PHYSICAL REVIEW C 106, 064607 (2022)

Decomposing the linear momentum transfer components in break-up fusion reactions:

An experimental study of the '°F + " Tb system

M. Shariq Asnain 1" Mohd. Shuaib®,! Ishfaq Majeed,1 Manoj Kumar Sharma,? Abhishek Yadav,?
Devendra P. Singh,* Pushpendra P. Singh,> R. Kumar,® B. P. Singh,!*" and R. Prasad!

' Department of Physics, Aligarh Muslim University, Aligarh-202 002, Uttar Pradesh, India
2Department of Physics, University of Lucknow, Lucknow-226007, Uttar Pradesh, India
3Department of Physics, Faculty of Natural Sciences, Jamia Millia Islamia, New Delhi-110025, India
4Department of Physics, University of Petroleum and Energy Studies, Dehradun-248 007, Uttarakhand, India
3Department of Physics, Indian Institute of Technology, Ropar-140 001, Punjab, India
SInter University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi-110067, India

® (Received 9 June 2022; revised 27 October 2022; accepted 30 November 2022; published 20 December 2022)

In the present work, measurement and analysis of forward recoil range distribution of various reaction residues
populated in the interaction of '"F projectile with " Tb target nucleus have been performed. The aim is to
disentangle the contribution of complete fusion (CF) and incomplete fusion (ICF) components at two different
above-barrier energies ~83 and 94 MeV. The recoil-catcher technique with off-line y-ray spectroscopy has
been performed. The complete and incomplete fusion events have been identified by full and partial linear
momentum transfer, respectively. A single Gaussian distribution has been observed in case of residues populated
via complete fusion processes. However, the recoil range distribution for ¢-emitting channels was found to
be deconvoluted into more than one Gaussian peak indicating the involvement of both full and partial linear
momentum transfer components due to the presence of CF and ICF processes. The analysis of data suggests
that projectile breaks up as soon as it comes near the vicinity of target nuclear field leading to different linear
momentum transfer components. Further, the analysis done within the framework of universal fusion function
indicates a significant break-up fusion probability of '°F projectile. As such, at lower energies '°F is found to

behave similar to other a-cluster beams.
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I. INTRODUCTION

The study of projectile break up in heavy-ion (HI) reactions
has been a topic of interest in nuclear physics in recent years.
At relatively low projectile energies (= 4—7 MeV /nucleon), it
is established that the most dominant modes of reactions are
complete fusion (CF) and incomplete fusion (ICF) processes.
The recent measurements show that these processes start com-
peting at energies just above the Coulomb barrier [1-5]. In
case of CF, all nucleonic degrees of freedom are involved
due to fusion of entire projectile mass carrying input angular
momenta £ < £.;. Such fusion leads to the formation of an
equilibrated compound nucleus (CN). However, in case of ICF
reactions, the fusion of the entire projectile with the target
nucleus is hindered for the partial waves carrying angular
momenta £ > €. At these higher values of ¢, the repulsive
centrifugal potential starts increasing resulting in the fact that
the attractive nuclear potential may not sustain the fusion of
the entire projectile. In order to provide the sustainable angu-
lar momentum required for fusion, the projectile may break
up into fragments(s) and one of the fragment(s) fuses with the
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target nucleus, whereas the remnant continues to move in the
forward direction without any interaction. The y-multiplicity
experiments performed by Inamura ef al. [6] and Wilczynski
et al. [7] showed that occurrence of ICF involves £ > £.;. On
the other hand, Tserruya et al. [8], from the measurements
carried out on spherical targets, indicated the observation of
ICF even for £ < €. A pictorial representation CF and ICF
processes is shown in Fig. 1. In order to have a better in-
sight on ICF processes, theoretical models viz., the break-up
fusion (BUF) model [9,10], the sum-rule model [11,12], the
exciton model [13,14], etc. have also been proposed. It has
been observed that the above-mentioned models satisfactorily
explain ICF data at energies >10 MeV /nucleon but are un-
able to explain such processes satisfactorily at lower energies
(~4-7 MeV /nucleon), which is the energy regime of the
present work. However, the onset of ICF at energies just
above the Coulomb barrier has invigorated to investigate ICF
reaction dynamics at low energies [5]. Moreover, recent in-
vestigations on heavy-ion interactions have also indicated the
presence of preequilibrium (PEQ) reactions at low energies
[15]. In case of PEQ reactions, emission of particles may take
place even before the establishment of statistical equilibrium
of the composite system. It may happen that a few nucle-
ons may get ejected even before the statistical equilibrium
of the compound nucleus is achieved. The emission of such

©2022 American Physical Society


https://orcid.org/0000-0001-6271-252X
https://orcid.org/0000-0001-7850-6624
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.106.064607&domain=pdf&date_stamp=2022-12-20
https://doi.org/10.1103/PhysRevC.106.064607

M. SHARIQ ASNAIN et al.

PHYSICAL REVIEW C 106, 064607 (2022)

Formation of compound nucleus (CN)

Projectile / ™
/ \
e adl '
\ i
\ /
\ /

——

N
- ‘ -
SN
T
(N2) snajanu punodwos fo Abrag

(a) Complete Fusion (CF)

Residual nucleus '

Formation of compound nucleus (CN)
|

Projectile (P)

PF: Fusing part ‘” ‘
PS: Spectator (unfused part) . )), L
i
N -
(b) Incomplete Fusion (ICF) §

(N2) snajanu punodwos fo Anlrag

Residual nucleus ‘ -

FIG. 1. The pictorial representation of (a) Complete fusion (CF)
and (b) incomplete fusion (ICF) processes.

particles is referred to as preequilibrium emission. The
time scale involved in case of PEQ reactions is typically
~10718-1072° s or so, whereas the time scale for evapora-
tion after establishment of equilibrium (or CN processes) is
~10~'¢ 5. On the other hand, in case of direct reactions, the
projectile interacts with a single or only a few nucleons of the
target nucleus. The time taken by the projectile to traverse the
target nucleus is very short (10722 s). The investigation of
PEQ reactions has been performed from the analysis of excita-
tion function (EF), forward recoil range distribution (FRRD),
and spin distribution (SD) measurements in case of heavy-ion
reactions [15].

The break up or partial fusion of projectile leads to frac-
tional linear momentum transfer from projectile to the target
nucleus. Consequently, the composite nucleus formed in case
of ICF is likely to have shorter range in the stopping medium
as compared to that formed in case of CF reactions. As such,
the measurement of forward recoil range distributions (FR-
RDs) may be used as one of the most direct and irrefutable
methods to distinguish the various CF and ICF components. In
FRRD measurements, the residues populated via CF and ICF
processes will correspond to different characteristic veloc-
ity distribution. Therefore, the distribution of experimentally

measured yields of different reaction residues as a function
of velocity and/or range in stopping medium, may give a
better insight into the reaction mechanism involved in such
reactions. Further, the FRRD measurements has been capable
of deciphering the relative contributions of compound and
precompound components and hence may be used a promis-
ing method to study the reaction dynamics involved in case of
heavy-ion (HI) reactions.

With this motivation, an attempt has been made to have
a detailed investigation on ICF reaction dynamics from the
analysis of forward recoil range distribution (FRRD) of heavy
residues populated via CF and/or ICF routes. In the present
work, the FRRDs of different reaction residues populated in
the interaction of '°F with °Tb, have been measured at two
distinct beam energies 82.8 and 94.3 MeV. This paper is orga-
nized as follows: A brief description of experimental details
is given in Sec. II. The Sec. III deals with the measurement
and analysis of FRRDs and finally the conclusion is given in
Sec. IV.

II. EXPERIMENTAL DETAILS

The experiments for the measurement of FRRDs for
YE 4+ 159Tb system have been performed at the Inter
University Accelerator Center (IUAC), New Delhi, India.
The "F®* ion beam was delivered using the 15UD Pelletron
accelerator facility. Two different stacks, each consisting of
159Tb target (abundance = 100%) followed by a series of thin
Al-catcher foils were irradiated separately at ~83 and
94 MeV beam energy. The !Tb target (thickness
~350 ug/cm?) was deposited by the vacuum evaporation
technique on Al foil (thickness ~2.03 mg/cm?). The **Tb
was mounted in such a way that the '°F beam first faces
Al foil so that after the energy loss in Al foil, the beam
of required energy may fall on the target. A series of thin
Al-catcher foils (sufficient enough to stop the CN formed via
full momentum transfer) in the form of stack was placed just
after the target so that the recoiling residues populated via
CF and/or ICF processes could be trapped at their respective
ranges in thin Al-catcher foils. A typical arrangement of
experimental setup is shown in Fig. 2. In order to have better
resolution in recoil ranges of the residues, the thickness of
Al catchers were kept ~15-100 ug/cm?. The thicknesses of
each catcher foil used for trapping the recoiling residues at
94.3 MeV and 82.8 MeV beam energy is given in Table I.
From the kinematics, it was estimated that the heavy recoiling
residues are mainly focused within a forward narrow cone
of maximum 10°. As a representative case, the angular
distribution of "W and !"*W residues populated via 4n
and 5n, respectively, at 83 MeV obtained from PACE [16]
calculations indicate that most of the residues are emitted in
the forward cone of angle up to 7°, which clearly indicates
that the emission of residues is forward peaked. The size of
the catcher foils of 10 mm diameter was more than sufficient
to trap the recoiling heavy residues. The thickness of the target
and each Al-catcher foils was measured by «-transmission
method, which is based on the energy lost by 5.486 MeV «
particles of standard >*!' Am source while passing through the
foil. The thickness of target and each Al-catcher foils was
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TABLE I. Thickness of aluminium catcher foil used to trap the recoiling residues at 94.3 and 82.8 MeV beam energy.

Elab =94.3 MeV Elab = 82.8 MeV
Catcher Thickness Cumulative Thickness Catcher Thickness Cumulative Thickness
Foil No. (ug/em?) (ug/cm?) Foil No. (ug/cm?) (unglem?)
Bl 59.5 59.5 D1 69.5 69.5
B2 44.2 103.7 D2 51.9 121.4
B3 53.2 156.9 D3 46.8 168.2
B4 17.8 174.7 D4 26.9 195.1
B5 25.7 200.4 D5 27.5 222.6
B6 45.8 246.2 D6 18 240.67
B7 33.7 279.9 D7 25.7 266.3
B8 343 314.2 D8 29.2 295.5
B9 35.5 349.7 D9 49.6 345.1
B10 40.7 390.4 D10 48.3 3934
Bl1 44.2 434.6 DI11 34.5 427.9
BI12 42.5 477.1 D12 35.5 463.4
B13 45.8 522.9 D13 36.6 500
Bl14 45 567.9 D14 40.9 540.9
B15 40.8 608.7 D15 50.5 591.4
Bl16 41.8 650.58 D16 36.6 628
B17 45 695.5 D17 39.2 667.2
B18 50.2 745.7 D18 43 710.2
B19 52.5 798.2 D19 444 754.6
B20 63 861.2 D20 50.8 805.4
B21 98 959.2 D21 55.5 860.9

determined at several places by slightly shifting its position
with respect to o source. Due to nonuniformity in sample
thickness the measured thicknesses were found to have an
uncertainty <2%. Further, the target and catcher foils were
pasted on rectangular aluminium holders of size 2.5 x 2.0
cm? having concentric hole of diameter 1.0 cm, defining their
geometric size. Each irradiation was carried out for ~12 h
in the general purpose scattering chamber (GPSC) [17]. The
delay time between stopping of beam irradiation and starting
of counting was minimized by taking out the irradiated foils
using the in-vacuum transfer (ITF) facility. The beam flux

159Th Target

Aluminium
backing

Faraday Cup

____________ ]

Thin Al-catcher foils to
trap recoiling residues =

19F beam

FIG. 2. A typical arrangement of target-catcher assembly used
for FRRD measurements in the GPSC.

was calculated with the help of total charge collected in the
Faraday cup placed just behind the stack. Proper care was
taken to maintain the beam current to be constant. Further,
during the irradiation, the fluctuations in the beam current
were monitored and necessary corrections were made in
the calculations. After the irradiation, the sample-catcher
assembly was taken out of the scattering chamber and the
activity induced in each catcher foil was recorded separately
using a precalibrated high-resolution HPGe y spectrometer
(100 cc active volume) coupled to CAMAC-based CANDLE
[18] software. The HPGe detector (resolution ~2 keV for
1.33 MeV y ray of ®*Co) was calibrated both for energy and
efficiency. The efficiency of the HPGe detector at various
source-detector distances was determined using standard
152Ey y source of known strength. Also, corrections for
the dead time were also employed during the analysis.
The y-ray spectrum for the present system '°F+ '>Tb
showing the population of y activities for different reaction
residues formed via CF and/or ICF processes at a depth
of ~345ug/cm? at 82.8 MeV beam energy is shown in
Fig. 3. The different residues populated in the interaction
of F+!Tb system were identified on the basis of their
characteristic y-ray energies and further confirmed by the
decay curve analysis. After the identification and confirmation
of the residues, the production cross sections of the reaction
products have been determined. Further, the measured y-ray
spectra did not show any evidence of signature of breakup
a-induced fusion. It may also be remarked that two very
close characteristic y lines of 292.5 keV and 292.2 keV,
respectively, due to '"’Lu(ap3n) and '"'Hf(x3n) residues
are given in literature. Similarly, the residues !"'Hf(a3n)
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FIG. 3. The measured y-ray spectrum due to residues populated
via CF and/or ICF processes in '°F + *Tb system recorded at 82.8
MeV beam energy for catcher foil number D9 placed at a cumulative
depth of ~345 ug/cm?. The spectrum was recorded after 25 min of
the stopping of irradiation.

and '">Ta(p4n) have characteristics y line of 305.6 keV and
306.2 keV, respectively. Since these y lines are very close
and due to limited resolution (=2 keV) of the spectrometer
set up, these could not be resolved. Further, cross section for
their population has not been calculated using these lines, and
hence not assigned to a particular residue.

III. ANALYSIS AND EXPERIMENTAL RESULTS

A. Measurement of production yield and estimation of FRRD

In the present work, the analysis of FRRDs for different
evaporation residues (ERs) populated via CF and/or ICF pro-
cesses has been performed. As already mentioned earlier, the
measurement of projected ranges of reaction products gives
the degree of linear momentum transfer (opyt) from projectile
to the target nucleus. The velocity distribution of a given type
of reaction product is symmetric about the mean velocity (v,,)
whose width may depend upon the mode of reaction. The
mean velocity v, may be given as

Vo =VUoN = —, M

where Mp is the mass of projectile, Mcn(= Mp + M) is the
mass of composite system (projectile+target), and E is the
energy of projectile nucleus. Assuming the target at rest in
HI collision process, the incident heavy ion has the linear
momentum Py, Which is imparted to the target. Considering
the head-on collision, the degree of linear momentum transfer
(Ppmr) will depend on the fraction of projectile getting fused
with the target nucleus. As such,

P frac

; @

PLMT =
Poroj

where, Py, is the linear momentum of the fused part of
the projectile and P,; is the linear momentum of the entire

TABLE IL List of identified reaction residues in '"F+'*Tb
system with their spectroscopic properties.

Residue Half-life JT E, (keV) L, (%)
174y (4n) 29 min 0t 328.8 9.25
173\ (5n) 7.6 min 5/2- 457.8 44
173Ta(p4n) 3.14 hr 5/2- 172.2 17.4
"Hf («3n) 12.1 hr 7/2% 662.2 9.27
T9Hf (a4n) 16.01 hr ot 164.8 87
"Lu(ap3n) 2.01d ot 193.3 2.07
17Yb(2a3n) 17.5 min 5/2- 176.2 20.4
7 Tm(2ap2n) 9.2d 1/2+ 207.7 43
15 Tm(2ap4n) 7.7 hr 1/2+ 242.6 35

projectile. The ppmr is proportional to the fused mass of
the projectile and hence maximum linear momentum trans-
fer (LMT) may give rise to maximum recoil velocity to the
CN and hence maximum range in stopping medium. It is a
promising way for determining the amount of LMT involved
in a reaction process.

The production cross section (ogg) of various identified
reaction residues was computed using the standard formu-
lation [19]. In order to obtain the normalized yields, the
cross section of residues in each Al-catcher foil was di-
vided by its thickness. The resulting normalized yields were
plotted as a function of cumulative catcher depth in or-
der to obtain the range distribution of identified reaction
residues viz., ""*W(4n), "3W(5n), *Ta(pdn), "' Hf (a3n),
OHF (@dn), "°Lu(ap3n), " Yb(2a3n), '*’Tm(2ap2n), and
165Tm(2apdn). The spectroscopic properties of the identi-
fied residues are given in Table II. As a representative case,
the measured FRRDs for the reaction residues '*W(5n),
TTHf (a3n), "Lu(ap3n), '’ Yb(2a3n), and ' Tm2apin)
are shown in Figs. 4(a)—4(j) at both the studied energies, 82.8
and 94.3 MeV. A comparison of FRRD for residues '"*w
populated via 5n channel at 82.8 MeV and 94.3 MeV is
shown in Figs. 4(a) and 4(d), respectively. As can be seen
from these figures, the measured FRRDs for this reaction
shows only a single Gaussian peak indicating the involvement
of only one linear momentum transfer (LMT) component
in the production of this residue. Therefore, the '7>W residues
are populated via full linear momentum transfer due to com-
plete fusion process only. From close observation of the recoil
range distribution of !>W residues from Figs. 4(a) and 4(d),
it is clear that the peak shifts towards a higher cumulative
thickness as the beam energy is increased, as expected. It may
be pointed out that the particle emission from the forward
recoiling residues may change the energy and momentum
of the final residue depending on the direction of emission.
This is reflected in the width (FWHM) of the experimentally
measured recoil range distributions. Further, any spread in the
distribution may also be due to range straggling and influences
from particle evaporation in the trajectory of the compound
nucleus. Further, in case of «-emitting channels, the residues
7THE, YOHE, 0Ly, '7Yb, '7Tm, and '®Tm are expected to
be populated via o3n, adn, ap3n, 203n, 2ap2n, and 20 pdn
channels, respectively. The observed FRRDs for axn channels
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FIG. 4. The experimentally measured FRRD for various residues populated via CF and/or ICF processes at 82.8 MeV and 94.3 MeV beam
energy. The size of the circles includes uncertainty in the normalized yield values.
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TABLE III. Experimentally measured most probable ranges R xp) deduced from FRRD curve and theoretically estimated mean ranges
R ptheoy in Al in units of pg/cm? for CF and ICF components in the interaction of '°F + **Tb.

Ewp = 94.3 MeV

Ep = 82.8 MeV

ICFy
Rp(exzp) (Rp(theo))

CF
R expy (Rp(theo))

ICF,
Rp(e;p) (Rp(theo))

ICFy,
Rp(exp) (Rp(theo))

Residues R[f("exp)(R (theo)) RLC(eF;’m(RP(meO))
174W (4n) 567 % 16 (580) -

3w (5n) 566+ 17 (580) -

173Ta(p4n) 567 £+ 18 (580) -

THf («3n) 568 4 17 (580) 381+ 14(394)
TOHf (wdn) 577+ 17 (580) 398 + 17(394)
OLu(ap3n) 573 £ 12 (580) 397 £+ 19(394)
7Y b(2a3n) 569 + 17 (580) 392 4 15(394)
" Tm(2a p2n) - 382 + 15(394)
195Tm (2a p4n) - 390 + 15(394)

227 +10(227)
233 4 14(227)
230+ 11(227)

500 + 16(510)
500 + 17(510)
500 + 17(510)
502 4+ 17(510)
500 £ 14(510)
500 £+ 11(510)

316 4 17(333)
3174 17(333)
317 £ 17(333)
332 4+ 14(333)
3274+ 11(333)
340 £+ 12(333)

212 £+ 16(200)
199 + 14(200)
214 £ 15(200)

were resolved into two Gaussian peaks by using the ORIGIN
software. As a representative case, the measured FRRDs for
the residues '"'Hf («3n) is shown in Figs. 4(b) and 4(e) at
energies 82.8 MeV and 94.3 MeV, respectively. As can be seen
from this figure, the FRRDs may be fitted with two Gaussian
peaks, one peaking at 502 & 15 ug/cm? and the other at 568 +
19 ug/cm? cumulative thickness for the two beam energies,
indicating the full linear momentum transfer events. However,
another Gaussian peak at lower cumulative depth of 316 £ 17
and 381 + 17 pg/cm? is also obtained, which corresponds to
fusion of PN (if '°F is assumed to break into '“N +« and
I5N fuses) with the target nucleus. The details regarding the o
clustering of '°F is well explained by La Cognata et al. [20],
Buck and Pilt [21], and Goldberg et al. [22]. The Gaussian
peak at lower cumulative depth shows the partial LMT from
projectile to the target nucleus. It is also mentioned that the
complete as well as incomplete momentum transfer peaks are
centered at the expected position calculated by the SRIM code.
As such, these residues may have contributions not only from
CF but also from ICF processes. Similar observations for the
residues '7°Lu populated via ap3n channel has been obtained
and is shown in the Figs. 4(c) and 4(f).

Moreover, in order to check the sensitivity of FRRD
method, the comparison of experimentally obtained recoil
range distributions of the reaction residues have been per-
formed at 82.8 and 94.3 MeV beam energy. In order to
verify the observed ranges (R),") of the recoiling residues,
the calculations performed (Rg’e") using the code SRIM [23]
are compared with observed ranges. These values are given
in Table III. The uncertainties in the experimentally measured
most probable mean range (R) has been evaluated [24] using
the expression;

]
R=—. 3)
/i

This is referred to as the standard error of the mean indi-
cated in parenthesis next to the numerical values in Table III.
It may also be noted that the error depends on the sample num-
ber as one would expect. Further, as n increases, the estimated
R becomes more precise [24]. As the measurement of FRRD
is based on energy/momentum transfer to recoiling residues,
hence, the residues traversing with higher energy/momentum
may have smaller width. It is due to the fact that the straggling

of these residues in the stopping medium is likely to be less
as compared to that of residues traveling with lower energy.
The observed width for the production of residues "W (5n)
is found to be larger at lower energy [as shown in Fig. 4(a)
at 82.8 MeV] as compared to that of relatively higher energy
[as shown in Fig. 4(d) at 94.3 MeV]. The most probable recoil
ranges (R;l‘eo) have been calculated assuming that in case of
CF, the incoming projectile completely fuses with the target
nucleus and transfers its total linear momentum. Further, an
attempt has also been made to check the consistency in the
FWHM of the observed FRRDs and the observed FWHM
has been found to be consistent for the CF and ICF residues
individually. In light of the above discussion, it is clear that
the residue '*W populated via 5n channel is associated with
the full LMT from projectile to target nucleus and may be
represented as,'°F 4+ °Tb = 8w* = 13w 4-5n.

Following the above, the FRRDs for the residues viz.,
174W (4n) and '3Ta(p4n) are found to have a single peak
which corresponds to the complete linear momentum transfer
from projectile to target nucleus, indicating the production of
these residues via CF process only.

The residues '"'Hf («3n) may be populated via two differ-
ent deexcitation processes as;

(i) Fusion of YF with *Tb

9% 4 19T} — 178\;‘v
= "Hf +a3n

or
(ii) Fusion of >N with >Tb with « as spectator

RSN 4a) = N+ Tb
= "Hf* 4+ « (as spectator)
= "THf 4+3n.

Similarly, the FRRDs for other axn channels have been
obtained and resolved into two Gaussian peaks indicating the
presence of more than one linear momentum transfer compo-
nent.

Further, in case of 2axn or 2apxn channels, the mea-
sured FRRDs were found to be resolved into three Gaussian
peaks. The measured FRRD for residue '®’Yb populated via
23n is shown in Figs. 4(g) and 4(i) at 82.8 and 94.3 MeV,
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respectively. In Fig. 4(g), the peak at cumulative depth 332 +
14 ug/cm?® corresponds to partial linear momentum transfer,
i.e., fusion of >N. Another peak at a lower cumulative depth
212 + 16 ug/cm? corresponds to the fusion of ''B with the
target nucleus. It may also be stated that the peak at 332 +
14 ug/cm? thickness corresponds to the emission of one «
particle from the projectile and the peak at lower thickness
212 + 16 pg/cm? corresponds to the emission of two « parti-
cles from the projectile nucleus. It should also be noted that
there is no third Gaussian peak at higher cumulative thickness
[see Fig. 4(g)], which clearly indicates that the residues '’ Yb
populated via 2a3n is formed only through the ICF process
and there is no or negligible contribution from CF process
in the formation of this residue at 82.8 MeV beam energy.
However, at higher beam energy of 94.3 MeV, the measured
FRRD for the same '6’Yb residues is found to be resolved
into three Gaussian peaks as shown in Fig. 4(i). In this figure,
the peak at 569 4 12 ug/cm?® depth corresponds to the full
linear momentum transfer (i.e., fusion of '°F with the target
nucleus), however, the peak at 392 & 12 pg/cm? depth corre-
sponds to the fusion of >N and the peak at 227 & 15 pg/cm?
depth corresponds to the fusion of !'B with the target nucleus.
It should also be inferred from the Fig. 4(i) that at this energy
(94.3 MeV), there is contribution from both the CF and ICF
processes. Further, the measured FRRDs for residues 165Tm
populated via 2ap4n channel are also shown in Figs. 4(h)
and 4(j) at 82.8 and 94.3 MeV, respectively. It can be clearly
seen from this figure that there is no third Gaussian peak at
the expected cumulative depth, which indicates that there is
no contribution from the CF reactions at these two energies.
Hence, the residues 'Tm are populated only via ICF pro-
cess. The formation of the residues '/ Yb populated via 2a3n
channel may be explained in three ways as represented below;
(i) Fusion of '°F with '*Tb

9% 4 19T} — 178{7:/
= 17Yb+2a3n

" (ii) Fusion of >N with >°Tb with « as spectator
RSN +a = SN+ 59Tb
= "MHf* + « (as spectator)
— 1Tapgpr
= 17Yb +a3n
or

(iii) Fusion of ''B with > Tb with 2« as spectator
PR(I'B 420) = "B+ Tb
= "0Yb* + 2u (as spectator)
= 17Yb +2a3n.

The production of same residues via two different channels
is analyzed on the basis of break-up fusion model, where
it is assumed that the incident projectile '°F breaks up into
different fragments when it enters the target nuclear field.
The fragments of '°F beam('°N, o) so produced are found to

move nearly with the same velocity as that of incoming beam.
One of the fragments fuses with the target nucleus forming
an incompletely fused composite system, which recoils in
the forward direction to conserve linear momentum. It is of
primary interest to find out the reactions wise contributions of
CF and ICF processes.

In order to deduce the relative contributions of complete
and incomplete fusion in various reactions, the experimentally
measured FRRDs have been fitted with Gaussian peaks using
the software ORIGIN. The graphic software ORIGIN requires
the observed intensity distribution of the FRRDs and num-
ber of peaks to be fitted, as input data. The software then
generates the Gaussian peaks with suitable FWHM to fit the
data. The relative contributions of the CF and ICF processes
are obtained by dividing the area of the corresponding peak
by the total area. The Gaussian curves of various evaporation
residues obtained from FRRD are given by;

A ef(Rpr)2 /2w i )
NG
where Rp is the most probable mean range, w4 is the width
parameter (FWHM) of the distribution and A is the area un-
der the peak. The normalized yield Y may be estimated by
the x square fit (x2) of the experimentally determined range
distribution and may be given as

Y=Y+

1
1= Y (A) = V(AT 5)

The value of x> was minimized in the analysis using
the nonlinear least-square fit routine, keeping the width
parameter(ws) and most probable mean range (Rp) as a
free parameter. As already mentioned before, the residues
involving a-emitting channels show more than one FRRD
components. In such cases, the experimentally measured FR-
RDs have been fitted using the multipeak option in a similar
way as mentioned above. The contributions from different
fusion components (CF, ICF,,, and ICF,, ) have been obtained
by dividing the area under the peak for the fused component
with the total area of associated with experimental data. Fur-
ther, the range integrated cross sections for different residues
have been obtained and compared with the theoretical pre-
dictions of the code PACE4 [16] as shown in Table IV. It has
been observed from this table that the contribution from CF
(from xn and pxn channels) component satisfactorily matches
with the theoretical predictions of PACE4. However, the con-
tribution of ICF reactions could not be reproduced by the
theoretical model code because it does not take into account
the contributions from ICF reactions. It may, however, be re-
marked that the ICF contribution deduced as indicated above
and given in Table IV are based on the direct measurements
of the contribution due to CF and ICF residues.

B. Consistency in the present measurements

The excitation functions (EFs) of various reaction residues
viz., "W (4n), "W (5n), W (6n), " Ta(p4n), "' Hf (a3n),
OHf (wdn), "Lu(ap3n), ' Yb(2a3n), ' Tm(2ap2n), and
1$STm(2apdn) populated via CF and/or ICF modes in
YF 4 15°Tb system were measured in the energy range
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TABLE IV. Experimentally measured forward recoil range in-
tegrated cross section (ofRRP) and theoretically calculated cross

ex|

section (0fASE) in units of mb at 82.8 and 94.3 MeV beam energy.

Ewb = 82.8 MeV Ep = 94.3 MeV

Residues OERRD o PACE OERRD oPACE
74w (4n) 13349 125 68.3+5 73
1w (5n) 5244 50 382.3+27 407
74Tacum (pdn) 10547 - 407.7+£29 —
74T (p4n) 7.86+£0.6 7.5 104+0.7 10
THE (a3n) 13+1 6 335424 17
OHFf (0dn) 1.840.1 0.1 7845 11
1701 u(ap3n) 1.02+0.1 - 2542 1
97Yb(2a3n) 1.440.01 — 7540.5 04
17 Tm (2a p2n) 940.6 - 18+1 -
15 Tm(2a p2n) 1.13+0.1 - 122+1 -

~81-110 MeV [5]. The experimental EFs of residues pop-
ulated via xn/pxn channels were found to be well reproduced
by the predictions of code PACE4, confirming the production
of these residues solely via complete fusion process. However,
the observed enhancement in the EFs of «-emitting channels
as compared to PACE4 predictions has been attributed to in-
complete fusion process.

In the present work, an attempt has been made to have a
better insight on the ICF values obtained from the analysis
of FRRD data. The incomplete fusion strength function Ficp,
a measure of strength of ICF relative to the total fusion is
deduced using the expression Ficp=Y_ oy /o7r. Here, oif is
the deduced experimental value of ICF cross section and o7p
(=Y ol + > ojep) is the total fusion cross section. The
Ficr obtained with the help of two different measurements viz.
(i) measurement of EFs and (ii) from the present measurement
of FRRDs are compared and plotted as a function of center of
mass energy (Ec ) and vy as shown in Fig. 5. In this figure,
the red vertical bars are obtained from the experimentally
measured EF data, however, on the other hand, the percentage
relative contribution of ICF (Ficg) in case of FRRD measure-
ment is shown by blue color vertical bars. Also, the channels
that could not be observed, their cross section values were
taken from the code PACE4 to estimate ICF strength function in
both the cases. Moreover, as can be seen from Fig. 5, the Ficp
increases as the beam energy (or vy) is increased suggesting
its dependence on projectile energy. Further, it may also be
pertinent to mention that both the measurements of FRRDs
and EFs gives nearly the same value of Ficp at the studied
energies within the experimental uncertainty, strengthening
thereby the present measurements and self-consistency of the
data. Further, it may also be remarked that Morgenstern et al.,
[25] in their pioneer work showed that ICF fraction increases
at vy = 0.06c, however, in the present work a significant
contribution from ICF processes even below v, = 0.06¢ has
been observed.

In order to explore the effects of projectile breakup on
fusion cross section, an attempt has also been made to de-
duce the suppression of complete fusion cross section data
from the measurement of FRRD also for the presently studied

FIG. 5. A comparison of incomplete fusion strength function
(Ficr) deduced from the analysis of EF and FRRD measurement (for
more details, see text).

9 4 19T system. In view of the above, the total fusion
cross section data (> ocr) has been obtained and compared
with the theoretical predictions of code CCFULL [26] as shown
in Fig. 6. The circular shaped red data points shown in this
figure are obtained by summing all the CF channels obtained
from the measurement of EFs [5] whereas square shaped blue
data points are obtained from the FRRD measurement done in
the present work.

As can be seen from Fig. 6 that the experimental fusion
cross section data for EF and also for FRRD data are in good
agreement with the predictions of the code CCFULL over the
entire range of energy, justifying the validity of the present
measurements. In the coupled-channels (CC) formalism, the
Wood-Saxon (WS) potential, which is a deep attractive poten-
tial, is used as a real nuclear potential and its depth (V,) is
chosen to reproduce the experimental cross section. The other
two parameters used in CCFULL code are radius parameter

T T T
103 19F + 159Tb

— CCFULL |
B RRD _
e EF [Shuaib (2016)] ]

o, (mb)

lVb =79.08 MeV

1
115 125

9'5 1(')5
E,_, (MeV)

~
(3,1
[+]
a

FIG. 6. The experimentally measured total complete fusion cross
section (D_ ocr) (blue data points) plotted as a function of incident
beam energy. The red data points represent the data obtained from
EF measurements [5] (for more details, see text).
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19F+159Tb[This Work] A
5 #
£ ¥ |
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)
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£ e “F+"*Tm[Shariq(2022)]
ol® A 19F+159Tb[Shari
q(2022)]
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X =(Ec.m.- vb)lhm

FIG. 7. The experimental fusion function data obtained from
range integrated cross section and compared with the EF data of other
systems [30]. The black solid line denotes the UFF given in Ref. [27].

(r,) and diffuseness parameter (a,). The diffuseness param-
eter affects the slope of the nuclear potential in the surface
region, and thus the curvature of the effective potential. In
order to calculate fusion cross section, the values of various
parameters V,, r,, and a, used in CCFULL code are taken to be
64.8 MeV, 1.178 fm, and 0.659 fm respectively. The coupled
channels calculations are found to explain the fusion cross
section data, in general, at above-barrier energies reasonably
well. Further, in order to obtain the suppression of fusion data,
it is necessary to eliminate the different geometrical and static
effects arising due to the potential acting between the two
nuclei. Hence, method suggested by Canto et al., [27-29] has
been adopted in the present work.

The experimental fusion function has been deduced from
range integrated cross section data of FRRD for '°F + "*Tb
system and plotted as a function of dimensionless variable
x (excess center-of-mass energy above Coulomb barrier nor-
malized to barrier curvature) [27] as shown in Fig. 7. The
experimental fusion function of the present system along
with F+'°Tm, “F+ " Lu systems studied earlier [30]
is also shown in this figure. The black solid line in this
figure denotes the universal fusion function (UFF) [27]. The
black squares enclosed in black rectangular box are obtained
from present FRRD measurements. As can be seen from this
figure that there is a significant suppression in experimental
fusion function data deduced from FRRD with respect to
UFF particularly at higher energy. This suppression may be
attributed to the loss of flux due to ICF processes becoming
dominant at relatively higher energies. As a result, a compo-
nent of cross section due to incomplete fusion of projectile
may reduce the experimental fusion cross section data. The
suppression obtained in the present work is in good agreement
with the available similar data [30]. Further, in Fig. 7 the
shaded area represents the suppression of cross section data
obtained by multiplying the UFF by 0.74 and 0.76.

Further, an attempt has also been made to correlate the
suppression obtained from fusion function analysis for the
present measurement with the break-up threshold energy of
the projectile [31]. The deduced suppression factors has been

0.7 v T v T v T v T v T v T
i @ "“F[RRD] ®Li T
0.6 e 0 A LT
B * 14N 4 12c N
0.5. e “F [EF] > ¢
o 0.4F Present Work
(%) s
0.3F
0.2f
0.1F
" 1 " 1 " 1 " 1 " 1 " 1
00— "6 8 10 12

E ., (MeV)

FIG. 8. The deduced suppression obtained for the present work
using FRRD measurement and compared with the data of other sys-
tems obtained from EF measurement. The blue solid line represents
the empirical relation given in Ref. [30].

plotted as a function of break-up threshold energy of different
projectiles and is shown by blue color solid line in Fig. 8.
This exponential plot indicates that if the break-up threshold
energy of a projectile is larger, suppression is lower. It may
be because of the fact that, when break-up threshold energy
is higher, more energy would be required in order to separate
out an « particle from the projectile leading to the lower value
of suppression. Further, it should also be noted that there is
a one-to-one correspondence between suppression (Sp) and
the probability of ICF (Pcp). Larger suppression indicates
that the probability of ICF would be more and vice versa.
This clearly justifies the self-consistency and reliability of the
present analysis done using the FRRD measurement.

IV. CONCLUSIONS

In the present work, the forward recoil range distribution of
nine reaction residues viz., "*W(4n), "W (5n), 3 Ta(p4n),
"Hf («3n), "°Hf(a4n), '""Lu(ap3n), '97Yb(u3n),
" TmQ2ap2n), and 'Tm(ap4n) populated in the
interaction of 'F with ""Tb target have been measured
at energies ~83 and 94 MeV. A significant contribution
from ICF reactions is found to play an important role in the
production of different residues. It has strongly been revealed
that there is a transfer of partial momentum along with full
momentum from projectile to target in case of «-emitting
channels associated with ICF reactions. The different partial
LMT components corresponds to the break up and fusion
of 'F into N and !'B with the target nucleus. Further, the
relative contribution of complete and/or incomplete fusion
components have also been obtained. Moreover, an attempt
has also been made to obtain the suppression of fusion
cross section data using the FRRD measurements and it has
been observed that there is a suppression of about x24%
in fusion cross data as compared to the benchmark curve
universal fusion function (UFF). This suppression may be
attributed to the contributions from the incomplete fusion
reactions. Moreover, it may also be concluded that, as the
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break-up threshold energy of the projectile decreases, the
fusion may get more suppressed giving way to enhancement
in the break-up probability. The variation of suppression in
fusion cross section data as function of break-up threshold
of the projectile has been observed to follow an exponential
relation. From the analysis of data it may be concluded that
the break up of projectile may take place as it comes in the
vicinity of target nucleus. It may be due to the fact that as
the projectile approaches the target nucleus, the Coulomb
repulsion acting between them increases and may give rise to
the prompt break up of projectile into fragment(s) and one of
the fragment(s) fuses with the target nucleus leading to ICF
processes. The critical angular momentum £ for the present
system at which the pocket in the entrance-channel potential
nearly vanishes has been calculated using the prescription of
Wilzyanski et al. [7] and is found to be 79 k. The values of
Lmax at two respective energies (82.8 and 94.3 MeV) in the
present work are ~22 /i and 40 &, respectively, which are less
than the £ (79 h) for fusion to occur in the present system.
The observation of ICF for energies where fn.x < Lot

suggests that a significant number of £-waves below £ may
contribute to ICF reactions.

In order to achieve a better understanding and more con-
clusive picture of ICF reaction dynamics, more experimental
data covering a broader range of nuclei is required. Further,
complimentary experiments such as particle-y coincidence
for both loosely as well as strongly bound projectiles may
give a detailed insight of the ICF reaction dynamics. The
new experimental data may help in the refinement of existing
theoretical models and in developing systematics at energies
~4-T7 MeV /nucleon.
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