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The forward recoil range distributions and angular distributions of several evaporation residues produced
via complete and incomplete fusion (ICF) dynamics in '°O + '*¥Nd system at energy ~6 MeV /nucleon were
measured. The measured forward recoil range distributions of various reaction products show the presence of
incomplete fusion components apart from complete fusion. Full and partial linear momentum transfer compo-
nents of reaction products were found in the interaction of '°0 with '“*Nd. These results were also confirmed
by the measurements of angular distributions of evaporation residues. The measured angular distributions
of the evaporation residues populated through complete and incomplete fusion channels were found to be
distinctly different. The evaporation residues populated via complete fusion channels were trapped in the narrow
angular zone as compared to incomplete fusion channels. A systematic study of the dependence of incomplete
fusion dynamics on well-known entrance channel parameters shows that the incomplete fusion fraction grows
exponentially with mass asymmetry (45.), Coulomb factor (ZpZr) and a-Q value of the projectile. The present
observations suggest an exponential rise of ICF fraction with entrance channel parameters in contrast with the
linear pattern reported in some earlier measurements. Further, the correlation of incomplete fusion fraction with
the structure of target (T) was investigated employing four different parameters viz. deformation parameter
(B7), interaction radius (R”), deformation length (8 R”) and excess of neutrons (N — Z)” in the target. In the
present study, the ICF fraction was found to rise exponentially with these parameters, independently for different
projectiles. The three parameters 87, BT RT, and (N — Z)T were found more sensitive and effective to investigate
the entire picture about the influence of projectile and target deformation along with their relative orientations on
incomplete fusion dynamics at low projectile energy. Moreover, the interaction radius of target (R7) is suitable
to explain the characteristics of ICF dynamics in the spherical-spherical collisions. These present results show

that incomplete fusion dynamics is strongly affected by the structure of projectile along with the target.

DOLI: 10.1103/PhysRevC.100.054604

I. INTRODUCTION

The study of the break-up of the projectile and incomplete
fusion induced by heavy ions (HI) at low projectile energy has
been a topic of special interest in nuclear physics [1-4]. Itis a
well-known fact that the complete fusion (CF) and incomplete
fusion (ICF) are the most dominant modes of reaction in
heavy-ion interactions at energy above the Coulomb barrier.
As the incident projectile energy increases, the unambiguous
reaction processes are the formation of the compound nucleus
followed by the fusion of entire projectile with the target
nucleus and decay of an excited compound nucleus. In this
CF reaction, all nucleonic degrees of freedom are involved.
However, for the projectile incident on target with relatively
higher energy and impact parameter, the repulsive centrifugal
potential increases. Hence, the dominance of attractive nu-
clear potential ceases to capture the entire projectile by the
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target. Therefore, only a part of the projectile fuses with the
target nucleus and the remnant behaves as a spectator, wherein
an incompletely fused composite system may be formed and
the ICF (break-up fusion) process may take place [5]. The
probability of ICF reaction was experimentally observed for
the first time [6] in the production of forward-peaked fast
o particles in the break-up of the projectiles '°O, N, and
12C at energy ~10.5 MeV /nucleon. However, the advances
in the study of ICF dynamics took place after the measure-
ments of transition intensity distributions (spin distribution)
of evaporation residues (ERs) using particle y-coincidence
technique [7]. Evidence for the ICF process was also found
by measuring the forward-peaked « particles in the kinetic
energy spectra and angular distribution of « particles [8] and
from time-of-flight measurements [9] of ERs. The analysis of
measured excitation functions (EFs) data [10-12] shows that
the ICF process has a substantial contribution to the reaction
cross sections.

Several theoretical models were proposed to explain the
ICF dynamics, such as break-up fusion (BUF) model [13],
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sumrule model [14], promptly emitted particles (PEP) model
[15], hot spot model [16], and Fermi-jet model [17], etc.
As a matter of fact all these models have been used to fit
the experimental data of projectile like fragments (PLFs)
at projectile energy above 10 MeV /nucleon. However, no
theoretical model exists in the literature to reproduce the gross
feature of ICF experimental data at low projectile energy. As
such, the study of ICF dynamics is an area of keen interest for
investigation.

In recent years, major interest has been shown by in-
vestigators to study the dependence of ICF dynamics on
various entrance channel parameters (e.g., mass asymmetry,
«o-Q value, ZpZy, etc.) [18-21]. These studies show that a
single entrance channel parameter does not explain entirely
the incomplete fusion contribution at low energy. Some mea-
surements [22,23] show distinctly different spin distributions
and feeding intensity patterns of ERs populated through CF
and ICF. Recent studies [24] highlight the role of target
deformation on ICF dynamics at projectile energy above the
fusion barrier (Fy,).

Various experimental techniques have been employed for
the study of ICF dynamics such as excitation functions (EFs)
measurements, kinetic energy spectra, and angular distribu-
tion of projectile like fragments (PLFs), forward recoil range
distributions (FRRDs), spin distributions and feeding intensity
pattern using particle y-ray coincidence of ERs.

The onset of dependence of ICF dynamics on various
entrance channel parameters is still ambiguous and needs
special attention. To investigate ICF reaction dynamics in
detail, a series of experiments was performed employing dif-
ferent techniques. The ICF fractions were deduced from those
measured data and compared with literature data in terms of
various entrance channel parameters. In this respect, recent
work [25] reported by our group shows the dependence of ICF
dynamics on the target deformation through the measurements
of excitation functions of evaporation residues populated via
CF and/or ICF dynamics in the interaction of '°O with **Nd
target at projectile energy ~4—7 MeV /nucleon. As an exten-
sion of previous work [25], to have a better understanding
of fusion incompleteness, two experimental techniques viz.
(i) the forward recoil range distributions (FRRDs) and (ii)
angular distributions (ADs) for the ERs populated through
CF and/or ICF in the same system at projectile energy
~6 MeV /nucleon were further employed. The results re-
ported [25] by excitation functions measurements of CF and
ICF residues have also been further confirmed by the FR-
RDs measurements for same system and energy. The relative
contributions of CF and ICF products were separated out
from the present data of FRRDs. The ICF fraction (Fjcr)
for the present measurements was compared with some other
systems available in the literature. The literature survey shows
that very limited study using ADs of ERs populated through
CF and ICF dynamics is available. As such, the present
results of FRRDs measurement were also supported by ADs
measurements for above-mentioned system at same energy.
On the other hand, a systematic study for dependence of ICF
dynamics on the deformation of target (T) was also done em-
ploying deformation parameter (82 ), interaction radius (R7),
deformation length (87 R™), and neutron excess (N — Z)".

The present paper is organized as follows: the experimental
techniques are given in Sec. II. Interpretation of the experi-
mental results are discussed in Sec. III. The discussion of ICF
fraction and its correlation with entrance channel effects is
given in Sec. IV. The summary and conclusion of the present
study are given in Sec. V.

II. EXPERIMENTAL TECHNIQUES EMPLOYED FOR THE
MEASUREMENTS OF FRRDs AND ADs

The present experiments were performed using 15 UD
Pelletron at Inter University Accelerator Centre (IUAC), New
Delhi, India. Measurements of forward recoil range distri-
butions (FRRDs) and angular distributions (ADs) of ERs
were carried out in the general purpose scattering chamber
(GPSC). This scattering chamber has an in-vacuum transfer
facility (IVTF) to minimize the time lapse between the end
of irradiation and the start of counting of the samples. The
stacked foil activation technique followed by off-line y ray
spectrometry was employed to determine the measured yields
for various ERs. The targets of 8Nd (enrichment ~98.4%)
used in these measurements (FRRDs and ADs) were prepared
by vacuum evaporation technique in target fabrication labora-
tory at [IUAC, New Delhi. In the FRRDs experiment, nineteen
thin >’Al catcher foils of thickness & 40-60 ug/cm? were
used to trap the recoiling ERs. These thin aluminium (% Al)
catcher foils were prepared by vacuum evaporation technique.
The thickness of targets and >’ Al catcher foils was determined
using the «-particle transmission method as well as Ruther-
ford back scattering (RBS) technique [26]. The thickness
of 2’Al catcher foils were determined using the a-particle
transmission method. The a-particle transmission method is
based on the energy loss of 5.485 MeV « particles emitted
from a 2*! Am source in target and aluminium catcher foils.
Energy dispersive x-ray spectroscopy (EDXS) [27] technique
was employed to check the purity of targets. The target and
27 Al catchers were pasted on rectangular 2’ Al holders having
concentric holes of 1.0 cm diameter. The effective projectile
energy on the target has been estimated by calculating energy
loss in the middle of the '“*Nd target. The irradiation of
this stack was done using 'O’ beam at projectile energy
~6 MeV /nucleon. The stack was irradiated for about 11 h due
to the half-lives of ERs of interest. The beam current during
the irradiation of stack was maintained ~2-3 pnA. The flux
of '°0 ion beam was determined using a Faraday cup placed
at the end of the scattering chamber behind the target-catcher
foil arrangement.

Further, the angular distributions (ADs) of ERs produced
in the system 'O+ 8Nd have also been measured at
energy ~6 MeV/nucleon. The “8Nd target of thickness
~0.30 mg/cm? supported by Al backing was used for ADs
measurements. A stack of thick annular concentric Al catcher
rings of thickness ~0.5 mm was employed to trap the ERs.
The angular stack was consisting of thick concentric an-
nular Al catchers of diameters 0.5 cm, 0.8 cm, 1.3 cm,
1.8 cm, 2.3 cm, 3.0 cm, and 4.0 cm, respectively. These Al
rings correspond to seven forward angular zones, viz., 0°-8°,
8°-12°, 12°-20°, 20°-27°, 27°-34°, 34°-42°, and 42°-51°.
This arrangement of angular rings was placed 1.7 cm behind
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FIG. 1. Experimental setup used for the measurement of angular distributions (ADs) of ERs populated via CF and/or ICF in the %0 +

148Nd system at projectile energy ~6 MeV /nucleon.

the target for collecting the ERs populated in the irradiation
of target. The target irradiation was carried out for ~9 h.
The average beam current during the irradiation was mon-
itored ~2-3 pnA. A typical annular stack of target-catcher
assembly covering the angular zone 0°-8° to 42°-51° em-
ployed for the measurement of ADs of ERs is displayed in
Fig. 1.

After the irradiation, the stacks of 2’Al catchers along
with *8Nd targets were taken out from the scattering cham-
ber using IVTF. The target-catcher assembly was dismantled
to record the activities induced in the individual irradiated
catcher foil. The activities induced in each ' Al catcher was
recorded individually at increasing time intervals using a
precalibrated high-resolution high-purity germanium (HPGe)
y-ray spectrometer coupled to a CAMAC-based personal
computer employing CANDLE software [28]. The HPGe y-
ray spectrometer (resolution 2 keV for 1.408 MeV y ray of
152Eu) was calibrated for energy and efficiency. To determine
the geometry-dependent efficiency of the HPGe detector at
various source-detector distances, a standard source of "2Eu
of known strength was used. The induced activity in various
27 Al catchers were used to measure the production probability
of different ERs. The identification of ERs was done on the
basis of their characteristic y rays and also by following
their half-lives. Typical y spectra recorded for the FRRDs
(cumulative thickness 2676 j1g/cm?) and ADs (angular zone
0°-8°) showing some of the identified y peaks at energy ~
6 MeV /nucleon are shown in Figs. 2-3. The spectroscopic
data used in the determination of production cross sections of
various ERs were taken from Refs. [29-31]. A list of identified
ERs produced via CF and/or ICF dynamics in 'O + “8Nd
system along with their decay characteristics is given in
Table I. The measured cross sections ogg(E) for a particular
ER were calculated using the standard formulation given
in Ref. [32].

The measured yields of an ER as a function of the range in
stopping medium are associated with errors and uncertainties
in the thickness of target and catcher foils, counting statistics,
etc. The overall errors in the measured production yield from
various factors were estimated to be less than 15%. More

details of the various factors responsible for the errors and
uncertainties in the measured data is given in Ref. [25].

III. ANALYSIS OF EXPERIMENTAL RESULTS

In the present work, the analysis of FRRDs for different
ERs was performed within the framework of the degree of
linear momentum transfer from the projectile to the target
nucleus by adopting break-up fusion model considerations.
In the case of ADs measurements, the analysis of the present
results was done by using statistical model code PACE4. The
detailed analysis of both FRRDs and ADs measurements are
presented in the following sections.

A. Forward recoil range distributions (FRRDs) of ERs

The FRRDs for the ERs '°*!8Er(xn), '90¢15%Ho(pxn),
S7.155Dy (axn), and 'S Tb(a pxn) produced in the collision
of 10 with ®Nd at projectile energy ~6 MeV /nucleon
were measured. In FRRDs measurements, the measured cross
section of the ERs in each catcher foil was divided by
its thickness to obtain the normalized yield of ER. These
normalized yields of different ERs were plotted as function
of cumulative catcher thickness to obtain differential recoil
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FIG. 2. Typical y ray spectrum of induced activity in the Al
catchers recorded in the measurement of FRRDs at cumulative
thickness ~676 ug/cm? after the interaction of projectile '°0 with
148Nd at energy ~6 MeV /nucleon.
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FIG. 3. Typical y-ray spectrum of induced activity in the Al
catcher recorded in the measurement of ADs covering the annu-
lar zone 0°-8° for the '°0 4 *¥Nd system at projectile energy
~6 MeV /nucleon.

range distributions of the identified ERs. The measurement
of FRRDs may provide significant information on the degree
of linear momentum transfer from the projectile to target
and may give the involved reaction mechanism. The relative
contributions of various ERs produced via CF and/or ICF
processes were computed by fitting the measured FRRDs data
with Gaussian composite peaks using the ORIGIN software
[33], similar to that given in Ref. [34].

The theoretical forward recoil ranges of ERs were also
computed using the code stopping power and range of ions
in materials (SRIM-2008) [35]. The measured most probable

ranges (Rg(’;t) for the identified ERs deduced from FRRDs

plots along with the theoretical mean ranges (R}iL ) are given
in Table II. The theoretical mean forward recoil ranges have
been calculated assuming the break-up fusion model, i.e.,
(i) for CF, '°0 projectile completely fuses with '*3Nd target
and entire linear momentum is transferred to the compound
nucleus and (ii) for ICF, 'O projectile breaks up into frag-
ments '2C 4 «. In this process, the fragment '>C fuses with
8Nd nucleus and « particle fly in the forward direction
with almost same velocity of the projectile. The measured
forward recoil range distributions of ERs produced via CF
and ICF are displayed in Figs. 4-5. The measured data are
shown by solid spheres and the fitted data are shown by

TABLE 1. List of identified ERs populated via CF and ICF
channels along with half-lives, identified y rays and branching ratios
in 10 + 8Nd system at projectile energy ~6 MeV /nucleon. (g:
ground state; min: minutes; h: hours; d: days.)

S.No. Evaporation Residue Half-life (T1,,) E, (keV) 0%
1. 9Er(5n) 36.00 min 625 33.00
650 23.40
2. 158Er(6n) 2.29h 387 9.00
248 3.42
3. 10Ho(p3n) 25.60 min (g) 728 14.60
4. 59Ho(p4n) 33.00 min 132 23.60
5. 57Dy (a 3n) 8.10h 326 92.00
6. 55Dy (a 5n) 10.00 h 226 68.40
7. 5Tb(a p4n) 5.32d 180 7.45
262 5.30

shaded area of the plots. In Figs. 4(a)—4(d), the FRRDs of ERs
159Br(5n), 58Er(6n), '*%$Ho(p3n), **Ho (p4n) show a single
peak corresponding to the cumulative thicknesses ~615 +
23, ~604 £ 25, ~590 + 26, and ~601 £+ 23 Mg/cmz, respec-
tively. The measured most probable ranges for these ERs are
found to be in good agreement with theoretically calculated
mean range ~611ug/cm?, which clearly shows that these
ERs are formed via only CF of 10 with '*8Nd. Therefore the
relative contribution of CF for the ERs *’Er(5n), '*8Er(6n),
169Ho(p3n), and " Ho(p4n) are found to be ~100%. Further,
it can be observed from Figs. 5(a)-5(c), the FRRDs of ERs
57Dy and, Dy may be fitted with two Gaussian peaks,
one at larger cumulative catcher thickness 605 =+ 48 ;1g/cm?
and, 644 £ 50 ug/cm?, respectively, while another peak at
smaller cumulative thickness 405 + 22 Mg/cm2 and, 384 +
19 ug/cm?, respectively. The peak at larger cumulative thick-
ness indicates the complete momentum transfer component.
Hence, the peak corresponding to larger cumulative thickness
for the ERs "Dy and '3°Dy is attributed to the population
of these ERs via CF process. On the other hand, the peak
observed at smaller cumulative catcher thickness is produced
due to the incomplete fusion of '°O (fusion of fragment '*C),
because the partial linear momentum transferred is expected
to be less than that for the CF of 'O with the target '*3Nd.
This indicates that the ERs "Dy and > Dy may have contri-
bution not only from CF of 'O but also have a contribution
from ICF of '°0 (fusion of '>C with '**Na).

The observed forward recoil ranges of these ERs agree
well with the theoretical mean recoil ranges of the compound
system '®*Er* and composite system '°Dy* in the stopping
medium. The relative contributions of the ICF for ERs "Dy
and '>Dy were found to be ~77%, and ~35%, respectively,
while for these ERs, CF contributions were ~23%, and ~65%
respectively as shown in Figs. 5(a)-5(b).

The FRRDs of ER '3Tb (ap4n) as shown in Fig. 5(c),
shows only a single peak at a cumulative thickness ~372 +
16 ug/cm?. The experimental forward recoil range (R’]g(’;t) for
155Tb agrees well with the theoretical most probable range
(RYP ) calculated for the composite system 190Dy * (fusion of
12C with '*Nd) in the stopping medium. There is no complete
fusion peak observed in the FRRDs analysis for this ER. This
indicates that the ER '>Tb may be populated solely via ICF
of '°0 with 8Nd. In this process, partial linear momentum
transfer from projectile to the composite system may take
place. In the case of this ER, the relative contribution of
incomplete fusion (ICF) was found to be ~100% as shown
in Fig. 5(c). As a representative case, the ER '3 Tb is likely to
be populated via the following reaction route;

10(12C 4 ) + "8 Nd —> ['*“Dy]* + a(spectator)
[160Dy]* — 155Tb+pxn(x — 4)

The comparison of measured and theoretically predicted
results may provide a key to understand the involved reaction
mechanism in the production of evaporation residues. The
right choice of the parameters used after the optimization
in theoretical predictions through the statistical model code
is a requisite step for the analysis. In the present work, the
statistical model calculations have been done using two codes
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RMP

TABLE II. Experimentally measured most probable ranges (Rg,

) deduced from FRRD curves and theoretically calculated mean ranges

(R¥P y for CF and ICF components produced in the interaction of '°0 with '“¥*Nd at 6 MeV /nucleon energy.

CF of '°0 beam with '*¥Nd

ICF of '°0 beam (*2C fusion with '¥Nd)

S. No. Evaporation Residue CFRUP (ug/cm?) FRYL (ng/cm?) [CFRMP ' (ug/cm?) [CFRYP (ug/cm?)
1. 9Er(5n) 611 615423 381 -

2. 158Er(6n) 611 604 + 25 381 -

3. 10sHo(p3n) 611 590 + 26 381 -

4, 9Ho(p4n) 611 601 423 381 -

5. 57Dy (a 3n) 611 605 + 48 381 405 £ 22

6. 5Dy (a 5n) 611 644 + 50 381 384+ 19

7. 5STb(a pdn) 611 - 381 372+ 16

PACE4 [36-38] and CASCADE [39] to compare the range
integrated yields of ERs o %" populated via CF and ICF
channels. The codes PACE4 and CASCADE are based on the
Hauser-Feshbach formalism of CN decay [40]. These codes
take into account the statistically equilibrated emission of
light particles (i.e., neutron, proton, and « particle, etc.) and
y rays, only for the decay of the compound nucleus. The

possibility of ICF, and/or preequilibrium (PE) emission are
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not considered in both codes. In these codes, level density pa-
rameter a(= A/K) MeV~! is an important parameter, where
A is the mass number of the CN and K is the level density
parameter constant. In the present work for the '°0 + *¥Nd
system, K = 10 has been taken in the PACE4 and CASCADE
calculations. More details about the analysis of data using
PACE4 code is given in our previous work [25] for the same
system.
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FIG. 4. Measured FRRDs for the ERs '*Er(5n), 18Er(6n), '***Ho(p3n), and **Ho(p4n) produced in %0 + “8Nd system at projectile
energy ~6 MeV /nucleon. Solid circles are the experimental data and dash-dotted curves represent the Gaussian fit to the measured FRRDs for

CF of '°0 with '"“®Nd.
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FIG. 5. Measured FRRDs for the ERs 'Dy(a 3n), '>Dy(a 5n), and ' Tb(a p4n), respectively produced in '®O + '*¥Nd system at
projectile energy ~6 MeV /nucleon. Solid circles are the experimental data and dashed-dot curves represent the Gaussian fit to the measured
FRRD:s for CF of °0 with *¥Nd, while dashed-dot-dot represent the Gaussian fit to the measured FRRDs ICF of 190 (fusion of fragment 12C).

The measured range integrated cross sections (o X(”) of
ERs produced via CF and ICF in the °0O + *8Nd system

PACE4)

along with their theoretical cross sections of PACE4 (o7,

and CASCADE (OfjacAP®

heo

) are given in Table III. It can be

TABLE III. Experimentally measured range integrated cross sec-
tion deduced from FRRDs curves and theoretically calculated cross

section by PACE4 code.

Evaporation Ol o fACEs OSASCADE
S. No. Residues (mb) (mb) (mb)
1. 9Br(5n) 422.14 424.00 406.00
2. 18Er(6n) 446.52 484.00 397.10
3. 160sHo(p3n) 31.89* 20.90# 20.802
4. 9Ho(p4n) 556.23% 475.80° 448.502
5. 157Dy(oz 3n) 35.09 5.80 6.40
6. 155Dy(oz 5n) 32.87 17.10 21.50
7. 5Th(a pan) 66.94% 17.36% 21.60%

2Cumulative cross section.

observed from this table that the (0, *%") of ERs 159Br(5n)

and ""®Er(6n) satisfactorily reproduced with both PACE4 and
CASCADE predictions. It is already mentioned that the ERs
10sHo(p3n) and *’Ho (p4n) may also populate through the
EC/B™" decay of their higher charge precursor isobars. Hence,
the measured cumulative cross sections for these ERs were
compared with the theoretical cumulative cross sections of
PACE4 and CASCADE codes as given in Table III. The theo-
retical cumulative cross sections of PACE4 and CASCADE for
an ER are the sum of theoretical predictions of its higher
charge precursor isobars. In this table experimental and the-
oretical cumulative cross sections are marked by asterisk (*).
As can be noticed from this table that the measured and
theoretical cumulative cross sections of ERs '**1°Ho (pxn)
are in good agreement. This agreement shows that the ERs
139.160Ho are predominantly populated via CF only. On the
other hand, the measured cross sections of ERs 155Dy and
157Dy, populated via axn emitting channels are found to be
significantly enhanced over their theoretical predictions of
PACE4 and CASCADE codes. This enhancement in measured
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FIG. 6. Measured angular distributions for (a)-(c) ERs '®Er(5n), 8Er(6n), *Ho(p4n) populated via complete fusion along with
theoretical predictions of PACE4 code and (d)-(f) for ERs 'S’Dy(a 3n), > Dy(« 51), and "> Tb(« p4n) populated via CF and/or ICF for the

160 + 48Nd system at projectile energy ~6 MeV /nucleon.

cross section is attributed to the break-up of '°O into >C +
“He (a), whereas '>C fuses with target '**Nd and o behaves
as a spectator (i.e., ICF of 160 with 148Nd). Furthermore,
due to precursor isobar contribution in the production of
ER 3Tb(ap4n), the measured cumulative cross sections of
this ER were compared with the theoretical cumulative cross
sections of PACE4 and CASCADE in Table III. It can be seen
clearly that the measured cumulative cross section for this
ER is much enhanced over theoretical predictions. This means
that the ER '>>Tb is mainly populated via ICF. These present
results are supported by our earlier findings [25] through the
measurements of excitation functions of the ERs populated
via CF and ICF dynamics in the same projectile energy and
system. As such, the above comparison of the measured
FRRDs data with theoretical codes validates the consistency
and reliability of the present results for '°0 + 8Nd system at
projectile energy ~6 MeV /nucleon.

B. Angular distributions (ADs) of ERs

An attempt was made to understand the heavy-ion reaction
dynamics through ADs of ERs at projectile energy above
the Coulomb barrier. The ADs of six ERs “*!33Er(xn),
9Ho(pxn), 1¥715Dy(a xn), and >Tb(a pxn) produced in
the system '°0 + '**Nd were measured at projectile energy
~6 MeV /nucleon. The measured cross section of each an-
gular ring was divided by its corresponding solid angle to
get the differential cross section of ERs. The differential
cross sections plotted as a function of different angular zones
are called ADs of ERs. The ADs of ERs may provide

significant information about the reaction dynamics involved
in heavy-ion interactions. The theoretical ADs of ERs can
be theoretically calculated using the statistical model code
PACE4, which employs a Hauser-Feshbach formalism to de-
scribe the deexcitation of the fusion products. At this energy,
the yields for all ERs were found to decrease with increase
in laboratory angle. The PACE4 calculations for the present
system show that the ERs are emitted within a folding angle
of £14°, peaking at around 5°. The measured ADs of ERs
199Br(5n), 8Er(6n), and *Ho(p4n) along with their theo-
retical predictions of PACE4 code were plotted in Figs. 6(a)—
6(c). It can be seen from these figures that the ERs 159Ey,
138Er, and ’°Ho were found to be emitted in smaller forward
angles, peaking at around 0°-8° with respect to the beam
direction. The measured ADs were satisfactorily reproduced
by the PACE4 calculations for angular zone 0°—12°. However,
the measured values of ADs were found larger than PACE4
results for angles greater than 12° for these residues. This
small discrepancy may be due to the limitations of theo-
retical code and experimental uncertainties. The measured
ADs of ERs "'!*Dy(a xn), and, >Tb(a pxn) were also
plotted and shown in Figs. 6(d)-6(f). The theoretical ADs
of PACE4 code for these ERs were found to have negligible
values as compared to their measured ADs and hence, they
are not displayed in Figs. 6(d)-6(f). As can be seen from
these plots, the ERs 313Dy, and '>Tb are found to have
contributions also at larger angles peaking in angular zones
0°-8° and 27°-34°. From the present ADs results, it may be
inferred that the ERs populated through xn/pxn channels are
emitted up to angular zone 12°-20°, while the ERs populated
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FIG. 7. Measured total fusion (CF 4 ICF) and CF (xn + pxn)
angular distributions along with theoretical predictions of PACE4 code
for the 190 + 8Nd system at projectile energy &6 MeV /nucleon.

through axn /o pxn channels are emitted in the larger angular
zone up to 42°-51°. It was noticed from these figures that
the angular distributions have two components, which are
different in nature. This can be clearly understood as described
below. The deexcitation of ER through single or few nucleon
emission (xn/pxn channels) will transfer less momentum to
the recoiling ER, which results in an angular distribution
peaking at smaller angles. On the other hand, the emission of
« particle (exn/apxn channels) will impart larger momentum
for the ER and hence produce an angular distribution peaking
at larger angles. The component of the smaller angular zone of
these distributions is satisfactorily described by the statistical
model code. While, the theoretical code fails to predict the
component of the larger angular zone. As such, the ADs for
the ERs "*’Dy(a 3n), "> Dy(a 51), and ">Tb(a p4n) emitted
in smaller angular zone 0°-20° may be assigned to the popu-
lation of residues via CF whereas those emitted in the angular
range ~20°-51° may be attributed to the ICF processes.
Further, the sum of measured differential cross sections for
ICF (o-emitting) and CF (xn- and pxn-emitting) channels
has been estimated and compared with the sum of theoretical
differential cross sections for all ERs of PACE4 as a function
of different angular zones as shown in Fig. 7. A reasonably
good agreement between measured angular distribution for
ERs produced via CF with PACE4 predictions was observed,
while it did not match for ERs populated via ICF. In this
figure, the dash-dotted curve represents the sum of theoretical
differential cross sections of all ERs of PACE4 for the '°O +
1Nd at projectile energy ~6 MeV /nucleon. The sum of
measured differential cross sections of ERs "°Er, '%8Er, and
159Ho is shown by solid circles in this figure. This comparison
clearly confirms the fact that the ERs of ICF channels were
populated in the larger angular zone as compared to ERs of CF
channels.

IV. CORRELATION OF ICF FRACTION WITH VARIOUS
ENTRANCE CHANNEL PARAMETERS

It is now possible to correlate the ICF fraction of various
systems with various entrance channel parameters due to the
availability of more experimental data on ICF dynamics. In
the present study, the incomplete fusion fraction (Fjcr) for the
system '°0 + **Nd was estimated from the measured FRRDs
data.

A new factor Lg = (€max — Lerit)/€max has been introduced
in our earlier work [41] for normalization of experimental data
to disentangle the entrance channel effects on ICF dynamics,
where €. and .« are the critical and maximum angular mo-
menta limit of the system. These values have been calculated
using formalism [14]. The angular momenta limit of CF and
ICF channels were considered through this new parameter.
Therefore this normalization factor is more suitable than other
factors used in earlier measurements for comparison of ex-
perimental data of several projectile-target combinations. The
ICF fraction from the measured FRRDs data was estimated
for the present system '°O + “®Nd and compared with those
obtained for '°O + "¥Nd [25], '**Sn [41], '®Rh [42], '"°In
[43], ”*Nb [44], '*Ho [45],5'V [46]; **Ne + '**Ho [47], ¥Co
[48], PMn [49]; *C 4 ""Lu [50], '®Tm [51], °Tb [52],
'%Ho [53]; "*C + "Lu [50], '"**Tb [54], '"°In [55] systems at
a constant value of Lg = (£imax — Lerit)/€max = 0.14. In these
measurements, some of the ERs could not be measured due
to their very long or short half-lives, low branching ratio, and
stability, etc. As such, the deduced Fjcr should be considered
as lower limit of ICF contribution for the present system.

A. Dependence of ICF dynamics on entrance channel mass
asymmetry, Coulomb factor, and «-Q value

Several studies [18-21] have shown that entrance channel
mass asymmetry (;Kgsc), Coulomb factor (ZpZ7), and the «-Q
value of projectile and the target deformation parameter (87 )
play an important role in ICF dynamics. An effort was made
to investigate the dependence of ICF dynamics through the
above-mentioned parameters at energy above the Coulomb
barrier. As such, the deduced ICF fraction for the present and
other systems taken from the literature [25,41-55] have been
plotted as a function of mass asymmetry (u4¢) of interacting
nuclei, Coulomb factor (ZpZy), and «-Q value of projectile
are displayed in Figs. 8(a)-8(c). As can be seen clearly from
these plots that the ICF fraction rises exponentially with mass
asymmetry (ugt), Coulomb factor (ZpZr), and a-Q value
of projectile, independently for different projectiles. These
present FRRDs results clearly show that the ICF dynamics is
dependent on the mentioned parameters. However, the pattern
of ICF fraction has been found exponential growth in above
systematics, which is in contrast with the linear pattern as ear-
lier measurements [18-21]. Moreover, the present systematic
study also suggests that the ICF dynamics not only depend
on the single entrance channel parameter but affected by all
these parameters simultaneously. Here, it is also important to
mention that the ICF fraction patterns with different entrance
channel parameters are strongly dependent on incident projec-
tile energy and the choice of normalization factor.
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FIG 8. The incomplete fusion fraction (Fjc) for the present system '°0 + “8Nd along with other systems [25,41-55] as a function of

(a) ua EC’ (b) ZpZr, and (c) a-Q value at a constant value (£, —
fraction (Fjcr) data for different projectiles.

B. Dependence of ICF dynamics on target deformation

Some recent studies suggested that the ICF dynamics de-
pends on the deformation of the target (81 ) [23-25]. Further,
no systematic pattern of ICF fraction has been found by the
investigation [19] using this parameter. As such, the correla-
tion of ICF dynamics with the structure of the target is still
a dilemma. However, to reach on a definite conclusion about
the dependence of ICF dynamics on ] , more investigation is
required. In this respect, a systematics about the deformation
and structure of the target has been presented in this section.
The deduced values of Fjcr for the present system along with
other systems taken from literature [25,41-55] were plotted
as a function of A1 and displayed in Fig. 9(a). As can be seen
from this figure that the ICF fraction rises almost exponen-
tially with A7, but the rising rates are different for different
projectiles. The different rising rates of ICF fraction indicate
that the ICF dynamics not only depends on the deformation
of the target nuclei, but it also depends on the projectile

Lerit)/€max = 0.14. The solid lines are drawn to represent the incomplete fusion

structure. The values of B for different targets were taken
from Ref. [56].

Further, the effect of different size of interacting partners
was investigated through the interaction radius of target (R7).
The interaction radius is a well-known parameter to determine
the size of spherical nuclei and directly related to the mass
number of nuclei. The values of RT were calculated using
the formulation in Ref. [57]. To observe the effect of RT on
ICF dynamics, the ICF fraction was plotted as a function of
interaction radius of target (R”) and displayed in Fig. 9(b).
From Fig. 9(b), it can be observed that the ICF fraction grows
exponentially with RT for systems having same projectile.
However, it was also noticed that the data points of Fjcp are
more spread out than the exponential rise pattern (systemat-
ics) observed in Fig. 9(a). This discrepancy is more clearly
observed in case of '°O projectile systems. This discrepancy
may be due to noninclusion of deformation effects in the
parameter RT. These present observations suggest that the
interaction radius (R”) is not a suitable parameter to encounter
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the deformation effects in the study of low-energy ICF dynam-
ics. However, this parameter can be used to explain the ICF
characteristics only for the interaction of spherical projectile
and target (i.e., spherical-spherical interactions). The ICF
dynamics is also expected to be influenced by the relative
orientations (i.e., tip-tip or side-side) of the interacting part-
ners along with their shapes. The different relative orientations
give rise to different angular momenta and nuclear overlap
in the collision of deformed projectile and target. Hence, the
effect of orientation of nuclei should be considered along
with their deformation (oblate or prolate). Consequently, the
effects of different shapes of interacting partners along with
their relative orientations on ICF dynamics were also studied
through the target deformation length (B R”). The target
deformation length (87 R”) is the multiplication of the target
deformation parameter (,82T ) with interaction radius of the
target (R7). The interaction of a system depends on the
deformation (oblate or prolate) and orientation of interacting
partners. Thus, the total and ICF cross sections are also de-
pendent on the shape and orientation of the nuclei. The target

— Lerit)/€max = 0.14. The solid lines are drawn to represent the incomplete

deformation length (B3 RT) is able to explain the effects of
both shape and orientation of colliding nuclei simultaneously.
In this respect, the deduced values of Fjcp for the present
system along with literature data [25,41-55] have been plotted
as a function of BJR” and shown in Fig. 9(c). This plot
clearly shows that the ICF fraction rises exponentially with

TRT, independently for different projectiles. It means that
the probability of ICF increases with g7 R, while the rising
rate of ICF contribution depends on the deformation and
relative orientations of colliding partners. It is important to
mention that the spread out of data points observed in case of
R™ is washed out in the systematics of 8] R”. This may be
due to the inclusion of deformation effect of target in 8] R”.
These present results show that the parameter 1 R” is more
suitable than simply R to explain the dependence of ICF
dynamics on the deformation and orientations of interacting
nuclei. The present analysis shows that the ICF dynamics is
significantly affected by the shapes and relative orientations
of colliding partners simultaneously. These effects are clearly
observed with deformation length (B R”). In addition, the
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above-mentioned results obtained from g1, R”, and BJR"
systematics were further confirmed through another param-
eter excess of neutrons (N — Z)” in target, which is also
associated with the target structure. The ICF fraction for
the present system along with literature data [25,41-55] was
plotted as a function of (N — Z)T and displayed in Fig. 9(d).
As can be seen clearly in this figure, the ICF fraction rises
exponentially also with (N — Z)7, independently for different
projectiles. Thus, the effect of structure the of target has been
shown by four different parameters viz. 87, R”, BI R, and
(N — Z)T. This study highlights the role of target structure
on ICF dynamics. These present results are in contrast with
the study on target deformation by Kumar ez al. [19] at low
projectile energy. It has been found from the present FRRDs
analysis that these three parameters namely; 85, 1 R”, and
(N — Z)T are required to investigate the role of the projectile
and target deformation on ICF dynamics. These three param-
eters are associated with the structure of the colliding nuclei
and interaction process. Hence, these parameters should also
be considered as important tools to probe the effects of the
projectile and target deformation on ICF dynamics at low pro-
jectile energy. The systematic review on the existing entrance
channel effects along with some new parameters indicates that
the ICF dynamics is strongly influenced by the structure of
both projectile and the target. Earlier studies available in the
literature [18-21] have observed a simple linear pattern of ICF
fraction with various entrance channel parameters. However,
the present results clearly show that the ICF fraction rises
exponentially with entrance channel parameters in contrast to
a simple linear growth.

V. SUMMARY AND CONCLUSIONS

The study of incomplete fusion dynamics was done by the
measurements of forward recoil range distributions (FRRDs)
and angular distributions (ADs) of evaporation residues (ERs)
populated in the '°0 + **Nd system at same projectile en-
ergy ~6 MeV /nucleon. Different linear momentum transfer
components were observed in FRRDs measurements, which
may be attributed to the break-up of 'O projectile into '>C
and o particle. The analysis of FRRDs indicates a signifi-
cant contribution from the partial linear momentum transfer
(LMT) of the projectile associated with incomplete fusion
(ICF) in the production of residues populated via several
a-emitting channels. The relative contributions of complete
fusion (CF) and/or ICF components were extracted from the
FRRDs data. The results of FRRDs were also confirmed by
the measurements of ADs of ERs at same projectile energy.
The present results of ADs reveal that the ERs populated via
xn/pxn channels are emitted in the angular zone ~0°-20°.
These results were found to be in good agreement with the
theoretical predictions made by PACE4 code for ADs. It means

that these ERs are expected to be populate through only CF of
160 with **Nd. However, the ERs populated via axn/apxn
channels were found to be trapped at larger angular zone
~0°-51° as compared to PACE4 predictions for CF channels.
These ADs results show that the ERs populated through «-
emission channels have contribution from ICF in addition
to CF. Further, a systematic study was done to correlate the
ICF fraction with various entrance channel parameters. This
systematic study on well-known entrance channel parame-
ters suggests that the ICF fraction increases exponentially
with mass asymmetry (u47%.) between interacting partners,
Coulomb factor (ZpZ7), and «-Q value of projectile. Further,
the effect of the structure of target on ICF dynamics was
investigated through four different parameters viz. deforma-
tion of target (B1), interaction radius of target (R”), target
deformation length (87 RT), and neutron excess (N — Z) of
the target. In the present study, the ICF contribution was found
to increase exponentially with the parameters g1, RT, B R”,
and (N — Z)T, independently for individual projectiles. These
parameters were found very sensitive and useful to probe the
role of the deformation of the projectile and the target along
with their structures. The present analysis also suggests that
the parameter 87 R” is more effective than R” to encounter the
dependence of ICF dynamics on the deformation and relative
orientations of interacting partners. However, the parameter
R” can be used to explain the behavior of ICF dynamics only
for the collision of spherical-spherical nuclei. Finally, these
present results clearly indicate that the ICF fraction follows
exponential pattern rather than a simple linear growth with
entrance channel parameters as suggested by earlier works.
This systematic pattern indicates that the ICF dynamics is
strongly influenced by the structure of projectile along with
the target.
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