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Systematic study of low-energy incomplete fusion: Role of entrance channel parameters
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An attempt has been made to investigate the role of various entrance channel parameters in low-energy
(=~4-7 MeV /nucleon) incomplete fusion reactions through excitation function measurements. The analysis of
measured excitation functions, in the framework of statistical model code PACE4, reveals that the xn/pxn channels
are populated, predominantly, via complete fusion processes. However, in the production of o-emitting channels,
even after correcting for the precursor decay contribution, a significant enhancement as compared to statistical
model predictions has been observed, which may be attributed due to the contribution of breakup processes.
The observed enhancement is found to increase with projectile energy. Further, the comparison of present work
with literature data reveals the dependence of incomplete fusion on mass-asymmetry of interacting partners,
a-Q value of the projectile, and also on ZpZ7 (the Coulomb factor). From the present analysis, it may be
concluded that a single entrance channel parameter (i.e., mass asymmetry or ZpZy or @-Q value) is not able
to explain, completely, the yields of the low-energy incomplete fusion component. Therefore, a combination of
these parameters and/or a parameter which can incorporate all gross features of interacting partners should be

chosen to get a systematics for such reactions.
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I. INTRODUCTION

Fusion reactions induced by heavy ions (HIs) play an
important role in nuclear physics, since they enable us to
study the properties of nuclei even away from the stability
line [1-4]. As a result, a comprehensive understanding of
the reaction mechanism involved in HI-induced reactions has
always been an active area of investigation [5-10]. During
the last couple of decades, the significant contribution of
the incomplete fusion (ICF) reactions to the HI-reaction
mechanism has been observed at energies in the vicinity of
Coulomb barrier (V},), where complete fusion (CF) is one of the
dominant process [10-16]. The CF reactions correspond to the
complete amalgamation of the projectile and the target nuclei,
wherein the collision enters into the region of an attractive
potential for input angular momentum ¢ < £.;. However, in
case of ICF reactions the fusion pocket disappears in the
effective potential energy curve with partial waves £ > £
(for peripheral interactions and/or at high beam energies) [17].
Hence the projectile may break up into its constituents to
provide sustainable input angular momentum. Consequently,
one of the fragments may fuse with the target nucleus, forming
a composite system with reduced excitation energy and mass,
while the remnant flows in the forward direction almost with
the beam velocity. Some signatures of the ICF reactions are
(i) higher production yields over the statistical model predic-
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tions, particularly for o-emitting channels [14], (ii) fractional
linear momentum transfer from the projectile to the target
nucleus [15,16], (iii) entirely distinct deexcitation patterns
of CF and ICF residues [10], and (iv) broader angular
distributions for ICF residues than for the CF events [15].

In order to understand the observation of fast « particles
in the exit channel [18,19], several attempts have been made
[20-30]. A brief description of some of these models is given
elsewhere [14]. Some of the most widely employed models to
explain ICF data are the breakup fusion model [20,21], sum-
rule model [22], exciton model [23], promptly emitted particles
model [24], and overlap model [25-28]. These models have,
generally, been used to fit the experimental data obtained at
energies £ > 10 MeV /nucleon or so. At still higher energies
(=20 MeV /nucleon) the experimental data may be explained,
to some extent, by including the contributions of projectile
breakup and/or nucleon coalescence. But no satisfactory
explanation of ICF data could be made at low energies (i.e., 4—7
MeV /nucleon), because of the unavailability of any reliable
theoretical model and/or systematics. This triggered a renewed
interest in investigating the dynamics of low-energy breakup
reactions.

During the last couple of decades, the presence of low-
energy ICF reactions and their dependence on various entrance
channel parameters have been studied. Morgenstern et al. has
correlated the ICF fraction, the contribution of ICF to total
fusion cross section, with entrance channel mass asymmetry
at relatively higher energies >10 MeV /nucleon [31], where
ICF is found to depend upon the entrance channel mass
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asymmetry u = Ay /(Ar + Ap)of interacting partners, where
Ap and A7 are the atomic mass numbers of the projectile and
target nuclei, respectively. Apart from mass asymmetry, Singh
et al. has introduced the projectile-dependent mass-asymmetry
systematics at low energies [32]. Further, the importance
of projectile structure has been explained in one of our
recent papers using the projectile’s «-Q value (the energy
required to separate an « particle from the projectile), which
states that a larger negative Q, value of the projectile will
lead to a smaller breakup probability of the projectile [33].
Principally, the above discussed observations are somewhat
conditional in nature; i.e., they are obtained by fixing either
the projectile or the target nuclei. Recently, an attempt was
made by Shuaib et al. [34] to find out some systematics for
several projectile-target combinations. They plotted the ICF
fraction for 1>C, °0, and "F projectiles with different targets
(ZpZr =~ 270-640; 11 projectile-target combinations), where
a linear dependence between ICF fraction and Z p Z7 for these
systems has been observed. However, it is worthwhile to
notice that the proposed ZpZy systematics [34] is unable
to explain the data for systems with same ZpZy values,
e.g., projectile isotopes on the same target nuclei (e.g.,
2BC 4+ X, 1130 4 X) or the same projectile with different
target isotopes (e.g., x + '**!15¥Sm). Therefore, the pending
question of ICF dependence on entrance channel parameters
has developed interest in looking for the general systematics
for low-energy ICF reactions. In the present work, with a
motivation to understand the dependence of ICF reactions
on entrance channel parameters in a comprehensive way, the
excitation functions (EFs) of reaction residues populated in
3C 4 'Tb interactions at several beam energies, ranging
from ~1.01V, to 1.68V, (V, being the Coulomb barrier),
have been measured and analyzed within the framework of
a statistical model code [35,36]. The present analysis includes
a large number of projectile-target combinations (ZpZy ~
240-670; 21 projectile-target combinations) to investigate all
possible aspects of low-energy ICF reactions. The present
paper is organized as follows: A brief description of the
experimental methodology is given in Sec. II, while Sec. III
deals with the details of the measurements, results, and their
interpretation, and finally the summary is presented in Sec. IV.

II. EXPERIMENTAL DETAILS

The experiments were planned and performed at the
Inter-University Accelerator Centre (IUAC), New Delhi, India
using '*C (non-a-clustered) beam with '*Tb target. The
activation technique followed by offline y-ray spectroscopy
was employed. Isotopically pure '>Tb targets (target thickness
tm ~1.2-2.5 mg/cm?) and aluminum catcher/energy-degrader
foils (t,, &~ 1.5-2.5 mg/cm?) were prepared by rolling tech-
nique, and the uniformity of each target was verified by «-
transmission method. In order to achieve a wide energy range
in the allotted beam time, the energy-degradation technique
was used; i.e., each target foil was backed by an Al catcher
foil (hereafter called the target-catcher foil assembly). Placing
the Al catcher foil as backing of the the target fulfilled two
purposes: (i) stopping the recoiling products produced during
the irradiations in their respective target-catcher assembly,
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and (ii) degrading the beam energy. In this experiment, six
stacks (each made by three target-catcher foil assemblies) were
prepared and irradiated at different beam energies: ~58, 60,
70, 73, 85, and 88 MeV. The irradiations were carried out in
the General Purpose Scattering Chamber (GPSC) which has
an in-vacuum transfer facility, used to minimize the lapse time
between the stop of the irradiation and the beginning of the
counting of the activity induced in a target-catcher assembly
[37]. Considering the half-lives of interest, the irradiations
were carried out for 8—10 h duration for each stack. A Faraday
cup was installed behind the target-catcher foil assembly
to monitor the beam current, ~25-30 nA, during all the
irradiations. The incident beam energy on each target foil
in a stack has been estimated using the code SRIM [38]. For
example, at the highest incident energy (i.e., 87.62 MeV), the
uncertainty in the energy is estimated to be £0.38 MeV, and,
at the lowest incident energy (i.e., 52.47 MeV) it is estimated
to be £0.85 MeV.

The radioactivity produced in the target-catcher foil assem-
blies was recorded, separately, at several time intervals by a
precalibrated, high-resolution, high-purity germanium (HPGe)
detector coupled to a computer-automated measurement and
control (CAMAC) based data acquisition system [39]. The
HPGe detector used in this experiment was calibrated using
standard y sources, e.g., ®®Co and '32Eu. The efficiency of the
detector was determined using the standard y-ray sources at
various source-detector separations to wash out the solid-angle
effect. The energy resolution of the detector was estimated to
be 2.0 keV for the 1.33 MeV ¥ line of the *°Co source. A 50
Hz pulser was used to determine the dead time of the detector.

III. ANALYSIS: RESULTS AND THEIR INTERPRETATION

The analysis of data was carried out first with the
measurement of cross-sections of residues, populated during
the projectile-target interactions, at each studied energy;
i.e., the EFs were measured and then compared with the
predictions of a statistical model code to understand the
involved reaction mechanism. In order to measure the EFs,
the reaction residues were identified in the recorded y-ray
spectra by their characteristic y lines, which were further
confirmed by studying their decay curves. As a representative
case, a typical y-ray spectrum obtained at incident energy
87.62 £ 0.38 MeV is shown in Fig. 1, where some of the y
peaks corresponding to different reaction products, produced
during the projectile-target interactions, are also labeled.
In the inset of this figure, as a typical example, the decay
curve of '%®Lu (ti2 =5.5 min) residues is shown; it is
in agreement with the literature value of its half-life and
confirms its identification. The identified reaction residues
are tabulated in Table I, with their spectroscopic properties
taken from Refs. [40,41]. Not all the y lines in the spectrum
could be assigned to the characteristic y lines of CF and
ICF residues. The origin of those y lines could be other
reaction processes, such as fusion-fission of the completely
and/or incompletely fused composite system [42]. Further, the
standard formulation was used to determine the production
cross sections of reaction products [14]. Usually a reaction
residue may be populated via a specific channel in its excited
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FIG. 1. A typical y-ray spectrum obtained at 87.62 &= 0.38 MeV
beam energy in *C 4 ""Tb interactions. Some of the identified y
lines corresponding to different CF and/or ICF residues are labeled.
The inset of this figure shows the decay curve of 'SLu (1, p=
5.5 min) residues populated via the 4n channel.

state and often deexcitee by emitting several y rays of
different energies. Therefore, the reported values of the cross
sections for some residues are the weighted averages of cross
sections obtained for their different y rays [43]. Hence, in
the present work, the EFs of radionuclides 169Lu(3n),

18 ust(4n),  "LuSn),  'Yb(p4n), Tm(a2n),
1S Tm(e3n), '®Tm(asn), '“>Ho™(2w2n), '®'Ho(2a3n),
10Ho¢ (2dn), and '“Ho™(2a4n), populated in the

interactions of the *C + °Tb system, have been measured.

TABLEI List of identified reaction residues, for which EFs have
been measured, along with their spectroscopic properties.

Residue T\ JT E, (keV) 17 (%)
1%Lu (3n) 34.06 h 7/2+ 191.21 20.7
960.62 235
18 us*™ (4n) 5.5 min 3+ 198.86 180.0°
228.58 70.0°
7Lu (5n) 51.5 min 7/2+ 213.21 3.5
17Yb (p4n) 17.5 min 5/2° 113.34 55
176.24 20.4
16Tm («2n) 7.70 h 2+ 184.41 15.8
705.31 10.4
165Tm (a3n) 30.06 h 1/2+ 242.85 35
296.03 23
346.75 3.9
460.14 3.0
13Tm (a5n) 1.81h 1/2+ 190.07 1.28
239.67 4.1
471.29 3.8
12Ho™ (202n) 1.12h It 185.01 293
282.73 115
1o (2a3n) 248h 7/2- 103.03 3.6
10H0¢ (2a4n) 25.6 min 5+ 197.03 14.0
645.25 16.20
10 o™ (2adn) 5.02h 2- 197.03 14.0
645.25 16.20
728.18 30.8
879.39 20.2

2These intensities are relative.
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It is worthwhile to mention that the errors in the measured
production cross sections may arise due to various sources,
such as the nonuniformity of target foils, fluctuations in
the beam current, the uncertainty in geometry-dependent
efficiency of the HPGe detector, finite dead time of the
spectrometer, etc. A detailed discussion on the error analysis
is given elsewhere [14]. Attempts were made to minimize the
uncertainties due to all the above factors, and the overall error
including statistical errors is estimated to be < 15%.

Further, to study the involvement of different reaction pro-
cesses, the experimentally measured EFs were analyzed within
the framework of the statistical model code PACE4 [35,36],
which is based on the Hauser-Feshbach theory of CN decay
[44]. The details of the code are given in Refs. [14,35,36].
In brief, this code uses the statistical approach of CN deexci-
tation by a Monte Carlo procedure. The angular momentum
projections are calculated at each stage of deexcitation, which
enables the determination of angular distribution of the emitted
particles, and angular momentum conservation is explicitly
taken into account. In this code, Gilbert and Cameron’s nuclear
level density parameter and spin cutoff parameter were adopted
for the calculations [45]. This code has been modified to take
into account the excitation energy dependence of level density
parameter using the prescription of Kataria et al. [46]. The
Bass model is used to calculate the CF cross sections [47].
In this code, the level density parameter (@ = A/K MeV~!,
where A is the mass number of the nucleus and K is a free
adjustable parameter) is one of the important parameters.
The value of free parameter K can be varied, within the
physically justified limits [45], to reproduce the experimentally
measured EFs.

A. xn/pxn channels: Calibration of the statistical model code

As has already been stated, the comparison of experimen-
tally measured and theoretically predicted EFs may provide
a method to understand the involved reaction mechanism in
the production of reaction residues. Hence, the right choice
of the parameters used in theoretical predictions through the
statistical model code is a requisite step for the analysis.
The experimentally measured EFs of 1697y, 1681 yst+m 1671 4y
and '97Yb evaporation residues expected to be populated
respectively via 3n, 4n, 5n, and p4n emission from the
excited '7’Lu* nucleus have been plotted in Fig. 2. During
the decay-curve analysis, the evaporation residue ' Yb(p4n),
half-life 17.5 min, was found to be strongly fed from
its higher charge isobar (“precursor” hereafter) 17 u(5n),
having half-life 51.5 min, through 8 emission. Notice that the
half-life of the precursor (i.e., '®’Lu) is larger than the half-life
of the daughter nuclei (i.e., 167Yb). Hence, the independent
production cross section (ojpg) of 167Yb has been deduced
using the following successive radioactive decay formulation
based on the Bateman equation [48]:

(Ppre)\pre)
()‘-d - )‘pre)
InEq. (1), Ng(¢) and Np(t) are the numbers of daughter and

precursor nuclei produced at any time ¢. C,—g is the cumulative
(precursor + daughter) number of nuclei produced at the end

Ny(t) = Cyope ™" + Npre(t)e ™ (1)
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FIG. 2. Experimentally —measured EFs of '®“Lu(3n),
8L ust (4n), '"“Lu(5n), and '®’Yb(p4n) residues populated
in the 3C 4+ ' Tb system. The lines through the data points are
predictions done using the PACE4 code (for details see text).

of the irradiation of the target. Ay and A, are the decay
constants of precursor and daughter nuclei, respectively. Py is
the branching ratio of the precursor decay to the final nucleus.
The value of Ny (t) has been deduced from the experimentally
measured decay curve of precursor '’Lu. The number of
independently produced daughter nuclei, N;(t) ('7Yb), at
time ¢ has been obtained by solving Eq. (1), which has been
translated to the independent production cross section (ojpg) of
167y b ( p4n) and is plotted in Fig. 2 (lower panel). However,
the EFs for other pxn channels could not be measured in the
present work due to their short/long half-lives.

In order to study the production mechanism of reaction
products formed via xn/pxn channels, an attempt has been
made to reproduce the experimentally measured EFs of these
channels using the statistical model code PACE4. The level
density a (=A/K MeV~") was varied by using different values
of free parameter K. According to Gilbert and Cameron’s
level density systematics, values of the free parameter K
significantly higher than K = 10 are unlikely for the excitation
energy and mass region of interest. Nevertheless, in the
present calculations K higher than 10 have been used to
better elucidate the dependence of the calculated excitation
functions on this parameter. Figure 2 shows the experimental
EFs of xn/pxn channels compared with PACE4 predictions;
notations are self-explanatory. As shown in this figure, the
experimentally measured EFs for these channels are nicely
reproduced by PACE4 predictions for the level density a =
A/8 MeV~!, indicating the production of these residues
through the deexcitation of a fully equilibrated compound
nucleus (7>Lu*) formed via complete fusion of B¢ with "Tb
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target nuclei. Thus, the choice of parameters used for the
analysis is suitable, and therefore the value of level density
a = A/8 MeV~! can be used consistently as a fixed parameter
for the analysis of all the channels expected to be populated
via both CF and ICF reaction processes.

B. a-emitting channels: Enhancement over PACE predictions

The EFs of seven a-emitting channels, 166 (a2n), 165
(@3n), '“Tm (a5n), '“Ho™ (2a2n), '®'Ho (2a3n), '“"Ho*
(2a4n), and '"Ho™ (2w4n), populated through *C + *°Tb
interactions in the energy range 1.01V,, to 1.68V},, have been
plotted in Fig. 3. Note that it is possible to explain all experi-
mentally measured EFs with different choices of parameters of
the statistical model code for individual channels, but from the
physics point of view this is quite unreasonable. Therefore,
in the present work all the calculations were performed
consistently, using the same set of parameters for all the
measured channels. It may be observed in Figs. 3(a)-3(f), that
the experimentally measured EFs for all a-emitting channels
are underpredicted by PACE4 calculations done with the same
set of parameters as used to reproduce the EFs for xn and pxn
channels. Solid blue curves are the PACE4 predictions for level
density value a = A/8 MeV~!. It is worthwhile to mention
that the code PACE4 does not take ICF into account; therefore,
the experimentally observed higher production cross sections
with respect to the theoretical predictions may be attributed to
the ICF processes. Further, as can be noticed from Fig. 3, the
ICF contribution is distributed over the full studied range of
energy, and shows different energy dependence for different
residues. Note that the residues populated via o-emitting
channels may arise from CF and/or ICF processes. In the case
of CF, the incident projectile &o) entirely fuses with the target
nucleus ("*°Tb) to form a fully equilibrated CN, which may
eventually decay via an axn channel. However, in the case of
ICF, only a part of the incident projectile (i.e., *C — ‘Be +
«) fuses with the target nucleus to form an incompletely fused
composite system, and the remnant o or *Be keeps on moving
in the forward cone as a spectator. As a representative case,
the residue '®>Tm can be populated in the following ways.

(i) The CF of PC with *Tb: *C + "*Tb = '"*Luv* =
15Tm + a3n.

(i) When only a part of projectile *C (i.e., °Be) fuses with
59T to form an incompletely fused composite system
(‘" Tm*) while an o particle flows in the forward
direction as a spectator. The excited '®*Tm* may then
decay via three neutrons (3n) as BCCBe 4+ o) =
’Be + °Tb = '®Tm* = 'Tm + 3n(« particle as a
spectator).

Further, in order to deduce the ICF contribution in
axn/2axn channels, the same data reduction procedure has
been used as that given in Ref. [14]. The contribution of ICF
in the production of 166, 195Tm, 193 Tm, '2Ho™, '°'Ho,
10002, and '®"Ho™ residues has been deduced as o ;cp =
So. b axn — Eaﬁﬁii‘fm, by subtracting the PACE4 predic-
tions for exn + 2axn (done with the same set of parameters as
for xn/pxn channels) from their corresponding experimentally
measured excitation functions at each studied energy. Some
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FIG. 3. Experimentally measured EFs of «-emitting channels are compared with the PACE4 predictions. Solid blue lines represent PACE4

predictions performed for @ = A/8 MeV . See text for explanation.

recent reports [15,16] have indicated that the ICF contributions
deduced using the above data reduction procedure have been
found to be in good agreement with those obtained from the
analysis of forward ranges and angular distributions of heavy
recoils. It is of paramount importance to mention that the ICF
contribution deduced from the recoil range distribution and
angular distribution methods are independent of the statistical
model predictions. This is because, in recoil range and angular
distribution measurements, the CF and ICF contributions are
deduced separately on the basis of full and partial linear
momentum transfer events, respectively [15,16]. As already
discussed, the «xn channels may be populated via both CF and
ICF reaction processes; thus, in our previous measurements
of recoil range and angular distributions [15,16], the CF
contribution in the production of axn channels are satisfac-
torily reproduced via PACE4 predictions done with the same
set of parameters as used to calculate the cross sections of
xn/pxn channels. This reproduction of CF contributions, in
axn channels, is a clear validation of the choice of PACE4
parameters. Here a good agreement between the data of two
independent measurements puts confidence in the choice of
PACE4 parameters, as well as the present method of deducing
ICF contributions using PACE4 predictions.

C. ICF strength function and its sensitivity
to entrance channel parameters

To compare the strengths of CF and ICF components, the
ICF strength function (F;¢ r) has been deduced for the present
system. The Fjcr is a measure of strength of ICF relative
to total fusion, and is defined as Fy;cr (%) = (X207cFr/0TF) X
100, o7r = XocF + Zojcr. Inorder to study the dependence
of the reaction dynamics on the projectile type, the calculated
values of Fj¢r for the present system have been compared with

the strength functions for other systems in which different
projectiles hit the same target *°Tb, and these values are
plotted in Fig. 4. In this figure the F;cp values are plotted
as a function of normalized beam energy, to wash out the
effect of different Coulomb barriers. However, note that some
of the reaction channels could not be measured due to their
short or very long half-lives. In order to include the missing
CF channels, the value of Xocr has been corrected using
the PACE4 predictions. However, no such correction could be
applied for the ICF channels. This is because at present there is
no established theoretical model or systematics available that
may predict ICF contribution at such low energies. Therefore,
the value of F;cr in Fig. 4 may be taken as the lower limit
of ICF for the system. The effect of various entrance channel

35
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FIG. 4. The comparison of F;cr values for different projectiles
on same target '**Tb. The x axis is normalized by their corresponding
Coulomb barriers (for details see text).
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parameters on ICF reaction dynamics will be discussed in the
following subsections.

1. ICF sensitivity to the beam energy

As shown in Fig. 4, the value of Fjcr is found to be
~1% at 1.2V, (i.e., 20% above the barrier), and increases
smoothly up to ~7% at the highest measured energy (i.e.,
1.68V,) for the '*C + "Tb system. Similarly, the F;¢p for
other systems are also found to increase with the increase in
the incident energy. This is likely, as the increase in incident
energy imparts larger angular momentum to the system, which
leads to flattening of the fusion pocket in the effective potential
energy curve. In order to restore the fusion pocket and, of
course, to provide sustainable input angular momenta, the
projectile breaks up into its constituents, leading to the ICF
processes. As examples some of the breakup combinations
observed in '®O induced reactions, '°0 may break up into
(i) '2C and *He («) clusters, (ii) *Be and ®Be fragments, and/or
(iii) four « particles. Depending on the favorability of input
angular momentum conditions, one or a group of fragments
may fuse with the target nucleus to form an incompletely fused
composite system.

Further, notice in Fig. 4 that the values of F; ¢y for '°F (non-
a-cluster) projectile are larger than the well-known «-clustered
projectiles '°0 and '2C, over the entire studied energy range.
Also, the 13C projectile has smaller ICF fraction than the other
projectiles. It may also be observed in Fig. 4 that not only
the magnitudes of Fjcp are different for different projectiles
but the energy for the onset of ICF, for different systems,
is also different. In case of '*C, the onset of ICF (E!CF)
seems to take place at a relatively lower energy (i.e., 1.1V})
than for 1*C (EtIhCF = 1.2V}, induced reactions with >*Tb
target. For '’F and '°O projectiles the onset E/CF is 1.02V},
and 1.06V}, respectively. Thus, '°F, among all projectiles,
has the smallest energy at which ICF starts. It follows from
these observations that some property associated with the
structure of the projectile (e.g.., binding energy, Q, value,
shape of the nuclei, etc.), other than the cluster nature, also
influences the ICF reaction dynamics.

2. ICF sensitivity to the mass asymmetry of interacting partners

In order to understand how ICF-fraction depends on the
entrance channel massasymmetry [u = Ar/(Ar + Ap)], the
present data have also been analyzed within the framework of
Morgenstern’s mass-asymmetry systematics [31], according
to which ICF reactions contribute significantly for more
mass-asymmetric systems. Therefore, the values of F;cp for
the 3C + Tb system (present work) have been compared
with those obtained for '>C + 'In [49], "°Tb [501,'°Tm
[51], 8'Ta [52], ""Lu [53]; *C + '®“Tm [54], "¥'Ta [52];
10 + Nb [55], '®Rh [14], "*In [56], *Tb [32], '*Ho
[571, '“Tm [32]; "*O + "*Tb [58]; "°F + "**Tb [34], '“Tm
[591, '°Lu [60]; and **Ne + **Mn [61], *Co [62], ' Ho [63]
systems at a constant normalized beam energy (Ej/ Vs, =
1.35) as a function of entrance channel mass asymmetry, and
are presented in Fig. 5. Note that for some projectiles the
available data are limited to only a few target nuclei. From this
figure it may be observed that the ICF strength function almost
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FIG. 5. The incomplete fusion fraction F;cf for various systems
are compared in terms of the mass asymmetry (u) of the interacting
partners at a constant Ey,,/ V), value. The lines are linear fits to data,
separately for each projectile (see text for explanation).

linearly increases, separately for each projectile, with the
increase in their mass asymmetry. Figure 5 also shows that the
magnitude of F;¢p for systems with the same mass asymmetry
and different projectiles are very different; e.g., for systems
2C+"In (u = 0.9055), "0+ Tb (1 = 0.9086), and
BF 4 1Ly (n = 0.9021), with almost same mass asymmetry,
the values of Fjcp are 5%, 23%, and 33%, respectively.
This is in contrast to the mass-asymmetry systematics [31],
according to which the ICF depends only on the degree of
mass asymmetry in the entrance channel. Another important
observation from Fig. 5 is that the rates of rise of the
magnitude of F;¢r are different for different projectiles. This
clearly shows that the projectile structure, along with the mass
asymmetry of the projectile-target pair, plays a role in ICF
reactions at these low energies. Further, these results are in line
with the projectile-dependent mass-asymmetry systematics
presented by Singh et al. [32].

3. ICF sensitivity to the a- Q value of the projectile

The different magnitudes of ICF fraction for 19 160, 3¢,
and '2C induced reactions presented in Fig. 4, as well as
the observations discussed in the previous subsection based
on Fig. 5, demonstrate the importance of projectile structure
effect on low energy ICF reactions. The features revealed
in Fig. 4 could not be explained on the basis of binding
energies of the projectile, as the '°F projectile (with more
binding energy than 30 or '>!3C) has a larger magnitude of
incomplete fusion fraction. Further, note that 160 and 2C are
well-known «-cluster nuclei with «-Q values Q, of —7.16
and —7.37 MeV, respectively. The projectile’s Q, value is
nothing but the energy required to separate an « particle from
the projectile. '°F has smaller negative Q,, value (—4.01 MeV)
and "*C has larger negative Q,, value (—10.64 MeV) than 130,
160, and '>C projectiles; the values are tabulated in Table II.
Thus, in order to understand the data presented in Fig. 4,
the ICF fraction has been plotted in Fig. 6 as function of the
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TABLE II. List of systems along with their entrance channel
parameters: u is the mass asymmetry, ZpZ7 the product of atomic
numbers of interacting partners, QF the a-Q value of the projectile,
and E£ the binding energy per nucleon of the projectile. The values
of QF and EJ, are in MeV.

ZpZt or

0.79130 270

System u EF Ref.

12¢ 4 18Ry —7.367 7.68 [64]

PNe +Co  0.49367 270 —4.729 803  [62]
2C4+1¥Th  0.85965 390 -7367  7.68  [50]
BC+'™Tb  0.84884 390 —10.648 747

'°0 4 "*In 0.75573 392 —-7.161 798  [56]
2C4+'“Tm  0.86740 414 -7367  7.68  [51]
BC+'"Tm  0.85714 414 —10.648 747 [54]
120 4 18I, 0.87565 438 —7.367 7.68 [52]
BE 4 18Iy 0.86598 438 —10.648 7.47 [52]
190 4 13Tp 0.81714 520 —7.161  7.98 [32]
B0+ "Tb  0.79661 520 —6.228  1.77  [58]
Yo+ "'Ta  0.83756 584 -7.161 798  [65]
YF 4+ 1Tb 0.78652 585 —4.014 778  [34]

4Present work.

projectile’s Q, value for different projectiles on the same target
at a constant Ejap/ V.

It is evident from Fig. 6 that the percentage ICF fraction is
more for the projectile with less negative Q,, value and that the
ICF fraction significantly decreases as the Q, value becomes
more negative. For a projectile with a large negative Q,
value, more energy is required to break it into its constituents
(less breakup probability) as compared to the projectile with
relatively less negative O, value. Further, from this figure one
may also notice that F;cr does not depend linearly on the Q,
value of the projectile. The data presented in Fig. 6 show that
the Q. value is also an important entrance channel parameter,
which dictates the breakup probability of the projectile and
hence plays an important role in understanding the ICF
reactions.

-
- . '2C+159TD [51] 1
30 3G+159T}, [Present Data] |
I BXR 1°0+15°Tb [32] |
— | _ . °0+'5°Tb [60] |
&\o, 201 1 "%F+15%Tb [34] _|
w

5 L i
w | i
10 ]

(0] I MR B | P | MEETE IR N N N R
4 5 6 7 8 -9 10 -1

Qo (MeV)

FIG. 6. A comparison of incomplete fusion fraction F; ¢ in terms
of the a-Q value of the projectile at a constant Ey,/ V) value for
different projectiles on the same target, '>*Tb.
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4. ICF sensitivity to the Coulomb factor (ZpZy)

From the previous subsections 2 and 3, it can be noticed
that the ICF fraction depends on the projectile-target mass
asymmetry, but increases with different gradients for different
projectiles (see Fig. 4). On the other hand, according to the
a-Q value systematics, the projectile’s Q, value determines
the value of the Fjcr for different targets. Therefore, it may
be inferred that these previous systematics are sensitive to
the nature of either the projectile or the target nuclei. In
another study the onset and strength of ICF fraction was also
investigated in terms of the charge product of projectile and
target (i.e., the product Zp Z7, where Z p and Z are the atomic
numbers of the projectile and target nuclei, respectively) [34].
The deduced ICF fraction for the presently studied system
along with other projectile-target combinations have been
plotted as a function of ZpZy, at a constant Ey/Vp, in
Fig. 7. As can be seen from this figure, F;¢cr does not follow
any systematic trend; however, in general a linear growth in
Frcr may be seen when the charge product Zp Z7 increases.
Hence, it is worthwhile to point out that, as the projectile
approaches the target nucleus, the strength of the Coulomb
interaction increases, resulting in the breakup of the projectile
into its constituent fragments followed by fusion of one or
more of the fragments. Thus, an increase in the value of
Z p Z7 enhances the strength of Coulomb interaction, resulting
in the larger magnitude of the breakup probability of the
projectile.

Further, as can be seen from this figure, for the systems
having same or almost same Z p Z7 values, marked by vertical
boxes, the contribution of ICF is significantly different, which
could not be explained on the basis of the recently proposed
Coulomb-effect systematics [34]. A list of such systems is
also given in Table II, with some of their entrance channel
parameters. As a representative case, the Fjcp for a few
systems with same or almost same ZpZr values are plotted
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FIG. 8. Comparison of ICF fraction for different systems,
at a constant Ey,/V,=1.35, with same or almost same ZpZr
values.

in Fig. 8, where it can be noticed that, in spite of having
almost same the charge product, the values of Fjcp are
significantly different at the entire studied energy range. For
three systems, 160 4+ 51n, 2C + 9Tb, and 3C + °Tb,
the values of ZpZ7 are almost equal; however, for the 160
projectile the Q, value is less negative, therefore it is expected
to have a larger magnitude of incomplete fusion fraction
than for the other two systems. This is confirmed by the
observations of Fig. 8(b). Similar descriptions are valid for
Figs. 8(c) and 8(d). Alternatively, the observations of Fig. 8
may be explained on the basis of Q, values, i.e., whenever for
two systems the ZpZy values are the same or almost same,
then the magnitude of the ICF fraction is decided by the Q,
value of the projectile. However, the observed trend of F;¢p for
the systems presented in Fig. 8(a) could not be explained by the
above description. It may be noticed that the systems presented
in Fig. 8(a) have smaller values of Zp Z7 (=270) than the other
systems presented in Figs. 8(b)-8(d). The observed large ICF
fractions for '2C + '©Rh may be explained by its larger mass
asymmetry than the other system, rather than by the O, value
of the projectile. This indicates that different entrance channel
parameters may have different weights for different ZpZy
values, but, to make the present observation more robust, a
few more data sets at low Zp Zy values are required. Further,
the present analysis clearly shows that the Coulomb effect
systematics alone is not able to explain the low-energy ICF
reaction data and, of course, the O, value of the projectile or
mass-asymmetry of the interacting partners may also be taken
into consideration to understand the low-energy ICF-reaction
dynamics. However, in order to reach to a final conclusion,
more data at low energies, spanning a low to high mass region
of target nuclei with different projectiles (i.e., covering a wide
range of Zp Zy values), is required.
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IV. SUMMARY AND CONCLUSIONS

In the present work, the EFs of several radionuclides
populated via CF and/or ICF in the 3C 4 Tb system have
been measured in the energy range 1.01V, to 1.68V;, and
analyzed in the framework of compound nucleus theory, using
the statistical model code PACE4. During the decay curve
analysis for the identification of different reaction products,
it has been found that some of the pxn and axn channels
have contribution from precursor decay of a higher charge
isobar. An attempt has been made to deduce the independent
production cross section from cumulative and precursor decay
contributions. The experimentally measured EFs of xn/pxn
channels have been found to agree reasonably well with
the predictions of the statistical model code PACE4 done
with level density parameter a = A/8 MeV~!, indicating
their production via CF only. However, in the case of
all o-emitting channels, a significant enhancement in the
production cross sections has been observed as compared to
the PACE4 predictions for the same set of parameters. This
enhancement has been attributed to the contribution of ICF
reactions. Although in the present work this estimation of ICF
contribution is of course model dependent, the approach to
deduce ICF contribution agree reasonably well with that of
model independent approaches, such as the measurement of
forward recoil ranges. Further, the satisfactory reproduction
of CF contribution in the production of xn-emitting channels
deduced via recoil range distribution measurements, where
CF and ICF contributions have been estimated separately
by measuring full and partial linear momentum transfer
components, clearly demonstrate the proper choice of PACE4
parameters used for the analysis, as well as the present method
of deducing the ICF contribution using PACE4 predictions.

Further, from the analysis it has been observed that the ICF
fraction strongly depends on the entrance channel parameters,
such as incident beam energy, mass asymmetry of interacting
partners, Q, value of the projectile, and also the Coulomb-
factor (ZpZr). Clearly, from both the mass asymmetry and
ZpZ7 systematics, it has been observed that the Q, value is
able to explain the observation of ICF for the same value
of mass asymmetry or ZpZy of the interacting partners.
In the present analysis, it may be concluded that a single
parameter (i.e., mass asymmetry or ZpZy or Q, value) is
not able to explain, completely, the low energy incomplete
fusion reactions. It is a combination of these parameters (or a
parameter), which can incorporate all the gross features of in-
teracting partners, that should be chosen. However, in order to
achieve better understanding of the dependence of low-energy
incomplete fusion reaction dynamics on various entrance
channel parameters, more precise and diversified data (with
the same compound nucleus or mass asymmetry or ZpZr
values with different projectile-target combinations spanning
a wide range of ZpZ7 values) is required. The new data will
help us to reach conclusions about the transitions of different
weights of entrance channel parameters and their effect on ICF
reaction dynamics at low energies, and of course will help us to
develop a universal systematics to understand the probability
of involved reaction processes at such low energies.
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