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A study of low-energy incomplete fusion was done by the measurements of excitation functions of evaporation
residues produced in the '°0 4 “8Nd system at energies ~4—7 MeV /nucleon. The stacked foil activation
technique using offline y-ray spectrometry was employed. Significant enhancements were found in the measured
cross sections from the theoretical predictions of PACE-4 for the evaporation residues populated through
a-emission channels. This enhancement is attributed to incomplete fusion (ICF) of '°O with '“®Nd. The
comparison of present work with literature data shows that the ICF probability increases exponentially with
existing entrance channel parameters. The dependence of ICF dynamics on target deformation was investigated
using deformation parameter (87), deformation length (87 RT) and neutron excess (N — Z)T of the target. The
present analysis indicates that the ICF fraction rises exponentially with 87, BTRT, and (N — Z)T. These results
show that the ICF fraction follows a systematic exponential pattern rather than a simple linear growth with
various entrance channel parameters reported in the literature. However, this study also suggests that the ICF
dynamics is strongly influenced by the structure of projectile along with that of the target. Further, the role of
deformation parameters on incomplete-fusion dynamics was also investigated through the method of universal
fusion function. Analysis of the present data indicates that the experimental fusion functions are suppressed with
different factors depending on deformation of the target nuclei. These suppressions are removed by including
incomplete-fusion cross sections in the fusion function calculations. The average value of experimental fusion
functions deviates from the universal fusion function for deformed targets. However, the average value of the
total fusion function for deformed targets shifts towards the average value of the universal fusion function. The
present study shows that the effect of target deformation plays an important role in affecting the ICF dynamics,
along with various entrance channel parameters for different systems.
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I. INTRODUCTION

Heavy-ion induced reactions at energies above the
Coulomb barrier have been a subject of growing interest to
nuclear physicists. It has been observed that complete fusion
(CF) and incomplete fusion (ICF) are the dominant modes in
heavy-ion interaction at energies above the Coulomb barrier
[1-4]. The first experimental evidence of ICF was observed
by Britt and Quinton [5]. However, major advancement on
the study of ICF took place after the study of Inamura
et al. [6], which provided significant information about ICF
dynamics from y-ray multiplicity measurements. Further, the
dependence of localization of the entrance channel angular
momentum (¢) window on deformation of the target was
summarized by Gerschel [7]. Studies of ICF dynamics by the
measurement of excitation functions (EFs) of the evaporation
residues (ERs) have been done by several investigators [8—10].
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Morgenstern et al. [11] observed that a more mass-asymmetric
system has relatively higher ICF contribution than that of a
less mass-asymmetric system at the same relative velocity.
Further, systematic studies [12—-14] on the dependence of
ICF on various entrance channel parameters, namely, entrance
channel mass-asymmetry (u4%), o-Q value, ZpZr, etc., have
also been done. These studies show that a single entrance
channel parameter is not able to explain completely the mea-
sured yields of the incomplete-fusion dynamics at low energy.
Recently, Singh er al. [15] revealed that the ICF dynamics
also depend on deformation of the target, according to the
measurement of spin distributions of ERs using the particle-y
coincidence technique. Various theoretical models have been
proposed to explain the characteristics of ICF dynamics. Uda-
gawa and Tamura [16] proposed the breakup fusion (BUF)
model to explain the kinetic energy spectra and angular distri-
butions of emitted particles. The sum-rule model was given
by Wilczynski et al. [17], based on a generalized concept
of the critical angular momentum for complete fusion (CF).
Other theoretical models, e.g., the promptly emitted particles
(PEP) model [18], the hot spot model [19], etc., were also

©2019 American Physical Society
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FIG. 1. A typical calibrated y-ray spectrum of '°0 + *8Nd system at projectile energy 94.7 + 0.9 MeV.

proposed to explain various characteristics of ICF. However,
none of these models explain satisfactorily the ICF data at low
projectile energy. The development of a theoretical model to
explain ICF is still an unresolved area of investigation. The
universal fusion function (UFF) suggested by Canto et al.
[20,21] is an important method to observe the role of various
entrance channel parameters on ICF dynamics. In this method
the measured fusion cross sections are compared with the
universal fusion function (UFF) in heavy-ion interaction. This
method is based on the one-dimensional barrier penetration
model proposed by Wong [22].

In view of these aspects, a systematic study of low-energy
incomplete-fusion dynamics in the '°0 + *8Nd system was
carried out to observe the effect of target deformation on ICF
dynamics. Measurements of the excitation functions (EFs)
of different evaporation residues (ERs), produced through
CF and/or ICF in the '°0 + ¥ Nd system in the projectile
energy range ~4-7 MeV /nucleon, were done. The mea-
sured EFs were analyzed in the framework of the statistical
model code PACE-4 [23]. Further, an attempt was made to
investigate the role of target deformation on ICF dynamics
through a new parameter, namely, target deformation length
(BYRT). In addition, the target structure effect was studied
through another new parameter, the neutron excess (N — Z)
of the target. Moreover, the measured cross sections were also
compared with the UFF for the present system along with
some other systems available in the literature. To the best of
our knowledge, the present results for the above-mentioned
system are the first reported. The present paper is organized
as follows: experimental methodology is presented in Sec. II,
with results and discussion given in Sec. III. A comparison of
measured ICF yield with the sum-rule model is discussed in
Sec. IV. Systematics of the dependence of ICF on deformation
parameters is described in Sec. V. Finally, a summary and
conclusions of the present work are given in Sec. VI.

II. EXPERIMENTAL METHODOLOGY

The present experiment was carried out using the 15UD
Pelletron accelerator facility at Inter-University Accelera-
tor Centre (IUAC), New Delhi, India. This experiment was

performed using the General Purpose Scattering Chamber
(GPSC), which has an in-vacuum transfer facility (IVTF)
to minimize the time lapse between stop of irradiation and
start of counting. The stacked foil activation technique was
employed in this experiment. The targets of '“®Nd, with
enrichment ~98.4%, were prepared by vacuum evaporation
technique in the laboratory of target fabrication at IUAC,
New Delhi, India. Thickness of the targets used in the stack
was in the range ~100-300 pg/cm?. The target material
was deposited on an aluminium (Al) backing of thickness
~1.2-1.7 mg/cm?. These Al-backing foils were prepared by
the rolling technique. The thickness of targets was measured
by a-particle transmission (using a **' Am source) as well
as the Rutherford backscattering (RBS) method [24]. The
purity of the target material was checked using the energy
dispersive spectroscopy (EDS) technique. Target foils along
with Al backing were pasted on stainless steel holders. These
holders have concentric holes of diameter 1 cm. A stack of
seven “8Nd targets with Al backings was irradiated by a
1607+ beam of energy 2100 MeV. The stack was irradiated
for ~10 hours due to the half-lives of interest of the evapo-
ration residues. The beam current was ~2-3 pnA during the
irradiation of targets. Energy loss of the incident beam on
successive targets was calculated using software SRIM-2008
[25].

The activities’ buildup in the irradiated samples was
recorded immediately for each target at different time in-
tervals by using a 100 cm? n-type high purity germanium
(HPGe) detector coupled to a PC through a computer-aided
measurement and control (CAMAC) based data acquisition
system. The software CANDLE [26] was used for the recording
and offline analysis of the measured data.

The energy and efficiency calibration of the HPGe detector
was done using the 12Ey® standard y-ray source of known
strength. The energy resolution of the detector was found to
be ~2.3 keV at the 1408 keV y ray of the 12Eu® source. The
spectroscopic data of ERs used for yield measurements such
as y-ray energies and their branching ratios, half-lives of ERs,
etc., were taken from the Table of Isotopes [27,28].

A list of identified ERs produced via CF and/or ICF
dynamics in the '°0 + *8Nd system along with their decay
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TABLE I. List of identified evaporation residues and spectro-
scopic properties produced in the '°0 4 Nd system via complete
and/or incomplete fusion.

S.  Evaporation Half-life Energy of y ray  Branching
No. residues with (T12) (keV) ratio (6%)
channels
827 64.00
1 181Er(3n) 3.21h 593 3.70
315 2.50
625 33.00
650 23.40
2 9Er(5n) 36.00 min 206 9.70
167 5.00
581 4.00
158 387 9.00
3 Er(6n) 2.29h 248 340
4 S'Ho(p2n) 248 h 103 3.90
160 . 728 14.60
5 Ho(p3n)  25.60 min (g) 879 956
962 25.60
502 h (m) 645 24.70
6 Ho(p4n) 33.00 min 132 23.60
5Dy (a3n) 8.10h 326 92.00
155 226 68.40
8 Dy(5n) 10.00 h 184 337
180 7.45
9 BSTb(apdn) 5.32d 262 5.30
163 4.44

(m)=metastable state, (g)=ground state, min=minutes,

(h)=hours, d=days

characteristics is given in Table I. A typical calibrated y-
ray spectrum of the '°0 + *®Nd system at projectile energy
947+ 0.9 MeV is shown in Fig. 1. Different y-ray peaks
were assigned to evaporation residues produced through CF
and/or ICF channels. The ERs were identified by observing
their characteristic y rays and following the decay curve
analysis. The decay curves of ERs '"Er (Tj/, = 36 min),
10mHo (T2 = 5.02 h) and 'Tb (T, = 5.32 d) recorded
at beam energy 99.90 MeV are shown in Fig. 2. The exper-
imental reaction cross sections o, (E) were calculated at each
projectile energy by using the following standard prescription
as given in Ref. [29]:

_ Al exp(ity)
"~ NopegOK[1 — exp(—At)[1 — exp(—At3)]

0, (E) @.1)

where, A is the photopeak area of the characteristic y ray, A
is the decay constant of the ER, N, is the number of target
nuclei per unit area, ¢ is the incident ion beam flux, €g is
the geometry dependent efficiency, 6 is the branching ratio of
the characteristic y ray, #; is the irradiation time, #, is the time
elapsed between stop of irradiation and start of the counting of
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FIG. 2. The decay curves of ERs 96 (T = 36 min), 160
(T1/» = 5.02 h) and "Tb (T}, = 5.32 d) detected at beam energy
99.90 MeV.

the individual target along with backing, and 73 is the counting
time. K = exp(—ud) is the correction for self-absorption of
the y ray with the absorption coefficient u for the target of
thickness d.
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TABLE II. The measured cross sections for the ERs '*'Er(3n),
19Er(5n), and '*®Er(6n) along with their estimated errors obtained
in the '°0 + “*Nd system at different projectile energies.

TABLEIV. The measured cross sections for the ERs "Dy (a3n),
5Dy(a5n), and 3 Tb(apdn) along with their estimated errors ob-
tained in the '°O + '*¥Nd system at different projectile energies.

. o (UED ol (VB ol (B Ei SR Dy ol (SDy)  alp (ST
(MeV) (mb) (mb) (mb) (MeV) (mb) (mb) (mb)
67.20 £ 026 31.30 + 0.89 6720+ 026  3.14 & 0.19

72.40 £0.10  30.29 £ 0.97 7240 4£0.10 1421 £ 1.52

77.40 £0.18 15.87 £ 0.52 137.28 + 19.34 77.40 £0.18  39.61 + 2.95

84.10 £ 0.11 590 + 0.75 380.42 &+ 11.35  13.90 & 3.06 84.10 £ 0.11  40.67 + 1.68  47.13 +£ 423  7.80 £ 1.17
89.10 + 0.17 520.66 &+ 12.70  38.08 & 4.20 89.10£0.17  35.69 + 1.04 5233 + 3.83  13.79 + 2.08
94.70 + 0.17 511.66 & 12.07 230.87 & 7.77 9470 £0.17 3375 + 1.04 5178 £ 382 1722 £ 272
99.90 + 0.09 353.03 &+ 9.48  535.88 & 13.91  99.90+0.09 3829 & 1.14 7401 &+ 331  10.52 + 1.50

Several factors are responsible for the uncertainties in the
measured cross sections. The main factors are the following:
(i) The uncertainty due to the nonuniformity of the target
and thickness measurement was estimated to be less than 3%.
(i1) The uncertainty in the efficiency calibration of the HPGe
detector was estimated to be less than 5%. (iii) The error
arising from the fluctuations in beam current is estimated to
be less than 6%. (iv) To minimize the error, the counting was
done for dead time below 10%. (v) Uncertainty due to the
straggling effect of the projectile passing through the stack
was estimated to be less than 2%. The overall uncertainties
from various factors including statistical errors in the pho-
topeak area are estimated to be <15%. The measured cross
sections for the production of various ERs obtained for the
system '°0 + *8Nd at different beam energies along with the
estimated errors are tabulated in Tables II-IV.

III. RESULTS AND DISCUSSION

Excitation functions of ERs !'®'Er(3n), °Er(5n),
158Er(6n), '°'Ho(p2n), '“Ho(p3n), "’ Ho(p4n), ' Dy(a3n),
155Dy (a5n), and 'S Tb(ap4n) produced through CF and ICF
dynamics in the '°0 + "®Nd system were measured in the
projectile energy range ~4—7 MeV /nucleon. The analysis of
the present data was carried out using the statistical model
code PACE-4, which follows the Monte Carlo simulation
procedure for deexcitation of a compound nucleus (CN). This
code is based on the Hauser-Feshbach formalism of CN decay
[30]. The angular momentum projections are calculated at
each stage of deexcitation of CN to determine the angular

distribution of emitted particles. The CF cross sections are
calculated using the Bass formula [31]. The transmission
coefficients for light particles are calculated using the optical
model potentials of Becchetti and Greenlees [32]. The y-ray
strength functions required for E1, E2, and M1 transitions
are taken from the tables of Endt [33]. Masses of the particles
are taken from the atomic mass table [34]. In this code, the
level density parameter 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. Most of the input
parameters were taken as default in this code.

A. Excitation functions of CF (xn and pxn emitting) channels

The ERs '®'Er(3n), '"Er(5n), '8Er(6n), ''Ho(p2n),
160Ho( p3n), and 159Ho(p4n) are populated through the emis-
sion of xn and pxn channels in the system '°0 + **Nd. No
precursor contributions for these ERs were observed. The
measured EFs of these ERs were plotted along with theoretical
predictions of PACE-4 code and are shown in Figs. 3 and 4.
To find out the suitable value of level density a (=A/K)
MeV~! for comparison with measured data, different values
of parameter K were chosen. The value of K > 10 may give
rise to anomalous effects in the particle multiplicity and CN
temperature [35]. In this comparison, the value of K found
to be suitable for best fit with the measured data is K = 10
for the xn and pxn emission channels. It can be seen from
Fig. 3 that the measured cross sections of ERs 16l gy 159g;
and '>®Er are satisfactorily reproduced with theoretical predic-
tions of PACE-4 along with available data from Broda [36] for

TABLE III. The measured cross sections for the ERs '*'Ho(p2n), '*Ho(p3n), and **Ho(p4n) along with their estimated errors obtained

in the '°0 + “8Nd system at different projectile energies.

Evap Ocum ("*'Ho) Ocum ("*""Ho) Ocum ("***Ho) um('*’Ho)
(MeV) (mb) (mb) (mb) (mb)
67.20 £ 0.26 35.63 + 4.08 68.40 + 7.67 100.59 + 13.59
72.40 £0.10 2427 £ 2.12 43.87 £+ 3.06 256.64 £+ 33.36 50.61 £ 7.79
77.40 £0.18 9.62 + 0.90 5731 £ 7.53 283.62 £+ 36.87 75.65 £ 11.06
84.10 £ 0.11 59.78 + 8.89 154.84 4+ 20.13 510.06 £+ 38.11
89.10 + 0.17 36.62 £ 6.90 113.81 + 14.79 657.18 £+ 47.46
94.70 £ 0.17 10.97 £+ 1.98 424 £+ 5.46 547.05 £+ 39.33
99.90 + 0.09 12.3 £ 1.56 450.06 + 30.58
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FIG. 3. Measured excitation functions of ERs '5:13%138Er populated through the emission of 3n, 5x, and 6n channels in the '°0 + Nd
system. Solid spheres, hollow triangles, and solid curves represent the measured cross sections, data from Broda [36], and predictions of PACE-4

code respectively.

xn channels at the lower energy side. The agreement of present
results with earlier measurements also validates the present
measurements along with PACE-4 code. These ERs are popu-
lated through only CF of '°O with target '*SNd. On the other
hand, the ERs ''Ho(p2n), '“Ho(p3n), and ""Ho(p4n) are
populated through the emission of protons and neutrons from
the compound nucleus '**Er*. These ERs may also be popu-
lated through B /EC (electron capture) decay of their higher
charge precursor isobars '°'Er(3n), *Er(4n), and >°Er(5n).
The measured cross sections of these ERs will be the cumu-
lative cross sections. These ERs have half-lives comparable
with their higher charge precursor isobars. In this context, ex-
traction of independent cross sections from cumulative cross
sections is very difficult for these ERs. An effort was made
to compare the measured cumulative cross sections with the-
oretical cumulative cross sections of PACE-4 code in this case,
as shown in Fig. 4. The theoretical cumulative cross sections

3
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FIG. 4. Measured excitation functions of evaporation residues
161.160.19H4 populated through the emission of p2n, p3n, and pdn
channels in the '°0 + '*¥Nd system. Hollow symbols represent the
measured cumulative cross sections and dash-dotted curves show
theoretical cumulative cross sections estimated by PACE-4 code.

are the sum of cross sections of ERs and their higher charge
precursor isobars, calculated using code PACE-4. From this fig-
ure, it is clear that the measured cumulative cross sections are
in good agreement with theoretical cumulative cross sections
of PACE-4 code. These results clearly indicate that these ERs,
1610, 199Ho, and "’Ho, are also populated through CF. The
value of level density parameter a = A/10 MeV~! was used
for further analysis of data for wxn and o pxn emitting chan-
nels in the present work by taking the same set of parameters.

B. Excitation functions of ICF (axn and apxn emitting) channels

The measured cross sections of ERs “"Dy(a3n),
155Dy (a5n), and 'S Tb(apdn) produced through a-emission
channels along with theoretical predictions of PACE-4 code are
displayed in Fig. 5. No precursor contribution for the ERs
5'Dy(a3n) and *Dy(a5n) were observed during analysis
of data. Thus, the measured cross sections of these ERs will
be independent. In Figs. 5(a) and 5(b), the measured cross
sections are found to be significantly enhanced compared to
the theoretical cross sections of PACE-4. The PACE-4 code does
not produce the ICF contributions. Hence, the enhancement
in measured cross sections over theoretical cross sections
is attributed to the incomplete fusion of the projectile '°O
(i.e., breakup of projectile '°O into '>C + «) with the '**Nd
target. The composite system formed during the ICF process
will decay through the subsequent emission of neutrons and
protons. These results indicate that ERs '*’Dy and %Dy may
be populated not only via the CF of °O but also through ICF.
The ERs "Dy and '>Dy may be populated via two different
reaction routes represented as follows:

(i) CF of '®0 with ¥Nd:
160 4 8Nd > ['Er]* — 115Dy 4 axn (x=3, 5).
(ii) ICF of '°0 (i.e., fusion of the fragment '>C):
10(2C + ) + "¥Nd— 2C + "8 Nd + « (spectator)
— ["Dy]* + « (spectator)
00y, 175Dy | v (x = 3, 5).
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FIG. 5. Excitation functions of evaporation residues (a),(b) '*"'%Dy and (c) '>Tb populated through a3n, a5n, and ap4n reaction
channels. Solid spheres are for the independent cross section data and hollow spheres are for the cumulative cross section. Solid curves

are the PACE-4 predicted cross sections.

The ER '3>Tb(ap4n) may also be populated through
BT/EC decay of their higher charge precursor isobar
155Dy (a5n). The measured cross sections of this ER will
be the cumulative cross sections. To separate out the pre-
cursor contribution from the cumulative cross-section, an at-
tempt was made using the prescription suggested by Cavinato
et al. [37]. In this case the independent cross sections of
ER 53Tb(ap4n) were extracted from their cumulative cross
section using the following expression:

155 1551

ISSDy
Olndp = OCumt — 1.020

o 3.1)

Significant enhancement is observed in the measured inde-
pendent cross sections of ER ' Tb(ap4n) compared to the
theoretical predictions of PACE-4, as shown in Fig. 5(c). This
indicates that the ER 'Tb may also populate through ICF
along with CF of projectile 'O with target '“8Nd. This
ER may be populated via three different reaction routes as
follows:

(i) CF of '°0 with "¥Nd:
160 + "Nd — ['"Er]* — Tb + apxn (x = 4).
(ii) ICF of '°0 (i.e., fusion of the fragment '>C):
10(12C + ) + "8 Nd— 2C + 8 Nd + « (spectator)
— ['Dy]* + « (spectator)
160Dy*  155Th 4 pan.

(iii) Through EC/B™" decay of the produced higher charge
precursor isobar:

+/EC
155y FIEC 1550,

IV. A COMPARISON OF MEASURED ICF YIELD
WITH THE SUM-RULE MODEL

The sum-rule model, explained by Wilczynski et al. [17],
is a widely used theoretical model of ICF. The Sumrule
model is based on the generalized concept of critical angular
momentum (€i;) for CF of the projectile with the target.
This model successfully predicted the ICF cross sections at

projectile energy above 10 MeV /nucleon and the localization
of the various reactions in £ windows. In the present work,
the cross sections of ERs populated through CF and/or ICF
channels in the interaction of projectile '°0 with target '**Nd
were also calculated using the sum-rule model. This model
contains several important parameters; namely, the temper-
ature of the contact zone between the interacting partners
(T), the diffuseness parameter (A) of the transmission prob-
ability distribution (7;), and the Coulomb interaction radius
(R;). These parameters were taken as 3.5 MeV, 1.7/ and
11.25 fm respectively, as suggested by Wilczynski et al. [17].
The total transfer yields in ICF («-emission) channels in the
projectile energy range ~4—7 MeV /nucleon were estimated
from the measured data. These measured total transfer yields
were compared with the sum-rule model predictions for the
present system and are displayed in Fig. 6. The graph shows
that the measured total transfer yields of ICF («-emission)
channels are much higher than those of cross sections of
sum-rule model for the entire projectile energy range. These

200

L 0+'*Nd System

160 —m— 35

SUM

ICF
—o— .

Sumrule

120 p

80|

40}

Cross-section (mb)

80 90
E_ (MeV)

60

70

100 110

FIG. 6. A comparison of total transfer yield of measured and
sum-rule model predictions for ICF («-emitting) channels in the
system 190 + 8Nd at energies ~4—7 MeV /nucleon.
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results indicate that the sum-rule model does not successfully
predict the ICF cross sections at projectile energies ~4—
7 MeV /nucleon. It means that the sum-rule model is not valid
for low projectile energy.

V. SYSTEMATICS OF THE DEPENDENCE OF ICF
ON DEFORMATION PARAMETERS

An attempt was made to separate out the ICF contri-
bution from the measured data of the '°0 4 “8Nd system
at energies ~4-7 MeV /nucleon. As already mentioned, the
enhancement in the measured production cross sections over
the PACE-4 predictions in some evaporation residues may be
attributed to the incomplete-fusion process. The ICF con-
tribution (¢'°F) for individual channels was estimated by
subtracting the theoretically calculated complete-fusion cross
sections by PACE-4 from the measured cross sections at each
projectile energy. The total incomplete-fusion cross section
(as F) was obtained by adding the incomplete-fusion cross
sections of different measured evaporation residues at each
projectile energy. The total complete-fusion cross section
(ascufn) was calculated using the measured data of CF channels
and predictions of PACE-4 code for unmeasured ERs at each
projectile energy. Some of the ERs are not detected due to
their very short or long half-lives and low intense y rays.
It is well known that the measured cross sections of CF
channels are satisfactorily reproduced by PACE-4 code. Hence,
the predictions of PACE-4 code for unmeasured ERs of CF
channels were used in the calculation of total complete-fusion
cross section (aSum) However, for the ERs formed through
the ICF process, no such modification could be applied due
to the unavailability of theoretical code that may predict
the ICF contribution at low projectile energy. Therefore,
the estimated value of total ICF contribution (O’SCF) should
be treated as a lower limit of ICF for the present system
160 4 8Nd. The comparisons of measured data also rely on
theoretical estimations due to the experimental limitations.
The total fusion cross section (aTle +ICFy was obtained by
adding oSum and JSICF The ICF fraction Ficg(%) is defined
as the Ficp(%) = (0&F /o SF1F) % 100. The ICF fraction
Ficr(%) is a measure of strength of ICF relative to total
fusion (CF and ICF). The measured incomplete-fusion frac-
tion Ficp(%) for the present system '°0 + **Nd along with
some earlier measurements [38—50] was deduced at a constant
value of normalization factor (£max — €erit)/€max = 0.096. The
factor (£max — Lerit)/€max Was introduced in Ref. [43] for nor-
malization of data to disentangle the entrance channel effects
on ICF dynamics, where £, and {.; are the maximum
and critical angular momenta of the systems. Their values
were calculated using prescription [17]. In this parameter
the angular momentum limit of CF and ICF channels is
considered, and therefore this factor is more suitable than
other normalization factors used earlier for comparison of
experimental data for different systems.

A. Incomplete-fusion fraction with mass asymmetry,
Coulomb factor, and a-Q value

A critical review was done to understand the dependence
of ICF dynamics on entrance channel parameters, e.g., mass

50 —
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FIG. 7. The incomplete-fusion fraction Ficg(%) as a function of
entrance channel mass asymmetry, Coulomb factor and «-Q value
for the '°0 4 '*8Nd system with some other systems from literature
[38-50] at a constant value (£yax — Lerit)/€max= 0.096.

asymmetry (u45-) between interacting partners, Coulomb fac-
tor (ZpZr), and the «-Q value of the projectile. Morgenstern
et al. [11] observed that the ICF fraction increases linearly
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with entrance channel mass asymmetry [u4s. = AT /(AT +
AP)]. The measured ICF fraction Ficp(%) for the present
system '°0 + '*8Nd and some earlier measurements [38—50]
was plotted as a function of entrance channel mass asym-
metry at a constant value (£max — Lerit)/€max = 0.096 and is
displayed in Fig. 7(a). This figure shows that the ICF fraction
rises exponentially with mass asymmetry, independently for
each projectile. These present results clearly show that the
entrance channel mass asymmetry and structure of projectile
affect the ICF dynamics. In addition, the role of Coulomb
factor (ZpZ7) on ICF was also studied in the present work.
The ICF fraction as a function of Coulomb factor (ZpZ7)
for the present system and some literature data [38-50] at
(Cmax — Lerit)/€max = 0.096 were plotted and are displayed in
Fig. 7(b). It can be seen from this figure that Ficp(%) shows
exponential growth with the Coulomb factor (ZpZr), sepa-
rately for different projectiles. From this figure, it can be no-
ticed that the systems with same ZpZy have different values of
Ficr(%) fraction in the studied energy region. This Coulomb
factor systematics also indicates the projectile structure effect.
Further, these results were also confirmed by the systematics
of the a-Q value of the projectile. The ICF fractions of sys-
tems 2°Ne + 9 Ho [50], '°0 + '*Ho [46], and 3C + % Ho
[38] were plotted as a function of a-Q value of the projectile
and are shown in Fig. 7(c). These systems have same target,
165Ho, but different projectiles, 20Ne (a-Q = —4.73 MeV),
190 (@-Q = —7.16 MeV), and 13C (a-Q = —10.65 MeV). It
can be seen from this figure that systems with larger «-Q value
of the projectile have larger ICF fractions. This present review
suggests that ICF dynamics is affected by various entrance
channel parameters simultaneously. Recently, similar types
of measurements of excitation functions for the '>C + '®Ho
system were done at low projectile energy [S1]. A systematic
study of breakup fusion and its interplay with various entrance
channel parameters, i.e., mass asymmetry (u4y.) of the sys-
tem, Coulomb factor (ZpZr), and «-Q value of projectile was
done. These measurements indicate that the ICF dynamics
depends not on any single entrance channel parameter but is
affected by several parameters. Moreover, that study shows a
linear rise pattern of ICF fraction with the above mentioned
parameters. On the other hand, the present work suggests
an exponential growth of ICF fraction with these entrance
channel parameters. Furthermore, the present study is mainly
focused on the role of target deformation and its structure
on ICF dynamics. The correlation of ICF fraction with the
deformation or structure of target was studied using three
different parameters: deformation of the target (8] ), target
deformation length (BT RT), and neutron excess (N — Z)T of
the target.

B. Effect of target deformation on ICF dynamics

The effect of target deformation on ICF dynamics at low
projectile energy is given in this subsection. The shape of
a nucleus can be described by the deformation parameter
(BT), which is related to the quadrupole moment (Qp) of
the nucleus. More details of the formulation of deformation
parameter (,32T ) are given in Ref. [52]. Recently, it was ob-
served that the ICF dynamics is also affected by deformation
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FIG. 8. The incomplete-fusion fraction Ficp(%) as function of
deformation of target (87), deformation length (87 RT), and neu-
tron excess (N — Z)! of target for the '°0O + ' Nd system with
some other systems from literature [38-50] at a constant value
(bmax — Zcrit)/zmax = 0.096.

of the target, but no definite conclusion regarding this is
available in the literature. To get a definite conclusion, a new
parameter, target deformation length (ﬂzT RT), was introduced.
The target deformation length (8 RT) is the multiplication of
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FIG. 9. The experimental fusion functions (EFFs) along with the universal fusion function (UFF) for the '°0 + *8Nd system with some
other systems from literature [40-43,54]. The solid line represents the UFF and dash-dotted lines represent best fits to EFFs for different

systems.

target deformation parameter (8 ) with mean radius of target
(RT). This parameter provides information about effect of
orientation and shape of a nucleus. The BJ values of different
targets were taken from Ref. [52], while the values of RT were
calculated using the formulation in Ref. [53]. The deduced
values of Ficp(%) for the present system along with other
systems [38-50] were plotted as a function of deformation
parameter (B7) and target deformation length (B RT), as
shown in Figs. 8(a) and 8(b). From these plots, it can be
clearly seen that the ICF fraction increases exponentially with
both BT and B RT. The results for deformation length are the
same as that for B7. This is because the deformation length
is also related to the structure of the target. The interaction
radius of a system depends on the shape and orientation of
interacting nuclei (oblate or prolate). Thus, the total and ICF
cross sections are also dependent on the shape and orientation
of the nuclei. Target deformation length is also able to probe
the effect of shape and orientation of the nuclei. Further, to
confirm these results, another new parameter, neutron excess

(N — Z)T of the target, was considered. The N — Z value of
the target is also related to the structure of the target and hence
it should show the same characteristics as 87 and B R”. The
ICF fraction for the present system and literature data [38—50]
were plotted as a function of (¥ — Z)T and are shown in
Fig. 8(c). 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 of the target
is shown by three different parameters, e.g., B, 1 R”, and
(N — Z)T. These present results highlight the role of target
structure in ICF dynamics. The critical review of the existing
entrance channel effects along with some new parameters
indicate that the ICF dynamics is strongly affected by the
structure of both projectile as well as target. Earlier studies
available in the literature [12—14,38] observed a simple linear
pattern of ICF fraction with various entrance channel param-
eters. However, the present results clearly show that the ICF
fraction rises exponentially with entrance channel parameters
in contrast to a simple linear growth.
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C. Effect of target deformation on ICF dynamics
by the universal fusion function (UFF)

The effect of various entrance channel parameters on ICF
dynamics for systems involving tightly bound projectiles was
also studied using the universal fusion function (UFF). The
UFF is a new reduction procedure, suggested by Canto et al.
[20,21], which completely eliminates the geometrical and
static effects of the potential acting between the interacting
partners. In this reduction procedure, the fusion cross sec-
tions and the incident energy are reduced to a dimension-
less equation called the fusion function U(x) and dimen-
sionless variable x as U(x) = [(2Ecy)/ ha)Rlz,]apuS and x =
(Ecy — Ecp)/hw, where hiw, Rg, Ecp, and E¢y, are the barrier
curvature, barrier radius, Coulomb barrier and the projectile
energy in the center-of-mass frame, respectively.

The experimental fusion functions (EFFs) for the present
160 + 8 Nd system along with other systems *C + 'Tb
[40], °C + "Lu [41], '*C+ '°Lu [41], "*C 4 "°Tb [42],
160 4 1245 [43], and '°0 + '8'Ta [54] were plotted as a
function of x and are displayed in Fig. 9. The EFFs were
determined using total complete-fusion cross sections (o&k )
for the above mentioned systems. The solid lines in these
figures represent the UFF, which was calculated using the
prescription in Refs. [20,21]. The UFF is a simple function of
dimensionless variable x and is independent of the entrance
channel. The couplings of inelastic excitations and transfer
channels are not so effective at energies above the Coulomb
barrier of the system. Therefore, any deviation in the EFFs
from the UFF is attributed to the breakup of the projectile.
It can be seen clearly from Figs. 9(a)-9(c), that the EFFs for
all the systems are well suppressed. As can be noticed from
these figures, the EFFs for the systems having same projectiles
(0, '312C), but different values of deformation parameters
for targets are suppressed by different factors. The suppression
factor for the system '°0 4 '2*Sn (B = 0.000) comes out to
be 0.88, while for the systems '°0 + *¥Nd (8] = 0.194) and
10 4 ¥1Ta (BT = 0.255) the suppression factors are 0.80
and 0.71 respectively. This means that the contribution of
ICF increases with the deformation of the target. However,
Ficr(%) for the system '°0 + '81Ta is slightly away from the
linear increasing trend. This may be because cross sections
of some ERs could not be measured due to limitations of
the stacked foil activation technique. Hence, the suppression
factor for this system is also very small, i.e., 0.71, which
would be expected to go up if all possible a-emitting channels
could be measured. On the other hand, the suppression factors
for the system '2C + 'Tb (87 =0.271) and "*C + '"°Lu
(BF =0.289) are found to be 0.81 and 0.72 respectively
and displayed in Fig. 9(b). As can be seen in Fig. 9(c), the
suppression factors for the systems '*C + 'Tb (8] = 0.271)
and *C + "Lu (8] = 0.289) are 0.85 and 0.75 respectively.
These present results show that the CF suppression factor
decreases with increasing deformation of the target nuclei.
This means that the CF suppression factor is not unique for
the systems having the same projectile. Therefore, the effect
of target deformation is clearly observed in the suppression
of EFFs. Further, the total fusion functions (TFFs) for these
systems were calculated by considering the total fusion cross
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FIG. 10. The total fusion functions (TFFs) along with the uni-
versal fusion function (UFF) for the °0 4 ®Nd system with some
other systems from literature [40—43,54]. The solid line represents
the UFE.

sections (sum of CF and ICF cross sections). The TFFs were
plotted as a function of x and are shown in Fig. 10. From this
figure, it can be seen that the TFFs for all the systems are in
good agreement with the UFF. This indicates that the ICF pro-
cess also has a significant contribution along with CF in these
measurements. In addition, to observe the nature of EFFs with
deformation length (B R”), the average values of EFFs and
TFFs were estimated using the formulation for simple mathe-
matical average for the above mentioned systems. The average
values of EFFs (for CF only) and TFFs (for CF and ICF) were
plotted as a function of B R™ and are shown in Fig. 11. In
the figure, (U (x)cg) and (U (x)cp+icr) represent the average
values of EFFs and TFFs respectively. These figures show that
the average values of both EFFs and TFFs are decreasing with
deformation parameter A1 R”. The dash-dotted line represents
the average value of the UFF in the present energy regime.
In Fig. 11(a) for the system 'O + '2*Sn, the average value
of the EFF matches the average value of the UFF, while it
is suppressed for other systems. The target '**Sn is spherical
and therefore no effect of deformation was observed. From
Fig. 11(b), it can be seen that the average value of the TFF
shifts towards the line corresponding to average value of
the UFF for all systems with deformed targets. The average
value of the TFF for the system '°0 + '2*Sn was found to be
larger than the average value of the UFF. In these figures, the
effect of target deformation is clearly seen in the reduction
process of the UFF. These results indicate that the effect of
target deformation along with the contribution of ICF must
be included in the calculations of total fusion cross sections.
Hence, the present study shows that the deformation of the
target also strongly affects the ICF dynamics.

VI. SUMMARY AND CONCLUSIONS

The EFs of ERs populated via CF and/or ICF dynam-
ics in the '°0 + ' Nd system were measured at projectile
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FIG. 11. (a) The average experimental fusion function (EFF) and
(b) average total fusion function (TFF) as a function of deformation
parameter (87 R”) of the target for the '°0 4 '**Nd system with
some other systems from literature [40—43,54]. The dotted line
corresponds to the mean value of UFF in this energy range. The solid
lines just guide the eyes to represent the same projectiles.

energies ~4-7 MeV /nucleon. The measured cross sections
were compared with theoretical cross sections of statistical
model code PACE-4. Significant enhancement was observed in
measured cross sections over their theoretical predictions in
a-emitting channels. These enhancements show that the ERs
5Dy (a3n), "*Dy(as5n), and > Tb(apdn) are found to be
produced through the breakup of projectile '°0 into >C + «
(ICF process) along with the CF process. A comparison of the
measured total transfer yields of ICF («-emitting) channels
with their theoretical yields using the sum-rule model suggests
that the sum-rule model is not able to predict successfully the
cross sections of ICF channels at low projectile energy. These
results show that the sum-rule model in its present form is
not valid at low projectile energies ~4—7 MeV /nucleon. A

comprehensive study was done to understand the dependence
of ICF dynamics on existing entrance channel parameters,
namely, mass asymmetry, Coulomb factor (ZpZ7), and «-Q
value of the projectile. The present work shows that the ICF
probability increases exponentially with these parameters.
Further, the dependence of ICF dynamics on target deforma-
tion using deformation parameter (87 ) and two new parame-
ters, deformation length (,32T RT) and neutron excess (N — Z)T
of the target, was studied. It was noticed that the ICF fraction
rises exponentially with B, BIR", and (N — Z)". These
present results clearly indicate that the ICF fraction follows
an exponential pattern rather than a simple linear growth with
entrance channel parameters as suggested by earlier works.
This study reveals that the ICF dynamics is strongly affected
by the structure of both projectile as well as target.

Efforts were also made to confirm these effects using the
universal fusion function (UFF). The experimental fusion
functions (EFFs) for the system '°O + *8Nd along with some
other systems were found to be well suppressed compared to
the UFF. These present results reveal that the CF suppression
factor decreases with increasing deformation of target nuclei.
Moreover, the total fusion functions (TFFs) for all the systems
are found to be in good agreement with the UFF. Further,
to observe the nature of fusion functions with deformation
parameters, the averages of EFFs and TFFs were estimated
and plotted as a function of B/ R”. The average values of
EFFs and TFFs were found to decrease with 87 R”. It was
also observed that the average value of EFFs for the system
160 + 124Sn with a spherical target coincides with the average
value of the UFF, but it is suppressed for other systems having
deformed targets. The average value of TFFs for all systems
with deformed targets shifts towards the average value of
the UFF. In conclusion, the effect of target deformation was
clearly observed along with ICF in the reduction process of
the UFF. This study shows that the effect of target deformation
plays an important role to affect the ICF dynamics along with
various entrance channel parameters of the system.
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