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Abstract

An experiment has been performed to explore the incomplete fusion (ICF) reaction dynamics in heavy
ion induced reactions. Excitation functions (EFs) for eighteen evaporation residues (ERs) produced in the
system 20Ne + 165Ho have been measured in the energy range ≈ 88–164 MeV. Some of the ERs have
significant contribution from precursor decay, which has been separated out from the measured cumulative
cross-sections to get direct production cross-sections. Parameters of the statistical model code PACE-2 are
optimized to reproduce the ERs populated in complete fusion reactions such as in xn and pxn channels.
Using the same parameters, EFs for the residues produced in α-particle(s) emission channels have been
calculated. A significant enhancement in the measured EFs of the ERs produced in α-particle(s) emission
channels over the PACE-2 predictions have been observed which indicates the occurrence of incomplete
fusion reaction process. In the ICF process the break-up of projectile 20Ne into 4He+16O and/or 8Be+12C
takes place followed by fusion of one of the fragments with the target nucleus 165Ho. The present data
analyses suggest that probability of incomplete fusion reaction increases with projectile energy. The ICF
fraction F ICF has been estimated and found to increase with increasing mass-asymmetry [AT /(AT +AP )]
of the partners in entrance channel. It is also observed that critical angular momentum associated with
incomplete fusion channels at higher projectile energy may be associated with �-values lower than that of
peripheral collisions, indicating that the incomplete fusion competes with complete fusion even at angular
momentum values little lower than critical angular momentum.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The study of incomplete fusion (ICF) in heavy ion (HI) reactions particularly with heavier
target nuclei above Coulomb barrier has been the subject of resurgent interest in nuclear physics
in the recent years. The ICF cross-section as a function of entrance channel mass-asymmetry
has been explained in terms of the model based on the interaction barrier, critical angular mo-
mentum and critical distance of approach [1]. At projectile energies slightly above the Coulomb
barrier, both the complete fusion (CF) and incomplete fusion (ICF) are the dominant reaction
mechanisms. In case of CF reaction the projectile completely fuses with the target nucleus and
the highly excited nuclear system decays by evaporating low energy nucleons and alpha parti-
cles, and are explained by statistical model. In the ICF reaction process, which is characterized
by the partial fusion of the projectile with the target, the projectile is assumed to break-up into
two fragments (e.g. 20Ne-ion may break-up into 16O + 4He and/or 12C + 8Be) and one of the
fragments fuses with the target nucleus while remnant moves in the forward direction [2–4]. The
excited composite system formed as a result of the fusion of the fragment of the incident ion
with the target may also under go de-excitation by emission of particles and/or γ -rays. In recent
years there has been growing experimental interest in the ICF reactions for studying neutron rich
nuclei, which cannot be reached by CF process [5]. ICF phenomenon has been observed in low-
Z projectile (Z � 10) e.g. 12C, 14N, 16O and 20Ne, in their interaction with medium and heavy
mass targets [6–12]. The first experimental evidence of ICF reactions was given by Britt and
Quinton [13], who observed the break-up of the incident projectiles like 12C, 14N and 16O into
alpha clusters in an interaction with the target nucleus at ≈ 10.5 MeV/A bombarding energy.
Subsequently, Galin et al. [14] also observed the break-up of projectile and called such reactions,
leading to the emission of “fast” alpha particles, as ‘ICF reaction’ or ‘break-up fusion reaction’.
However, major advances in the study of ICF reactions took place after the work of Inamura
et al. [15] for 14N + 159Tb system at beam energy about ≈ 7 MeV/nucleon, wherein exclusive
measurements of forward-peaked alpha-particles in coincidence with the prompt gamma-rays
of the different ERs produced, were done. Parker et al. [16] observed ICF in the reactions at
5 MeV/A 12C-beam on 51V by measuring the forward peaked α-particles in the energy spectra
and angular distribution of α-particles. Tserruya et al. [17] also found evidence for ICF pro-
cess from time-of-flight measurements of ERs in a reaction of 5–10 MeV/A 12C-beam with
120Sn, 160Gd and 197Au. The ICF studies using loosely bound projectiles have also been done by
Gomes et al. [18]. It has also been observed that ICF of the projectile occurs at beam energies
below 10 MeV/nucleon. As a matter of fact, a large number of out going reaction channels are
opened in heavy ion induced reactions at moderate excitation energies and the analysis of EFs of
the ERs may provide significant information about the CF and ICF reactions. Vergani et al. [19],
Cavinato et al. [20], Crippa et al. [21], Tomar et al. [22], Gupta et al. [23], Sharma et al. [10],
Ali et al. [24] and Singh et al. [25] have also measured the EFs and forward recoil range distri-
butions (RRDs) of the ERs produced in CF and ICF of heavy-ions using recoil catcher activation
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technique for a large number of projectile-target systems. From the analysis of measured EFs,
it has been shown that ICF process has a substantial contribution to the reaction cross-sections.
Earlier Morgestern et al. [26] carried out experiments on a various projectile target combinations
have brought out the entrance channel mass-asymmetry dependence of ICF reaction, with ICF
probability being higher in a mass-asymmetric system than mass-symmetric system at the same
relative velocity. Later on, studies by Vineyard et al. [27], Chakrabarty et al. [28] and Ali et al.
[24] also supported the findings of Morgestern et al. [26]. However, their studies are limited to
few projectile-target combinations and systematic measurements are still demanded. Some of
the characteristic features of ICF dynamics are: (i) ICF reactions are observed generally in low-Z
projectiles (Z � 10), (ii) production cross-sections for ICF products are found to be larger than
predicted by fusion-evaporation (CF) models, (iii) ICF residues traverse smaller distances in the
stopping medium than that of CF residues, (iv) projectile like fragments (PLFs) produced in the
ICF are mostly concentrated in the forward cone, (v) spin distributions for ICF residues are found
to be distinctly different in nature from those of CF residues and the input angular momentum
associated with ICF is found to be little larger than those associated with CF reaction.

Several models have been proposed to explain ICF reaction dynamics. The break-up fusion
(BUF) model of Udagawa and Tamura [29] based on DWBA formalism explained ICF in terms of
break-up of the projectile in the nuclear field (e.g. projectile 20Ne may break-up into 16O + 4He
and/or 12C + 8Be) as it approaches to the nuclear field of target nucleus. It is assumed that
one of the fragments may fuse with the target nucleus, while the remnant moves as a spectator
and gives rise to projectile like fragments (PLFs). The Sumrule model of Wilczynski et al. [30]
assumes that the various ICF channels are localized in the angular momentum space above the
critical angular momentum for the CF of the projectile and target. Other models include promptly
emitted particle (PEP) model [31], hot spot model [32], and multistep direct reaction model [33].
In fact, all the existing models have been used to fit the experimental data above 10 MeV/nucleon
energies. However, at energies below 8 MeV/nucleon, no theoretical model as such is available
to explain ICF data satisfactorily. Different techniques have been employed for the study of ICF
reactions such as: excitation function measurements of ERs, recoil range distributions of ERs,
velocity distribution of ERs, kinetic energy spectra and angular distribution studies of PLFs,
angular distribution measurement of the ERs and spin distribution measurements of ERs.

Most of the ICF reaction studies available in the literatures are confined to medium mass
target nuclei and very few studies are available with heavier targets (A > 150). In the case of
low and medium mass target nuclei, the ICF cross-section is a small fraction of the total fusion
cross-section of the ERs. However, in case of heavier target nuclei, the α-particle(s) evaporation
from the compound nucleus (CN) becomes less probable because of the high Coulomb barrier.
Consequently, ICF cross-section associated with α-particle emission contributes the dominant
component in the total fusion cross-section. In the present work an attempt has been made to
address some of the important aspects of ICF reaction dynamics. With this aim EFs of eigh-
teen ERs produced in the reaction of 20Ne with 165Ho have been measured in the energy range
≈ 4–8 MeV/nucleon. In the present measurement special care has been taken to remove the
precursor decay contributions in the production of several ERs to get the direct production cross-
sections of the residues. The measured EFs have been compared with the theoretical predictions
of statistical model code PACE-2 [34], which takes into account only the CF process. The en-
hancement in the measured EFs for α-particle emission channels are interpreted in terms of ICF
process. The dependence of ICF fraction with projectile energy has also been discussed. The
entrance channel mass-asymmetry dependence on ICF fraction are also investigated and plotted
along with the data available in the literature for other projectile-target systems: 20Ne + 55Mn
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[24], 16O + 45Sc [35,36], 20Ne + 59Co [12] and 16O + 74Ge [35,37]. A consistency has been
observed and is discussed in Section 4. The present work is a part of ongoing program [11,12,24,
35–38] to study the CF and ICF dynamics in heavy ion induced reactions below 10 MeV/nucleon
energies. To the best of our knowledge these measurements for the projectile-target system men-
tioned above have been reported for the first time and hence no data are available for comparison.
However, it is worth to mention that present data well supports and supplement the recent find-
ings [11] of forward recoil range distributions (RRDs) measurements of the ERs produced in the
same projectile-target system at ≈ 8 MeV/nucleon.

2. Experimental details

The present experiments have been carried out using the heavy ion accelerator facility of
the Variable Energy Cyclotron Centre (VECC), Kolkata, India. Stacked foil activation technique
has been employed. One of the major advantages of stacked foil activation technique is that
in a single irradiation many target foils are irradiated at different energies and large number
of reactions may be studied. Details of target preparation, target–catcher irradiations, post ir-
radiation analysis including energy and efficiency calibrations etc. are given in the following
sections.

2.1. Target preparation

Self-supporting natural 165Ho targets of desired thickness with purity better than (99.9%)
were prepared by rolling machine at Saha Institute of Nuclear Physics (SINP) Target Lab,
Kolkata, India. The thickness of each target foils was determined using microbalance as well
as by α-particle transmission method, which is based on the measurement of the energy loss by
5.485 MeV α-particles obtained from 241Am source, while passing through the target. Thick-
ness of the holmium target foil was found to be ≈ 1.265 mg/cm2. The targets were cut into
size of 1.5 × 1.5 cm2 each and were pasted on rectangular aluminum target holders having
concentric holes of 1.2 cm diameter. The aluminum target holders were used for rapid heat dis-
sipation.

2.2. Target irradiation

Two stacks of target-catcher assemblies were bombarded with the 20Ne-ion beam in a spe-
cially designed vacuum chamber, shown elsewhere in our earlier Ref. [11], at Variable Energy
Cyclotron Centre (VECC), Kolkata, India. The targets in the stack along with catcher foils
were arranged in such a way that target material faced the beam, so that the recoiled residues
may be trapped in the aluminum catchers. Aluminum-foils of thicknesses 1.2 and 0.8 mg/cm2

kept between two successive 165Ho targets that served as catchers as well as energy degraders,
wherever desired. Two stacks consisting of six rolled holmium foils each of 165Ho backed by
thick aluminum foils were bombarded with an 20Ne+7 beam energy ≈ 165 and 132 MeV. Two
independent irradiations were carried out to encompass the beam energy ranging between 88–
164 MeV. Weighted average beam current of ≈ 40 nA was measured behind the target assembly
with an electron suppressed Faraday cup, using a current integrator device. Keeping in view the
half-lives of interest, irradiations have been carried out for ≈ 8 hours duration for each stack. The
mean energy of 20Ne-ion beam at half the thickness on each foil in the stack was calculated from
the energy degradation of the incident beam energy, using stopping power and range software
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Fig. 1. Observed γ -ray energy spectrum of irradiated 165Ho sample at 164 MeV 20Ne-ion beam.

SRIM [39]. The inherent energy spread of 0.5 MeV has been reported in 165 MeV 20Ne-ion
beam. Moreover, when beam passes through the target and catcher foils, the energy spread due
to straggling may come into picture. However, the energy spread due to straggling has not been
considered due to its non-significant contribution [40].

2.3. Calibration of the HPGe detector and post-irradiation analysis

The measurement of the activity of ERs produced in a particular reaction is the most accurate
way of measuring the cross-section of that residue. The off-beam measurements provide by far
more accurate results not only because the background in γ -ray spectra is much smaller, but
also because each residue may be identified both through the energy of its characteristic γ lines
and its half-life by measuring the activity as a function of time. Details of energy and efficiency
calibrations of the detector are given in Ref. [12]. Software packages MAESTRO [41] and FREE-
DOM [42] were used for recording and analysis of the data respectively. More over, the counting
was carried out in live-time mode of the multichannel analyzer to incorporate the dead time loss.
Typical γ -ray spectrum obtained from irradiated 165Ho sample by 164 MeV 20Ne-ion beam is
shown in Fig. 2. The ERs were identified by their characteristic γ -rays as well as following their
half-lives.

The experimentally measured reaction cross-section σr(E), for a particular reaction product
has been computed using the following expression given in Ref. [43].

σr(E) = Aλ exp(λt2) (1)

N0φϑεGK[1 − exp(−λt1)][1 − exp(−λt3)]
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Table 1
List of reactions, identified γ -rays and their branching ratios for the system 20Ne + 165Ho.

S. No. Reactions Half-life Eγ (keV) Branching ratio, θ(%)

1. 165Ho(Ne, 3n)182Ir 15.00 m 126.2a 34.4
2. 165Ho(Ne, p2n)182Os 21.60 h 180.6a 34.7
3. 165Ho(Ne, p3n)181gOs 1.75 h 238.2a 44.0

826.7 20.0
4. 165Ho(Ne, α)181Re 19.90 h 366.9a 57.0
5. 165Ho(Ne, α2n)179Re 19.70 m 401.7 7.2

430.2a 28.0
6. 165Ho(Ne, α3n)178Re 13.20 m 105.3a 23.1
7. 165Ho(Ne, α4n)177Re 14.00 m 196.4a 8.4
8. 165Ho(Ne, αp3n)177W 2.21 h 115.0a 59.0

185.4a 16.1
376.8 4.6
416.6 6.1

1036.9 10.2
9. 165Ho(Ne, αp4n)176W 2.50 h 99.4a 73.0

10. 165Ho(Ne, αp6n)174W 29.00 m 328.3 9.5
428.6a 12.7

11. 165Ho(Ne, α2pn)178mTa 2.50 h 426.3a 97.1
12. 165Ho(Ne, 2α)177Ta 56.60 h 112.5a 7.2
13. 165Ho(Ne, 2αn)176Ta 8.10 h 201.7a 5.5

710.5 5.2
14. 165Ho(Ne, 2α2n)175Ta 10.50 h 266.1a 10.3

347.7 11.4
15. 165Ho(Ne, 2α3n)174Ta 1.18 h 90.9 15.9

205.7a 57.7
16. 165Ho(Ne, 2α4n)173Ta 3.65 h 160.4 4.8

171.5a 17.0
17. 165Ho(Ne, 2αp3n)173Hf 23.60 h 139.6 12.4

296.5a 33.9
18. 165Ho(Ne, 4α3n)166Tm 7.70 h 691.2 7.4

778.4a 15.1

a γ -Lines used for experimental data analysis.

where, A is the total number of counts observed under the photo-peak of characteristic γ -ray
in time t3, λ is decay constant of the residual nucleus, N0 is the total number of nuclei present
in the target, φ is the incident ion beam flux, θ is the branching ratio of identified γ -ray, εG

is the geometry dependent efficiency of the detector, t1 is the irradiation time, t2 is the time
lapse between end of irradiation and start of counting and t3 in the data collection time, K =
[1 − exp(−μd)]/μd is the correction for self-absorption of the γ -ray in the sample itself, with
absorption coefficient μ for the target of thickness ‘d’. A factor [1 − exp(−λt1)] takes care of
the decay of evaporation residue during irradiation time ‘t1’ and is known as the ‘saturation
correction factor’. The correction factor for the decay of the induced activity due to delay time
‘t2’ between stop of irradiation and the start of counting is taken care of by [exp(−λt2)] and the
correction factor due to the decay of irradiated sample during data accumulation time ‘t3’ is taken
as [1 − exp(−λt3)]. The characteristic γ -ray energies, their abundances and half-lives of the ERs
etc. are taken from Table of Isotopes [44]. The spectroscopic data used for yield calculations are
listed in Table 1.
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3. Extraction of direct cross-sections from the measured cumulative cross-sections

In the interaction of 20Ne with the target nucleus 165Ho, it has been observed that the some of
the ERs may be produced both directly as well as by decay of the produced higher Z precursor
isobars through β+-emission, and/or EC. For such cases, cumulative cross-sections have been
measured, if the half-life of the precursor is considerably smaller than that of the evaporation
residue. Both directly produced and in precursor decay, gives a cross-section, which is the sum
of the production cross-section of the observed residue and the cross-sections for production of
its precursors multiplied by a numerical coefficient PP . This coefficient may be greater than
unity and depend both on the branching ratios for the decay of the precursors to the evaporation
residue considered and on the half-lives of the precursor and the evaporation residue. An attempt
has been made to separate out the contribution from precursor decay by using the prescription of
Cavinato et al. [20]. For the isobaric decay of parent P to daughter D, i.e. P → D, the cumulative
cross-section of the daughter nucleus is given by,

σD
cum = σD

dir + PP

T D
1/2

T D
1/2 − T P

1/2

σP
dir (2)

where T P
1/2 and T D

1/2 are the half-life of parent and daughter nuclei, PP is the branching intensity,

σD
cum is the cumulative cross-section of the daughter nucleus, σD

dir is the direct cross-section of the
daughter nucleus and σP

dir is the direct cross-section of the parent nucleus production. This proce-
dure has been generalized to the case of successive decay of several precursor isobars produced
in addition to the direct production of the residue. In case of decay of two precursor isobars A

and B , produced in the beam interaction, that is,

A → B → C

with half-lives T A
1/2 � T B

1/2 � T C
1/2 and with branching ratios PA and PB , the cumulative cross-

section for the production of the residue C has been obtained as [20],

σC
cum = σC

dir + PB

T C
1/2

(T C
1/2 − T B

1/2)
σB

dir + PAPB

(T C
1/2)

2

(T C
1/2 − T A

1/2)(T
C

1/2 − T B
1/2)

σA
dir (3)

The contribution of the precursor decay has been separated out from measured cumulative cross-
section to deduce the direct cross-section of a reaction by using Eqs. (2) and (3).

As an example, 182Os may be produced by two routes, namely, 182Os (p2n) as well as 182Ir
(3n) followed by EC/β+ decay of 182Ir. The cumulative cross-section of 182Os has been mea-
sured by following the γ -ray activities at times longer than about 6–8 half-lives of the precursor,
so that precursor completely decayed to 182Os. The residual nucleus, 182Os decays to 182Re by
EC and has been identified by 180.6 keV γ -ray. The direct cross-sections from the measured
cumulative cross-sections for the production of 182Os separated by using the Cavinato et al. [20]
formulation based expression (2)

σmeas
cum

(182Os
) = σ meas

dir

(182Os
) + 1.012σ meas

dir

(182Ir
)

(4)

where σ meas
dir (182Ir) is the direct cross-section of the precursor 182Ir, whose contributions have

been subtracted from the cumulative cross-section σmeas
cum (182Os) to obtain the direct cross-section

of residue 182Os as σ meas(182Os) at each projectile energy.
dir
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Similarly, 181Re may be produced either by 181Ir (4n) or 181Os (p3n) followed by isobaric
decay to 181Re. In this case, the cumulative cross-section of 181Re measured after 6–8 half-
lives of precursors may have contributions from the decay of precursor isobars 181Ir and 181Os in
addition to the direct production of 181Re. The measured cumulative cross-section of its precursor
181gOs has been separated from its measured cumulative cross-section of 181Re to get the direct
cross-section for the production of 181Re using expression (2). In the present case the expression
reduces to the form:

σ meas
cum

(181Re
) = σ meas

dir

(181Re
) + 1.096σ meas

cum

(181gOs
)

(5)

where σmeas
cum (181gOs) is the cumulative cross-section of the precursor 181Os, which contributions

have been subtracted from the cumulative cross-section σmeas
cum (181Re) to obtain its direct produc-

tion cross-section σ meas
dir (181Re) at each projectile energy. This case needs special attention as the

measured cross-section for 181Os corresponds to only ground state with half-life 1.75 hrs. Since,
the metastable state (half-life 2.7 min) contribution could not be measured, the deduced direct
cross-sections for the production of 181Re is expected to be a little less than whatever deduced.

In the case of 177–179Re, the αxn channels may have contribution from ICF involving break-
up of 20Ne into 16O + α followed by fusion of 16O with the target nucleus giving 181Re as the
incompletely fused composite nucleus which may subsequently de-excite by neutron emission
to yield the Re isotopes. As such, measured cross-sections include contributions from CF and
ICF processes. To study this reaction we have followed the of 196.4 keV γ -ray in the decay of
the product nucleus 177Re. The residue 177Re produced via the reaction 177Re (α4n) may also
be populated by EC and/or β+ decay of the higher charge precursor isobars i.e. 177Ir and 177Os
produced in 8n and p7n emission channels respectively. The measured cumulative cross-section
of 177Re has contributions from the decay of precursor isobars 177Ir (30 sec) and 177Os (2.8 min)
produced in addition to direct production of 177Re. For cumulative cross-section measurement,
the induced γ -ray activities have been measured after the complete decay of the precursor 177Os
to the residue 177Re. The direct cross-section for the production of 177Re has been deduced from
the measured cumulative cross-section using expression (3). In the present case the expression
reduces to the form:

σmeas
cum

(177Re
) = σ meas

dir

(177Re
) + 1.250σ PACE

dir

(177Os
) + 1.296σ PACE

dir

(177Ir
)

(6)

where σPACE
dir (177Ir) and σ PACE

dir (177Os) are the direct cross-sections of the precursors 177Ir and
177Os respectively. Their contributions have been subtracted from the cumulative cross-section
σ meas

cum (177Re) to obtain direct production cross-section σmeas
dir (177Re) at each projectile energy.

In the similar way, the direct production cross-sections for the ERs 181gOs (p3n), 179Re (α2n),
178Re (α3n), 177W (αp3n), 177Ta (2α), 176Ta (2αn), 174Ta (2α3n) and 173Hf (2αp3n) have also
been deduced from the measured cumulative cross-sections and their precursor contributions by
using expressions based on Cavinato et al. [20] formulation, given in Table 2.

Many factors are responsible for the errors and uncertainty in the experimentally measured
cross-sections. These are the uncertainty in the determination of the efficiency of the HPGe de-
tector, errors in the flux measurement due to the fluctuation in beam current, uncertainty in the
determination of thickness of the target due to non-uniformity in the target, The overall errors
from all these factors including statistical errors in the photo-peak area are estimated. The errors
associated with the spectroscopic data like branching intensity and half-life of the product nuclei
have not been taken into account, because any revision in the spectroscopic data would permit
an easy re-calculation of the cross-section in future. The detailed discussion of the error analysis
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Table 2
Deduced expressions used for extraction of direct cross-sections from the measured cumulative cross-sections.

Residues Measured cross-section Expressions used for extraction of direct production cross-sections
182Os Direct yield σmeas

cum (182Os) = σmeas
dir (182Os) + 1.012σmeas

dir (182Ir)
181gOs Direct yield σmeas

cum (181gOs) = σmeas
dir (181gOs) + 1.049σPACE

dir (181Ir)
181Re Direct yield σmeas

cum (181Re) = σmeas
dir (181Re) + 1.096σmeas

cum (181gOs)
179Re Direct yield σmeas

cum (179Re) = σmeas
dir (179Re) + 1.492σPACE

dir (179Os) + 1.600σPACE
dir (179Ir)

178Re Direct yield σmeas
cum (178Re) = σmeas

dir (178Re) + 1.610σPACE
dir (178Os) + 1.634σPACE

dir (178Ir)
177Re Direct yield σmeas

cum (177Re) = σmeas
dir (177Re) + 1.250σPACE

dir (177Os) + 1.296σPACE
dir (177Ir)

177W Direct yield σmeas
cum (177W) = σmeas

dir (177W) + 1.118σmeas
cum (177Re)

177Ta Direct yield σmeas
cum (177Ta) = σmeas

dir (177Ta) + 1.041σmeas
cum (177W)

176Ta Direct yield σmeas
cum (176Ta) = σmeas

dir (176Ta) + 1.446σmeas
cum (176W)

174Ta Direct yield σmeas
cum (174Ta) = σmeas

dir (174Ta) + 1.686σmeas
cum (174W)

173Hf Direct yield σmeas
cum (173Hf) = σmeas

dir (173Hf) + 1.153σmeas
cum (173Ta)

Table 3
Experimentally measured cross-sections for the production of the evaporation residues 182Ir, 182Os and 181gOs.

Elab ± �E σdir (182Ir) σcum (182Os) σdir (182Os) σcum (181gOs) σdir (181gOs)
(MeV) (mb) (mb) (mb) (mb) (mb)

88.5±2.3 – – – 2.7±0.2 0.7±0.2
96.0±2.2 5.0 ± 1.2 6.2 ± 0.7 1.2 ± 0.2 176.5±8.0 12.9±8.0

103.0±2.1 1.9 ± 0.4 3.9 ± 0.4 1.9 ± 0.4 213.8±10.3 18.0±10.3
110.0±2.1 0.4 ± 0.1 1.1 ± 0.1 0.6 ± 0.1 120.0±10.7 20.0±10.7
117.1±2.1 – 0.3 ± 0.04 0.2 ± 0.05 51.2±5.1 17.2±5.1
123.7±2.0 – 0.1 ± 0.01 0.1 ± 0.03 11.5±1.4 3.8±1.4
130.1±2.0 – – – 1.3±0.1 0.3±0.1
134.1±2.0 – – – 0.9±0.2 0.5±0.2
141.8±1.9 – – – 0.2±0.05 0.1±0.05
149.3±1.9 – – – 0.1±0.05 0.1±0.05
156.5±1.9 – – – 0.1±0.05 0.1±0.05

has been given in our earlier Ref. [36]. Experimentally measured cross-sections (direct and cu-
mulative) for the production of various ERs obtained for different 20Ne-ion beam energy along
with the estimated errors are tabulated in Tables 3–7. The details of theoretical calculations and
the parameters used are discussed in the following section.

4. Analysis of the experimental data

4.1. EFs analysis with code PACE-2

In general, it has been assumed that most of the decay properties of the excited nuclei pro-
duced in HI reactions can be described by statistical model calculations. The theoretical estimates
of the reaction cross-sections were made by the code PACE-2 [34]. The code PACE-2 is based
on the statistical model approach and uses the Monte Carlo simulation procedure for the de-
excitation of compound nucleus. The angular momentum projections are calculated at each stage
of de-excitation, which enables to determine the angular distribution of emitted particles. The
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Fig. 2. (a)–(c) Excitation functions of the ERs produced in 20Ne + 165Ho reaction. Solid circles represent experimental
data. The solid, dotted and dash dotted lines correspond to the theoretical predictions of PACE-2 for different values of
level density parameter constant K . In (b)–(f) open circles represent the cumulative yield for the production of residue
182Os, 181gOs, 181Re, 179Re, 178Re and solid circles represent its measured direct yield. Solid lines correspond to
PACE-2 predictions corresponding to K = 12.
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Table 4
Experimentally measured cross-sections for the production of the evaporation residues 181Re, 179Re and 178Re.

Elab ± �E σcum(181Re) σdir(
181Re) σcum(179Re) σdir(

179Re) σcum(178Re) σdir(
178Re)

(MeV) (mb) (mb) (mb) (mb) (mb) (mb)

103.0±2.1 240.1±22.6 5.7±0.5 – – – –
110.0±2.1 163.2±15.4 31.6±3.0 – – – –
117.1±2.1 132.9±12.6 76.8±7.2 327.6±20.4 63.9±20.4 142.3±29.4 141.2±29.4
123.7±2.0 68.6±6.5 56.0±5.3 698.5±47.3 120.2±47.3 164.5±15.9 126.9±15.9
130.1±2.0 15.3±1.5 13.9±1.4 831.9±56.2 162.7±56.2 304.8±34.9 130.0±34.9
134.1±2.0 8.5±0.9 7.5±0.8 701.2±49.3 100.9±49.3 424.2±41.1 114.5±41.1
141.8±1.9 4.5±0.5 4.2±0.5 384.8±28.3 72.2±28.3 710.0±67.5 165.4±67.5
149.3±1.9 5.0±0.5 4.9±0.5 156.4±16.6 63.3±16.6 630.0±63.9 120.2±63.9
156.5±1.9 7.1±0.7 7.0±0.7 80.4±4.7 59.0±4.7 398.0±37.8 102.0±37.8
164.0±1.8 8.9±0.9 – 38.4±2.8 35.1±2.8 217.0±22.0 84.4±22.0

Table 5
Experimentally measured cross-sections for the production of the evaporation residues 177Re, 177W, 176W and 174W.

Elab ± �E σcum(177Re) σdir(
177Re) σcum(177W) σdir(

177W) σcum(176W) σcum(174W)

(MeV) (mb) (mb) (mb) (mb) (mb) (mb)

103.0±2.1 99.9±16.9 – – – 0.8±0.1 –
110.0±2.1 139.8±26.1 – 172.8±13.0 16.5±1.2 4.5±0.5 –
117.1±2.1 124.8±24.5 – 207.5±6.0 68.0±2.0 23.4±2.3 –
123.7±2.0 67.0±9.7 – 168.5±4.9 93.6±2.7 20.9±2.0 33.2±4.8
130.1±2.0 118.8±12.0 118.4±12.0 210.3±8.0 77.5±2.9 31.4±2.3 70.0±5.7
134.1±2.0 91.5±9.8 87.2±9.8 215.1±5.4 112.8±2.8 66.6±3.6 99.1±9.4
141.8±1.9 121.7±16.0 76.3±16.0 238.1±5.6 102.0±2.4 56.3±3.1 90.9±6.8
149.3±1.9 289.9±59.0 118.8±59.0 389.6±12.3 65.5±2.1 53.8±5.1 104.1±12.7
156.5±1.9 434.9±43.9 166.6±43.9 519.2±12.3 32.9±0.8 60.8±4.1 210.0±17.9
164.0±1.8 328.8±38.9 121.5±38.9 778.6±21.0 350.6±9.4 86.7±6.1 254.8±19.3

CF cross-sections are calculated using Bass formula [45]. The partial reaction cross-section for
the formation of the compound nucleus at particular value of the angular momentum and specific
bombarding energy, E is given by

σ� = πλ-2(2� + 1)T� (7)

where λ- is the de Broglie wavelength, and transmission coefficient (T�) is taken to be

T� =
[

1 + exp

(
� − �max

�

)]−1

(8)

where � is the diffuseness parameter and �max is determined by the total CF cross-section,

σF =
∞∑
�

σ� (9)

The transmission coefficient for light particles n, p and α emission were determined using optical
model potentials. The γ -ray strength functions, required for E1, E2, and M1 transition were
taken from Tables of Endt [46]. In this code masses are read from the Atomic Mass Table [47] and
if the table does not contain mass, rotating liquid drop mass due to Lysekil is substituted. Fission
is considered as a decay mode, while the ICF is not taken into account in PACE-2 calculations
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Table 6
Experimentally measured cross-sections for the production of the evaporation residues 178mTa, 177Ta, 176Ta and 175Ta.

Elab ± �E σdir(
178mTa) σcum(177Ta) σdir(

177Ta) σcum(176Ta) σdir(
176Ta) σcum(175Ta)

(MeV) (mb) (mb) (mb) (mb) (mb) (mb)

88.5±2.3 – 8.2±1.6 – – – –
96.0±2.2 – 7.2±1.2 – – – 2.2±0.9

103.0±2.1 – 29.9±3.8 – – – 3.7±0.4
110.0±2.1 – 185.2±18.0 5.3±0.5 8.8±2.2 2.3±0.2 11.5±2.5
117.1±2.1 3.2±0.3 224.1±23.9 8.1±0.9 46.6±11.6 12.7±3.2 39.3±9.9
123.7±2.0 7.2±0.5 227.8±24.5 52.3±5.6 50.6±12.6 20.3±5.1 29.7±5.0
130.1±2.0 5.1±1.0 291.9±32.0 72.8±8.0 88.5±22.1 43.1±10.8 61.8±5.9
134.1±2.0 5.5±0.5 286.0±27.4 62.0±5.9 145.3±11.7 48.9±3.9 96.3±4.7
141.8±1.9 14.2±1.1 332.4±29.6 84.5±7.5 173.8±27.3 92.4±14.5 192.3±9.2
149.3±1.9 20.4±1.1 639.2±60.5 233.2±22.1 178.6±17.3 100.8±10.0 247.7±13.7
156.5±1.9 23.1±1.4 756.7±71.7 216.0±20.4 180.1±18.8 92.2±9.6 336.4±16.4
164.0±1.8 21.1±1.2 905.3±86.7 94.5±9.1 237.9±19.5 112.4±9.2 261.2±12.9

Table 7
Experimentally measured cross-sections for the production of the evaporation residues 174Ta, 173Ta, 173Hf and 166Tm.

Elab ± �E σcum(174Ta) σdir(
174Ta) σcum(173Ta) σcum(173Hf) σdir(

173Hf) σdir(
166Tm)

(MeV) (mb) (mb) (mb) (mb) (mb) (mb)

96.0±2.2 – – 0.5±0.1 – –
103.0±2.1 – – – 0.8±0.1 – 5.6±1.0
110.0±2.1 2.97±0.3 – – 3.2±0.3 – 10.4±2.0
117.1±2.1 22.9±2.4 – – 2.2±0.2 – 21.6±1.9
123.7±2.0 65.4±6.3 9.4±2.3 – 4.6±0.4 – 31.6±3.9
130.1±2.0 201.5±19.7 83.4±13.0 5.8±0.6 10.6±1.0 3.9±0.4 54.4±6.3
134.1±2.0 336.9±70.6 169.9±42.3 7.1±0.6 16.6±1.2 8.5±0.6 51.9±5.8
141.8±1.9 340.6±103.5 187.3±64.0 8.8±0.9 23.1±1.6 13.0±0.9 67.1±4.5
149.3±1.9 284.3±27.0 108.7±13.7 9.7±0.7 24.7±2.4 13.5±1.3 63.7±3.6
156.5±1.9 445.3±48.8 91.3±23.0 23.2±1.4 48.6±3.3 22.0±1.5 55.8±4.9
164.0±1.8 553.1±55.9 123.7±49.1 47.5±2.6 79.2±5.7 24.6±1.8 66.3±3.9

and hence the enhancement, if found, in the measured excitation functions (EF) over PACE-2
predictions, for the residues that are produced in the break-up of projectile into α-clusters, may
be attributed to the ICF process. The rotational energy of the decaying nuclei was calculated
using the rotating liquid drop model with diffused surface. In the present calculations of EFs for
ERs, the value of level density parameter ‘a’ was calculated using the relation a = A/K MeV−1,
where ‘A’ is the mass number of the residual nucleus and ‘K’ is called level density parameter
constant, which affects the equilibrium components. Owing to the high emission barrier for the
charged particles in the exit channel, the emission of protons and alpha particles from the CN
is hindered resulting in much lower cross-section for the pxn (x = 1,2,3, . . .) and αxn (x =
1,2,3, . . .) ERs in CF. Consequently any ICF process is reflected in the enhanced cross-sections
of these ERs. Of course, the PACE-2 code does give the cross-section of ERs formed in alpha
as well 2p emission processes, which have been taken into consideration during the CF cross-
section calculation. In this code the most of required input parameters have been used as default
except the charge and mass of the projectile and target nucleus.
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4.2. Interpretation of the experimental results

The EFs for the eighteen ERs 182Ir (3n), 182Os (p2n), 181Os (p3n), 181Re (α), 179Re (α2n),
178Re (α3n), 177Re (α4n), 177W (αp3n), 176W (αp4n), 174W (αp6n), 178mTa (α2pn), 177Ta (2α),
176Ta (2αn), 175Ta (2α2n), 174Ta (2α3n), 173Ta (2α4n), 173Hf (2αp3n) and 166Tm (4α3n) pro-
duced in the interaction of 20Ne with 165Ho are measured between 88–164 MeV projectile
energy. The experimentally measured and theoretically calculated EFs for these eighteen ERs
are displayed in Figs. 2–4. The excitation function (EF) for ER 182Ir produced in the reaction
182Ir (3n), is measured directly and is shown in Fig. 2(a). Cumulative cross-sections for 182Os
are measured after the complete decay of its precursor 182Ir into 182Os. Direct cross-section of
182Os has been obtained by correcting for the contribution from precursor decay using the ex-
pression listed in Table 2. The direct cross-sections for the evaporation residue 181gOs has also
been deduced by correcting for the contributions of the decay of produced higher Z precursor
isobar 181Ir into 181Os from the measured cumulative cross-sections of 181Os, after the complete
decay of its precursor 181Ir by EC process, using the expressions given in Table 2. The effect
of variation of ‘K’ (= 10, 12, 14) on the calculated EFs for the ERs produced in the reactions
182Ir (3n), 182Os (p2n) and 181gOs (p3n) are shown in Figs. 2(a), 2(b) and 2(c) respectively. It
is quite clear from these figures that PACE-2 predictions corresponding to K = 12 reproduce
the measured EFs satisfactorily and these reaction channels are populated via CF process. The
production detail of the ER 182Ir is shown by the following reaction equations.

The evaporation residue 182Ir is populated via CF of 20Ne with 165Ho,
20Ne + 165Ho → 185Ir* → 182Ir + 3n

Similarly, the evaporation residue 182Os produced in CF process may be populated via two dif-
ferent reaction modes as follows.

(i) CF of 20Ne with 165Ho i.e.
20Ne + 165Ho → 185Ir* → 182Os + p + 2n

(ii) Through the EC/β+-decay of higher Z precursor isobar,
20Ne + 165Ho → 182Ir* + 3n
182Ir* → 182Os + EC/β+

As such, the evaporation residue 181Os may also be populated via two different reaction
modes.

The ERs produced in the reactions 181Re (α), 179Re (α2n), 178Re (α3n), 177Re (α4n) and 177W
(αp3n) may also populated by the decay of their higher charge precursor isobars in addition to
the direct production of these ERs. The contribution due to the decay of higher Z precursor
isobars to these ERs has been separated from measured cumulative cross-section to get the direct
cross-section for the production of these ERs by using the expressions given in Table 2. The
direct cross-sections for the production of evaporation residue 181Re 179Re, 178Re, 177Re and
177W compared with PACE-2 calculated values, as shown in Figs. 2(d)–(f) and 3(a)–(b), it is
observed that the measured direct EFs are much enhanced over their theoretical values. Since
ICF is not considered in PACE-2 calculations, this enhancement may be attributed to the fact
that this channel may be populated not only by CF of 20Ne but may also have a significant
contribution from ICF of 20Ne i.e. fusion of fragment 16O with the target 165Ho (if 20Ne breaks
up into α and 16O fragments). The evaporation residue 181Re is predominantly formed by EC
decay of precursors 181Ir (4n) and 181Os (p3n) products which have shorter half lives than the
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Fig. 3. Excitation functions of the ERs produced in 20Ne + 165Ho reaction. Solid circles represent experimental data.
The solid lines correspond to the theoretical predictions of PACE-2 at K = 12. Open circles represent the cumulative
yield for the production of residue 177Re, 177W, 176W, 174W, 178mTa, 177Ta and solid circles represent its direct yield.



D. Singh et al. / Nuclear Physics A 879 (2012) 107–131 121
Fig. 4. Excitation functions of the ERs in 20Ne + 165Ho reaction. Solid circles represent experimental data. The solid
lines correspond to the theoretical predictions of PACE-2 at K = 12. Open circles represent the cumulative yield for the
production of residue 176Ta, 175Ta, 174Ta, 173Ta, 173Hf, 166Tm and solid circles represent its direct yield.
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time of irradiation. Hence the activity of 181Re measured has significant contribution from the
decay of the precursors. This may result in the large errors in the cross-section of 181Re formed
by ICF. The excitation energy of incompletely fused composite nucleus 181Re will be sufficiently
high to give negligible cross-section of 181Re as evaporation residue from ICF. In Fig. 2(d), the
increasing cross-section of 181Re with increasing beam energy could be due to the onset of pre-
equilibrium proton emission resulting in high cross-section of 181Os which has not been taken
into consideration while calculating the ER cross-sections by PACE-2. Measured cumulative EFs
of the residues 176W and 174W produced in αp4n and αp6n emission channels are compared with
the PACE-2 cumulative EFs. The experimental values of cross-sections for 176W are found to be
comparable with that of theoretical predictions while for residue 174W, much enhancement in
the experimental values are observed and shown in Fig. 3(c)–(d). No breakup of projectile is
observed for the production of residue 176W, while the production of residue 174W may again be
understood in term of ICF in addition to CF of the projectile. The production details of the ERs
181Re is shown by the following reaction equations

The evaporation residue 181Re may be populated via three different reaction modes as follows:
(i) CF of 20Ne with 165Ho i.e.

20Ne + 165Ho → 185Ir* → 181Re + α

(ii) ICF of 20Ne (i.e. fusion of the fragment 16O)
20Ne (16O + α) + 165Ho → 16O + 165Ho → 181Re* + α (spectator)

|−−−−−−−−−−−−−−−−−−−−−−−−→ (α-particle as spectator)

(iii) β+/EC-decay of the produced higher charge precursor isobar, i.e.
20Ne + 165Ho → 181Os* + p + 3n
181Os* → 181Re + β+/EC

Similarly, the residues 179Re, 178Re, 177Re, 178mTa, 177W and 174W may also be populated via
three different reaction modes as discussed above. Their EFs are displayed in respective figures.

The ERs 177Ta (2α), 176Ta (2αn), 175Ta (2α2n), 174Ta (2α3n), 173Ta (2α4n) and 173Hf (2αp3n)
produced in 2α-emission channels may also be populated by the decay of the produced higher
charge precursor isobars. However, from the measured cumulative cross-sections of the ERs
177Ta, 176Ta, 174Ta and 173Hf, the contributions from their respective higher charge precursor
isobars 177W, 176W, 174W and 173Ta have been separated out to obtain the contribution of their
direct cross-sections. The direct and cumulative cross-sections have been obtained using the ex-
pressions given in Table 2 and are displayed in Figs. 3(f), 4(a), 4(c) and 4(e). The enhancement
in the measured EFs over their theoretical predictions again indicates the presence of the ICF
component along with CF. In Fig. 3(f), the cross-sections for 177Ta by ICF route is expected to
be negligible owing to the high excitation energy of 177Ta. Again obtained ICF cross-section of
177Ta would actually be due to the large error in the subtraction of CF cross-section of 177Re
and 177W (PACE-2 predictions) from the measured cumulative cross-section of 177Ta. Deduced
ICF cross-sections of 177Ta in most of the cases are within 10–15% of the PACE-2 predictions,
and hence could be due to erroneous predictions. The measured cumulative cross-section val-
ues for the residue 175Ta, as shown in Fig. 4(b), are little higher than the theoretical cumulative
cross-section values, indicating the presence of ICF components along with CF. However, the
measured cumulative cross-section values for the residue 173Ta, as shown in Fig. 4(d), are found
to be comparable with theoretical cumulative cross-section values, thereby showing the negligi-
ble effect from the break-up of the projectile 20Ne. The Qgg for the break-up of 20Ne into 14C
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and 6Be followed by fusion of 14C with 165Ho is −40 MeV, which is much smaller than that
(−25 MeV) for break fusion reaction 165Ho (20Ne, 8Be)177Ta and hence the cross-section for the
first reaction can be considered as negligible as compared to the second reaction. The production
details of the ERs 177Ta and 176Ta are also shown by the following reaction equations, which are
given below.

The residue 177Ta may be populated via two different reaction modes as follows:
(i) ICF of 20Ne (i.e. fusion of fragment 12C)

20Ne[12C + 8Be (2α)] + 165Ho → 12C + 165Ho → 177Ta* + 2α (spectator)

|−−−−−−−−−−−−−−−−−−−−−−−−→ [8Be (2α) as spectator]

(ii) β+/EC-decay of the produced higher charge precursor isobar i.e.

20Ne + 165Ho → 177W* + α + p + 3n
177W* → 177Ta + β+/EC

As such, the residue 176Ta may be populated via three different reaction modes as follows:
(i) CF of 20Ne with 165Ho, i.e.

20Ne + 165Ho → 185Ir* → 176Ta + 2α + n

(ii) ICF of 20Ne (i.e. fusion of fragment 12C)

20Ne[12C + 8Be (2α)] + 165Ho → 12C + 165Ho → 177Ta* + 2α (spectator)

|−−−−−−−−−−−−−−−−−−−−−−−−→ [8Be (2α) as spectator]
177Ta* → 176Ta + n

(iii) β+/EC-decay of the produced higher charge precursor isobar i.e.

20Ne + 165Ho → 176W* + α + p + 4n
176W* → 176Ta + β+/EC

Similarly, production of the residues 175Ta, 174Ta, 173Ta and 173Hf populated via CF and/or
ICF channels may also be understood. The some of the ERs populated in CF or ICF or in both
processes in this system. e.g. 173Ta is populated in CF, 175Ta partly in CF and partly in ICF, while
remaining Ta isotopes are populated in ICF. The incomplete fusion of 12C with 165Ho following
break-up of 20Ne into 8Be + 12C will result in the formation of 177Ta as the incompletely fused
composite nucleus, which may dissipate its excitation energy through neutron emission and ulti-
mately leading for ICF products as 177−xTa (x = 1,2,3,4). As the excitation of the incompletely
fused composite nucleus (177Ta) would be lower than the 177Ta formed during the de-excitation of
the compound nucleus (185Ir) through alpha evaporation, ICF will results in formation of higher
isotopes of Ta than that in CF. This could be the reason of 173Ta is formed purely in CF, 175Ta
partly in CF and partly in ICF, while the higher isotopes are solely formed in ICF. The excitation
energy of the incompletely fused composite nucleus (177Ta) formed in incomplete fusion of 12C
with 165Ho can be calculated using the formula,

E ∗ (177Ta
) = (12/20) ∗ E

(20Ne
) ∗ (165/177) + Qgg

Where E(20Ne) is the laboratory projectile energy and Qgg is the ground state Q value for the
break-up fusion reaction. The factor (12/20) is the fraction of the projectile energy with which
the projectile like fragment (12C) fused with the target nucleus. The factor (165/177) is the
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kinematic factor for lab to center of mass energy. The excitation energy of 177Ta formed ICF
varies from 36 to 67 MeV for projectile energy from 110–165 MeV.

In case of evaporation residue 166Tm produced via (4α3n) emissions channel the theoreti-
cal prediction of code PACE-2 gives negligible cross-sections (< 0.01 mb), and hence are not
shown in Fig. 4(f), while the measured cross-sections are comparatively much larger. This large
enhancement in the measured cross-sections over their theoretical predictions may again be at-
tributed to the ICF process of the projectile 20Ne, if 20Ne break-up into 4He and 16O fragments
and fusion of 4He fragment with target 165Ho and emission of 3 neutrons takes place from the
composite system. Another possibility of ICF process may be understood by the breakup of the
projectile 20Ne into 8Be and 12C and fusion of fragment 8Be with the target and emission of 1
α-particle and 3 neutrons from the composite system. The enhanced measured cross-sections for
the ERs 166Tm may be attributed to ICF process of the type:

20Ne[4He + 16O (4α)] + 165Ho → 4He + 165Ho → 169Tm* + 4α (spectator)

|−−−−−−−−−−−−−−−−−−−−−−−−→ [16O (4α) as spectator]
169Tm* → 166Tm + 3n

Finally, it may be concluded from the present analysis that the ERs 182Ir (3n), 182Os (p2n),
181Os (p3n), 176W (αp4n) and 173Ta (2α4n) are produced by CF of the projectile while the ERs
181Re (α), 179Re (α2n), 178Re (α3n), 177Re (α4n), 177W (αp3n), 174W (αp6n), 178mTa (α2pn),
177Ta (2α), 176Ta (2αn), 175Ta (2α2n), 174Ta (2α3n), 173Hf (2αp3n) and 166Tm (4α3n) are pro-
duced through ICF process, where as the break-up of projectile takes place in the nuclear field.
The off line gamma spectrometry technique may not give the cross-sections of all the ERs, as
all of them might not have the favorable nuclear decay characteristics, such as, half life, gamma
energy and branching intensity. These ERs constitute a small fraction of the total CF. The gamma
lined have been assigned for the one ERs 175W (271.4 keV) in Fig. 1. The ERs lower than Ho
in Z might also be populated in transfer reactions from target to projectile and through fission.
These are 154gTb (123.1 keV), 103gAg (148.6 keV), 81Sr (155.2 keV), 129gBa (223.2 keV), 86Zr
(242.9 keV), 61Cu (281.7 keV). The gammas lined have been also assigned for these ERs lower
than Ho in Z.

4.3. ICF fraction and observation of mass-asymmetry effect

In the present work, from the experimentally measured EFs, it may not be possible to directly
obtain the relative contributions of CF and ICF. However, an attempt has been made to estimate
the ICF cross-sections and the dependence of ICF fraction on the projectile energy and entrance
channel mass-asymmetry for the present 20Ne + 165Ho system. The production cross-sections
which have been measured experimentally may be attributed to the both CF and/or ICF. As
already mentioned, the enhancement in the experimentally measured production cross-sections
over the PACE-2 predictions in some of the residues may be attributed to ICF process. As such the
ICF contribution (σ ICF) for individual channels has been estimated by subtracting theoretically
calculated CF cross-section by PACE-2 from the experimentally measured cross-sections at each
projectile energy. The total ICF contribution (

∑
σ ICF) is taken as the sum of cross-sections of

all ICF channels at each projectile energy. The ICF cross-section contribution (σ ICF)deduced for
fifteen ERs are plotted as shown in Fig. 5 along with the sum of all ICF channels cross-section
(
∑

σ ICF) as a function of projectile energy. The solid lines joining the data points are just to guide
the eye. In Fig. 5, the resulting excitation functions for ICF do not reveal a systematic dependence
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Fig. 5. (Colour online.) Deduced ICF contribution of various ERs produced in 20Ne + 165Ho system as a function of
projectile energy. Solid circles represent the sum of all ICF channels (

∑
σ ICF).

on the number of transferred protons in the ICF process. It is because the ICF processes appear
to have a threshold with regard to projectile energy, in that the lowest threshold appears to be for
the break-up of the projectile (say 20Ne) into an alpha and 16O, followed by fusion of either of
them with the target. This is because as the �max crosses the �crit for CF of projectile and target,
break-up of the projectile into alpha and (say 16O) takes place with either of them fusing with
the target. At still energy even the �crit for fusion of 16O with target will be crossed and hence
another ICF channel opens, wherein 20Ne breaks into 8Be and 12C and either of them could fuse
with the target. In this sense the probability of ICF decreases with increasing proton number
of the outgoing fragment from the projectile, at a particular energy. In Fig. 5, the cross-section
for 181Re is the sum of (20Ne, α) as well as (20Ne, 2p2n) reactions, which has maximum around
120 MeV. The rise in cross-section at higher energies could be due to the onset of pre-equilibrium
emission of high energy protons prior to the equilibration of the remaining projectile fragment
with the target. Finally, it is quite clear from this figure that the ICF contribution increases with
projectile energy and hence reveals that the projectile break-up probability in general increases
with projectile energy.

The total CF cross-section (
∑

σ CF) has been obtained from PACE-2 code, by taking the sum
of cross-sections of all CF channels at each projectile energy. Further, the total CF channels
cross-section (

∑
σ CF) and total ICF channels cross-section (

∑
σ ICF) along with total fusion

reaction cross-section (
∑

σ TF = ∑
σ CF +∑

σ ICF) is plotted against projectile energy as shown
in Fig. 6(a). From this figure, it has been observed that ICF contributes larger to the production
yield with respect to the CF process as the projectile energy is increased, which is quite expected
as the break-up probability of the incident ion into α-clusters (i.e. break-up of 20Ne into 16O + α

and/or 12C + 8Be) increases with projectile energy.
In order to estimate the ICF fraction for the present 20Ne + 165Ho system, the ratio of total

ICF cross-section (
∑

σ ICF) to the total fusion cross-section (
∑

σ TF), defined as ICF fraction,
F ICF = [∑σ ICF/(

∑
σ CF + ∑

σ ICF)] has been deduced and plotted as a function of projectile
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Fig. 6. (Colour online.) (a) Total fusion cross-section (
∑

σTF) along with the sum of CF cross-sections (
∑

σCF) and
sum of ICF cross-sections (

∑
σ ICF) at different projectile energy for the system 20Ne + 165Ho. (b) ICF-fraction as a

function of projectile energy.

energy as shown in Fig. 6(b). It can be seen from this figure that the ICF fraction also increases
with projectile energy. This observation shows that the break-up probability of the incident ion
into α-clusters (i.e. break-up of 20Ne into 16O + α and/or 12C + 8Be) increases with projectile
energy. More over, the ICF-fraction has also been found to increase from ≈ 1% to ≈ 49% at
projectile energies between 96–164 MeV.

Morgenstern et al. [26] has suggested that onset of ICF is governed by relative velocity of
projectile (Vrel), given by:

Vrel =
√

2(ECM − ECB)

μ
(10)

where, μ is the reduced mass of the system, ECM is the centre-of-mass energy and ECB is the
Coulomb barrier between two interacting partners. This expression takes into account the dif-
ference in Coulomb barrier between each two systems. With this view, the ICF fraction for
the present system 20Ne + 165Ho along with previously measured systems 20Ne + 55Mn [24],
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Fig. 7. (Colour online.) Variation of ICF-fraction as a function of entrance channel mass-asymmetry between projectile
and target at constant value of Vrel = 0.066c.

16O + 45Sc [35,36], 20Ne + 59Co [12] and 16O + 74Ge [35,37] as a function of entrance chan-
nel mass-asymmetry [AT /(AT + AP )], for the same relative velocity Vrel = 0.066c, have been
estimated and plotted as a function of mass-asymmetry, between projectile and target as shown
in Fig. 7. As can be seen clearly from this figure that the ICF fraction is sensitive to projectile
energy and mass-asymmetry of the projectile-target systems and in general ICF probability is
more in a mass-asymmetric systems than in mass-symmetric systems.

4.4. Total transfer yields for the measured ICF channels by Sumrule model

Wilczynski et al. [30] explained the ICF reactions in terms of the Sumrule model. The Sumrule
model based on the generalized concept of critical angular momentum (�crit), describes that the
different ICF channels are populated in the angular momentum (�) space above the �crit for
CF. This model predicted the ICF cross-sections at projectile energies above 10.5 MeV/nucleon
and the localization of the various reactions in �-space. In the present work we have made an
attempt to calculate the cross-sections for CF and ICF channels for ERs formed during the fusion
of the fragments of projectile 20Ne with target 165Ho, using the Sumrule model. The model
contains three important parameters, namely the temperature of the contact zone between the
interacting partners (T ), the diffuseness parameter (�) of transmission probability distribution
(T�) and the Coulomb interaction radius (Rc). These parameters were taken as 3.5 MeV, 1.7h̄

and 12.3 fm respectively as suggested by Wilczynski et al. [30]. The total transfer yields in ICF
reaction channels associated with PLFs in α, 2α and 4α emission channels at projectile energy
of 130.1 MeV have been estimated from the measured experimental data and are compared with
Sumrule model predictions for the present system and a comparison has been in Table 8.

It has been observed that the measured total transfer yields in ICF reaction channels associated
with PLFs in α, 2α and 4α emission channels are obtained as 498.2 mb, 232.7 mb and 54.4 mb
respectively and on the other hand Sumrule model predicted values are 121.2 mb, 32.3 mb and
9.7 mb respectively, which are much smaller than the experimental total transfer yields. Finally,
it can also be observed from Table 8 (last row) that Sumrule calculations account for only 21%
of the experimental ICF cross-section at this projectile energy. This shows that Sumrule model
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Table 8
Experimentally measured and theoretically (Sumrule model) calculated total transfer yields in ICF reaction channels
associated with PLFs in α, 2α and 4α-emission channels.

Measured evaporation residues σExp (mb) σPACE (mb) Experimental
σICF (mb) =
σExp (mb) − σPACE (mb)

Transfer yield
σSumrule (mb)

PLFs (1α-emission channels)
181Re (α) 13.9 – 13.9
179Re (α2n) 162.7 7.5 155.2
178Re (α3n) 130.0 3.9 126.1
177Re (α4n) 118.4 59.6 58.8
177W (αp3n) 77.5 8.3 69.2

174W (αp6n) 70.0* 0.11* 69.9

178Ta (α2pn) 5.5 – 5.5

Total 1α-emission transfer yield 498.2 121.2

PLFs (2α-emission channels)
177Ta (2α) 72.8 – 72.8
176Ta (2αn) 43.1 0.11 43.0
175Ta (2α2n) 61.8* 26.3* 35.5
174Ta (2α3n) 83.4 5.6 77.8

173Hf (2αp3n) 3.9 0.3 3.6

Total 2α-emission transfer yield 232.7 32.3

PLFs (4α-emission channels)
166Tm (4α3n) 54.4 – 54.4

Total 4α-emission transfer yield 54.4 9.7

Total transfer yield 785.3 163.2

* Cumulative cross-sections.

does not work below 8 MeV/A, as observed earlier by Babu et al. [48], Singh et al. [25] and Ali
et al. [24].

4.5. Critical angular momentum (�crit) calculation using Bass model

An attempt has been made to calculate the critical angular momentum (�crit) from the ex-
perimentally measured total ER cross-sections at different projectile energies and are compared
with Bass model predictions (using PACE-2). A comparison has been shown in Table 9. It is
found that the �crit values calculated from the experimentally measured total ER cross-sections
at lower projectile energies are slightly lower than the Bass model predictions. The low values
of �crit associated with ICF-channels suggests that at lower projectile energies, ICF may not be
strictly associated with peripheral collision. Instead there appears to be deeper penetration of the
projectile with the target at lower beam energy. But at higher projectile energies, the �crit values
evaluated from experimentally measured total ER cross-sections are consistent with values ob-
tained from Bass model predictions. This shows that �crit-values associated with ICF channels at
higher projectile energy may be associated with �-values lower than that of peripheral collisions,
indicating that incomplete fusion competes with complete fusion even at angular momentum
values lower than critical angular momentum.
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Table 9
Comparison of experimentally measured and theoretically calculated critical angular momentum (�crit).

Projectile energy (MeV) Critical angular momentum (�crit)

Experimentally measured (using total ER cross-sections) Bass formula (using PACE-2)

88.5 – 1
96.0 6 22

103.0 17 33
110.0 25 42
117.1 41 48
123.1 44 53
130.1 53 58
134.1 57 60
141.8 64 65
149.3 68 68
156.5 74 71
163.7 80 74

5. Summary and conclusions

The EFs for eighteen ERs produced in CF and/or ICF process have been measured in
20Ne + 165Ho systems in the projectile energy range ≈ 4–8 MeV/A. Many of the ERs are popu-
lated both directly and in the decay of the precursor isobars. An attempt has been made to deduce
the direct production cross-sections from the measured cumulative cross-sections and precursor
decay contributions of different radio-nuclides. The experimentally measured EFs have been
compared with PACE-2 predictions, after correcting for the precursor contributions. It has been
observed that EFs for the ERs produced through CF channels 182Ir (3n), 182Os (p2n) and 181Os
(p3n) are well reproduced with PACE-2 predictions, while the ERs produced in ICF channels
181Re (α), 179Re (α2n), 178Re (α3n), 177Re (α4n), 177W (αp3n), 174W (αp6n), 178mTa (α2pn),
177Ta (2α), 176Ta (2αn), 175Ta (2α2n), 174Ta (2α3n), 173Hf (2αp3n) and 166Tm (4α3n) show sig-
nificant enhancement over PACE-2 predictions. This enhancement may be attributed to the fact
that these ERs have been populated not only by CF of 20Ne with 165Ho but also populated through
ICF process where as the projectile break-up into α-clusters (i.e. 20Ne break-up into fragments
16O + α and/or 12C + 8Be) and fusion of one of the clusters may take place with target nucleus.
The experimental values of cross-sections for ERs 176W (αp4n) and 173Ta (2α4n) are found to
be comparable with that of theoretical predictions. No breakup of projectile is observed for the
production of ERs 176W (αp4n) and 173Ta (2α4n). The analysis of the data also suggests that
ICF probability increases with projectile energy. Hence, it has been found that the ICF fraction
of the total fusion cross-section also increases with projectile energy. The analysis of the present
data also suggests that the projectile break-up probability leading to ICF increases with projectile
energy. The present observation thus supports the Morgenstern systematics [26]. The compari-
son of the present data with similar data on 20Ne + 55Mn [24], 16O + 45Sc [35,36], 20Ne + 59Co
[12] and 16O + 74Ge [35,37] systems suggest that ICF probability increases in mass-asymmetric
system than in mass-symmetric system, supports the previous findings [12,24,26–28]. The com-
parison of the experimental total transfer yields with theoretical total transfer yields deduced by
Sumrule model suggests that the Sumrule model in its present form is unable to predict the cross-
sections of the ERs produced in ICF channel at projectile energy ≈ 6 MeV/A. From the present
experimental data, it has been also observed that the �crit values associated with ICF channels at
higher projectile energy may be associated with peripheral collisions. These observations sug-
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gest that ICF competes with CF even at � values lower than �crit. It is also worth to mention that
at projectile energy below 8 MeV/A, ICF process plays an important role for the estimation of
total reaction cross-section. Further, a large number of experimental data is needed for various
projectile-target combinations. Measurement of spin distributions and feeding intensity pattern
of the ERs populated by CF and ICF using particle-gamma coincidence technique at the above
projectile energies may provide a better understanding of ICF process.
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