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Experimental study of incomplete fusion reactions in the 16O + 130Te system below 6 MeV/nucleon
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Background: The measurement and analysis of excitation functions may be used as an important tool to
understand incomplete fusion reaction dynamics.
Purpose: Several studies have been carried out to study incomplete fusion reactions at low energies, but a clear
picture of incomplete fusion reaction processes at energies below 6 MeV/nucleon has yet to emerge. Further,
there is no theoretical model which may give a good representation of incomplete fusion processes.
Method: Off-line γ -ray spectrometry has been used to measure the excitation functions in the 16O + 130Te system
at energies ≈3–6 MeV/nucleon.
Results: Excitation functions for five reaction products populated via complete and/or incomplete fusion
processes in the 16O + 130Te system have been measured. Measured cross-sections have been compared with the
predictions of the statistical model code PACE4. A significant enhancement in the measured excitation functions
compared to theoretical predictions for α-emitting channels has been observed and is attributed to incomplete
fusion processes. The relative strength of incomplete fusion has been found to increase with projectile energy. In
the case of the 133Xe(3αn) channel, the isomeric cross-section ratios have been deduced and found to increase
rapidly with beam energy, indicating the importance of imparted angular momentum. The angular momentum at
different energies has also been calculated. The analysis of the data indicates that incomplete fusion is associated
even for angular momentum values smaller than the critical angular momentum for complete fusion. The results
have been discussed in terms of the α-cluster structure of the projectile for various fusion reactions.
Conclusions: It may be concluded that, apart from complete fusion, incomplete fusion processes are of greater
importance even at energies as low as ≈3-6 MeV/nucleon, where fusion evaporation channels are expected to
be dominant. The measured isomeric cross-section ratio for the dominant incomplete fusion channel is found to
increase with energy. Analysis of the data indicates that the incomplete fusion contribution becomes significant
even for values of imparted angular momentum � < �critical also, contrary to SUMRULE model predictions.
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I. INTRODUCTION

In recent years, the investigation of incomplete fusion
(ICF) processes in heavy-ion interactions around the Coulomb
barrier has been a topic of interest for exploring the nuclear
structure and reaction dynamics [1–9]. During such heavy-ion
interactions, if the incident energy of the projectile in the
center-of-mass frame is sufficient to overcome the Coulomb
barrier, then the incident ion fuses with the target nucleus,
leading to the formation of a composite system which
may reach statistical equilibrium before decaying to various
channels. Such complete fusion events may be explained
with statistical model calculations. Further, as the projectile
comes near the field of the target nucleus, it may break
up and one of the fragments may fuse, leading to what
is referred to as incomplete fusion. Cross-section measure-
ments of different reaction channels for both the weakly as
well as strongly bound projectiles with targets of medium
and heavy-mass nuclei have been carried out to study the
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dynamics of such reaction processes [10–13]. The residues
produced via complete and incomplete fusion processes have
entirely different populations of angular momentum states.
In heavy-ion interactions, incomplete fusion has been found
to be one of the dominant modes of reaction at energies
as low as ≈3–6 MeV/nucleon along with complete fusion
[14,15]. In the ICF process, direct α particles have been
observed in the forward cone with nearly the same velocity
as that of the incident ion [16]. It may be pointed out that, at
these low energies, complete fusion is supposed to be the sole
contributor to the total fusion cross section [17,18]. In order
to have a better understanding of incomplete fusion reaction
dynamics, a program of measurement of cross-sections of
populated radioactive reaction products in heavy-ion induced
reactions has been undertaken by our group [14,15,19–24].
The analysis of experimentally measured excitation functions
within the framework of a statistical model code may be used
to obtain information about the reaction mechanisms involved
[14,15,19,21]. Interestingly, α-emitting channels at energies
≈3–6 MeV/nucleon are found to show enhancement of cross-
sections over the statistical model predictions, which may be
due to the projectile breakup processes in these reactions,
though, at higher projectile energies (�10 MeV/nucleon),
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Wilczynski et al. [25] have well explained the cross-sections
for incomplete fusion reactions based on partial statistical
equilibrium and on the idea of a generalized concept of angular
momentum. However, on the basis of the above prescription,
incomplete fusion reactions could not be explained at lower
projectile energies, where the maximum angular momentum
values (�max) are less than the critical angular momentum
(�critical), in general, thereby precluding any window for
incomplete fusion above �critical. Theoretically, the breakup
of the projectile may also be understood on the basis of the
disappearance of the fusion pocket in the one-dimensional
effective potential energy curve, as the angular momentum (�)
increases beyond the critical limit (�critical) for complete fusion.
In order to provide sustainable input angular momentum
and/or to restore the so-called pocket in the potential energy
curve, the projectile may break up into clusters, one of
which may fuse with the target nucleus, while the remnant
escapes and carries away the excess angular momentum.
Thus, there is a deficit in all nucleonic degrees of freedom
of the incompletely fused composite system, compared to the
composite system formed via complete fusion [14,19–22,26].
The γ -multiplicity measurements by Wilczynski et al. [25],
Inamura et al. [27], Gerschel et al. [28], and Trautmann
et al. [29] also indicate that such breakup fusion, in general,
involves � � �critical. However, studies [30] on spherical targets
showed involvement of � values in incomplete fusion lower
than �critical [23] as well, giving rise to conflicting reports
on the dependence of incomplete fusion on the angular
momentum.

Several dynamical models [25,31–38] are proposed to
explain the ICF reaction dynamics. Apart from the afore-
mentioned dynamical models, Morgenstern et al. [39,40]
investigated the mass-asymmetry dependence of breakup
fusion. In one of our recent communications [15] the α Q
value of the projectile has been found to play an important
role in incomplete fusion processes. It may be pointed out
that the available theoretical models [25,31–38] satisfactorily
predict the magnitude of incomplete fusion contribution, to
some extent, in some cases at energies �10 MeV/nucleon,
but none of these models is able to successfully explain
such data at low energies. In view of the above, a clear
picture of the mechanism of incomplete fusion has yet to
emerge, particularly at relatively low bombarding energies,
i.e., ≈3–5 MeV/nucleon, where systematic studies are scarce
[20,21], and needs to be explored in a systematic way. The
present measurements are part of a series of incomplete
fusion studies, in which excitation functions and recoil
range distributions have been measured to obtain the system-
atics for ICF reactions at low energies. In the present work,
the cross-sections for five reaction products populated in the
interaction of 16O + 130Te have been measured in a broad
projectile energy range of ≈60–90 MeV.

II. EXPERIMENT

A beam of 16O7+ obtained from the 15-UD Pelletron accel-
erator of the Inter-University Accelerator Center, New Delhi,
India, has been used to carry out the experiments. The 130Te
target samples (enrichment ≈61%) were prepared by vacuum

evaporation on Al foils of thickness ≈6.75 mg/cm2. The Al
backing served as an energy degrader as well as a catcher foil to
trap the energetic recoiling residues. The thickness of sample
deposition in each target was determined by the α-transmission
method, which is based on the measurement of the energy
lost by 5.487-MeV α particles, obtained from a standard
241Am source, while passing through the target material. The
measured thicknesses of the 130Te deposition in different
samples were ≈1.8 mg/cm2. Two stacks containing two 130Te
samples each, followed by Al catchers, were irradiated at 85
and 90 MeV, respectively, in the General Purpose Scattering
Chamber. Proper care has been taken to maintain a constant
beam current (≈3 pnA) throughout the irradiations. The beam
flux was calculated from the total charge collected in a Faraday
cup, placed behind the target-catcher stack foil assembly. Both
irradiations were carried out for ≈8 h duration. After the
irradiation, by using an in-vacuum transfer facility the sample
along with the catcher was taken to a high-purity Ge detector
for γ counting. The γ -ray activities of the residues were
measured using ORTEC’s 100 cc active volume high-purity Ge
detector coupled to a personal-computer-based 8 000-channel
multichannel analyzer employing FREEDOM software [41]. The
resolution of the detector system was ≈2 keV full width at
half maxima for the 1332.0-keV γ line of 60Co. The dead
time of the detector system was always kept less than 10%.
The γ -ray counting of the sample was done several times
with increasing counting time to follow the decay and to
have good statistics for the photopeaks of the γ lines of
different residues. As a representative case, a typical γ -ray
spectrum of the residues from a sample irradiated by an
≈90 MeV oxygen beam is shown in Fig. 1, where various peaks
corresponding to reaction residues populated via different
reaction channels are indicated. The reaction residues of
interest have been identified by their measured half-lives
(T1/2) and characteristic γ -ray energies. Identified reaction
products along with some of their important spectroscopic
properties are given in Table I. The measured intensities of the
characteristic γ lines of the identified residues have been used
to calculate the cross-sections for the corresponding reaction

FIG. 1. (Color online) Observed γ -ray spectrum of a 130Te
sample irradiated by an ≈90 MeV 16O7+ beam.
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TABLE I. List of identified reaction products along with respec-
tive channels and their spectroscopic properties.

Residue (channels) T1/2 J π Eγ (keV) Iγ (%)

141Ndg(5n) 2.49 h 3/2+ 1127 0.8
139Ceg(α3n) 137.6 d 3/2+ 165.8 79.9
133Xem(3αn) 2.19 d 11/2− 233.2 10.3
133Xeg(3αn) 5.2 d 3/2+ 80.9 73
131Xem(3α3n) 11.9 d 11/2− 163.9 1.97

channels, by employing a FORTRAN program based on standard
formulations [21]. A critical evaluation of the uncertainties
in the measured cross-sections has been considered. The
errors in the measured cross-sections may arise due to (a)
nonuniform deposition of the target material and inaccurate
estimate of the foil thickness, which may be �1%, (b)
fluctuations in the beam current during the irradiations, which
may result in the variation of the incident flux. Many tests
were performed to check the time-integrated beam fluctuations
and it was estimated that beam fluctuations may introduce
errors of not more than 5% in the measured cross-sections.
Errors in the production cross-sections may also result from
(c) uncertainty in the determination of the geometry-dependent
efficiency of the γ -ray spectrometer. Further, uncertainty in
determining the efficiency of the spectrometer may also appear
due to the solid-angle effect, as the irradiated samples were
not point sources like the standard source but had a finite
diameter, which may be �5%. Large errors in the measured
cross-sections may also be introduced by (d) the product nuclei
recoiling out of the thin target. In the present measurements
the targets were oriented perpendicular to the beam direction
with the sample deposition facing the beam. This avoids the
loss of recoiling nuclei which were stopped in the relatively
thick (≈6.75 mg/cm2) aluminum backing and were counted
along with the sample. In this way, the loss due to recoil
was eliminated. Further, the uncertainties in the nuclear data,
such as branching ratio, decay constant, etc., which have been
taken from the Table of Isotopes [42], have not been taken
into consideration. Details of above-mentioned factors that
may introduce uncertainties are given in Ref. [21]. The overall
error in the measured data is estimated to be �15%, including
that due to statistical errors.

III. ANALYSIS AND INTERPRETATION OF RESULTS

The cross-sections for the reactions 130Te(16O,5n)141Nd,
130Te(16O,α3n)139Ce, 130Te(16O,3αn)133Xem,
130Te(16O,3αn)133Xeg , and 130Te(16O,3α3n)131Xem have

been measured in the energy range of ≈60–90 MeV and are
tabulated in Table II. It may be pointed out that, out of the
possible complete fusion channels, only 5n channel residues
[141Nd (t1/2 = 2.49 h)] could be identified. The other fusion
evaporation residues [145Nd (through one-neutron emission)]
are stable (8.3%), the residues populated via the 2n channel
(144Nd) are stable (23.8%), 143Nd residues populated via the
3n channel are stable (12.2%), and 142Nd residues populated
through 4n emission are also stable (27.2%). Hence, these
residues could not be identified in the present work. In
the present case, the 141Nd residues may be formed by the
fusion of 16O + 130Te, forming the composite system 146Nd∗
followed by the evaporation of five neutrons. The 141Ndg

residues have been identified by the characteristic γ -ray of
an energy of 1127 keV and also by measuring its half-life
using decay curve analysis. Further, the 139Ce residues may
be formed by the complete fusion of 16O and 130Te, forming
the composite system 146Nd∗, which may decay by the
evaporation of an α particle and three neutrons. The same
139Ce residues may also be produced if the fragment 12C
(if 16O undergoes breakup into an α particle and 12C
fragments) fuses with the 130Te target nucleus followed by the
evaporation of three neutrons. As a representative case, the
modes of formation of 139Ce residues which may be populated
via both complete fusion and/or incomplete fusion reaction
channels are as follows:

(a) population of 139Ce via complete fusion of 16O:

16O + 130Te =⇒ 146Nd
∗ =⇒ 139Ce + α + 3n,

(b) population of 139Ce via incomplete fusion of 16O:

16O(12C + α) + 130Te =⇒ 142Ce∗ + α(spectator),
142Ce∗ =⇒ 139Ce + 3n.

In the same way, 133Xeg,m and 131Xem residues may also
be formed by complete fusion as well as incomplete fusion
processes.

Theoretical calculations of cross-sections for the residues
populated via complete fusion channels have also been done
using the code PACE4 [43] (an upgraded version of the
theoretical model code PACE2 [44]), which is based on Hausher-
Feshbach formalism followed by Monte Carlo simulation
to determine the decay sequence of an excited compound
nucleus. Bass formulations [45] are used to calculate the
cross-sections for a particular reaction channel. For compound
nucleus formation, at a particular angular momentum � and
specific bombarding energy E, the partial cross section σ� is

TABLE II. Experimentally measured cross-sections for the residues populated in the interaction of the 16O + 130Te system.

Laboratory energy (MeV) σ (141Nd) (mb) σ (139Ce) (mb) σ (133Xem) (mb) σ (133Xeg) (mb) σ (131Xem) (mb)

61.3 ± 2.2 2.2 ± 0.2 – 8 ± 2 5.1 ± 0.8 8 ± 1
67.1 ± 2.1 20 ± 2 107 ± 11 183 ± 30 30 ± 3 12 ± 2
83.2 ± 1.8 682 ± 84 89 ± 8 180 ± 25 34 ± 3 180 ± 20
90.1 ± 1.9 685 ± 85 183 ± 18 477 ± 60 80 ± 10 320 ± 40
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given by

σ� = λ2

4π
(2� + 1)T�, (1)

where λ is the reduced wavelength and the transmission
coefficients T� may be given by the expression

T� =
[

1 + exp

(
� − �max

�

)]−1

, (2)

where � is the diffuseness parameter, while �max is the
maximum value of � determined by total fusion cross section

σF =
∞∑

�=0

σ�. (3)

The projections of angular momentum are calculated
at each stage of de-excitation. The default optical model
parameters for neutrons, protons, and α particles are used [46].
The γ -ray strength functions for E1, E2, and M1 transitions
are taken from the tables of Endt [47]. The code has been
modified to take into account the excitation energy dependence
of the level density parameter using the prescription of Kataria
et al. [48]. The detailed discussion of this code is given in one of
our recent works [21]. However, for the sake of completeness,
it may be mentioned that nuclear level density, i.e., the number
of levels per unit energy at a particular excitation energy, is
an important parameter in any statistical analysis of nuclear
reactions. In this code, the level density parameter a(=A/K)
mainly governs the equilibrium state. Here, A is the atomic
mass number of the compound nucleus and K is a free
parameter, which may be varied to match the experimental
data. A value of K = 10 has been suggested [14] to be a
physically reasonable value and explains the data satisfactorily.
Therefore, in the present work, the value of K = 10 has
been retained and the calculations have been carried out by
keeping the values of fusion radius, yrast spin, maximum
angular momenta, � diffuseness, etc. as default values. It may,
however, be pointed out that a value of K > 10 may give rise
to the anomalous effect in particle multiplicity and compound
nucleus temperature [49]. It may be mentioned here that in this
code the ICF of the incident ion is not taken into consideration,
so any enhancement in the measured cross section compared
to PACE4 code predictions may be attributed to breakup fusion
channels.

In Fig. 2, the measured cross-sections, i.e., σexpt(5n), for
the 130Te(16O,5n)141Nd reaction have been compared with
the theoretical predictions of the statistical model code PACE4

[43]. As can be seen from this figure, the experimentally
measured cross-sections for the 141Nd residues populated via
the 5n channel are found to be nicely reproduced by statistical
model predictions, which indicates its production through the
complete fusion process only. In the present case, the isomeric
state of 141Nd (t1/2 ≈ 61 s) decays completely via isomeric
transition (IT) to the ground state of 141Nd. Consequently, the
measured activity of 141Ndg (identified by Eγ = 1127 keV
and t1/2 ≈ 2.49 d) may be considered as the total sum of
metastable and ground states of 141Nd. It may be pointed out
that several xn and pxn channels in the studied energy range

FIG. 2. (Color online) Measured excitation functions for
141Nd(5n) isotopes. Lines indicate the theoretical calculations for the
residues 140,141,142,143Nd.

could not be measured due to their stable nature and/or very
low γ -ray intensities of corresponding residues. Therefore,
the excitation functions for dominant reaction channels (i.e.,
3n, 4n, and 6n), which could not be measured, were also
calculated by using consistently the same set of parameters and
these are also shown in Fig. 2. The α-emitting channels need
special mention. The α3n channel gives rise to the population
of 139Ce. The isomeric state of 139Ce (t1/2 ≈ 56 s) decays
completely via IT to the ground state of 139Ce. Therefore,
the measured activity of 139Ceg may be taken as the sum
of the metastable and ground states of 139Ce. In Fig. 3,
excitation functions for the reaction products populated in

FIG. 3. (Color online) (a) Experimentally measured and theo-
retically calculated (K = 10) excitation functions for 139Ce(α3n)
and 131Xem(3α3n) channels and (b) experimentally measured cross-
sections for 133Xem(3αn) and 133Xeg(3αn) channels along with the
total cross-sections for 133Xe.
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α-emitting channels (expected to be populated via complete
and/or incomplete fusion) are presented. Figure 3(a) shows
a comparison of measured cross-sections for the production
of 139Ce and 131Xem residues populated via α3n and 3α3n
channels, respectively, with the theoretical predictions of
the code PACE4. It may be seen from Fig. 3(a) that the
measured values of the cross-sections for the 139Ce(α3n)
residues underestimate the theoretical predictions by an order
of magnitude, while PACE4 gives a negligible cross section
for the 131Xe(3α3n) residues, indicating that these residues
are populated predominantly via breakup fusion processes.
The measured reaction residues may have a contribution from
their higher charge isobar precursor as well. In case of the
α3n channel, the 139Ce residues may also have a contribution
from its higher charge isobar precursor 139Pr (formed via the
p6n channel) decaying by β− emission. It may be pointed
out that the theoretical calculations done with PACE4 give
negligible contribution for the population of 139Pr via the
p6n channel. Thus, there is less likelihood of 139Pr decay
via β− emission feeding the population of 139Ce. Similarly,
in case of the 3αn channel populating 133Xe residues, the
precursor 133Cs is found to be stable and hence no contribution
to 133Xe from precursor decay is expected. However, in case
of 131Xem (11.9 d) populated via the 3α3n channel, the
contribution of precursor 131Cs (9.9 d) could not be estimated
in the absence of intense γ lines of the precursor residue.
As such, the cross section for the 131Xem(3α3n) population
may be considered as a cumulative sum of 3α3n and 2αp6n
channels. In view of the above description, it may be noted
that the β activity does not affect the finally obtained results,
in general. In Fig. 3(b), the measured cross-sections for the
production of both the isomeric and ground states of 133Xe
(3αn) isotopes are shown. The measured cross-sections for
these residues produced via α-emitting channels could not
be compared with the predictions of the code PACE4, as it
gives negligible probability for this channel. As such, the 3α3n
channel is likely to have a dominant mode of population via
an incomplete fusion or a breakup fusion channel. In order
to determine the ICF contribution to the measured α-emitting
channels, the measured 
σα

expt (sum of cross-sections of all
measured α-emitting channels) has been compared with the
corresponding calculated values based on complete fusion
calculations, i.e., 
σα

T h. Since PACE4 does not take incomplete
fusion into consideration, the calculated cross-sections for
α3n, 3αn, and 3α3n channels will have predictions based
on the complete fusion model only. In Fig. 4(a), a comparison
of 
σα

expt has been made with corresponding 
σα
T h calculated

using PACE4. It may be observed from Fig. 4(a) that the 
σα
T h

obtained from PACE4 predictions significantly underestimates
the 
σα

expt in the entire energy range. The enhancement of the
experimental values compared to the theoretical predictions
may be due to the incomplete fusion processes and has been
denoted by σICF. It may also be noted that the difference
between 
σα

expt and 
σα
T h increases with energy throughout

the entire energy region of interest, indicating the dominance
of incomplete fusion with a maximum ICF contribution at the
highest studied energy. In Fig. 4(a), the ratio of 
σα

expt to 
σα
T h

has been plotted to show the importance of incomplete fusion
processes as the energy increases.

FIG. 4. (Color online) Comparison of the sum of the measured
cross-sections for α-emitting channels i.e., 
σα

expt, and calculated
values 
σα

T h. The increasing difference between the experimental and
calculated values with energy indicates the dominance of incomplete
fusion processes with energy. Lines joining the data points in (b) are
just to guide the eyes.

The isomeric cross-section ratios (ICRs) for the residues
populated in the reaction 130Te(16O,3αn)133Xe produced via
complete and/or incomplete fusion channels are shown in
Fig. 5. It may be seen from this figure that the ICR increases
with energy, in general. Since the ICF reactions are considered
to take place in peripheral collisions, a relatively large amount
of angular momentum is transferred, and this may increase
with energy. The increase in isomeric population with energy
indicates that a part of the input angular momentum may get
converted to the nuclear spin and the isomeric population may
increase. Thus, the ICR may depend strongly on the relative

FIG. 5. Isomeric cross-section ratios for the residues 133Xe(3αn).
The line drawn is just to guide the eyes.
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FIG. 6. (Color online) The percentage incomplete fusion fraction
(FICF) as a function of mass asymmetry at a constant relative velocity
(β = 0.055c) for the presently studied system along with results from
the literature [20,21].

spins of metastable and ground states and also on the energy
difference between the levels. Further, an attempt has also
been made to investigate the mass-asymmetry systematics.
In order to study the dependence of incomplete fusion on
the mass asymmetry of interacting partners, the percentage
incomplete fusion fraction (%FICF) has been deduced for the
presently studied system. FICF is a measure of the relative
strength of incomplete fusion to that of total fusion defined
as FICF(%) = (
σICF/σICF) × 100. Morgenstern et al. [39,40],
suggest that the onset of incomplete fusion is governed by the
relative velocity of the projectile (β) and mass asymmetry
[μ = AT /(AT + AP )] of the interacting partner and starts
contributing significantly above β ≈ 0.06c (i.e., 6% of c,
where c is the speed of light). In order to understand how the
incomplete fusion fraction varies with the entrance channel
mass asymmetry (μ), the value of FICF(%) for the 16O + 130Te
system has been compared with those found in the literature
[20,21] at a constant relative velocity (β = 0.055c). Figure 6
shows the incomplete fusion strength as a function of μ.
FICF is found to increase with mass asymmetry (μ) for
the 16O projectile with different targets. As inferred from
this figure, the incomplete fusion probability is higher for
more mass-asymmetric systems, which is in accordance with
the Morgenstern mass-asymmetry systematics developed for
energies �10 MeV/A, in general. We propose to measure the
contribution of the presently studied α-emission channels in an
in-beam experiment using a particle-γ coincidence technique,
so that the present data may be supplemented.

Further, it is possible to calculate the cross-sections for
complete and incomplete fusion channels separately using the
SUMRULE model [50,51], based on the idea of a generalized
concept of critical angular momentum following partial
statistical equilibrium. The underlying assumption in the
SUMRULE model is that the ICF channels open up only for
those partial waves which have � values greater than �critical

(i.e., � � �critical). On the other hand, partial waves with � <
�critical contribute to complete fusion. The limiting angular
momentum of the entrance channel, �limit, is related to the

critical angular momentum �P p+T
crit of the fused part as

�limit = Ap · AT

(AP s · Ap + AP p · AT )
· �P p+T

crit , (4)

where P p represents the participant and P s the spectator.
However, for a mass-asymmetric projectile-target combina-
tion, the limiting angular momentum may be rewritten as

�limit ∼ Ap

AP p

· �P p+T
crit . (5)

The transmission coefficients T�(i) for individual reaction
channels, obtained by assuming a smooth cutoff in � space, is
given as

T�(i) =
[

1 + exp

(
� − �limit(i)

�

)]−1

, (6)

where � is the diffuseness in the � distribution. For relatively
lower � values, the transmission coefficients are almost unity
for all the channels. The different reaction channels are
considered to open up one after the other with increasing
angular momentum and depending on their corresponding
limiting angular momenta �limit(i). Hence, the reaction
probabilities for a given partial wave � are

N�

∑
i

T�(i) exp

[
Qgg(i) − Qc(i)

T

]
= 1, (7)

where N� is the �-dependent normalization factor common
for all reaction channels, Qgg [=log(dσ/d�)] [25,50,51], is
the ground state Q value, Qc is the change in the Coulomb
interaction energy due to the transfer of charge, and T is an
effective temperature. Thus, the absolute cross section for the
individual reaction channels is defined as

σ (i) = πλ̄2
�max∑
�=0

(2� + 1)
Tl(i) · p(i)∑
j Tl(j ) · p(j )

, (8)

where λ̄ = �/
√

(2μE) is the reduced wavelength for the
entrance channel and p(i) is the reaction probability for a given
channel i, which is proportional to exp{[Qgg(i) − Qc(i)]/T }.
�max is defined as the largest � for which the colliding system
penetrates into the region where the total nucleus-nucleus
potential is attractive and/or the distance of closest approach
is smaller than the sum of the half-density radii; however,
the critical angular momenta �critical, which determines the
magnitude of the transmission coefficients T� for individual
reaction channels, were calculated from a simplified formula as

�2
crit = μm(C1 + C2)3

�2

[
4πγ

C1C2

C1 + C2
− Z1Z2e

2

(C1 + C2)2

]
, (9)

where μm is the reduced mass of the interacting partners,
γ is the surface tension coefficient, and Z1 and Z2 and C1

and C2 are the atomic numbers and half-density radii of
the projectile and the target nuclei, respectively. There are
three important parameters in the model, i.e., the effective
temperature T of the contact zone, the diffuseness � of the T�

distribution, and the effective Coulomb interaction radius Rc.
The values T = 3.5 MeV, � = 1.7�, and Rc/(A1/3

P + A
1/3
T ) =

1.5 fm have been suggested [50] for these parameters. The

024612-6



EXPERIMENTAL STUDY OF INCOMPLETE FUSION . . . PHYSICAL REVIEW C 89, 024612 (2014)

TABLE III. Theoretically calculated cross-sections obtained by
using the SUMRULE model for the residues populated via α3n and
3αxn (x = 1, 3) channels in the interaction of the 16O + 130Te system.

Energy σ (139Ce) σ (133Xem) σ (133Xeg) σ (131Xem)
(MeV) (α3n) (3αn) (3αn) (3α3n)

(mb) (mb) (mb) (mb)

61.3 ± 2.2 0.00811 0.00087 0.00093 0.00001
67.1 ± 2.1 0.0255 0.00275 0.00294 0.00003
83.2 ± 1.8 0.0718 0.00812 0.00868 0.00008
90.1 ± 1.9 0.115 0.0602 0.0644 0.00023

cross-sections calculated by using the SUMRULE model for the
presently measured incomplete fusion channels, populated in
the system 16O + 130Te at ≈61, 67, 83, and 90 MeV incident
energies, are given in Table III. It has been observed that
there is a large discrepancy between the measured (Table II)
and SUMRULE-calculated cross-sections (Table III) for the
α-emitting channels. It may be pointed out that Siwek-
Wilczynska et al. [51] tested the SUMRULE calculations for
reactions at �10 MeV/nucleon energies. The calculations,
carried out for the presently studied system, which allow
incomplete fusion processes only for �>�critical, underestimate
the measured incomplete fusion cross-section data by a few
orders of magnitude. As a typical example, the experimentally
measured cross section for the α3n channel is 183 ± 18 mb at
≈90 MeV; however, the prediction from the SUMRULE model
is only ≈0.12 mb. These discrepancies may indicate a need to
refine the basic assumptions of the model for low energies.
Similar deviations have also been found by Parker et al.
[52], in their study on the 12C + 51V system up to 100 MeV
(≈8 MeV/nucleon). The model assumes sharp cutoff � values
for complete and incomplete fusion processes. One of the
possible reasons for the disagreement between the presently
measured and SUMRULE calculations for incomplete fusion
channels may be the nonvalidity of the concept of critical angu-
lar momentum at these low energies. The present findings indi-
cate that a diffused boundary in � space may penetrate close to
the barrier, such that fusion may take place even for � < �critical.

In order to ascertain the above in the � distribution for the
16O + 130Te system, the �critical value has been calculated [25]
and is found to be 53�. Figure 7 shows the fusion � distributions
for the 16O + 130Te system calculated using the code CCFULL

[53] at two extreme energies: 61 and 90 MeV, respectively.
The code CCFULL estimates the fusion � distribution of the
compound nucleus under the influence of couplings between
the relative motion and nuclear collective motions. In coupled
channel calculations, for heavy-ion reactions, one may use
the iso-centrifugal approximation where angular momentum
of the relative motion in each channel may be replaced by
the total angular momentum [54], then the coupled channel
equation may be given as

[
+ �

2

2μ

d2

dr2
− J (J + 1)�2

2μr2
− V

(0)
N (r) − ZP ZT e2

r
− εn + E

]

×ψn(r) =
∑
m

Vnm(r)ψm(r), (10)

FIG. 7. (Color online) Fusion � distributions calculated by using
the code CCFULL for the 16O + 130Te system at Elab ≈ 61 and 90 MeV.
The values of �critical for fusion are calculated using the formulations
[25].

where μ is the reduced mass, r is the radial component of the
coordinate of the relative motion, E is the projectile energy,
and εn is the excitation energy of the nth channel. Vnm are
the matrix elements of the Hamiltonian coupling including the
Coulomb and nuclear components. V (0)

N is the nuclear potential
in the entrance channel and is given by the Woods-Saxon
parametrization as

V
(0)
N (r) = − V0

1 + exp[(r − R0)/a]
,

(11)
R0 = r0

(
A

1/3
P + A

1/3
T

)
.

The coupled channel calculations are done by imposing the
boundary conditions, which are valid for heavy-ion reactions,
that there are only incoming waves at r = rmin and only
outgoing waves at infinity for all channels except the entrance
channel. The code CCFULL adopts the minimum position of the
Coulomb pocket inside the barrier for rmin.

The fusion � distributions, for the presently studied 16O +
130Te system, calculated using the CCFULL code at energies
of 61 and 90 MeV, are shown in Figs. 7(a) and 7(b),
respectively. The values of �max at two energies (61 and
90 MeV) are found to be ≈23� and 48�, respectively; these
are less than the �critical value (53�) for fusion for the present
system. From Fig. 7, it may also be seen that, even at the
highest studied energy, the maxima of � values are not as
high as �critical for fusion. Thus, the ICF contributions are
expected to be negligible at these energies. However, the
present measurements for incomplete fusion channels suggest
that a significant number of partial waves below �critical may
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contribute to incomplete fusion channels. It may be pointed
out that the α particles in the incomplete fusion reactions
may be emitted at forward angles with essentially the beam
velocity, consistent with the breakup of the projectile close
to the maximum impact parameter and therefore somewhere
at the peak of the triangular fusion � distribution. The above
observations have been supported by our earlier studies on
the measurement of the side-feeding intensity pattern, where
incomplete fusion is shown to originate from a narrow-�
window [24].

In the present work, excitation functions for the production
of the radionuclides 141Nd(5n), 139Ce(α3n), 133Xeg(3αn),
133Xem(3αn), and 131Xem(3α3n) have been measured in the
system 16O + 130Te in the ≈60–90 MeV energy range. The
complete fusion cross-sections are found to be in agreement
with PACE4 predictions over the entire energy range. However,
in the case of α-emitting channels, the observed enhancement
of cross-sections over the predictions of statistical model
calculations obtained using the code PACE4 may be attributed to
the prompt breakup of the projectile (16O into 12C + α and α +
12C), leading to incomplete fusion processes. A comparison of
data for incomplete fusion contribution for the same projectile
with different targets indicates a strong and increasing trend
of target mass number and mass asymmetry dependence.
The SUMRULE model calculations highly underestimate the

incomplete fusion cross-sections, indicating the nonvalidity
of the model assumption that a substantial contribution to
incomplete fusion comes from collision trajectories with
� > �critical. In the energy range of the present study, calcu-
lations indicate that �max is less than �critical; thus, significant
cross-sections for incomplete fusion channels at these beam
energies indicate the contribution from collision trajectories
with � < �critical as well. The results obtained from the
excitation functions give valuable information for establishing
the complete and incomplete fusion yields at relatively low
bombarding energies. More data on such reactions are needed
to explore the above aspects, so that the assumptions of
the SUMRULE model for energies near the barrier, where
� < �critical, may be improved upon to explain the experimental
data.
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