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Abstract. Three different types of experiments have been performed to explore the complete and
incomplete fusion dynamics in heavy-ion collisions. In this respect, first experiment for the measurement of excitation functions of the evaporation residues produced in the 20 Ne+165 Ho system at
projectile energy ranges ≈2–8 MeV/nucleon has been done. Measured cumulative and direct crosssections have been compared with the theoretical model code PACE-2, which takes into account
only the complete fusion process. It has been observed that, incomplete fusion fraction is sensitively
dependent on projectile energy and mass asymmetry between the projectile and the target systems.
Second experiment for measuring the forward recoil range distributions of the evaporation residues
produced in the 20 Ne+165 Ho system at projectile energy ≈8 MeV/nucleon has been done. It has
been observed that, some evaporation residues have shown additional peaks in the measured forward
recoil range distributions at cumulative thicknesses relatively smaller than the expected range of
the residues produced via complete fusion. The results indicate the occurrence of incomplete
fusion involving the breakup of 20 Ne into 4 He+16 O and/or 8 Be+12 C followed by one of the fragments with target nucleus 165 Ho. Third experiment for the measurement of spin distribution of
the evaporation residues produced in the 16 O+124 Sn system at projectile energy ≈6 MeV/nucleon,
showed that the residues produced as incomplete fusion products associated with fast α and 2αemission channels observed in the forward cone, are found to be distinctly different from those of
the residues produced as complete fusion products. The spin distribution of the evaporation residues
also inferred that in incomplete fusion reaction channels input angular momentum (J0 ) increases
with fusion incompleteness when compared to complete fusion reaction channels. Present observation clearly shows that the production of fast forward α-particles arises from relatively larger
angular momentum in the entrance channel leading to peripheral collision.
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1. Introduction
The study of complete and incomplete fusion dynamics in heavy-ion collisions with
medium and heavier mass target nuclei above the Coulomb barrier has been of growing interest in nuclear physics for the past few decades. It has been observed that at
projectile energies above the Coulomb barrier, both the processes, complete fusion (CF)
and incomplete fusion (ICF) may be considered as dominant reaction mechanisms. In
CF reaction the projectile completely fuses with the target nucleus and the highly excited
compund nucleus decays by evaporating low-energy nucleons and α-particles. In the ICF
reaction process, only a part of the projectile fuses with target nucleus, while the remaining part moves in the forward direction [1–3]. The excited composite system formed as
a result of fusion of the fragment of the incident ion with the target may also undergo
de-excitation by emission of particles and/or γ -rays. The first experimental evidence
of ICF dynamics was given by Britt and Quinton [4], who observed the break-up of the
projectiles like 12 C, 14 N and 16 O into alpha clusters in interaction with the surface of
the target nucleus at bombarding energy ≈10.5 MeV/nucleon. Subsequently, Galin et
al [5] also observed the break-up of projectile and termed such reactions, leading to the
emission of fast α-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 [6] for
14
N+159 Tb system at ≈7 MeV/nucleon beam energy, wherein exclusive measurements
of forward-peaked α-particles in coincidence with the prompt γ -rays of different evaporation residues produced were done. The studies by Morgenstern et al [7] on 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 in mass-symmetric system at the same relative velocity.
Various dynamical models, such as Sum-rule [8], break-up fusion (BUF) [9], promptly
emitted particle (PEP) [10] and Hot-spot [11] have been proposed to explain the mechanism of ICF reactions. However, no theoretical model is available so far to explain the
gross features of experimental data available below E/A = 10 MeV. Different methods
have been employed for the study of ICF reactions such as excitation function measurements (EFs), forward recoil range distributions (FRRDs) of evaporation residues (ERs),
velocity distribution of ERs, kinetic energy spectra and angular distribution studies of
projectile-like fragments (PLFs) and angular distribution measurement of ERs.
Recent measurements [12–18] of excitation functions (EFs), forwared recoil range
distributions (FRRDs), spin distributions (SDs) of evaporation residues etc., for a large
number of ERs produced in heavy-ion (HI) reactions in various projectile–target combinations have indicated the importance of CF and ICF processes at energies above the
Coulomb barrier and below 10 MeV/nucleon. Most of the ICF studies have been carried
out with low Z-projectile (Z ≤10), induced reactions on targets of lighter mass (A<100).
However, such information is scarce for medium and heavier-mass target nuclei. As part
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of an ongoing programme [19–24], to study CF and ICF in heavy-ion reactions, the
present work has been undertaken using three different types of experimental techniques
and EFs, FRRDs and SDs of ERs produced for two different projectile target systems
20
Ne+165 Ho and 16 O+124 Sn have been measured. In the EFs measurement, special care
has been taken to remove the precursor decay contributions in the production of several
evaporation residues to get the direct production cross-sections of the residues. Measured EFs are then compared with the predictions of statistical model code PACE-2 [25].
The experimental details, target preparation and interpretation of experimental results are
discussed in §2. The summary and conclusions are given in §3.

2. Experimental details, analysis of experimental data and interpretation
of experimental results
Three different types of experiments have been carried out using the heavy-ion accelerator facilities of the Variable Energy Cyclotron Centre (VECC), Kolkata and InterUniversity Accelerator Centre (IUAC), New Delhi, India. In the first experiment, for
the measurement of EFs [19] and second experiment for the measurement of FRRDs
[20] of the evaporation residues, stacked foil activation technique has been employed.
A brief account of experimental details, target preparation, target-catcher irradiation,
post-irradiation analysis, efficiency calibrations, etc., related to EFs and FRRDs measurement of ERs along with some of the interesting experimental results are given in §2.1
and 2.2, respectively. The third experiment for measurement of spin distribution of the
evaporation residues [21], using particle gamma-coincidance technique has been discussed in §2.3. The detailed information about the experimental techniques, experimental
data analysis and discussion of experimental results obtained from these experiments are
given in [19–21].

2.1 Incomplete fusion fraction and mass assymmetry effect on incomplete fusion
dynamics
The first experiment for measuring excitation functions of evaportion residues has been
performed at Variable Energy Cyclotron Centre (VECC), Kolkata, India. Self-supporting
natural 165 Ho targets of desired thickness were prepared by rolling machines. Two stacks
consisting of six rolled holmium foils each of 165 Ho backed by thick aluminum foils
were bombarded with the 20 Ne+7 ion beam of energy ≈165 and ≈132 MeV in a specially designed vacuum chamber. The γ -ray activities produced in various targets and
successive catcher foils were then identified by counting them on a detector, coupled to
a PC-based data acquisition system. The energy calibration of the detector was done by
using 152 Eu γ -ray source of known strength. The ERs were identified by their characteristic γ -rays as well as following their half-lives. The characteristic γ -ray energies,
half-lives of residual nuclei, branching ratio of the γ -rays, abundance, etc. are taken
from the Table of Isotopes [26]. Some evaporation residues are found to have contributions from precursor decay, which has been separated out from the measured cumulative
cross-section of evaporation residues using the prescriptions given in [19].
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The theoretical estimates of the reaction cross-sections were made by the statistical
model code PACE-2 [25] to deduce the ICF fraction. In this code most of the required
input parameters have been used as default except the charge and mass of the projectile
and target nucleus. In this code, K is an important parameter, which may be varied to
match the experimental data. Cumulative cross-sections for 182 Os are measured after
the complete decay of its precursor 182 Ir into 182 Os. The direct cross-sections for evaporation residue 181g Os has also been deduced by separating the contributions of the
decay of the produced higher Z precursor isobar181 Ir into181 Os from the measured
cumulative cross-sections of 181 Os. The effect of variation of ‘K’(=10, 12, 14) on the
calculated EFs for the evaporation residues produced in the reactions 182 Os(p2n) and
181
Os(p3n) are shown in figures 1a and 1b. It is quite clear from these figures that,
PACE-2 predictions corresponding to level density parameter constant K=12 reproduce the measured EFs satisfactorily and these reaction channels are populated via
CF process. The direct cross-sections for the production of evaporation residue 181 Re
compared with PACE-2 calculated values, are shown in figure 1c. 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 20 Ne but may also have
a significant contribution from ICF of 20 Ne. The evaporation residue 176 Ta and 173 Hf
produced via 2αn and 2αp3n emission channels are shown in figures 1d and 1e.
The ERs produced in 176 Ta and 173 Hf reactions may also be populated by the decay
of the produced higher charge precursor isobars. However, from the measured cumulative cross-sections of the ERs 176 Ta and 173 Hf, the contributions from their respective
higher charge precursor isobars 176 W and 173 Ta have been separated to obtain their
direct cross-sections. The enhancement in the measured EFs over their theoretical
predictions indicates the presence of ICF component along with CF. In the case of
evaporation residue 166 Tm produced via 4α3n emission channel the theoretical prediction of code PACE-2 gives negligible cross-sections (<0.01 mb), and hence are
not shown in figure 1f, while the measured cross-sections are comparatively much
larger. This large enhancement in the measured cross-sections compared to their theoretical predictions may be attributed to the ICF process. 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 for
individual channels has been estimated by subtracting theoretically calculated CF crosssection by PACE-2 from the experimentally measured cross-sections at each projectile
energy.
 ICF 
,
The detailed discussion regarding
calculation of total ICF cross-section
σ



 the

CF
cross-section
and
ICF
fracσ
total fusion (TF) cross-section
σ TF , totalCF



 CF
 ICF
tion are given in [19]. The total CF channel
σ
and
total ICF
channel
σ

σ TF for the 20 Ne+165 Ho
contributions along with total fusion reaction cross-section
system are plotted against projectile energy as shown in figure 2a. It has been observed
that, ICF contributes larger production yield with respect to the CF process as the
projectile energy is increased, which is expected as the break-up probability of the incident ion beam into α-clusters increases with projectile energy. The ICF fraction has
been plotted as a function of projectile energy for 20 Ne+165 Ho as shown in figure 2b.
It is observed from the figure that, ICF fraction invariably increases with projectile energy
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Figure 1. (a)–(f) Excitation functions of the ERs produced in 20 Ne + 165 Ho system.
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 (a)–(e) open circles represent the cumulative yield for the
production of residues 182 Os, 181g Os, 181 Re, 176 Ta, 173 Hf and solid circles represent
its measured direct yield. Solid lines correspond to PACE-2 predictions for K = 12.

for 20 Ne+165 Ho system. Morgenstern et al [6] have suggested that onset of incomplete
fusion is governed by relative velocity of projectile (Vrel ), given by

2(ECM − ECB )
,
Vrel =
μ
where ECM is the centre-of-mass energy, ECB is the Coulomb barrier between two interacting partners and μ is the reduced mass of the system. This expression takes into
Pramana – J. Phys., Vol. 82, No. 4, April 2014
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Figure 2. (a) Total fusion cross-section
σ
along with the sum of CF cross CF 
 ICF 
sections
σ
and sum of ICF cross-sections
σ
at different projectile
energies for the system 20 Ne+165 Ho. (b) ICF-fraction as a function of projectile energies. (c) Variation of ICF-fraction as a function of entrance channel mass asymmetry
between projectile and target at constant value of Vrel = 0.066c and 0.081c.

account the difference in Coulomb barrier between each two systems. Keeping this in
view, the percentage of ICF fraction has been deduced for the two values of Vrel (0.066c)
and Vrel (0.081c) and plotted as a function of mass asymmetry between different projectile
and target combinations as shown in figures 2c–2d. These figures show that the ICF fraction increases with mass asymmetry between the projectile and target systems. It means
that ICF probability is more in a mass asymmetric system than in a mass symmetric system. In general, the ICF fraction is sensitive to projectile energy and mass asymmetry of
the projectile–target system.
2.2 Forward recoil range distribution of ERs and relative contributions of CF and ICF
The second experiment for the measurement of FRRDs of ERs have been carried out
using the heavy-ion accelerator facility of the Variable Energy Cyclotron Centre (VECC),
Kolkata, India. Thin foil catcher technique has been employed. FRRDs for a number
of radioactive evaporation residues produced by the interaction of 20 Ne with 165 Ho at
≈164 MeV, recoiling into thin aluminium catcher foils were measured. In this measurement of FRRDs, a thin holmium target foil was mounted in a specially designed irradiation
chamber backed by stack of thin aluminium catcher foils. Self-supporting natural 165 Ho
target of desired thickness was prepared by rolling machines. Stack of thin aluminium
688
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foils that served as catchers were kept behind the 165 Ho target to trap the recoiled residues,
at various aluminum thicknesses, produced via CF and ICF processes. The target and
catcher assembly was bombarded with 20 Ne ion beam of ≈164 MeV energy in a specially designed vacuum chamber. The cross-sections for a particular reaction product in
different catcher foils were determined using the method described in [20].
The osmium isotopes, namely, 182 Os and 181 Os, are produced in the reactions 165 Ho(Ne,
p2n)182Os and 165 Ho(Ne, p3n)181 Os respectively. As can be seen from figures 3a and 3b,

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3. (a)–(f) Gaussian fits to the measured FRRDs for the evaporation residues
182 Os(p2n), 181 Os(p3n), 181 Re(α), 176 Ta(2αn), 173 Hf(2αp3n) and 166 Tm(4α3n) produced in 20 Ne+165 Ho system at ≈164 MeV. Solid circles are the experimental points,
dashed curves represent CF of 20 Ne, dotted, dot–dashed and dashed–dot–dot curves
represent ICF of 20 Ne (fusion of fragments 16 O, 12 C, and 8 Be, respectively).
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the FRRDs for 182 Os and 181 Os isotopes produced via p2n and p3n emission channels,
respectively, have a single peak at only one value of cumulative catcher thickness ≈1000
μg/cm2 . The FRRDs of the evaporation residues 182 Os and 181 Os are nearly Gaussian,
consisting of a well-defined peak at a depth corresponding to the calculated recoil range of
the evaporation residues 182 Os and 181 Os in aluminium. The calculated values agree well
with the measured range. It may therefore be inferred that the residues 182 Os and 181 Os
are produced only by CF process. This is also evident from the measured EFs as shown in
figures 1a and 1b, where PACE-2 predictions based on CF model well reproduce the measured EFs data. The measured FRRD for the evaporation of 181 Re produced via 165 Ho(Ne,
α)181 Re reaction has been resolved into two Gaussian peaks, one peak appears at a higher
cumulative catcher thickness of ≈958 μg/cm2 and other at a relatively lower cumulative
thickness of ≈709 μg/cm2 as shown in figure 3c. Here, the peak at larger value of cumulative catcher thickness (≈958 μg/cm2 ) corresponds to the fraction of the evaporation
residues produced through CF of 20 Ne with 165 Ho, while the peak at relatively smaller
range of cumulative catcher thickness (≈709 μg/cm2 ) may be produced due to the ICF
of 20 Ne (fusion of fragment 16 O with 165 Ho), where the linear momentum transferred is
expected to be less than that for the CF of 20 Ne with the target 165 Ho. This indicates
that the reaction 165 Ho(Ne, α)181 Re may have contributions not only from CF but also
from ICF. As expected, the measured FRRD of the evaporation residue 176 Ta produced
in the reaction 165 Ho(Ne, 2αn)176 Ta has three composite peaks (resolved by Gaussian fit
using the software ORIGIN), corresponding to cumulative aluminium catcher thickness
of ≈980, ≈767 and ≈539 μg/cm2 as shown in figure 3d. The evaporation residue 176 Ta is
produced via three different channels, i.e., (i) CF of 20 Ne with 165 Ho, producing the compound nucleus 185 Ir, followed by the emission of two α-particles and one neutron, (ii) ICF
of 20 Ne, assuming that the fragment 16 O (in the break-up of 20 Ne into 16 O and α-particle)
fuses with 165 Ho, producing the composite system 181 Re, followed by the emission of one
α-particle and one neutron and (iii) ICF of 20 Ne, assuming that the fragment 12 C (in the
break-up of 20 Ne into 12 C and 8 Be) fuses with 165 Ho, forming the composite system 177 Ta,
followed by the emission of one neutron. The FRRD of the evaporation residue 173 Hf produced in the reaction 165 Ho(20 Ne, 2αp3n)173 Hf is plotted in figure 3e. As shown in the
figure, there are three composite peaks corresponding to cumulative aluminium thicknesses of ≈978, 736 and 448 μg/cm2 . As expected, the Gaussian peak at the lowest
cumulative thickness of ≈448 μg/cm2 is assigned to ICF of 20 Ne (where fusion of fragment 12 C of 20 Ne with 165 Ho takes place), the Gaussian peak at cumulative thickness
≈736 μg/cm2 is assigned to ICF of 20 Ne (where fusion of fragment 16 O in the break-up
of 20 Ne into 16 O and 4 He with 165 Ho takes place) and the Gaussian peak at cumulative
thickness ≈978 μg/cm2 is associated with CF of 20 Ne with the target 165 Ho. The FRRD
of the evaporation residue 166 Tm produced in the reaction 165 Ho(20 Ne, 4α3n)166 Tm is
plotted in figure 3f. The measured FRRD for the evaporation residue 166 Tm produced
in the reaction 165 Ho(20 Ne, 4α3n)166 Tm shows composite peak which has been resolved
in three distinct Gaussian peaks corresponding to cumulative thickness ≈220, 500 and
721 μg/cm2 . As expected, the peak at ≈220 μg/cm2 thickness is due to ICF of 20 Ne
(where fusion of fragment 8 Be in the break-up of 20 Ne into 8 Be and 12 C with 165 Ho takes
place), peak at ≈500 μg/cm2 thickness is due to ICF of 20 Ne (where fragment 12 C in the
break-up of 20 Ne into 12 C and 8 Be fuses with target 165 Ho) and the peak at ≈721 μg/cm2
thickness is due to ICF of 20 Ne (where fusion of fragment 16 O in the break-up of 20 Ne
690

Pramana – J. Phys., Vol. 82, No. 4, April 2014

Probing of complete and incomplete fusion dynamics in heavy-ion collision
into 16 O and 4 He takes place) with the target 165 Ho. In this case the peak corresponding
to CF of 20 Ne with the target 165 Ho (which is expected to be around ≈1000 μg/cm2 ), has
not been observed. Absence of the peak corresponding to the CF channel indicates that
this reaction predominantly goes through ICF channels. The relative contributions of the
CF and ICF processes are obtained by dividing the area of the corresponding peak by total
area.
The relative contributions of CF and ICF for the reaction 165 Ho(20 Ne, α)181 Re, where
ICF of the fragment 16 O (in the break-up of the projectile 20 Ne into 16 O and α-particle)
takes place, has been computed using figure 3c. For the evaporation residue 181 Re the
FRRDs are shown in figure 3c, the relative contribution of ICF of fragment 16 O is
found to be ≈43%, while the contribution from CF is found to be ≈57%. The relative contribution of CF and ICF processes for the residues populated in the reactions
165
Ho20 (Ne, 2αn)176 Ta and 165 Ho(20 Ne, 2αp3n)173 Hf, where ICF of the fragment 16 O
(in the break-up of 20 Ne into 16 O and α- particle) and ICF of the fragment 12 C (in the
break-up of 20 Ne into 12 C and 8 Be with 165 Ho) takes place, has been computed using the
FRRD data shown in figures 3d and 3e. In the case of evaporation residue 176 Ta, relative
contribution of the ICF fragment 12 C and fragment 16 O with the target are found to be
≈36% and ≈31%, respectively, while the contribution from CF is found to be ≈33%.
In the same way, for the residue 173 Hf, the relative ICF contributions with 12 C and 16 O
fragments are found to be ≈28% and ≈49%, respectively, while the CF contribution for
the above residue is found to be ≈23%, respectively. The FRRD of residue 166 Tm produced in the 4α3n emission channel, gives three ICF peaks at relatively lower values of
≈220, ≈500 and ≈721 μg/cm2 cumulative catcher thickness as shown in figure 3f. It is
important to note that the peak around 1000 μg/cm2 associated with CF process is not
present. This shows that this reaction predominantly takes place through ICF processes.
This is also evident from the excitation function data shown in figure 1f, where PACE-2
calculations give negligibly small cross-section values associated with CF. The relative
ICF contribution with 8 Be, 12 C and 16 O fragments calculated from figure 3f, are found
to be ≈74%, ≈17% and ≈9%, respectively. The overall errors in the measured relative
contributions are expected to be less than 15%.

2.3 Spin distribution of the evaporation residues
The third experiment for the measurement of spin distributions of ERs produced in
16
O+124 Sn system at ≈100 MeV projectile energy has been performed using gamma
detector array (GDA) coupled with charged particle array (CPDA) at Inter-University
Accelerator Centre (IUAC), New Delhi, India, using 15UD Pelletron Accelerator. A
self-supporting 2 mg/cm2 thick target of 124 Sn (enrichment ≈ 97.20%) prepared by
rolling technique has been used. In the present experiment, two groups of α-particles
are expected to be detected at forward angle (F) by CPDs: (i) the fusion-evaporation
(CF) α-particles of ≈17 MeV average energy and (ii) the ICF fast α-particles of 25
MeV energy. In front of each four forward cone CPDs, aluminum absorbers of appropriate thickness were used to stop evaporation α-particles. Hence, only fast α-particles
with energy greater than 17 MeV have been detected in the forward cone. Projecting four coincidence gating conditions like Particle(P)-forward, Particle(P)-backward,
Pramana – J. Phys., Vol. 82, No. 4, April 2014
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α-forward and α-backward on all the observed γ -ray spectra, identification of specific
ICF and CF reaction products were done using forward and backward α-gated spectra.
The ICF reaction channels identified by the γ -ray transitions in coincidence with forward cone fast α-particle(s) are: 124 Sn(16 O, α3n)133 Ba, 124 Sn(16 O, α4n)132 Ba, 124 Sn(16 O,
α5n)131 Ba, 124 Sn(16 O, αp4n)131 Cs, 124 Sn(16 O, α2pn)133 Xe, 124 Sn(16 O, 2α2n)130 Xe,
124
Sn(16 O, 2α4n)128 Xe and 124 Sn(16 O, 2αp4n)127I. The measured relative production
yields of the above evaporation residues, observed in coincidence with fast α-particle(s)
emitted in the forward cone, are shown in figures 4a–4c. The relative production yields
for evaporation residues 133 Ba, 132 Ba, 131 Ba, 131 Cs and 133 Xe are found to be constant
up to spin J = 7h̄ and for evaporation residues 130 Xe, 128 Xe and 127 I constant up to
spin J = 9h̄, respectively and then succesively decreases exponentially with higher
spin states, indicating the absence of side-feeding to the lower members of yrast line
transitions. It has been observed from these figures that, the spin at half-yield for
fast α and 2α-emitting reaction channels (associated with ICF), observed in forward
cone, comes out to be J0 ≈ 9h̄ and ≈12h̄, respectively. The measured spin distributions for the evaporation residues produced in CF (fusion–evaporation) channels via,
the reactions 124 Sn(16 O, 5n)135 Ce, 124 Sn(16 O, 6n)134 Ce, 124 Sn(16 O, 7n)133 Ce, 124 Sn(16 O,
p4n)135La and 124 Sn(16 O, p6n)133La are displayed in figures 5a–5d. The evaporation
residues 135 Ce(5n), 134 Ce(6n) and 133 Ce(7n) produced in xn reaction channels have been
identified from the singles spectra and the residues 135 La(p4n) and 133 La(p6n) produced
in pxn reaction channels were identified by the γ -ray transitions in coincidence with α’s
and particles in backward direction. For identification of pxn reaction channels, backward (evaporation) α-gated spectra have been subtracted from backward particle-gated
(P-gated) spectra to achieve proton-gated spectra. The spin distributions show a sharp
exponential fall in the intensities of cascade γ -transitions with spin of the states and give
an indication of strong side-feeding to the lowest member of the yrast line transitions. It
is worth noting that α-particles in backward direction are evaporation α-particles i.e., CF
α-particles. It can be clearly seen from figures 5b–5d that the spin distribution plots of
the residues 133 Ba, 132 Ba, 131 Ba, 130 Xe, 131 Cs and 127 I, identified from backward α-gated
spectra, are found to be distinctly different from those identified from (ICF) forward αgated spectra. The spin distributions of the above-mentioned residues identified from
backward α-gated spectra follow similar trend as that has been observed in CF channels (i.e., in xn and pxn channels), displayed in figure 5a. The spin at half-yield J0 for
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Figure 4. Experimentally measured spin distributions for evaporation residues produced in ICF for the 16 O+124 Sn system at 6.3 MeV/nucleon. The curves through
experimental points are the best fits using the procedure given in [22].
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(a)

(b)
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(d)

Figure 5. Experimentally measured spin distributions for evaporation residues produced in CF for the 16 O+124 Sn system at 6.3 MeV/nucleon. The straight lines are the
least-square fits.

these evaporation residues produced through CF reaction channels is found to be J0 ≈ 7h̄
while the spin at half-yield J0 for the residues produced through ICF reaction channels
in ‘fast’ α and 2α-emission in forward cone, was found to be J0 ≈9h̄ and ≈12h̄, respectively. Present observations clearly show that the production of fast α-particle(s) are at
relatively higher input angular momentum and hence, leads to peripheral interaction. It
is also observed from the deduced value of J0 that the multiplicity of fast α-particles
increases with the driving input angular momentum, which further shows the variation
of -bins with different values of impact parameters at a given projectile energy.

Figure 6. A plot of mean input angular momentum as a function of mode of reactions associated with CF (xn) and ICF (αxn and 2αxn) emission channels in forward
direction for the 16 O+124 Sn system at 6.3 MeV/nucleon.
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Moreover, it may also be inferred that no significant contribution is present for lower values in ICF. The mean value of input angular momentum are found to be ≈7h̄, ≈9h̄ and
≈12h̄, respectively for xn, αxn and 2αxn (where x = 0, 1, 2, 3,....) channels. The mean
input angular momentum associated with CF (xn) and ICF (αxn and 2αxn) emission channels in forward direction is plotted as a function of reaction mode in figure 6. It is clear
from the figure that the input angular momentum associated with ICF channels is larger
than that of CF channels.

3. Summary and conclusions
The excitation functions of ERs produced in CF and/or ICF process have been measured
in 20 Ne+165 Ho systems in the projectile energy range of ≈4–8 MeV/A. Many of the
ERs are populated both directly and in the decay of the precursor isobars. An attempt
has been made to deduce direct production cross-sections from the measured cumulative
cross-sections and precursor decay contributions of different radionuclides. The experimentally measured EFs have been compared with PACE-2 predictions, after correcting
the precursor contributions. It has been observed that, EFs for the ERs produced through
CF channels 182 Os(p2n) and 181 Os(p3n) are well reproduced with PACE-2 predictions,
while the ERs produced in ICF channels 181 Re(α), 176 Ta(2αn), 173 Hf(2αp3n) and 166 Tm
(4α3n) show significant enhancement over PACE-2 predictions. This enhancement may
be attributed to the fact that these ERs have been populated not only by CF of 20 Ne with
165
Ho but also populated through ICF process. The analysis of the data suggests that
ICF probability increases with projectile energy. Hence, it has been found that the ICF
fraction of the total fusion cross-section increases with projectile energy. The analysis of
the present data suggests that the projectile break-up probability leading to ICF increases
with projectile energy. The comparison of the present data with other data also suggests that ICF probability increases in mass-asymmetric system than in mass-symmetric
system.
FRRDs of ERs produced in 20 Ne+165 Ho system at ≈164 MeV projectile energy have
been measured. The measured mean recoil ranges of the residues from the analysis of
FRRDs strongly reveal a significant contribution from partial momentum transfer of
the projectile associated with ICF. Different partial momentum transfer components are
attributed to the fusion of 16 O and/or 12 C and/or 8 Be from the projectile 20 Ne to the
target nucleus 165 Ho. The relative contribution of the components produced via CF
and/or ICF channels in the production of individual residues has been obtained. It has
been found that, in general, the residues are not only populated via CF but ICF also
play an important role in the production of various reaction products involving direct
α-cluster emission at the present energy. The present FRRD data clearly show that the
residues 182 Os(p2n) and 181 Os(p3n) are produced though CF while the residues 181 Re(α),
176
Ta(2αn), 173 Hf(2αp3n) and 166 Tm (4α3n) are produced via ICF channels also. In the
measured FRRD of the residue 166 Tm, the absence of the peak corresponding to the CF
channel indicated that the population of this residues predominantly goes through various
ICF channels.
The spin distributions of ERs produced in 16 O+124 Sn system at ≈100 MeV projectile energy have been measured. From the spin distribution measurement of ERs, it is
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concluded that the experimentally measured spin distributions of the residues produced
through ICF are distinctly different from those produced through CF process and that for
the residues populated through ICF process, the yields are almost constant up to a certain
angular momentum and then fall unlike in CF, where the yields fall exponentially with
high spin, indicating the absence of side-feeding to the lowest member of yrast line transitions. It is also inferred that, in ICF reaction channels input angular momentum (J0 )
increases with fusion incompleteness compared to CF reaction channels. Present observation clearly shows that, the production of fast forward α-particles arises from relatively
larger angular momentum in the entrance channel leading to peripheral collision.
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