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The study of breakup fusion of '°F with *Sm target was studied through offline y ray spectrometry. Partial
cross sections of evaporation residues produced in this reaction were measured in center-of-mass energies
ranging ~3-30 MeV above the fusion barrier. The excitation functions of the evaporation residues populated
through xn/pxn channels were found to be satisfactorily reproduced by statistical model calculations, whereas
for the o emitting channels the cross sections show an enhancement over the theoretical predictions. The
critical angular momentum deduced from the measured cross sections was found to be in good agreement with
statistical model calculations. The degree of fusion incompleteness in the '°F 4 '3*Sm reaction is estimated by
comparing the fusion excitation functions with coupled channels calculations and the extracted fusion function
with the universal fusion function. The large cross sections observed for incomplete fusion products support
the interpretation that this suppression of fusion is caused by '°F breaking up into charged fragments before
reaching the fusion barrier. The incomplete fusion probability was also found to increase with the reduced mass
and charge of the entrance channel, indicating the influence of entrance channel mass asymmetry and Coulomb
repulsion on incomplete fusion. The present analysis shows the presence of strong clustering in the °F projectile

as o and PN.
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I. INTRODUCTION

The characteristics of « cluster states in heavy ions (HIs)
are very important for understanding nuclear processes in
stars. For energies far below the Coulomb barrier (of as-
trophysical interest), very small cross sections cannot be
measured in laboratories. The details of the interaction be-
tween the cluster and regular states must be known for the
deduction of such cross sections, since strong « cluster states
can increase the o width to states that are closer to the region
of astrophysical interest through configuration mixing [1]. In
general, the N = Z, even-even nuclei such as 8Be, 12(, 100,
and 2°Ne are associated with strong clustering. It has proved
to be far more difficult to study clustering phenomena in N #
Z nuclei because the “extra” nucleons introduce additional
degrees of freedom [2,3]. The o decay threshold is usually
lower in energy than the nucleon decay threshold in even-even
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N = Z nuclei. However, for N # Z nuclei the energy thresh-
olds for neutron and « decay are close. The closeness of the
decay thresholds for N # Z nuclei may provide new insight
to understand the interplay between the single-particle and
cluster degrees of freedom. At present, data on the « cluster
states in N # Z nuclei (like '°F, >'Ne, etc.) are scarce due to
complications in experiments and data analysis [4]. As such,
the spectroscopy of '°F is of interest for nuclear astrophysics
and nuclear structure [5]. In astrophysics, fluorine and the
reactions producing and destroying it play a key role in con-
straining models of stars in different evolutionary stages, such
as the asymptotic giant branch (AGB) stars, responsible of the
production of about half of the elements heavier than Fe [6].
In nuclear structure, '°F has been subject to investigations [7]
aiming at the identification of « and more exotic cluster struc-
tures. Also, its spectroscopy is very useful to constrain the
nuclear properties of the '°Ne mirror nucleus.

Several studies existing in the literature [§—11] show that
there is a significant contribution of incomplete fusion (ICF)

©2022 American Physical Society
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of N = Z projectiles (like '>C, '°0, and *°Ne etc.) at ener-
gies above the Coulomb barrier. The study of ICF of such
projectiles has been done through different types of measure-
ments; such as excitation functions (EFs) [9-11], forward
recoil range distributions (FRRDs) [12,13], angular distri-
butions [13], and spin distributions [14-16]. However, the
studies of ICF on N # Z projectiles (like '°F) are limited to
few systems [17-19]. The study of ICF reaction dynamics has
taken a central place in the field of nuclear physics research in
the past few years, since the mechanism involved in these re-
actions is still only partially understood, especially in terms of
the angular momentum involved in the population of evapora-
tion residues (ERs) [14—16]. Recently, the study of ICF in the
4N + '31Ta system was reported [20]. A significant amount
of breakup is found in the '*N projectile, which is an N = Z
odd-odd nucleus. The ICF contribution was found to depend
strongly on projectile energies, the product of projectile and
target charges, and o Q value of the projectile.

In this work, the measured data on the excitation func-
tions (EFs) for '°F + '**Sm system at above barrier energies
through offline stacked foil activation technique followed by
offline y ray spectrometry are presented. The measured EFs
were then analyzed within the framework of the standard
statistical model code PACE-4 [21,22]. The analysis of EF data
suggests the presence of « cluster states in '°F nuclei. It was
also found that there is a significant contribution of incomplete
fusion (ICF) of '°F projectile with '**Sm target along with
its complete fusion (CF) at above-barrier energies. In case of
ICF, the '°F projectile breaks up into >N+« or ''B 42,
before fusing with the target '>*Sm. The fragments >N or
B then fuse with the target '>*Sm, while the o particle(s)
moves as spectator. The influence of entrance channel mass
asymmetry and Coulomb repulsion on ICF was investigated
through reduced mass and reduced charge of the dinuclear
system. Further, an effort was also made to study the effect
of breakup on the fusion cross sections through the standard
formulation of the universal fusion function (UFF) [23]. The
present paper is organized as follows: A brief description of
the experimental techniques is given in Sec. II, the details of
the analysis of data and its interpretation are given in Sec. I,
and a summary of the present work is presented in Sec. IV.

II. EXPERIMENTAL TECHNIQUES

Measurements were carried out at Inter University Accel-
erator Centre (IUAC), New Delhi, India [24,25] using the 15
UD Pelletron accelerator facility. An energetic beam of '°F
was used to bombard on the stack of '**Sm targets of thick-
ness ~200-500 wug/cm? with aluminum (Al) backings [26]
of thickness ~1.0-1.5 mg/cm?. The Al backings (catcher
foils) were used to trap the recoiling evaporation residues
(ERs). The thickness of each Al catcher and target foil was
determined prior to use by weighing as well as by the «
transmission method. The 'YF%" beam of diameter ~4 mm
was collimated on a stack of '>*Sm. This stack was irradiated
for about 9 hours with varying beam current ~10-15 nA,
keeping in view the lifetimes of the populated ERs. The beam
current was monitored behind the target-catcher assembly
with an electron suppressed Faraday cup, using a current

TABLE I. Measured ERs produced via different reaction chan-
nels in the '*F+ 5*Sm system at Ej,, ~ 78-110 MeV along with
their spectroscopic data [27,28].

Serial Ey Br
No. Reaction channel Half-life (keV) (%)
1. 154Sm(F, 4n) '“Lu 34.06 h 191 20.60
379 2.11
165 1.97
2. 154Sm(F, 5n) '%Lu 6.70 min (m) 111 49.00°
228 7.00°
348 6.70°
5.50 min (g) 199  76.00*
979  15.70*
896 9.00?
885 7.70*
3. 154Sm(F, 6n) '*"Lu 51.50 min 239 8.60
214 3.60
179 2.80
4. 4Sm(F, p5n)'Yb  17.50min (m) 115  55.40
176 21.00
5. 134Sm(F, a3n) 'Tm 7.70 h (m) 779 18.90
183  16.10
705  10.96
6. 4Sm(F, wdn) ' Tm 30.06 h 243 35.50
297 1271
7. 34Sm(F, a5n) 'Tm 5.10 min 208  14.60
317 10.00
8. 154Sm(F, 2a3n) '“Ho 1.13h 187  28.60
283 11.30
9. 154Sm(F, 2a4n) '*'Ho 248h 211 46.00

“Relative intensity.

integrator device. The irradiation of the **Sm target stack
was carried out in the General Purpose Scattering Chamber
(GPSC), which has an in-vacuum transfer facility to minimize
the lapse time between the stop of the irradiation and begin-
ning of the counting of samples. The y activity induced in
each sample was recorded after the irradiation of the target
foils using a high purity germanium (HPGe) detector cou-
pled to a CAMAC based data acquisition system developed
by IUAC, New Delhi. The HPGe detector was precalibrated
using standard y ray sources (!>’Eu and '**Ba). The y ray
activity built up in each irradiated sample was recorded for
multiple time intervals ranging from 5 min to several hours to
trap the maximum residues as possible. The resolution of the
HPGe detector was found to be 2.5 keV for a 1408 keV y ray
from the '9?Eu source. Table I shows a list of identified ERs in
the '°F + '3*Sm reaction at projectile energies Ej,p, &~ 78110
MeV. The activity of the measured ERs populated was ex-
tracted from the recorded y ray spectra. Figure 1 shows a
typical recorded y ray energy spectrum for the present system
at Ep, =~ 109.4 MeV, recorded for 300 s and 20 min after the
ending of the beam irradiation. In this spectrum, the peaks
were assigned to the respective identified ERs, on the basis of
their characteristic y rays as well as from their decay curve
analysis. The background spectrum of Al backing only was
also recorded in the experiment. The y ray peaks of observed
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FIG. 1. Typical y ray spectrum of the residues populated in the '°F + '*Sm system at Ej,, &~ 109.4 MeV, recorded for about 300 s and

20 min after the ending of irradiation of stack.

ERs were found to be absent in the background spectrum ob-
tained. The half-lives of residues extracted from the measured
data were found to be in good agreement with the standard
database [27,28]. As a representative case, the decay curve of
the residue '%’Lu having half-life of 51.50 min is displayed
in the inset of Fig. 1. The production cross sections ogr of
the measured ERs were calculated using the standard formu-
lation [29], given as

Al exp(Atyps)
NO¢BRksac€[1 - exp(_ktird)][l - exp(_)‘tcnt)] '
(1)

OER =

where A is the total number of counts in the photo-peak
recorded in irradiation time #q, A is the decay constant of
the residue, N is the total number of target nuclei, By is the
branching ratio of the identified y ray, ¢ is the flux of the
incident beam, € is the geometry dependent efficiency of the
HPGe detector, #;,, is the time elapsed between the stop of
irradiation and start of the counting, z., is the counting time,
and kg = [1 — e 9] /1cd is the self-absorption correction
factor for the target of thickness d with absorption coefficient
M. Further details regarding the experimental setup and cross
section measurement can be found in Ref. [9].

Several factors are responsible for the uncertainties in the
measured cross sections. The main factors are the following:
(1) the error arising from the fluctuations in beam current
was estimated to be less than 6%, (ii) the uncertainty in the
efficiency calibration of the HPGe detector was estimated to
be less than 5%, (iii) the uncertainty due to the nonuniformity
of the target and thickness measurement was estimated to be
less than 3%, (iv) to minimize the error, the counting was done
for dead time below 10%, and (v) uncertainty due to the strag-
gling 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 15%.

III. RESULTS AND ANALYSIS

In the present measurements, a total of nine ERs, namely,
1L u (4n), '8Lu (5n), '"Lu (6n), '7Yb (pSn), '°Tm (a3n),
15Tm (adn), '“Tm («5n), '*Ho (2a3n), and '®'Ho (2a4n)
were populated through CF and/or ICF channels in the system
19 4 134Sm at B ~ 78-110 MeV. Statistical model (SM)
calculations were performed using the code PACE-4 [21,22] to
study the relative contributions of different ERs and estimate
the contribution from any missing CF channel. The validity
of the PACE-4 predictions for ER cross sections involving
tightly bound projectiles is well tested [8—11]. Two important
parameters in the SM calculations are (i) transmission coef-
ficient of the outgoing particles and (ii) level density of the
residual nuclei. The transmission coefficients for neutron and
proton are calculated by using the optical model potentials
of Becchetti and Greenlees [30], and the optical model of
Satchler [31] is used for the emission of « particles. The level
density parameter is a = A/K MeV~', where A is the mass
number of the residual nucleus and X is a free parameter. The
nuclear data, such as half lives (71,2), y ray energies (E,),
and branching ratios (Bg) for the detected decay channels are
given in Table I. The cross sections of different ER channels
were obtained from the observed intensities of the y lines as
listed in Table I with branching ratios corresponding to both
ground (g) and metastable (m) states of ERs.

The measured independent cross sections (0expt) of the ERs
16971671y and '7Yb populated via xn (x =4, 5, 6) and pxn
(x =5) emission channels were plotted along with PACE-4
predictions as a function of projectile energy and are displayed
in Fig. 2. It can be observed from this figure that the measured
cross sections of the ERs %7167y, and '97'Yb are satisfacto-
rily reproduced by the theoretical predictions of PACE-4 code
at level density parameter constant K = 10. This indicates that
these reaction channels are populated through only CF. The
accelerated '°F projectile entirely fuses with the '3*Sm target,
leading to the formation of an excited compound nucleus (CN)
3Lu*. This excited CN "*Lu* further decays through the
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FIG. 2. Measured excitation functions of evaporation residues
169-1671 1y, and '*”Yb populated via xn (x = 4,5,6) and pxn (x =
5) emission channels in the system '“F+'Sm at Ey,, ~ 78-110
MeV. Different symbols represent the measured cross sections and
dashed/dash-dotted curves represent the cross sections of PACE-
4 code. the data points shown in figures include the errors and
uncertainties.

emission of nucleons and y rays forming the ERs '%-1%"Lu

and '7Yb via the emission of 4n, 5n, 6n, and p5n channels,
respectively. As a representative case, formation of the ER
167Yb through the pSn channel may be given as

PE4+1%4Sm — "Lu = 167Yb—i—pSn.

The measured reaction cross sections of the observed ERs
populated through xn, pxn, and « emitting channels in the
g 4 154Sm reaction at Epp, ~ 78-110 MeV are listed in
Tables IT and III. Some of the residues were found to have con-
tributions from their higher charge precursor isobars through
electron capture or § decay, which were separated using the
standard formulation [32]. The ERs '%~1%*Tm and 6>161Ho
associated with axn (x = 3,4, 5) and 2axn (x = 3, 4) emis-
sion channels may be populated through both CF and ICF
dynamics. Since for xn/pxn channels the PACE-4 cross sec-
tions are well justified at the value of free parameter K = 10,
the measured EFs of o emission channels were also compared
with PACE-4 cross sections at K=10.

The measured independent cross sections for the ERs
166-164Tm and '9219"Ho were plotted along with PACE-4 pre-
dictions and are shown in Fig. 3.

TABLE III. Measured cross sections of the observed ERs '*Tm
(ar5n), '2Ho (2a3n), and '*'Ho (2w4n) produced in the 'F + **Sm
system at Ep,, &~ 78-110 MeV.

Eip (MeV) 1%4Tm (mb) 162Ho (mb) 191Ho (mb)
79.4 + 0.8

84.9 + 0.7

90.7 + 0.9 14 + 1.4 268 + 0.3

96.5 + 0.9 612 + 6.1 6.5 + 0.7 1.6 + 0.2
102.7 £ 1.1 129 + 12.9 159 + 1.7 82+ 1.0
109.4 + 1.1 183.4 + 183 18.6 &+ 2.0 234 + 28

As can be clearly seen from Fig. 3, the measured cross
sections of these ERs are found to be much enhanced over
their theoretical cross sections. These results suggest that the
ERs associated with o emission channels are not only popu-
lated through CF, but they have also significant contributions
from the ICF of the '°F projectile with the '**Sm target. The
low « breakup threshold (Ep y.) value of the 19g projectile
makes ICF or breakup fusion feasible, in which the incident
projectile breaks up into fragments before fusion with the
target nuclei. The '°F projectile breaks up into o + "N under
the influence of the target nuclear field, and the resulting
breakup fragment N further fuses with the '>*Sm target
leading to the formation of the incompletely fused composite
(IFC) system '*Tm*. The « particle moves in the forward
direction as spectator. As a representative case, the ER '°Tm
may be populated via the following different reaction routes:

(1) CF of 'F with **Sm,
19F+154Sm — 173Lu* — 166Tm +<x3n.

(2) Only a part of the projectile '°F (i.e., ’N) fuses
with the '>*Sm target to form the excited IFC system
169Tm*, This composite system 'Tm* may then de-
cay to 166 via emission of three neutrons, i.e.,

O (5N 4a) = PN+ '%Sm = '©Tm*
= Tm +3n.

The ICF contribution in all @ emission channels was de-
duced adopting the standard procedure [9—11]. The ICF cross
sections for the ERs were deduced by subtracting the PACE-4
cross sections from the measured cross sections at each stud-
ied energy. Then, the ICF probability function, Sicp, which
is a measure of the strength of ICF, was deduced using the

expression Sicg = ac:f;m x 100.

TABLE II. Measured cross sections of the observed ERs 'Lu (4n), '*Lu (5n), '“Lu (6n), '’ Yb (p5n), 'Tm («3n), and '®Tm (a4dn)

produced in the "F 4 '**Sm system at Ej,, ~ 78-110 MeV.

Ey (MeV) 9Ly (mb) 18Lu (mb) 7Ly (mb) 17Yb (mb) 16Tm (mb) 15Tm (mb)
79.4 + 0.8 723 + 8.0 65.1 £ 7.2 6.8 + 0.7 2.1 402
84.9 + 0.7 74.1 + 8.2 2543 + 27.9 8.6 + 0.9 143 + 1.6 19.6 £ 1.9
90.7 + 0.9 264 + 29 350.7 + 38.5 1284 + 12.8 42 4+ 04 22 + 24 534 + 5.1
96.5 + 0.9 103 + 1.1 255.4 + 28.1 386.5 + 38.7 193 £ 19 18 + 2.0 87.6 + 8.3
1027 £ 1.1 2.0+ 02 90.1 £+ 9.9 5443 + 54.4 70.8 &+ 7.1 12+13 111.7 £ 10.6
1094 + 1.1 36.2 + 4.0 5182 + 51.8 96.5 + 9.7 102 £ 1.1 97.8 + 9.3
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FIG. 3. Measured excitation functions of evaporation residues '**~'Tm and '>'®'Ho associated with axn (x = 3, 4, 5) and 20 xn (x =
3, 4) emission channels in the system '°F + 154Sm at Ey,p, &~ 78-110 MeV. Different symbols represent the measured cross sections and solid
curves represent the cross sections of PACE-4 code. The data points shown in figures include the errors and uncertainties.

A. Critical angular momentum of CF from measured
excitation functions

Formation of the excited compound system through ei-
ther CF or ICF and its subsequent decay is governed by the
quanta of angular momentum associated with the incident
projectile. The ICF reactions occur mainly due to peripheral
collisions [33], while in other works [34,35] ICF processes
were found to be dominant reaction modes even at lower
£ values. Prior studies [9—11] show that the ICF cross sec-
tions increase rapidly with projectile energy, while the CF
cross sections continue to decrease at higher energy. This
systematic behavior of the CF and total fusion (TF) cross
sections has been considered by many investigators [36,37]
as to a consequence of the critical angular momentum (£)
associated with the compound system. As discussed earlier,
the sum-rule model was proposed [38] to understand the role
of entrance channel angular momentum involved in the CF
and/or ICF processes. This model predicts that the ICF re-
actions predominantly occur in the £ space above the €. At
£ values greater than £, the attractive pocket in the effec-
tive potential vanishes and hence the capture probability of
the projectile by the target gets hindered. Consequently, the
extra angular momentum is released in the form of breakup
of projectile through the ICF process. At lower bombarding
energies, the maximum angular momentum (£,,,«) associated
with the interacting system is close to the £ value, thereby
preventing any possibility of ICF reactions above £. The
£ can be well approximated by the equilibrium condition
of the three forces, namely Coulomb, nuclear, and centrifugal

forces [37], as
RPRT N ZPZT€2
Rp+Rr  (Rp+Rr)

ber(bert + DI
w(Rp +Rr)’

2
where p is the reduced mass and Rp, Ry are the half-density
radii, corresponding to the maximum attraction between the
projectile and target. The surface tension coefficients y; were
taken in the form

2 (yp + 1)

N;—Z;

2
vi= 0.99[1 - 1.78( ) } MeVim™=. (3)

J
The CF cross section for the energy at which £ is below
the maximum angular momentum £, of the system may be
given as

K:Zcr(
ocp =7’ ) [20+ 11T, @)
£=0
where & is reduced wavelength (X% = 2/5; ) and Ty is the

transmission coefficient for incident £ values. According to
the sharp cutoff approximation [37], the transmission coeffi-
cient 7, may be taken as

for £ < £max,

1
T = {0 for £ > €ax, ®)

where £;,.x corresponds to the peripheral collisions and is
given as

e = Ry 20 (Eem, — Vew) /7. ©)
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TABLE IV. Measured CF cross sections (gor) along with £
(fusion) derived from oo, £ (CCFULL) calculated using the code
CCFULL [40], and £, for the "F 4+ '**Sm system at different Ey
(E.m.) and the corresponding excitation energy (E*).

gCl‘l EC]’[
Eiaby (Eem) E* oo (fusion)  (CCFULL)  £max
(MeV) (MeV) (mb) (h) (R (7
79.4 (70.7) 53.62 141.45 11 8 22
84.9 (75.6) 58.51 350.82 22 20 32
90.7 (80.7) 63.68 537.22 30 28 41
96.5 (85.9) 68.84 720.78 36 34 48
102.7 (91.4) 74.36 770.94 40 39 54
109.4 (97.4) 80.32 835.89 44 44 60

Here R is the maximum distance between the colliding nuclei
at which the collision leads to a reaction, wu is the reduced
mass, E. . is the center-of-mass energy of projectile, and Vg
is the fusion barrier of the system at a distance R.

The CF cross sections are needed for extraction of €.
values at each beam energy using Eq. (4). In these EF
measurements, the activation technique was used for the iden-
tification of populated ERs. However, some of the ERs may
not be detected owing to very long or short half-lives or no
intense y 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., 0y,/pxn) With respect to complete fusion (ocr) at
each energy was calculated using PACE-4. The theoretical ratio
of combined cross sections of these channels to the complete
fusion RI"°(= 6, n/0cr) is calculated for the 'F + **Sm
system. The neutron and/or proton evaporation channels are
found to be dominant for the entire energy range in these mea-
surements. The combined cross sections of xn/pxn channels
are found to be in the range of 92%-94% of CF in the system
19F 4 154Sm. The remaining contributions are mostly from the
charged particle evaporation channels, which are difficult to
extract from the measured y lines as they are contaminated
by the contributions from the transfer/ICF channels. In this
respect, the experimental CF cross sections were calculated as

expt _ _expt Theo expt -
OCF = O/pun /R, [39]. Hence, Ocp 18 the cgrrected total
measured CF cross section, including contributions from all

the observed and missing CF channels. The consistency in
theoretical results for different ER channels was checked by

using ogp" as an input to PACE-4. The results of oo and the

extracted € values from oy data at each projectile energy
for the '’F+ '>*Sm system are listed in Table IV. The £
values obtained from the code CCFULL [40] are also shown
in this table. It can be seen from this table that the £, values
deduced from the measured CF cross sections data are sat-
isfactorily matched with the theoretical values obtained from
CCFULL. The £ values obtained from both the measured CF
data and CCFULL were also found to lie below the £,,,, values
at particular bombarding energy, using Eq. (6). These obser-
vations show that the ICF reactions originate predominantly
via peripheral collisions, involving the partial waves localized
in the space between the £ and €.

FIG. 4. Critical angular momentum (€, ) derived from the fusion
cross sections for the '°0 (triangle), '°F (square), and 2°Ne (circle)
induced reactions as a function of reduced charge of the system at
E* =72 MeV. Solid lines represents the prediction of the sum-rule
model [37].

The influence of various entrance channel parameters in
deciding the magnitude of the £, for CF was further stud-
ied using the sum-rule model [38]. This model suggests that
the £. value of a system is influenced by the static prop-
erties, i.e., size and mass of the interacting partners. Hence,
to study these aspects in more exclusive manner regarding
the £ and its dependence on entrance channel effects, the
Lo values for the °Ne, 1°F and '°Q induced reactions with
various targets were deduced using the sum-rule model and
shown in Fig. 4 (solid curves) as a function of reduced charge
[Zrea = ZpZr /(Zp + Z7)] of the system, where Zp and Zr
are the atomic numbers of projectile and target, respectively.
Further, the £, values were also extracted from the measured
CF cross sections using the standard formalism [37] at the
excitation energy of 72 MeV for different systems [18-20,41—
50] as given in Table V.

TABLE V. List of studied systems along with the breakup thresh-
old energy (Ep_u.) of the projectile.

Epy.

Projectile MeV) Target

ONe 473 3Mn [41]
¥Co [42]
165Ho [43]

154Sm (present work)
159Tp [18]
19T m [19]
5Lu [20]
43Sc [44]
"4Ge [44]
103Rh [45]
51 [46]
1248n [47]
18Nd [48]
165Ho [49]
181y [50]

F 4.01

150 7.16
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EFFECTS OF ENTRANCE CHANNELS ON BREAKUP ...

PHYSICAL REVIEW C 106, 014613 (2022)

)
E
b
/ e GCF
10%F / —CC i
- - CC=+0.79

60 65 70 75 80 85 90 95 100 105
E_ (MeV)
c.m.

FIG. 5. Measured CF cross sections (circle) along with the cC-
FULL calculations (solid line). The dashed line shows the CCFULL
calculations scaled down by a factor of 0.79.

The €. values deduced from the measured CF cross sec-
tions are shown by solid or half-filled symbols in Fig. 4. The
projectiles *’Ne, !°F, and '°Q differ significantly from each
other in terms of their Eg . values as well as their structures.
The 2°Ne and '°0 are N = Z « cluster projectiles having fully
Sa and 4« cluster structure with Egy values of 4.73 and
7.16 MeV, respectively. On the other hand, the '°F projectile
is N # Z « clustered with Egy. value of 4.01 MeV. As can
be seen from Fig. 4, the £ values increase gradually with
the reduced charge for a given incident projectile. Moreover,
the value of £ was also found to depend on the Eg y. value
of the incident projectile. For a given target (in the case of
20Ne and '°Q projectiles), the higher the Egy. value of the
incident projectile, the lower is the corresponding £ value
of the system. Furthermore, in the case of the '°F projectile,
Lot values are larger than expected, despite the lower Ep y.
value of the projectile. These observations indicate that the
structure of the projectile plays a major role in governing the
ICF process.

B. Influence of entrance channel effects
on ICF strength function

To investigate the influence of various system parameters
on ICF dynamics, coupled channels (CC) calculations were
done using standard code CCFULL [40] for the OF 4+ 154Sm
system. The CC calculations performed by the code CCFULL
do not consider the coupling to unbound or continuum states.
Hence, in these calculations, the projectile breakup effect
is not considered. To reproduce the fusion barrier, Vp =
67.62 MeV (Bass fusion barrier) obtained from the PACE-4
code, the values of the radius parameter ry, nuclear potential
depth Vp, and diffuseness parameter a were obtained using the
Wood- Saxon parametrization of the Akyuz- Winther (AW)
potential [51] in the CCFULL calculations. The values of V),
ro, and a, for the CC calculations were taken as 65.0 MeV,
1.18 fm, and 0.66 fm, respectively. These values were very
close to the calculated values. The CCFULL calculations for the
19F + 134Sm system (shown by the solid black line) are shown
in Fig. 5 along with the measured CF cross sections (cir-

60 T T

50 |

30 |

20 |
@ CF Function
O TF Function

Fusion Function

10
——UFF
- - - UFF*0.79

0 2 4 6 8 10

FIG. 6. Measured CF function F (x) for the "F + '*Sm system
(solid circle) along with the UFF (solid line). The dashed line shows
the UFF scaled down by a factor of 0.79.

cles). As can be clearly seen in Fig. 5 that the measured
CF cross sections are relatively lower than those obtained
from the CCFULL calculations. The suppression in measured
CF cross section from their CCFULL predictions is more sig-
nificant at higher energies. However, the measured CF cross
sections were reproduced by the CCFULL calculations multi-
plied by a factor of 0.79, as shown (by the red dashed line)
in Fig. 5. Hence, it may be inferred from this comparison that
the measured CF cross sections for the '’F+ '*Sm system
got suppressed by approximately 21% as compared to the
theoretical CCFULL calculations.

Further, an attempt was made to study the breakup effects
of strongly bound projectile '°F (N # Z structure) on the
fusion cross sections at energies above the Coulomb barrier.
In this respect, a reduction procedure was adopted [23] that
completely eliminates the geometrical and static effects of the
potential acting between the interacting partners. Thus, any
deviation of the measured CF function from the universal fu-
sion function (UFF) may be due to the breakup of the incident
projectile. The fusion cross section and the incident energy are
reduced to a dimensionless equation called the fusion function
F (x) and dimensionless variable x in this reduction method:

Ecm — Ve
o

)

ZEC.m.

F(x)= FoR? OCcF, X =
In these calculations, the potential parameters R;, Vj,, and
hw used in the deduction of F(x) and x were taken from
the CCFULL calculations. The measured CF and total fusion
(TF = CF + ICF) cross sections were reduced to the respec-
tive fusion functions derived from the Wong formula [52].
After simplification of the Wong formula, F (x) reduces to

Fo(x) =In[1 + exp 2mx)], ®)

which is known as the universal fusion function (UFF). The
measured CF function F(x) with x (solid circles) for the
19F 4 154Sm system is shown in Fig. 6.

This figure clearly shows that the CF functions are sup-
pressed compared to the UFF (solid black line). It was
observed that the UFF scaled down by a factor of 0.79 (dashed
line) shows good agreement with the CF functions. Thus, it
can be concluded from the UFF calculations that the measured
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FIG. 7. Incomplete fusion strength function (Sicg) as a function
of reduced mass (Ageq) and reduced charge (Zg.q) for the '°0, '°F,
and *Ne induced reactions.

CF functions for the '"F+ '9*Sm system were suppressed
by 21% with respect to UFF due to breakup of the incident
projectile in the vicinity of the target nucleus. Further, the total
fusion (TF) functions, which include the contribution of ICF
cross sections also, were found to be satisfactorily matched
with the UFF.

In this section, to study the influence of various param-
eters of entrance channel on ICF dynamics, the probability
of ICF was deduced through ICF strength function for the
present system, '°F + '3*Sm. The Sicr for the present system
was compared with literature data [18-20,41-50] to perform
a systematic investigation. The Sicg deduced from the mea-
sured cross-sections was found to be in good agreement
with the suppression in fusion cross section with respect
to CCFULL or one-dimension barrier penetration model (1D-
BPM) calculations. The effect of mass asymmetry on ICF
was suggested by Morgenstern et al. [53], and since then
many efforts [41-50] have been made to understand the role
of various entrance channel parameters on ICF dynamics.
It was shown in these studies that the mass-asymmetry and
charge product play an important role in the reaction dynam-
ics. In order to test the consistency of these aspects, the ICF
probability was estimated by comparing the measured fusion
cross section data with the CCFULL or 1D-BPM predictions
for different systems. The ICF probability for several projec-
tiles i.e., 0, YF, and *Ne induced reactions [18-20,41—
50] including the present work was plotted as a function of
reduced mass (Areq = ApAr/Ap + Ar) and reduced charge
[Zrea = ZpZr /(Zp + Z7)], as shown in Fig. 7. Here, Ap and
Ar are the atomic masses of projectile and target, respectively.
As can be seen from this figure, the variation of ICF frac-
tion as a function of both reduced mass and charge shows
an increasing pattern. The ICF probability for '°F projectile
is greater compared to '°Q, which may be due to its lower
Eg y. value. These results show that the ICF probability (Sicr)
depends strongly on mass asymmetry as well as on Coulomb
repulsion between the interacting partners, and increases with
these parameters.

FIG. 8. Incomplete fusion strength function (Sicg) for the '°0
(triangle), '°F (square), and Ne (sphere) induced reactions as a
function of reduced charge (Zgeq) of the system. Solid lines represent
the calculations from the empirical formula [57] for the respective
projectiles.

In recent years interest has grown for studies on fu-
sion reactions induced by loosely and tightly bound pro-
jectiles [8-20,54-56]. The results of these studies were
insufficient in establishing a systematic of fusion suppression
and its dependency on the degree of various entrance channel
effects. It is expected that increase in Z; makes the Coulomb
repulsion stronger between colliding nuclei. It means that the
ICF probability also increases. The influence of Coulomb
repulsion on fusion suppression was studied in detail [57].
From their analysis, they proposed an empirical formula for
the prediction of Sycr for different systems. The same formula
was used to predict the Sycr for various systems and compared
with the measured data in this analysis. The Sicg of 21%
observed in the present '°F+ 19*Sm system was scaled to
predict the Sicp of '°F induced reactions with any target as

—]\/]
V,\’,(154Sm)

x exp{—0.924[r, — ry(***Sm)]}. 9)

Sick = Sicr('7*Sm)

All the quantities in Eq. (9) were calculated at the fusion
barrier radius Ry calculated using the Sao Paulo potential [58].
The nuclear potentials for the '°F induced reactions with
different targets were calculated using the standard empirical

formula [59]
RPRT —Fry
, 10
Rp+ Ry P (0.63) (10

where Rp is the radius of the projectile, Ry is the radius of the
target, and ry is the surface-to-surface separation. The value
of r, is approximated as r;, = Rz — R(**Ne) — Ry. Similarly,
the Sicr of 18% observed in the case of 2°Ne [43] with ' Ho
target and 15% observed for 1°Q [47] with '>*Sn target, were
also scaled to predict the ICF probability for the 2’Ne and '°0
induced reactions with other targets listed in Table V. Figure 8
shows the variation of Sicr as a function of Zgeq for the 2°Ne,
19F, and '°Q induced reactions. Solid lines in Fig. 8 represent
the empirical predictions [57] for the studied systems. It can
be clearly observed from this figure that the Sicp values in-
crease gradually with the reduced charge for a given incident

Vi =-50
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projectile. However, the different rising rates of Sicp values
for different projectiles shows that the ICF strength function
also depends on the Ep . value of the incident projectile. For
a given target (in case of 2’Ne and '°0O projectile), higher
the Ep y. value of the incident projectile, lower is the corre-
sponding Sicr value of the system. Furthermore, in case of
19F projectile, the Scr values are larger than expected, despite
the lower Epy. value of the projectile. These observations
indicate that the structure and Ep y. value of projectile plays a
critical role in determining the ICF contributions for different
systems. It was also observed that, in general, the N # Z «
clustered projectile (like '°F) will have lesser breakup proba-
bility than N = Z « clustered projectile (*’Ne), while having
similar values of « breakup thresholds Ep ..

IV. SUMMARY AND CONCLUSIONS

A study of the « cluster states in N # Z nuclei '°F has
been studied through the offline y ray measurements. The
cross sections of evaporation residues for the 'F 4 '3*Sm
system have been measured above the Coulomb barrier. The
measured partial cross sections for the evaporation residues
populated via xn/pxn emission channels were found to be
in good agreement with those derived employing statistical
model calculations using the code PACE-4. Similar analysis of
the fusion cross sections for the o emission channels shows
significant enhancement over their PACE-4 predictions. The
origin of the different behavior of the neutron and « channels
may be attributed qualitatively to the incomplete fusion of '°F.
The measured complete fusion cross sections were found to
be suppressed by ~21% with respect to CCFULL calculations.
Complete fusion functions extracted from measured complete
fusion cross sections were compared with the universal fusion
function. A similar value of suppression of complete fusion
function was also observed. This suppression disappears with
the inclusion of ICF functions.

The measured values of the incomplete fusion strength
function (Sycp) were found to be satisfactorily agreed with
the empirical predictions deduced using prescriptions [57].

The Sicr values were found to increase monotonically with
the increase in reduced mass and reduced charge, indicating a
significant role played by the mass asymmetry and Coulomb
repulsion in the ICF dynamics. Moreover, the role of the o
breakup threshold energy of the incident projectile was also
reflected in this systematic study of Sicg. The present study
also points out that the N # Z « clustered projectiles also have
significant contributions of ICF on fusion cross sections at
above barrier energies. However, the ICF probability for an
N # Z a clustered projectile (like '°F) is found to be less than
that of an N = Z « clustered projectile (like '°0 and *°Ne)
with similar & breakup thresholds.

Incomplete fusion contribution and the suppression in
complete fusion cross section for the N # Z « clustered pro-
jectile have the same underlying cause. Weak binding leads to
strong clustering and greater displacement of those clusters
from the center of mass of the projectile. This makes the
« amenable to transfer, and requires the center of mass of
the 'F projectile to get closer to the target to ensure that
the entire projectile fuses. The former leads to incomplete
fusion, and the latter to suppression of complete fusion. This
interpretation should be valid for any projectile that shows
strong clustering. These observations strongly suggest the
presence of clustering in '°F nuclei as & and °N. The studies
of the clustering properties of '°F can be useful as a probe
of stellar nucleosynthesis. To establish the systematics of this
effect, above-barrier no-capture breakup and singles « yields
of reactions of N # Z projectiles on a range of targets will be
beneficial.
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