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In order to study the incomplete fusion reaction dynamics at energies ≈ 4-7 MeV/nucleon, several experiments have
been carried out using accelerator facilities available in India. The measurements presented here cover a wide range of
projectile-target combinations and enhance significantly our knowledge about incomplete fusion reaction dynamics.
Here, the three sets of measurements have been presented; (i) excitation functions, (ii) forward recoil range
distributions and (iii) the spin distributions. The first evidence of these reactions has been obtained from the
measurement and analysis of excitation functions for xn/ αxn/ 2αxn-channels. The measured excitation functions have
been analyzed within the framework of compound nucleus model. The results obtained indicate the occurrence of
fusion incompleteness at low beam energies. However, in order to determine the relative contribution of complete and
incomplete fusion reaction processes, the recoil range distributions of the heavy residues have also been measured and
analyzed within the framework of breakup fusion model which confirmed the fusion incompleteness in several heavy
ion reactions involving α-emitting reaction channels. Further, in order to study the role of ℓ-values in these reactions
the spin distributions of the residues populated in case of complete and incomplete channels have been measured and
are found to be distinctly different. The analysis of the data on spin distribution measurements indicate that the mean
values of driving input angular momenta associated with direct-α-emitting (incomplete fusion) channels are higher
than that observed for fusion-evaporation xn or α- emitting (complete fusion) channels, and is found to increase with
direct α-multiplicity in the forward cone. One of the important conclusions drawn in the present work is that, there is
significant incomplete fusion contribution even at energies slightly above the barrier. Further, the projectile structure
has been found to play an important role in the incomplete fusion processes.

1.

Introduction

During the last several years, a lot of effort has
been put forward from both the experimental as
well as theoretical nuclear physicists to
understand the incomplete fusion reaction
dynamics in heavy ion interactions. These
studies are particularly significant for low energy
light heavy ion beams with both the medium as
well as heavy targets where complete fusion is
expected to be a dominant mechanism [1-14]. At
these energies, the broad classification of the
reactions may be given in terms of (i) Complete
Fusion (CF), which may be defined as the
capture of entire heavy ion projectile by the
target nucleus, and (ii) Incomplete Fusion (ICF),
where only a part of the projectile fuses with the
target nucleus. One of the possible methods of
disentangling these processes may be on the
basis of driving angular momenta involved at
different interaction trajectories i.e, ℓ-bins [1517]. The central and/or near-central trajectories
with 0 ≤ ℓ ≤ ℓcrit values lead to CF, where an
excited composite system is formed due to
amalgamation of projectile and target nuclei. In

this case, the attractive nuclear potential
overwhelms the sum of repulsive Coulomb and
centrifugal potentials. As such, the kinetic
energy and driving angular momenta of the
projectile are statistically shared among all the
accessible internal degrees of freedom of the
composite system to form an equilibrated
compound nucleus (CN). However, for the
values of ℓ ≥ ℓcrit, the centrifugal potential
overwhelms attractive nuclear potential leading
to the disappearance of the pocket in the total
potential. As a result, the fusion of projectile as a
whole is hindered giving way to the fusion
incompleteness or partial fusion of incident
heavy-ion projectile. Now, a part of projectile is
emitted as a spectator to release excess driving
angular momenta. The remnant, now has the
effective driving input angular momenta less
than or equal to its own critical limit (ℓeff ≤ ℓcrit)
for fusion to occur. This leads to incomplete
fusion of the projectile and leaving one of the
fragments of the projectile moving in the
forward cone. In view of the above, the CN
formed via CF is expected to have predetermined mass/charge, excitation energy and
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angular momenta. Though, the incomplete fusion
residue is formed with relatively less
mass/charge and excitation energy, but is
expected to have relatively high angular
momenta (imparted due to non-central
interactions) as compared to the CN formed via
CF.
Soon after the observation of direct forward
moving projectile like fragments in heavy ion
reactions by Britt and Quinton [18] and Galin et
al., [19] several theoretical models have been put
forward to explain ICF reaction dynamics. One
of the initial models given by Wilczynski et al.,
was called as SUMRULE model[16, 17]. In this
model it was assumed that ICF reactions are
confined to the ℓ-values above ℓcrit for complete
fusion, and originate from peripheral interactions
in non-central collisions. Similar indication has
also been given Trautmann et al.[20], and
Inamura et al.[21]. The Break up Fusion (BUF)
model [22] of Udagawa and Tamura which is
based on the Distorted Wave Born
Approximation assumes the break- up of incident
heavy ion into constituent α-clusters (e.g., 16O
may break-up into 12C+α and/or 8Be+8Be
fragments) within the field of the target nucleus.
One of the fragments may get fused with the
target nucleus and remnant behaves as a
spectator moving in the forward direction.
Further, in the Promptly Emitted Particles model
[23], the nucleons transferred from projectile to
the target nucleus are considered to get
accelerated in the nuclear field of the target
nucleus and consequently obtain extra velocity to
escape before getting captured. Further,
Morgenstern et al. [24], correlated the onset of
incomplete fusion with the relative velocity (vrel )
of the projectile, where ICF was found to have
its contribution significantly above vrel ≈0.06 c.
In his review article Gerschel [25] inferred that
the localization of ℓ-window also depends on the
target deformation. In spite of a variety of
existing studies, the dynamics of ICF at low
projectile energies is still not well understood,
and hence continues to be one of the important
fields of research. Some of the important issues
required to be understood in case of ICF reaction
dynamics are; (i) the onset and influence of ICF
on complete fusion at low projectile energies (ii)
the localization of ℓ-values, and (ii) the effect of

projectile structure on ICF processes etc. In order
to have a detailed insight into the above
mentioned issues regarding ICF dynamics, we
have carried out three sets of complimentary
experiments [6-14]. The experimental details,
results obtained from the analysis of data from
each set of experiments and their interpretations
are briefly discussed in section 2, of this
manuscript. The summary and conclusions of the
present work on heavy ion reaction processes are
given in the last section 3, of this paper.

Experimental
results and discussion
2.

details,

We describe here mainly the experimental work
carried out at the Inter-University Accelerator
Center (IUAC), New Delhi, formerly called as
Nuclear Science Centre. A brief account of
experimental details is given in the following sub
sections. In the first set of experiments [9-11,
14], the excitation functions (EFs) for a large
number of reactions covering a wide range of
projectile-target combinations have been
measured employing the activation analysis. The
measured EFs have been compared with the
theoretical predictions based on statistical model
codes. The details of the experimental
arrangement for EFs measurements described in
sections 2.1. Further, in the second set of
experiments [12-13] an attempt has been made to
disentangle the complete and incomplete fusion
components on the basis of the measured
forward recoil ranges (FRRDs) of the residues
populated in these processes. The contributions
of CF and ICF processes have also been obtained
at a function of energy [9-11]. Detailed
discussion on the results obtained from these
experiments can be found in references [6-14].
However, in the third set of experiments the spin
distributions (SDs) have been measured and
described in section 2.3. Details of the particle-γcoincidence technique employed for spindistribution measurements [6-8] are given along
with the analysis of data.

2.1.

Excitation functions

The excitation functions for a large number of
reactions
in
several
projectile
target
combinations covering a broad range of periodic
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table have been carried out. In most of the
measurements 12C and 16O as projectiles, which
are considered to have alpha cluster structure,
have been used. However, in some cases recently
non alpha cluster beams i.e., 13C, 14N and 18O
have also been used, for which the data analysis
is in progress.
Experiments have been performed using the
heavy ion beams from the Pelletron accelerator,
in the General Purpose Scattering Chamber
(GPSC) at the Inter University Accelerator
Centre (IUAC), New Delhi, India. Experimental
methodology has been described in detail in refs.
[9-11, 14], however, a brief account of these is
given here for ready reference. The samples have
been prepared either by rolling method or by
vacuum evaporation technique. The thickness of
each sample has been measured using αtransmission method. Irradiations were carried
out using 12C, and 16O beams of energies ≈ 4-7
MeV/nucleon with beam current ≈2-5 pnA,
delivered from 15UD Pelletron accelerator. Each
target was backed by Al-catcher foil of
appropriate thickness, so that the energetic
recoiling nuclei ejected from the target foil may
be trapped in the catcher foil thickness. After the
irradiations, the samples were taken out of the
GPSC using the in-vacuum transfer facility (ITF)
for minimizing the time lapse between the stop
of irradiation and counting of the samples,
particularly to detect the residues of relatively
short half-lives (t 1/2 ≈ 3-10 minutes). The
measurement of γ-activities produced during the
irradiations were performed oﬀ-line using precalibrated HPGe detectors. The uncertainty in
geometry dependent eﬃciency of detectors is
estimated to be ≤ 2%. The reaction products have
been identiﬁed by their characteristic γ-ray
energies and measured half lives. The decaycurve analysis for each residue has been
performed by measuring the gamma ray spectra
of the samples at various time intervals. The
intensities of the gamma lines have been used to
determine the evaporation residue cross-sections
[7]. The projectile energy dependent reaction
cross-sections, σER for various radio-nuclides
populated in various reaction channels have been
determined using standard formulation [7]. The
overall error in the measurements of crosssections σER, is estimated to be ≤ 15%, including
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the uncertainties in branching ratio, decay
constants etc.
As a representative case the measured excitation
functions for several reactions in 12C+159Tb system
at energies near and above the fusion barrier are
given in Figure 2.1

Fig.2.1 The experimentally measured and
theoretically calculated cross-sections for
various xn and pxn channels populated in
12
C+159Tb interactions. The solid lines are the
predictions of code PACE4, using suitable set of
parameters as described in the text.
The experimentally measured EFs for all the
reactions in various systems including the ones
shown in Figure 2.1, have been analyzed within
the framework of theoretical statistical model
code PACE4 based on compound nucleus decay.
Details of this code are given elsewhere [9-11,
14]. In this code, level density parameter a
(=A/K) is one of the important input parameters
which aﬀects the equilibrium component of the
excitation functions. Here, A is the atomic mass
number while K is a parameter which may be
varied to match the measured excitation
functions. In order to obtain the suitable value of
parameter ‘a’ for the systems studied in the given
energy range, diﬀerent values of ‘a’ ranging from
A/10 to A/8 MeV−1 have been used in the
calculations. As a representative case, the
predictions of PACE4 for a values of level
density parameters a = A/8 MeV−1, are also
plotted in Fig.2.1. As can be seen from this
figure and in general also the experimental EFs
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for 168,167,165Lu residues populated via 3n, 4n, 6n
and the residues 167Yb via p3n channels,
respectively, are reproduced reasonable well for
a value of a = A/8 MeV −1. This indicates the
production of these residues through the
compound nucleus emission of neutrons/protons
from the excited 171Lu formed in the complete
fusion of 12C+159Tb. As such, a value of level
density parameter equal to A/8 MeV −1 has been
used as a default parameter in these calculations.
The same value of ‘a’ as used for xn/pxn
channels has been used to reproduce the
measured excitation functions for alpha emission
channels as well. Surprisingly, all the measured
EFs for alpha emitting channels were found to be
underestimated by the theoretical calculations
done using the same set of parameters as those
used for CF channels. It has been observed that
the EFs of α-emitting channels are signiﬁcantly
enhanced than theoretical predictions. The
enhancement in the measured cross-sections as
compared to the theoretical predictions indicates
the population of these residues by some other
processes than CF. It may, however, be pointed
out that PACE4 code does not take ICF into
account. As such, the enhancement in case of αemitting channels may be attributed due to ICF
processes. Assuming this enhancement as
contribution from ICF processes in the case of αemitting channels, the ICF contribution has been
obtained using data reduction procedure as
suggested by Gomes et al.[3]. It has been
observed that in some cases of α-emitting
channels, PACE4 gives almost negligible crosssection indicating the major contribution to these
reactions by ICF processes.
Experimental cross-section of α-emitting
channels are subtracted from the theoretical
predictions of code PACE4 (σICF=σEXP – σPACE4 )
to get total ICF contributions, and are plotted in
Fig.2.2, as a function of reduced energy. The
total fusion cross-section (σTF = ΣσCF + ΣσICF )
has been obtained by adding the CF and ICF
cross-sections. As can be seen from Fig.2.2, the
increasing separation between ΣσCF and σTF with
projectile energy indicates strong energy
dependence of ICF processes.
In order to represent the energy dependence of
ICF fraction in the system 12C+169Tm, the
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percentage fraction of ICF referred to as F ICF (%)
and called as ICF strength function has been

Fig.2.2. The plot of total fusion (σ TF = ΣσCF +
ΣσICF ) along with the sum of all CF-channels
(ΣσCF ) and ICF-channel (ΣσICF ) cross-sections
for the system 12C+159Tb, as a function of
normalized energy, obtained from the excitation
function measurements as detailed in the text.
Solid curves represent best ﬁt to the data points.
deduced and plotted as a function of projectile
energy in Fig.2.3(a). As a matter of fact the F ICF
may be defined as the probability of ICF at a
given beam energy. As can be seen from this
figure the value of FICF is found to be ≈7 % at ≈
59 MeV, which is about 7.5 % above the barrier,
and increases smoothly up to ≈18 % at highest
measured energy which is about 64% above the
barrier. This observation of ICF processes at low
beam energies may be considered as a result of
relatively higher input angular momenta
imparted into the system in non-central
interactions [6- 8, 16, 17].
Further, for the sake of comparison between
two systems i.e., 12C+169Tm, and 16O+169Tm; the
deduced values of ICF strength functions F ICF are
plotted as a function of vrel, in Fig.2.3(b). As can
be seen from this figure that, there is a
significant ICF contribution for 16O+169Tm
system as compared to 12C+169Tm system at the
same vrel, indicating the role of projectile
structure in the incomplete fusion processes. It
may also be mentioned that, according to
Morgenstern’s systematic [24], ICF processes
are expected to contribute signiﬁcantly for the
incident beam energies above vrel ≈0.06 (i.e., 6 %
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speed of light). However, in the present work
significant ICF contributions have been observed
at much lower energies. In both the cases, the
observed values of FICF are found to be
significant even at energies well below the
proposed onset value of vrel (i.e., 6 % of c). As
such, it may be inferred that the ICF starts
competing with CF even at slightly above barrier
energies.

Fig.2.3 (a) the ICF strength function for
12
C+169Tm system (see text for description), (b)
the value of FICF as a function of relative velocity
(vrel ) for 12C+169Tm, and 16O+169Tm systems.

2.2
Forward
Distributions

Recoil

Range

In order to have direct proof of ICF processes an
irrefutable method, of measuring directly the
forward recoil ranges of the residues populated
via CF and ICF processes, has been used for a
large number of reactions. In particular we have
measured those cases for which the EFs were
measured. As a representative case the two
systems 12C+169Tm, and 16O+169Tm have been
described here [12]. The measurements of the
FRRs depend on the degree of linear momentum
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transfer ρLMT, from the projectile to the target
nucleus. In case of CF, full linear momentum is
transferred and may be referred to as complete
momentum transfer events. However, in case of
ICF processes, only a part of projectile fuses
with the target nucleus, and the linear
momentum transferred is less than in case of CF
population. Since in case of complete
momentum transfer events the recoil velocity of
the heavy residue will be large as compared to
the recoil velocity of the ICF residues populated
in partial fusion events the CF residues are
expected to travel a larger thickness in a stopping
medium. Consequently, the radio-nuclides
populated via less ρLMT are expected to show
relatively smaller penetration depth in the
stopping medium as compared to the entire LMT
populations. On the basis of aforementioned
kinematics, CF and ICF products can be
disentangled from the analysis of FRRDs of
heavy reaction residues. For these measurements
thin targets (≈ 40 – 60µg/cm2) deposited on Al
backings, and self supporting Aluminum catcher
foils (of thickness ≈ 10-55µg/cm 2) were prepared
by vacuum evaporation deposition technique. In
this method a stack of thin catcher foils
(sufficient to stop entire LMT events) is prepared
followed by thin target foil with Al backing
facing the beam, so that recoiling residues may
be trapped in the stack of thin catcher foils at
various thicknesses depending on the degree of
linear momentum transferred to the residues. The
recoiling products populated via CF and/or ICF
may be thus stopped at various cumulative
depths in the Al-catcher foils
The irradiations have been carried out in the
General Purpose Scattering Chamber (GPSC)
setup followed by oﬀ-line gamma spectroscopy.
Keeping in mind the half-lives of interest, the
irradiations were carried out for ≈12-16 hrs
durations each. After the irradiation, the Alcatcher foils along with the target foil were taken
out from the scattering chamber using in-vacuum
transfer facility for post-irradiation analysis.
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Fig.2.4. Experimentally measured FRRDs for; (a) 182Os(p2n), (b) 179Re(α2n), and (c) 178Ta(α2pn) residues
populated via CF and/or ICF of 16O with 169Tm at energies ≈ 87MeV. Relative strengths of diﬀerent LMT
transfer components are indicated in percentage.
The activities produced in the catcher foils were
counted one by one using high resolution HPGe
detectors of 100 c.c. active volume. The detectors
were pre-calibrated for energy using various
standard gamma sources including the 152Eu. The
resolution of γ-detector was ≈ 2 keV, for 1.33
MeV γ-ray of 60Co. The residues were identiﬁed
by their characteristic γ-lines and confirmed by
the decay-curve analysis. The measured
intensities of the characteristic γ-lines of the
residues have been used to determine the
production cross-sections of the residues in each
catcher foil using standard formulation. In order
to obtain the experimental FRRDs, the normalized
yields of reaction products have been plotted as a
function of cumulative catcher foil thickness. The
FRRDs have been fitted with Gaussian
distribution for better analytical representation of
data, and to deduce the value of most probable
recoil ranges Rp(exp) for both the CF and ICF
residues, in the stopping medium, similar to that
given in ref.[12-13]. The Fig.2.4 (a) shows the
measured FRRDs for 182Os (p2n), populated in
16
O+169Tm system at ≈ 87 MeV energy. As can be
seen from this figure, the data can be fitted by a
single Gaussian peak indicating only one LMT
component involved in the production of this
residue, indicating the population of these
residues via CF process only. However, Figs.2.2
(b and c) show the FRRDs for 179Re (α2n) and
178
Ta (α2pn) nuclides. As shown in these figures,

the FRRDs can be resolved into two Gaussian
peaks, revealing the presence of more than one
LMT component associated with the fusion of
16
O, 12C and/or 8Be with the target nucleus. As an
example, the FRRD of residues 179Re (α2n)
indicates two LMT components at ≈380 µg/cm 2
(due to 16O- fusion referred to as CF) and at ≈ 210
µg/cm2 (12C-fusion referred to as ICF with an αparticle as spectator). As such, on the basis of
measured most probable range RP(exp), it can be
inferred that the residues 179Re(α2n) are populated
via both CF and ICF processes. The value of
RP(exp) for diﬀerent residues have also been
compared with the theoretically estimated most
probable ranges by adopting the break-up-fusion
model of massive transfer reactions given by
Udagawa and Tamura [22], and are found to be in
good agreement.
In the present work an attempt has been made to
obtain the relative strengths of CF and ICF
contributions to get the energy dependence of CF
and ICF processes. The observed trends of the
energy dependence ICF processes indicate the
monotonic increase of its probability with
projectile energy, as expected. In order to
validate data reduction procedure given in the
previous section, the values of the FICF have also
been deduced from the analysis of FRRDs, as a
function of normalized projectile energy
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(Ebeam/CB), where Ebeam is the beam energy and
CB is the Coulomb barrier. In general there is an
increasing trend of ICF fraction with energy.

2.3. Spin Distributions
With a view to study the role of ℓ-values on the
onset of incomplete fusion processes at low
beam energies, particle gamma coincidence
experiments have been carried out for the
systems 12C+169Tm and 16O+169Tm at ≈ 4-7
MeV/nucleon [6-8]. In these experiments, the
spin-distributions of residues populated in
various xn/pxn/αxn/2αxn channels have been
measured. The particle-γ coincidence technique
has been employed for reaction channel
selection. The particle-gamma coincidences have
been recorded using Charged Particle Detector
Array (CPDA) and Gamma Detector Array
(GDA) setup of IUAC, New Delhi, India. In
brief, it may be mentioned that the GDA set up is
an assembly of 12 Compton suppressed, high
resolution HPGe-detectors. These gamma
detectors are installed at 45◦, 99◦, 153◦ angles
with respect to the beam direction, and there are
four detectors at each of these angles. On the
other hand, the CPDA is a set up of 14-phoswich
detectors housed in a 14 cm diameter cylindrical
scattering chamber covering ≈ 90% of the solid
angle. The 14 detectors of CPDA have been
divided into the three angular zones as; (i)
Forward angle (F) 10o-60o, (ii) Sideways (S) 60 o120o and (iii) Backward angle (B) 120o-170o. A
typical schematic diagram of the CPDA and
GDA set ups coupled together is shown in
Fig.2.4.
The protons and alpha particles may be
identified from the slow and fast components of
the CPDA in each angular zone. Isotopically
pure, self- supporting 169Tm target of thickness ≈
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1 mg/cm2, prepared by rolling technique, has
been bombarded with 12C+5 (E≈ 54-90 MeV) and
16 +7
O (E≈ 90 MeV) beams delivered from the
15UD- Palletron accelerator. In order to stop the
scattered beam particles reaching the phoswich
detectors, the CPD’s were covered by Alabsorbers of appropriate thicknesses. At forward
angles (F) 10o-60o, the detectors are expected to
detect both the; (i) fusion evaporation (CF) αparticles of average energy i.e., Eα ≈ 18 MeV,
and the (ii) incomplete fusion α-particles with
the same velocity as that of incident projectile,
e.g., Eα=22.5MeV in case of 90 MeV 16O beam.
In order to remove the fusion evaporation αparticles reaching to the forward cone detectors,
an additional Al-absorber of appropriate
thickness has been used on forward angles (F)
10o-60o CPD’s so that only ICF ‘fast’ αcomponent (E≥18 MeV) may be recorded in the
forward cone (in case of 90 MeV 16O beam). Inbeam prompt γ-ray spectra of the populated
residues have been recorded in the event by
event multi parameter mode, which includes
different coincidences like; α and 2α detected in
backward (B), forward (F) and sideways (S)
angles. Singles data have also been collected to
identify xn channels (produced via CF
processes). Data analysis has been performed in
two steps. In the first step, spin distributions of
xn-channels have been measured by looking into
singles spectra. For the identification of pxn
channels, backward (B) α-gated gamma spectra
have been subtracted from backward (B)
particles (Z=1,2) gated gamma spectra to achieve
proton gated spectra. However, αxn and 2αxn
(CN α-particles) channels produced via CF have
been identiﬁed from the backward (B) α-gated
spectra. Further, in case of ICF processes, the
fast α-particles (of projectile velocity) are
expected to be emitted
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Fig.2.4: Schematic representation of the charged particle and gamma detector array set-up. The details of
the set-up are given in the text.

only in the forward cone (F). As such, αxn and
2αxn (Direct α-particles) channels produced via
ICF channels have been identiﬁed from the
forward (F) α-gated spectra. The intensity of the
photo peak of the characteristic prompt γtransitions assigned to the particular reaction
products were used to determine the relative
production yield.
It may be pointed out that, the relative number of
statistical and ‘yrast’ like transitions depend on
the entry state angular momenta and available
excitation energy (E*). The reaction products
formed via complete fusion are formed at
relatively high excitation energy E* and low
angular momenta, leading to more statistical
transitions, where ‘yrast’ states are expected to
fed by statistical γ-transitions. However, the ICF
reaction products achieve low E* (due to the
involvement of partial degrees of excitations)
and high angular momenta (relatively higher
values of impact parameters contribute to the
high spin states) at a given projectile energy. As
such, number of ‘yrast’ like transitions is
relatively larger than that of the statistical ones,
where less or no feeding is expected. Therefore,

the spin-distributions of CF and ICF products are
expected to be entirely diﬀerent in nature and can
be used as a sensitive tool to probe reaction
dynamics by looking into the entry state spin
population. In order to generate experimental
spin distributions of various CF and ICF reaction
products, relative production yields of the
residues have been plotted as a function of
experimentally
observed
spins
(Jexp
)
corresponding to prompt γ-transitions. For better
comparison of different reaction channels viz.,
xn, αxn and 2αxn, in a single panel, relative
production yields have been normalized with
their own highest experimentally measured
values (Ymax) at lowest observed spins Jmin.
Further, as an analytical representation of data,
the experimentally measured spin distributions
obtained as mentioned above have been fitted by
a Fermi function of the type;
Y = Yo / [1 + exp(J – Jo )/∆]
Where; the parameter ∆ is related to the width of
mean input angular momenta (Jo ) and Yo is the
normalization constant. Here, Jo is a sensitive
parameter, which provides the qualitative
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information about the driving input angular
momenta associated with various reaction
channels.
As
a
representative
case,
experimentally measured spin distributions of
xn/αxn/2αxn channels populated via CF and ICF
processes in 16O+169Tm system are plotted in
Fig.2.6. The errors have not been shown in the
figures as they have been estimated to be ≤ 10 %,
and the inclusion of the errors is not likely to
modify the present analysis. The nomenclature
used in this ﬁgure, indicates the involved
reaction dynamics i.e., ‘B’ and ‘F’ respectively
indicate complete fusion channel identiﬁed from
backward (B) α-gated spectra, and the ICF
channel identiﬁed from forward (F) α-gated
spectra.
It can be observed from the Figs. 2.6(a) & (b),
there is a striking difference in the spin
distributions for different reaction products
expected to be populated via CF and ICF,
which indicates the involvement of entirely
different reaction dynamics in the production of
these reaction residues. As shown in these
figures,
the
intensity
of
xn-channels
(predominantly populated via CF) falls off rather
quickly with Jobs or the intensity is increasing
steeply towards the band head, indicating strong
feeding during the de-excitation of CN.
However, for αxn- and 2αxn-channels identified
from forward (F)-α-gated spectra (associated
with ICF), the intensity appears to be almost
constant up to a certain value of observed spin,
i.e., Jobs ≈ 10ħ for direct-α-emitting channels, and
Jobs ≈ 12 ħ for direct-2α-emitting channels. As
such, on the basis of observed trends, it can be
inferred that the intensity is not increasing
towards band head after ≈ 10 and 12ħ for directα/2α-emitting channels. These observations
indicate the absence of feeding to the lowest
members of the ‘yrast’ band and/or the
population of low spin states are strongly
hindered in αxn and 2αxn channels (associated
with ICF reaction dynamics). Moreover, for αxn
and/or 2αxn-channels, it may be pointed out that
the intensity increases with Jobs upto J ≈ 10–12ħ,
respectively, indicating significant feeding upto
J ≈ 10–12ħ from the entry point. Further, in
order to show entirely different observed trends
of spin-distributions for CF and ICF products,

same ERs
and

populated

via

forward- α

(ICF)

Fig.2.6 The experimentally measured spin
distributions for different residues populated via
xn (CF product) and αxn/2αxn (both CF and/or
ICF products) in 16O+169Tm system at ≈5.6
MeV/nucleon. The nomenclature used in the
plots indicates the involved reaction dynamics
i.e., ICF-α and ICF-2α means, involved reaction
dynamics is ICF with one α and 2α-multiplicity,
respectively. While, CF-α indicates CF with one
α-multiplicity identified from backward α-gated
spectra. The nomenclature also shows that the
exit channels are composed by the one given
residual nucleus, α-particle(s) (Malpha=1-2),
neutron(s) and/or proton(s), ‘F’ and “B’
represent the reaction products identified
respectively from ‘Forward” and “Backward”
α-gated spectra. The lines and curves through
the data points are the result of best fit
procedure explained in the text.
backward-α (CF) emitting channels (Reisotopes) have been compared and plotted in Fig.
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2.6(a). As can be seen from this figure, the spindistribution for 177Re isotope identified from
backward-α-gated spectra has been found to be
distinctly different than that observed from
forward-α-gated spectra, which again indicates
the involvement of entirely different reaction
dynamics. The spin-distribution of 177Re (α4n)
isotope identified from backward-α-gated spectra
shows the same trend as has been observed for
xn-channel (CF). Further, Fig. 2.6(b) shows the
spin-distributions of 172,177Hf isotopes identified
from forward- α-gated spectra, which are likely
to reflect the similar characteristics as that
observed for direct-α-emitting channels. In fact,
dispute on this point has been discussed by
Gerschel [31]. Further, in general, the spin at
half yield i.e., the mean value of input angular
momenta (Jo) is found to be ≈ 10ħ for xn
channels, while for direct-αxn and 2αxn-channels
(ICF products) the value of Jo approaches to ≈
13ħ and ≈ 16ħ, respectively. It is interesting to
note that, the value of Jo for α-emitting channels
(177Re isotope) identified from backward gated
spectra is also found to be ≈ 9–10ħ, which
indicates involvement of significantly less input
angular momenta as compared to 177Re isotope
populated via direct-α-emitting channels (≈ 13–
14ħ). The smallness of Jo indicates the
involvement of less input angular momenta in
CF reactions as compared to ICF reactions. As
such, the approximate but quite useful essence
which emerged from these measurements about
how the driving input angular momenta (ℓ)
increases with the direct-α multiplicity, can be
represented as:
ℓ (ICF–αxn) ≈ 1.3 ℓ (CF–xn/αxn)
ℓ (ICF–2αxn) ≈ 1.23 ℓ (ICF–αxn) ≈ 1.6 ℓ (CF–xn/αxn)
Further, the multiplicity of direct α- particles in
forward cone (ICF-α) increases with Jo, indicates
the variation of ℓ-values (impact parameter
dependent) even at energy as low as 5.6
MeV/nucleon. As such, on the basis of
aforementioned description, it may be inferred
that the ICF occurs in the peripheral interactions
(at finite values of impact parameters). In order
to check the accuracy and self-consistency of
presently measured spin-distributions, an attempt
has been made to estimate relative production
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yield of each reaction product from spin
distribution data. The experimentally measured
relative yield of individual reaction product has
been extrapolated up to J = 0ħ, and the yield
value at J = 0ħ (YJ=0) has been normalized with
the total yield (sum of all fusion–evaporation
channels) to estimate relative yield value of each
reaction product. In the same way the relative
production yield of individual reaction products,
calculated using theoretical model code PACE4,
have also been normalized with the total yield of
fusion–evaporation channels. The data obtained
from these different methods has been found to
agree reasonably well within the experimental
uncertainties, strengthening the measured spindistributions.
As indicated in Figs. 2.6, the intensity of ‘yrast’
gamma line transitions decreases gradually with
high spin for CF, while, in case of ICF the
intensity remains almost constant up to a certain
limiting value and decreases rapidly for
transitions of higher spin, indicating entirely
different de-excitation patterns for CF and ICF
from entry states to the ‘yrast’ line. This implies
a rather smooth and broad feeding distribution
for the ‘yrast’-states in case of CF. However, for
ICF channels this distribution must have a
‘narrow window’ meaning thereby a well
localized angular momentum region where a
given projectile-like fragment is emitted in
contrast to the large window for the fusion
reactions. As such, in order to understand the
feeding pattern in different reaction channels
associated with CF and/or ICF, the feeding
intensity of γ -population have been deduced
from the experimentally measured spindistributions of reaction products.
The feeding intensity for studied reaction
channels have been plotted as a function of Jobs
and are given in Figs. 2.7 (a), (b). As shown in
these figures, the feeding intensity for forward
gated αxn and 2αxn-channelsis have been found
to be increasing upto J ≈ 14ħ and J ≈ 17ħ,
respectively from the higher spin states (entry
side), indicating that the high spin states are
strongly fed even in case of ICF channels.
However, as the residual nucleus de-excites, the
feeding intensity decreases gradually with
available excitation energy and/or angular
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momentum, which indicates the absence of
feeding to the lowest members of the ‘yrast’
band or the low spin states are less populated in
αxn and 2αxn-channels identified from forwardα-gated spectra. Such feeding intensity pattern is
expected to arise from narrow ℓ-window,
localized near and/or above to the critical angular
momentum for CF, that is associated with ICF.
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backward(B)-α-gated spectra shows exponential
rise towards lower spin states, as expected for
CF dynamics, where the band is fed over a broad
spin range. Further, the feeding intensity is found
to be less in the production of 177Re isotopes
identified from backward (B)-α-gated spectra, as
compared to xn-channels. This difference may be
because of the fact that the neutron emission
carry almost negligible angular momentum from
CN, while, emission of an α-particle from CN
takes away significant amount of angular
momentum and excitation energy, which may
not provide broad feeding range towards the
band head. Further details of these measurements
for some other systems at various energies will
be discussed.

3. Conclusions

Fig. 2.7. Deduced feeding intensities of gamma
cascades of different ER’s expected to be
produced via; xn, αxn and/or 2αxn channels in
16
O + 169Tm system at ≈ 5.6 MeV/nucleon. The
lines and curves through data points are drawn
to just guide the eye.

It may also be observed from Figs. 2.7 (a), (b),
the feeding intensity is showing sharp
exponential rise towards low spin states for all
xn-channels (CF), indicating strong feeding.
Apart from that, for better comparison of
forward and backward α-channels populated via
ICF and CF, respectively, the feeding intensity
pattern for backward (B)-α- channels alongwith
forward (F)-α-channels have also been plotted in
Figs.2.7 (a), (b). As can be seen from this figure,
feeding intensity of αxn-channel identified from

This paper deals with experimental results from
three set of experiments performed to study ICF
at energies ≈ 4-7 MeV/nucleon. In the first set of
experiments, ICF strength function has been
measured using the measured data of excitation
functions. Observation of ICF at energies as low
as ≈ 7% above the barrier has been found. The
value of FICF is found to increase from ≈7 % to
≈18 % within the measured energy range (i.e.,
1.02Vb to 1.64Vb). The results presented
demonstrate the onset of ICF at relatively lower
values of vrel i.e., at ≈0.027 (FICF ≈7 %) in
12
C+169Tm system, and at ≈0.014 (FICF ≈10 %) in
16
O+169Tm system. In both cases, the observed
value of FICF is signiﬁcant at well below the
proposed onset value of vrel (i.e., 6 % of c).
Further, a comparison of FICF for 12C+169Tm and
16
O+169Tm systems displays higher ICF
probability for 16O+169Tm system in the entire
measured energy range. This indicates strong
projectile dependence on FICF. Presence of
signiﬁcant ICF fraction at well below the
proposed onset value of vrel (i.e., 6% of c)
supplements the Morgenstern’s systematics. The
results presented in section-2.2 are from the
second set of experiments where FRRDs of
heavy reaction products have been measured to
confirm the findings from the excitation function
measurements. From the analysis of FRRDs, it
has been observed that the α-emitting channels
have signiﬁcant contribution from both CF and
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ICF processes. Diﬀerent LMT components may
be attributed to the full (fusion of 16O) and partial
fusion (12C and/or 8Be fusion from 16O) of
projectile with target nucleus. The RP(exp) are
found to consistent with the theoretical
predictions, within the experimental errors. The
value of FICF obtained from the analysis of
FRRDs is found to be in good agreement with
that estimated by the measurement and analysis
of EFs. The results presented support the breakup fusion model description given by Udagawa
and Tamura [22]. As such, it can be concluded
that the ICF processes contribute signiﬁcantly to
the reaction cross section at these energies. The
extension of this work using 13C, 14N and 18Obeams with 169Tm target would be interesting,
and will be helpful for further refinement of
present systematics. The experiments for these
projectiles have been carried out and the data
analysis is in progress. In the third set of
experiments, the spin-distributions and feeding
intensity profiles have been measured at the near
and above barrier energies. The spindistributions of ICF-αxn/2αxn-channels are
found be distinctly diﬀerent than that observed
for CF-xn/pxn/αxn-channels, which indicates
entirely diﬀerent de-excitation patterns in CF and
ICF products. In case of CF products, strong
feeding through broad range of spin population
has been observed towards the band head.
However, the spin-distribution(s) associated with
ICF are found to arise from the narrow spin
population, localized near and/or above to the
critical angular momentum for CF, where a
given PLF is emitted to release excess driving
angular momenta. This indicates the competition
from successively opened ICF channels for each
ℓ-value above ℓcrit for normal fusion (CF). The
population of low spin states is hindered and/or
less fed in case of ICF. This reveals the
occurrence of ICF due to the inﬂuence of
centrifugal potential in peripheral interactions,
where driving angular momentum limit do not
allow CF. On the basis of above results, it can be
concluded that the high ℓ-values associated with
non-central interactions essentially contribute to
open up direct- α-emitting channels. It may,
further, be pointed out that the value of <ℓ>
associated with 2α-emitting channels are likely
to be originated from higher impact parameters
as that associated with the production of single
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direct-α-emitting channel. Further, from the
comparison of ℓ- values involved in the
production of direct-α-emitting (ICF products)
and normal α-emitting channels (CF-products),
we presented direct evidence that ICF can
populate high spin states in the final reaction
products which is not possible to achieve via CF
at a given projectile energy and/or even higher
energy.
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