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Disentangling fractional momentum transfer in the 19F + 154Sm system
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Forward recoil range distributions of evaporation residues produced in the system 19F + 154Sm were measured
at projectile energy ≈107 MeV using the offline γ -ray activation technique. The entire and fractional linear
momentum transfers inferred from these recoil range distributions were used to identify the evaporation residues
formed by complete and incomplete fusion mechanisms. The forward recoil range distributions of measured
evaporation residues populated through xn/pxn channels were found to be consisting of a single peak only while
the evaporation residues populated through α emitting channel had contributions from incomplete fusion also.
The observed incomplete fusion process in the population of α emitting channel residues is explained through
the breakup fusion model. The results indicate the occurrence of incomplete fusion involving the breakup of
19F into 4He + 15N and/or 8Be + 11B followed by fusion of one of the fragments with target nucleus 154Sm.
From these measurements, the relative contributions of complete and incomplete fusion were separated out. The
forward recoil range distributions data show that the incomplete fusion contribution in the fusion of fragment
15N is more dominant as compared to the fusion of fragment 11B with 154Sm target due to the smaller value
of α breakup threshold energy (Eα

B.U.). The measured forward recoil range distributions of evaporation residues
produced through α emitting channels provide experimental signature of strong clustering in 19F projectile as
α and 15N. The incomplete fusion strength function has also been deduced from the measured recoil range
distributions and found to be compatible with those deduced from the measured excitation functions for the
same system and beam energy.
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I. INTRODUCTION

The mechanisms of heavy-ion nuclear reactions on
medium-mass targets have been studied for many years. The
dominant process is generally complete fusion (CF), in which
the incident projectile completely amalgamates with the target
nucleus, forming an excited compound nucleus from which
particles are subsequently evaporated. However, it has become
increasingly apparent that in many cases there are signifi-
cant contributions from incomplete-fusion (ICF) processes, in
which only part of the projectile fuses with the target nucleus
to give an excited intermediate composite system [1]. The role
of deformation in heavy-ion fusion is important in understand-
ing the fusion dynamics [2,3]. The fusion barrier distributions
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are influenced by deformation in fusion reactions involving
deformed nuclei [4,5]. The fusion of light deformed projec-
tile nuclei with a heavy collision partner modifies the fusion
barrier distribution, which hinders the sub-barrier fusion cross
section [6]. The influence of hexadecapole deformation on
production cross sections of superheavy nuclei are also stud-
ied in the literature [7]. It has also been observed that the
fusion barriers are reduced by induced nuclear deformations
[8]. The influence of nuclear deformation on the fusion mech-
anism has been the object of various investigations, including
the fusion barrier distribution [4,9]. The nuclear deformation
may initiate the quasifission, thereby inhibiting fusion [4].
Nuclear shapes and deformation influences quasifission and
fusion-fission process. It has been observed that the colli-
sions with the tips of the deformed target nucleus lead to
quasifission. However, collisions with the sides of the de-
formed target nucleus lead to fusion-fission [10,11]. Entrance
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FIG. 1. Typical γ -ray spectrum of the FRRDs (cumulative thickness ≈0.676 mg/cm2) of residues populated in the 19F + 154Sm system at
ELab ≈ 107 MeV, recorded for about 600 s and 20 min after the ending of irradiation of stack using HPGe γ -ray spectrometer.

channel effects plays important role in the heavy-ion fusion
mechanism. It is observed that Coulomb interaction param-
eter suppress the heavy-ion fusion [12]. Any single entrance
channel parameter may not be able to explain the fusion mech-
anism completely [13]. Therefore, a combination of channel
parameters and/or a parameter which can incorporate all gross
features of interacting partners should be chosen to study the
systematics of the heavy-ion reaction [14]. Charge asymmetry
also influences the heavy-ion fusion [15]. The fusion probabil-
ity is also found to increase with entrance channel mass asym-
metry of the projectile-target systems [16–18]. Many attempts
were available on the dependence of entrance channel effects
such as projectile energy, projectile structure, target charge,
mass asymmetry, ZPZT , etc., using different projectile-target
combinations [16–21]. A systematic of the deformation
of target on the ICF probability is also available in
literature [22].

19F has been the subject of many investigations, focusing
on the study of cluster structures in N �= Z nuclei [23,24].
In these systems, exotic cluster configurations may show up,
having chemical bonding like structures. The 19F excitation
energy spectrum has been analyzed using microscopic and
semimicroscopic models as well as phenomenological poten-
tial models [25,26]. Essentially, 19F can be described as a
one-proton-deficient system of 19Ne, and thus the level se-
quence has been interpreted by considering the α-hole cluster
model as well as the coupling of the α + 15N channel [27,28].
It is also worth mentioning the recent work [29], addressing
the occurrence of α clustering in the 19Ne mirror nucleus. The
study of α + 15N scattering can help us to better constrain the
spectroscopy of 19Ne [30].

The present work extends this approach to the entrance
channel 19F + 154Sm to get an experimental evidence of the
occurrence of incomplete fusion. The forward recoil range
distributions (FRRDs) for the evaporation residues (ERs) pop-
ulated through CF and/or ICF in the same system at projectile
energy (ELab) ≈ 107 MeV were measured. The recoil ranges

measured in this work are projected ranges along the beam
direction and do not reveal any angular dependence of cross
sections and velocities of the ERs. The relative contributions
of CF and ICF have also been deduced from the measured
recoil range distributions data. The present paper is organized
as follows: The experimental techniques are given in Sec. II,
interpretation of the measured results are discussed in Sec. III,
and the summary and conclusions of the present study are
given in Sec. IV.

II. EXPERIMENTAL TECHNIQUES USED FOR FORWARD
RECOIL RANGE DISTRIBUTIONS

The present experiment was performed using 15 UD Pel-
letron at Inter University Accelerator Centre (IUAC), New
Delhi, India. The FRRDs of ERs were measured by bom-
barding 19F beam of ELab ≈ 107 MeV on 154Sm target backed
by a stack of thin aluminium (Al) catcher foils. The isotopi-
cally enriched 154Sm target (enrichment ≈98.4%) of thickness
≈ 0.3 mg/cm2 was prepared by vacuum evaporation tech-
nique in target fabrication laboratory at IUAC, New Delhi,
India [31]. The target was mounted with the 154Sm layer
downstream and followed immediately by a stack of 26 thin
evaporated aluminium catcher foils, each having thickness
between 30 and 100 μg/cm2. The thickness of each catcher
foil was determined prior to its use, by measuring the en-
ergy lost by 5.8 MeV α particles from a 241Am source in
traversing the foil as well as Rutherford back scattering tech-
nique [32]. The weighted average beam current of ≈15 nA
was measured behind the target assembly with an electron
suppressed Faraday cup, using a current integrator device.
Keeping in view the half-lives of interest, irradiations have
been carried out for about 11 h duration. The beam fluxes
measured by two methods (time weighted beam current and
total charge collected in Faraday cup) were found to agree
with each other within a 10% variation. The mean energy
of the 19F-ion beam incident at half the thickness on each
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FIG. 2. The decay curves of some measured residues 168Lu (T1/2 = 6.70 min; Eγ = 199 keV, BR = 28.0%), 167Lu (T1/2 = 51.50 min;
Eγ = 239 keV, BR = 8.6%), and 165Tm (T1/2 = 30.06 h; Eγ = 243 keV, BR = 35.5%) corresponding to three different cumulative catcher
thicknesses of aluminium.

foil in the stack was calculated from the energy degrada-
tion of the incident beam energy, using stopping power and
range software SRIM [33]. The inherent energy spread in
107 MeV 19F beam is found to be 600 keV. When the beam
passes through the target, the energy spread due to straggling
may come into picture. However, the energy spread due to
straggling has not been considered due to its insignificant
contribution [34].

After the irradiation, the stack of Al catchers along with
154Sm target was taken out from the scattering chamber using
In Vacuum Transfer Facility. The target-catcher assembly was
dismantled to record the activities induced in the individual ir-
radiated catcher foil. The activities induced in each Al catcher
was recorded individually at increasing time intervals using
precalibrated high-resolution high-purity germanium (HPGe)
γ -ray spectrometer coupled to a CAMAC-based personal
computer employing CANDLE software [35]. The HPGe γ -
ray spectrometer (resolution 2 keV for a 1.408-MeV γ ray of
152Eu) was calibrated for energy and efficiency. To determine
the geometry-dependent efficiency of the HPGe detector at
various source-detector distances, a standard source of 152Eu
of known strength was used. The induced activity in various
Al catchers were used to measure the production probability
of different ERs. The identification of ERs was done on the

basis of their characteristic γ rays and also by following
their half-lives. Typical γ spectra recorded for the FRRDs
(cumulative thickness ≈0.676 mg/cm2) showing some of the
identified γ peaks at energy ≈107 MeV is shown in Fig. 1.
The decay curves of some measured residues 168Lu (T1/2 =
6.70 min; Eγ = 199 keV, BR = 28.0%), 167Lu (T1/2 = 51.50
min; Eγ = 239 keV, BR = 8.6%), and 165Tm (T1/2 = 30.06 h;
Eγ = 243 keV, BR = 35.5%) corresponding to three different
cumulative catcher thicknesses of aluminium are shown in
Fig. 2. The spectroscopic data used in the determination of
production cross sections of various ERs were taken from
Refs. [36,37]. A list of identified ERs produced via CF and/or
ICF dynamics in 19F + 154Sm system along with their decay
characteristics, e.g., γ -ray energy (Eγ ), and branching ratios
(BR) is given in Table I. The measured cross sections σER for a
particular ER were calculated using the standard formulation
[38],

σER = − Aλexp(λtlps)

N0φBRksacε[1 − exp(−λtird )][1 − exp(−λtcnt )]
(1)

where A is the total number of counts in the photopeak
recorded in irradiation time tird, λ is the decay constant of
the residue, N0 is the total number of target nuclei, BR is the
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TABLE I. Measured ERs produced via different reaction chan-
nels in the 19F + 154Sm system at ELab ≈ 107 MeV along with their
spectroscopic data [36,37].

S. Eγ BR

No. Reaction channels Half-life (keV) (%)

1. 154Sm (F, 5n) 168Lu 5.50 min (g) 111 49.00a

228 7.00a

348 6.70a

6.70 min (m) 199 76.00a

979 15.70a

896 9.00a

885 7.70a

2. 154Sm (F, 6n) 167Lu 51.50 min 239 8.60
214 3.60
179 2.80

3. 154Sm (F, p5n) 167Yb 17.50 min (m) 114 55.40
176 21.00

4. 154Sm (F, α3n) 166Tm 7.70 h (m) 779 18.90
183 16.10
705 10.96

5. 154Sm (F, α4n) 165Tm 30.06 h 243 35.50
297 12.71

6. 154Sm (F, α5n) 164Tm 5.10 min 208 14.60
315 10.00

7. 154Sm (F, 2α3n) 162Ho 1.13 h 187 28.60
283 11.30

8. 154Sm (F, 2α4n) 161Ho 2.48 h 211 46.00

aRelative intensity.

branching ratio of the identified γ ray, φ is the flux of the inci-
dent beam, ε is the geometry dependent efficiency of the
HPGe detector, tlps is the time elapsed between the stop of
irradiation and start of the counting, tcnt is the counting time,
and ksac = [1 − e−μcd ]/μcd is the self-absorption correction
factor for the target of thickness d with absorption coefficient
μc. Further details regarding the experimental setup and cross
section measurement can be found in Ref. [22].

The measured yields of an ER as a function of the range in
stopping medium are associated with errors and uncertainties
in the thickness of target and catcher foils, counting statis-
tics, etc. Several factors are responsible for the uncertainties
in the measured yields. 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%, (ii)
the error arising from the fluctuations in beam current is esti-
mated to be less than 6%, (iii) the uncertainty in the efficiency
calibration of the HPGe detector was estimated to be less than
5%, (iv) to minimize the error, the counting was done for dead
time below 10%, and (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 photopeak area are
estimated to be less than 22%.

III. ANALYSIS AND RESULTS

In order to get a clear picture of the different fusion pro-
cesses involved in the production of ERs in the 19F + 154Sm

system at ELab ≈ 107 MeV, measurements of FRRDs of the
observed residues were done. A total of eight ERs, namely,
168Lu (5n), 167Lu (6n), 167Yb (p5n), 166Tm (α3n), 165Tm
(α4n), 164Tm (α5n), 162Ho (2α3n), and 161Ho (2α4n) were
populated through CF and/or ICF channels in this measure-
ment. Among the observed ERs, residues populated via α

emission channels (166Tm, 165Tm, 164Tm, 162Ho, and 161Ho)
have the possibility of getting populated through the CF as
well ICF processes. On the other hand, residues populated via
xn/pxn channels (168Lu, 167Lu, and 167Yb) are likely to get
populated through the CF process only. Residues populated
through CF and/or ICF processes undergo an intermediate
stage, where an excited compound system is formed through
the total or partial fusion of the incident projectile with
the target nucleus. In CF process, the intermediate com-
pound nucleus (CN) recoils along the direction of projectile
with a velocity and excitation energy governed totally by
the energy and momentum of the incident projectile, while
in ICF process the intermediate composite system formed
at a particular beam energy is populated with an extended
distribution of recoil velocity, recoil angle, and excitation
energy [39].

The technique of FRRDs is capable of providing detailed
information about the reaction mechanism of different fusion
processes involved in the population of ERs. The measure-
ment of recoil velocity of the heavy products or, equivalently,
its FRRD in a stopping medium, can be useful in determin-
ing the degree of linear momentum transfer (LMT) from the
incident projectile to the resulting compound system. Careful
measurement of FRRDs of the residues populated is a power-
ful tool for disentangling the different ICF processes, where
the same product may get populated through multiple fusion
processes, followed by different degrees of charged particle
evaporation. The measured yields of the reaction products
in each foil were divided by the thickness of respective foil
(in mg/cm2), to get the normalized yields of measured ERs.
The projected FRRDs, thus reflects the velocity distribution
of the populated ERs recoiling in the catcher medium. The
normalized yields [mb/(mg/cm2)] were then plotted against
the cumulative catcher thickness to obtain the differential
FRRDs.

Residues originate from an intermediate compound system
recoil in the Al stopping medium with a well-defined veloc-
ity v0. The velocity distribution of the reaction products is
symmetric about v0 with a width associated with the num-
ber of nucleons and/or α particles emitted by the recoiling
intermediate compound system. For the CF process, the recoil
velocity of the intermediate compound system v0 derived from
the conservation of linear momentum is given as

v0 = VCN =
√

2mpELab

MCN
, (2)

where mp and MCN are the masses of incident projectile
and intermediate compound system, respectively and ELab is
the laboratory energy of the incident projectile. The recoil
velocity of an incompletely fused compound (IFC) system
formed through the ICF process will be less than v0 since
a fraction of the incident linear momentum pinc is carried
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TABLE II. Measured most probable ranges deduced from FRRDs curves and theoretically calculated mean ranges for CF and ICF
components (in mg/cm2) produced in the 19F + 154Sm system at ELab ≈ 107 MeV.

CF ICF-α ICF-2α

S. No Reactions RSRIM RMeas RSRIM RMeas RSRIM RMeas

1. 154Sm (F, 5n) 168Lu 0.702 0.729 ± 0.085a – – – –
2. 154Sm (F, 6n) 167Lu 0.699 0.749 ± 0.079a – – – –
3. 154Sm (F, p5n) 167Yb 0.705 0.733 ± 0.064a – – – –
4. 154Sm (F, α3n) 166Tm 0.718 0.711 ± 0.087a 0.478 0.482 ± 0.062a – –
5. 154Sm (F, α4n) 165Tm 0.716 0.756 ± 0.092a 0.475 0.479 ± 0.073a – –
6. 154Sm (F, α5n) 164Tm 0.710 0.729 ± 0.071a 0.472 0.494 ± 0.066a – –
7. 154Sm (F, 2α3n) 162Ho – – 0.475 0.496 ± 0.066a 0.267 0.254 ± 0.057a

8. 154Sm (F, 2α4n) 161Ho – – 0.472 0.487 ± 0.088a 0.265 0.246 ± 0.055a

aErrors are the standard deviations

away by the spectator. Considering the projectile to be a point
object, pinc will be shared between the fusing fragment and
spectator in a ratio proportional to their masses. Furthermore,
since the diameter of the incident projectile is extended over
a range of impact parameters and, the spectator generally
breaks up from the outer region of the incident projectile, the
linear momentum associated with the intermediate compound
system, by a fusing fragment of mass m f from an incident
projectile of mass mp and linear momentum pinc, is equal to
(m f /mp).pinc.

Forward recoil ranges of the measured ERs were also
calculated using the classical approach and the code SRIM
[33]. Values of the calculated ranges (RSRIM) of the ERs were
found to agree well with the measured ones (RMeas) tabulated
in Table II.

A. FRRDs of ERs populated through
xn and pxn emission channels

In the 19F + 154Sm reaction at ELab ≈ 107 MeV, a total of
three ERs, 168Lu, 167Lu, and 167Yb were found to be pro-
duced via xn (x = 5, 6) and pxn (x = 5) channels. These
ERs populate from the excited intermediate compound system
173Lu∗ through the entire fusion of the incident projectile 19F
with the 154Sm target. Figures 3(a)–3(c) show the FRRDs
of the ERs 168Lu, 167Lu, and 167Yb populated through 5n,
6n, and p5n channels, respectively. As can be inferred from
Figs. 3(a)–3(c), the observed mean recoil range distributions
of residues 168Lu, 167Lu, and 167Yb, show a single peak at cu-
mulative catcher thickness ≈0.729, 0.749, and 0.733 mg/cm2

in aluminium, respectively.The peak positions associated in
the FRRDs of these residues (dashed curves) correspond to
the entire linear momentum transfer of the projectile 19F to the
target 154Sm. The mean ranges of ERs obtained at a depth in
aluminium catcher foils are found proportional to the expected
recoil range of residues in the CF of the projectile 19F with
target 154Sm. These observations suggest the formation of
ERs 168Lu, 167Lu, and 167Yb from the excited intermediate
compound system 173Lu∗ through the entire LMT from the
incident projectile 19F to the 154Sm target. It may therefore
be inferred that these ERs are predominantly populated via
the CF process only. The produced compound nucleus 173Lu∗

may decay through the evaporation of five or six neutrons and

one proton, respectively, leaving behind the residues 168Lu,
167Lu, and 167Yb via CF reaction. The production details of
these ERs 168Lu, 167Lu, and 167Yb can be shown as

19F + 154Sm �⇒ 173
∗

Lu �⇒ 173−xLu + xn(x = 5, 6),

or �⇒ 172−xYb + pxn (x = 5).

B. FRRDs of ERs populated through αxn emission channels

In the 19F + 154Sm reaction at ELab ≈ 107 MeV, a total of
three ERs, namely, 166Tm, 165Tm, and 164Tm, were observed
to be populated through the αxn (x = 3, 4, 5) channels. These
residues have the possibility of getting produced via both CF
and ICF processes, which is evident from their FRRDs plots.
Residues of α emission channels have multiple peaks in their
FRRDs, and each peak of the FRRDs indicates a different
fusion process. The contributions of different fusion processes
in the population of such residues can be deduced from the
area under the photo peak corresponding to particular fusion
process. The degree of contribution arising from different CF
and/or ICF processes varies from ER to ER, and for a specific
residue it varies with the excitation energy of the compound
system. The FRRDs of ERs 166Tm, 165Tm, and 164Tm, pop-
ulated via αxn (x = 3, 4, 5) channels reflects the interplay
between CF and ICF-α processes.

(1) CF process. The CF process involves the fusion of 19F
projectile as a single entity with the 154Sm target, lead-
ing to the formation of the excited compound nucleus
(CN) 173Lu∗. The excited CN 173Lu∗ further decays via
the αxn emission channel resulting in the production of
ERs 166Tm, 165Tm, and 164Tm. Figures 4(a)–4(c) show
the FRRDs of ERs 166−164Tm populated through the
α emitting channels. In the measured FRRDs of the
residues 166−164Tm, two distinct peaks are observed
at cumulative catcher thickness ≈0.711, 0.756, and
0.729 mg/cm2 and ≈0.482, 0.479, and 0.494 mg/cm2,
respectively in aluminium as shown in Figs. 4(a)–4(c).
Here the peak at larger cumulative catcher thickness
(≈0.711, 0.756, and 0.729 mg/cm2) corresponds to
the recoil range of the compound system 173Lu pro-
duced in CF due to entire LMT from the projectile 19F
to the target 154Sm. Complete fusion of the incident
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FIG. 3. Measured FRRDs for the ERs 168Lu (5n), 167Lu (6n), and
167Yb (p5n), produced in 19F + 154Sm system at ELab ≈ 107 MeV.
Solid circles are the measured data and dashed lines represent the
Gaussian fit to the measured FRRDs for CF of 19F with 154Sm.

projectile 19F with the target nucleus 154Sm leads to
total LMT from the incident projectile to the result-
ing CN 173Lu∗. The excited CN 173Lu∗, on acquiring

the total incident linear momentum, recoils along the
beam direction up to maximum depth in the Al catcher
medium. The peak at the highest recoil range in the
FRRDs of ERs 166Tm, 165Tm, and 164Tm [Figs. 4(a)–
4(c)] correspond to the CF process. The production
details for the formation of these ERs via CF process
is given by

19F + 154Sm �⇒ 173
∗

Lu

�⇒ 169−xTm + αxn (x = 3, 4, 5)

(2) ICF-α process. ICF-α process involves the fusion of
15N, evolving from the α breakup of 19F, with the
154Sm target leading to the formation of IFC system
169Tm∗,

19F �⇒ 15N +α

EB.U. = 4.01 MeV.

The excited intermediate compound system 169Tm∗

will further decay via the emission of xn leading to the
formation of ERs 166−164Tm. Considering that incident
projectile 19F has α cluster structure and comprises α

particle and 15N, the total incident linear momentum
and energy are equally distributed among the con-
stituents α particle and 15N. Thus, 15N emerging from
the 19F through the α breakup process is associated
with 15/19 pinc. Hence, the residues produced via ICF-
α process have a lesser recoil range in Al stopping
medium due to a relatively lesser LMT in the ICF-α
process as compare to CF. The ERs 166−164Tm popu-
lated through the ICF-α process may be represented
as

19F(15N +α) �⇒ 15N + 154Sm �⇒ 169
∗

Tm

�⇒ 169−xTm +xn(x = 3, 4, 5).

The second peak in the FRRDs of ERs 166−164Tm
[Figs. 4(a)–4(c)] corresponds to the ICF-α process.
Due to relatively lesser LMT, the peak corresponding
to the ICF-α process in the FRRDs of 166−164Tm lies
just before the peak corresponding to the CF process
at smaller cumulative catcher thickness ≈0.482, 0.479,
and 0.494 mg/cm2, respectively.

As such, these observations indicate that the reactions 154Sm
(F, αxn) 169−xTm have contributions not only from CF but
also have contribution from ICF of 19F (fusion of fragment
15N with 154Sm. In this respect, for complete fusion, the com-
pound system 173Lu decays via the statistical emission of the
α-particle leaving behind the residues 166−164Tm. The same
residues are also populated via incomplete fusion when the
projectile 19F reaches the nuclear field of the target 154Sm,
it breaks up into α-clusters viz. 4He and 15N. One of the
fragments 15N fuses with the target 154Sm forming an IFC
system 169Tm∗ and the remnant 4He (α particle) moves in the
forward direction. The relative CF and ICF contributions for
the ERs 166−164Tm populated via α emission channels, have
been found to be ≈38%, 29%, 72% and ≈62%, 71%, and
28%, respectively, as shown in Fig. 5.
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FIG. 4. Measured FRRDs for the ERs 166Tm (α3n), 165Tm (α4n), 164Tm (α5n), 162Ho (2α3n), and 161Ho (2α4n), produced in 19F + 154Sm
system at ELab ≈ 107 MeV. Solid circles are the experimental data and dashed lines represent the Gaussian fit to the measured FRRDs for CF
of 19F with 154Sm, while dashed-dot and dotted lines represent the Gaussian fit to the measured FRRDs for ICF-α (fusion of fragment 15N) and
ICF-2α (fusion of fragment 11B), respectively.

C. FRRDs of ERs populated through 2αxn emission channels

In the 19F + 154Sm reaction at ELab ≈ 107 MeV, a total
of two ERs, namely 162Ho and 161Ho, were observed to be
populated through the 2αxn (x = 3, 4) channels. ERs evolv-
ing through the 2α emitting channels have the possibility of
getting populated through the CF as well as ICF processes.
However, the measured FRRDs of these ERs as displayed
in Figs. 4(d) and 4(e) show only two peaks, one observed
at cumulative catcher thickness ≈0.496 and 0.487 mg/cm2,
which correspond to the mean recoil range of the ERs
162,161Ho, produced by the ICF-α of 19F (fusion of fragment
15N with the target 154Sm). The other peak at smaller cu-
mulative catcher thickness ≈0.254 and 0.246 mg/cm2 for
same residues 162,161Ho are associated with the mean recoil
range of the ERs produced by the ICF-2α of 19F (fusion of

fragment 11B with the target 154Sm). It was also noticed that
the recoil range of the residues 162,161Ho produced via the CF
process which is expected at a larger range were not observed
in the measured FRRDs. This shows that this reaction pre-
dominantly takes place through various modes of ICF. The
FRRDs of ERs 162Ho, and 161Ho, populated via 2αxn (x = 3,
4) channels reflects the interplay between ICF-α and ICF-2α

processes.

(1) ICF-α process. As discussed earlier, in case of ICF-α
process, only 15/19 pinc is transferred from the projec-
tile 19F to the resulting intermediate compound system
through the fusion of 15N with the 154Sm target. The
excited intermediate compound system 169Tm∗ will
further decay via the emission of αxn leading to the
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FIG. 5. Relative CF and ICF contributions of the ERs 166−164Tm (αxn), and 162,161Ho (2αxn) deduced from the measured FRRDs data for
19F + 154Sm system at ELab ≈ 107 MeV.

formation of ERs 162Ho, and 161Ho. The formation
of ERs 162,161Ho, through the ICF-α process may be
represented as

19F(15N +α) �⇒ 15N + 154Sm �⇒ 169
∗

Tm

�⇒ 165−xHo +αxn (x = 3, 4).

(2) ICF-2α process. ICF-2α process involves the fusion
of 11B, emerging from the 2α breakup of 19F, with the
154Sm target leading to the formation of IFC system
165Ho∗.

19F �⇒ 11B +2α

EB.U. = 15.096 MeV.

The excited intermediate compound system 165Ho∗

will further decay via the emission of xn leading to
the formation of ERs 162,161Ho. Assuming that incident
projectile 19F has α cluster structure and comprises
two α particles + 11B, the total incident linear mo-
mentum and energy are equally distributed among the
constituents α particles and 11B. Thus, 11B emerg-
ing from the 19F through the 2α breakup process is
endowed with 11/19 pinc. Due to a relatively lesser
LMT in the case of the ICF-2α process as compared
to ICF-α, ERs populated through the ICF-2α process
have a lesser recoil range as compared to the residues
populated through the ICF-α process. The formation
of ERs 162,161Ho through the ICF-2α process may be
represented as

19F(11B +2α) �⇒ 11B + 154Sm �⇒ 165
∗

Ho

�⇒ 165−xHo +xn (x = 3, 4).

Finally, the measured FRRDs of ERs show that the ERs
168Lu, 167Lu, and 167Yb populated through xn/pxn emission

channels in the interaction of 19F with 154Sm target are pro-
duced via CF only, while the ERs 166−164Tm populated via
αxn emission channels are produced via both CF and ICF
processes. On the other hand, the ERs 162,161Ho populated via
2αxn emission channels are produced via ICF only.

Further, the relative ICF contributions in the fusion of
fragments 15N and 11B with the target 154Sm for the ERs
162,161Ho populated via 2α emission channels, have been de-
termined as ≈74%, 78% and ≈26%, 22%, respectively as
shown in Fig. 5. The relative ICF contribution for the fusion
of fragment 15N with 154Sm target in αxn emission channels
was found to be ≈48%, while for 2αxn emission channels
it was ≈75%. Whereas the relative ICF contribution for the
fusion of fragment 11B with 154Sm target in 2αxn emission
channels was found to be ≈25%. The present observations
show that the ICF contribution due to the fusion of fragment
15N is more dominant than that of the fusion of fragment 11B
in the present energy regime for 19F + 154Sm system. This can
be understood on the basis of the α-breakup threshold energy
(Eα

B.U.) of the projectile. For the breakup of 19F projectile into
4He + 15N, Eα

B.U. is 4.01 MeV, while in case of 19F breakup
into 8Be + 11B, Eα

B.U. is 15.096 MeV. The breakup of projectile
19F into 4He + 15N is more feasible as compared to 8Be + 11B
due to the lower value of Eα

B.U..Therefore, dominant contribu-
tion due to the fusion of fragment 15N should be observed as
compared to fusion of fragment 11B with 154Sm target. The
same observations are also reflected in the measured FRRDs
of α emission channels in the present system 19F + 154Sm as
discussed above.

The above descriptions clearly indicate that peaks ap-
pearing at different cumulative thicknesses in the stopping
medium are related to different degrees of linear momentum
transfer from projectile 19F to the target 154Sm. The measured
most probable ranges RMeas deduced from FRRDs data for
various residues produced through CF and ICF reactions are
listed in Table II. The relative contributions of the CF and
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TABLE III. Measured relative contributions of CF and ICF deduced from FRRDs curves for the 19F + 154Sm system at ELab ≈ 107 MeV.

ICF of 19F

S. No Reactions CF of 19F Fusion of fragment 15N Fusion of fragment 11B

1. 154Sm (F, 5n) 168Lu 100% – –
2. 154Sm (F, 6n) 167Lu 100% – –
3. 154Sm (F, p5n) 167Yb 100% – –
4. 154Sm (F, α3n) 166Tm 38% 62% –
5. 154Sm (F, α4n) 165Tm 29% 71% –
6. 154Sm (F, α5n) 164Tm 72% 28% –
7. 154Sm (F, 2α3n) 162Ho – 74% 26%
8. 154Sm (F, 2α4n) 161Ho – 78% 22%

ICF components are obtained by dividing the area of the
corresponding peak by the total area under the observed com-
posite FRRDs curves in Figs. 4(a)–4(e). As such the relative
contributions of the CF and various ICF channels for each
residue have been estimated and are listed in Table III. Finally,
the total contribution of CF and ICF channels (produced via
fusion of projectile fragments 15N, and 11B with the target
154Sm) at ELab ≈ 107 MeV has been evaluated as 78%, 19%,
and 3%, respectively.

The range integrated cross sections (σFRRD) for the identi-
fied ERs were deduced using the standard formalism [22]. In
order to compare the range integrated yields of ERs produced
via CF and/or ICF, the statistical model (SM) calculations
were done using the code PACE-4 [40,41]. The code PACE-4
is based on the Hauser-Feshbach formalism of CN decay
[42]. This code takes into account the statistically equilibrated
emission of light particles (i.e., neutron, proton, and α particle,
etc.) and γ rays, only for the decay of the CN. The possibility
of ICF, and/or pre-equilibrium emission are not considered
in this code. Level density parameter a (= A/K) MeV−1 is an
important parameter for the calculation of cross section, where
A is the mass number of the CN and K is the level density
parameter constant. In the present work, for the 19F + 154Sm
system, K = 10 has been taken in the PACE-4 calculations.
More details about the analysis of data using PACE-4 code is
given in our previous work [14].

The CF of 19F with 154Sm followed by the evaporation
of 1 proton and 5 neutrons from the CN 173Lu∗ leads to the
production of ER 167Yb. The residual nucleus 167Yb decays to
167Tm by electron capture (EC) and has been identified by 114
and 176 keV γ ray. The same residue may also be populated
by EC and/or β+ decay of its higher charge precursor isobar
167Lu produced via the reaction 154Sm (F, 6n) 167Lu. The
half-life of precursor (i.e., 167Lu → tpre

1/2 = 51.5 min) is larger

than the half-life of the daughter nuclei (i.e., 167Yb → t d
1/2 =

17.5 min). In this case, the independent production cross sec-
tion (σ Meas

indp ) of 165Yb has been deduced using the following
successive radio-active decay formulations [43],

Nd (t ) = Ct=0 × e−λd t + (Ppre.λpre )

λd − λpre
× Npre(t ).e−λpre.t , (3)

where Nd (t ) and Npre(t ) are the number of daughter and
precursor nuclei produced at time t. Ct=0 is the number of
cumulative (precursor + daughter) nuclei produced at the end

of the irradiation, and λpre and λd are the decay constants
of precursor and daughter nuclei, respectively. The value of
Npre(t ) has been deduced from the measured decay curve
analysis of the ER 167Lu. The value of Nd (t ) for ER 167Yb has
been obtained by solving Eq. (3), which has been translated to
its production cross section (σ Meas

indp ).

Further, CF of 19F with 154Sm followed by emission of α

particle and four neutrons leads to production of ER 165Tm.
The same ER may also be formed by ICF process. The
residue 165Tm, with half-life 30.06 h that decays to 165Er, has
been identified by γ rays of 243, and 297 keV energy. The
residue 165Tm produced via the reaction 154Sm (F, α4n) 165Tm
may also be populated by the EC and/ or β+ decay of the
higher charge precursor isobars 165Lu and 165Yb. Hence, the
measured cumulative cross sections of 165Tm may have con-
tributions from the decay of precursor isobars of 165Lu and
165Yb produced in 8n and p7n emission channels of the CF
in addition to direct production of 165Tm. In this case, the
half-life of precursor (i.e., 165Yb → tpre

1/2 = 9.9 min) is smaller

than the daughter nuclei (i.e., 165Tm → t d
1/2 = 30.06 h). As

demonstrated by Cavinato et al. [44], the independent pro-
duction cross section (σind) of the daughter nuclei may be
defined in terms of cumulative (σcum) and precursor (σpre)
cross section as follows;

σind = σcum − Ppre.
t d
1/2

t d
1/2 − tpre

1/2

.σpre (4)

Here Ppre is the branching ratio of precursor decay to the
final nucleus. The contribution due to the decay of precur-
sor isobar 165Yb to the ER 165Tm has been separated from
cumulative contribution to get the independent yield for the
production of 165Tm by using the expression (5) based on
Cavinato et al. [44],

σind(165Tm) = σcum − 1.0055.σpre. (5)

The range integrated cross sections (σFRRD) along with
PACE-4 predictions (σPACE−4) for the identified ERs are listed
in Table IV. It was observed that the contribution of CF
channels (xn/pxn emission channels) satisfactorily matches
with PACE-4 predictions. However, the contribution of ICF
channels (αxn and 2αxn emission channels) could not be
reproduced by PACE-4 predictions using the same set of pa-
rameters, since, PACE-4 code does not take into account ICF
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TABLE IV. Measured range integrated cross sections (σFRRD)
and their errors deduced from FRRDs data along with PACE-4 cal-
culations (σPACE−4) for the 19F + 154Sm system at ELab ≈ 107 MeV.

σFRRD σPACE−4

S. No. Residues (mb) (mb)

1 154Sm (F, 5n) 168Lu 78.9 ± 11.1 71.1
2 154Sm (F, 6n) 167Lu 543.7 ± 76.2 565
3 154Sm (F, p5n) 167Yb 87.4 ± 12.3 81.5
4 154Sm (F, α3n) 166Tm 26.9 ± 5.2 1.1
5 154Sm (F, α4n) 165Tm 97.8 ± 18.5 32.4
6 154Sm (F, α5n) 164Tm 132.1 ± 27.4 52.3
7 154Sm (F, 2α3n) 162Ho 19.4 ± 3.9 1.1
8 154Sm (F, 2α4n) 161Ho 13.6 ± 2.9 –

contribution. Nevertheless, it may be noted that the measured
FRRDs of the identified residues 166−164Tm, 162Ho, and 161Ho
provide the experimental evidence of breakup of projectile
19F in interaction with 154Sm the measured energy range. The
measured FRRDs of these ERs clearly indicate the signature
of α clustering in 19F nuclei.

In the present FRRDs measurements, the activation
technique was used for the identification of ERs populated.
However, some of the ERs may not be detected owing to
very long or short half-lives or no intense γ rays due to the
limitation of this method. The cross sections of such ERs were
incorporated using the statistical model code PACE-4. The
branching of the sum of the measured channels, i.e., (σ Expt

xn+pxn)
with respect to the complete fusion (σCF) at ELab ≈ 107 MeV
has been calculated using the PACE-4. The theoretical ratio
of combined cross sections of these channels to the complete
fusion RTheo

σ (= σxn/pxn/σCF) is calculated for the 19F + 154Sm
system. The neutron and/ or proton evaporation channels are
found to be dominant for the measured energy. The combined
cross section of xn/pxn channels is found to be 91% of CF in
the system 19F + 154Sm at ELab ≈ 107 MeV. The remaining
contributions are mostly from the charged particle evaporation
channels which are difficult to extract from the measured γ

lines as they are contaminated by the contributions from the
transfer/ICF channels. In this respect, the experimental CF
cross sections were calculated as σ

Expt
CF = σ

Expt
xn+pxn/RTheo

σ [45].

Hence, σ
Expt
CF the corrected total measured CF cross section,

including contributions from all the observed and missing CF
channels.

The ICF contribution in all α emission channels has been
deduced adopting the standard procedure [17–20]. The ICF
cross sections (σ Expt

ICF ) for the ERs were deduced by sub-
tracting the PACE-4 cross sections from the measured cross
sections at studied energy. Then, the ICF probability function,
SICF, which is a measure of the strength of ICF, has been
deduced using the following expression:

SICF(%) = σ
Expt
ICF

σ
Expt
CF + σ

Expt
ICF

× 100. (6)

It is important to mention that the quantity SICF is not based
only on experimental evidences and for obvious technical
reasons, the code PACE-4 has also been used in its deduction.

The SICF value deduced from the present FRRDs measure-
ments for the 19F + 154Sm system at ELab ≈ 107 MeV was
found to be 21%, which is in agreement with those obtained
from the excitation functions measurements for the same sys-
tem at similar energy range [46].

IV. SUMMARY AND CONCLUSIONS

The role of partial linear momentum transfer on incomplete
fusion dynamics was studied through the measurements of
FRRDs of the evaporation residues populated in 19F + 154Sm
system at ELab ≈ 107 MeV. The FRRDs of eight ERs, namely,
168Lu (5n), 167Lu (6n), 167Yb (p5n), 166Tm (α3n), 165Tm
(α4n), 164Tm (α5n), 162Ho (2α3n), and 161Ho (2α4n) were
determined in this measurement. The FRRD of ERs produced
through the xn and pxn channels comprises a single peak
only, suggesting transfer of entire linear momentum from
the incident projectile 19F to the resulting compound system
173Lu∗ through the CF process. On the other hand, the analysis
of measured FRRDs inferred that the ERs populated through
α emitting channels includes multiple component of linear
momentum transfer from the 19F projectile to the 154Sm target.
Different partial linear momentum transfer components were
attributed to the fusion of 15N and/or 11B from the projectile
19F to the target nucleus 154Sm. The relative contribution of
the components produced via complete and/or incomplete
fusion channels in the production of individual residues was
obtained. It was found that, in general, the residues are not
only populated via complete fusion but incomplete fusion also
plays an important role in the production of various reaction
products involving direct α cluster emission at the present
energy. Present FRRDs data clearly shows that the residues
168Lu, 167Lu, and 167Yb are produced through complete fusion
while the residues 166Tm, 165Tm, and 164Tm are produced
via the incomplete fusion channel also. It is also inferred that
measurements are consistent with ICF reaction hypothesis of
break-up fusion model wherein fusion of projectile fragments
(in its breakup) takes place with the target nucleus. In the
measured FRRDs of residues 162Ho, and 161Ho, the absence
of the peak corresponding to the complete fusion channel
indicates that the population of these ERs has taken place
mainly via various incomplete fusion channels. The analysis
of present FRRDs data inferred that the ICF contribution due
to the fusion of fragment 15N is more dominant than that of the
fusion of fragment 11B with 154Sm target. Further, the total
contribution of CF and ICF channels (produced via fusion
of projectile fragments 15N, and 11B with the target 154Sm)
at ELab ≈ 107 MeV has been evaluated as 78%, 19%, and
3%, respectively. The FRRDs peaks of α emission channels
at smaller distances clearly show an experimental signature of
the breakup of the 19F projectile (into α + 15N or 2α + 11B).
Hence, the measured FRRDs clearly provide an evidence of
the presence of α clustering in 19F nuclei. The incomplete fu-
sion strength function (SICF) was deduced from the measured
FRRDs data for the present 19F + 154Sm system and found to
be 21%, which is in good agreement with those obtained from
the excitation functions measurements for the same system in
similar energy regime [46].
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The present study also highlights that the N �= Z α clus-
tered projectiles (like 19F) have significant contributions of
ICF on fusion cross sections at above barrier energies. How-
ever, the ICF probability for the N �= Z α clustered projectiles
is found to be smaller than the N = Z α clustered projectile
with similar Eα

B.U. values.
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