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Abstract

This project analyzes the performance of the solid-state ISOL system at the
MASHA mass separator for optimal separation and detection of volatile
reaction products from heavy-ion reactions “°Ar + '¢Er, “°Ar + '48Sm, and
48Ca + 2*2Pu, producing neutron-deficient Hg and Rn isotopes. Using Origin
Pro, alpha-decay spectra were processed through stepwise plotting, peak
fitting, and channel-to-energy calibration to reconstruct decay chains and
generate energy-position heat maps, enabling clear visualization of isotope
distributions over detector strips without performing new experiments. The
study benchmarks the upgraded MASHA setup, including rotating target
box with hot catcher, ECR ion source, and optimized transport conditions,
which together enhance ISOL-based mass identification and decay studies
of short-lived superheavy nuclei. These results support ongoing searches
near the predicted island of stability and provide practical guidance for
further optimization of solid catcher materials and high-temperature ISOL
operation for SHE experiments at FLNR JINR.



1. Introduction

The production and study of superheavy elements (SHE) are strongly connected to
the evolution of heavy-ion accelerators, starting from the early cyclotrons at JINR
Dubna, which provided intense beams for fusion reactions and opened access to
ever-heavier nuclei. Modern SHE research combines such accelerators with
advanced separators to extend the periodic table and probe exotic nuclei where
shell effects dominate and production cross sections are extremely small. In this
context, the MASHA (Mass Analyzer of Super Heavy Atoms) facility at the Flerov
Laboratory of Nuclear Reactions (FLNR) is designed to determine mass-to-charge
ratios of heavy reaction products while simultaneously detecting their a decays and
spontaneous fission, which are crucial observables for reliable nuclide identification
MASHA operates using a solid-state ISOL (Isotope Separation On-Line) scheme:
fusion-evaporation residues are stopped in a high-temperature catcher, volatile
species are released, ionized, mass-separated, and finally implanted into
position-sensitive silicon detectors for decay spectroscopy. This approach is
particularly effective for volatile elements such as radon and mercury. In my project,
fusion reactions *°Ar + "®°Er, “°Ar + "*8Sm, and *®Ca + **Pu were used to produce
neutron-deficient Hg and Rn isotopes, and MASHA data were analyzed to construct
one-dimensional a-energy spectra and two-dimensional energy—position maps,
followed by energy calibration using known reference o lines and comparison with
evaluated decay schemes to assign isotope identities. The broader motivation is to
optimize the solid ISOL technique and MASHA's separation efficiency for volatile
reaction products, thereby enhancing sensitivity and selectivity in future SHE
searches and contributing to precision studies of nuclei near key neutron shell
closures and the predicted "island of stability”.



2. MASHA Setup

The upgrade of some parts of MASHA setup was done during the last years. First of all,
target box, ion source, data acquisition system, beam diagnostics and control system
were modified.

A schematic overview of the system target + catcher is shown in Fig. 1a. This uses
the block of rotating targets, assembled into cassettes, which is presented at Fig. 1b.
The idea to use rotating target instead stationary is better efficiency and heat
distribution. A photo of a target disc with 242Pu as a target is shown in Fig. 1b. The disc
rotated at the frequency of 25 Hz via Siemens electric engine. Changings touched a
heater also. Now it’s fully modified and represents thermally expanded graphite heated
directly by current. This removes the heating losses and irregularity of the heating. The
division foil was changed to thin graphite foil in connection to its thermal reliability in
comparison to titanium foil.

2.1 lon Source

The ion source is operated under ultra-high frequency conditions at about 2.45 GHz.
The incoming atoms of nuclear reaction products are ionized to the charge state Q =

+1 and accelerated up to 38 keV by a three-electrode electrostatic lens. The ion beam
formed is separated by the magneto-optical mass-to-charge ratio analyzer after.
Obtained for noble gases, the ionization efficiency is about 90 % . Traditionally the
noble gases (krypton, xenon) are chosen for the optimization of the ECR ion source
parameters because of its first ionization potentials have maximum values (VIIl group of
the periodic table) and these are chemical inert elements. For other elements it could
differ much, but in the present article it will be compared with Hg, which is proposed to
be chemical analogue of Copernicium, with inert gas.

Life time of atoms on the walls depends on the chemical inertia of the wall surface. The
walls of the source chamber are covered by titanium nitride (TiN which is chemical inert
compound) as well as the walls of catcher and transportation line between. This is
made because mercury has a large adhesion on steel and when the atom goes inside
the chamber it makes multiple collisions with walls before it ionizes. So, it means that
the neutral atom have a very large possibility to “sit” at walls and not to be ionized.
That is why a suggestion to cover stainless steel with TiN, which is chemically close to
ceramic, was made. Therefore, the ionization efficiency and outgoing time crucially
increased. For other elements, such as inert gases the covering affects does not affect
or have a minor affect to increase efficiency. The effective using of ion source is to get
the most suitable parameters for power, frequency of microwave generator and the
pressure of the buffer gas. Helium is injected in small proportions through piezoelectric
valve to reach the pressure at about 10-5 mbar, microwave radiation at frequency 2.45
GHz and power from 20 to 60 Watts to gather the stable plasma inside. At these
conditions we get beam current ~600-700 pA of the helium mixture in case if the
whole wave is absorbed by the source.
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Fig. 1 (a) Schematic overview of the target-hot catcher system. Here: 1- diaphragm;
2— pick-up sensor; 3 target on the wheel; 4— electron emission beam monitor; 5-
separating foil; 6- hot catcher. 1(b) The photo of the rotating target cassette in
assembly. 6 packs, 2 windows at 14 mm width each. Target material- 242Pu in oxide
state put on the Ti 2 um thick foil.




3. EXPERIMENTAL DATA ANALYSIS AND DATA PROCESSIONG

In nuclear spectroscopy, alpha-decay spectra are crucial for understanding
the structure and stability of heavy nuclei. Here, we analyzed three
complete-fusion reactions:

[.  4°Ar + “8Sm producing isotopes '®°Hg to '®Hg.
[I.  “°Ar + "*®Er producing isotopes 2°'Rn to #°*Rn.
lll. “8Ca + 242Pu producing isotopes ?'?Rn, ?'®Rn, and ?"*Rn

3.1 Basic Reaction Scheme for “°Ar + '3Sm
Fusion forms the compound nucleus,

Where '®Hg* is an excited compound nucleus. De-excitation proceeds
through an emission of a few neutrons, giving evaporation residues

188Hgx — (188xNHg + xn
Experiments with the 4°Ar + ¥8Sm system report production of the following
Hg isotopes as main residues: '®Hg,'8'"Hg,'®?Hg,'®*Hg,'8*Hg,'®°Hg.
3.2 Basic Reaction Scheme for “°Ar + '°°Er

The reaction °Ar + '®8Er forms a compound nucleus 2°°Rn*, which then
evaporates neutrons to produce the isotopes ?°'Rn to 2°°Rn.

40Ap 4 166Ep _, 206R*
Forming an excited compound nucleus with mass 206 and Z = 86 (Rn).
Neutron evaporation channels:
206Rn* — (206xNRR + xp  x=1-5
3.3 Basic Reaction Scheme for “¢Ca + #*?Pu

The multinucleon transfer reaction has been used at MASHA (FLNR JINR)
to produce and study the radon isotopes

48Ca + 242py — 212218219Rp + (other fragments, n, p, a...)



4. Histograms for Hg ( “°Ar + *8Sm)
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Hg-180

Detected peak (KeV) Isotopes Decay Energy (Kev) Branching Ratio (%)
6111 Hg-180 6119 47.9
5752 Pt-176 5753 40




5. Enerqgy-position matrix heat map for “°Ar + '“Sm reaction.
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6. Histograms for Rn.( “°Ar + '5Er)
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7. Enerqgy-position matrix heat map for “°Ar + '**Er reaction.
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8. Histograms for Rn.( “3Ca + ?*?Pu)
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9. Energy-position matrix heat map for “3Ca + ?*2Pu reaction
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10.Conclusion

This study comprehensively validated the performance of the MASHA
mass spectrometer in an analyzing products from heavy-ion fusion
reactions relevant to the synthesis of superheavy elements. Using the ISOL
method and an upgraded rotating target composed of carbon graphene
nanotubes, significant improvements were achieved in ion separation
efficiency, thermal stability, and measurement accuracy. The

reactions “°Ar + ¥8Sm and “°Ar + "66Er effectively produced and identified
mercury and radon isotopes, respectively, confirming the instrument’s high
mass resolution and detection precision. Minor challenges, such as beam
purity affecting the identification of 2°°Rn, highlight areas for further
optimization.

using “8Ca + 2*?Pu demonstrated clear correlations between separation
efficiency and isotope half-lives, particularly for 2'2Rn and 2'°Rn. The
measured alpha energies exhibited excellent agreement with theoretical
predictions, with deviations within 1-10 keV and FWHM values consistent
with expected standards. Overall, the results reinforce the reliability of
alpha spectrometry for isotope identification and nuclear decay mapping,
supporting continued investigations into nuclear structure near the proton
drip line. These advancements provide a robust foundation for future
experiments aimed at discovering new superheavy nuclei within the
predicted Island of Stability.
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