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Role of the entrance channel in the experimental study of incomplete fusion of 13 C with 93 Nb
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We report measured cross-section data of the residues produced in the 13C-induced reaction on 93Nb within
the 63.7–87.1-MeV energy range. The off-line γ -ray spectroscopy method has been used to measure the cross
sections of the radionuclides produced in this system. The analysis of present measured cross-section data has
been carried out within the light of well-established statistical model code PACE4. The excitation function of
residues populated via xn and/or pxn channels are found to be in fair agreement with those estimated by the
theoretical model code, which confirms the assembly of these residues via complete fusion process. A consid-
erable enhancement in the measured cross-section data has been observed for the residues involving α-emitting
channels as compared to the theoretical predictions. The observed enhancement in the cross sections has been
assigned to the incomplete fusion processes. Furthermore, in order to have a better insight into the onset and
strength of incomplete fusion, termed as the incomplete fusion fraction has been deduced for the present paper
and is compared with 16O and 18O beams on the same target 93Nb. This suggests that the incomplete fusion
fraction is strongly influenced by the entrance channel, which may be understood in terms of the projectile
Qα value. The comparison of this paper with literature data also shows that the incomplete fusion probability
increases with various entrance channel parameters, such as projectile structure, projectile energy, and mass
asymmetry of interacting partners.

DOI: 10.1103/PhysRevC.105.034609

I. INTRODUCTION

In recent years, appreciable efforts have been dedicated
to understand the fusion dynamics in heavy-ion (HI) inter-
actions at energies above the Coulomb barrier [1,2]. It is
now experimentally verified that complete fusion (CF) and
incomplete fusion (ICF) are the foremost dominating modes
in HI interaction at energies above the Coulomb barrier [3,4].
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However, recent studies [5–10] show that ICF reactions con-
tribute significantly in the production cross-section values of
experimentally measured total cross-section (σT ) data. In con-
trast to complete fusion process where an entire amalgamation
of the projectile or all its fragments with the target nucleus
takes place, and in the ICF process the entire transfer of
mass, linear, or angular momentum does not occur. There-
fore, a combined and consistent description of CF and ICF
is important to get acquainted about the transfer of energy,
mass, linear, and angular momentum in nuclear reactions. It
is an experimental challenge to unambiguously separate the
ICF component from the CF events in a nuclear reaction.

2469-9985/2022/105(3)/034609(10) 034609-1 ©2022 American Physical Society

https://orcid.org/0000-0001-5283-9631
https://orcid.org/0000-0003-1895-3902
https://orcid.org/0000-0003-4261-1363
https://orcid.org/0000-0002-0536-0852
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.105.034609&domain=pdf&date_stamp=2022-03-10
https://doi.org/10.1103/PhysRevC.105.034609


AVINASH AGARWAL et al. PHYSICAL REVIEW C 105, 034609 (2022)

The primary evidence of ICF was given by Britt and Quinton
[11], when performing the experiment with 12C, 14N, and
16O projectile beams at energy ≈7–10 MeV/A. A variety of
dynamical models have been developed to describe the ICF
dynamics in HI collisions, just like the breakup fusion model
[12], the sum-rule model [13], the promptly emitted particles
model [14], the exciton model [15], the hot spot model [16].
The CF and ICF processes also can be understood on the idea
of driving input angular momenta imparted into the system.
The CF occurs for the input angular momenta values ��crit ,
as per the sharp cutoff approximation. However, at relatively
higher projectile energies and/or at larger impact parameters,
the ICF process starts competing with CF. It may, further,
be acknowledged that the multitude of driving input angular
momenta may vary with the projectile energy and/or with the
impact parameter. However, there is no sharp boundary for the
CF and ICF processes as both processes have been observed
below and/or above the limiting value of input angular mo-
menta [17]. Parker et al. [18] observed forward α particles
in the interaction of 12C, 15N, 16O, 19F, and 20Ne with a 51V
target at energies of 6 MeV/A. Some other studies [19–23]
have also reported the existence of ICF at energies just above
the Coulomb barrier and dependency of ICF strength fraction
FICF on different entrance channel parameters. It is pointed
out that besides several radioisotopes, the cross section for
the production of 97Ru has also been measured. The 97Ru
radioisotope is found to be the most suited radioisotope for
medical purpose. The combination of excellent physical and
chemical properties of 97Ru made it appealing for labeling
compounds for delayed studies in diagnostic as well as thera-
peutic applications [24,25]. Morgenstern et al. [26] concluded
that a more mass-asymmetric system has relatively higher ICF
contribution than that of a less mass-asymmetric system at the
constant relative velocity. The effect of projectile structure
on the ICF process has been investigated by Singh et al.
[27]. Furthermore, the importance of projectile structure on
ICF is explored more effectively in terms of projectile Qα

value [20,22,23]. The study carried out by Shuaib et al. [28]
suggest that ICF probability increases with an increasing in
the product of the projectile and target charge ZPZT (Coulomb
factor).

In the present paper, for better insight into the ICF de-
pendence on various entrance channel parameters, we have
measured the excitation functions (EFs) of various evap-
oration residues (ERs) populated in the interaction of the
13C + 93Nb system. The measured EFs are analyzed in the
framework of the statistical model code PACE4 [29]. The ICF
strength function FICF, which is a measure of the relative
strength of ICF to the total fusion cross section, has been
deduced and then used for the comparative study with the
available literature on same target by different projectiles in
terms of different entrance channel parameters. The depen-
dence of incomplete fusion fraction with projectile energy has
also been discussed. The purpose of this paper focuses on
correlation between the entrance channel parameters and the
incomplete fusion fraction. The present results for the above-
mentioned system are reported here. The rest of this paper
is organized as follows: The experimental methodology and
data reduction procedure are given in Sec. II, whereas Sec. III

deals with the results and their interpretations in context with
statistical model code PACE4. The influence of ICF on CF
and its dependence on various entrance channel parameters is
demonstrated in Sec. IV. Finally, a summary and conclusions
of this paper are given in Sec. V.

II. EXPERIMENTAL METHODOLOGY

The present experiments have been performed by utilizing
the 15UD Pelletron accelerator facility at the Inter-University
Accelerator Center (IUAC), New Delhi (India). Detailed
descriptions of the experimental technique and setup are pre-
sented in Refs. [7,8], and only a brief description is given
here for ready reference. In order to cover a wide energy
range for measuring the excitation functions as well as to
lower the uncertainty in beam energy, each type of target
was grouped in the form of stacks (each stack contains ten
target + aluminum foils). Two stacks of 93Nb targets hav-
ing thicknesses in the range of 1.2–1.6 mg/cm2 have been
irradiated by 13C6+ beam at energies ≈88 and 80 MeV. The
93Nb target foils backed by aluminum (Al) foils thickness
from 1.1–1.4 mg/cm2 have been prepared at the Target De-
velopment Laboratory of IUAC, New Delhi, by employing the
rolling technique. The Al backing was originally designed for
the purpose of the catcher foil to trap the recoiling residues
produced in the 13C + 93Nb system. To minimize the error in
the thickness measurement, the thickness of both 93Nb target
foils as well as aluminum foils has been verified by using the
α-transmission method as well as by the weighing method.
Al-catcher foils of sufficient thickness have been placed be-
hind the target foil to completely stop all the evaporation
residues. These foils have also worked as an energy degrader
to cover the desired energy range. According to the available
beam intensity and the expected number of events for each
channel, the two stacks have been separately irradiated for
about ≈6 to 7 h in the general purpose scattering chamber.
An in-vacuum transfer facility has been used to minimize the
time lapse between the stop of irradiation and the beginning
of counting. The beam flux has been determined from the
charge collected in the Faraday cup installed after the targets
by employing a precise current integrator device. The beam
current has maintained ≈30–35 nA during all the irradiations.
The projectile energy on each target foil has been estimated
by using the stopping and range of ions in matter code [30].

After irradiation, the activated targets along with catch-
ers have been measured by using precalibrated high-purity
germanium (HPGe) detector coupled with the computer
automated measurement and control-based data-acquisition
system CANDLE [31] software. The Ge crystal (a part of the
detector) was surrounded by the lead bricks of 12-cm thick-
ness to reduce background from natural radioactivity. The
absolute efficiency of the detector has been determined by
using a set of standard radioactive sources (133Ba and 152Eu)
placed in ahead of the HPGe detector. The radioactive sources
and the targets are counted in the same geometry. The γ -ray
spectrum recorded for the 13C + 93Nb system at ELab = 82.8
± 1.1 MeV is shown in Fig. 1. The evaporation residues are
identified not only by their characteristic γ -ray energies, but
also by their decay profile. The list of all identified ERs, their
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FIG. 1. Typical γ -ray energy spectrum obtained from the inter-
action of 13C + 93Nb system at ELab = 82.8-MeV energy. Some of the
identified γ -ray peaks have been assigned to respective evaporation
residues populated via CF and/or ICF channels.

half-lives, and other spectroscopic properties are tabulated in
Table I. The nuclear spectroscopic data utilized in the evalua-
tion and the measurements of cross sections have been taken
from the Table of Radioactive Isotopes [32]. In order to get
comprehensive information about the formation process of
the specific reaction products, the cross sections have been
computed using the standard formulation [3],

σ (E ) = Aλ exp(λt2)

N0φεGθK[1 − exp(−λt1)][1 − exp(−λt3)]
,

where A is the total number of counts recorded under the
peak in time t3, N0 is the number of target nuclei, φ is the
incident flux, t1 is the irradiation time, t2 is the time lapsed
between the stop of irradiation and the start of counting, t3 is
the counting time, θ is the branching ratio, λ is the decay con-
stant of the evaporation residue, εG is the geometry-dependent
efficiency of the HPGe detector, and K is the self-absorption
correction factor of the γ ray in the target. The C++ program
EXPSIGMA designed on the above formulation has been used
for calculating the cross section of the ERs. Various factors
may be responsible to evoke the errors and uncertainties in
the measured cross sections such as: (a) Inaccuracy in the
determination of the foil thickness may lead to the uncer-
tainty in calculating the number of target nuclei. Although,
it is difficult to know the uncertainty in the target thickness,
however, to find the uniformity of the sample, the thickness

TABLE I. List of identified reaction residues in the 13C + 93Nb system and their decay data.

Residue Spin (J p) Half-life (T1/2) Eγ (keV) Iγ (%) Reaction channel

102Ag 5+ 12.9 min 719.40 54.53 93Nb(13C, 4n)
101Ag 9/2+ 11.1 min 261.01 52.60 93Nb(13C, 5n)

588.00 10.00
101Pd 5/2+ 8.47 h 296.29 19.20 93Nb(13C, p4n)
100Pd 0+ 3.63 d 84.00 52.00 93Nb(13C, p5n)

74.78 48.00
100gRh 1− 20.8 h 539.51 80.60 93Nb(13C, 2p4n)

93Nb(13C, α2n)
99Rh 1/2− 16.1 d 528.24 37.90 93Nb(13C, 2p5n)

93Nb(13C, α3n)
98Rh 2+ 8.72 min 652.60 97.00 93Nb(13C, 2p6n)

93Nb(13C, α4n)
97Rh 9/2+ 30.7 min 421.55 74.63 93Nb(13C, 2p7n)

93Nb(13C, α5n)
96Rh 6+ 9.90 min 685.47 95.70 93Nb(13C, 2p8n)

93Nb(13C, α6n)
97Ru 5/2+ 2.83 d 215.70 85.62 93Nb(13C, 3p6n)

93Nb(13C, αp4n)
96Tc 7+ 4.28 d 849.86 8.00 93Nb(13C, 4p6n)

93Nb(13C, α2p4n)
93Nb(13C, 2α2n)

95Tc 9/2+ 20 h 765.78 93.80 93Nb(13C, 4p7n)
93Nb(13C, α2p5n)
93Nb(13C, 2α3n)

94Tc 7+ 293 min 702.67 99.60 93Nb(13C, 4p8n)
93Nb(13C, α2p6n)
93Nb(13C, 2α4n)

034609-3



AVINASH AGARWAL et al. PHYSICAL REVIEW C 105, 034609 (2022)

of each target foil has been measured at various positions
by the α-transmission method as well as by the weighing
method. Presently, the error in the thickness of the target
foils comes out to be <2%. (b) The fluctuations in the beam
current during the irradiation may result in the variation of
incident flux. Proper care has been taken to keep the beam
current constant, and the error due to beam fluctuation is
estimated to be <6%. (c) The uncertainty in the determination
of geometry-dependent efficiency may also add to some error
in the measured cross sections. (d) The dead time of the
spectrometer may also lead to the error. The dead time was
kept <10% by adjusting the distance between the irradiated
foils and the detector. Attempts were made to minimize the
uncertainties caused by all the above factors. Apart from
the uncertainties in the decay constant and branching ratio,
the overall errors including statistical errors in the present
measurements are estimated to be �15%.

III. OBTAINED RESULTS, ANALYSIS, AND
THEIR INTERPRETATION

The excitation functions for 13 evaporation residues,
namely, 102Ag(4n), 101Ag(5n), 101Pd(p4n), 100Pd(p5n),
100gRh(α2n), 99Rh(α3n), 98Rh(α4n), 97Rh(α5n), 96Rh(α6n),
97Ru(α4n), 96Tc(2α2n), 95Tc(2α3n), and 94Tc(2α4n) pro-
duced in the 13C + 93Nb system have been measured. These
measured excitation functions have been analyzed by employ-
ing the statistical model code PACE4 [29], which takes under
consideration only the CF contribution. This code is based on
the Hauser-Feshbach theory of CN decay [33]. In this code, at
each stage of deexcitation the angular momentum projections
are calculated, which enables the determination of angular
distributions of emitted particles, and angular momentum
conservation is explicitly taken into account. The CF cross
sections have been calculated using the Bass formula [34].
For the CN formation, the partial cross section (σ�) related
to the individual angular momentum (�) values at a particular
incident energy is given by

σ� = πλ̄2(2� + 1)T�,

where λ̄ is the reduced wavelength and the transmission coef-
ficient (T�) is taken to be

T� =
[

1 + exp

(
� − �max

�

)]−1

,

where � is the diffuseness parameter and �max is maximum
value of � detained by the total CF cross section,

σCF =
∞∑
�

σ�.

The transmission coefficient for light emitted particles, such
as neutron (n), proton (p), and α (α) are calculated using the
optical model potentials [35]. Gilbert and Camerons level-
density parameter value was used during the calculations
[36]. In this code, level-density parameter (a = A/K MeV−1,
where A is the mass number of the CN and K is a free
parameter) is one of the important parameters in the PACE4
code. The different values of K (8, 10, 12) have been tested

FIG. 2. (a) Experimentally measured EFs of evaporation residue
102Ag(4n) along with PACE4 calculations (K = 8, 10, and 12). (b) Ex-
perimentally measured EFs of evaporation residues 101Ag(5n) along
with PACE4 calculations (K = 8). (c) Experimentally measured EFs
of evaporation residues 101Pd(p4n) and 100Pd(p5n) along with PACE4
calculations (K = 8).

to match the experimental data. As a representative case, the
effect of variation of the parameter K on calculated EFs of
residue 102Ag populated via 4n is presented in Fig. 2(a). A
value of K = 8 is found to be a physically suitable value to
reproduce the measured EFs data of all complete fusion chan-
nels satisfactorily. Measured cross-section data are presented
in Table II. The evaporation residues produced through vari-
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TABLE II. Experimentally measured production reaction cross-sections σ (mb) of identified evaporation residues in the 13C + 93Nb system.

ELab σ (102Ag) σ (101Ag) σ (101Pd) σ (100Pd) σ (100gRh) σ (99Rh) σ (98Rh)
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb)

87.1 ± 1.1 8.6 ± 1.2 204.6 ± 30.6 241.5 ± 36.2 325.5 ± 48.8 71.6 ± 10.7 197.3 ± 21.7
82.8 ± 1.1 29.3 ± 4.3 260.0 ± 39.0 316.5 ± 47.4 174.2 ± 26.1 36.6 ± 5.4 29.4 ± 3.5 235.4 ± 25.9
79.2 ± 1.0 53.0 ± 7.9 341.5 ± 51.2 379.1 ± 56.8 53.9 ± 8.0 13.6 ± 2.0 49.4 ± 5.9 231.5 ± 25.4
78.5 ± 1.2 71.1 ± 10.6 321.0 ± 48.1 433.9 ± 65.0 49.9 ± 7.4 10.5 ± 1.5 53.6 ± 6.4 223.2 ± 24.5
75.8 ± 1.0 106.4 ± 15.9 307.1 ± 46.0 363.6 ± 54.5 9.6 ± 1.4 6.7 ± 1.0 88.8 ± 10.6 185.8 ± 20.4
73.8 ± 1.1 170.6 ± 25.6 292.4 ± 43.8 363.4 ± 54.5 4.1 ± 0.6 8.4 ± 1.2 110.9 ± 13.3 142.4 ± 15.6
72.1 ± 1.1 204.2 ± 30.6 269.2 ± 40.3 332.3 ± 49.8 10.2 ± 1.5 122.3 ± 14.6 117.7 ± 12.2
70.8 ± 1.0 238.0 ± 35.7 239.8 ± 35.9 301.5 ± 45.2 11.4 ± 1.7 128.8 ± 15.4 89.4 ± 9.8
68.1 ± 1.3 317.9 ± 47.6 132.6 ± 19.8 142.6 ± 21.9 13.4 ± 2.0 150.8 ± 18.0 44.5 ± 4.8

63.7 ± 1.4 430.4 ± 64.5 40.8 ± 6.1 30.2 ± 4.5 22.1 ± 3.3 149.2 ± 17.9

ELab σ (97Rh) σ (96Rh) σ ind(97Ru) σ (96Tc) σ (95Tc) σ (94Tc)
(MeV) (mb) (mb) (mb) (mb) (mb) (mb)

87.1 ± 1.1 107.8 ± 18.3 12.4 ± 1.8 86.6 ± 12.9 53.5 ± 8.0 19.8 ± 2.9
82.8 ± 1.1 45.7 ± 7.7 8.3 ± 1.2 24.6 ± 3.6 17.4 ± 2.6 48.6 ± 7.2 6.3 ± 0.9
79.2 ± 1.0 6.9 ± 1.1 6.6 ± 1.0 12.8 ± 1.9 18.2 ± 2.7 42.5 ± 6.3 2.2 ± 0.3
78.5 ± 1.2 4.5 ± 0.7 6.0 ± 0.9 8.8 ± 1.3 18.8 ± 2.8 40.4 ± 6.0 1.2 ± 0.1
75.8 ± 1.0 4.0 ± 0.6 4.7 ± 0.7 20.8 ± 3.1 31.3 ± 4.6
73.8 ± 1.1 3.0 ± 0.4 21.7 ± 3.2 20.5 ± 3.0
72.1 ± 1.1- 19.1 ± 2.8 10.6 ± 1.5
70.8 ± 1.0 17.6 ± 2.6 8.4 ± 1.2
68.1 ± 1.3 15.2 ± 2.2 2.9 ± 0.4
63.7 ± 1.4 10.1 ± 1.5

ous reaction channels in the 13C + 93Nb system are discussed
below.

A. Excitation function measurement of
xn and pxn emitting channels

The experimentally measured EFs of residues 102Ag(4n),
101Ag(5n), 101Pd(p4n), and 100Pd(p5n) populated in the 13C
+ 93Nb system are displayed in Figs. 2(a)– 2(c), respectively.
In the present paper a value of K = 8 is found to nicely repro-
duce the measured EFs data of residue 102Ag when compared
with PACE4 predictions estimated for K = 8, 10, and 12. As
such, the value of K = 8 is additionally found to be suitable
for best fit with the measured data for all the xn and/or pxn
emission channels. It can be seen from Fig. 2 that the mea-
sured cross sections of ERs 102Ag, 101Ag, 101Pd, and 100Pd are
satisfactorily reproduced with theoretical predictions of PACE4
over the studied range of energy. Since the PACE4 calculations
are based on compound nucleus theory and do not take the
ICF under consideration, it is evident that these evaporation
residues are formed by deexcitation of compound nucleus
106Ag∗ via xn and/or pxn channels.

B. Excitation function measurement for the
αxn, αpxn, and 2αxn emitting channels

The experimentally measured EFs of residues 100gRh(α2n)
, 99Rh(α3n), 98Rh(α4n), 97Rh(α5n), 96Rh(α6n), 97Ru(αp4n),
96Tc(2α2n), 95Tc(2α3n), and 94Tc(2α4n) populated in the

13C + 93Nb system are shown in Figs. 3 and 4. The ex-
perimentally measured cross sections for these ERs have
been compared with the theoretical predictions of PACE4. The
PACE4 calculations have been performed with the same set
of input parameters, which have been used to reproduce the
EFs of xn and/or pxn channels produced via the CF mode. As
we already discussed in the previous section, the PACE4 code
does not calculate the ICF cross sections, and, thus, if any en-
hancement in the experimental EFs over the PACE4predictions
may be assigned to the contribution from ICF processes. This
implies that these ERs are populated by the ICF process in
addition to the CF. From Fig. 3(a), it can be seen that two
humps are observed for the excitation functions of 100Rh. This
could be explained as being relatively low threshold energy
for (α2n) reaction channel the 100Rh is mainly produced by
complete/incomplete fusion of projectile to the target, how-
ever, at relatively higher energies, being comparatively much
higher threshold value for (2p4n) reaction channel the residue
100Rh may also be produced through this route.

During the decay-curve analysis, the evaporation residue
97Ru (t1/2 = 2.83 d) populated through the emission of
(αp4n) channel is strongly fed from its precursor 97Rh (t1/2

= 30.7 min). The independent cross-sections (σind) have been
estimated from the cumulative cross-sections (σcum) by using
the Cavinato et al. [37] formulation given as

σind = σcum − Ppre

[
tD
1/2

tD
1/2 − tP

1/2

]
σP.
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FIG. 3. Experimentally measured EFs of evaporation residues 100gRh(α2n), 99Rh(α3n), 98Rh(α4n), 97Rh(α5n), 96Rh(α6n), and 97Ru(α4n)
[panels (a)–(f)] are compared with PACE4 predictions (K = 8). The hollow symbol represents the measured cumulative cross section. For 100gRh
the EFs also include the precursor contribution from 100Pd.

Here σP is the cross section of parent nuclei, and tD
1/2 and tP

1/2
are the half-lives of the daughter and precursor nuclei. Ppre

is the branching ratio of the precursor to its daughter nuclei.
The independent cross section has been evaluated using the
following expression:

σ
97Ru
ind = σ

97Ru
cum − −1.007σ

97Rh
ind .

Here (Ppre =1) [32]. The values of σind and σcum

for 97Ru(αp4n) are given in Fig. 3(f). The nucleus
100Rh(α2n channel) may also have a contribution from its
higher charge isobar precursors 100Pd through their β+/EC
decay. But the formulation given by Cavinato et al. [37] does
not hold satisfactorily as the daughter nucleus has a shorter
half-life than the parent nucleus. In the present paper, the

FIG. 4. Experimentally measured EFs of evaporation residues 96Tc(2α2n), 95Tc(2α3n), and 94Tc(2α4n) are compared with PACE4
predictions (K = 8).
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precursor contribution for production of nucleus 100Rh could
not be obtained since the nucleus of 100Rh has both meta and
ground states of half-lives 4.6 min and 20.8 h, respectively.
In the present paper, the production of the experimental cross
section of 100mRh could not be achieved due to the shorter
half-life of the residues (4.6 min) as is the experimental limi-
tation of the off-beam activation technique. As a result of this,
the production cross section of parent nucleus 100Pd is larger
as compared to the production of daughter nucleus 100Rh. In
such a case, no attempt may be made to extract independent
production of the daughter nucleus. Moreover, no contribution
from any higher charge isobar has been observed in any other
α or 2α emission channels, hence, their experimentally mea-
sured cross sections are independent in nature. As can be seen
from Figs. 3 and 4, the experimental EFs of 100g,99,98,97Rh,
97Ru, and 96,95,94Tc residues show a significant enhancement
as compared to the PACE4calculations. The enhancement in the
experimental cross sections for the α-emitting channels may
be attributed to the contribution of the ICF processes at the
studied range of energies. The reaction mechanism involved
in the formation of ERs populated through α and 2α emission
channels may be represented as

1α-emission case

(a) CF of 13C with 93Nb

13C + 93Nb ⇒ 106
∗

Ag,

106
∗

Ag ⇒ 102−xRh +α + xn (x = 2–6).

(b) ICF of 13C with 93Nb,

13C(9Be +α) + 93Nb ⇒ 102
∗

Rh +α,

102
∗

Rh ⇒ 102−xRh +xn(x = 2–6)

(α particle moves as a spectator)

2α-emission case

(a) CF of 13C with 93Nb,

13C + 93Nb ⇒ 106
∗

Ag

106
∗

Ag ⇒ 98−xTc +2α + xn (x = 2–4)

(b) ICF of 13C with 93Nb,

13C(8Be + 5He) + 93Nb ⇒ 98
∗

Tc + 8Be

98
∗

Tc ⇒ 98−xTc +xn (x = 3, 4)

(8Be moves as a spectator).

Here, it is important to note that the theoretical prediction of
the PACE4 code gives negligible cross sections as compared
to measured cross section for the evaporation residue 96Rh
produced via an α6n emission channel and, hence, are not
shown in Fig. 3(e), indicating the production of this residue
solely via ICF processes.

FIG. 5. The total fusion cross-section (σTF) along with the sum
of all complete fusion (σCF) and in the inset the incomplete fusion
cross-section (σICF) is plotted as a function of incident projectile
energy.

IV. EFFECT OF ENTRANCE CHANNEL
PARAMETERS ON ICF

An attempt has been made to deduce the ICF contribu-
tion from the analysis of excitation function data and its
dependency on various entrance channel parameters, i.e., pro-
jectile energy, projectile structure,target, mass asymmetry of
interacting partners, and projectile Qα value. The role of
ICF in the formation of all α and 2α emitting channels has
been studied by calculating σICF as σICF = σExpt. –
σPACE. So as to extract more information regarding how
much incompletely fused channels contribute to the total
fusion cross-section (σTF = σCF + σICF), the sum of CF
cross sections of all channels (σCF) and σTF is plotted against
incident projectile energy in Fig. 5. It is clear from this fig-
ure that the separation between σTF and σCF continuously
increases with an increase in projectile energy, implying the
significant ICF contribution along with CF. To get a proper
insight into the onset and strength of the ICF, the ICF strength
function FICF has been deduced for the present studied system
13C + 93Nb. The FICF(%) is a measurement of strength of
the ICF relative to total fusion and is defined as FICF(%) =
[(σTF − σPACE4)/σTF] × 100. The effect of various en-
trance channel parameters on the ICF reaction dynamics will
be discussed in the following subsections.

A. ICF dependence on incident beam energy

To examine the effect of projectile energy on ICF dynam-
ics, the deduced ICF probability [FICF(%)] for the present
system along with those obtained for projectiles (16O, 18O)
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FIG. 6. (a) The comparison of deduced FICF(%) as a function of
normalized projectile energy for different projectiles with the same
target 93Nb. (b) Comparison of FICF(%) in terms of the projectile Qα

value at constant relative velocity (Vrel = 0.074c) for 13C, 16O, and
18O projectiles with the same 93Nb target. For references and details
see the text.

on the same target 93Nb has been plotted as a function of
normalized projectile energy and is shown in Fig. 6(a). The
energy axis has been normalized by Coulomb barrier (VCB)
to wash out the Coulomb barrier effect for presently studied
projectile-target combinations. This figure clearly shows that
FICF(%), in general, increases with normalized projectile en-
ergy for all the systems studied. As shown in Fig. 6(a), the
value of FICF(%) increases continuously from 0.16% to 9.57%
at the highest measured energy in the 13C + 93Nb system. A
similar increase in FICF(%) is also found for the system of 16O
+ 93Nb [38] and 18O + 93Nb [39] systems with an increase
in the incident energy. Furthermore, it is clearly indicated that
the projectile breakup probability increases with an increase
in the projectile energy and may be reflected in the influence
of input angular momentum. From this figure, it can also be
noted that the ICF contribution for 18O and 16O is larger than
that of the 13C projectile. Hence, the present results indicated
that the projectile structure effect also plays a crucial role on
the ICF probability.

FIG. 7. Comparison of deduced FICF(%) for the 13C-induced re-
action with 93Nb, 159Tb, 165Ho, 169Tm, and 175Lu targets as a function
of mass-asymmetry [μA = AT /(AT + AP)] at constant relative veloc-
ity (Vrel = 0.071c). For references and details see the text.

B. ICF dependence on mass-asymmetry (μA)

In this subsection, we will discuss how the ICF probability
depends upon mass asymmetry of interacting partners. As
pointed out earlier that Morgenstern et al. [26] suggested that
the mass asymmetry between the interacting partners influ-
ences the ICF probability at the constant relative velocity,
which was further supported by some other studies [27,40].
The relative velocity (Vrel) between the interacting partners
is defined as Vrel = √

2(Ec.m. − VCB)/μ, where Ec.m. is the
projectile energy in the center-of-mass frame, μ is the reduced
mass of the system, and VCB is the Coulomb barrier between
two interacting partners. The mass asymmetry of the interact-
ing partners is given as μA = AT /(AT + AP), where AT is the
mass of the target and AP is the mass of the projectile. The
values of FICF(%) for the present 13C + 93Nb system have
been compared with those obtained for 13C + 159Tb [9], 13C +
165Ho [41], 13C + 169Tm [42], and 13C + 175Lu [43] systems
at a normalized relative velocity (Vrel = 0.071c) as a function
of entrance channel mass asymmetry and presented in Fig. 7.
This figure clearly indicates that ICF probability [FICF(%)]
depends strongly on mass asymmetry of the interacting sys-
tem and increases with an increase in entrance channel mass
asymmetry.
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C. ICF dependence on projectile Qα value

In this subsection, the role of projectile structure can be
studied as one of the influenceable observables in terms of
projectile Qα value systematic. The projectile Qα value simply
determines the quantity of energy required in separating the
α particle from the projectile, which is often also termed as
projectile α-separation energy. So as to look at the Qα value
systematic in more clear way, the FICF(%) for the presently
studied system 13C + 93Nb system have been compared with
those obtained for 16O + 93Nb [38] and 18O + 93Nb [39]
systems at a constant relative velocity (Vrel = 0.071c) as a
function of the projectile Qα value and is plotted in Fig. 6(b).
This figure clearly shows that ICF probability is higher for
projectile 18O in comparison to the other projectiles 16O and
13C. The Qα values for projectiles 18O, 16O, and 13C are as
follows:

18O ⇒ 14C +α, Qα = −6.22 MeV,

16O ⇒ 12C +α, Qα = −7.16 MeV,

13C ⇒ 9Be +α, Qα = −10.65 MeV.

From the data presented in Fig. 6(b), it can be seen that
the value of FICF(%) is found to be more for a less than a
negative Qα value for a projectile than a more negative Qα

value projectile. Present findings well support the previous
findings [7,9,22], and it can be concluded that the Qα value
is important for the study of ICF reaction dynamics.

V. SUMMARY AND CONCLUSION

To probe the correlation between the entrance channel pa-
rameters and the ICF fraction on incomplete fusion dynamics,
excitation functions for the assembly of the radionuclides
102Ag(4n), 101Ag(5n), 101Pd(p4n), 100Pd(p5n), 100gRh(α2n),
99Rh(α3n), 98Rh(α4n), 97Rh(α5n), 96Rh(α6n), 97Ru(αp4n),
96Tc(2α2n), 95Tc(2α3n), and 94Tc(2α4n) have been mea-
sured in the energy range of 63.7–87.1 MeV for the 13C
+ 93Nb system. During the decay curve analysis, it has

been found one of the (αp4n) channels fed by their higher
charge precursor isobar and has also been calculated using
the formalism of Cavinato et al. [37]. The experimentally
measured cross sections of the ERs populated via xn and/or
pxn channels have been found to be in good agreement with
the theoretical predictions of statistical model code PACE4
for level-density parametera = A/8 MeV−1 over the studied
energy range. However, in the case of α-emitting channels, the
observed enhancement of cross sections over the predictions
of statistical model calculations may be assigned to the ICF
process. Furthermore, in order to achieve a better understand-
ing the role of various entrance channel parameters, the values
of an incomplete fusion fraction for some other systems taken
from literature are compared. On the basis of analysis and
results presented in this paper, it may be concluded that the
ICF strongly depends on incident energy, mass asymmetry,
primary structure of the projectile and target, and projectile
Qα value. Results and analysis presented on projectile struc-
ture effects suggest more ICF fraction for the less negative
projectile Qα value. The results obtained from the excitation
functions are quite interesting, new, and give fruitful informa-
tion for establishing the complete and incomplete fusions at
relatively low bombarding energies.
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