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Effect of neutron excess in the entrance channel on the 30 + **Nb system:
An experimental study relevant to incomplete-fusion dynamics
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The incomplete fusion dynamics in the 80 + **Nb system at energies above the Coulomb barrier has been
investigated. The experimentally measured cross sections have been compared with the theoretical predictions of
the statistical model code PACE4. To examine the effect of entrance channel parameters on the onset and strength
of incomplete fusion, relative contributions of complete and incomplete fusion have been deduced from the
analysis of measured excitation functions. The contribution of incomplete fusion deduced from the analysis of
excitation functions has been studied in terms of various entrance channel parameters, namely, entrance channel
mass asymmetry (us) of interacting projectile and target combination, Coulomb factor (ZpZr), ground state
a-Q value of the reaction, and neutron skin thickness of target nuclei. It has been found that the probability of
incomplete fusion depends strongly on entrance channel parameters. Further, the incomplete fusion contribution
for the 'O projectile with two excess neutrons is noticed to be relatively larger as compared to '°Q. This may be
due to the larger probability of breakup for the '8Q projectile resulting in rather weak binding forces as compared
to '9Q. The existence of incomplete fusion below critical angular momentum (£c;), i.e., £ < £, has also been

observed for the studied system.
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I. INTRODUCTION

In recent years, fusion reactions induced by heavy ions
(HIs) have been one of the main research areas in low energy
nuclear physics [1-4]. Complete fusion (CF) and incomplete
fusion (ICF) reactions are the most dominant reaction mecha-
nisms at energies near and above the Coulomb barrier [5-8].
When just one of the breakup fragments fuses with the target,
we employ the term ICF, whereas all fragments are absorbed
by the target is named CF. The first experimental confirmation
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of projectile-like fragments (PLFs) in such reaction process
was reported by Britt and Quinton [9]. In order to understand
the underlying reaction dynamics, different type of models
has been proposed to explain the onset of ICF at low incident
energies. The SUMRULE model given by Wilczynski et al.
[10] suggested that ICF is especially confined to the £-space
above {-critical value ({) for CF and originate from pe-
ripheral interactions or non-central collisions. The noncentral
nature of ICF reaction dynamics has also been emphasized by
Trautmann et al. [11], and Inamura et al. [12,13]. Other theo-
retical models, viz., the breakup fusion (BUF) model [14], the
promptly emitted particle model [15], the exciton models [16],
etc., have been proposed to explain various characteristics of
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ICF. In fact, none of these models is able to explain satis-
factorily the ICF reaction dynamics at lower energies below
10 MeV /nucleon. The development of a theoretical model to
elucidate ICF dynamics remained elusive and continues to be
an active area of investigation at low incident energies.

During the last few decades, efforts have been made to
understand the dynamics of ICF at energies just above the
Coulomb barrier and their dependence on various entrance
channel parameters [17-22]. Recently, it has also been ob-
served that ICF becomes more and more dominant as the
projectile energy increases [23-26]. Morgenstern et al. [27]
have associated the ICF fraction with entrance-channel mass
asymmetry. In their work, Shuaib et al. [28] suggested that
ICF probability follows a systematic linear growth with re-
spect to the charge product ZpZ; (Coulomb factor). Further,
systematic studies have also been done by Tali et al. [29] and
Harish et al. [30] suggest that ICF behavior with Coulomb
factor follows linear trends but separately for each projec-
tile. Neutron skin thickness deals with neutron-proton radii
differences [31]. It would be interesting to see the neutron
skin thickness for neutron rich nuclei and its dependency on
ICF. In addition to recent studies [20,28,32] performed on ICF
dynamics with several entrance channel parameters, it would
also be interesting to probe the effect of a-separation energy
on ICF dynamics. To know the onset of ICF, its effect on
CF and various entrance channel parameters, the excitation
functions (EFs) of evaporation residues (ERs) populated in
the '*0 4+ *Nb system has been studied. The work reported
in the article has been carried out by employing the off-beam
activation technique followed by y ray spectroscopy, in which
direct detection of «s and protons (or projectile-like frag-
ments) is not possible. However, some studies are available in
literature, where authors have measured kinetic energy spectra
and angular distribution of projectile-like fragments including
protons and «s in order to estimate experimentally the impor-
tance of the ICF process [33-35]. Furthermore, to probe the
importance of ICF dynamics, the experimental detection of s
and protons is possible by an in-beam coincidence measure-
ment of spin distribution of the reaction residues [36,37]. The
measured EFs are then compared with theoretical predictions
obtained by employing the statistical model code PACE4 [38].
Present data along with those available in literature have been
studied to get an unambiguous dependency of ICF on various
entrance channel parameters, namely, entrance channel mass
asymmetry (u4) of the interacting partners, Coulomb factor
(ZpZr, where Zp and Z7 are the atomic numbers of projectile
and target, respectively), ground state a-Q value of the reac-
tion, and neutron skin thickness of the target.

II. EXPERIMENTAL PROCEDURE

The present experiments have been carried out using the
15UD pelletron accelerator facility at Inter-University Ac-
celerator Center (IUAC), New Delhi, India. Self-supporting
targets of *Nb having thickness ~1.4-1.5 mg/cm? and alu-
minum (Al) catcher foils of thickness ranging from 0.8 to
1.6 mg/cm? were prepared by a rolling technique. The thick-
ness and uniformity of each target and catcher foil has been
verified by an a-transmission method as well as by microbal-
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FIG. 1. Typical y-ray energy spectrum obtained from the inter-
action of the '30 + *>Nb system at Ej,, = 92.2 MeV energy. Some
of the identified y-ray peaks have been assigned to their respective
evaporation residues populated via CF and/or ICF channels.

ance. Two stacks each composed of five **Nb foils backed
with aluminum (Al) foils were irradiated in two individual
runs. The Al backing of the targets served as the energy
degrader as well as the catcher to trap the recoiling residues
produced during irradiation. According to the half-life of the
main isotopes produced during irradiation, each stack was ir-
radiated for about seven hours in the General Purpose Scatter-
ing Chamber (GPSC), which has an in-vacuum transfer facil-
ity. A Faraday cup was installed downstream of the scattering
chamber to monitor the beam current. The activities induced
in the catcher assembly were followed off-line, using a precal-
ibrated high-purity germanium (HPGe) detector coupled with
the computer automated measurement and control (CAMAC)
based acquisition system CANDLE software developed by the
TUAC [39]. After the end of irradiation, the target and its asso-
ciated catcher were taken from the GPSC chamber and placed
in between two HPGe detectors positioned 180° to each other.
The Ge crystal of detector and target-Al foils was surrounded
by a thick Pb shield to reduce scattered y rays from the
neighboring target and background from natural radioactivity.
The absolute efficiencies of the detectors were determined
by employing a *Eu source mounted at the same geometry
and absorption conditions as the target-Al foils. The energy
resolution of the HPGe detector was found to be 2.5 keV for
1408 keV y ray for a standard '>*Eu source. The incident
beam energy on each target and catcher foil has been calcu-
lated by the code SRIM (Stopping and Range of Ions in Matter)
[40]. The y ray spectrum recorded at Ej, = 92.2 + 1.3 MeV
is shown in Fig. 1. The various ERs populated in the present
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TABLE I. List of identified reaction residues in the 30 + **Nb
system and their decay data.

Residues(s) Spin Half-life E,(keV) L, (%)
1%1n(3n) 7t 58 min 242.6 41
070 (4n) 9/2+ 32.4 min 204.6 472
10611 (5n) 7+ 6.2 min 632.6 99.7
861.1 99
7Cd(p3n) 5/2% 6.5h 93.12 4.7
05¢cd(psn) 5/2% 55.5 min 346.87 42
105 Ag(ar2m) 1/2- 41.29d 344.52 41.4
1% Ag(a3n) 5t 69.2 min 555.8 92.6
767.6 65.7
103 Ag(ardn) 7/2F 65.7 min 118.74 31.2
148.20 28.3
12 Ag(a5n) 5+ 12.9 min 719 58
0L Ag(aubn) 9/2+ 11.1 min 261.01 52.6
10pd(a p6n) ot 3.63d 84 52
74.78 48
10Rh(2a3n) 1- 20.8 h 539.51 80.6
PRh(2e4n) 1/2- 16.1d 528.24 37.9
01Tc(2a2p) 9/2% 14.22 min 306.83 89
%Tc(3a3n) 7+ 4.28d 778.22 99.76
STe(3adn) 9/2* 20h 765.78 93.8

work have been identified not only by their characteristic y
ray energies, but also by their decay profiles and branching
ratios. The nuclear spectroscopic data used in the evaluations
and measurement of cross sections have been taken from the
Table of Radioactive Isotopes [41] and are listed in Table 1.
The standard formulation, as adopted in Ref. [42], has been
used to determine the production cross section of various
reaction products. Errors in the measured ER cross sections
include systematic uncertainties that could arise from different
sources, such as (i) the nonuniformity in the thickness of the
sample may lead to uncertainty in determination of number
of target nuclei. It is estimated that the error in the thickness
of sample materials is less than 1%. (ii) The uncertainty in the
efficiency calibration of the HPGe detector has been estimated
to be less than 2%. (iii) Fluctuations in the beam current may
result in the variation of incident flux, proper care has been
taken to maintain the beam current constant. The weighted
average of the beam current has been taken to estimate the
errors due to this factor, which is found to be less than 2%. (iv)
To minimize the error, the counting has been done for a dead
time below 10%. (v) Uncertainty due to the straggling effect of
the projectile passing through the stack has been estimated to
be less than 2%. Efforts are made to minimize the uncertainty
associated with the various sources. The general errors in the
present work have been estimated to be <17%.

III. OBTAINED RESULTS, ANALYSIS,
AND THEIR INTERPRETATION

In this paper, excitation functions of 16 ERs, namely,
1%81n(3n), '""In(4n), 'In(5n), 'Y’Cd(p3n), '®Cd(psn),
D Ag(@2n),  ™MAg(3n), 'PAg(adn), ZAg(asn),
Ol Ag(a6n), '“Pd(ap6n), '“Rh(2a3n), “Rh(adn),

lTe2a2p), *°Tc(3a3n), and *Tc(3a4n) are found to
be populated through different fusion processes in the
130 4+ ?*Nb system at projectile energies ~3.5-5.5 MeV/A.
The analysis of EFs has been carried out in the light of
well-established statistical model code PACE4, which follows
the Monte Carlo simulation procedure for the de-excitation
of the compound nucleus (CN). PACE4 is based on the
Hauser-Feshbach theory of CN decay [43]. The angular
momentum projections are calculated at each stage of
de-excitation.

The transmission coefficients for the light emitted parti-
cles like neutrons (n), protons (p), and alpha («) during the
de-excitation of excited CN are obtained by optical model
calculations. The Bass model is employed to estimate the
input fusion cross section of evaporation residues [44]. In this
code, the level density parameter is defined by the relation
a =A/K, where A is the mass of CN and K is an adjustable
parameter which is used to reproduce the experimentally mea-
sured EFs. However, it has been observed that the code PACE4
does not take ICF into account. Hence, the enhancement in
the experimental cross sections over the theoretical predic-
tions give a clear indication of the incomplete fusion process.
Measured cross section data are presented in Tables II and III.
The evaporation residues produced through various reaction
channels in the 80 + **Nb system are discussed below.

A. Excitation function measurement of xn and pxn
emitting channels

The experimentally measured EFs of 19810 (3n), '97In(4n),
1061n(5n), 197Cd(p3n), and '®Cd(p5Sn) are populated through
the emission of xn and pxn channels. These ERs have been
observed without any precursor contributions. In order to
optimize the level density parameter K, the experimentally
measured EFs are compared with PACE4 predictions for dif-
ferent K values (K = 8, 10, and 12). As a representative case,
the effect of variation of the parameter K on measured EFs is
reported in Fig. 2(a). As can be inferred from Figs. 2 and 3,
the experimentally measured excitation functions of the ERs
1%81n(3n), 'In(4n), '%In(5n), '“’Cd(p3n), and 'SCd(p5n)
with K = 12 for the 30+ **Nb system are found to be in
good agreement for the present experimental data over a broad
energy range. The choice of parameter K = 12 has also been
adopted by Maiti in her work and is justified [45].

Further, from Fig. 3(b), it can be seen that the reported
values of To,? ., are compared with those predicted by

PACE4 code (Zo})¢™! ) for the same ERs populated via xn
and pxn channels at free parameter value K = 12. It may be
pointed out from this figure that the PACE4 code significantly
reproduces the sum of experimentally measured cross sec-
tions within the range of error bars. This once more proves
that the ERs '%®In(3n), '“In(4n), '%In(5n), '’ Cd(p3n), and
105Cd(p5n) are produced only with CF. Thus, the choice of
parameters used for the analysis is suitable, and therefore the
value of level density @ =A/12 MeV~! can be used con-
sistently as an optimized parameter for the analysis of the
reaction channels expected to be populated via both CF and
ICF reaction processes.
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TABLE II. Experimentally measured production reaction cross sections of the evaporation residues '®In, '%In, '%In, 97Cd, and '*Cd
populated in the '*Q + > Nb system.

Ey» (MeV) o ("*In) (mb) o ("""In) (mb) o ("*In) (mb) o (""Cd) (mb) o ('°Cd) (mb)
99.20 + 1.3 - 14.65 + 2.49 162.04 + 27.54 - 1529 + 25.99
9219413 - 4542 £ 7.72 207.01 + 35.19 38.78 £ 6.59 57.03 + 9.69
89.28 + 1.3 - 84.64 + 14.38 212.67 + 36.15 52 + 8.84 18.76 + 3.19
84.85+ 1.2 4.63 + 0.69 145.13 + 24.67 178.55 + 30.35 120.58 + 20.49 -
8230+ 1.2 6.42 + 0.96 188.79 + 32.09 138.91 + 36.15 135.51 + 23.03 -
76.84 £ 1.3 17.71 + 2.65 288 + 48.96 63.77 + 10.84 199 + 33.83 -
7233 £ 1.3 39.06 + 5.86 32491 + 55.23 - 188.29 + 32.01 -
68.37 £ 1.2 90.24 + 13.53 278.27 + 4730 - 146.66 + 24.93 -
61.56 + 1.3 182.91 + 2743 104.81 + 17.81 - - -

Furthermore, to verify the accuracy in our measurement
an effort has been made to deduce the value of the fusion
barrier (Vcp) from the analysis of experimentally measured
CF excitation functions. According to Gutbrod et al. [46], the
normalized CF probability may be given as

ocr = nRiZnt.(1 = Ves/Eem.)-

The value of Xocp is plotted as a function of 1/Ej, in
Fig. 4. As can be seen in this figure, the Xocr data points
indicate a linear curve that intersects the x axis at the beam
energy equal to Vgp within the range of error bars. This
confirms the value of the fusion barrier (Vcg =~ 51.16 MeV)
for the 80+ *Nb system and provides confidence in our
measurement.

B. Excitation function measurement for the axn, apxn, 20xn,
20xp, and 3oxn emitting channels

The experimentally measured excitation functions of
11 ERs populated via axn, apxn, 2axn, 2axp, and 3oxn
emission channels, namely, 105Ag(ozZn), '04Ag(ot3n),
103 Ag(dn), 'ZAg(asn), '"Ag(abn), 'Pd(apbn),
10Rh(2a3n), PRh(2adn), ''Tc(2a2p), *°Tc(3a3n), and
95Tc(3adn) are displayed in Figs. 5-7. Due to the involvement
of o emission in the exit channel, these ERs are supposed
to be populated via ICF in addition to the CF process. It is
also important to say that the experimentally measured cross
sections for the ERs ' Ag (1, 2 = 41.29 d) populated through
the emission of the («2n) channel is strongly fed from its
precursor 'Cd (1, = 55.5 min). The independent cross
sections (oj,q) have been estimated from the cumulative cross

TABLE III. Experimentally measured production reaction cross sections of the evaporation residues '®Ag, '®Ag, 1P Ag, 12Ag, 191 Ag,
100pq, 1R, #Rh, %' Tc, *Tc, and * Tc populated in the 80 + **Nb system.

Eup o,ind(IOSAg) 0(104Ag) 0(103Ag) U(lozAg) G(IOIAg) O‘(IOOPd)
(MeV) (mb) (mb) (mb) (mb) (mb) (mb)
9920 + 1.3 96.12 + 16.34 142.14 + 24.16 394.28 + 67.02 136.72 + 23.24 53.64 + 9.11 33.27 £ 5.65
9219+ 1.3 56.5 + 9.60 183.25 + 31.15 353.6 + 60.11 33.79 + 5.74 35.74 + 6.07 29.40 + 4.99
89.28 + 1.3 21.49 + 3.65 259.13 + 44.05 281.64 + 47.88 20.47 + 3.48 25.60 + 4.35 26.77 £ 4.55
8485+ 1.2 - 260 + 44.2 199.38 + 33.89 - 11.92 + 2.02 23.29 + 3.96
82.30 £ 1.2 - 241.75 + 41.09 159.16 + 27.05 - - 22.92 + 3.89
76.84 + 1.3 - 216.58 + 36.81 76.61 £ 13.02 - - 2223 + 3.77
7233 £ 1.3 - 186.99 + 31.78 18.49 + 3.14 - - 21.40 + 3.63
6837+ 1.2 - 145.40 + 24.71 - - - 2027 + 3.44
61.56 % 1.3 - 4577 £ 7.78 - - - 19.56 + 3.32
Eub o ('"Rh) o (®Rh) o (' Tc) o(*Tc) o(PTc)

(MeV) (mb) (mb) (mb) (mb) (mb)

9920 + 1.3 133.61 + 22.71 78.34 + 13.31 9.02 + 1.53 43.74 + 743 7471 + 1270

92.19+ 1.3 99.37 + 16.89 26.17 + 4.44 729 + 1.23 46.19 + 7.85 80.95 + 13.76

89.28 & 1.3 65.56 + 11.14 17.24 £ 2.93 5.69 £+ 0.96 45776 + 7.77 74.65 £ 12.69

8485+ 1.2 46.39 + 7.88 5.30 £+ 0.90 3.26 + 0.55 4527 + 7.69 553 + 9.40

82.30 £ 1.2 2598 + 441 - - 4339 + 7.37 50.03 + 8.50

76.84 + 1.3 - - - 3771 + 6.41 30.99 + 5.26

7233 £ 1.3 - - - - 15.79 + 2.68

6837+ 1.2 - - - - 15.15 + 2.57

61.56+ 1.3 - - - - -
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1081n(3n) along with PACE4 calculations (K = 8, 10, and 12). (b) Ex-
perimentally measured EFs of evaporation residues '’In(4n) and
10611 (5n) along with PACE4 calculations (K = 12).

sections (0qum) by using the Cavinato et al. [47] formulation

given as
D
Uy
P |

Oind = Ocum — Ppre|: D
i —tp

Here, op is the cross section of parent nuclei, while tf)/z

and tf, are the half-lives of the daughter and precursor nuclei.
The Py is the branching ratio of the precursor to its daugh-
ter nuclei. The independent cross section of ' Ag has been
evaluated using the following expression:

o = A ] 00090,
The values of oj,q and oy, for 105Ag(ozZn) are shown in
Fig. 5(a). The experimentally measured cross sections for
these ERs have been compared with the theoretical pre-
dictions of the PACE4 code at level density parameter a =
A/12 MeV~!. It can be seen from these figures, the enhance-
ment observed in the experimental cross sections over the
theoretically predicted cross sections indicate the occurrence
of the third variety of the reaction process, which is not con-
sidered in the PACE4 code. It might be due to breakup fusion,

T d T d T d T
107

I Cd(p3n) 1°5Cd(p5n) 1
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=
El
©
[ PACE4 i
—c T @K=12
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E,,,(MeV)

FIG. 3. (a) Experimentally measured EFs of all pxn (x = 3 and
5) channels. (b) Sum of all CF channels along with PACE4 calcula-
tions (K = 12).

generally called partial fusion or ICF. As a representative
case, the mode of formation of ***Tc residual isotopes, which
may be populated both via complete fusion and/or incomplete
fusion reaction channels are given below.

r . v . v
1600 . ZO'C.F (Exp.t) _
NN _ - _-- LinearFit
1200 % E
: | M |
£ s00} + & -
. Vgg=51.16 eV,
400 | 3 o
N . |
0 1 R 1 i B
0.009 0.012 0.015 0.018 0.021

1/E,,, (MeV")

FIG. 4. CF cross section as a function of 1/E},, found to repro-
duce the Coulomb barrier for the '#Q + **Nb system. The dashed line
through the data point is achieved by a best-fitting producer on the
data point.
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FIG. 5. Experimentally measured EFs '®Ag, 'Ag, and ' Ag
panels [(a)—(c)] are compared with PACE4 predictions (K = 12).
Hollow symbol represents the measured cumulative cross section.

(a) CF of 80 with >Nb:
180 +93Nb = Hl*In,
Wy = P7Tc + 30 + xn(x = 3, 4).
(b) ICF of 80 with **Nb:
E
180(12C+6He) + 93Nb = 99TC+ 12C7

*
PTe = P Tc 4+ xn(x = 3, 4)
(12C moves as a spectator).

However, Figs. 6(b) and 7(a), (d), (e), (f) show the exper-
imental EFs of 101Ag, 100pq 1017 9Tc and *Tc residues,

PARAMETERS ON ICF

The contribution of ICF in «-particle emitting channels has
been deduced as Yojcr = X0exp—ZOpace, 1.€., by subtracting
the PACE4 cross-section values from all ¢-emitting channels
from their corresponding experimentally measured values at
the studied energy range. It is worth mentioning that in the
present work the extraction of the ICF contribution is jus-
tified, as the code PACE4 reproduces well the cross sections
of the residues for xn and pxn reaction channels formed by
the CF process. By fixing the same set of the parameters
of the code PACE4, the observed enhancement in the exper-
imental cross section with respect to model calculations for
« emitting reaction channels is attributed to the contribution
of ICF process. To clarify the ICF contribution to the total
fusion (TF) cross section (o7r = Xocr + Xojcr), the sum
of the CF cross sections of all channels (Zocr), Zojcr,
and o7y are plotted as a function of incident projectile en-
ergy in Fig. 8. However, in the present case the calculated
TF, CF, and ICF cross sections differ markedly, indicating
the importance of incident projectile energy on the fusion
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FIG. 7. Experimentally measured EFs IOOPd, 1O()Rh, 99Rh, 'O'Tc, %Tc, and *Tc are compared with PACE4 predictions (K = 12).

dynamics for the studied system. On increasing incident
projectile energy, the separation between ocp and o7y also
increases. The increasing trend of the ICF fraction or proba-
bility of ICFE, Ficr(%)[Ficr(%) = (X05cr/orr) X 100], with
increasing projectile energies has been observed in the
130 +%*Nb system, which is given in the inset of Fig. 8.
The ICF fraction [Fjcp(%)] is a measure of the strength of

) v ) v ) v ) v )

10° -
)

£10° 3
= :
10’
- _Q_ZUCF ) ) ]
—®-orf 80 oZev) 1

100 1 1 1 . 1 N 1

60 70 80 90 100
EI ab (MeV)

FIG. 8. The total fusion cross section o7y along with the sum
of complete fusion and incomplete fusion cross section (X£o¢r and
Yoicr), and in the inset the probability of incomplete fusion, are
plotted as a function of incident projectile energy.

incomplete fusion relative to the total fusion. It is worth
mentioning that some of the reaction channels could not be
identified due to their short half-lives of the residual radionu-
clides or production of stable isotopes. Thus, the computed
ICF cross section may be considered as the lower limit of ICF
for the 80 + > Nb system.

A. ICF dependence on incident beam energy

In order to review the dependence of Fjcr(%) on incident
projectile energy, the Fjcrp(%) has been measured for the
present system 80+ **Nb and compared with the Fjcp(%)
for the other systems, namely, 80 4+ 159Tb [4], 80+ PLu
[48]. The comparison has been plotted against the normalized
relative velocity (V,;/c) as shown in Fig. 9. The following ex-
pression has been used for the calculation of relative velocity:

Vrel = 2(Ec.m. - VCB)/Mv

where u is the reduced mass of the system and E. ., is the
center of mass energy for the reaction. From this figure, it is
clear that for the 80 4+ **Nb system the Fjcr(%) is found to
be ~2% at energy 25% above the barrier which increases up to
~19% at the energy around 59% above the Coulomb barrier.
Similarly, the Fjcr (%) for other systems also increases with
an increase in the incident projectile energy. It can also be
observed from Fig. 9, that for the nearly same value of relative
velocity, the order of magnitude of Fjcrp(%) is less for Nb
than for Tb and Lu targets. Hence, the present results indicate
that additionally to the incident projectile beam energy, some
more entrance channel parameters are required to explore ICF
dynamics for a wide range of mass nuclei at low energies.
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FIG. 9. The comparison of deduced Fjcr(%) as a function of
normalized relative velocity (V,;/c) for '*O projectile on different
targets. For references and details see text.

B. ICF dependence on mass asymmetry

According to the mass-asymmetry systematics of Morgen-
stern et al. [27] that at a given V; the ICF fraction increases
with an increase in mass asymmetry (u4) of the projectile-
target combination. So in order to check the consistency of
the Morgenstern et al. [27] mass-asymmetry systematics, the
value of the ICF fraction for the present system 80 + **Nb
has been compared with those obtained for the '*0 induced
reaction with *Tb [4] and '"Lu [48] targets, '°0 induced
reaction with “*Nb [49], 'Rh [50], '*Tb [51], '“Tm [8],
and 'Lu [48] targets, 12 induced reaction with '%Rh [52],
19Tb [20], '*Tm [53], and '"Lu [48] targets, *C induced
reaction with *Tb [20], ' Tm [37], and '’ Lu [54] targets at
a constant relative velocity (Vi) = 0.053¢) and are presented
in Fig. 10. The dotted lines are drawn to guide the eyes for
an individual projectile. This figure clearly shows that the
ICF fraction increases almost linearly with increasing mass
asymmetry but separately for each projectile with different
targets. The present observation shows that Morgenstern’s
mass-asymmetry systematic [27] does not explain the varia-
tion of Fjcr(%) with 4 for a given projectile target system.
However, more ICF probability is found for the projectile 180
induced reactions than '°Q, 2C, and '*C induced reactions
with the same target nuclei. This indicates that the projectile
structure, along with the mass asymmetry of the projectile-
target combination plays an important role in ICF reactions
at these low energies. Further, the present results are in a
good manner with the projectile-dependent mass-asymmetry
systematics reported by Singh et al. [8].

C. ICF dependence on Coulomb factor (ZpZr)

The variation of the ICF fraction Fjcp(%) with respect to
the Coulomb factor parameter which is the product (ZpZr) has
also been studied at the same relative velocity (Vg = 0.053¢)

FIG. 10. Comparison of deduced Fjcr (%) of the '*0 4 **Nb sys-
tem with earlier studied systems as a function of entrance channel
mass asymmetry (i4) at same relative velocity (Vi = 0.053¢). The
lines drawn are just to guide the eye. For references and details see
text.

and is found to influence the ICF systematics (see Fig. 11).
The systems and their symbols are the same as those in
Fig. 10. Recently, Shuaib et al. [28] have observed that the
Ficr (%) may also be influenced by the product of projectile
and target charges, i.e., ZpZr and found a linear dependence

L] v L] v L] v L] v L] v L]
| @m '°0 induced
&= %0 induced -

. ] > 150+%Nb
300 350 400 450 500 550 600 > O+°“Rh
2.2, SRLL
40 | M L] M L] L] M L] M L] L] i > 160+169Tm
3B Py 180+93Nb# ] > 1604175y
30 .- . 180+159Tb _ - -. ‘ 1ZC+1D3Rh
c 25 - @ "0+™Lu e - /LJ . & C+"°Tb
‘:us 2 | P B ,Tb/ | 1 ¢ “c+*tm
wias I #//,’ 1 1 @ c+™Lu
10} g 1 * “c+'™m
5 PR * 4k 1 % "Cc+"Tm
= Phd ’ -
[ & * #Presentwork { % "*C+'"SLu
oL v v
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FIG. 11. The Fjcr(%) deduced from the present system along
with those obtained for earlier studied systems as a function of
Coulomb factor (ZpZr) at the same relative velocity (Vi = 0.053c¢).
The color lines drawn through the data points are just to guide the
eyes. For references and details see text.
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of Ficr (%) with the Coulomb factor parameter (ZpZy). More-
over, it is quite interesting to see that Fycr (%) values for 2c
and 'O (a cluster structured) projectile induced reactions
follow a linear dependence with increasing parameter ZpZy
and lie on the same line but in the case of '*Q and *C (non-
a-cluster structured), the Fycp (%) values also follow a same
linear trend with increasing parameter ZpZr, but separately
for each projectile. Highest Fjcr (%) values are observed for
180 while lowest Fjcp(%) values are observed for '>C. The
present observations reveal that the Coulomb factor (ZpZr)
governs the ICF up to some extent. The present result is found
to be consistent with the recently observed similar findings
[29,30]. For the projectiles having the same Zp numbers (like
12c-B¢ and '°0-'80) with the target of the same Zy, the ICF
dependence with the Coulomb factor could not be explained.
As such, the discrepancy observed in the ZpZ; influence on
ICF using the projectiles like '>2C-13C and '°0Q-'80 with the
same target may be understood more clearly in terms of the
ground state Q value of the reaction.

D. ICF dependence on neutron skin thickness

The neutron skin thickness (#y) is a residual property of nu-
clei which appears mainly in heavy nuclei due to the unequal
number of neutrons and protons. In heavy nuclei, the numbers
of neutrons are found to be more as compared to the numbers
of protons which results in the formation of neutron skin on
its surface. Since, ICF reactions at low incident energies are
mainly surface dominated, it would be interesting to study
the effect of neutron skin thickness on the onset and strength
of ICF. The neutron skin thickness may be defined as the
difference between matter radius (R,,) and charge radius (R,)
of anucleus, i.e., ty = (R, — R;) [31,55]. The value of zy may
be calculated as [56]

tv = 2rA'P (I — ),

where, A is the mass number of the target nuclei, / is a factor
define (NTJ), and & represents the density dependent factor
[56]. The ICF fraction for the present system 80 + **Nb has
been compared with those obtained for '8Q induced reactions
with '°Tb [4] and '"*Lu [48] targets and '°0 induced reac-
tions with *Nb [49], 'Rh [50], "**Tb [51], and '"*Lu [48]
targets as a function of neutron skin thickness is shown in
Fig. 12. An interesting trend is observed from this figure, the
value of ICF fraction increases with ty, indicating the ICF
dependence on neutron skin thickness. This may be because
neutron skin thickness slightly reduces the Coulomb potential
and increases the attractive nuclear potential of the target
which influences the probability of CF and give a way to
ICF process to proceed. It may be pointed out that Fjcp (%)
increases with #y for individual projectiles. This suggests that
80 having two excess neutrons in its structure must have
larger ICF probability which has been also observed in our
study.

E. ICF dependence on ground state Q value of reaction

In recent studies [20,28,32], the probability of incomplete
fusion has been discussed in terms of projectile «-separation

35 T r T r T T
- @ '80+%Nb 160+1751y ]
30 o 'Bo+™oTh o_
" @ '0+'™Lu / s
9 25 & P00+ Nb _ -
"E.) i & "°0+'Rh - - 1
w 20 P 160+159Tb/ _ & 7
15 | » _ . -
10 |- l’ ' # Pre?ent work -

0.0 0.1 0.2 0.3
Neutron skin thickness

FIG. 12. The variation of incomplete fusion fraction with neu-
tron skin thickness (zy) at relative velocity, Vi = 0.053c. For
references and details see text.

energy. It has been noticed that the value of the ICF fraction
is found to be less for larger negative «-separation energies.
Most nuclear reactions are studied by the properties of both
projectile and target nuclei. Therefore, the properties of both
projectile and target nuclei should be taken into considera-
tion while interpreting the method of incomplete fusion. In
the present work, the probability of ICF has been observed
as a function of ground state Q value (Qy) of reaction to
incorporate the properties of both projectile and target nuclei.
The Q, value of the reaction is defined as the mass difference
between incident and exit channels. In order to see the effect
of this parameter on ICF more clearly, reactions induced by
different projectiles 80, '°0, 1*C, and '>C with **Nb, '®*Rh,
159Tb, 19°Tm, and "Lu targets have been studied. The ground
state Q value of these reactions along with the percentage of
ICF fraction at a constant relative velocity (Vi = 0.053¢) is
presented in Table IV. As can be seen from Table IV, the
percentage ICF fraction is more for projectile 30 in com-
parison to other projectiles '°0, 1>C, and '3C. This suggests
that the larger negative Qg value may be responsible for the
projectile breakup leading to the onset of ICF. Moreover, this
paper shows the strong projectile structure dependence of ICF
for @- and non-w¢-clustered projectiles with the same target.
Thus, reaction Qg values seem to be an important entrance
channel parameter, which may explain the projectile structure
effect more effectively.

F. Effect of neutron excess on ICF dynamics

As discussed in earlier sections, the onset of the ICF con-
tribution is found to be reasonably different for '*0 + **Nb
and '°0 4 *Nb systems, that may be due to the effect of two
additional neutrons in '8Q as compared to the 'O projectile.
For a better understanding of the projectile structure depen-
dence of ICF the radii of '®0 and '°0 have been calculated
using standard relation R = R()A% (keeping Ry = 1.2 fm) and
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TABLE IV. The ground state Q value (Qgs) and Ficp(%) of
130, 190, 13C, and '?C induced reactions with different targets at a
constant relative velocity (Vi = 0.053c¢).

System Qs Ficr (%)
Projectile: 80

SNb —2.01 12.78
159Tp —15.85 27.39
5Ly —19.92 30.78
Projectile: '°0Q

SNb —7.30 11.68
103Rh —8.19 13.35
199Tp —18.86 18.78
169Tm —-21.92 24.18
151 u —22.78 25.47
Projectile: 1*C

199Tp —7.51 2.35
169Tm —9.98 7.93
151 u —10.24 8.54
Projectile: >C

103Rh —2.06 1.05
159Tp —9.41 8.84
19Tm —11.98 12.80
SLu —11.78 14.55

are found to be ~3.145 fm and 3.023 fm, respectively. It is
important to note that as such no justified relationship of ICF
with projectile size could be obtained. The 'O projectile has
two excess neutrons resulting in rather weak binding forces
as compared to '°0 having a larger probability of breakup.
Following the neutron excess in the projectile 30, the contri-
bution of ICF is expected to be more as compared to the 10
projectile. The effect of projectile structure on ICF dynamics
has been demonstrated in Fig. 13. The fact is that '8Q is
weakly bound as compared to !0 and has larger probability
to break, resulting in more ICF contribution, as expected.

40 —r———Tr—rT7r
i w7 180+Nb*| # Present work
-160+93Nb
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FIG. 13. Comparison of deduced Fjcr(%) as a function of nor-
malized projectile energy for '*0 + *Nb and '°0 + **Nb systems.
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FIG. 14. Fusion ¢ distributions for the '*0+Nb and
190 4 Nb [49] systems calculated using the CCFULL code [58] and

by incorporating the coupled-channel calculations at ~99.20 MeV
energy.

G. Observation of ICF below critical angular momentum

An attempt has been made to explore the role of input
angular momentum () in the study of ICF reaction dynamics.
Trautmann et al. [11] suggest that ICF reactions are related to
peripheral collisions. As per the sharp cutoff approximation of
the SUMRULE model [10], the ICF probability is assumed to
exist for £ > £ and to be zero for £ < £ According to
Wilczynski [57], the value of £ for a colliding system can
be estimated from the equilibrium condition of the Coulomb,
nuclear, and centrifugal forces as

ecril(ﬁcrit + l)hz
w(Ry + Ry)?

i+ v) RiR, 7,1Z,é2
T =
MTYIR¥R ~ (R +Ro)

where R and R, are the half-density radii and u is the reduced
mass of the binary system. The value of £ estimated using
the above formulation for the 30 + *>Nb and 1°0 + *>Nb [49]
systems are found to be 547 and 507, respectively. However,
the maximum angular momentum ({,,x) calculated using the
CCFULL code [58] is estimated to be 47k and 44h, respec-
tively, at the highest incident energy ~99.2 MeV. The fusion
¢ distribution for 0+ *Nb and 0 + **Nb systems have
been calculated by using the code CCFULL at the same energy
and is displayed in Fig. 14. The calculations are done without
considering any coupling between the interacting partners. It
is due to the fact that coupling plays an important role at
energies near and below the barriers. This figure shows clearly
that the £,,,x value is less than the £.; value at the studied
energy. However, a substantial ICF contribution has been ob-
served at this energy. This comparison also supports the ICF
existence below critical angular momentum (€q;), i.€., £erit
for 80 + 2*Nb and '°0 + **Nb systems. Hence, it is inferred
that a number of collision trajectories having values ¢ < £
contribute significantly to ICF. The present findings clearly
indicate that the fusion £-distribution window approached by
the SUMRULE model [10] is a broadly diffused boundary.
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V. SUMMARY AND CONCLUSION

The excitation functions of several reaction residues
formed by complete and incomplete fusion in the '*0 + **Nb
system above barrier energies have been studied using the
offline y ray spectroscopy method. An attempt has been made
to deduce the independent cross section of % Ag residue fed
by their higher charge isobar. The experimentally measured
EFs have been compared with PACE4 predictions. It has been
found that EFs of all xn and/or pxn channels are well repro-
duced in the PACE4 predictions with level density parameter
a=A/12 MeV~!, implying the population of these ERs by
the CF process. However, the enhancement has been found
for «-emitting channels for the same set of input parame-
ters, which is attributed to the ICF process. Moreover, the
dependence of the ICF reaction for the different parameters,
i.e., projectile energy, entrance channel mass asymmetry, the
Coulomb factor, ground state Q value, and neutron skin thick-
ness, has been studied for a large number of projectile-target
combinations. It has been found that the probability of ICF
increases with incident energy. The increasing trend of the
ICF fraction with mass asymmetry has been observed, which
increases separately for each projectile with different targets.
It is quite interesting to see that the system having the same
values of ZpZr show large ICF fraction for 180 rather than
the '°0 induced reaction with the same targets. Further, it
has been also observed that the probability of ICF is likely
to be effected by neutron skin thickness and ground state «-Q
value. The probability of ICF increases with negative ground
state «-Q value of the reaction and neutron skin thickness

for individual projectiles. The reason may be that the neutron
skin thickness and ground state «-Q value of the reaction are
proportional to the target mass. More interestingly ICF contri-
bution for the two neutron excess projectile '*Q as compared
to 190 is noticed to be relatively larger, that may be due to
the larger probability of breakup for the 80 projectile with
two neutron excess resulting in rather weak binding forces as
compared to 160, Moreover, the present results show the oc-
currence of ICF at £ > /., which suggests that a refinement
in the basic assumption of the SUMRULE model is needed at
low incident energies.
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