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Abstract. Measurements of forward recoil range distributions (FRRDs) of the evaporation residues, popu-
lated in the 2°Ne + >V reaction at Fjqp &~ 145 MeV, have been carried out using the offline characteristic
~-ray detection method. The observation does corroborate the presence of complete fusion (CF) process in
the population of pzn channel residues and both complete as well as incomplete fusion (ICF) processes in
the population of a emitting channel residues. The FRRDs of pxzn channel residues comprise single peak
only, whereas o emitting channel residues have multiple peaks in their FRRDs. CF cross section data were
used to extract the fusion functions. Extracted fusion functions were found to be suppressed with respect
to the universal fusion function which is used as a uniform standard reference. The observed contribution
arising from the ICF process in the population of « emitting channel residues is explained in terms of

breakup fusion model.

1 Introduction

Study of fusion reaction using the loosely as well as tightly
bound projectile has been a subject of great concern over
the last few decades [1-4]. Several studies have been car-
ried out so far to observe the influence of various entrance
channel parameters on incomplete fusion reaction [5,6].
Incident projectiles with beam energy above the Coulomb
barrier interact with the target nuclei and lead to differ-
ent nuclear reactions. One of the possible reaction channel
is the direct complete fusion (DCF) process in which the
entire projectile fuses with the target nucleus, surviving
the breakup process, leading to a complete transfer of in-
cident momentum to the resulting compound system. On
the other hand, breakup of the incident projectile in the
periphery of the target’s nuclear field opens up a door-
way to a number of new reaction channels. When all the
breakup fragments of the incident projectile fuse with the
target nucleus one after the other, the process is called
sequential complete fusion (SCF). It is also possible that
only a part of the incident projectile fuses with the target
nucleus leading to a partial transfer of incident momen-
tum to the resulting compound system through the incom-
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plete fusion (ICF) process. There is also the possibility
that none of the breakup fragments are able to get fused
with the target nucleus leading to non capture breakup
(NCBU) process. SCF and DCF lead to the formation of
the same compound nucleus with the same excitation en-
ergy and transferred momentum, hence, experimentally it
is not possible to differentiate between these two processes.
Thus only complete fusion (CF) cross section which is the
algebraic sum of SCF and DCF, i.e. ocp = 0scr+0opor,
can be measured experimentally.

One of the most widely used methods for the confir-
mation of evaporation residues (ERs) populated through
different fusion processes is to either directly observe the
residues [7] or indirectly identify the residues through their
characteristic y-rays [8]. Another method which is utilized
in the present work for differentiating between the ERs
populated through CF and/or ICF processes is the mea-
surement of forward recoil range distribution (FRRD) of
the populated ERs.

Among all the possible reaction channels in heavy ion
induced reactions at Ejq, ~ 7MeV /nucleon, CF and ICF
processes were found to be the most dominant [9]. CF and
ICF processes can be differentiated on account of quan-
tum of linear momentum transferred (LMT) from incident
projectile to the resulting compound system [10]. Since
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Fig. 1. (Color online) A schematic diagram of target-catcher
foil arrangement used for the study of forward recoil range
distributions of ERs populated in the 2°Ne + 'V reaction at
Elap =~ 145 MeV.

the observation of forward emitted fast particles by Britt
and Quinton [11], the phenomenon of projectile breakup
has been investigated by many authors for loosely as well
as tightly bound systems [12,13]. However, a consistent
appreciation of the projectile breakup process, now re-
ferred to as ICF, only emerged with the work of Inamura
et al. [14]. The breakup probability of the incident projec-
tile was found to influence the contribution arising from
the ICF cross section towards the total fusion (TF) cross
section. It has been reported by several authors [15-17]
that higher the breakup probability of the incident pro-
jectile, higher is the contribution of ICF cross section to
the TF cross section.

So far, several methodologies have been proposed to
estimate the magnitude of ICF contributions to the TF
cross section. One of the most general methods utilized
for this purpose is to compare the prediction of cou-
pled channels (CC) or one dimension barrier penetration
model (1D-BPM) calculation, which inherently assumes
that the probability of the compound nucleus formation
Pon = 1, with the experimental fusion cross section data.
It has been observed that above the barrier energy CF
cross section is suppressed as compared to the predic-
tion of CC or 1D-BPM calculations [18,19]. The extent
of fusion suppression was found to be influenced by vari-
ous entrance channel parameters viz. Coulomb repulsion,
breakup threshold energy (Ep ) of the incident projec-
tile, mass asymmetry, deformation parameters, etc. An-
other such method to observe the influence of entrance
channel parameters on ICF reaction is to compare the fu-
sion cross section data with the Universal fusion function
(UFF), prescribed by Canto et al. [20], which is based on
Wong’s approximation [21] for the fusion cross section.

A majority of CF suppression work carried out earlier
was concerned mainly with the loosely bound projectile
with Epy in the range of ~ 1.5 to 3MeV [22,23]. On
the other hand several works have been reported dealing
with fusion incompleteness involving tightly bound pro-
jectiles like '213C, 16180, etc. having Ep .y in the range
of ~ 7 to 11 MeV [24-26]. In spite of the enormous work
already carried out, there is severe scarcity of data on
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ICF reaction involving projectile with Ep py in the range
of 3 to 6 MeV. Thus, in order to bridge the gap between
the study of loosely and tightly bound projectile’s ICF
reaction, the present work is carried out using 2°Ne as
projectile having Ep ¢y of 4.7 MeV. The main objective of
the present work is to study the role of projectile Ep ;; on
ICF reaction by measuring the FRRDs of the ERs popu-
lated in the 2°Ne 4 51V reaction at Ej,p ~ 145 MeV. This
work can be considered as a complement to our previ-
ous work in which we have studied the excitation function
(EF) of ERs populated in 2°Ne + ®!V reaction at energies
Ejop =~ 82-145MeV [27]. The present work is organized as
follows. A brief experimental detail related to the present
work is given in sect. 2, whereas the analysis and inter-
pretation of the results are given in sect. 3. Finally, the
conclusion drawn from the current study is given in sect. 4.

2 Experimental details
2.1 Target preparation and irradiation

Beams of 2°Ne®t at Ej,;, ~ 145MeV from Variable En-
ergy Cyclotron Centre (VECC), Kolkata, India were used
for the study of FRRDs using the target, which was a foil
of °V (99.97% pure), mounted normal to the beam axis.
The target was placed in the form of a stack consisting of a
51V target foil followed by a series of thin Al-catcher foils
for trapping the recoiling residues. For irradiation, the ®*V
target of thickness ~ 250 ug/cm?, evaporated onto an Al
support of thickness ~ 200 ug/cm?, was used. This com-
bination of Al support and ®'V target was mounted such
that the Al support faced the incident ion beam, followed
by a stack of 20 thin Al-catcher foils. The thickness of
Al-catcher foil ranges from 100 to 150 ug/cm?. The thick-
nesses of Al-catcher and target foils had been determined
prior to use by weighing as well as by the a energy loss
method. The thicknesses of Al-catcher foils were taken in
such a manner that the recoil range of the heaviest ER,
populated in the 2°Ne + ®!'V reaction at Ej,;, =~ 145 MeV,
falls within the cumulative thickness of the Al-catcher
foils. The 2°Neb* beam was collimated to a spot of diam-
eter 8 mm and the stack was irradiated with beam current
varying between 15 to 20nA for ~ 11 hrs. Beam flux was
calculated by measuring the total charge collected in the
Faraday cup, placed behind the target-catcher assembly. A
schematic diagram of the target-catcher foil arrangement
is shown in fig. 1.

2.2 Post irradiation analysis and identification of the
residues

Following the irradiation, y-ray activities induced in each
Al-catcher foil were recorded using a 60 cc HPGe detec-
tor coupled to a PC based data acquisition system de-
veloped by VECC. Activities induced in each Al-catcher
foil were recorded several times immediately after the ir-
radiation was over and continued for few days at an in-
terval varying from 15 minutes to several hours. The res-
olution of the HPGe detector was found to be 1.9keV
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Table 1. List of observed reaction channels populated in the
29Ne+51V reaction at Fjq ~ 145 MeV are given in the first col-
umn along with the half-lives in the second column and other
columns have spectroscopic properties taken from ref. [29].

Reaction Half-life J™ E, (keV) I7
51V(*Ne,p3n)%"Ge  189min 1/27  167.0  84.4
1472.5 4.9
S1V(?°Ne, p4n)®Ge  2.26hrs 0T 381.8  28.0
272.9 104
51V (*°Ne, a2n)%°Ga  15.2min  3/2° 115.0 54
153.0 8.9
"1V (*°Ne, ap3n)®®Zn  38.5min  3/27  669.6 8.0
962.0 6.5
1V (?°Ne, ap4n)®Zn  9.18hrs 0T 596.5  26.0
"1V (*°Ne, 202n)% Cu  3.33hrs  3/27 2829 122
656.0  10.7
PV (*Ne, 2a31)°Cu 23.7min 27 1332.5  88.0
826.0  21.7
51V (%Ne, 2a2p)®*Co  1.65hrs  7/27  908.6 3.6
E, (keV)
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Fig. 2. (Color online) Recorded ~-ray energy spectrum of
the residues populated in the 20Ne + 51V reaction at Fjqp ~
145 MeV.

for 1.33MeV ~-ray from the %°Co source. The geome-
try dependent photopeak detection efficiency of the HPGe
detector at various source-detector separations was mea-
sured using the »?Eu source of known strength. The y-ray
spectroscopy software package RADWARE [28] has been
used for analyzing the spectrum. The activities of the ob-
served radionuclides populated in the 2°Ne + %1V reaction
at Ej,p ~ 145 MeV, listed in table 1, were extracted from
the recorded ~-ray spectra. A typical recorded ~y-ray en-
ergy spectrum of the residues populated in the 2Ne+ 51V
reaction at Ej,, ~ 145MeV is shown in fig. 2. Various
peaks observed in the ~-ray spectra were assigned to dif-
ferent residues on the basis of their characteristic y-rays as
well as their measured half-lives. The measured half-lives
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of the observed ERs were found to be in good agreement
with their standard literature values. The nuclear spec-
troscopic data used in the evaluation and measurement of
the cross sections were taken from the Radioactive Iso-
topes Data Table of Brown and Firestone [29].

The reaction cross sections of the observed ERs pop-
ulated through different possible reaction channels were
estimated using the standard formulation [8] given by

AXexp(Ata)

" Noboec K1 — exp(—At1)][1 — exp(—\t3)] (1)

Or

where the symbols have their usual meaning. Further de-
tailed discussion about the reaction cross section formu-
lation is given in ref. [27].

Various factors are likely to introduce error and un-
certainty in the measured reaction cross sections of the
populated ERs. Some of the potential sources of error in
the present work are as follows: i) Non-uniformity in the
thickness of the target foil leads to an uncertainty in de-
termining the number of nuclei present in it. In order to
check the uniformity of the target foil, the thickness of tar-
get foil was measured at a different position by the « en-
ergy loss method. The error arising due to the uncertainty
in thickness of the target foil was found to be less than
3%. ii) Fluctuation in beam current leads to the variation
in the flux of the incident projectile beam. Proper care
was taken to keep the beam current constant. However,
the error arising due to the fluctuation in beam current
was found to be less than 3%. iii) Errors arising due to
the geometry dependent detector efficiency, caused by the
statistical uncertainty in the counts under the peak, were
estimated to be less than 5%. iv) The error contributed
due to the dead time of the spectrometer was kept be-
low 10% by suitably adjusting the sample-detector sepa-
ration. v) Errors associated with the energy straggling of
the ion-beam were estimated to be less than 2%. Efforts
were made to minimize the uncertainty arising from all
the sources and the overall error estimated in the present
work does not exceed 20%.

3 Analysis and interpretation of results

In the 2°Ne + °1V reaction at Ej,, ~ 145MeV a total of
eight ERs, namely "Ge (p3n), ®Ge (p4n), °Ga (a2n),
6370 (ap3n), 2Zn (apdn), 1Cu (2a2n), °°Cu (2a:3n) and
61Co (2a2p) were observed. Among the observed ERs,
the a emitting channel residues (°Ga, %Zn, 62Zn, 61Cu,
60Cu, %1Co) are likely to get populated through the CF
as well as ICF processes whereas the non-alpha channel
residues (°"Ge, %®Ge) have the possibility of getting pop-
ulated through the CF process only. Both CF and ICF
are treated as two stage processes in which the first stage,
known as “fusion stage”, involves the amalgamation of all
or part of the incident projectile with the target nucleus to
form an excited intermediate compound system, and the
second stage, called “evaporation stage”, involves the de-
excitation of the intermediate compound system via parti-
cle and 7-ray emission. The nature of the emitted particle
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is governed by the excitation energy of the intermediate
compound system. The intermediate compound systems
formed through the CF and ICF processes differ from each
other in terms of excitation energy and recoil range in the
stopping medium. Intermediate compound system formed
through the CF process recoils along the beam-axis with
a recoil velocity and excitation energy governed totally by
the incident energy of the projectile, whereas the inter-
mediate compound system formed through a particular
ICF process is endowed with an extended range of recoil
velocity, recoil angle and excitation energy [30].

3.1 Forward recoil range distributions

FRRD of a given ER is the plot of normalized yield, ob-
tained by dividing the fusion cross section of the reac-
tion product (in mb) by the thickness of the catcher foil
(in mg/cm?), against the cumulative thickness of the Al-
catcher foil (in pg/cm?). FRRD represents the velocity
distribution of the ER populated either through the CF
and/or ICF processes in the stopping medium. The veloc-
ity distribution of the ERs will be symmetric about the
recoiling velocity (vg) of the intermediate compound sys-
tem with a width which is governed by the mass or number
of the emitted particles [30].

For a compound nucleus formed through the CF pro-
cess, conservation of linear momentum leads to

2myE

- 2
Mcom ( )

vo=Von =
where Vo is the velocity of the compound nucleus, m,,
and M, are the masses of incident projectile and com-
pound system, respectively, and F is the incident energy
of projectile in the laboratory frame. For an intermediate
compound system formed through the ICF process, the
recoil velocity of the intermediate compound system will
be less than vg. The linear momentum with which the ICF
residues were populated must always be less than the inci-
dent linear momentum p;,. because a fraction of the p;,.
is carried away by the spectator. If the projectile were a
point object, p;n. would be shared between the fusing frag-
ment and the spectator in the ratio of their masses. Since
the diameter of the projectile extends over a range of im-
pact parameters and in general the spectator presumably
breaks off from the outer surface of the projectile, linear
momentum imparted to the intermediate compound sys-
tem by a fusing fragment of mass My emerging from the
incident projectile of mass M, having linear momentum
Pine Will be equal to (My/M,)pine.

3.1.1 FRRD of evaporation residues populated through pzn
channels

Complete fusion of 2°Ne projectile with the ®'V target
leads to the formation of an excited intermediate com-
pound system "'As*. The excited compound system fur-
ther decays via the emission of particles and v-rays lead-
ing to the formation of 67:56Ge isotopes through the pzn
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Fig. 3. (Color online) Experimentally measured FRRD of ER
57Ge populated through p3n channel. Solid line through the
data points are the Gaussian fit of the experimental data points
(solid circles).

(x = 3,4) channel. As a representative case, the system-
atic for the formation of ER 67 Ge through the p3n channel
may be given as

QONe T 51V = 71AS*
TAs* = 7Ge 4 p3n,

Figure 3 shows the FRRD of the ER 57Ge populated
through the p3n channel. As can be seen from fig. 3, the
FRRD of the 57Ge residues consists of a single peak at
2229.6 g /cm?, suggesting a total linear momentum trans-
fer from projectile to target through the CF of 2°Ne pro-
jectile with the 'V target. Similarly, the FRRD of the
66Ge residues also comprises a single peak arising from the
complete transfer of linear momentum from projectile to
target, indicating the production of residues through the
CF process only. The measured FRRDs of the observed
CF residues ®”Ge and ®®Ge were found to be slightly dif-
ferent from the theoretical value predicted for the interme-
diate compound nucleus "' As using the code SRIM [31].

3.1.2 FRRD of evaporation residues populated through «
emitting channels

In the present work, a total of six « emitting channel
residues, namely, %°Ga, %3Zn, 62Zn, 1Cu, °Cu and %°Co
were found to get populated through the a2n, ap3n,
apdn, 2a2n, 2a3n, and 2a2p channels, respectively. ERs
populated through « emitting channels have the possibil-
ity of getting populated through the CF as well as ICF
processes. The observed FRRDs of the ERs populated
through the a emitting channels were resolved into mul-
tiple peaks. Particularly interesting is the FRRD of the
ER %'Cu populated through the 2a2n channel, reflecting
the interplay between the CF, ICF* and ICF?® processes
through different decay modes. It can be inferred from
fig. 4, showing the FRRD of ER ®'Cu, that the FRRD
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Table 2. Experimentally measured range integrated cross section crrp (mb) of the observed ERs populated in the 20Ne 451V
reaction at Ej.p = 145 MeV along with the Q-value (MeV) and threshold energy Ein. (MeV) for the CF, ICF* and ICF?*

processes.
Residues ORRD Q-value (MeV) Eipr (MeV)

(mb) CF ICF* ICF2> CF ICF* ICF2~
57Ge (p3n) 0.5+ 0.06 —28.09 - - 39.10 - -
56Ge (p4n) 0.8+0.1 —37.21 - - 51.81 - -
55Ga (a2n) 22.342.9 —15.15 —10.42 - 21.08 13.68 -
537n (ap3n) 56.7 + 5.6 —30.96 —26.23 - 43.09 34.45 —
527n (ap4n) 45.4 4 6.4 —40.07 —35.34 - 55.78 46.42 —
51Cu (2a2n) 114.9 +14.3 —18.34 —13.52 —6.36 25.52 17.76 7.85
50Cu (2a3n) 30.5 + 4.5 —30.05 —25.23 —18.07 41.82 33.14 22.32
51Co (2a2p) 9.6+ 1.1 —15.86 —11.04 —3.88 22.07 14.50 4.79

comprises three peaks at different recoil ranges suggesting 180 ————T— 1T
a multiple component of LMT grom projectile to target 61Cu(2a2n) . ]
through the CF, ICF® and ICF*“® processes. The exper- 150 E ]

imentally measured range integrated cross section of the
observed ERs populated through CF, ICF* and ICF?®
processes in the 2°Ne + °'V reaction at Ej,, ~ 145MeV
along with the Q-value and threshold energy (Eyp,.) are
given in table 2.

1) ICF?* process: the ICF?® process involves the fusion
of 12C, evolving from the breakup of the 2°Ne projec-
tile (2°Ne — 12C+8Be(2)), with the 51V target. The
incident projectile 2°Ne, having a cluster structure,
comprises five a particles and the total linear momen-
tum associated with the incident projectile is equally
distributed among its five « constituents. In the case
of the ICF?* process only three o particles (12C) fuse
with the target nucleus leading to a transfer of (3/5)
Pine from projectile to target, i.e. 60% of the incident
linear momentum is transferred from projectile to tar-
get. Due to relatively lesser linear momentum transfer,
the resulting reduced compound system will recoil to
lesser distance in the recoiling medium. In fig. 4, the
first peak at the lowest recoil range in FRRD of the
61Cu residue corresponds to the ICF** process.

2Ne = '2C + ®Be(20),
EB.U = 11.9MeV.

12C, emerging from the breakup of 2°Ne projectile,
fuses with the ®''V target leading to the formation of an
incompletely fused compound system %3Cu* through
the ICF?® process. The excited incompletely fused
compound system %3Cu* further decays via the 2n,
3n and 2p channels to form the ERs %1Cu, °Cu and
61Co, respectively. As an example the reaction mech-
anism for the formation of 6!Cu residue through the
ICF?* process may be represented as

Ne(2C + ®Be(2a)) + °'V = Cu* + ®Be(2a)
B3Cu* = % Cu+ 2n + ®Be(2a),
(®Be(20) as a spectator).

[ Ocr =91.9410.1 mb (80%)

' T O = 16.141.9 mb (14%) '
F =] G% =6.9:0.9 mb (6%) ]

-
N
o

Yield (mb/(mg/cm?)
;) (o]
o o

w
o
T

7

0 500 1000 1500 2000 2500 3000
Cumulative thickness (ug/cm?

Fig. 4. (Color online) Experimentally measured FRRD of ER
51Cu populated through 2a2n channel. The relative contri-
butions arising from CF, ICF® and ICF?® processes are also
mentioned in the figure. Solid lines through the data points are
the Gaussian fit of the experimental data points (solid circles).

2) ICF® process: in the case of the ICF® process only
(4/5) pinc i.e. 80% of the incident linear momentum is
transferred to the ®''V target through the fusion of 160,
resulting from the breakup of 2°Ne projectile (**Ne —
160 + «). The second peak at slightly higher recoil
range in FRRD of ER ®'Cu (fig. 4) corresponds to the
ICF® process.

20Ne = 160 +
Epy = A7MeV.

The excited reduced compound system %7Ga*, formed
through the fusion of 0 with 'V target will further
decay to %1Cu, °Cu and 'Co residues through the
a2n, a3n and a2p channels, respectively. As a repre-
sentative case, the mechanism involved in the forma-
tion of ' Cu residue through the ICF® process may be
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Table 3. Experimental measured most probable range Re.p as well as theoretically calculated range Rineo using the code SRIM,
in Al-catcher foils in unit of ug/cm?, for the experimentally observed reaction channels in 2°Ne-+°'V reaction at Ejqp ~ 145 MeV.

Residues CF ICF* ICF2®
Rexp (pg/cm®) Rineo (pg/cm®)  Rewp (ug/cm®) Rineo (ug/cm®)  Reap (pg/cm®) Rineo (ug/cm?)
57Ge (p3n) 2230 + 330 2308 - - - -
56Ge (pdn) 2456 + 398 2308 - —~ - —~
55Ga (a2n) 2201 + 299 2308 1458 4 268 1817 - -
537n (ap3n) 2385 + 396 2308 1767 £ 270 1817 - -
527n (apdn) 2396 £ 415 2308 1666 + 282 1817 - -
51Cu (2a2n) 23554 351 2308 1817 4+ 231 1817 1304 4+ 198 1474
50Cu (2a3n) 2304 + 327 2308 1853 4+ 217 1817 1424 + 162 1474
61Co (202p) 2288 + 384 2308 1721 4+ 251 1817 1188 4 217 1474

represented as

Ne(**0 + @) + 71V = 7Ga* + a,
(« as a spectator)
67Ga* = %1Cu + a2n.

CF process: in the case of the CF process, the inci-
dent projectile (2°Ne) fuses completely with the target
nucleus (°'V) as a single entity. In this process, there
is complete transfer of incident projectile’s linear mo-
mentum to the resulting compound system. Thus, the
third peak at highest recoil range in FRRDs of %1Cu
residue (fig. 4) corresponds to the CF process. The
excited intermediate compound system "'As* formed
through the CF of 2°Ne projectile with the °'V target
will further decay via the 2a2n, 2a3n and 2a2p chan-
nels to form the ERs %'Cu, ®°Cu and %'Co, respec-
tively. The reaction mechanism for the formation of
ER %'Cu through the CF process may be represented
as

QONe + 51V = 71AS*,
TTAs* = 1Cu + 2a2n.

Extracting the relative contribution arising from CF,
ICF® and ICF?“ processes in the population of a given
« emitting channel residue is still a challenging task as
there is no theoretical model proposed so far for esti-
mating the relative contribution arising from different
fusion processes in the population of a given « emit-
ting channel residue. Experimentally, the magnitude
of relative contribution arising from CF, ICF® and
ICF?® processes in the population of a given a chan-
nel residue can be estimated from the FRRDs of the
populated ERs. The FRRDs of the o emitting channel
residues comprise multiple peaks and the area under
these peaks signifies the relative contribution arising
from the corresponding fusion process.

Evaporation of nucleons from the recoiling compound
system slightly modifies the recoil velocity and hence the
recoil range of the ERs. The experimentally measured

most probable range, R.yp, along with the theoretically
estimated value using the code SRIM [31], Ripeo, for all
the identified ERs populated in the 2°Ne+°!V reaction at
E.p =~ 145MeV are tabulated in table 3. The full width
at half maximum (FWHM) of the FRRDs increases with
the increase in the number of evaporated particles from
the excited compound system, reflecting the perturbing
effect of these evaporated particles on the recoil velocity
of the product combined with the effect of straggling and
finite target thickness.

3.2 Universal Fusion Function (UFF): Estimating the
incomplete fusion

In order to estimate the extent of fusion incompleteness
in 2°Ne induced reaction over °'V target, dimensionless
physical quantities, fusion function F(z) and x have been
formulated as

_ 2EC’ITL
- Rhw

Ec.m - VE)

F(x) e

Tr =

OCF, (3)
using the CF cross section, as prescribed by Canto et
al. [20]. Here Ry, V, and fiw denote the radius, height
and curvature of the potential barrier, respectively. In or-
der to compare the fusion cross section data of a given
projectile over different targets, it is necessary to com-
pletely eliminate: a) the static effects of the interacting
nuclei viz. size and Coulomb barrier and b) the dynamic
effect of bound inelastic states and transfer coupling from
the CF cross section. The formulation of the dimension-
less variable F'(z) and x completely eliminates the static
as well as dynamic effects between the different fusing sys-
tems and makes them comparable. The reduction of CF
cross section to fusion function F(z) is derived from the

Wong formula [21],
2 _
Ry hw In {1 + exp <27T(Ec'm VB))} .
hw
(4)

UCF(Ec.m) = oF

Simplifying the Wong formula, F'(x) reduces to

F(z) = In[l + exp(27z)] (5)
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Fig. 5. (Color online) The CF fusion function F(z) as a func-
tion of z for the o cluster projectile 2°Ne over different targets.
The solid line represents the UFF and dotted line is the UFF
multiplied by a suppression factor of 0.78.

which is known as Universal Fusion Function (UFF). It
can be noted that F(z) is a simple function of the di-
mensionless variable x and is independent of the interact-
ing system. Thus, the CF cross section data of different
systems can be compared directly with the help of UFF
and systematics can be established. As inelastic excita-
tion and transfer channel coupling are not so effective at
energy above the Coulomb barrier, any deviation of ex-
perimental fusion cross section from UFF is attributed to
the effect of projectile breakup on CF cross sections. The
fusion function F(z) for the a cluster projectile 2Ne over
different targets, namely, °*V (present work) and ref. [27],
55Mn [32], *Co [33] and 1% Ho [34], as a function of x is
illustrated in fig. 5 and fig. 6. For the 2°Ne projectile the
most favorable breakup channel is 2°Ne = 160 + o with
an Epy value of 4.7MeV. In figs. 5 and 6, the solid line
represents the UFF given by eq. (5). Suppression in CF
fusion function with respect to UFF can be noted from
figs. 5 and 6 for all the four systems. This suppression in
F(x) with respect to UFF is likely to be arising from the
breakup of the 2°Ne projectile into fragments owing to its
low Ep.y value.

3.3 Breakup fusion model: An analysis of ICF for the
system 2’Ne + 51V

According to the breakup fusion model for ICF reactions,
proposed by Udagawa and Tamura [35], a breakup frag-
ment (ejectile) is expected to move undeflected along the
beam direction with a velocity approximately the same as
that of the incident beam while the remaining part of the
projectile fuses with the target nucleus with energy and
momentum proportional to its relative mass with respect
to the incident projectile.

Assuming that the ICF® component in incompletely
fused composite nuclei (IFC) 57Ga arises from breakup
reaction of the type

2ONe(*60 + *He(a)) + *'V = "Ga + *He(a),
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Fig. 6. (Color online) Same as fig. 5 except for the fact that
the fusion function F'(z) is changed to logarithmic scale.

the excitation energy of the resulting IFC nucleus %"Ga
can be calculated using the formula [36]

4 51
Edrga = <5) Ejab(*°Ne) (67) + Qgg> (6)

where ()44 is the ground state Q-value of the breakup re-
action. The excitation energy of the IFC nucleus " Ga was
found to be 83.57MeV at Ej,, = 145 MeV. Applying the
same criterion of the breakup fusion model on the ICF2*
process, formation of IFC nucleus %3Cu in the 2°Ne 4 °'V
can be given by the reaction

2Ne(*2C + ®Be(2a)) + °'V — %3Cu + ®Be(2a).

The excitation energy of %3Cu calculated using the expres-
sion

3 51
Edscy = (5> Eja5(*°Ne) <63) + Qgg (7)

was found to be 58.52MeV at Ej,, = 145MeV. Thus
the excitation energy for the ICF® as well as ICF?® pro-
cesses were found to be sufficiently above the threshold
energy (Eyn,) required for the formation of ERs, popu-
lated through these two processes.

Another important aspect of studying the ICF reaction
is to look for whether it is occurring due to peripheral or
central collision. The sum rule model, given by Wilczyn-
ski et al. [37], advocates the occurrence of ICF reactions
through the peripheral collision. According to the sum rule
model ICF reaction occurs for the angular momentum /¢
greater than or equal to the critical angular momentum
(lert) for the CF reaction. For ¢ > /.., the attractive
pocket in the potential energy vanishes and, hence, fusion
does not occur. Wilczynski [38] suggested that £.,.; for the
colliding system can be calculated from the equilibrium
condition of the Coulomb, nuclear and centrifugal forces
as

0102 - 212262
Ci+Cy (Cr1+Cy)?

écrt(‘gcrt + 1)h2
u(Ci+Co) 7
(8)

27 (1 +72)
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Fig. 7. (Color online) Sharp cut-off approximation for the
20Ne + °'V system at Ejqp = 145 MeV. See text for details.

where C', Cs are the half density radii and p is the reduced
mass of the binary system. The surface tension coefficients
~; were taken in this form

Ny — Zi\?

which follows from the formula for the nuclear surface en-
ergy derived by Mayers [39]. When £, is less than £,,4.,
maximum possible angular momentum of a system at a
given incident energy, the CF cross section may be calcu-
lated as

ﬂ_h2 écrt
OcFp = —— 20+ 1)1y, 10
oF = o ;( ey (10)

where T} is the transmission coeflicient for angular mo-
mentum ¢. According to sharp cut-off approximation [38],
the transmission coefficient Ty is given by

1, for ¢ </l,qz,
‘70, for £ 0y,

where £, 4, corresponds to peripheral collision and is given
by

lrnaw = R\/ 2(Eem — V) /B2

Here, R is the maximum distance between two nuclei at
which the collision leads to a nuclear reaction and Vp is
the fusion barrier of the system at a distance R. The con-
cept of limiting angular momentum can be further ex-
plored by employing the sharp-cut off model to extract
the value of ¢.,; for the compound nuclei formed through
the CF reaction. The nature of the sharp-cut off model
assumption is shown in fig. 7 for the 2°Ne + °'V system
at Ejq.p = 145 MeV. The experimental fusion cross section
(ogF) is needed to extract the £.. The stable residues
observed in the present work have very little contribution
to oo r. The remaining residues could not be detected due

(11)
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Fig. 8. (Color online) Predicted angular momentum distri-
bution for the 2°Ne + 'V system calculated using the code
CCFULL at different energies (Ejqop = 70 MeV, 98 MeV and
145 MeV).

to their too short/long half-lives. The unaccounted cross
section due to the formation of stable/unstable ERs in
the present reaction were accounted for using the code
PACE4 [40]. In the statistical model code PACE4, three
important parameters were used in determining the vari-
ous level densities needed for calculations. These are the
“little-a” parameter involved in particle evaporation cal-
culation, the ratio as/a of the little-a parameter at the
saddle point and ground state deformations and By, the
fission barrier, which is taken to be equal to the rotating
liquid drop fission barrier. The little-a parameter, which
influences the equilibrium state components of the cross
section is given as, a = A/K where A is the mass num-
ber of the compound nucleus and K is an adjustable pa-
rameter, which may be varied to match the experimen-
tal data. In the present work the same value of K is
used (K = 8) which was used in ref. [27] for reproduc-
ing the experimental EF of the ERs populated through
the CF channel in the 2°Ne 4 51V reaction in the energy
range of 82-145 MeV. By using the code PACEA4, the ratio
R = Yobacrs fﬁCE‘l (x = 3, 4) is calculated and us-
ing this ratio experimental CF cross section is calculated
as ogp = Yoiih /R [41]. The calculated values of R and
ooy were found to be 0.002 and 679.21 mb, respectively,
for the 2°Ne + °'V system at Ejq, = 145 MeV.

It is assumed that if all the reactions were of the com-
plete fusion type, the angular momentum spectrum of the
compound nuclei would be well approximated by a distri-
bution function f(¢) such that

FOAL = (20/£7,,,)de,
FIOA =0, loae > ¢,

Emaw < '€)

where £, is given by eq. (11). The distribution of par-
tial cross section (oy) as a function of £ has been obtained
using the code CCFULL [42]. The results of CCFULL cal-
culations are shown in fig. 8 for energies Ejq, = 70, 98 and
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Table 4. List of parameters used in PACE4 and CCFULL
calculation for the system *°Ne + °'V at Ejq, = 145MeV.

Vs Ry hw lmaz
(MeV)  (fm)  (MeV) (h)
PACE4 32.33 6.6 - 52
CCFULL 33.4 8.7 4.06 47

145MeV. As ICF reactions are expected to occur at the
nuclear surface, the assumption is made that there exists
a value of £.p4 < lpae such that the angular momentum
distribution of the nuclei formed through the CF reaction
is cut-off at ¢..+. The value of /.., calculated using the
prescription of Wilczynski et al. (eq. (8)) was found to be
38 for the 2°Ne+-°'V system. This value of £,, was found
to be in good agreement with the £...(= 39h) value ex-
tracted from the experimental CF cross section data using
the sharp cut-off approximations (eq. (10)). The value of
limaz(= 47h) obtained from PACE4 as well as CCFULL
calculation (table 4) was found to be sufficiently higher
than £.,.; value, indicating that ICF reactions observed in
the present work were arising mainly from the peripheral
collision.

4 Conclusion

In order to investigate the role of partial LMT on incom-
plete fusion, measurement of FRRDs of the eight ERs,
namely %"Ge(p3n), Ge(pdn), °Ga(a2n), 3Zn(ap3n),
52Zn(apdn), *1Cu(2a2n), ®°Cu(2a3n) and %*Co(2a2p),
populated in the 2°Ne + °1V reaction at Ej.p, ~ 145 MeV,
have been carried out. From the analysis of measured FR-
RDs of the populated ERs it is inferred that ERs popu-
lated through « emitting channels incorporates multiple
component of LMT from the projectile to the target. The
partial LMT from the projectile to the target is attributed
to the fusion of '2C and %0, arising from the breakup of
the 20Ne projectile owing to its low Ep 7 value. A dimen-
sionless fusion function F'(x) is deduced from the CF cross
section data of the present work as well as for the 2°Ne
induced reactions over °'V, 55Mn, %°Co and '%°Ho. On
comparing the fusion function data with UFF, it is con-
cluded that CF cross sections for the 2°Ne induced reac-
tion over different targets are suppressed. The CF suppres-
sion factor is determined by comparing the fusion func-
tion data with UFF calculation and is found to be about
22%. The £.,; value, extracted from the experimental CF
cross section as well as calculated using the prescription of
Wilezynski [38] was found to be less than £,,4., suggesting
the peripheral nature of the observed ICF reactions.
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