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Abstract. Present paper reports the mass distribution of fission events in the *N4'8'Ta
reaction at four different projectile energies viz., 82.2 4+ 0.8, 79.18 4+ 0.82, 76.8 & 1.2 and 72.9
+ 0.91 MeV using recoil catcher technique followed by off-line y-ray spectrometry. A single
peaked broad Gaussian mass curve has confirmed the nonappearance of any non-compound
nuclear fission. Further, the variance of the mass distribution is compared with the existing
literature data. It has been observed that the lower mass asymmetric system results in a lower
variance of the mass distribution.

1. Introduction

The nuclear fusion process is defined as the capture of a projectile by the target nucleus forming
fully equilibrated compound nucleus which subsequently decays by emission of particles followed
by ~-rays to form evaporation residues (ERs). When the compound nucleus is heavy the fission
process competes strongly with the evaporation of particles at each stage of the evaporation
process, however, the role of the angular momentum (¢) transmitted to the target nucleus is also
essential. For the values of ¢ above the critical angular momentum (¢..;;), the fission barrier
decreases and an immediate fission process route may take place. This is also a limiting factor
in the production of superheavy nuclei elements [1].

Recent experimental data on fusion [2, 3, 4, 5] at projectile energies 15% to 25% above
the Coulomb barrier suggests the presence of fission events involving the projectiles such as
R2CMUN160 and 2°Ne on medium mass targets, where fusion is expected to be a dominant
mode of reaction process. In-spite of extensive work carried out for a wide range of excitation
energy, and other entrance channel parameters [4, 6, 7, 8] a complete understanding of the
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Figure 1. A typical snapshot of the General Purpose Scattering Chamber (GPSC) (a) inside

view, target ladder is shown in the inset, (b) full view, and (c) In-vacuum transfer facility (ITF)
setup view. For details see text.

mechanism of various types of reactions populated at low energies is still missing. Measurement
of evaporation residues are signature of compound nucleus formation and useful probe to study
the statistical as well as dynamical aspects of fusion-fission reactions.

For gaining a better insight into heavy ion reactions, a detailed study of the decay products
of the compound nucleus ">Hg in N+181Ta system has been undertaken by our group. A part
of the data analysis involving fission events is reported in this paper.

2. Experimental Details

The experiment has been performed using N7+ beams from the 15UD pelletron accelerator
at the IUAC, New Delhi, India. The thin Ta target foils ( ~ 99.9 %) of 1.3 to 1.9 mg/cm? and
Al catchers of =~ 1.4 to 2.0 mg/cm? were prepared using the rolling technique. Each target was
followed by Al-catcher. Irradiations were performed in the GPSC of 1.5 m diameter having an
in-vacuum transfer facility (ITF) using conventional recoil catcher technique. Using this ITF
facility the samples after irradiation may be changed in the GPSC without disturbing the vacuum
inside the chamber. Thus, the time lapse between the stop of the irradiation and the counting of
the samples may be considerably reduced and thus induced activities of short half-lives may be
recorded. Keeping in view the half-lives of interest ranging from few minutes to several hours,
irradiations have been carried out for = 8-10 hours. Typical photographs of the GPSC are given
in figure 1 (a) inner view, target ladder in the inset, figure 1 (b) a full view of GPSC and figure
1 (c) the ITF setup. The flux of the incident N ions was monitored using an ORTEC current
integrator. The samples of 81 Ta alongwith appropriate catcher foil were irradiated at 82.2 +
0.8, 79.18 £ 0.82, 76.8 + 1.2, and 72.9 + 0.91 MeV beam energies at a constant beam current
~ 25 pnA. The activities produced in the samples were recorded off-line by HPGe detector of
100 c.c. active volume coupled to a CAMAC based software CANDLE [10]. The detector used
in this experiment was pre-calibrated for energy and efficiency using various standard y-sources
viz., 9Co, 133Ba and '°2Eu at different source-detector separations. A typical plot of the photo
peak efficiency of HPGe detector as a function of v-ray energies varying from 121 keV to 1408
keV using "?Eu point source at source-detector distance 3.0 cm, is shown in Fig. 2. It may
be mentioned that the target-detector separation was suitably adjusted so as to keep the dead
time < 10 %. In order to detect and follow the residues of longer half-lives, the counting of
irradiated samples has been done for several days. In the present work, we identified 22 fission
events based on their characteristic energy of y-lines and also from their measured half lives.
For the sake of completeness a typical decay curve plot for an arsenic radio-isotope ("YAs) is
shown in figure 3. The measured half-lives of all the fission-like residues [13] were found to be
in good agreement with their literature values [11].
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Figure 2. Typical plot of photo peak Figure 3. Typical decay curve of arsenic
efficiency of HPGe detector as a function of residue ("’As) at projectile energy 82.2 4 0.8
~v-ray energy. The solid line is drawn to guide = MeV.

the eye.

3. Data Reduction, Results and their interpretations

An experiment on the *N+181Ta reaction suggesting the population of radio nuclide viz., ' Hg,
190Hg, 191 Ay, 199Ay, 188Pt, and '8Pt via complete fusion (CF) and/or incomplete fusion (ICF)
processes in the framework of theoretical model code PACE [12] has been reported recently [13].
Further analysis of the experimental data done in the present work revealed the presence of
several residues which are not expected to be populated either by CF and/or ICF processes.
These residues were found to have charge and atomic mass values around half of the values for
the residues produced by composite systems formed as a result of fusion of projectile and the
target nucleus, indicating the possibility of their production only through fission of composite
systems. In a qualitative way, the fission arising due to the decay of the excited composite
system formed via complete momentum transfer from projectile to the target nucleus may be
termed as complete fusion-fission and via incomplete momentum transfer from the projectile to
the target nucleus may be termed as incomplete fusion-fission. Though the identification of 22
fission-like events based on decay curve analysis as has been explained in the previous section,
however, the formation cross-sections of such identified fission products is determined from the
FORTRAN program EXP-SIGMA based on standard formulation described elsewhere [13] at
82.2 + 0.8, 79.18 £+ 0.82, 76.8 £+ 1.2, and 72.9 £+ 0.91 MeV beam energies. It may be pointed
out that the overall error including statistical errors is estimated to be < 15%, excluding the
uncertainty in branching ratio, decay constant, etc., which have been taken from the Table of
Radioactive Isotopes [11].

The plots of experimentally determined production cross-sections of various fission fragments
at the studied energies are shown in figure 4 (a-d), respectively. The upward arrows indicate that
only the metastable states have been measured and the total production cross-sections of these
fission fragments are expected to increase. As can be seen in figure 4, the mass distributions of
fission fragments are almost symmetric and can be fitted with one Gaussian function (as given
in eq. 1) indicating the formation from the decay of compound nucleus.

Y, 2 /9.2
Y(4) = L aa)h |
(4) V2mod (1)

where, the symbols have their usual meaning [14]. From eq.1, the parameter mass variance
(02) is obtained after the Gaussian fit and may be used to understand the behavior of stability
of the decaying nucleus into fission via fissility. In order to explore this aspect, Itkis et al. [15]
analyzed a large collection of data over a wide range of fissility of compound nucleus at medium



XLII Symposium on Nuclear Physics 2019 IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1308 (2019) 012019  doi:10.1088/1742-6596/1308/1/012019

[T IARARS RARA T 103'"'x""x""x"'w""w"4 103:w""x AARRE RAARE RARAE RARES I Ul LR R LMARAR RN R
t E.. —822+08MeV 1 F E,=7918+1.2MeV | FE,=7618.+12MeV 102TE ‘7294+12MeV 4
10% ' ] [ ] ; E
T g 4 10%E 1
~ 10" £ ¢ 4
Ke] 1 E E
10F E ® E
E E 4 10'F 3
c [ 3
Re] [ L
B gl 10° F 3
& " 7 10°F 4 : E
o (5—1736+O71 1 r c= 163+060 1 r 6_1454+074 1 [ c= 136+125
(&) | I T P T Lovbennd 407 Lo T U T I R R P T T I P Y

0 10" 10 10
40 60 80 100120140160 40 60 80 100120140160 60 80 100 120 140 160 60 80 100 120 140 160
Mass Number (A)

Figure 4. (Color Online) The plots of experimentally determined production cross-sections of
various fission fragments at four different energies. The solid red line is the Gaussian fitting.
The size of the filled circles includes the uncertainty in the yield values.

excitation energies. Moreover, the behavior of the stability (in terms of saddle point) for any
system against the mass asymmetry («) can be understood in the frame of Businaro-Gallone
point (apg) [16], which is defined as the mass asymmetry for which the potential energy (saddle
point) is maximum for a given fissility (x = Z2/A). In the present work, the mass asymmetry
(a=(Ar-Ap)/(Ar+Ap)) for the presently studied system is 0.856 and is found to be greater than
the critical mass asymmetry (apg = 0.827) of the system which suggests that the system will
establish a mono-nuclear compact shape which facilitate equilibrium in all degrees of freedom
and thus fission proceeds via compound nuclear processes and hence, the mass distribution is
expected to be broad and symmetric.

Further, an attempt has been made to understand the role of entrance channel asymmetry
on the behavior of mass distribution of fission-like fragments, the available mass variance of the
fission fragments for different projectile-target combinations were compared with the presently
calculated mass variance as a function of mass asymmetry («). Figure 5 shows the distribution
of the variance w.r.t « for four projectile-target combinations at constant projectile energy
normalized with the Coulomb barrier (V). From the figure, it is noticed that the mass variance
increases with the mass asymmetry of the interacting ions. This suggests a broader distribution
of fission fragments for a more mass asymmetric system. However, more projectile-target
combinations with different mass asymmetry values are needed to understand the dependence
of mass variance on «.

In order to track the change in mass variance (0?) with excitation energy, the value of o
obtained from the Gaussian fitting procedure of mass distributions of fission-like fragments is
plotted as a function of excitation energy in figure 6. As can be seen in figure 6, the value of o2
increases with excitation energy, indicating larger spread in fission-fragment masses for higher
excitation energies. The observed variation in the value of o2 with excitation energy for the
present system follows the same trend as that reported by Ghosh et al. [19] in the above-barrier
region for three different projectiles (1°F, 160, and '2C) on a deformed target 232Th (see figure
4(a-c) of Ref [19]). It may be mentioned that the present system was studied at only four
energies above the barrier, hence the variation of the value of o with excitation energy at and
below the barrier energies needs to be further investigated to better understand this aspect.
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Figure 5. (Color Online) Mass asymmetry
vs variances for the three projectile-target
combinations (Gubbi 1996 [14], Dubey 2016

[17], Rusanov 2008 [18]).
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4. Summary and Conclusions
The present paper reports the production cross-section of several fission fragments populated at
The mass distribution parameters obtained from the present
measurements are studied in respect of mass asymmetry at constant normalized projectile
energies. It has been observed that mass variance seems to exponentially increase with mass
asymmetry but more experiments are required for different projectile and target combinations to
explore the actual picture of the mass asymmetry systematics. The mass distribution of fission
fragments at different excitation energies was studied to probe behavior of fission fragments.

four set of projectile energies.
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