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Evaporation residue cross sections for the '°0 + 2°%205T] reactions were measured at laboratory beam energies
in the range of 82—-113 MeV using a gas-filled separator. Transmission efficiency of the separator was estimated
using a calibration reaction '°0 + '’ Au and by simulating the evaporation residues angular distributions.
Statistical model calculations were performed for both the measured systems. These calculations overestimate
the experimental evaporation residue cross sections. This could be attributed to the presence of noncompound
nuclear fission. An estimation of noncompound nuclear fission contribution was carried out. Comparison with
neighboring systems shows that a slight change in the entrance channel or the compound nucleus properties
makes a large difference in evaporation residue cross sections.
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I. INTRODUCTION

Heavy-ion fusion-fission reaction dynamics has been an
active field of study for the past several decades and it is
still not fully understood, especially for the heavier nuclei
(A > 200 amu) around the barrier. Heavy-ion fusion reactions
are particularly important as they are the most successful
mechanisms for superheavy element (SHE) production [1-3].

One-dimensional barrier penetration model explains the
nuclear fusion quite reasonably. However, it underestimates
the fusion cross sections near and below the Coulomb barrier.
The enhancement of experimental reaction cross section was
found to be due to the coupling of various internal degrees of
freedom, such as static deformation of the collision partners,
collective surface vibrations, and transfer channels, etc., with
the relative motion [4,5]. The tunneling through the barrier
and subsequent capture are enhanced by the coupling of these
internal degrees of freedom around the barrier.

As per the compound nucleus (CN) hypothesis, the din-
uclear system follows a long dynamical path during which
it equilibrates in all degrees of freedom or reseparates into
fission-like fragments. The CN which de-excites via particle
evaporation or y emission and survives fission, ends up as
various evaporation residues (ER). Formation of these ERs
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depends on the capture probability, CN formation probability,
and its survival probability against fission. The ER cross
section is given as

OER = Ocygp X PCN X Pury, (l)

where o, is capture cross section, Pey is CN formation
probability, and Py, is its survival probability against fission.
For light and very asymmetric systems, merely overcoming
the capture barrier is sufficient for CN formation but this is
not the case for heavier systems, as they may reseparate before
CN formation.

It was observed that at higher excitation energies, the
prescission neutron, charge particle, and giant dipole res-
onance (GDR) y-decay multiplicities exceed the statistical
model predictions [6]. Inclusion of dissipation or viscosity
effects into the Bohr-Wheeler formalism [7] is required to
explain these higher multiplicities. These effects reduce the
fission and increase the particle and y emission in the presad-
dle region and thereby the ER cross section. However, often
the ER cross sections cannot be reproduced with the same
strength of dissipation [8,9]. Usually a smaller dissipation
strength is required to reproduce the ER data in comparison
with that required for prescission multiplicity data. For a
number of systems, the fission is enhanced by reducing the
height of the liquid drop model (LDM) fission barrier to fit
the ER cross sections [10,11].

While explaining the reaction excitation function, any
deviation from the standard statistical model predictions is
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generally attributed to either the presence of proton or neutron
shell closure in the compound nucleus or to the contribution
from noncompound nuclear fission (NCNF). While shell ef-
fects are known to give extra stability against fission, NCNF
reduces the probability of complete fusion. Their influences
on fusion-fission dynamics have been studied extensively.

Around the A =200 amu mass region and beyond, CN
fission and NCNF coexist and it is very difficult to experimen-
tally disentangle these processes, as they have overlapping ex-
perimental signatures [12]. Recently, a systematic analysis of
existing ER cross-section data in the mass region of 170-220
amu [13] identified the approximate boundaries from where
the average fusion probability (Pcn) deviates from unity.

Effects of proton and neutron shell closures (Z = 82
and/or N = 126) on survival of ER against fission [14-18],
fission fragment angular anisotropy [19,20], mass distribution
[21], quassifission [22], and other observables like o decay
[23] have been studied. The ERs, being the true signature of
CN formation, can be used to explore the onset of NCNF and
also the dissipative and shell effects. Though extensive work
is reported on ER measurements by various groups, there are
still several unanswered questions requiring further studies
to get a complete picture of the nuclear reaction dynamics
leading to a better understanding of SHE formation.

In the present work, we report the measurements of ER
cross sections for 00 4 293295T] reactions. To the best of
our knowledge there are no reported measurements on these
reactions to date. The experimental details are given in Sec. II,
data analysis is given in Sec. III followed by results and
discussion in Sec. IV, and, finally, a brief summary in Sec. V.

II. EXPERIMENTAL DETAILS

Measurements were carried out at the 15 UD Pelletron
accelerator facility of IUAC, New Delhi (India) [24,25]. A
pulsed beam of '°0, with pulse separation of 2 us and a pulse
width of 1 ns was used to bombard 2**TI and 2*TI targets
of thicknesses ~175 # 10 ug/cm? and 155 £10 pug/cm?,
respectively, with thin (~35 ,u,g/cmz) carbon backing [26].
Experiment was carried out at laboratory projectile energies
(Eyap) in the range of 82113 MeV.

The ERs were separated from the background events using
the first stage of the HYbrid Recoil mass Analyzer (HYRA)
[27] operated in gas-filled mode. HYRA is a dual-mode, dual-
stage spectrometer/separator with its first stage capable of
operating in gas-filled or vacuum mode in normal kinematics
and both stages in vacuum mode in inverse kinematics. The
magnetic field region was filled with helium gas at a pressure
of 0.15 Torr. The gas-filled region was separated from the
beam line vacuum using a diamond-like carbon foil of ~3 um
thickness and 15 mm diameter.

In the target chamber, two silicon detectors were placed
at a laboratory angle of 25°, with respect to beam direction,
in the horizontal plane, for absolute normalization of ER
cross sections. At the focal plane (FP) of HYRA, a multiwire
proportional counter (MWPC) [28], having an active area
of 15.0 x 5.0 cm?, followed by a double-sided silicon strip
detector were used to record the ERs. A very thin (0.5 pum)

mylar foil was used as the entrance window of the MWPC
in order to minimize the ER energy loss prior to its detection
in the MWPC. The effective active area of the MWPC was
reduced to 11.0 x 5.0 cm?, due to the foil supporting flange.
The MWPC was operated at ~3 mbar of isobutane. Magnetic
fields were optimized around the calculated values [29], at
each energy point, by maximizing the ER yield at the focal
plane. Times of flight (TOFs) of the ERs were recorded taking
MWPC anode signal as “START” and RF signal of beam
pulsing system as “STOP.” Yields of ERs were extracted from
the coincidence spectrum between energy loss AE (from the
cathode of MWPC) and TOF.

III. DATA ANALYSIS

A. ER cross section

The number of events selected from a two-dimensional
spectrum of AE vs. TOF has been used to obtain the ER cross
section using the equation

YER do Q 1 (2)
O] = — | — -,
B Yoon \dQ ) . ™" e

where ogg is the ER cross section (in mb), Ygr is ER yield
at the focal plane of HYRA, Yy, is the average yield in
monitor detectors, ¢ is the transmission efficiency of the
separator, and Qy,0n is the solid angle (in Sr) subtended by
each monitor detector. (j_g)Ruth is the differential Rutherford
scattering cross section (in mb/Sr) in the laboratory system at
chosen scattering angle and energy.

B. Transmission efficiency

In Eq. (2), apart from the experimental observables, trans-
mission efficiency (g) of the separator is an important factor,
which needs to be known precisely in order to extract absolute
ER cross sections. Transmission efficiency of the separator
is the ratio of the ERs detected at the focal plane of the
separator to the total number of ERs produced at target site
and depends on several factors, such as entrance channel
mass asymmetry, beam energy, geometrical acceptance of the
separator, target thickness (due to multiple scattering), helium
gas pressure in the separator, focal plane detector size, and
presence of some short-lived isomers [30]. Isomers with a
half-life less than ER TOF may result in Auger processes
and thereby change the ER charge state in flight and may
deviate its path drastically and hence affect the transmission
(for vacuum mode separators). For gas-filled separators the
dilute gas (He in this case) is expected to reset the charge
state along the trajectory. Moreover, in gas-filled separators,
the ERs with different charge states tend toward a mean charge
state through multiple collisions in the dilute gas medium and,
on average, follow a mean trajectory. Hence, the presence of
short-lived isomers is not expected to affect the transmission
drastically for gas-filled separators.

The transmission efficiency is generally measured during
the experiment, using a y detector at target site, via char-
acteristic y detection in both coincidence and singles mode
[31]. Such measurements involve coincidence studies between
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TABLE I. HYRA transmission efficiency values for the cal-
ibration reaction '°0 4 '""7Au at different beam energies using
Brinkmann et al.’s [33] ER data.

Reaction E, (MeV) ogr (mb) exayra (%)
10 + 7Au 93.4 168.3+ 16.8 0.13 £+ 0.03
99.5 131.1+£ 13.1 0.15 + 0.03

105.6 98.94+ 9.9 0.16 + 0.03

113.8 67.8+ 6.8 0.16 + 0.03

characteristic y rays at target site and ERs at focal plane.
These measurements require longer beam time. In addition
to this, we should keep in mind that the background at target
site will also be a serious problem in accurate estimation of
transmission efficiency. Therefore, at times, it may be nec-
essary to simulate it or scale from a nearby similar reaction.
In the present investigation, we have adopted the method of
scaling using a nearby system [32]. A calibration reaction
forming 2'*Fr through °0 4 "’ Au was used to estimate
the transmission efficiency. For this, we have used the ER
cross-section data from Brinkmann et al. [33]. The estimated
transmission efficiencies for '°0 + '°7 Au are given in Table I.

For scaling the efficiency to our measured reactions, we
simulated ER angular distributions for the calibration reac-
tion '°0 4 7 Au and for presently measured reactions, viz.
160 4 2032057 ysing the code PACE4 [34,35]. Transmission
efficiencies for the present systems were then scaled from
the calibration reaction by comparing the fraction of their
respective angular distributions passing through the geomet-
rical acceptance of HYRA, i.e., 9.5°, in a way similar to

our previous measurements [32,36—41]. Figure 1 shows the
angular distributions of ERs at different beam energies for
the measured reactions, viz. 100 + 203.205T], along with those
for the calibration reaction, i.e., '°0 + ' Au. The variation
of angular distributions are in accordance with the kinemat-
ics. With increasing energy, the angular distribution should
be forward focused. The calibration reaction '°0 + '*’Au
has more fraction of «-evaporation channels than non-c-
evaporation channels, hence having broader distribution. At
higher energies, '°0 4 293295T] systems also have more a-
evaporation channels and the shape of ER angular distribution
is quite similar to that for '°0 + 7 Au reaction. Transmission
efficiencies thus obtained for the reactions '°O + 2%3TI and
160 4- 29571 are listed in column 5 of Table II.

C. a-decay effects on ER transmission efficiency

If the half-life of the «-decaying ER is less than its TOF,
then it may decay inside the separator and the push given by
the emitted « particle may deflect the heavy recoil from its
path and thus reduce its transmission through the separator.
The «-decaying ERs produced in these reactions are mostly
actinium, radium, and francium isotopes. Statistical model
code HIVAP [42,43] was used to check the major decay
channels and their relative population in the studied reactions
in the measured energy range. Figure 2 shows the individual
ER yields for 0 + 25Tl and '°0 + 29Tl reactions using
HIVAP [42,43] at different beam energies. Only ER channels
with relative yield of more than 1% of the total ER were
considered.
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FIG. 1. Angular distributions of ERs at different beam energies using PACE4 [34,35]. The vertical line at 9.5° denotes the HYRA angular

acceptance.
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TABLE II. HYRA transmission efficiency eyyra for 0 + 2Tl and %0 + 2%°Tl reactions scaled from calibration reaction '°0 + '*7Au,
fraction of ERs reaching FP surviving the in-flight o decay (1¢-gecay)> and respective ER cross section (ogr) at different energies.

Reaction E,(MeV) Ecm (MeV) E*(MeV) €nyra (%) Na-decay (%) ogr (mb)
160 4 20371 82.1 76.1 34.0 0.18 +0.04 97.9 78+ 1.6
87.2 80.9 38.8 0.21 +0.04 99.2 13.1+26
92.3 85.6 43.5 0.18 + 0.04 99.8 16.8 £3.4
97.4 90.3 483 0.14 + 0.03 100 264 +53
102.5 95.0 53.0 0.16 £ 0.03 100 16.4 £3.3
107.6 99.7 57.7 0.14 + 0.03 100 11.8+24
112.7 104.4 62.4 0.13 +0.03 100 85+ 1.7
160 4 2057 82.1 76.2 33.1 0.23 £+ 0.03 10.9 54.6 +10.9
87.3 80.9 37.9 0.19 +0.04 45 67.9 + 13.6
92.4 85.7 42.6 0.17 + 0.03 224 53.9 +10.8
97.5 90.4 473 0.16 + 0.03 66.9 328+6.6
102.5 95.1 52.0 0.18 +0.04 89.4 237 £4.7
107.6 99.8 56.8 0.20 + 0.04 95.9 20.4 + 4.1
112.7 104.5 61.5 0.20 + 0.04 98.3 14.8 + 3.0

The « particles emitted in extreme forward or backward
direction will not deflect the ERs from their path. For an
ER traveling along the central trajectory, the push given by
emitted o, with an energy for the present case (~9 MeV), is

For the '°0O + 203T1 case, most of the ERs, as predicted by
HIVAP, have sufficiently long half-lives to reach focal plane
with hardly any loss due to decay. However, for the reaction
160 4+ 205T1, at lower energies, the exit channels 3n, 4n, or

a2n, produce a significant number of the ERs '8Ac, 2/ Ac,
and 2PFr, respectively, having half-lives of 1.08 us, 69 ns,
and 86 ns, respectively [44], much less than the average TOF
through the gas-filled separator HYRA. These nuclei decay
during the flight as per the radioactive decay law. As a result,
they are not transmitted fully through the separator.

sufficient to deflect the ER away from the view of the focal
plane detector. Only ERs decaying at the very end of the
flight path manage to be detected in the focal plane detector.
Therefore, as an extreme approximation, it is assumed that any
ER decaying in-flight will not reach the focal plane detector.
The transmission loss due to in-flight decay of short-lived

ERs is compensated considering their relative population,
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FIG. 2. Yield of individual exit channels for (a) '°0 4 2%*T1 and (b) '0 + 2%5Tl reactions at different beam energies by HIVAP [42,43].
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respective half-life, and the TOF through the separator. Col-
umn 6 of Table II shows the fraction of ERs entering the
separator, which survives the in-flight decay and reaches
the FP. The efficiency values listed in column 5 are further
multiplied by these fractions to have absolute efficiencies.
The ER cross sections thus obtained from the experiment are
summarized in column 7 of Table II. The overall errors in the
obtained cross sections are less than 20%.

D. Statistical model calculations

Experimental ER cross sections were analyzed using
HIVAP code [42,43], which incorporates a potential-barrier
passing model with standard statistical model (SSM). We
have used the standard parameter set suggested by Reisdorf-
Schadel [43]. ER cross sections calculated for strongly fissile
CN at energies well above the fusion barrier [45], are rela-
tively insensitive to the form of the nuclear potential [46,47],
and are mainly determined by SSM parameters which de-
scribe the deexcitation of CN. The macroscopic parameters of
the nuclear level densities in fission and evaporation channels
are provided by ratios of level densities, ay/a, > 1, due to
different shapes at the saddle and equilibrium states [42,43].
ay is the level density parameter at fission saddle point and @,
is after neutron evaporation. A damping constant of 18.5 MeV
[42,43,48] was used to take care of ground-state shell effects
which have been neglected at the saddle point. Empirical
masses [49] were used to calculate ground-state shell cor-
rections, excitation, and separation energies. As shown by

Sagaidak et al. [10], calculations performed in this work, at
above fusion barrier energies, depend only on one adjustable
scaling parameter k; of the LD fission barrier, i.e., the fission
barrier is given by B(£) = ka;D(Z)—(SWg_S_, where B;D(Z)
is the rotating LD fission barrier and §W, . is the difference
between the empirical and LD masses.

IV. RESULTS AND DISCUSSION

In Fig. 4 and Fig. 5, we plot ER excitation functions for
160 + 20T and 'O + 2O3TI, respectively. Statistical model
calculations, using HIVAP [42,43] (k; = 1), overpredict the
experimental ER cross sections, which might be due to the
presence of NCNF in these reactions. A reduced fission
barrier (ky < 1) may be required to reproduce the experimen-
tal ER cross sections. However, this alone does not confirm
the presence of NCNF. The reduced fission barrier is rather a
measure of the product Pony X Py being less than unity.

NCNF is usually not expected in reactions induced by '°0
and projectiles lighter than it. However, a recent systematic
study by Banerjee ef al. [13] hints that NCNF contribution
may exist even in '°O-induced reactions. They have shown
the variation of (Pcyn) with entrance channel mass asym-
metry n, charge product Z,Z;, and CN fissility xcn. None
of these parameters were found adequate to be used as a
single scaling variable to determine (Pcy). The authors identi-
fied the approximate boundaries where (Pcyn) starts deviating
from unity. The presently measured reactions '°0 + 29Tl
and '°0 + 2T1, with Z,Z, = 648, xcn = 0.758, 0.755 and

*
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FIG. 3.
along with HIVAP calculations.

Experimental ER and fission cross sections for the 12C 4 29Bj reaction (Beyec et al. [14], Gen-Ming et al. [51], Britt et al. [52])
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FIG. 4. Experimental ER cross sections for '°0 4 2°>Tl reaction along with HIVAP calculations.

n = 0.854 and 0.855, respectively, lie beyond these bound-
aries, indicating a probable contribution from NCNF. Here 7
lﬁjﬁ;ﬁi‘, A, and A; being mass numbers of
projectile and target, respectively. xcn is calculated as given
in Ref. [50].

In order to quantify the contribution from NCNF, we
followed a method similar to the one prescribed by Sagaidak
et al. [10]. The two reactions '>C + 2%°Bi [14,51,52] and
160 + 29571 produce the same CN, 22! Ac. The fission bar-
rier scaling factor ky is fixed using the asymmetric reaction
12C 4 29Bi, where NCNF is least expected. The experimental
cross sections are in considerable agreement with HIVAP
calculations with ky = 0.9, Poy = 1 (Fig. 3). In most of these
measurements [51,52], projectile energy was reduced using
thick degrader foils, thereby causing large uncertainties in
projectile energy at lower energies.

We calculated the ER cross section for '°0 4 2%°TI with
the same fission barrier scaling (k; = 0.9, similar to 2c+
209Bj reaction). However Py = 1 is not able to explain the
observed ER cross section. A value Pcy = 0.6 is able to
reproduce our results very well (Fig. 4). Since the '°0 + 29Tl
and '°0 4 29°TI systems are very nearly identical, we took
the same barrier scaling for '°0 + 2°>TI also and extracted the
similar value of Pcy (Fig. 5).

In order to see the change in Pcy due to change in &y, we
varied ky for the 12C 4 2%Bi reaction (keeping the HIVAP
predictions within the acceptable limits of the experimental
cross sections) from 0.89 to 0.91. Calculations for '°0 + 29Tl
with ky = 0.89 give Pox ~ 0.65 and with ky = 0.91, Poy ~

is given by n =

0.55. Accordingly, we have considered Pcy = 0.6 £ 0.05 for
the systems studied.

In both cases the Pcx so obtained is less than 1, implying
there is a possible contribution from NCNF. Considering
the scarcity of such measurements with lighter beams and
the poor energy definition of the projectile ('>C), in the
12C 4 209Bj reaction [14,51,52], the conclusion needs to be
established by studying these reactions using other probes.
Also more studies are required on few other systems to
unambiguously establish the contribution from NCNF.

One can notice in Fig. 4 and Fig. 5 that the measured
cross sections for '°0 + T agree with the HIVAP (k; =
0.9, Pcn = 0.6) predictions, for all energies studied while the
measured values for '°0 4 23Tl are substantially less than
the statistical model predictions near the Coulomb barrier
energies. Also one can infer from Table II (column 7) that the
experimental ER cross section for '°0 + 23Tl is significantly
lower than that of 'O 4 2%°TI near the Coulomb barrier
energies. Though more studies are needed to understand this
difference in this energy region, we find similar examples
in the literature [33,53,54]. When we compare the ER cross
sections of '°O + 2*®Pb [33,53] with that of '°0 + **Pb [54],
we see a similar dip in the '°O + 2**Pb case near the Coulomb
barrier. The reduced ER cross sections for both these systems
are shown in Fig. 6, and one could observe this similar
deviation between '°0 4 2%*Pb and '°O + 2%8pb.

We have made a comparison of the presently measured
systems with the 12¢, 190, and "F induced reactions in the
similar mass region. Comparison of reduced ER cross sections
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FIG. 5. Experimental ER cross sections for '°0 4 2%*Tl reaction along with HIVAP calculations.

(Ogr = %) of the measured systems with the neighboring
systems (Fig. 6) shows the effect of mass asymmetry in the
entrance channel on ogg and a probable contribution from

NCNF. The comparison also shows that a slight change in
the entrance channel or the CN properties makes a large
difference in ER cross sections. More measurements are
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100 — 12 208. 220. .
= f C+ "~ Pb- """ Ra, Mukherjee et al.
€ + 2Bi - ' Ac, Gen-Ming et al.
= "0 + 2Pb - 2Th, Hinde et al. (2002)

E A 150 Mpy . 224Th, Morton et al. 3
= v %0+ ®Pp - *Th, Brinkmann et al. =
B Yk 4+ 2%pp - P, Hinde et al. (1999)
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FIG. 6. Comparison of the reduced ER cross sections for '*0 + 2%TI and '°0 + 2®TI reactions with nearby systems (Brinkmann et al.
[33], Gen-Ming et al. [51], Morton et al. [53], Hinde et al. (2002) [54], Hinde et al. (1999) [55], Mukherjee et al. [56]).
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needed to have a better understanding of nuclear reaction
dynamics.

V. SUMMARY

Evaporation residue cross sections have been measured for
the systems '°0 + 2%3T1 and %0 + 2%>TI near and well above
the Coulomb barrier. There are no reported measurements on
these systems and as such our results are the first measure-
ments as far as we know. Statistical model calculations using
HIVAP overestimates the evaporation residue cross sections.
By introducing the fission barrier scaling factor k; = 0.9 and
compound nucleus formation probability Pcxy = 0.6, HIVAP
calculations agree with the experimental values for both the
reactions in the present study. This suggests that significant
contribution from noncompound nuclear fission processes are

probably responsible for the observed evaporation residue
cross-section reduction. Comparison of reduced evaporation
residue cross sections with neighboring systems shows that
a slight change in the entrance channel or in the properties
of compound nucleus makes a significant difference in the
observed cross sections. More studies are further required
to get a thorough picture of noncompound nuclear fission
contribution and the physics thereof.
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