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Abstract. The excitation functions for59Co(12C,pn)69Ge, 59Co(12C,2pn)68Ga,
59Co(12C,p4n)68Ge,59Co(12C,αp4n)62Zn reactions for12C+59Co projectile-target system
have been measured for the first time. The recoil catcher technique followed by off-line
γ-ray spectroscopy with HPGe detectors was used. The measured excitation functions
are compared with the calculations based on the available statistical model codes. The
probability of incomplete fusion is found to increase with the projectile energy. More-
over, an attempt has been made to observe the impact of mass-asymmetry on incomplete
fusion probability. The effect ofα-break-up energy (Qα) on the ICF probability is also
studied with the available data.

1 Introduction

Light heavy-ion (Z≤10) induced reactions, in the vicinity of 10 MeV/nucleon projectile energies, has
been the matter of treatise among experimental as well as theoretical nuclear physicists since the early
sixties [1]. The study of heavy ion (HI) interactions is quite specific due to its complex structure and
large momentum carried. HI interactions may be categorised in many ways, one of them is in terms
of impact parameter. The direct reactions play an important role at higher values of impact parameter,
leading to few nucleon transfer processes. However, at smaller values, complete fusion(CF), incom-
plete fusion (ICF)/ breakup fusion and deep-inelastic collision (DIC) processes may be governing
[2]. At high energies,>10 MeV/nucleon, the concept of incomplete mass transfer in HI-induced
reactions has originated after the pioneering experimental observation of ‘fast-α-particles′ by Britt
and Quinton [1]. Since then several studies have been carried out to study the ICF dynamics for
projectile energies near 10 MeV/nucleon. However, some recent studies in the last decade show the
occurrence of incomplete fusion phenomenon at beam energies just above the Coulomb barrier [3–7].
Morgenstern et al. [8] in his studies established the entrance-channel mass-asymmetry dependence
of the ICF reaction, with the ICF probability being higher in a mass-asymmetric system than in
a mass-symmetric system at the same relative velocity. Later, studies by Vineyard et al. [9] and
Chakrabarty et al. [10] also supported the findings of Morgenstern et al. [8].
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In this work, the excitation functions (EFs) for59Co(12C,pn)69Ge, 59Co(12C,2pn)68Ga,
59Co(12C,p4n)66Ge and 59Co(12C,αp4n)62Zn reaction channels have been measured, which
is an extension of our earlier work [3] on the measurement of EFs for59Co(12C,p3n)67Ge,
59Co(12C,2p2n)67Ga, 59Co(12C,αn)66Ga, 59Co(12C,α2n)65Ga,59Co(12C,αp3n)63Zn and
59Co(12C,2α2n)61Cu reaction channels. An attempt has been made to study the dependence of
ICF fraction on entrance-channel mass-asymmetry and Qα-value for the available experimental data.

Figure 1. (color online) Experimental and theoretical excitation functions for the production of69Ge,66Ge,68Ga,
and62Zn isotopes.

2 Experimental Details, Results and Discussion

The experiment was performed using the General Purpose Scattering Chamber (GPSC) facility of
Inter-University Accelerator Centre (IUAC), New Delhi (INDIA). The nuclear spectroscopic data
used in the evaluation and measurement of cross-sections were adopted from the ‘Table of Radioac-
tive Isotopes′ by Browne and Firestone [11]. The Evaporation residues produced from the considered
reaction channels were identified by their characteristicsγ-ray and decay curve analysis. The method-
ological details, experimental procedure, target preparation, data analysis etc. used in present work
are similar to those as in our earlier publications [3, 4].
The theoretical analysis of the data was carried out using the statistical models based computer codes
PACE-4 [12], CASCADE [13] and ALICE-91 [14, 15]. However Alice91 predictions were found to
be in good agreement for complete fusion channels for the present target-projectile system [3]. Hence
Alice91 predictions have been adopted for the present study. The detailed description on model codes
and various input parameters optimized for the model calculations can be found in our earlier publi-
cations [3, 4].
It is well established that the enhancement of measured production cross-sections for the evaporation

residues populated throughα-emitting channels over theoretically calculated values is mainly due to
presence of ICF along with CF dynamics in heavy ion interactions above barrier energies [3–7]. In the
present work the enhancement in the measured cross sections for theα-emitting channels has been
observed and concluded that these residues are not only populated via CF but ICF is also playing
an important role, which is consistent with our earlier findings for the same projectile-target system
[3]. The ICF contribution (σICF ) for individual channels has been estimated by subtracting the theo-
retically calculated complete fusion cross sections by ALICE-91, from the experimentally measured
cross sections. The total complete fusion cross section (

∑
σCF ) was calculated by adding the exper-

imentally observed cross-sections for all CF-evaporation residues for the present target - projectile
system and the ALICE−91 predictions for theα-emitting channels, at each projectile energy. The
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Table 1. Experimentally measured production cross-sectionsσ(mb) of identified evaporation residues along
with the

∑
σCF ,

∑
σICF , σT F , and FICF (%). ′∗′ Data adopted from our previous work [3].

EPro j
69Ge 67Ge∗ 66Ge 68Ga 67Ga∗ 66Ga∗ 65Ga∗

(pn) (p3n) (p4n) (2pn) (2p2n) (αn) (α2n)
60 23.7±2.6 77.4±5.2 - 196.3±19.6 356.4±0.9 62.1±6.6 134.8±6.1
65 8.21±1.1 160.4±6.1 - 146.2±14.6 430.6±1.0 72.0±6.0 169.8±7.0
70 - 138.4±6.3 2.6±0.3 65.5±6.6 542.9±1.0 108.8±13.4 98.9±6.9
75 - 178.9±9.7 5.5±0.6 26.5±2.7 523.9±1.0 214.6±17.9 94.5±11.1
80 - 155.8±11.0 10.0±1.0 - 419.3±8.7 473.2±25.4 83.3±9.5

EPro j
63Zn∗ 62Zn 61Cu∗

∑
σCF

∑
σICF σT F FICF (%)

(αp3n) (αp4n) (2α2n)
60 - 0.7±0.1 28.1±2.5 752.8 126.7 879.5 14.41
65 - 2.4±0.5 57.1±23.8 805.2 241.1 1046.3 23.04
70 - 5.3±0.7 95.3±25.4 815.3 242.8 1058.1 22.95
75 180.4±16.7 10.3±1.8 218.1±3.2 876.4 576.2 1452.6 39.67
80 126.6±10.4 20.3±2.3 635.5±6.8 841.5 1082.5 1924.0 56.26

total incomplete fusion cross section (
∑
σICF ) was obtained by adding the incomplete fusion cross

sections of all the measured evaporation residues populated throughα-emitting channels at each pro-
jectile energy. The total fusion cross sectionσT F was obtained by simply adding

∑
σCF and

∑
σICF .

The cross-sections for presently measured evaporation residues along with
∑
σCF ,

∑
σICF , σT F and

%FICF are presented in Table-1. The
∑
σCF ,

∑
σICF andσT F are plotted as a function of projectile

energy and are shown in the fig-2(A). It can be seen from figure that as the projectile energy is in-
creased, the ICF contribution increases with respect to the CF process. This may be implicit with the
fact that, as the projectile energy increases, the probability of the breakup of incident projectile into
α clusters (i.e., breakup of12C intoα+8Be) increases. The value of FICF , ie. the ratio of incomplete
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Figure 2. (color online) (A) Total fusion cross-sectionσT F along-with the sum of complete fusion cross-sections
∑
σCF , and incomplete fusion cross-sections

∑
σICF at different projectile energies for the system12C+59Co. (B)

The probability of incomplete fusion (FICF ) as a function of projectile energy. (C) The FICF as a function of
entrance-channel mass-asymmetry at relative velocity (vrel=0.067c) for various systems. (D) The value of %FICF

on same target have been plotted with Qα-value. The lines are drawn to guide the eyes.

fusion cross section to the total fusion cross section (
∑
σICF /σT F )100% has been obtained and plotted
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as a function of projectile energy and is shown in fig 2(B). It is observed from the figure that the ICF
fraction is consistently increasing with projectile energy. The ICF fractions for the present system
12C+59Co along with previously measured systems12C + 52Cr [5], 20Ne +59Co, and16O+45Sc [7]
as a function of mass-asymmetry for the same relative velocity vrel = 0.067c have been calculated
and displayed in fig-2(C) , where vrel is calculated by using the formula, as given in the ref [8]. The
present measurements suggest that ICF probability increases with mass-asymmetry of the interacting
partner and supports the findings of Morgenstern et al. [8]. To study the effect of projectile structure
on incomplete fusion the probability of incomplete fusion, FICF has also been plotted against the Qα-
value of the projectiles for the same target and is shown in fig-2(D). From figure it is evident that as
the Qα-value of the projectile increases, the value of %FICF decreases. Hence it is worth mentioning
that along with mass-asymmetry of interacting partners, the projectile structure (which predominantly
depends on the Qα-value of the projectile) also plays an important role in ICF reaction dynamics.

3 Conclusions

The large difference in our measured values over theoretical predictions gives clear signature of in-
complete fusion for (C,αp4n)62Zn channel in the considered energy range. The analysis of the data
also suggests that the projectile breakup probability leading to ICF, increases with projectile energy. It
can also be seen that the ICF contributes significantly to the total fusion cross-sections, along-with the
complete fusion above Coulomb barrier energies. The comparison of the present data with similar data
on 12C+52Cr [5], 20Ne+59Co, and16O+45Sc [7] systems suggest that ICF probability increases with
mass-asymmetry of the interacting partners and follows Morgenstern’s mass-asymmetry systematic.
Moreover, we also found that with the increase ofα-Q-value (Qα), the incomplete fusion contribution
to the total fusion decreases.
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