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We present the results and analysis of our investigation of the role of break-up processes on the fusion of a
12C%* beam with a >>Cr target near, at, and above the Coulomb barrier. In this experiment the excitation functions
of evaporation residues produced via ('C, 2n), (**C, pxn), (**C, axn), and (*>C, apxn) channels in a '>C + 32Cr
reaction were measured at several beam energies ranging from ~51 to 87 MeV by employing the recoil catcher
technique followed by off-line y-ray spectrometry. The measured excitation functions were compared with
theoretical values obtained using the PACE4 statistical model code. Further, for a (1>C, p2n) channel the measured
excitation function was compared with the predictions of the ALICE-91 code, which was chosen as it takes
into account pre-equilibrium emissions. For non-o-emitting channels, the experimentally measured excitation
functions—after correcting them for possible contributions from higher charge isobaric precursor decays—were,
in general, found to be in good agreement with theoretical predictions. However, for «-emitting channels, the
measured excitation functions had significantly more production cross sections than what PACE4 predicted. This
enhancement may be attributed to incomplete fusion processes. An attempt was made to estimate the incomplete
fusion fraction in order to compare the relative importance of complete and incomplete fusion processes. The
incomplete fusion fraction was found to be sensitive to the projectile energy and mass asymmetry of the entrance
channel. We also discuss the results in terms of the impact of the frozen a-cluster structure of the '>C isotope on

various fusion reactions.
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I. INTRODUCTION

Advances in accelerator technology have enabled heavy
ions to be used as a projectiles in nuclear reactions. This
development has broadened and improved our understanding
and knowledge of reaction dynamics and nuclear structures at
energies near and above the Coulomb barrier [1-6]. Recent
studies report that, not only are both complete fusion (CF) and
incomplete fusion (ICF) reactions possible at these energies,
the two forms of reactions are, in fact, the most dominant
reaction mechanisms [7-10].

In CF reactions, the projectile completely fuses with the
target nucleus. The projectile and the target nucleus form a
single excited complex system, which may eventually become
a fully equilibrated compound nucleus (CN). At later stages,
the CN deexcites via the emission of light nuclear particles
and/or y rays. In contrast, in ICF reactions, only a part
of the projectile fuses with the target nucleus, leading to
the formation of an excited incompletely fused composite
system with a mass and/or charge lower than that of the
CN [11], while the remaining part escapes in forward cone with
approximately the beam velocity. The most common features
of ICF reactions are (1) the outgoing particles have a forward
peaked angular distribution and an energy spectrum that peaks
at beam velocity [12] and (ii) the recoil range distribution of
the heavy residues shows low-range components, suggesting
incomplete momentum transfer.
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Further, pre-equilibrium (PE) emission of nucleons from
the composite system before termalization has also been
observed at these energies [1,2,13—16]. Recently, it has also
been observed that ICF becomes more and more dominant as
the projectile energy increases [17-23]. Moreover, it is now
known that CF reactions occur where the angular momentum
imparted to the system is less than or equal to . [24].
In a sharp cutoff approximation, the probability of CF is
assumed to be unity for / < /. and expected to be zero for
I > I [25,26]; while at relatively higher projectile energies
and at finite values of the impact parameters, CF gradually
gives way to ICF. It may further be pointed out that the
multitude of driving input angular momentum may vary
with the projectile energy and/or with the impact parameter.
However, there is no a sharp boundary line separating the
regions of occurrence of CF and ICF processes: both processes
have been observed below and/or above the limiting value of
the input angular momentum. A few reports have revealed
that ICF can selectively populate high-spin states in the final
reaction products at low bombarding energies and can be used
as a spectroscopic tool as well [27,28]. In addition, the ICF
reactions have a high probability of populating neutron-rich
nuclides compared to CF reactions, providing opportunities
to study nuclei along the neutron-rich side of the line of
stability [29].

Several dynamical models have been proposed to explain
the mechanism of ICF reactions. The break-up fusion model
of Udagawa and Tamura [30] explained ICF in terms of the
break-up of the projectile in the nuclear force field of the
target nucleus followed by fusion of one of the fragments
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with the target. The model uses the distorted wave Born
approximation to evaluate the shapes of the energy spectra and
the angular distributions of projectilelike fragments but does
not give absolute cross sections, due to the lack of information
about the spectroscopic form factors of the continuum states
of the product nuclei. The sum rule model of Wilczynski
et al. [31] assumes that the various ICF channels are localized
in the angular momentum space above the critical angular
momentum for a CF of the projectile and the target. The model
gives cross sections for reaction products arising not only from
ICF and quasielastic transfer reactions but also from CF. Other
dynamical models, like the exciton model [32], the hot spot
model [33], the promptly emitted particles model [34], and
the multistep direct reaction model [35] have been proposed
to explain ICF dynamics. Apart from the aforementioned dy-
namical models, Morgenstern et al. [36,37] have investigated
the mass asymmetry dependence of the ICF contribution. The
details of the above models are given in Ref. [38].

Reasonably studies on ICF have been confined to beam
energies greater than 10 MeV /nucleon. However, none of the
proposed models is able to reproduce the experimental data
obtained at energies as low as ~4—-8 MeV /nucleon.

Recent experiments have shown significant ICF contribu-
tions even at energies just above the fusion barrier [8,39—41].
These findings have motivated many to investigate ICF at
relatively low bombarding energies. However, a clear and
robust modeling of ICF processes is still lacking, especially at
relatively low bombarding energies, where a clear systematic
study is available for a few projectile-target systems. As
such, in this work we study the ICF dynamics for energies
close to and above the Coulomb barrier of the '>C + >>Cr
system. Excitation functions (EFs) for various evaporation
residues produced in the interaction of the '?C + %2Cr system
are measured using the thick target-catcher technique at six
projectile energies (Epro;) up to 87 MeV for reaction products
that may be populated via CF and/or ICF processes. It may
be pointed out that the charge product (Z; - Z, = 144) for
the system is far less than 1600 and, therefore, the probability
for possible fission reactions is negligible [42]. Results of the
present work may also provide a new cross-section database
for several residues produced in the reaction. Further, in this
work, an attempt is made to estimate the ICF fraction from
production cross sections.

In Sec. II, a brief description of the experimental procedure
used in this work is given. Section III presents a comparison
of experimental data with values predicted by theoretical
models and an interpretation and analysis of the outcome of
the comparison. In Sec. IV the ICF fraction is deduced and
analyzed before a conclusion is drawn in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out using the general pur-
pose scattering chamber (GPSC) facility found at the Inter-
University Accelerator Center (IUAC), New Delhi, India. A
stack containing 3>Cr samples was irradiated by a '>C°*
beam at 87 MeV in the GPSC (the chamber has a facility
of in-vacuum transfer of targets, which minimizes the time
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Scattering Chamber

FIG. 1. Typical experimental setup for EFs measurement using
the energy degradation technique.

lapse between the stopping of irradiation and the beginning
of counting). A typical stacked foil arrangement used for
excitation function measurements is shown in Fig. 1. The
irradiation of the stack covered the desired energy range of
~51-87 MeV in measuring the EFs of various evaporation
residues produced in the '>C + 32Cr system. The beam
currents were 240 nA throughout the irradiations. 3>Cr targets
of thickness ~364 + 4 ug/cm?, backed by Al catchers of
thickness 2 mg/cm?, were placed after each target normal to
the beam direction so that the recoiling nuclei coming out of
the target could be trapped in the catcher foil and there would
be no loss of activity. To ensure more efficient collection of CF
and ICF products, the thickness of Al backings was carefully
chosen. The incident flux of the '>C beam was determined
from the charge collected in the Faraday cup (using an ORTEC
current integrator device), as well as from the counts of the two
Rutherford monitors kept at 10° to the beam direction. The
two sets of values were found to agree with each other, any
difference between them being within the 5% range (of the
values).

The stack was irradiated for ~6 h, keeping in mind the
half-lives of interest. The activities induced in the catcher-
target assembly were followed off-line, using precalibrated
CANBERA’s HPGe detector coupled to CAMAC and based
on the FREEDOM data acquisition system developed by the
IUAC [43]. The average time between the end of the irradiation
and the beginning of the measurements with HPGe was
~7 min. The nuclear spectroscopic data used in the evaluations
and measurements of cross sections were taken from the
radioactive isotopes data table of Browne and Firestone [44]
and are given in Table L.

The spectrometer was calibrated for energy, and efficiency
was measured using various standard sources, i.e., '3*Eu, °C,
3Co, and '**Ba. Details of geometry-dependent efficiency
measurements used in this work are similar to those used by
Gupta et al. [45]. The residues produced from various reaction
channels were identified by their characteristic y ray and decay
curve analysis. The details of the experimental arrangements,
formulations, and data reduction procedures used in the present
work are similar to those in the work of Agrawal et al. [46].
The standard formulation reported in Ref. [46] was used to
determine the production cross sections of various reaction
products.
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TABLE 1. Decay characteristics of nuclides studied in the '2C + 32Cr system.

Reaction Nuclide Half-life y ray energy (keV) Iy, yldecay (%)
32Cr(12C, 2n) 27n 9.26 h 596.7,408.3 25.7,25.2
32Cr(12C, p2n) ¢1Cu 341h 282.96, 656.01 12.5, 10.6
2Cr(2C, p3n) 0Cu 23.2 min 1332.5 88
32Cr(12C, a3n) STNi 1.5d 1377.6,1919.5 77.9, 14.7
2Cr(2C, adn) 3Ni 6.1d 158.4,811.9 98.8, 86
32Cr("2C, apn) 8Co 7091d 810.8 99.5
S2Cr(12C, ap2n) 51Co 271.77d 122.06 85.5
32Cr(12C, ap3n) %Co 77.7d 846.8 99.9

The various factors that may introduce errors and uncer-
tainties in the present cross-section measurements and their
estimates are the following:

(i) The nonuniform thickness of samples may lead to
uncertainty in determining the number of target nuclei.
To check the extent of the nonuniformity of the
sample, the thickness of each sample was measured at
different positions using an a-transmission method. It
is estimated that the error in the thickness of the sample
materials is less than 1%.

(i1) Fluctuation in the beam current may result in variation
of the incident flux; proper care was taken to keep
the beam current constant as much as possible. The
error due to this factor was incorporated by taking the
weighted average of the beam current and is estimated
to be less than 2%.

(iii)) The dead time in the spectrometer may lead to a loss in
the counts. By suitably adjusting the sample-detector
distance, the dead time was kept below 10%. These
errors exclude uncertainty of the nuclear data, such as
branching ratio, decay constant, etc., which have been
taken from Ref. [44].

(iv) Uncertainty in determining the geometry-dependent
detector efficiency may also introduce some error,
which is estimated to be less than 2%.

(v) Errors due to a decrease in the carbon ion beam intensity
caused by scattering while transferring through the
stack are estimated to be less than 1%.

Attempts were made to minimize the uncertainties caused
by all the above factors. The overall error in the present work is
estimated to be less than or equal to 17%. The experimentally

measured cross sections for the production of various residues
in the '>C + 2Cr systems via CF and/or ICF processes are
given in Table II.

III. RESULTS AND ANALYSIS

EFs for residues produced in the '>C + 2Cr system
via CF and/or ICF processes were measured at projectile
energies up to 87 MeV. To investigate the ICF reaction
dynamics, the EFs for ©2Zn, ©°Cu, °! Cu, *Ni, >'Ni, %°Co, *’Co,
and ¥Co radionuclides produced in this energy range were
considered. The cross sections from a given reaction channel
were determined separately from the observed intensities
of all possible identified y rays, arising from the same
radionuclide. The reported values are the weighted average
of the various cross-section values obtained [47]. An analysis
of experimentally measured EFs was made by comparing them
with the theoretical predictions of the statistical model code,
PACE4 [48].

In the present work PACE4 rather than ALICE-91 was
chosen to predict the EFs of all measurable reaction channels
populated in the interaction of the '>C + 2Cr system. The
PACE4 code uses a Monte Carlo procedure to determine the
decay sequence of an excited nucleus using the Hauser-
Feshback formalism. This formalism, unlike in the ALICE-91
code, takes angular momentum directly into account. The
angular momentum projections are calculated at each stage
deexcitation, which enables the determination of the angular
distribution of emitted particles. The main advantage of PACE4
calculations over ALICE-91 calculations is that they provide
correlations between various quantities, such as particles and y

TABLE II. Cross sections in mb for residues in the '2C + 32Cr system measured experimentally. The sum of the measured evaporation
residue (ER) cross sections, Y oggr, and the percentage of the cross section covered by the measured ER,% Y o kg, the total cross section, is

based on PACE4 calculations.

Epj (MeV)  %Zn 0Cy 51Cu Nj STNi 3Co SCo %Co > oEr % oER
5154+1.1 11.8 2.0 4.1 £0.7208.5 £ 354 - 27.14+4.6 3179 £ 540 97.8+16.6 - 6672 £ 669 454
60.0£0.9 6941.2252+43 142 +24.1 - 79.5 £ 13.5278.8 £47.4 3434 4+ 584 - 875.8 +£80.3 46.6
673+ 1.6 - 57.8+£9.8 9124+ 155 - 113.8 £ 19.4165.8 £ 28.2 598.8 £ 101.8 86.5 +14.7 1113.94+109.9 49.2
74.1+1.0 - 53.74+9.1 72.8 +12.4 269 +4.6128.3 & 21.8 87.8 £14.9 637.0 & 108.3 208.3 354 1214.8 = 118.1 48.2
79.5+0.9 - 41.3 +£7.0220.8 £37.5 444 +7.5131.7+£22.4 699 £ 11.8 5343 +90.8 473.5+80.5 15159+ 1299 444
864+ 1.5 — 23.4+£40 9791+ 16.6 555 +9.4104.5+17.8112.8 +19.3 378.7 =644 6874+ 116.81460.2 £ 137.3 38.6
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TABLE III. Columns with beam energy, Bass fusion cross section, Bass fusion barrier and radius, Yrast spin at maximum excitation energy,

L diffuseness, L at grazing, and fission barrier.

Eyj (MeV)  Bass fusion cross-section  Fusion radius, fusion barrier ~ Yrast spin ~ Diffuseness (A) Lnax Fission barrier
515+ 1.1 1112 mb 7.90 fm, 21.08 MeV 39h 4n 25N 49.63 MeV
60.0 + 0.9 1203 mb 6.05 fm, 21.08 MeV 42n 4n ~28 N 49.63 MeV
673+ 1.6 1197 mb 6.05 fm, 21.08 MeV 441 %y ~30 "7 49.63 MeV
74.1£1.0 1193 mb 6.05 fm, 21.08 MeV 46 1 4n ~31h 49.63 MeV
79.5+0.9 1190 mb 6.05 fm, 21.08 MeV 47 h 4n ~32"h 49.63 MeV
864+ 1.5 1187 mb 6.05 fm, 21.08 MeV 49h %y ~34 h 49.63 MeV

rays or angular distribution of particles. The code also provides
the ability to have an event-by-event trace back of the entire
decay sequence from the CN system into any one of the exit
channels.

The process of deexcitation of the excited nuclei was cal-
culated using the PACE4 statistical model code which follows
the correct procedure for angular momentum coupling at each
stage of deexcitation. The angular momentum conservation
is explicitly taken into account at each step. For any specific
bombarding energy, the partial cross section for CN formation
at angular momentum /, oy, is

)»2
o= -—Q2+ DT, (L
4

where A is the reduced wave length and 7, the transmission
coefficient, is given by the expression

1
T = |:1 +exp (l _Almax>:| , 2)

where A is a diffuseness parameter and /;,,, the maximum
amount of / detained by total fusion cross section, is determined

by
or =Y o 3)

The transmission coefficients for the emission of light
particles (n, p, and «) during the deexcitation were determined
using optical model calculations [49-51]. In this calculation
the input fusion cross section was calculated using the Bass for-
mula [52]. (The values of Bass fusion cross sections used in the
present work are given in Table III.) The evaporation residue
cross section was then determined by two other parameters: (1)
the ratio of level densities at the saddle point and at the ground
state and (2) the height of the fission barrier (which depends on
the total spin). In these calculations, the deexcitation process,
which used 100 000 de-excitation cascades, was followed by
a Monte Carlo procedure. The statistical errors in the maxima
of the EFs (for all ER considered in the present work) were
less than 5%. Transmission coefficients for the evaporation
of light particles (n, p, and «) were obtained during the
first step of deexcitation by a full optical model calculation.
Angular momentum projections were calculated at each stage
of deexcitation, enabling the determination of the angular
distribution of the emitted particles. Three parameters were
involved in determining the various level densities needed
for the calculations: the “little a” parameter involved in

particle evaporation calculation, the ratio ay/a of the little
a parameter at the saddle point and ground state deformations,
and B ; —the fission barrier, which is taken to be equal to the
rotating liquid drop fission barrier. In the description of y-ray
competitions, emission of E/, M1, E2, and M2 y rays and y ray
strength for different transitions are taken from the systematic
default values. The y-decay intensities in Weisskopf units were
0.00008, 0.025, 4.8, and 0.0195 for El, MI, E2, and M2,
respectively. In this code the level density parameter a, which
largely affects the equilibrium state components of a cross
section is calculated from the expression a = A/K MeV—!,
where A is the nucleon number of a compound system and K
is an adjustable constant, which may be varied to match the
experimental data. The experimentally measured EFs were
compared with PACE4 predictions using different level density
parameter values for the evaporation residues produced via the
CF reaction. For the evaporation residues ®*Cu, ®' Cu, and %*Zn,
the value of K was varied (K = values of 8, 10, 12, 14, and 15
were used) to match the experimental data and the results are
displayed in Figs. 2(a)-2(c). In Table III the most important
input parameters used to perform the PACE4 calculations are
listed.

A. (®C, xn) and (>C, pxn) channels

The measured EFs along with theoretical predictions
obtained from PACE4 for possible residues populated via
(12C, 2n) and ('>C, pxn) (x = 2, 3) channels are shown in
Figs. 2(a)-2(c). Obviously in these sets of channels, there is
no likelihood of ICF reactions, and therefore, these sets of
channels are populated only by CF. Note that in the case of
(12C, pxn) channels, the residue °! Cu via the (*>C, p2n) channel
may be formed directly through the reaction '2C + 32Cr —
61Cu + p2n.

It may also be populated by electron capture (EC)/B+-
emission of the higher charge isobar precursor (HCIP) residual
nucleus ¢!Zn, formed through the reaction '>C + 32Cr [**Zn]*
— [01Zn]* + 3n [*'Zn]* — °'Cu + EC/B8™.

Since the precursor ®'Zn has a relatively shorter half-life
of 1.48 min compared to the 3.408 h half-life of the daughter
nucleus ®'Cu, the measured activity of the residue ®'Cu has a
contribution from the precursor.

An attempt was made to separate out the contribution due
to precursor decay from the cumulative activity of ' Cu. The
cumulative (cum) cross section, ocym, Of a given residue is the
sum of (i) its independent (ind) production cross section, Ging,
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FIG. 2. (Color online) Experimentally measured and theoretically calculated EFs for different residues via ('>C, 2n) and ('2C, pxn) channels
in the '2C 4+ >2Cr system at ~51-87 MeV. The curves in panels (a)-(c) represent the theoretical predictions of the PACE4 statistical model code
at different values of K (K = 8, 10, 12, 14, and 15), and the solid and broken curves in panel (d), respectively, represent the prediction of
ALICE-91 with and without incorporating the contribution of PE emission at different values of K (K = 8, 10, and 12), n, = 12, and COST =
1.5. The solid circles represent the measured crossvsections; solid triangles represent the deduced independent cross sections (if any).

deduced from the measured cumulative cross section using the
relationship in Eq (4), and (ii) the cross section for independent
production of its precursor, oprec, multiplied by a numerical
coefficient, Fyrec [2],

“

The value of Fjec depends on the branching ratio By for
precursor decay to the residue and is given by

Tind
9
Tind - Tprec

Ocum = Oind + F, precOprec-

Fprec = Bprec (5)
where Tig and Ty are the half-lives of the residue and the
precursor, respectively. As such, the cumulative cross section
is given by

T}nd

P —— 6
Tind - Tprec ( )

Ocum = Oind + Bprec Obprec-
The values of branching ratios and half-lives required for
obtaining the B coefficients are taken from the tables of the
Nuclear Wallet Cards [53]. Using the above formulation in the
present case, the cumulative measured yield, acrﬁﬁ?s(m Cu), and
the deduced independent yield, o, ,(°' Cu), for ®' Cu are related
by the equation
TS (*1Cu) = 034(*' Cu) + 1.00730,08 ™ (' Zn).

cum prec

(N

Here, a]i@CCE“(mZn) is the independent yield of its precursor,
estimated using the PACE4 code.

As such, the precursor contribution of ®'Cu at different
energies was subtracted from the cumulative yield to separate
out the independent yield. The measured cumulative cross
sections, om®(®!Cu), as well as the deduced independent
cross sections, o;,4(®'Cu), for the ®'Cu residue deduced in
this way are plotted in Fig. 2(c). It may be seen from this
figure that the contribution of the precursor, 617n, to the
production of ¢!Cu is relatively small. As can be seen from
Figs. 2(a)-2(c) the theoretically calculated EFs corresponding
to the level density parameter K = 10 in general reproduced
satisfactorily experimentally measured EFs for the residues
2Zn, %!'Cu, and ®Cu produced in the CF processes of the
12C projectile with the target >Cr. However, in Fig. 2(c),
at the tail section of the excitation function, the measured
cross sections were higher than the values predicted by PACE4.
This higher measured cross section at higher energies may
indicate PE emission, which is not taken into account in
PACE4 calculations. When '2C collides with 32Cr, the orderly
translational motion of the nucleons of the projectile and
the target transforms gradually into chaotic thermal motion
mainly through a sequence of two-body interactions. This ther-
malization process ends when the composite system reaches
a state of thermal equilibrium. During the thermalization
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process it may happen that a single nucleon, or clusters of
nucleons, which still possess considerable amounts of energy
are ejected into the continuum (PE emission). The PE emission
leads naturally to an increase in the width of the excitation
function since it reduces quite considerably the CN excitation
energy and the number of particles that are subsequently
evaporated [2].

An attempt was made to confirm contributions of PE
emission at higher energy points of the (!>C, p2n) channel
using the ALICE-91 code [54]. The ALICE-91 code, developed
by Blann [54], may be used to calculate equilibrium (EQ)
as well as PE emission cross sections in light- and heavy—
ion-induced reactions. A detailed discussion of this code
and the procedures used to set the best combinations of
input parameters is given in one of our recent works [46].
However, for the sake of completeness, it must be pointed
out that nuclear level density plays a central role in any
statistical analysis of nuclear reactions. In this code the most
sensitive parameter, a (a = A/K, where a, A, and K are the
same as in PACE4), which mainly governs the EQ state, the
nucleon-nucleon mean free path multiplier, COST, and initial
exciton number, n,, (which represents the initial configuration
of the composite system) are some of the important parameters.
K largely affects the EQ component, while n, and COST
govern the PE component. Blann [14] in his study on the role
of precompound decay in heavy-ion reactions has indicated
that the significant contribution to PE emission may come
from the multiple precompound emissions at higher energies
and also from equilibration emissions if they take place in the
low-density region. He has also pointed out that in heavy-ion
reactions all partial waves do not contribute to the fusion,
and the spherical shape for the corresponding moment of
inertia may not be appropriate. The EFs for the production
of ®!Cu calculated using the ALICE-91 code (for K values of
8, 10, and 12) with/without including the contribution from
PE emissions are shown in Fig. 2(d). As can be seen from
this figure, the predictions of ALICE-91, after incorporating the
contribution from PE emissions, are in considerably better
agreement with the measured data at 79.5 and 86.4 MeV
than the PACE4 predictions. It may be further observed from
Fig. 2(d) that the predicted EF values for different values of K
are mostly similar and, if they differ, the differences are very
small.

The fact that the measured fusion cross sections for non-o-
emitting channels could be reproduced satisfactorily by PACE4
predictions gives confidence in the input parameters chosen
to fit the EFs of a-emitting channels. It may also be observed
from Figs. 2(a)-2(c) that the theoretical values obtained using
different higher values of level density parameters, where
K > 10 are mostly similar, and if and when they differ, the
differences are very small. In the present work all calculations
and analyses were performed consistently using the same set
of parameters, K = 10, for all channels.

B. (*C, axn) channels

Figures 3(a) and 3(b) display the measured EFs along with
the PACE4 predictions for the population of ©~*Ni (x = 3, 4)
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isotopes via ('2C, axn) channels. Note that, in this case, the
residues may be formed following two different processes:

(i) by CF of the '2C with the target followed by the formation
of an excited composite nucleus from which evaporation of
neutrons and « particles takes place, i.e.,

12C4+2Cr — [*Zn]* — [Residue]* + [axn], or

(ii) the '>C ion breaks up into & 4+ ¥Be and the ¥Be projectile
fuses with the target leaving an « particle as a spectator. In this
case, the excited nucleus formed by the fusion with ®Be may
emit xn particles while deexciting, i.e.,

2C(?C > a+°Be)+7Cr — «
+ [ONi]*[Ni]* — [Residue] + [xn]

In this work reactions like (i) refer to CF and (ii) to ICF.
These modes of reactions may be represented by the following

compact equations:
2CEBe+a) — *Be+2Cr —» “Ni+a (xasa spectator).

The residue 3’Ni may be populated through CF and/or ICF
reactions as
(i) CF of 12C, i.e.,

2C+2Cr — [%Zn]* — INi* + o + 3n,
(ii) ICF of 1C. iie.,

2C®Be + o) +2Cr — [PNi]* + «,
[Ni]* = Ni + 3n.

(o as aspectator),

Similarly, the residue, *°Ni, may be populated through CF
and/or ICF channels as
(i) CF of 12C, i.e.,

2C2Cr > [%Zn]* =°° Ni+a +4n,
(ii) ICF of '2C, i.e.,

12C(8Be + a)+52Cr — [®Ni]* + « (cvas a spectator),
[ONi]* —° Ni+4n

As can be seen from Figs. 3(a) and 3(b), the experimentally
measured EFs are relatively higher than the theoretical predic-
tions. Because PACE4 doesn’t take ICF into account, therefore
the enhancement in the experimentally measured production
cross sections may be attributed to the contribution coming
from the ICF of '2C with the target nucleus.

C. (2C, apxn) channels

In the case of residues via ('*C, apxn) (x = 1, 2, and 3)
channels, there is a likelihood of ICF reactions occurring and,
therefore, the residues in these channels may be populated by
CF and/or ICF processes.

In Figs. 3(c), 3(d), and 4(a), the measured EFs for *~*Co
residues formed via (‘?C, apxn) channels are displayed,
together with the PACE4 predicted EFs. Note also that like
the residues via ('>C, axn) channels, residues via ('>C, apxn)
channels may also be formed by CF and/or ICF processes as
the following.
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FIG. 3. (Color online) In panels (a)~(d) EFs of the evaporation residues produced via (‘2C, axn) and ('2C, apxn) channels in the '>C +
32Cr system at ~51-87 MeV are displayed. The solid circles represent the measured cross sections; solid triangles represent the deduced
independent cross sections (if any). The curves represent the PACE4 predictions at K = 10.

(i) CF of 2C, i.e.,
2C4+32Cr - [%Zn]* —» BCo+a + pn
—Co+a + p2n
— Co+a + p3n
(ii) ICF of 12C, i.e.,
2C3Be 4 a) +°2 Cr — [®Ni]* + «, (« as a spectator)
[*°Ni]* = Co+ pn
[°Ni]* =% Co+ p2n
[Ni]* - Co+ p3n

Further note that in the case of (">C, apxn) channels the
residues °’Co and **Co may also be populated by the decay of
the HCIP as shown below:

2C 432 Cr — [®Zn]* — ['Ni]* + a3n;
['Ni]* =" Co + EC/B*.
Similarly, the population of residue °Co may also be
formed by a precursor decay of the type
2C +52Cr — [*Zn]* — [°Ni]* + adn;
[>*Ni]* -6 Co + EC/B*.

Using the general formulations discussed before to separate
out the independent cross sections from the cumulative one,
the two cross sections in **Co and >’Co residues are related by
the following equations:

TS (C0) = 0y,4(*°Co) + 1.0850 e (°Ni),  (8)

TS (*1C0) = 01,4(*'C0) + 1.0060 0> C'Ni).  (9)

cum prec

The measured cumulative cross sections, og5°, as well as
independent cross sections, o4, for %Co and °’Co residues
deduced in this way are also plotted in Figs. 3(d) and 4(a). As
can be seen from these figures, the contribution of precursors
6Ni and *'Ni to the production of 3*Co and °’Co are relatively
small.

It may, however, be pointed out that the cumulative and
independent yields of *Co and %’Co reaction products are
almost the same in the entire energy range of the '>C 4 32Cr
system.

Further, in Figs. 3 and 4(a) the observed enhancement in the
HCIP-decay-subtracted measured cross sections (if any) over
theoretical predictions may again be attributed to the fact that
these residues are also produced via ICF of the projectile >C.
It has already been mentioned that all the o-emitting channels
identified in the present work are expected to have significant
contributions from ICF processes.
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FIG. 4. (Color online) Panel (a) shows the measured cumulative and the deduced independent cross sections for the (>C, ap3n) channel,
and panel (b) shows a comparison of the total sum of the HCIP-decay-subtracted measured cross sections, X0y, apxn(€Xp), and the total sum
of the calculated cross sections using PACE4, X0y, opxn(theo), at different values of K (K = 8, 10, 12, 14, and 15). The curves connecting the

experimental data points in panel (b) are just to guide the eyes.

To determine the contributions of ICF processes in the
("2C, axn) and ('2C, apxn) channels, the sum of the measured
CroSs SeCtions L0y xn,apxn(€XP) = L0uxn(EXP) + L0uprn(€Xp)
was compared with the corresponding values calculated using
the statistical model code PACE4, i.e., X0yyn aprn(theo) =
X 0qxn(theo) + X0y, (theo). Because the code does not take
ICF in to account, the difference between these two values
represents the ICF contribution.

In Fig. 4(b) a comparison of the sum of HCIP-decay-
subtracted measured cross sections, X0qyn,apxn(€XP)
Y Oaxn(€Xp) + Y Oupxn(exp), was made with the sum of the
calculated cross sections, X0gxn,apxn(theo) = > Oaxn(theo)
+ Y ouprn(theo), for different values of physically accept-
able level density parameters, i.e., K = 8, 10, 12, 14,
and 15. As can be seen from this figure, the calculated
sum, Xo0gynapxn(theo), did not reproduce the measured
one, X0gxnaprn(€Xp), in the entire energy range, though
the patterns of the two sets of sums showed a strong
correlation.

Further, the difference between Xoqy apxn(€xp) and
X Oyxn,apxn (theo), which is shown as Y oycr for K = 10, was
found to increase with beam energy, indicating the increased

1@

G (mb)

10 T T T T T T T T T

E proj (MeV)

significance of ICF processes at relatively higher energy
values.

Here Xojcp was assigned to the difference between
the sum of HCIP-decay-subtracted measured cross sections,
Y0y xn,apxn(€Xp), and the sum of the calculated cross-sections,
X Oqxn,apxn(theo), at K = 10 and was plotted as a function of
projectile energy. It is clearly seen from Fig. 5(a) that ICF
production cross sections Xojcp increase significantly with
increases in beam energy.

In Fig. 5(b), the HCIP-decay-subtracted total CF cross sec-
tions, Xocp [Xocp = 02,(eXp) + X0y, (eXp) + Loy, (theo)
+ Z0oupxn(theo)], and total measured cross sections, otp(oTF
= Xocr + Xojicg), for all (measurable) reaction channels in
the '2C + 32Cr system are compared. As can be seen from
this figure, with the increase in energy the difference between
orr and Xocp continues to increase, indicating the dominance
of ICF processes at relatively higher energies. This may be
due to an increase in the probability of the fragmentation of a
projectile into « clusters [*Be (o« + «) + «] as the projectile
energy increases.

For projectile energy above the Coulomb barrier (Vcp),
where E.n, > Vcp, the capture cross section for charged

(b)
10°4
- ] M
E i
© -
+ >0
- CF
O =200+ 20k
2
10 I Ll I L) I L) I L) I
50 60 70 80 90
E proj (MeV)

FIG. 5. (Color online) In panel (a) the total sum of ICF cross sections, Xojcg, for ('?C, axn) and (‘2C, apxn) channels and in panel (b) a
comparison of the total sum of all possible measured cross sections opg and the total sum of CF cross sections Xocr are shown. The curves

connecting the data points are just to guide the eyes.
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FIG. 6. (Color online) CF cross sections as the function 1/E. p,
for the '2C + 32Cr system found to reproduce the Vg of the present
work within the range of the experimental error.

particles by a nucleus in the classical picture of a Weisskopf
formulation [55] is given by

ock = nR§(1 _ Yeb ) (10)
Ec.m.

where E. . is the energy in a center-of-mass system. As such,

if X ocp is plotted against 1/ E. ., it should reproduce a linear

curve.

The HCIP-decay-subtracted fusion cross-section values,
Yocg, were plotted as a function of 1/E., in Fig. 6. A fit
to the X ocr data points indicates a linear curve that cuts the x
axis at the beam energy equal to Vg within the range of the
error bar. The reproduction of the interaction barrier (= Vcg)
allows us to extract the corresponding interaction radius (R,
~ Rsys), the maximum distance at which fusion can take place
for I = 0. Values of R, (here, R, ~ 15.1 & 3.7 fm) that were
obtained in this way turned out to be significantly larger than
the interaction for two touching spherical nuclei in the liquid
drop model [56]. Thus, only certain nuclear densities overlap at
the interaction radius. These results may also indicate that the
nuclear shape is distorted with increasing angular momentum
until a critical angular momentum is reached for which the
nuclear shape is no longer stable. Thus, above this critical
angular momentum, CF will not occur.

Further, it may be pointed out that the observed departure
from linearity substantially above V¢ may indicate the
approach to and the beginning of a quantal region giving rise
to sub-barrier fusion.

IV. INCOMPLETE FUSION FRACTION

To investigate the energy dependence of the ICF contri-
bution to energy for the '>C 4+ 2Cr system, the percentage
fraction of the ICF process (Picp = Y_ o1cr/otr -100%) was
deduced. Figure 7 represents the graph of Picg as a function
of normalized projectile energy (Eprj/ Vcp), for the presently
studied system, along with several other systems available in
the literature [8,19-21,45]. As can be seen from this figure,
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FIG. 7. (Color online) The percentage ICF fraction as a function
of normalized projectile energy for the '2C + 2Cr system along
with values of systems available in the literature (Agarwal 2008 [46],
Unnati 2008 [19], Sharma 2003 [21], Gupta 2000 [20], and Singh
2008 [8]). The curves connecting the data points are to direct the
eyes.

Picr increases with the increase in normalized projectile
energy for all the systems.

Moreover, to study the dependence of Pjcr on entrance
channel mass asymmetry, a pair of Picp are plotted in
Fig. 8 as a function of normalized relative velocity, v/c,
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FIG. 8. (Color online) The percentage ICF fraction as a function
of normalized velocity, vy/c, in the '>C + 32Cr and '>C + *Co
(Agarwal 2008 [46]) systems.
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for '2C 4 32Cr and '>C + *°Co systems where

1

|:2(Ec.m. - VCB):| 2

Vrel = - )
2

w is the reduced mass of the system and E. p,. is the center-of-
mass energy. The data are plotted against v /c, which takes
into account the difference in V¢ B between the two systems.
It is found that the value of Picp in the '>C + 2Cr system
is higher than that observed for a '>C 4 *°Co system for
the measured energy range. The difference between the two
systems may indicate the impact of Picg on entrance channel
mass asymmetry (ﬁ). Further, the data suggest that the
probability of ICF is more in a mass-asymmetric system than
in a symmetric system, which is consistent with the systematic
presented by Morgenstern et al. [57].

Y

V. CONCLUSION

We measured the EFs of eight evaporation residues formed
in the '2C + 32Cr reaction at several beam energies ranging
from ~51 to 87 MeV. The experimental data were compared
with the values obtained using the PACE4 statistical model code.
The measured CF cross sections revealed an agreement with
the PACE4 values, especially in the lower energy region. For a
(12C, p2n) channel the measured excitation functions at the tail
sections were better reproduced by calculations made using the
ALICE-91 code, which takes into account contributions from
PE emissions. This result is further proof of the importance of

PHYSICAL REVIEW C 84, 024614 (2011)

a proper admixture of EQ and PE processes in the prediction
of EFs.

For a-emitting channels, the measured cross sections were
significantly higher than the values predicted by PACE4. This
enhancement in the measured cross sections is attributable to
the prompt break-up of the projectile into « clusters wherein
the projectile, '>C, breaks up into 8Be + *He, leading to an
ICF reaction.

From an analysis of the relative yields of ICF products,
we conclude that in addition to CF, ICF is a process of great
importance even at these lower energies. Thus, it is important
when predicting total reaction cross sections to take into
account the ICF contributions.

Further, as expected, in the reaction of '>C and 32Cr, the
sum of ICF cross sections, Xojcg, was found to increase with
energy.
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