcher foil assemblies) were
irradiated separately at 92.0, 102.5, and 105.4 MeV beam
energies. The target at highest incident energy of each stack
was used for analyzing the fission fragments. The irradiations
were carried out in the General Purpose Scattering Chamber
(GPSC) [31]. Considering the half-lives of interest, the irradi-
ations were carried out for ≈8–10 h for each stack. The beam
current was maintained ≈3–4 p nA throughout the irradiations
and monitored using a Faraday cup installed downstream
the beamline. The activities induced in the samples were
recorded separately at several time intervals using a single
high-purity germanium (HPGe) detector of 100 cm3 active
volume coupled to the computer-aided measurement and con-
trol (CAMAC) based data acquisition system CANDLE [32].
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TABLE I. A list of identified fission fragments in the 19F +
169Tm system and their decay data.

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

67Ge 912.3 3.1 18.9 min I
75Br 286.4 88 1.61 h I
80Sr 235.9 4.2 1.7 h I
84m

Rb 248.0 23.65 20.46 min I
101Mo 195.6 42.01 14.7 min I
107In 809.5 3.26 34.4 min I
108In 326.8 13.7 58 min I
109In 203.5 74 4.2 h I
110m

In 656.7 98 1.15 h I
115Sb 497.5 98 32 min I
120Xe 629.9 1.04 40 min C
125Cs 411.2 5.0 45.08 min C
126Ba 282.6 3.1 1.66 hr I
128Xe 442.8 7.0 40 min I
130Sb 731.2 22.0 39.5 min I
131Te 451.5 18.18 25 min I
134Nd 318.8 1.1 8.53 min C
135Nd 245.8 3.5 12.4 min I
137Nd 239.5 3.5 35.5 min I
139Nd 540.1 7.0 29.7 min I
140Sm 342.6 2.14 8.56 min C
156Ho 617.5 1.37 55.5 min I

The resolution of the detector was 2 keV for the 1.33 MeV
γ ray of a 60Co source. The standard γ source and activity
induced in the samples are recorded in the same geometry
to avoid the errors introduced on account of the solid angle
effect. The target-detector separation was adjusted so as to
keep the dead time <10%.

III. ANALYSIS OF DATA AND INTERPRETATION
OF RESULTS

In order to measure the cross section of fission-like events
populated via complete fusion-fission (CFF) and incomplete
fusion-fission (IFF) at each studied energy, the residues have
been identified from the recorded γ spectra by identifying
their characteristic γ -ray energies and further confirmed by
the decay curve analysis. Here, each sample was counted
many times to obtain the half-lives of the residues. As a rep-
resentative case, a typical γ -ray spectrum of the 19F + 169Tm
system at energy 105.4 MeV is shown in Fig. 1. Further, as
a typical example, the decay curve of 108In (t1/2 = 58 min)
residues obtained by following the 326.8 keV γ line is also
shown in the inset of Fig. 1, and is in good agreement with
the literature value and confirms its identification. The nuclear
data such as half-life, γ -ray energies, intensities, etc., of the
identified reaction residues have been taken from the Table of
Radioactive Isotopes [33] and are listed in Table I.

After the identification of fission-like residues, the produc-
tion cross section (σr) was determined by using the standard
formulation [8]. The uncertainties in the measured cross sec-
tions may arise due to several factors [34]. The overall error,
including the statistical errors is estimated to be �15%. The

TABLE II. Measured cross sections of the fission products
formed in the 19F + 169Tm system at three different energies.

Nuclides 92.0 MeV 102.5 MeV 105.4 MeV
σ (mb) σ (mb) σ (mb)

67Ge 3.4 ± 0.5 5.5 ± 0.8 8.9 ± 1.3
75Br 7.5 ± 1.1 18.2 ± 2.7 23.1 ± 3.5
80Sr 14.3 ± 2.1 29.1 ± 4.4 32.9 ± 4.9
84m

Rb 4.1 ± 0.6 6.5 ± 0.9 8.7 ± 1.3
101Mo 31.4 ± 4.7 36.8 ± 5.5 45.0 ± 6.7
107In 19.8 ± 2.9 23.1 ± 3.5 25.6 ± 3.8
108In 50.7 ± 7.6 55.3 ± 9.3 60.2 ± 9.0
109In 45.7 ± 6.8 52.3 ± 9.8 55.1 ± 8.3
110m

In 8.5 ± 1.3 10.1 ± 2.7 12.5 ± 1.8
115Sb 30.6 ± 4.6 39.2 ± 5.8
120Xe 47.8 ± 7.2
125Cs 34.1 ± 5.1 39.2 ± 5.9 36.1 ± 5.4
126Ba 55.7 ± 8.4 68.2 ± 10.2 73.3 ± 10.9
128Xe 18.6 ± 2.8 19.4 ± 2.9 22.2 ± 3.3
130Sb 34.5 ± 5.2 46.8 ± 7.0 55.3 ± 8.2
131Te 22.1 ± 3.3 30.4 ± 4.5 37.7 ± 5.6
134Nd 11.8 ± 1.8 18.3 ± 2.7 25.2 ± 3.7
135Nd 17.2 ± 2.6 45.7 ± 6.8 49.4 ± 7.4
137Nd 22.2 ± 3.3 68.1 ± 10.2 70.5 ± 10.5
139Nd 12.6 ± 1.9 25.4 ± 3.8 29.1 ± 4.3
140Sm 9.1 ± 1.4 16.1 ± 2.4 38.2 ± 5.7
156Ho 1.1 ± 0.2 3.8 ± 0.5 5.2 ± 0.7

production cross section of ERs expected to be populated via
CF and/or ICF processes in the 19F + 169Tm system have been
measured in a separate experiment [7] and analyzed within
the framework of statistical model code PACE4 [35]. Analysis
of data indicates that measured EFs of xn and pxn channels
are well reproduced by the statistical model calculations
for level density parameter a = A/10 MeV−1 and confirms
the production of these channels via CF mode. However, a
significant enhancement in the production cross section of
α-emitting channels has been observed and clearly manifests
that enhancement may be attributed to the prompt breakup of
the projectile at the studied range of energies [7]. Employing
the same procedure, the production cross sections of fission-
like residues populated via CFF and IFF processes have also
been measured.

A. Measurement of production cross-sections of fission-like
events and their distributions

In the present work, 22 fission-like residues in the range
67 � A � 156 have been identified and are listed in Table I,
along with their spectroscopic properties. Here, 18 fission-like
residues are expected to have independent yields as they do
not have feeding from a pre-cursor, and they are marked as I;
whereas 4 fission-like residues are found to have cumulative
yields as they are fed by a precursor, and they are marked
as C. The production cross sections of fission-like residues
were measured at three energies, employing the standard
formulation [8], and they are given in Table II.
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It may be pointed out that in the analysis of data
the isotopes of indium (107,108,109,110mIn) and neodymium
(134,135,137,139Nd) were identified, and their isotopic yield dis-
tributions are presented in the following subsection.

B. Isotopic yield distributions of indium
and neodymium isotopes

In a heavy composite system, at moderate excitation en-
ergies, the emission of particles (charged and/or uncharged)
competes with fission. In such reactions, emanation of
charged particles is sorely inhibited due to the large Coulomb
barrier. Therefore, the emission of particles from the fission
fragments may give rise to the isotopic and isobaric distribu-
tions of the fission residues. As already mentioned, neutron
emission is more probable compared to proton emission, and
therefore in most cases only isotopic yield distribution is
experimentally observed. As a result, the study of isotopic dis-
tribution is one of the most fundamental approaches for mod-
eling low energy fission. Further, it has been established that
the independent isotopic yields are well expressed by a Gaus-
sian distribution [36]. In the present work, four isotopes of
indium (107,108,109,110mIn) and neodymium (135,136,137,139Nd)
have been identified at 92.0, 102.5, and 105.4 MeV beam
energies, and their measured production cross sections have
been fitted with Gaussian distribution given by

Y (A
′
) =

n∑
1

Pn
YZ√

2πσ 2
A′

e−(A
′ −A

′
P )2/2σ 2

A
′ (1)

where Y (A
′
) is the independent yield of identified isotopes and

YZ is the chain yield of isotopes. The dispersion parameters
A

′
P and σ 2

A′ are the most probable mass and variance obtained
from the Gaussian distribution that followed the isotopic
yield distribution. Figures 2(a)–2(c) and 3(a)–3(c) represent
the isotopic yield distributions of indium and neodymium
isotopes respectively at three energies. It may be pertinent to
mention that the value of chi squared (χ2) has been minimized
by a nonlinear least-squares fit routine using ORIGIN software.
As a representative case, for indium isotopes, the values of
A

′
P and σ 2

A′ at energy 105.4 MeV are found to be 108.37
and 4.97 ± 1.30, which is quite consistent with the values
108.42 and 4.16 ± 0.01 reported at energy 100 MeV for
the 16O + 181Ta [15] system and 107.88 and 4.24 at energy
95 MeV for the 16O + 169Tm [11] system. The variance (σ 2

A )
of the isotopic yield distribution obtained from the Gaussian
fit for the two isotopes (In and Nd) at three excitation energies
are compared with those reported in literature and are listed in
Table III. It is apparent from Table III that the variance (σ 2

A )
values deduced in the present work are in good agreement
with the reported values for similar systems.

As demonstrated by Gubbi et al. [37], to deduce the total
yield of a nuclide with mass number A, it is necessary to have
the information of the isobaric charge dispersion parameter
(σZ ) and the most probable charge (ZP), which has the highest
yield among all the products of given mass. As such, these
studies also provide access to the distribution of nuclear
charge between the two complementary fission fragments
for a given nucleus that undergoes fission. The fractional

FIG. 2. Isotopic yield distribution of indium isotopes
(107,108,109,110mIn) measured at three incident energies. The blue
line is the Gaussian fit (see text for details).

independent isotopic yield (FY ′) for indium and neodymium
isotopes is obtained by dividing the independent yield by the
corresponding charge yield. The most probable charge (ZP)
for In and Nd isotopes is calculated using the relation

ZP(A) = Z

AP
A, (2)

where Z and A are the atomic number and the atomic mass
number of the fission fragments respectively. The experimen-
tally determined yields of In and Nd were normalized to
obtain their respective fractional independent yield (FY ′) and
are presented in Figs. 4(a)–4(c) and 5(a)–5(c), as a function
of Z − ZP. Using the Gaussian fitting procedure, the values
of isobaric charge dispersion parameter (σZ ) for In and Nd
isotopes are obtained and tabulated in Table IV. As a repre-
sentative case, the estimated values of σZ from the Gaussian
fitting at excitation energies 71.2, 69.4, and 58.5 MeV for
indium isotopes are found to be 0.94 ± 0.04, 0.89 ± 0.09,
and 0.83 ± 0.02 charge units. Further, the values of σZ were
calculated by converting the width parameter of isotopic yield
(σA) to σZ by using the relation discussed in Ref. [37],

σZ = σA

AP
Z. (3)
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FIG. 3. Isotopic yield distribution of neodymium isotopes
(134,135,137,139Nd) measured at three incident energies. The blue line
is the Gaussian fit (see text for details).

The value of σZ calculated using Eq. (3) for In and Nd isotopes
and estimated isobaric charge distributions from Figs. 4 and 5
are also given in Table IV. As can be seen from this Table, the
σZ values obtained from Eq. (3) are reasonably in agreement
with those estimated from fitting of charge distribution. The
above method indicates the self-consistency of the present
work.

C. Mass distribution of fission like events

The mass distribution of fission fragments is one of the
important post fission observables that is directly related to the
collective dynamics of the fission process [38,39]. As already
mentioned, the activities produced in the target-catcher foils
were used to determine the fission mass distribution. The
experimentally measured production cross sections of fission
fragments expected to be populated via CFF and/or IFF pro-
cesses in the 19F + 169Tm system at three incident laboratory
energies, viz., 105.4, 102.5, and 92.0 MeV, are shown in
Figs. 6(a)–6(c). In the present work, the mass distribution
of fission fragments is found to be symmetric. This may be
due to the fact that, generally, the compound nucleus forms
with an excitation energy that is larger than the fission barrier.
The centroid and width, which represent the most probable
mass and dispersion parameter (σM) of fission fragments

TABLE III. Comparison of variance (σ 2
A ) of isotopic yield distri-

bution for different fissioning systems.

System E∗ (MeV) Isotope σ 2
A Ref.

19F + 169Tm 71.2 Nd 5.19 ± 0.56 a

19F + 169Tm 71.2 In 4.97 ± 1.30 a

19F + 169Tm 69.4 Nd 4.92 ± 0.80 a

19F + 169Tm 69.4 In 4.49 ± 1.10 a

19F + 169Tm 58.5 Nd 4.24 ± 0.22 a

19F + 169Tm 58.5 In 3.96 ± 1.0 a

16O + 181Ta 67.04 In 4.16 ± 0.01 [15]
16O + 181Ta 67.04 Y 3.05 ± 0.10 [15]
16O + 169Tm 61.06 In 4.24 [11]
16O + 169Tm 61.06 Tc 4.62 [11]
12C + 169Tm 68.6 Kr 3.90 ± 0.20 [10]
12C + 169Tm 68.6 Tc 3.27 ± 0.18 [10]
12C + 169Tm 62.9 Kr 3.05 ± 0.18 [10]
12C + 169Tm 62.9 Tc 2.94 ± 0.28 [10]
16O + 159Tb 57.1 Sr 3.31 [11]
16O + 159Tb 57.1 Y 4.41 [11]
7Li + 232Th 41.7 Sb 4.08 [44]
7Li + 232Th 41.7 I 3.96 [44]
11B + 232Th 55.7 Sb 4.0 [26]
11B + 232Th 55.7 I 5.43 [26]
11B + 232Th 55.7 Cs 3.72 [26]
11B + 238U 67.4 Rb 3.84 ± 0.16 [45]
11B + 238U 67.4 Cs 3.95 ± 0.14 [45]
22Ne + 238U 64.5 Rb 4.23 ± 0.40 [45]
22Ne + 238U 64.5 Cs 4.26 ± 0.90 [45]
22Ne + 208Pb 46.4 Sb 3.43 ± 1.02 [46]
22Ne + 208Pb 46.4 I 3.95 ± 0.87 [46]

aPresent work.

estimated from the fitting of Gaussian function, are found
to be 107.8 ± 0.4 and 20.81 ± 0.75 at Elab = 105.4 MeV;
109.2 ± 0.3 and 18.96 ± 0.22 at Elab = 102.5 MeV; and
110.7 ± 0.2 and 15.56 ± 0.61 at Elab = 92 MeV.

The behavior of the saddle point and its stability for any
system against the mass asymmetry (α) is given by the quan-
tity called the Businaro-Gallone point (αBG) [40], which is
defined as the mass asymmetry for which the potential energy
(saddle point) is maximum for a given fissility (x = Z2/A),
and is given by Eq. (4). The αBG point can be used to explore
the behavior of the saddle point and its stability against mass
asymmetry. This is important in the sense that the direction

TABLE IV. The isobaric charge dispersion parameter obtained
from the Gaussian fit (see Fig. 6) and using Eq. (3).

E∗ Isotope σZ σZ

(MeV) from Figs. 4 and 5 from Eq. (3)

71.2 Nd 0.90 ± 0.03 1.0
71.2 In 0.94 ± 0.04 1.0
69.4 Nd 0.90 ± 0.03 1.0
69.4 In 0.89 ± 0.09 1.0
58.5 Nd 0.88 ± 0.02 0.9
58.5 In 0.83 ± 0.02 0.9
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FIG. 4. Fractional independent yield (FY ′) distribution for in-
dium isotopes (107,108,109,110mIn) corresponding to corrected charge
distribution. The blue line is the Gaussian fit (see text for details).

of mass drift between the two sides of a dinuclear system is
expected to be decided by the potential energy landscape, and
the value of αBG determines whether the dinuclear system at
contact will move dynamically towards higher mass asym-
metry or mass symmetry. It has been observed that, if the
mass asymmetry α = (MT − MP/(MP + MT ) is larger than
the Businaro-Gallone critical mass asymmetry αBG, the sys-
tem favors the mass drift towards higher mass-asymmetries.
On the other hand, if α < αBG, then the system favors mass
drift towards more symmetric di-nuclear systems, resulting
into a compact mononuclear shape equilibrating to a CN,
and may overcome a mass-asymmetric saddle shape leading
to quasifission. It has been demonstrated that the following
expression [40] gives good estimates for the values of αBG:

αBG = P

√
(x − xBG)

x − xBG + q
, (4)

where P = 1.12 and q = 0.24 are the empirical constants, x is
the fissility parameter, which is the ratio of Coulomb energy
to the surface energy, and xBG = 0.396 (≈0.4). The critical
mass asymmetry (αBG) for the present system is found to
be 0.82, whereas, the mass asymmetry (α) for the presently

FIG. 5. Fractional independent yield (FY ′) distribution for
neodymium isotopes (134,135,137,139Nd) corresponding to corrected
charge distribution. The blue line is the Gaussian fit (see text for
details).

studied system is 0.79, which is less than the critical mass
asymmetry (αBG ≈ 0.82). This clearly indicates a broader and
symmetric distribution of fission-like events, as expected from
the Businaro-Gallone mass asymmetry formalism [40]. The
values of mass variance (σ 2

M) of fission fragments are found
to be 433.1 ± 34.6 at ELab = 105.4 MeV, 359.5 ± 28.7 at
ELab = 102.5 MeV, and 242.1 ± 19.3 at ELab = 92.0 MeV.
The uncertainties quoted in these values are the fitting er-
rors. To understand how the mass variance (σ 2

M) of fission
fragments varies with excitation energy, the estimated σ 2

M
of fission fragments at three excitation energies (E∗ = 71.2,
69.4, and 58.5 MeV) are plotted in Fig. 7. As can be seen from
this figure, the σ 2

M increases as the excitation energy of the
system increases, indicating larger spread in the distribution
of fission fragment masses at higher excitation energies, and
follows the increasing trend as reported by Ghosh et al. [29]
for 19F, 16O, and 12C projectiles on 232Th target.

For better insight into the fission dynamics and to un-
derstand the role of entrance channel parameters on mass
distributions of fission fragments, the mass variance of fission-
like products for different projectile-target combinations as a
function of mass-asymmetry is shown in Fig. 8. It is clearly
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FIG. 6. Mass distribution of fission-like events populated via
complete fusion-fission and/or incomplete fusion-fission processes
in the 19F + 169Tm system at studied energies. The solid blue line is
the Gaussian fitting (see text for details).

apparent from this figure that the mass variance of fission-
like residues for three projectile-target combinations, viz.,
19F + 169Tm (present work), 19F + 209Bi [41], and 16O +
232Th [42], at constant normalized energy (E/Vb = 1.12)
follows a linear systematic rise with the increase in mass
asymmetry of the system. Similar observations have been
made by Karamyan et al. [43].

As discussed earlier, in the rotating liquid drop model
(RLDM) and other theoretical representations, the fission
barrier is strongly influenced by the angular momentum as-
sociated with the system, and it decreases as the value of
angular momentum of the system increases. In the present
work, a strong dependance of mass variance (σ 2

M) of fission-
like fragments on excitation energy (E∗) and mass asymmetry
(α) has been observed. As a result, an attempt has been made
to understand the role of entrance channel parameters on
fission dynamics. Figure 9 represents the variation of grazing
angular momentum (�graz) with the excitation energy (E∗) for
two systems, viz., 12C + 169Tm [10] and 19F + 169Tm (present
work). The values of grazing angular momentum at different

FIG. 7. The observed mass variance (σ 2
M ) of fission fragment

distribution plotted as a function of excitation energy (E∗) for the
19F + 169Tm system. The solid line shows the linear increase in σ 2

M

with E∗. The vertical arrow indicates the value of excitation energy
corresponding to the Coulomb barrier of the system.

excitation energies have been calculated using the PACE4 code
[35]. As can be seen from this figure, there is a crossing point
for the two curves at nearly same E∗ (≈69 MeV) and �graz

(≈42h̄). The value σ 2
M obtained from the mass distribution of

fission fragments for 19F + 169Tm (present work) system at
E∗ ≈ 69 MeV is found to be 359.5 ± 28.7, which is entirely
different from the variance (σ 2

M = 434 ± 26) reported for the
system 12C + 169Tm [10] at the same excitation energy. The
difference in the values of mass variance (σ 2

M) for the two
systems at nearly the same excitation energy and angular mo-
mentum may be attributed to the entrance channel effect. To
clarify the above aspect, more experimental data are required,
which may be useful to develop the systematics for fission
dynamics.

FIG. 8. A comparison of mass variance (σ 2
M ) with mass asymme-

try at constant normalized energy (E/Vb = 1.12) for three different
systems, viz., 19F + 169Tm (present work), 19F + 209Bi [41], and
16O + 232Th [42] (see text for details).
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FIG. 9. A plot of grazing angular momentum (�graz) imparted
to the system as a function of excitation energy (E∗) for the same
deformed nucleus 169Tm for two different projectiles, 12C and 19F.
At the crossing point indicated by arrow, the two systems have nearly
the same excitation energy and grazing angular momentum.

Figure 10 represents the production cross section of all
identified residues (CF, ICF, and fission fragments) formed
in the interaction of the 19F + 169Tm system. In HI-induced
reactions, the observed masses of residues may have three
components, due to (i) CF and/or ICF residues, (ii) fission-like
residues, and (iii) few-nucleon transfer residues or projectile-
like fragments (PLFs). As can be observed from Fig. 10, in the
lower mass region, the PLFs could not be detected due to their
relatively higher energy and very short half-lives. However,
for intermediate range masses, the mass distribution is found
to be broad and symmetric, whereas the narrow peak at higher
masses indicates the formation of these residues via CF and/or
ICF events.

IV. SUMMARY AND CONCLUSIONS

In the present work, the production cross sections of a
large number of fission-like residues 67 � A � 156 populated
via CFF and/or IFF in the 19F + 169Tm system have been
measured. The dispersion parameters to study the isotopic
yield and isobaric charge distributions of two fission-like
residues (indium and neodymium) have been obtained. The
estimated isotopic yield distributions of In and Nd isotopes are
found to be in reasonably good agreement with that reported
in literature. The mass distributions of fission fragments at
three incident energies are found to be symmetric, and they

FIG. 10. Mass distribution of identified fission fragments and
heavy residues populated via complete fusion and/or incomplete fu-
sion processes at Elab = 105.4 MeV. The solid lines are the Gaussian
fitting (see text for details).

manifest the population of fission-like fragments via deex-
citation of the compound nucleus. The dependence of mass
variance on the entrance channel parameters, viz., excitation
energy, mass-asymmetry, and grazing angular momentum,
are studied. At constant normalized energy (E/Vb = 1.12),
systematic linear growth in mass variance is observed as
the mass asymmetry of the systems increases, indicating a
broader distribution of fission fragments. The mass variance
of fission fragments is found to be more for higher excitation
energies. Further, at nearly the same excitation energy and
angular momentum for the two systems 19F + 169Tm (present
work) and 12C + 169Tm [10], the values of mass variance of
fission fragments are found to be distinctly different, which is
attributed to the entrance channel effects. To get a conclusive
picture of the above facts, experiments involving direct mass-
distribution measurements employing multiwire proportional
counters along with neutron detectors are proposed.
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