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This present study explores the role of incomplete fusion in heavy-ion reactions alongside complete fusion,
examining recoil ranges of populated residues. An attempt has been made to distinguish between complete and
incomplete fusion contributions by analyzing linear momentum transfer from the projectile to the target nucleus.
Employing the recoil-catcher activation technique, forward recoil range distributions for the 'F + ' Tm system
at energies around 96 and 106 MeV have been measured. Analysis of these recoil range distributions reveals
characteristics of complete and incomplete fusion processes. Complete fusion reactions show larger recoil
ranges, signifying comprehensive linear momentum transfer. On the other hand, residues exhibiting smaller

recoil ranges result from partial linear momentum transfer due to incomplete fusion of the projectile. The

forward recoil range distributions indicate an admixture of full and partial linear momentum transfer components
in reactions with « particles in the exit channels. This behavior suggests projectile breakup caused by the
Coulomb effect, offering valuable insights into fusion process dynamics.
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I. INTRODUCTION

Since the early 2010s, significant progress has been
achieved in understanding the dynamics of heavy-ion- (HI)
induced fusion reactions, owing to their pivotal role in gen-
erating and studying exotic nuclei [1-7]. When two heavy
nuclei fuse together, a relatively massive nucleus is formed,
which can subsequently undergo fission and/or quasifission
[8—11]. Despite this, a notable reduction in fusion cross sec-
tions has been observed in HI reactions due to projectile
breakup [12-18]. Consequently, it is imperative to thoroughly
investigate HI fusion reactions to comprehend the impact of
breakup on the fusion process. Several studies [12—19] have
reported the observation of incomplete fusion (ICF) reac-
tions, wherein the projectile fragments on collision at energies
slightly above the Coulomb barrier. This projectile breakup
leads to a significant suppression of the complete fusion (CF)
cross section, both for weakly and strongly bound projectiles
[12-19]. This suppression is closely linked to the breakup
threshold energy of the projectile in ICF reactions [20-25].
Therefore, at low energies, both CF and breakup fusion reac-
tions dominate and compete with each other [20-31].
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In the CF process, the entire projectile merges with the
target nucleus with all possible partial waves £ below a critical
value €. As per the sharp cut-off approximation [31-33],
the €. is defined as the angular momentum value at which
the attractive pocket in the potential energy plot is retained,
allowing for the fusion of the entire projectile. This process
leads to the formation of a composite system with predeter-
mined mass, charge, and excitation energy. In contrast, the
ICF process hinders the complete fusion of the entire projec-
tile, allowing partial waves with £ > {4 to contribute to
the formation of an incompletely fused compound nucleus.
Consequently, during an inelastic interaction, the projectile
may break up, and one of the fragments can still fuse with
the target nucleus. The unfused fragment of the projectile
continues moving forward with nearly the same velocity as
the incident beam. The compound nucleus formed in this ICF
process has a lower charge, mass, and excitation energy com-
pared to that formed in CF. Figure 1 illustrates a representative
case of HI interactions resulting in various reaction processes.

Several models [32,34,35] have been proposed to analyze
the reaction dynamics of the ICF process. The SUMRULE
model [32,34] is based on the partial statistical equilibrium
and a generalized concept of critical angular momentum. It
suggests that mass transfer can occur if the relative angular
momentum of the captured fragment concerning the target
nucleus is smaller than the £ for the incompletely fused
system. This implies that ICF primarily occupies the £ space

©2024 American Physical Society
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FIG. 1. A typical description of HI interactions indicating some
of the possible decay modes.

above £ for CF. Yadav et al. [36], recently attempted to
ascertain the magnitude of the ICF process for the '>C 4 °°Tb
system using the parameters outlined in Ref. [32]. However,
the SUMRULE model was found to significantly underesti-
mate the ICF reaction cross section for the relevant residues.
Parker et al. also noted similar deviations for the '>C +3'v
system at energies up to 100 MeV [30,37]. On the other hand,
the Hot spot model [35] exclusively offers insights into the
characteristics of the spectrum of the light-projectile-like pre-
equilibrium component. These previously mentioned models
have typically been employed to fit experimental data ob-
tained at energies £ > 10 MeV /nucleon or higher. However,
there has been no satisfactory explanation for ICF data at low
energies (i.e., &4-7 MeV /nucleon). Consequently, the study
of ICF reactions remains an active area of investigation due to
the absence of any reliable theoretical model or systematics.

In a recent study, Diaz-Torres et al. [38] proposed a
three-dimensional classical model for low-energy ICF reac-
tions. This model exhibited promise in accurately reproducing
both CF and ICF cross sections. However, its applicabil-
ity was confined to light-ion beams with a relatively low
break-up threshold energy. Consequently, a comprehensive
understanding of ICF reactions at low energies requires fur-
ther investigation, given the limited availability of theoretical
models. Notably, most reported ICF studies have employed HI
clustered beams such as '2C, °Q, and *°Ne [39-42]. These
beams play a crucial role in HI reactions, especially in ex-
ploring the dynamics of the ICF process concerning projectile
break-up into «-clustered fragments. Each «-fragment can
significantly contribute to the ICF process. Nevertheless, it
would be intriguing to conduct more measurements on break-
up reactions using an HI beam like "°F.

A few studies are available on the cluster structure of the
YF projectile (N #) Z, with the aim of identifying o and
other more exotic structures [43,44]. It has been observed
that the exotic cluster configurations in these systems exhibit
structures reminiscent of chemical bonding. The excited levels
n '°F have been analyzed using more sophisticated models
[45,46]. It is important to note that YEisa one-proton defi-
cient system of '°Ne, and its level sequence is interpreted by

considering the a-hole cluster model, as well as the coupling
of the & + N and 7 + !0 channels [45,46]. The study of
o + PN has been reported in Ref. [47]. The breakup of '°F
into the fragments may be considered as a result of ICF only,
as the probability of deep inelastic collision at these energies
is less likely [33]. Consequently, a comprehensive experimen-
tal study of break-up fusion reactions at low energies with a
19F beam is necessary to obtain a complete description. Thus,
investigating the role of projectile structure in the dynamics of
the break-up fusion process becomes imperative.

In the present work, we have studied different linear mo-
mentum transfer (LMT) components involved in breakup
reactions through recoil range distributions (RRDs) for the
9F 4-19Tm system at energies of 96 and 106 MeV. The rela-
tive contributions of CF and ICF processes have already been
determined by analyzing the experimental excitation func-
tions (EFs) of reaction residues in the energy range of ~4—7
MeV /nucleon [25] and with the statistical model code PACE4
[48], offering a model-dependent approach to data analysis.
However, from a physics perspective, a model-independent
approach is preferred to clearly indicate the existence of
such reactions at low energies. To address this, we adopted
a model-independent approach by extracting the relative con-
tribution of CF and ICF events through evaluating the degree
of linear momentum transfer (o yr) from the projectile to
the target nucleus. This is done by measuring the RRDs of
the reaction residues in the exit channels. By employing this
model-independent and irrefutable approach, a pivotal aspect
of the paper is provided. Through this method, we can gain
a more comprehensive and better understanding of the con-
tributions of both CF and ICF processes in the experimental
observations. This approach allows us to assess the relative
importance of each process based on the degree of linear mo-
mentum transfer, providing valuable insights into the intricate
dynamics of the investigated reaction.

This current investigation constitutes a vital addition to
the available data, providing supplementary insights into the
breakup process in HI reactions involving a '°F beam. The
significance of this study lies in its departure from the pre-
dominant focus of previous studies, which has predominantly
concentrated on the measurement and analysis of EFs for this
specific system [25]. The paper is structured as follows: Sec-
tion II presents the experimental details regarding recoil range
distribution measurements, Sec. III focuses on the analysis
and interpretation of the data, and Sec. IV encapsulates the
summary and conclusions of the work.

II. EXPERIMENTAL DETAILS

The RRD experiments aimed at distinguishing between CF
and/or ICF events involved a '°F beam directed at a 'Tm
target. The '°F beam was obtained from the 15UD pelletron at
the Inter University Accelerator Center (IUAC) in New Delhi,
India. The RRD measurement setup comprised of a thin target
of 'Tm with a thickness of 169 ug/cm? (with nearly 100%
abundance and deposited on a thin aluminum backing). This
was followed by a series of extremely thin aluminum catcher
foils with thicknesses ranging from ~10-80 ug/cm?). Two
stacks, each consisting of a series of these thin aluminum
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TABLE I. Thickness of aluminium catcher foils used to trap the recoiling residues at 96- and 106-MeV beam energy.

E.p, ~ 96 MeV

E., ~ 106 MeV

Thickness CT? Thickness CT?
Catcher No. (ug/cm?) (ug/cm?) Catcher No. (ug/cm?) (ug/cm?)
Cl 38.2 38.2 El 154 154
C2 42.0 80.2 E2 35.5 50.9
C3 43.2 123.4 E3 36.8 87.7
C4 43.4 166.8 E4 379 125.6
C5 43.5 210.3 E5 38.1 163.7
C6 44.1 254.4 E6 38.2 201.9
C7 44.2 298.6 E7 38.1 240.0
C8 45.4 344.0 E8 38.3 278.3
C9 472 391.2 E9 394 317.7
C10 48.0 439.2 E10 39.5 357.2
Cl1 49.5 488.7 El1l 40.0 397.2
Cl12 50.5 539.2 E12 40.5 437.7
Cl13 50.5 589.7 E13 41.7 479.4
Cl14 50.5 640.2 El14 43.0 522.4
Cl15 50.6 690.8 El15 45.4 567.8
Cl6 53.0 743.8 El6 45.8 613.6
C17 53.0 796.8 E17 49.5 663.1
Cl18 89.8 886.6 E18 50.5 713.6
C19 90.3 976.9 E19 51.8 765.4
C20 94.9 1071.8 E20 57.1 823.1

2CT: cumulative thickness.

catcher foils, were irradiated at distinct beam energies of ~96
and 106 MeV, respectively. The thicknesses of the catcher
foils used to trap the recoiling residues are detailed in Table I.
The catcher foils were affixed to steel holders of thickness
0.5 mm. Figure 2 shows a typical arrangement of the stack,
with the '®Tm target followed by the series of thin aluminum
catcher foils, mounted inside the scattering chamber. The use
of several thin catcher foils provides better resolution and
enables the trapping of recoiling residues produced through
different LMT events, namely CF and/or ICF processes. The
thickness of the target and each aluminum catcher foil was
predetermined using the «-transmission technique. Irradia-
tions were carried out at both energies for approximately
14 h each in the 1.5-m General Purpose Scattering Chamber
(GPSC) [49], equipped with an In-vacuum Transfer Facility

19Tm- Targe

Scattering (hamb
Thin Al-catcher foils 0 e mOer

FIG. 2. A typical stack arrangement consisting of 'Tm target
followed by a series of thin Al-catcher foils.

(ITF). The ITF technique minimizes the time gap between the
end of irradiation and the start of sample counting. This allows
for the removal of samples from the GPSC within 4-5 min
of the irradiation stop time, without breaking the vacuum,
enabling the prompt counting of short-lived activities. The de-
crease in beam energy of '°F at half thickness was determined
using the stopping power and range code SRIM [50].

The incident beam had an energy of 96 MeV with a 500-
keV energy spread. The beam current remained at about 5
pnA, and the Faraday cup downstream determined the beam
flux by measuring the total charge collected in the catcher
stack. Radioactivities induced in each catcher foil were mea-
sured using a high-resolution HPGe spectrometer coupled to
the CANDLE data acquisition system [51]. The High Purity
Germanium (HPGe) spectrometer had a 2-keV energy resolu-
tion for the 1.33-MeV y-ray emission from a ®*Co radioactive
source. The recoiling heavy residues traveled approximately
10 mm through the catcher stack, resulting in a time-of-flight
(TOF) of a few nanoseconds. This TOF was much shorter
than the half-lives of the residues, minimizing significant
decay effects during TOF. After irradiation, the catcher foil
stack was removed, and the induced activities in each catcher
foil were individually measured using the HPGe detector
counting setup. Each catcher foil was measured individually,
eliminating expected contamination from neighboring catch-
ers. Lead shielding was used to reduce background radiation,
and standard sources like ®Co, '*3Ba, '¥’Cs, and '92Eu were
employed for energy and efficiency calibrations of the HPGe
y-ray spectrometer.

The reaction residues were identified based on their char-
acteristic y-ray emissions in the spectrum and were further
confirmed through their decay curves. For the decay curve
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FIG. 3. The decay curves of residues (a) "**Pt (#,,, = 17.3 min), (b) "*!Os (t;,2 = 105 min), (c) "30s (#;,, = 13 h), and (d) "W (t;,2 =

2.2 h) at cumulative thickness ~539.2 ug/cm? (C12).

analysis, each sample was counted multiple times to ob-
tain accurate measurements of the half-lives of the identified
residues. Figures 3(a)-3(d) illustrates the half-lives (#12) of
four reaction residues: '8Pt (with #/, = 17.3 min), "*'Os
(t1/» = 105 min), '330s (#1, = 13 h), and '""W (t;, = 2.2 h)
as representative cases. These residues exhibit a range of
different lifetimes. As shown in Figs. 3(a)-3(d), the measured
half-lives for each residue are in good agreement with the
values reported in the literature [52,53]. Figures 4(a)—4(c),
displays the y spectra recorded at different catcher foils ES5,
E10, and E15 at an incident energy of 106 MeV. The spec-
trum includes the y rays of interest. Background spectra were
recorded before and after the experiment, and the subtraction
of the background from the recorded spectra was performed
using the CANDLE software [51]. The identification of re-
action residues and their respective spectroscopic properties
is obtained from the Table of Isotopes [52] and Wallet Card
[53]. The decay data and spectroscopic properties of the iden-
tified reaction residues are presented in a tabulated format in
Table II. The intensity of characteristics y lines has been used
to determine the cross section of respective reaction residues.
A standard formulation [40] based on FORTRAN program
exp-sigma has been used to determine the cross section given
by the equation

_ Arexp(Atr)
 No¢OGK[1 — exp(—rt)][1 — exp(—it)]’

ey

or

where A, f1, t, and #3 are the decay constant, stop time
of irradiation, lapse time, and counting time. N, represents
the initial nuclei count in the sample, 6 is the branching
ratio of the characteristic y rays, ¢ is the incident beam
flux, G, is the geometry-dependent efficiency of the detector

for a particular y-ray energy, and K = [1 — exp(ud)]/nd is
the self-absorption correction factor for the material of the
sample of thickness d (gm/cm?) and of absorption coeffi-
cient & (cm?/gm). The factor [1 — exp(XAt;)] is the saturation
correction factor and takes into account the decay of activity
during irradiation. The cross section of the residues was mea-
sured in each catcher foil using the formulation mentioned in
Eq. (1).

In the course of RRD measurements, the yields for spe-
cific residues can be influenced by errors and uncertainties,
primarily stemming from counting statistics. Various fac-
tors contribute to the anticipated errors in the experimental
yields. First, uncertainties may arise from fluctuations in
the beam current, introducing variations in the intensity of
the incident beam. Second, systematic uncertainties arise
from detector calibration and the determination of geometry-
dependent efficiency. The calibration procedures and calcula-
tions of the spectrometer’s efficiency contribute to the overall

TABLE II. Relevant nuclear data of the reaction residues identi-
fied in the present work.

Reactions Residue Half-life J™ E, (keV) I, (%)
19Tm(F, 4n) 134pt 173 min  O* 154.41 31
19Tm(°F, 5n) Bpt  65min  1/2-  254.61 30
9Tm(°F, p3n) 1841r 3.09h 5 263.90 67.5°
19Tm('F, p4n) 1831 58min 5/2- 228.10 6.9
19Tm(°F, an) 18305 13h 92t 38176 77
'9Tm(F, a3n) Blos  105min 1/2- 118.03 129
19Tm('F, a5n) 0s  6.5min  1/2=  165.6 348
19Tm(F, 23n) 17T\ 22h 0t 10364 103
OTm(F, 2apdn) Ta 105h 772 17927 122

2These intensities are relative.
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uncertainties in the measured yields. Additionally, uncertain-
ties can arise from the Gaussian fitting of experimental data
using ORIGIN software, as the fitting process introduces its
own level of uncertainty. Considering these factors, along
with the statistical error arising from counting statistics, the
overall uncertainties in the measured yields are estimated to
be less than 12%. It is important to note that this estima-
tion encompasses the combined effect of all the mentioned
factors. Furthermore, to determine the error in the most
probable ranges, the expression o (¥) = o /+/n was utilized,
where o represents the standard deviation. This calculation
corresponds to the standard error of the mean. It is worth
mentioning that the error depends on the number of samples,
with a higher number of samples (n) resulting in a more
precise estimate of X [54]. A detailed analysis of the recoil
range distribution is provided in Sec. III.

III. ANALYSIS AND INTERPRETATION OF DATA

Measuring how far the residues move in a stopping
medium gives us information about momentum transfer and
how reactions work. The degree of linear momentum transfer
(pLmr) 1s determined by the ratio of Py, (linear momentum
of the fused part) to P, (initial momentum of the projectile).
More ppyr means higher recoil velocity (v,) for reaction
products, especially in CF. But in the case of ICF, the recoil
velocity is lower because some linear momentum goes with
the spectator. ppmr, linked to the fused mass of the projectile,
gives max recoil velocity (v,) for reaction products. Yet, in
ICF, the recoil velocity is likely lower due to some linear
momentum carried away by the spectator. As such, the RRD
technique is quite a reliable method to disentangle apart differ-
ent fusion processes (like CF and/or ICF) based on py pr. This
technique is able to separate out residues through different
LMT components.

To determine the LMT involved in the reaction residues
populated via specific channels such as '3*Pt(4n), '33Pt(5n),
B4r(p3n), "BIr(pan), B30s(an), '3'0s(a3n), "’ 0s(asn),
7w (2a3n), and > Ta(2ap4n), the normalized yield of the
residues in each catcher foil is obtained by dividing its pro-
duction cross section in the catcher by its respective thickness.
The deduced yield for each catcher foil is plotted against the
cumulative thickness. The experimental range distributions
are then fitted with a Gaussian distribution function using the
ORIGIN software [55]. As an example, the range distributions
of '34Pt(4n) residues at beam energies of approximately 96
and 106 MeV exhibit a single Gaussian peak, as shown in
Figs. 5(a) and 5(b). From these figures, it can be observed
that the most probable mean range (R,") in the aluminum
catchers is approximately 509 and 548 ug/cm? for projectile
beam energies of 96 and 106 MeV, respectively. Further-
more, the experimentally deduced R,” of "**Pt(4n) residues
from the range distribution is found to be in good agreement
with the theoretically estimated mean range RP*® obtained
using the SRIM code [50]. This confirms that only the full
LMT component is involved in the population of '*#Pt(4n)
residues at both studied energies.

Similar range distributions associated with the reaction
channels '83Pt(5n), "®*Ir(p3n), and '**Ir(p4n) have also

1200 1 - v 1 1 v T ‘* T ‘' 1
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FIG. 5. [(a) and (b)] Experimentally measured recoil range distri-
bution of Pt residues populated through 4n channel in '°F + ' Tm
system at energies 96 and 106 MeV.

been observed, clearly indicating that these residues are
populated as a result of complete momentum transfer, which is
characteristic of the complete fusion process. However, in
the case of w-emitting channels, the range distributions of
reaction residues, namely ' Os(an), '8! Os(a3n), "°Os(a5n),
7"W(2a3n), and '"Ta(2ap4n) have shown multiple
Gaussian peaks. As an illustrative example, the range
distributions for the '#30s(an) residues at both energies
96 and 106 MeV are shown in Figs. 6(a) and 6(b), and
can be deconvoluted into two Gaussian peaks at different
cumulative depths, indicating the presence of more than
one LMT component. In Fig. 6(a), the peak at the higher
cumulative depth corresponds to the most probable range,
RL, =539 ug/cm? (Peak-I), while the peak at the lower
depth corresponds to R%, = 342 ug/cm? (Peak-II). However,
at energy Ejp, = 106 MeV, the most probable mean
range RL, =363 ug/cm? correspond to Peak-II, while
R, =550 ug/cm? correspond to Peak-1. The difference in
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FIG. 6. [(a) and (b)] Experimentally measured recoil range
distribution of 'Os residues populated through an channel in
9F 4+ 19Tm system at 96-MeV beam energy.

the experimentally deduced ranges at both peaks indicates the
presence of more than one LMT component. This suggests
that the '83Os(an) residues are also produced by another
process involving a partial LMT component. The observation
of two distinctly different momentum transfer events may
be explained based on the breakup fusion model [56,57].
According to this model, when the '°F projectile approaches
the target nucleus, it may break up into fragments, such as
YF — BN4a. One of the fragments () moves forward
without interacting with the target nucleus, acting as a
spectator, while the other fragment, >N, fuses with the target
nucleus, leading to the formation of an IFC system. This IFC
system recoils in the forward direction, following momentum
conservation. The theoretically calculated ranges using the
SRIM code for the interaction of a >N beam (ICF process)
and a "°F beam (CF process) have been compared with the
experimental ranges and found to be in good agreement,
confirming the explanation mentioned above. Further, the
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FIG. 7. [(a) and (b)] Experimentally measured recoil range dis-
tribution of "W residues populated through 2a3n channel in
9F 4+ 1%Tm system at energies 96 and 106 MeV.

pumr for Peak-1 is approximately 1, and for Peak-II is
approximately 0.78. This confirms that both the ICF and CF
processes contribute to the production of '3*Os(an) residues,
with their respective contributions depending on the beam
energy.

Similar observations have also been made for the
77\ (20:3n) residues, where the range distribution has been
deconvoluted into three Gaussian peaks at different cumula-
tive depths, as shown in Figs. 7(a) and 7(b). As can be seen
from Fig. 7(a), the two peaks observed at lower cumulative
depths, namely Peak-II and Peak-III, may be explained by as-
suming the break-up of the '°F projectile into "N 4« and/or
1B 4 8Be. The experimentally deduced most probable ranges
(R%,,) for >N and ''B fusion are in good agreement with those
estimated from SRIM calculations. The Rgxp for Peak-II and
Peak-III obtained from the RRDs, are approximately 338 and
177 ug/cm?, respectively, indicating the >N fusion and ''B
fusion with the '®Tm target. Similarly, Fig. 7(b) represents
the range distribution of the same residues at energy 106
MeV showing three distinct peaks at different cumulative
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FIG. 8. A comparison between the cross sections in the mea-
sured EF of '7"W(2a3n) residues [25] and the corresponding values
obtained from the range-integrated cross sections based on RRD
measurements of the same residues produced in the '“F 4+ '®Tm
reaction. The solid black line represents the theoretical prediction
of the PACE4 code, with the red dotted line provided as a visual
guide. The inset figure compares the ICF cross sections derived from
the RRD data with those deduced from the excitation function [25],
showing the relationship as a function of the beam energy.

depths. The Peak-II and Peak-III corresponds to the fusion
of >N and ''B fragments of '°F with '®Tm target. Further,
the experimentally measured cross section for the fusion of
1B is found to be lower than that for >N fusion with the
target. The break-up threshold for o + >N and 2« + !'B are
respectively 4 and 15 MeV. In the present case, the experi-
mentally measured cross section for >N fusion (and one o
emission) is found to be higher than "' B (and two « emission)
as expected. The experimentally measured cross section for
these two components at both studied energies is also found
to be higher as compared to PACE4 code and is found to
be in good agreement with the cross section measured in EF
of 7"W(2a3n) residues (see Fig. 8). It may be pertinent to
mention that there is no theoretical explanation available in

the literature regarding the breakup of '°F into ''B + ®Be.
The identification of "W residues populated via the 2a3n
channel has been confirmed both experimentally, through its
characteristic y lines (E,, = 1036.4 keV), and by its measured
ranges in this study. The same residues were also identified
through the characteristic y-ray emissions of "W (1, =
2.2 h) within the same system [25]. In this study, the pop-
ulation of '77W residues has been identified based on their
measured half-life, which reasonably aligns with the value
documented in the literature. However, it might be intriguing
to explore the theoretical aspects of the breakup of '°F into
1B +3Be. The details of the experimentally deduced most
probable ranges (Ré’xp) along with the corresponding theoret-
ical ranges (R!} . ) calculated by the SRIM code [50] at both
incident energies are given in Tables III and IV. It is important
to consider that particles emitted from the forward-moving
recoiling products may influence the energy and momentum
of the final residues within the stopping medium. These effects
are reflected in the full width at half maximum (FWHM) of
the experimentally derived recoil range distribution. Addi-
tionally, the width may also be influenced by contributions
from straggling effects. To ensure consistency in the ob-
served FWHM values of the recoil ranges for the evaporation
residues, we calculated normalized FWHM values using the
relation FWHM/Ré’xp. These normalized FWHM values are
presented in Table V of the paper. It can be observed from
the table that the normalized FWHM values are consistent
for both CF and ICF residues individually. In the case of CF
channels with o-emitting residues, the average peak resolution
is around 0.35. However, for ICF-o and ICF-2«a channels,
the average peak resolution increases to about 0.50 and 1.13,
respectively. This analysis helps us evaluate the consistency
in the FWHM observed in the recoil ranges of the evaporation
residues, offering insights into the resolution of the detected
peaks. The variations in peak resolution between CF and
ICF channels stem from the different dynamics and processes
involved in each reaction pathway.

From the measured distributions (Figs. 5-7), the relative
contributions of different reaction channels have been ob-
tained by deducing the range-integrated cross sections (o)

TABLE III. Experimentally deduced most probable mean ranges (R}?) of all identified residues from the RRD figures and theoretically
calculated ranges of all observed residues using SRIM code in Al in the units of ug/cm? for CF and ICF components in the interaction of

9F + 19Tm system at energy ~96 MeV.

R;XP R;?eo R;XP R}l;eo R;XP R;?en
(ug/cm?) (ug/cm?) (ug/cm?) (ug/cm?) (ug/cm?)

Residues CF CF ICF-a ICF-a ICF-2x ICF-2x
184pt(4n) 509 + 34 513 — — — —
183pt(5n) 515433 513 — — — —
B4 (p3n) 510 £ 43 513 — — — —
1831r(pdn) 511+34 513 — — — —
1830s(an) 539 4+ 23 513 342 +23 343 — —
1810s(a3n) 526 +23 513 334 +22 343 — —
7905 (er5n) 542 + 31 513 340 £ 23 343 — —
77w (23n) 493 +29 513 338 + 28 343 177 £ 25 194
5 Taa pdn) — 513 — 343 — 194
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TABLE IV. Experimentally deduced most probable mean ranges (R;*) of all identified residues from the RRD figures and theoretically
calculated ranges of all observed residues using SRIM code in Al in the units of ug/cm? for CF and ICF components in the interaction of

9F + 1Tm system at energy 106 MeV.

R;XP R;I}eo R;XP R;I}eo R;XP R;I}eo
(ug/cm?) (ug/cm?) (ug/cm?) (ug/cm?) (ug/cm?)

Residues CF CF ICF-a ICF-« ICF-2«x ICF-2x
184p(4n) 548 + 37 564 — — — —
183pg(5n) 555 £33 564 — — — —
34 (p3n) 559 + 41 564 — — — —
1831 (p4n) 561 + 38 564 — — — —
830s(an) 550 + 25 564 363 + 25 378 — —
810g(a3n) 554 + 25 564 360 + 22 378 — —
0s(a5n) 553 4+ 23 564 368 + 23 378 — —
7w (203n) 587 + 25 564 390 + 25 378 197 + 28 215
5 Ta2apdn) — 564 403 + 36 378 228 +33 215

and comparing them with those obtained from the statistical
model PACE4 calculations [48]. The theoretical model code
PACEA4 is based on the Hauser—Feshbach theory of compound
nucleus decay and employs statistical approach to compound
nucleus de-excitation through a Monte Carlo procedure. The
calculation of the CF cross sections has been conducted using
the BASS model [58]. Transmission coefficients for neutrons
and protons are derived using the optical model potentials
formulated by Becchetti and Greenlees [59], while «-particle
emissions are evaluated using Satchler’s optical model [60].
Within this code, the level density parameter a (= A/K)
MeV~! holds significance, where A represents the mass num-
ber of the nucleus and K denotes a free parameter that can
be adjusted to match experimental data. In this study, a value
of K = 10 has been utilized to reproduce the theoretical cross
section for the ’F 4 1Tm system. A comprehensive eluci-
dation of the code PACE4 can be found in Refs. [25,27].

As a representative case, for 184pt(4n) residues shown in
Figs. 5(a) and 5(b), the range-integrated cross section (o) is
found to be approximately 146.7 &+ 2.1 mb, which is in good
agreement with o™ACE = 145 mb at E},, = 96 MeV. Similarly,

TABLE V. A comparison of normalized FWHM of recoil range
distributions.

~96 ~106 ~96 ~106 ~96  ~106

(MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
Residue CF CF ICF-« ICF-¢ ICF-2a ICE-2ux
184pt(4n) 056  0.62 — — — —
183pt(5n) 0.58  0.70 — — — —
B4 (p3n) 075 0.72 — — — —
1831r(pdn) 0.58  0.65 — — — —
830s(an) 030 032 051 051 — —
310s(a3n) 032 028 054 055 — —
7905 (r5n) 036 031 050 055 — —
Tw(Qa3n) 030 030 045 044 070 0.82
BTaQap4n) — — — — — 1.13

at Ejpp = 106 MeV, the oo is 28.1 & 0.1 mb, and is in good
agreement with oPACE = 24 mb. Likewise, for other CF chan-
nels (i.e., xn and pxn), the predictions of the PACE4 code [48]
agree well with the experimental data, except for a-emitting
channels which exhibit more than one LMT component. In
such cases, the contribution of individual fusion components
has been obtained for the corresponding fusion component.
It may be noted that the statistical model code PACE4 does
not consider the ICF process, and hence, it does not provide a
satisfactory representation of the experimental data for all the
a-emitting channels [25]. As an example, for the '3Os(an)
residues (shown in Fig. 6), the experimentally deduced oo is
approximately 13.5 mb £ 0.3, while the PACE4 value is only
0.3 mb. The significant enhancement of the experimental cross
section compared to the PACE4 prediction clearly indicates
the presence of breakup fusion, which is supported by the
RRD components involved in the production of **Os(an)
residues. Similarly, for the 2«3n channel (shown in Fig. 7)
at 96 MeV, the experimentally deduced o e is approximately
4.9 £+ 0.6 mb, while PACE4 predicts ¢"A°E = 0.2 mb. How-
ever, the CF prediction of PACE4 and the one obtained from
the RRD matches well. It is worth mentioning that during
the analysis, it has been observed that the residues '%*Ir(p3n)
are strongly fed from their higher charge isobar (referred
to as precursor) 184pg(4n) through 8% emission. Therefore,
the independent range-integrated cross section (aiﬁéc) of the
residues '®*Ir(p3n) has been extracted from the cumulative
cross section (om) using the successive radioactive decay
formulations presented in Ref. [28], based on the standard
Bateman equations [61]. The experimentally deduced in-
dependent production cross section of '*Ir(p3n) residues
agrees well with the estimation by the statistical model code
PACEA4 [48].

The o> values have been determined for the different
fusion components observed in the population of "W (2a3n)
residues (shown in Fig. 7). It has been observed that Peak-I
corresponds to the full LMT from the projectile to the target
nucleus, achieved via the CF process. This is supported by the
agreement between the experimentally deduced mean range
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TABLE VI. Experimentally deduced range-integrated cross sec-
tion (oggp) from the RRD curves and theoretically calculated cross
section (o "AE*) using code PACE4 of all identified residues at ener-

gies 296 and 106 MeV.

Epp = 96 MeV E.p = 106 MeV
RRD o PACE o RRD o PACE
exp exp
Residues (mb) (mb) (mb) (mb)
184p¢(4n) 146.7 + 2.1 145 28.1 £0.1 24
183pt(5n) 280.74+3.3 281  303.1+1.9 305
B4 (p3n) 134401 128 2.8 £0.04 2.7
81r(pdn) 324+04 338 80.6 + 0.7 70.8
1830s(aen) 135403 0.3 20.7 £ 0.4 2.4
BlOs(a3n) 983+13 321 30.6+ 0.8 9.3
170s(aw5n) 7.4+0.2 0.1 63.7+1.7 20.2
7w (2a3n) 49406 0.2 11.5+13 2.1
3 TaQa pdn) — — 315+ 04 —

(ogie) and the theoretically calculated most probable range

(R3?) obtained from the SRIM code. Similarly, the partial
linear momentum components. viz., N and ''B are also
found to be in good agreement with the theoretically estimated
mean ranges reproduced by SRIM code. Figure 8 shows the
comparison of EFs data of '7"W(2a3n) residues [25] with
the range-integrated cross section (og;) obtained from the
RRDs of the same residues populated via different fusion
components. The contribution of different fusion components
has been obtained by dividing the area under the peak of the
corresponding fusion component by the total area associated
with the experimental data. As can be observed from Fig. 8,
the total og;& (represented by black stars) is the sum of all
fusion components (i.e., Peaks-1 + Peak-II + Peak-III) is
found to be higher as compared to the PACE4 calculations
for the same set of parameters given in Ref. [25] and also
are in good agreement with the experimentally measured EFs
at Epy ~ 96 and 106 MeV. Additionally, in the inset of
Fig. 8, the contribution of ICF has been deduced based on the
range-integrated cross section from the measured RRD peaks
due to breakup fusion components [27]. The results are then
plotted as a function of the incident energy of the projectile.
As anticipated, the contribution of ICF demonstrates a pro-
nounced reliance on the energy of the projectile. The details
of the range-integrated cross sections of all identified residues,
along with PACE4 calculations at both energies, are tabulated
in Table VI.

Figure 9 presents a comparison between the energy-
dependent ICF fraction obtained from the measured RRD data
and that deduced from EFs measurements. The breakup fusion
fraction (Ficp) was determined by subtracting the range-
integrated cross section (og;¢) of the measured CF channels
from the total cross sections (org). The total fusion cross
section (org) is the sum of the CF cross section (ocg) and
the ICF cross section (oicr). The ojcg was derived by sub-
tracting the observed ICF contribution from the predicted
CF channels obtained using the PACE4 code, specifically
OICF = ag‘x'; — ofhe [27]. It’s rather crucial to note that some
excited residues could not be directly measured due to their

i

P
« 2|
"

FIG. 9. A comparison of ICF fraction (Ficg) extracted from the
analysis of RRDs (shown by blue vertical bars) and plotted as a
function of normalized beam energy (E. .. /V)) and relative velocity
(vre1). Data shown by red vertical bars indicates the percentage ICF
fraction deduced from the analysis of EFs for the residues populated
via CF and/or ICF in "F + 'Tm (see text for more details).

shorter half-lives or weak intensity y lines. In order to have a
comprehensive understanding of the dynamics in the breakup
fusion/ICF process, the cross sections of these missing
channels were incorporated using the statistical model code
PACEA4 [48].

IV. SUMMARY AND CONCLUSIONS

In the present work, in order to study the reaction dynam-
ics, the RRD of nine radionuclides, viz., 184Pt(4n), 183Pt(Sn),
8411 (p3n), BIr(pan), B30s(an), B'0s(a3n), °0s(as5n),
7"W(2a3n), and 'Ta(2apdn) produced through fusion
and/or breakup fusion processes, are measured at two distinct
energies (=96 and 106 MeV). The RRDs for xn and pxn
channels show up a single Gaussian peak at both energies
studied. Experimentally obtained range-integrated cross sec-
tions (o) for the fusion (xn/pxn) channels were found to
be in good agreement with the predictions of the PACE4
code. This indicated that these residues were primarily formed
due to complete momentum transfer from the projectile
to the target nucleus. However, the RRDs of residues in-
volving « particles in the exit channels exhibited multiple
Gaussian peaks, suggesting the presence of both full and
partial LMT events. These components were likely a result
of the fusion of >N and/or ''B fragments of '°F, in cases
where '°F breaks up into "N+« and/or ''B +®Be. Addi-
tionally, the measured range-integrated cross section (og;e)
for a-emitting channels was notably higher than the sta-
tistical model predictions of the PACE4 code. Since the
PACE4 code does not account for breakup reactions, this
enhancement was attributed to partial fusion of the projec-
tile, leading to the population of the same residues formed
via the complete fusion process. This suggested the involve-
ment of both full and partial LMT, particularly the "N and
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"B components. The different fusion components resulting
from "N and ''B fusion were confirmed based on the mea-
sured ranges of «-emitting channels, which were in agreement
with the predicted mean ranges obtained using the SRIM
code.

Therefore, the study successfully represents the reliability
and validity of the measurement techniques utilized by ef-
fectively differentiating between CF and ICF events through
a self-consistent approach. The comprehensive examination
of the recoil range distribution provides convincing evidence
of break-up fusion in HI collisions at low energies. This
clearly elucidates the significance of both complete and partial
momentum transfer, as well as the fusion of N and !'B
fragments in addition to the fusion of the '°F projectile itself.

The relative contribution of breakup and fusion components
were observed to depend on energy.
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