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Evaporation residue cross-section measurements for **Ti-induced reactions
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Background: A significant research effort is currently aimed at understanding the synthesis of heavy elements.
For this purpose, heavy ion induced fusion reactions are used and various experimental observations have
indicated the influence of shell and deformation effects in the compound nucleus (CN) formation. There is a need
to understand these two effects.

Purpose: To investigate the effect of proton shell closure and deformation through the comparison of evaporation
residue (ER) cross sections for the systems involving heavy compound nuclei around the Zcy = 82 region.
Methods: A systematic study of ER cross-section measurements was carried out for the “*Ti + 1**1Nd, **Sm
systems in the energy range of 140-205 MeV. The measurement has been performed using the gas-filled mode of
the hybrid recoil mass analyzer present at the Inter University Accelerator Centre (IUAC), New Delhi. Theoretical
calculations based on a statistical model were carried out incorporating an adjustable barrier scaling factor to fit
the experimental ER cross section. Coupled-channel calculations were also performed using the CCFULL code to
obtain the spin distribution of the CN, which was used as an input in the calculations.

Results: Experimental ER cross sections for **Ti 4+ '“*!15°Nd were found to be considerably smaller than the
statistical model predictions whereas experimental and statistical model predictions for *3Ti + “*Sm were of
comparable magnitudes.

Conclusion: Though comparison of experimental ER cross sections with statistical model predictions indicate
considerable non-compound-nuclear processes for *Ti 4 “*!3°Nd reactions, no such evidence is found for the
“8Ti 4+ **Sm system. Further investigations are required to understand the difference in fusion probabilities of
“Ti 4+ 2Nd and *3Ti + '**Sm systems.

DOI: 10.1103/PhysRevC.96.034613
I. INTRODUCTION

In recent years, a great deal of experimental as well as
theoretical work has been carried out in order to understand the

*priya.apr25@gmail.com fusion-flssion react.i(')ns leading to heavy element formation.
fCorresponding author: bivash@pu.ac.in The fu51on.of nuclei is governed by. a delicate balapce between
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TABLE I. Parameters of the studied projectile-target combinations.
Systems B> E>+ (MeV) Vv, Q value Fissility Entrance-channel
Projectile Target Projectile Target MeV) (MeV) (x) mass asymmetry (o)
BT 4+ 2Nd 0.27 0.092 0.98 1.57 153.39 —114.03 0.72 0.49
BTi + 5Nd 0.27 0.280 0.98 0.13 151.74 —96.13 0.70 0.52
BTi + 14Sm 0.27 0.088 0.98 1.66 158.07 —122.39 0.74 0.50

influenced by the presence of coupling to various internal
degrees of freedom [1,2]. In the formation of heavy elements,
a particular selection of the projectile and the target (light or
heavy) plays a crucial role. Heavy ion induced reactions offer
a wide range of possibilities for heavy element formation.
The detailed study of heavy element and super-heavy element
(SHE) formation involves the compound nucleus (CN) decay
product, i.e., evaporation residue (ERs) [3—6] whose formation
probability is suppressed not only by fusion-fission (CN
fission fragments [7,8]), but also by non-compound-nuclear
(NCN) processes, i.e., quasifission (QF) (reseparation before
CN formation [9-11]). Near the Coulomb barrier energies,
fusion-fission and QF exhibit their own characteristic reaction
times. ERs carry the true signatures of CN formation and
are a useful probe to study the statistical as well as the
dynamical aspects of the fusion-fission reactions. The main
difficulty in forming a nucleus in the SHE region is its
extremely low production rate (cross section of the order
~pb). The onset of QF is a major hurdle in the formation
of SHE and a growing number of experiments are reporting
the presence of the QF process [7,12,13]. Some of the
experimental signatures of the QF process are anomalous
fission fragment angular anisotropies [14,15], broader fission
fragment mass widths [16,17], and a reduction in ER cross
section [18]. This latter can be attributed to the fact that the
dinuclear system reseparates before the full shape equilibration
of CN. These measurements are predicted to be dependent on
the entrance-channel properties like energy, entrance-channel
mass asymmetry [19], deformation and relative orientation
[9,20], fissility value [21,22], and shell effects [23,24] of
the colliding nuclei. It thus becomes important to understand
such processes and to know to what extent entrance-channel
properties contribute to the stability of a heavy nucleus against
fission in heavy and super-heavy regions.

It is established that the fusion cross section is significantly
reduced even for very asymmetric reactions due to the presence
of QF. Berriman et al. studied 12¢ 4 204pp 9F 4+ 197 Ay, and
30gj 4 186y systems, all forming the same CN 216Rg* [18], and
concluded that the fusion hindrance was strongly dependent
on the mass asymmetry of the entrance channel and related
to the onset of the QF process. Back et al. [19] measured full
angular distribution for the three systems, leading to the same
CN 2'“Th*. Evidence for QF was found for *2S + '82W and
complete fusion was only a small fraction of the total reaction
cross section for “*Ti 4 '*Er and ®'Ni 4 *Sm systems. In
an another work, Sagaidak et al. [25] observed a sizable
contribution of QF through the ER and fission cross-section
measurements for more symmetric 8BCa 4 18170, systems
(ER cross section indicates 70% suppression of the CN

formation) in comparison to asymmetric '2C + 204.206.208p},

systems. For a number of systems, enhancement of fission
width is achieved by reducing the height of the liquid drop
model (LDM) fission barrier [25,26] in order to fit the ER and
fission excitation functions in the framework of the standard
statistical model. Knyazheva et al. [7] have found that the QF
effect is more prominent with the beam and target combination
#Ca + '5*Sm, which corresponds to a greater value for the
entrance-channel mass asymmetry than **Ca + '**Sm, where
154Sm is a deformed and '**Sm is a spherical nucleus in their
ground state. The synthesis of elements with mass numbers
114 [27] and 116 [28] using a **Ca beam on **Pu and >*Cm
targets (well-deformed nuclei) indicates that shell stabilization
close to the next higher proton shell could favor the synthesis
of heavy nuclei [29].

Keeping the above points in mind, a systematic measure-
ment of ER cross sections was carried out for understanding
the reaction mechanism involving heavy compound nuclei of
(1) ®Ti 4+ "*Nd — "°Pb*, (ii) **Ti + "°Nd — '*Pb*, and
(iii) *®Ti + '**Sm — !”?Po* systems leading to compound
nuclei around the Zcy = 82 region. Here, the target '“*Nd
(B2 = 0.092) is spherical and 150Nd is deformed (8, = 0.28)
in their ground states. In the third system, the target '“*Sm
(B2 = 0.088) is also spherical; however, it leads to 192po* CN
(Zcn = 84), which has two extra protons beyond the proton
shell closure (Zcn = 82). Various other parameters related to
the studied projectile-target combinations are given in Table I.
The effect of proton shell closure and deformation can be
disentangled through the comparison of ER cross sections of
these three systems. It is also of interest to study if there
is any enhanced survival probability for ER cross sections in
the Zcn = 82 region. Theoretical calculations were performed
using the statistical model of CN decay where shell effects are
considered in both the level density and fission barrier.

The paper is organized as follows. Experimental details
are given in the next section. Section III explains the data
analysis and transmission efficiency calculations to evaluate
the ER cross sections. Theoretical calculations are presented
in Sec. IV with discussion in Sec. V, and finally, the last section
contains the summary and conclusions.

II. EXPERIMENTAL DETAILS

The experiment was performed at the beam-hall II of
IUAC using 15UD Pelletron + LINAC accelerator facility.
Thin isotopically enriched targets '“*1°Nd (enrichment =
98.26% and 96.11%; thickness = 100 and 150 pg/cm?, re-
spectively) and '**Sm (enrichment = 93.70% and thickness =
120 11g/cm?) sandwiched [30] between two very thin carbon
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layers (25 and 7 ug/cm?) were used in the experiment. ER
cross-section measurements were carried out using a pulsed
*8Ti beam with 1 s pulse separation at energies in the center
of mass ranging from 140 to 205 MeV (including energy loss
from 650 /ng/cm2 carbon window foil, carbon backing, and
a half thickness of targets ~17 MeV) with an average current
of 0.5 pnA.

The heavy ERs formed in the experiment were separated
from the enormous beam background using the gas-filled
mode of hybrid recoil mass analyzer (HYRA) [31] present
at I[UAC, New Delhi. The gas-filled region of HYRA was
isolated from the vacuum region using 650 pg/cm? carbon
window foil. In the present experiment, He gas was used
in HYRA for velocity and charge state focusing of the ions.
Pressure scanning was performed at different pressures (0.20,
0.25, 0.30, and 0.35 Torr) and the ratio of ER and monitor
counts (known as yield) was found to be maximum at 0.30
Torr. Hence, in the whole experiment He gas pressure was
fixed at the optimized value of 0.30 Torr. The electromagnetic
configuration of the HYRA is Q| Q»-M D -Q3-M D>-Q405
where the Q stands for the magnetic quadrupole and M D
stands for the magnetic dipole. The value of the fields was
calculated using a simulation program [32]. For the field
optimization, the field scanning was performed in the +10%
in steps of 2% from the calculated values at each energy point.

Two silicon surface barrier detectors (SSBDs) were placed
inside the target chamber at a distance of 45 mm from the
target ladder subtended an angle of £25° with respect to
the beam direction. SSBD (known as a monitor) collected
elastically scattered Ti ions which were used for Rutherford
cross-section normalization. Monitor detectors were also used
for the beam positioning at the center of the target. ER counts
were detected using a position sensitive multiwire proportional
counter (MWPC) of dimensions 6 x 2in? followed by a strip
detector of dimensions 6 x 6cm? kept in the focal plane
chamber. In the present experiment, MWPC counts were used
for the measurement of the ER cross section. The detector
was operated with isobutane gas at 1.5 mbar pressure and
provided position (Xr, Xgr, Yu, and Yp) signals, energy loss
signal (cathode), and timing signal (anode).

The position signals (acting as the stop signal) were
processed by a constant fraction discriminator (CFD) and then
fed to a time-to-digital converter (TDC) using the anode signal
as a common start. Energy (MWPC cathode and monitors)
signals were fed to an analog-to-digital converter (ADC)
for further processing. The logical ‘OR’ signal of monitors
and MWPC anode acted as a master strobe for the data
acquisition system. ERs were detected by the time-of-flight
(TOF) technique, hence, to extract a TOF spectrum, an anode
(timing) signal was used as a stop and rf of the beam as a
start signal. Data were collected and analyzed using the [UAC
data-sorting software CANDLE [33]. The details about the data
analysis are given in the next section.

III. DATA ANALYSIS

A. ER cross-section measurements
The formula to calculate the total ER cross section is given

b
Y (YER><dcr> o I 0
OFR = — )
FR Y™mon / \d2 / Mon THYRA
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FIG. 1. Two-dimensional spectrum obtained from the TOF and
energy loss (AE) signal for the **Ti + 'Nd system at E., =
157.83 MeV.

where ogg is the ER cross section in mb, Ygg is the ER yield
at the focal plane, Yy, is the average yield from both monitor
detectors (left and right), Q2o is the solid angle subtended by
the monitor detectors, and ngyra is the HYRA transmission
efficiency. To obtain the ER yield, a two-dimensional plot was
generated using the TOF and energy loss (AE) signal of the
MWPC which provides a clean separation of ERs. The ERs
reaching the focal plane (shown in the two-dimensional gate)
were well separated from the other contaminations as shown
in Fig. 1.

The yield of monitor detectors was obtained from the one-
dimensional single spectrum using the CANDLE software. The
differential Rutherford scattering cross section is given by

2 2
(d—") :1.296<ZPZ’> . ](, —2(ﬁ> )
d2 ) g Eiap sin® (%) A,

where Z,, Z; and A, A, are the atomic and mass numbers
of the projectile and target, respectively. Ej,, and 6 are the
energy of the incident projectile and scattering angle of the
projectile-like particles in the laboratory frame of reference,
respectively.

B. Transmission efficiency of **Ti + 1*>15'Nd, 1*4Sm systems

In the ER cross-section measurements, extraction of trans-
mission efficiency plays a vital role. It is the ratio of the number
of ERs reaching the focal plane to the total number of ERs
produced in the target chamber and it depends on various
parameters [3—6]. The nuygra is given by the formula

NHYRA = Yaron 19 . MonOER7

In the literature, the experimental fusion cross section
(ER and fission data) of the “*Ti + '?>Sn system already
exists [34,35]. Hence, the BT+ 1228n system was used as a
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TABLE II. nyyra for “®Ti 4 122Sn calibration reaction.

Ecm. NHYRA T €rror
(MeV) (%)

146.68 34.86 £5.23
159.26 22.55+3.38
Average efficiency 28.71 £4.31

calibration reaction in the efficiency measurement. Using the
same experimental setup, measurements were carried out for
the **Ti 4+ '*2Sn system at 146.68 and 159.26 MeV (energies in
center-of-mass frame). The ngyra for the BTi + 1228n system
was obtained from Eq. (3) and the nyygra at both the energy
points are given in Table II. The experimentally extracted
average transmission efficiency value for the **Ti 4+ '*2Sn
system is 28.71% =+ 4.31% (Table 1I). This average efficiency
value was used in the final calculations to determine the
efficiency for the *3Ti 4 >150Nd, “*Sm systems.

The ERs produced in the reactions should have sufficient
amount of energy so that they can travel the path length of
HYRA and reach the focal plane chamber. So, the energy loss
of the ERs was taken into account through the calculation
of energy loss in the half thickness of the target, He gas at
0.30 Torr, Mylar foil (separates the gas-filled region of HYRA
from the focal plane chamber), and isobutane gas. Because the
BTy 4 142150N(, 1**Sm systems are more symmetric than the
*8Ti + 122Sn system, the ER angular distribution of the former
systems would be narrower than the latter system.

Next for calculating transmission efficiency of the recoil
separator for our measured systems, the ER angular distri-
butions for the three systems were simulated using the code
TERS [36]. TERS is a semimicroscopic Monte Carlo simulation
code, which takes the actual input parameters during the
experiment like beam spot, target thickness, the gas pressure in
the separator, and other parameters such as «, proton, neutron
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separation energy, etc. In the calculation the interaction of
the beam with the target is treated event by event and in the
output, it generates the realistic distribution of ERs such as
divergence (angle), energy, and charge state in event-by-event
mode. The statistical model code PACE3 [37] was used to
obtain the various possible ER channels and their relative
yields (used for normalization of the angular distribution) and
the TERS code was used to calculate the angular distribution
of individual ERs at each energy point. Here, energy and
charge state acceptance was assumed nearly 100%; but in
the present experiment, the acceptance angle is limited by the
narrow aperture of the used target chamber, translating to a
polar angle of 9.5°. Hence, the average area under the curve
was considered up to 9.5° in the present calculations. The
normalized angular distribution at each energy was obtained
by adding the individual ER angular distribution with proper
weighted yield and the obtained normalized distributions for
the ¥Ti + 142159Nd, **Sm systems are shown in Fig. 2. A
multiplication factor was obtained by the ratio of the area
under the curve (using the **Ti 4 '*2Sn calibration reaction
and ®Ti + 14219Nd, *Sm systems) up to 9.5° and it was
evaluated at each energy point. The average nyyra obtained
from the *®Ti 4+ '*2Sn system was then multiplied with the
subsequent multiplication factor and the efficiency values were
extracted for the three systems in the measured energy range
(mentioned in Table III). The efficiency values obtained in the
present work are increasing with the increase in energy.

The difference in the behavior of angular distributions is
clearly visible in the three reactions. In order to conclude
further, we next performed statistical model calculations with
a standard set of parameters for the three systems and obtained
the angular distributions and relative yields of the different
ER channels for these reactions. The angular distribution plot
is shown in Fig. 3. The difference in angular distribution is
the result of different particle emission and is clearly seen
in Figs. 2 and 3. The proton and « evaporations become
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FIG. 2. Normalized angular distributions simulated by the TERS code for (a) “*Ti 4+ **Nd, (b) *Ti + "°Nd, and (c) ®*Ti 4 **Sm systems
at measured energy ranges. These distributions were compared with the **Ti + '22Sn system to get the correction in 7gyra. Angular acceptance

of HYRA is 9.5° which is marked here by the vertical dashed line.

034613-4



EVAPORATION RESIDUE CROSS-SECTION ...

PHYSICAL REVIEW C 96, 034613 (2017)

TABLE IIL. nyyra for ¥Ti 4+ “>150Nd, "*Sm systems as a function of E.,, and E*.

BTj 4 92Nd 48y 4 150Ng BTy 4 49y
Ecnm. E* NHYRA T error Ecm. E* NHYRA T €rror Ecm. E* NHYRA T error
(MeV) MeV) (%) MeV) (MeV) (%) (MeV) (MeV) (%)
140.43 26.41 24.51 £+ 3.68 142.18 46.06 26.68 £+ 4.00 140.83 18.45 26.27 £ 3.94
144.29 30.27 25.21 £3.78 146.09 49.97 27.23 +£4.08 144.70 22.32 28.10 £ 4.21
148.15 34.13 26.89 + 4.03 150.00 53.88 27.56 £ 4.13 148.58 26.19 28.46 +4.27
152.01 37.98 27.66 £ 4.15 153.91 57.79 27.66 £ 4.15 152.45 30.07 28.82 +£4.32
155.87 41.85 27.94 £4.19 157.83 61.71 27.86 £ 4.18 156.33 33.94 29.04 £ 4.36
159.72 45.70 28.71 £4.31 161.74 65.61 28.08 +4.21 160.19 37.81 29.49 +4.42
167.42 53.40 28.75 £ 4.31 169.54 73.42 28.28 +4.24 167.92 45.54 29.51 £4.43
175.13 61.10 29.29 +£4.39 177.35 81.23 28.56 +4.28 175.65 53.27 30.66 + 4.60
182.81 68.78 29.65 + 4.45 185.14 89.02 29.02 + 4.35 183.37 60.98 30.67 £ 4.60
194.34 80.31 30.12 +4.52 196.83 100.71 29.31 £4.40 194.94 72.55 30.69 + 4.60
202.01 87.98 30.20 +4.53 204.61 108.49 290.51 £4.43 202.63 80.25 30.35 £ 4.55

increasingly important with increasing excitation energy of
the CN. Therefore the recoil on the residual nucleus and hence
the angular spread increases with increase of CN excitation
energy. The angular distributions for the **Ti + '*2Nd, '“*Sm
systems are broader as compared to **Ti + '"'Nd at a given
beam energy as a larger number of « are emitted in the former
two systems on account of their neutron deficiency.

C. Experimental results

The ER cross sections were extracted using the transmission
efficiency values at each energy point which are mentioned
in Table IV. The error in cross section was estimated from
the error in nyyra, Systematic error, and statistical error
(obtained from the experimental parameters Ygr and Yon)-
The estimated error is 15% of the obtained cross sections
for which the contribution from ngyra is maximum. The
experimentally obtained ER cross sections as a function of

Eem. for the ®Ti + 12159Nd, “*Sm systems are shown in
Fig. 4.

Statistical model predictions with standard parameters do
not reproduce the experimental ER cross sections as it would
be subsequently found. To check the sensitivity of the ER
angular distribution on ER (or fission) cross sections, a test
calculation was made where fission was totally suppressed and
the entire incident flux went to ER formation. The calculations
were performed for two representative energies around 175 and
194 MeV c.m. energy for all three systems, in which we have
actually taken the measurements. The results are compared
in Fig. 5 where the effect of magnitude of the ER cross
section on ER angular distribution is found to be marginal.
Consequently, it establishes that the angular acceptance of the
experimental setup is practically independent of the magnitude
of the ER cross section. It may, however, be pointed out that
with increasing ER cross section, more and more compound
nuclei with higher spin become ER events. Consequently, the
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FIG. 3. Statistical model predictions for ER angular distribution of (a) *Ti + **Nd, (b) “*Ti 4 '*°Nd, and (c) *Ti + **Sm systems.
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TABLE IV. Measured ogg for **Ti + “>15°Nd, '**Sm systems as a function of E.,, and E*.

48y + ENE 48Ti_|_ 150Nq 48y + 44

E. .. E* Ogr  error E.n. E* OgRr  error E. . E* OfRr  error
(MeV) MeV) (mb) (MeV) (MeV) (mb) (MeV) (MeV) (mb)

140.43 26.41 11.35 £ 1.72 142.18 46.06 474 + 0.97 140.83 18.45 13.27 + 2.01
144.29 30.27 12.70 £+ 1.91 146.09 49.97 13.58 £ 2.04 144.70 22.32 17.89 £ 2.70
148.15 34.13 1291 £ 1.95 150.00 53.88 31.39 £ 4.72 148.58 26.19 18.14 £ 2.74
152.01 37.98 12.01 £+ 1.82 153.91 57.79 55.13 £ 8.29 152.45 30.07 15.87 £ 2.38
155.87 41.85 10.80 £ 1.64 157.83 61.71 63.97 £+ 9.60 156.33 33.94 15.99 £+ 2.44
159.72 45.70 11.80 £ 1.78 161.74 65.61 83.56 £ 12.59 160.19 37.81 1493 £+ 2.28
167.42 53.40 12.54 £+ 2.52 169.54 73.42 78.85 £ 11.89 167.92 45.54 14.77 £ 2.22
175.13 61.10 10.30 £+ 1.55 177.35 81.23 58.52 + 9.69 175.65 53.27 10.81 & 1.64
182.81 68.78 8.80 + 1.34 185.14 89.02 44.63 £+ 6.72 183.37 60.98 797 £ 1.20
194.34 80.31 6.70 £ 1.02 196.83 100.71 33.02 £+ 4.96 194.94 72.55 5.43 £+ 0.82
202.01 87.98 7.19 £+ 1.11 204.61 108.49 28.73 + 4.33 202.63 80.25 5.28 £ 0.80

average CN temperature for ER events decreases. One would
therefore expect a narrower angular spread with increasing ER
cross sections. This trend is in fact seen in Fig. 5 though the
effect is found to be marginal.

IV. STATISTICAL MODEL CALCULATIONS

The experimental ER excitation functions were next com-
pared with predictions from the statistical model of CN
decay. The statistical model calculations were based on the
assumption that the whole of the incident flux led to the CN
formation, i.e., after capture, complete fusion between the
target and the projectile was assumed while the possibility of
NCN events was neglected [38]. The CN can decay into two
major products, namely, the ER or the fission fragments along
with the emission of light particles like neutrons, protons,
o particles, and y rays. While the particle and y emission

100

——TTT
]
]
Ll
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E _ (MeV)
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FIG. 4. ER cross sections for *Ti 4 “>!%°Nd, '**Sm systems as
a function of E , .

widths were obtained from the Weisskopf formula as given in
[39], the fission width was calculated from the transition-state
theory of nuclear fission due to Bohr and Wheeler [40]. The
Bohr-Wheeler fission width for a nucleus with total excitation
energy E, measured, with respect to the ground-state mass of
the CN, and angular momentum / is given as

Y1 ! e / de, (4
El)= —— J[E* — By(l) — ,
BV(E.I) 2%(,5*)/0 o5l () — elde, (4)

where E* is the intrinsic or thermal part of £ and is given
as E* = E — Eq(l) — Epair, With Eq (/) and Ep, being
the rotational and pairing energies, respectively. The level
densities at the ground state and the saddle configuration
are denoted by p; and p,, respectively, and B(/) is the
angular-momentum-dependent fission barrier. Introducing the
phase-space factor fiwg(l)/T to account for the collective
degrees of freedom in the ground state [41], the fission width
was obtained as

T (El) = @r?w(an, (5)

Here w, (/) is the frequency of a harmonic oscillator potential
having the same curvature of the nuclear potential at the ground
state and 7 is the CN temperature.

The fission barrier B (/) in the present calculation was
obtained by incorporating the shell correction in the liquid-
drop nuclear mass [42]. The shell correction term § is given as
the difference between the experimental and the liquid-drop
model (LDM) masses (§ = Mexp — Mppm). The fission barrier
then, is given as

B(l) = B™M(l) — (8, — 8). (6)

where B];DM(Z) is the angular-momentum-dependent LDM
fission barrier and 8, and &, are the shell correction energies
for ground-state and saddle configurations, respectively. The
LDM fission barrier was obtained from the finite-range rotating
liquid-drop model (FRLDM) potential [43] and the ground-
state shell corrections were taken from [44]. We further
introduced a scaling factor Ky for the LDM fission barrier
which was adjusted in order to reproduce the experimental ER
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FIG. 5. ER angular distribution comparison with fission (dashed lines) and fission suppression (dotted lines) at two energy points for (a, b)
BTj 4+ “2Nd, (c, d) ®Ti + °Nd, and (e, ) ®Ti + '"“*Sm systems obtained using statistical model calculations.

cross sections, and the following form of the fission barrier
was used in the present work

By(l) = K;BPM() — (8, — 8,). ©)

For 8, and &, we used the prescription given in Ref. [45]
for the deformation dependence of the shell correction,
which yields a very small value of shell correction at large
deformations and full shell correction at zero deformation. For
small angular momentum of the CN, the fission barrier is high
and the nuclear shape at the saddle is highly deformed and con-
sequently, the shell correction at saddle deformation becomes
negligible. However, with increasing angular momentum, the
saddle configuration becomes more compact and for a large
value of the angular momentum where the LDM fission barrier
vanishes, the ground state and saddle configurations become
infinitesimally close to each other. Consequently, the shell
correction term in the fission barrier also vanishes in the above
limiting condition.

The relative strengths of various decay modes of a CN
depends on the density of levels of the parent and the daughter
nuclei. The level density in turn is a sensitive function of the
level density parameter (a), which was taken from the work of
Ignatyuk et al. [46], who proposed the following form which
includes shell effects at low excitation energies and goes over

to its asymptotic form at high excitation energies:
E*
f( )) 5.
E*

J(E") =1—exp(—E*/Ep),

W(E") = &(1 + ®)

with

€))

where 4 is the asymptotic level density and Ep is a parameter
which decides the rate at which the shell effects disappear
with an increase in the intrinsic excitation energy (E*). A
value of 18.5 MeV was used for Ep, which was obtained from
an analysis of s-wave neutron resonances [47]. The shape-
dependent asymptotic level density @ was taken from Ref. [47].

We next included the effect of the K degree (angular-
momentum component of the CN along the symmetry axis)
of freedom in fission width. The angular momentum of a CN
can change its orientation from its initial direction along the
perpendicular to the symmetry axis (K = 0) to nonzero values
of K due to the coupling of the K degree of freedom with
intrinsic nuclear motion [48]. Assuming a fast equilibration of
the K degree of freedom, the fission width can be expressed
as [49]

K()V 21
er
2+ 1

T (E,l)=T/(E,lK =0) f<l+%) (10)
f(ED=THELK = </3)
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where

Kj = Ie,fsz, (1)
and I = Il , I, and I} being the moment of inertia at the

T—1
saddle of tht: n”ucleus perpendicular to and about the nuclear
symmetry axis. Here I' s (E,l, K = 0) denotes the fission width
given in Eq. (5).

One of the important inputs to the statistical model calcu-
lation is the spin distribution of the fused system. We obtained
the CN spin distribution from coupled-channel calculations
using the CCFULL code [50] where the potential parameters
were adjusted in order to fit the fusion excitation function.
The projectile and target excited states used in the coupled-
channel calculation are given in Table I. Using the CCFULL
predicted CN spin distributions, we performed statistical
model calculations with Ky as an adjustable parameter to
reproduce the ER cross sections. Calculations were performed
by both including and excluding shell effects in the level
density and fission barrier. ER cross sections calculated with
shell effects and for different values of K¢ are compared with
the experimental excitation function in Fig. 6. Statistical model
predictions without considering shell effects are also shown in
Fig. 7 along with the experimental ER cross sections.

V. DISCUSSION

It is observed from the experimental ER excitation
functions that the ER cross sections for “*Ti 4+ "°Nd forming
198Pb are substantially larger than those of “*Ti + '*Nd and
BTi 4 *Sm systems forming '*°Pb and '*?Po, respectively,
though the excitation energy of '*®Pb is higher than those
of Pb and '°?Po at the same center-of-mass energies on
account of the difference between Q values of the reactions.
The higher stability of '*®Pb against fission compared to '*°Pb
and '°*Po can be attributed to the higher LDM fission barrier
(11.90 MeV) of '?®Pb than those of *°Pb and '**Po (10.04 and
7.59 MeV, respectively) as well as to the higher shell correction
energy (—5.08 MeV) of the former compared to the other
two compound nuclei (—0.43 and 0.92 MeV, respectively).
The above features are qualitatively reflected in the statistical
model predictions for ER cross sections as shown in Figs. 6
and 7. However, a scaling factor for the LDM fission barrier
is required to fit the experimental data. The calculated ER
excitation functions for different values of the scaling factor
are given in Fig. 6. While a reduction of the LDM fission
barrier is found necessary to reproduce the experimental ER
cross sections for the **Ti + '*2Nd and **Ti + '**Sm reactions,
fission barriers larger than the LDM barrier are required for
the *3Ti + "ONd reaction to fit the experimental data.

The best-fit values of the barrier scaling factor K¢ obtained
from statistical model calculations where shell correction
is included both in the level density parameter and the
fission barrier lie in the range (0.75-0.85) for the CN *°Pb
while the ranges for 198pp and ’Po are (0.65-0.70) and
(1.0-1.25), respectively. Without shell correction in statistical
model calculation, the best-fit values of Ky lie in the ranges
(0.75-0.85), (0.75-0.85), and (0.95-1.15) for the compound
nuclei '°Pb, '8Pb, and '*Po, respectively. The best-fit Ky

PHYSICAL REVIEW C 96, 034613 (2017)
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FIG. 6. Experimental ER cross sections (filled symbols) vs E .
plotted with the theoretical results (various lines) obtained from the
statistical model calculations after varying K; values for (a) **Ti +
M2Nd, (b) ®*Ti + "°Nd, and (c) **Ti + **Sm systems including the
shell correction in the level density and the fission barrier.

values are shown in Fig. 8. It may be noted from Fig. 8 that
shell correction does not make much difference in the scaling
factor for '°Pb on account of its small value. However, the
shell correction decreases the best-fit values of K¢ for ®Pb
and increases the same for '°?Po as expected from the nature
of shell correction in the two nuclei (negative for '*®Pb and
positive for '°?Po).

A barrier scaling to fit experimental ER cross sections was
found necessary in a number of earlier works [4,5,21,51].
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FIG. 7. Same as Fig. 6, but excluding the shell corrections.

Scaling factors less than 1 were reported for a number
of Po isotopes populated through different (projectile +
target) combinations [51]. Scaling factor values in the range
(0.65-1.0) were required to fit experimental ER cross sections
of 213215217k jsotopes formed in '’F-induced reactions in
the energy range of 82-122 MeV [5]. Mohanto et al. [4]
also reported K¢ values in the range (0.70-1.10) to fit the
experimental ER cross sections of *°Si,>'P + "°Er systems
in the energy range of 110-150 MeV. For the **Ti + '*2Sn
system, barrier scaling factors in the range (0.65-1.0) were
required [26].

Since statistical model calculations assume that the fusion
probability of the target and projectile nuclei after capture is
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FIG. 8. Comparison of the best-fit values of K; as a function of
E. ., using FRLDM fission barrier (a) including shell effects in the
level density and fission barrier and (b) excluding shell corrections
for 8 Ti 4 “2150Nq, **Sm systems.

unity, overestimation of ER cross sections in comparison to
experimental data can indicate that all capture events do not
necessarily lead to complete fusion. Consequently, a barrier
scaling factor less than unity can be interpreted as a signature
of NCN processes [52]. Statistical model calculations for
the present data therefore indicate the presence of NCN
processes for the “*Ti + *>Nd and **Ti 4 '°Nd reactions.
However, statistical model results suggest no NCN process
for the *3Ti + '**Sm reaction. A similar observation was also
made in Ref. [7] where fission fragment mass distributions
in the **Ca + '**Sm reaction indicated no QF. However, it
is observed from a comparison of the present results for the
Ti + 2Nd forming the CN °Pb and **Ti + **Sm forming
the CN '?Po that though the statistical model predictions for
ER cross sections for '°°Pb is about an order of magnitude
higher than that for '®?Po due to shell closure of '*°Pb, their
experimental values are comparable. This is surprising because
the entrance-channel dynamics which decides the probability
of CN formation is expected to be similar for the two reactions
on account of their Q values being very close and both target
nuclei being spherical. Further investigation to settle this issue
is required possibly through the entrance-channel dynamical
calculations to determine the CN formation probability as well
as further improvements in the statistical model of CN decay.
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VI. SUMMARY AND CONCLUSIONS

We have measured ER excitation functions for the **Ti +
142.150Nq, 14 Sm systems over a broad range of beam energies.
We have also performed a statistical model analysis of ER cross
sections for these systems. The experimental ER cross sections
of the “*Ti + ''Nd system are substantially higher than in the
other two systems. The higher stability of **Pb formed in the
“Ti 4 15Nd reaction can be traced to its larger LDM fission
barrier as well as its larger shell correction energy compared to
those of the CN formed in the other two reactions. Further, ER
cross sections for both the **Ti + 1>15°Nd systems are much
smaller than the statistical model predictions. This depletion
of ER cross section suggests the presence of NCN processes
in these two reactions.

A difference is, however, noted between the *3Ti + '**Sm
and *Ti + '°Nd systems since the statistical model pre-
dictions do not overestimate ER cross sections for the

PHYSICAL REVIEW C 96, 034613 (2017)

BTi 4+ *Sm system while it does so for the **Ti + **Nd
system. Entrance-channel descriptions (Q values and target
deformations) of these reactions being very similar, the above
difference remains an open question.
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