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Abstract

The seventieth anniversary of the Joint Institute for Nuclear Research
provides a unique opportunity to trace the development of heavy-ion physics
at the Flerov Laboratory of Nuclear Reactions (FLNR). This review outlines
the major stages in the development of the FLNR experimental facilities, from
the first U-300 and U-200 cyclotrons to the present-day U-400 and U-400M
accelerators and the DC-280 cyclotron complex at the Superheavy Element
Factory. Particular attention is paid to how the increase in beam intensities,
the expansion of the range of accelerated ions, and advances in separation
and detection systems have enabled studies of progressively rarer nuclear pro-
cesses.

The review presents results on the synthesis and investigation of super-
heavy nuclei in “hot-fusion” reactions induced by 48Ca, including the produc-
tion of nuclei with atomic numbers up to Z = 118. Recent studies of new iso-
topes at the Superheavy Element Factory and prospects for further advances
toward heavier nuclei are also discussed. Particular emphasis is placed on the
prospects for using °°Ti and %*Cr beams in the synthesis of elements 119 and
120, studies of light exotic nuclei at ACCULINNA and ACCULINNA-2, and
investigations of fusion, quasifission, and multinucleon-transfer processes. The
development of applied research using heavy-ion beams is also highlighted.
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1 Introduction

Over the past seven decades, nuclear and particle physics have undergone substan-
tial changes not only in the range of scientific problems being addressed, but also
in the organization of experimental research itself. The increase in beam energies
and intensities, together with advances in accelerator technology, detector systems,
and computational methods, has gradually led to the development of large special-
ized research facilities. The capabilities of modern experimental installations are
determined not only by the maximum attainable energy, but also by the types of
accelerated particles, beam luminosity, time structure and polarization, detector
performance, and the ability to identify relatively rare processes against the back-
ground of large volumes of experimental data. The history of the Joint Institute
for Nuclear Research (JINR) provides an opportunity to trace this evolution over
nearly its entire course, from the accelerators of the 1950s to present-day research
facilities.

The Joint Institute for Nuclear Research (JINR) was established on March 26,
1956, as an international intergovernmental research organization for fundamental
studies in nuclear and high-energy physics [Fig. [I{a)]. The agreement establishing
JINR was signed by eleven founding states: Albania, Bulgaria, Czechoslovakia,
the German Democratic Republic, Hungary, Mongolia, the Democratic People’s
Republic of Korea, the People’s Republic of China, Poland, Romania, and the USSR.
Vietnam joined JINR later in 1956, while Cuba became a Member State in 1976.
Following the political transformations of the early 1990s, the membership structure
of JINR changed substantially, with several newly independent states joining the
Institute. Egypt became a full Member State in 2019.

At present, JINR comprises 15 Member States: Armenia, Azerbaijan, Belarus,
Bulgaria, Cuba, Egypt, Georgia, Kazakhstan, Mongolia, the Democratic People’s
Republic of Korea, Romania, Russia, Slovakia, Uzbekistan, and Vietnam. In ad-
dition, JINR maintains formal cooperation with Associate Members and partner
countries, further extending the geographical scope of its international scientific ac-
tivities.

At the time of its establishment, the Institute included the already operational
680-MeV proton synchrocyclotron [Fig.[1[b)] and the 10-GeV synchrophasotron then
under construction [Fig. [Ifc)]. The first laboratories were established at the same
time, covering theoretical physics, nuclear problems, high-energy physics, and neu-
tron physics. Shortly thereafter, the Laboratory of Nuclear Reactions was founded,
with its scientific program developing under the leadership of G. N. Flerov. From
that time onward, heavy-ion reaction studies became an independent and rapidly
developing component of the JINR scientific program.

Research at the Flerov Laboratory of Nuclear Reactions (FLNR) has always been
closely linked to advances in accelerator technology. The early facilities were suc-
cessively complemented and replaced by the U-300, U-400, and U-400M cyclotrons,
followed later by the construction of the DC-280 cyclotron. With each new acceler-
ator, the range of available ion beams was expanded and their intensities increased,
making it possible to investigate increasingly rare nuclear-reaction products. The
next major step was the establishment of the Superheavy Element Factory, de-
signed for the synthesis of new superheavy nuclei and for more detailed studies of
their properties. The current status of this program and the capabilities of the new
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Figure 1: Early activities of the Joint Institute for Nuclear Research. (a) Signing
of the Agreement on the establishment of JINR on March 26, 1956. Buildings of
(b) the synchrocyclotron and (c) the synchrophasotron, which formed the initial
accelerator infrastructure of the Institute. Photographs courtesy of the JINR Press

Office.

experimental infrastructure are discussed in Refs. [113].

One of the principal fundamental questions driving the development of this pro-
gram concerns the limits of existence of atomic nuclei. As the number of protons
increases, the Coulomb repulsion becomes stronger, opposing the formation of a
stable bound system. At the same time, shell effects can substantially enhance the
stability of certain heavy nuclei against spontaneous fission. These effects make
possible the existence of superheavy nuclei in a region where a purely macroscopic
description would no longer predict appreciable lifetimes. The predicted region
of enhanced stability of superheavy nuclei has therefore provided one of the main
motivations for the long-standing experimental search for new elements and their
isotopes ,.

A particularly important role in these studies has been played by complete-fusion
reactions induced by *®Ca beams on actinide targets. The relatively large neutron
excess of ¥Ca, combined with its favorable structural properties, made it possible
to form comparatively neutron-rich compound nuclei and to extend experimental
studies substantially into the region of superheavy elements. One of the key results
of this program was the observation, in the 2*Cf + 48Ca reaction, of decay chains
attributed to 2**Og [4]. Together with the results obtained in other **Ca-induced
reactions, these experiments substantially expanded the known region of superheavy
nuclei and provided new information on their lifetimes, decay modes, and the role
of shell effects.

The present-day objectives, however, are no longer limited to the production of
the next new element. As experimental statistics have improved, increasing empha-
sis has been placed on studies of the properties of superheavy nuclei, the search for
new isotopes, and progress toward more neutron-rich species. At the same time, the
development of the accelerator infrastructure has broadened the scope of applied
research. The construction of the Superheavy Element Factory was motivated to a
large extent by the need to increase the efficiency of such experiments. The DC-
280 cyclotron was designed to provide substantially more intense heavy-ion beams,
while the new DGFRS-2 gas-filled recoil separator provides more efficient separa-
tion of complete-fusion reaction products. The first experiments at the Factory
demonstrated the capabilities of the new complex, in particular in studies of the
23 Am + *8Ca reaction, in which 2®*®Mc nuclei were produced and the new isotope
264 r was identified [5].

The next major step is the search for elements with Z > 118. The experimental

172



Advances in Nuclear Science and Applications Volume 2, No.3 (2026)

situation in this region is considerably more challenging. The use of **Ca is limited
by the availability of sufficiently heavy target nuclei, and the synthesis of elements
119 and 120 therefore requires a transition to heavier projectile ions. Among the
most important candidates are °Ti and **Cr beams. At the same time, the ex-
pected production cross sections decrease, while the requirements on beam intensity,
target stability, reaction-product separation efficiency, and the reliability of single-
event detection become substantially more stringent |6]. Thus, further extension of
the Periodic Table is no longer determined by a single performance parameter, but
rather by the efficiency of the entire experimental chain.

Research at FLNR, however, is not limited to the region of superheavy elements.
A second major direction concerns nuclei located far from the line of beta stabil-
ity. In light neutron- and proton-rich systems, the effects of weak binding, unusual
spatial nucleon distributions, cluster configurations, and exotic modes of radioac-
tive decay become particularly pronounced. To investigate such systems, FLNR has
developed methods for the production of radioactive beams and the separation of
secondary nuclei; one of the modern instruments in this field is the ACCULINNA-2
fragment separator 7). The study of nuclei near the limits of nucleon stability is of
fundamental interest in its own right, since phenomena such as two-proton radioac-
tivity and other exotic decay modes emerge in this region and are directly related
to the structure of weakly bound nuclei [§].

The development of the Laboratory of Nuclear Reactions can be viewed in terms
of three closely related directions: advances in heavy-ion accelerators, studies of
heavy and superheavy nuclei, and investigations of light exotic nuclei near the limits
of nucleon stability. These areas are united by a common experimental challenge:
the production and study of nuclei formed with very low probabilities and often
characterized by short lifetimes.

The present review focuses on the evolution of these experimental capabilities,
from the first cyclotrons to the Superheavy Element Factory and modern facilities for
exotic-nuclei research. Particular attention is given to the synthesis of superheavy
elements, the role of *¥Ca-induced reactions, the search for elements 119 and 120,
and the prospects for producing new neutron-rich nuclei.

The seventieth anniversary of JINR provides an appropriate occasion to assess
both the progress achieved and the challenges ahead, including the extension of the
Periodic Table, studies of the structure and decay of superheavy nuclei, and the
development of reaction mechanisms capable of accessing still unexplored regions of
the nuclear chart.

2 The FLNR accelerator complex

The history of the Flerov Laboratory of Nuclear Reactions closely parallels that of
JINR itself. From the outset, heavy-ion reactions were recognized as a powerful tool
for exploring nuclear properties. Compared with reactions induced by light charged
particles, collisions between complex nuclei provide access to a much broader range
of reaction mechanisms, including multinucleon transfer, fusion and fission, and the
formation of highly excited and strongly deformed nuclear systems. They also make
it possible to produce nuclei that do not occur naturally. These opportunities formed
the basis of the heavy-ion research program at JINR.

On May 17, 1957, G. N. Flerov presented a program of heavy-ion research to
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the JINR Scientific Council. The Laboratory of Nuclear Reactions was established
three days later, on May 20, with Flerov as its director. He headed the Laboratory
for more than three decades. The new laboratory grew out of earlier work on the
acceleration of multiply charged ions and their interactions with nuclei. According
to the review by Yu. Ts. Oganessian and B. 1. Pustylnik, Flerov’s group had already
carried out the first experiments of this kind in 1956 at the cyclotron of the Institute
of Atomic Energy in Moscow [9]. The establishment of the Laboratory in Dubna
made it possible to develop these studies into a systematic experimental program.

This program required a dedicated accelerator capable of delivering intense heavy-
ion beams over a broad mass range. The choice of projectile and beam energy
strongly affects both the reaction mechanism and the products formed. Accelerator
development was therefore closely tied to the scientific goals of the Laboratory, a
connection that has remained characteristic of FLNR research ever since.

The first major accelerator built for the new laboratory was the three-meter U-
300 cyclotron. The project was initiated by G. N. Flerov, and the main accelerator
components were manufactured at the Elektrosila plant in Leningrad. The first
nitrogen-ion beam was accelerated on September 9, 1960, reaching energies of about
10 MeV per nucleon. At that time, the U-300 offered high beam intensities and
access to a broad range of heavy ions.

The U-300 considerably expanded the experimental program of the Laboratory.
It allowed long experimental runs and systematic studies of reactions between com-
plex nuclei. The accelerator was used for investigations of heavy-element synthesis,
radioactive nuclei, and nuclear-reaction mechanisms. Many of the research direc-
tions that later became central to FLNR were established during this period [9,/10].

As the research program grew, so did the demands on the accelerator complex.
Experiments required a wider range of ion species and energies, higher beam inten-
sities, and more reliable operation over long periods. The U-300 could no longer
meet all of these requirements. The next step was the U-200 isochronous cyclotron,
commissioned in 1968. The U-300 and U-200 were later operated as complementary
facilities, providing different beam conditions for heavy-ion experiments [10].

A major qualitative advance came with the commissioning of the U-400 cyclotron
in 1978. The U-400 was a powerful isochronous cyclotron with an azimuthally
varying magnetic field and was capable of accelerating a broad range of heavy ions.
Compared with the previous generation of accelerators, its capabilities were better
suited to the problems that had become central by that time: the synthesis of heavy
nuclei, studies of fusion and fission processes, and investigations of nuclei far from
the region of stability.

During the following decades, the U-400 underwent several upgrades. Of par-
ticular importance was its capability to deliver sufficiently intense 48 Ca beams at
energies optimized for complete-fusion reactions with heavy actinide targets. In
long-term experiments, beam intensities reached approximately 1 puA at energies
of about 5.3—5.7 MeV per nucleon [11]. A substantial fraction of the experiments
that shaped the modern superheavy-element program were subsequently performed
at the U-400.

The U-400 stage also clearly demonstrated a key feature of experiments aimed
at the synthesis of new nuclei: reaching the required beam energy alone is not suffi-
cient. When the reaction cross section is small, beam intensity and stability, the du-
ration of continuous accelerator operation, target performance, and the efficiency of
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reaction-product detection become decisive factors. Accelerator development there-
fore evolved not only toward a broader energy range, but also toward higher beam
intensities and greater operational reliability.

By the beginning of the 1990s, another major accelerator, the U-400M, had been
commissioned at FLNR. It entered operation in 1991 and was initially designed to
accelerate heavy ions to energies of up to several tens of MeV per nucleon. This
energy range was particularly suitable for studies of nuclear-reaction mechanisms
and for the production of secondary radioactive beams. The capabilities of the
facility were gradually expanded through the introduction of new ion sources and
improved beam-injection and extraction systems [11].

The U-400M also played an important role in studies of light exotic nuclei. Stable
beams provide access to only a limited part of the nuclear chart, whereas investiga-
tions near the proton and neutron drip lines require radioactive beams. Such beams
are typically much less intense, and the nuclei of interest may have very short life-
times. Their production, separation, and transport therefore require specialized
experimental techniques.

This concept was further developed within the DRIBs (Dubna Radioactive lon
Beams) project. In one of the schemes, the U-400M beam was used to produce
radioactive nuclei, which were then separated and injected into the U-400 for further
acceleration. This approach made it possible, in particular, to obtain °He beams
and to study reactions with them at energies near the Coulomb barrier [11}/12].

This line of research was further developed with the construction of the AC-
CULINNA and ACCULINNA-2 fragment separators. ACCULINNA-2 was commis-
sioned at the U-400M in 2017 and was designed for experiments with secondary
radioactive beams of light nuclei.

By the end of the 2000s, the capabilities of the U-400 no longer fully met the re-
quirements of the developing superheavy-element program. Experiments with 48Ca
had demonstrated the effectiveness of the chosen synthesis approach, but further
progress required a substantial increase in the number of detected events. This was
necessary both for searches for new elements and for more detailed studies of known
superheavy nuclei. Beam intensity had become one of the main limiting factors. In
long-term experiments, the U-400 provided #®Ca beam intensities of about 1 puA ,
while further upgrades could offer only a limited increase.

In 2009, FLNR therefore initiated the development of a new accelerator capable
of delivering beam intensities of up to 10 puA for ions with masses up to approxi-
mately A = 50. These requirements formed the basis of the DC-280 project [11,/13],
shown schematically in Fig.[2] Development of the DC-280 began in 2010 and drew
on the Laboratory’s extensive experience in cyclotron technology, multiply charged
ion sources, and beam injection, acceleration, and extraction systems. At the same
time, the new accelerator represented a substantial step forward in performance.
Its design beam intensities for medium-mass ions were expected to exceed those
routinely achieved at the U-400 by approximately an order of magnitude [13].

The first $Kr'*" beam was accelerated by the DC-280 on December 26, 2018.
In January 2019, the beam was extracted into the transport line, and the accelerator
was commissioned in March of the same year [13]. In parallel, a new experimental
building and dedicated systems for the separation and detection of reaction prod-
ucts were constructed. The result was not simply a new cyclotron, but a specialized
research complex, the Superheavy Element Factory. The term “Factory” reflects
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Figure 2: Layout of the beam lines at the FLNR JINR Superheavy Element Fac-
tory. Beams from the DC-280 cyclotron are transported to the gas-filled separators
GFS-IT and GFS-III through beam lines No. 3 and No. 4, respectively. Q denotes
quadrupole lenses, DP the differential pumping system, and T the targets. Adapted
from Ref. under the CC BY 3.0 license.

the main concept of the project. Because superheavy nuclei are produced with
extremely low yields, the observation of even a few atoms requires prolonged irra-
diation with high-intensity beams together with efficient suppression of background
events. Increasing the beam intensity alone is therefore insufficient. Target systems,
recoil separators, detectors, and data-acquisition systems must be improved accord-
ingly. The DC-280 is thus the central component of the Factory, but its performance
depends on the capabilities of the entire experimental setup.

The construction of the DC-280 did not replace the other FLNR accelerators.
The present research program requires facilities with different beam characteristics.
Studies of superheavy nuclei demand intense beams of relatively heavy ions at ener-
gies near the Coulomb barrier, whereas experiments with light exotic nuclei require a
different energy range and the production of secondary radioactive beams. Applied
studies impose additional requirements on ion species, beam energies, and operating
modes. For this reason, the FLNR accelerator complex has evolved toward several
specialized facilities.

A major upgrade of the U-400M was carried out in 2020-2024. The magnetic,
vacuum, and control systems, as well as the beam-extraction system, were substan-
tially modernized [15,[16]. In May 2024, beams of 0, *°Ar, and **Xe were
accelerated and transported after completion of the upgrade. The first physics ex-
periments followed in the autumn of 2024 and included studies of correlations in
reactions involving helium nuclei [17].
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At the same time, the U-400 reconstruction program was launched as part of the
U-400R project. The upgrade is intended to provide a wider and more smoothly
adjustable range of heavy-ion energies and to establish a new experimental hall
with modern beam-transport lines. This will extend the possibilities for studies of
heavy-ion reaction mechanisms, including multinucleon-transfer reactions that may
provide access to new neutron-rich heavy nuclei [18,/19]. As of 2026, work on the
U-400R complex is ongoing [20].

FLNR has also developed dedicated accelerators for applied research. For many
years, the IC-100 cyclotron was used for this purpose, including irradiation of poly-
mer films and production of track membranes [21]. In 2020, construction of the new
DC-140 accelerator complex began. The facility is intended to take over the applied-
research program previously supported by the IC-100 and U-200 [22,23]. The first
accelerated krypton beam was obtained at the DC-140 on August 4, 2026 [23].

The evolution of the FLNR accelerator complex has closely followed the changing
requirements of the research program. The production of new nuclei called for higher
beam intensities and improved stability, while studies near the limits of nuclear
stability required radioactive beams and efficient separation systems. Experiments
with very low production cross sections, in turn, placed increasing demands on the
overall efficiency of the experimental setup [11},/1824]. Accelerator development
and research on heavy and superheavy nuclei have therefore progressed in close
connection with one another.

3 Studies of superheavy and exotic nuclei

One of the main directions of FLNR research throughout its history has been the
production and study of nuclei far from the region of stability. In this respect,
the programs devoted to superheavy and light exotic nuclei address closely related
questions, although they rely on very different experimental methods. Superheavy-
nucleus studies explore systems with extremely large charge and mass, where nuclear
stability is governed by the competition between Coulomb repulsion and shell effects.
Light exotic nuclei are studied near the proton and neutron limits of stability, where
weak binding, few-body correlations, and unusual modes of radioactive decay be-
come especially important. In both cases, reactions induced by heavy or radioactive
ions provide access to nuclei that do not occur naturally.

Some of the most prominent results obtained at FLNR are associated with the
synthesis of superheavy nuclei. Major progress was achieved using *8Ca beams and
actinide targets. These reactions made it possible to produce a number of relatively
neutron-rich isotopes of superheavy elements and to trace their successive a decays
and spontaneous fission. One of the key experiments involved the 2*Cf 4 48Ca
reaction, in which three decay chains were assigned to 2°*Og [4]. This experiment
was an important part of the program that extended the Periodic Table up to
Z =118.

The success of the ®Ca program is not due solely to the relatively large neutron
excess of this nucleus. In the synthesis of superheavy nuclei, the final yield is de-
termined by several consecutive stages: capture, formation of a compound nucleus,
and its subsequent survival against fission. In general, the evaporation-residue cross
section can be written as [25]
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O'ER(E) = Zacap(E, J)PCN(E, J)Wsur<E*,J), (1)

where 0., is the partial capture cross section, Poy is the probability of compound-
nucleus formation after capture, and Wy, is the probability that the excited com-
pound nucleus survives against fission during deexcitation. A large capture cross
section alone therefore does not guarantee a large yield of superheavy nuclei. The
final yield is also strongly affected by competition with quasifission and by fission of
the excited compound nucleus |26,27]. The use of the doubly magic and relatively
neutron-rich *8Ca projectile together with actinide targets proved particularly fa-
vorable for both compound-nucleus formation and its subsequent survival against
fission. Hot-fusion reactions induced by *Ca made it possible to produce elements
with Z = 114-118 with cross sections in the picobarn range [2-4]. The magnitude
of these cross sections is governed to a large extent by the survival probability of
the excited compound nucleus, which is highly sensitive to shell effects. This de-
pendence is illustrated by comparing the measured cross sections with the quantity
By — B,,, where By is the fission-barrier height and B,, is the neutron separation
energy, as shown in Fig. 3] [28].

New experiments with DGFRS-2 at the Superheavy Element Factory provided
more detailed information on this systematics. In the 2*?Pu(*®Ca,3n)**"F1 reac-
tion, the maximum cross section was measured to be 10.4753% pb [29,130]. For the
243 Am(*8Ca, 3n)%8Mc reaction, the corresponding value was 17.175% pb [5]. These
results show that production cross sections of superheavy isotopes in the region
Z = 114115 can reach about 10-20 pb. The high beam intensity of the DC-280,
together with the new gas-filled separators, has made it possible to study excitation
functions and reaction products from **Ca-induced reactions in much greater de-
tail (Fig. . The relatively large cross sections observed in this region are related,
in part, to the enhanced survival probability of the compound nuclei due to shell
effects. With increasing 7, the evaporation-residue cross sections decrease, and for
Z = 118 the maximum measured values are already only a few picobarns [28].

The Superheavy Element Factory has also made it possible to study superheavy
nuclei with much better statistics. In the first experiment with the DC-280 and
DGFRS-2, using the 2*3Am + #8Ca reaction, 55 decay chains of 2%®Mc and six
chains assigned to Mc were observed. The same experiment also provided the
first observation of the o decay of 2%Db and led to the identification of the new
isotope %Lr [5]. Later experiments showed that the new facility can also be used
effectively to search for previously unknown isotopes. In 2024, the isotope 27°Ds
was synthesized for the first time in the 3?Th(**Ca, 5n)?"Ds reaction and identified
from correlated a-decay chains [31]. The present FLNR program therefore includes
not only the search for new elements, but also systematic studies of superheavy
isotopes, their lifetimes, and their decay modes.

Studies of heavy nuclei at FLNR also include detailed spectroscopy of transfer-
mium isotopes produced in complete-fusion reactions. Experiments at the SHELS
separator have been used to study the decay properties of Rf and No isotopes. In
particular, the neutron-deficient isotope 2*No was produced for the first time in
the 291Pb(*¥Ca, 3n)?*No reaction, and its decay properties were studied with the
GABRIELA detection system [32].

At such small reaction cross sections, the result of an experiment depends on the
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Figure 3: (a) Maximum production cross sections for heavy and superheavy nuclei in
48Ca-induced reactions. Stars show the experimental data obtained with DGFRS,
red circles show the SHIP, BGS, and TASCA results from Ref. [28], and green
diamonds show the results obtained with DGFRS-2 at the Superheavy Element
Factory [5,30]. (b) Difference between the fission-barrier height By and the neutron
separation energy B, for the corresponding compound nuclei. Dashed lines are
shown as guides to the eye.

performance of the entire setup, including beam intensity, target stability, separa-
tion efficiency, and reliable detection of decay chains. At the Superheavy Element
Factory, reaction products formed in the target by the DC-280 beam are separated
from the primary beam and other reaction products by the DGFRS-2 gas-filled sep-
arator. They are then implanted into a detector at the focal plane. New nuclei are
identified from spatial, time, and energy correlations between the implanted recoil
nucleus and its subsequent o decays or spontaneous fission. Compared with the
previous DGFRS-1 separator, the transmission efficiency of DGFRS-2 was increased
by about a factor of two, while the background level was reduced by about a fac-
tor of 200 [33]. The combination of high beam intensity and strong background
suppression made systematic studies of reactions with subpicobarn cross sections
possible.

The transition from 4®Ca to heavier projectiles is one of the main challenges of
the current superheavy-element program. A direct comparison was performed at
the Superheavy Element Factory using the 22Pu+%Ti and #¥U 4 %4Cr reactions,
which form the same compound nucleus, ?*?Lv. For the *°Ti-induced reaction
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at B* ~ 41 MeV, the measured cross sections for the 3n and 4n channels were
about 0.32 and 0.22 pb, respectively. For the 3*Cr-induced reaction at a similar
excitation energy, the 4n-channel cross section was about 32 fb. The total yield
in the °°Ti reaction was therefore about 15 times higher. This result supports the
use of *°Ti rather than **Cr as a promising projectile for searches for elements 119
and 120 [34,35]. The new isotopes ***Lv, Ly, and ?*°Cn were also identified in
these experiments.

The situation, however, is more complicated than a simple comparison of the
maximum cross sections. In the 2026 experiment, the excitation energy of the
242py + T4 system was reduced by 5 MeV. The total fusion-evaporation cross
section then decreased by about an order of magnitude, from approximately 540 to
54 fb. This behavior differed from several calculations that predicted the maximum
of the 3n channel at lower excitation energies |36]. Thus, even for a promising
beam-target combination, the position and shape of the excitation function remain
an important source of uncertainty when planning experiments aimed at the syn-
thesis of elements with Z > 118.

Another major area of research at FLNR is the study of light exotic nuclei. Nuclei
close to, or beyond, the limits of nucleon stability are characterized by low binding
energies, strong coupling to the continuum, and pronounced few-body correlations.
Radioactive beams produced with the ACCULINNA and ACCULINNA-2 separators
have been used to study a number of such systems. One example is the study of
low-lying states in °He. In the *H(®He,p)'°He reaction, the ground state was
observed about 2.1 MeV above the ®He + n + n decay threshold. Analysis of the
decay correlations also indicated an unusual ordering of the low-lying states and a
continuation of the N = 8 shell breaking in '"He [37].

The extremely neutron-rich “H system, which decays into *H+4n , is of particu-
lar interest. Experiments at ACCULINNA-2 with a radioactive 8He beam provided
information on the "H spectrum. In 2020, evidence for the ground state was ob-
tained together with the first information on an excited state [38]. A later analysis
provided a more detailed description of the observed spectrum and the possible reso-
nant states of “H [39]. These studies are important not only for the spectroscopy of
very neutron-rich nuclei, but also for understanding correlated multineutron decay.

As a continuation of this program, a search for a low-energy four-neutron contin-
uum was carried out in 2025 using reactions of ®He on deuterium. An enhancement
of the yield was observed at energies around 3-4 MeV [40]. Its interpretation is still
not clear, and further studies are needed before this structure can be associated with
a bound tetraneutron or a specific tetraneutron resonance.

Another aspect of studies near the limits of stability is related to unusual few-
body decay modes. In true two-proton radioactivity, the decay is a three-body
process with a daughter nucleus and two protons in the final state. Measuring
only the decay energy is therefore not sufficient. Energy and angular correlations
between all three decay products contain important additional information. A three-
body approach to this problem was developed by L. V. Grigorenko and coauthors,
making it possible to calculate these correlations at large distances and compare
them directly with experiment [8,|41]. These studies showed that the correlations
between the decay products provide information on both the dynamics of the three-
body system and the structure of the initial state.

Studies of heavy and exotic nuclei are also closely connected with the mech-
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anisms of heavy-ion reactions. Even at similar collision energies, several processes
may compete, including complete fusion, quasifission, compound-nucleus fission, and
multinucleon transfer. The balance between these channels has a strong influence on
the probability of forming a given nucleus. This is especially important in the syn-
thesis of superheavy elements, where quasifission can strongly reduce the probability
of compound-nucleus formation. Experimental studies at FLNR have shown that
the relative contributions of fusion-fission and quasifission depend strongly on the en-
trance channel, excitation energy, and properties of the interacting nuclei [26,42}43].
More recent analyses have extended these studies to the systematics of formation
cross sections for heavy and superheavy nuclei [27]44].

Multinucleon transfer reactions provide another possible way to produce new
nuclei. In this case, the two nuclei separate after contact, exchanging several pro-
tons and neutrons. Early calculations showed that low-energy multinucleon transfer
reactions may provide access to neutron-rich heavy nuclei that are difficult to reach
in complete-fusion reactions |18]. This idea was further developed using dynamical
models based on Langevin equations. Calculations by V. V. Saiko and A. V. Kar-
pov studied the role of nuclear deformation and entrance-channel orientation and
examined the production of neutron-rich transuranium nuclei [45,46]. More recent
calculations extended these studies to neutron-rich nuclei near the closed neutron
shell N = 126 using radioactive-ion beams [47]. This possibility is also being studied
experimentally. A detailed investigation of the ¥%Xe + 238U reaction, published by
FLNR researchers in 2024, examined the mass and energy distributions of transfer
products and the formation of heavy nuclei [4§].

A series of experiments at the U-400 cyclotron was devoted to nucleon- and
cluster-transfer reactions [49-52]. The O + !81Ta, 8Ca + %"Au, and °Li + *Be
reactions were used to study neutron transfer and the production of neutron-rich nu-
clei. These measurements provided new information on direct-reaction mechanisms
and showed that multinucleon and cluster transfer can be useful for producing nuclei
far from the line of stability.

4 Applications of heavy-ion beams

Alongside fundamental nuclear physics, FLNR also has a broad program of applied
research. It includes radiation materials science, nanotechnology, surface modifica-
tion, and track-membrane technologies. Much of this work is based on studies of
the interaction of heavy ions with matter. The high density of electronic excitations
along the ion path can produce local radiation damage and latent tracks [53]. This
makes it possible both to study the radiation resistance of materials and to use ion
irradiation to modify their structure and properties. Such experiments have been
carried out at the U-400, U-400M, and IC-100 cyclotrons.

Radiation materials science is one of the main applied directions. At the U-
400 and IC-100, the radiation stability of oxide-dispersion-strengthened (ODS) al-
loys was studied under irradiation with swift Xe and Bi ions. Electron microscopy
showed that high electronic energy losses can lead to amorphization of oxide and
carbide nanoparticles, with their stability depending strongly on composition and
particle size [54]. These results are important for materials intended for use un-
der intense irradiation. Related experiments studied the radiation resistance of
nanostructured zirconium nitride (ZrN) coatings irradiated with Xe, Kr, and Bi
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Figure 4: AFM images of the surface of thermoradiation-modified PTFE (a) before
and (b) after irradiation with accelerated '*?Xe ions at the IC-100 cyclotron. Re-
produced from Ref. under the CC BY 4.0 license.

ions. Such measurements were also used to simulate the effects of fission fragments
on materials . These studies were later extended to a wider range of ceramic
and functional materials. The formation and evolution of swift-heavy-ion tracks in
dielectric materials have also been investigated using combined numerical and exper-
imental approaches [56]. At the U-400, ion-track formation and its dependence on
material composition were investigated . In crystalline materials, the formation
of latent tracks was studied as a function of stopping power and temperature .
More recent experiments with ZnO showed that irradiation with swift Bi ions can
significantly affect thermal transport through the formation of radiation-induced
defects [59].

Another area of research is the modification of materials with swift heavy ions.
The interaction of energetic ions with thin films can produce different types of
nanoscale surface modification, depending on the film thickness and irradiation con-
ditions . At the U-400, titanium was irradiated with Kr and Xe ions, producing
changes in the structure and properties of the surface layer . In silicon, irradia-
tion with Kr and Bi ions was used to study changes in boron diffusion and electrical
activation caused by radiation defects .

When heavy ions pass through a polymer, they produce latent tracks that can
later be converted into pores of controlled size by chemical etching. At the U-400,
different methods for forming and modifying pores in PET membranes were stud-
ied [63-65]. Similar studies were later continued at the IC-100 with other polymer
materials, as illustrated in Fig. 4| [66].

FLNR accelerators are also used for radiobiological studies. At the U-400M, DNA
damage caused by heavy-ion irradiation of cells was investigated. These studies
showed that both the complexity of the damage and the efficiency of its repair
depend not only on the linear energy transfer, but also on the structure of the ion
track [67].

A further step in the applied-research program is the new DC-140 accelerator
complex. The facility is intended to provide dedicated heavy-ion beams for materials
science and technological applications, replacing the IC-100 and U-200 in this part
of the FLNR program [22,[23]. The first accelerated krypton beam was obtained at
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Table 1: Examples of international organizations and institutions with which JINR
has concluded memoranda of understanding.

Organization or institution Year

Government of the Republic of South Africa / Department of 2005
Science and Technology

Arab Atomic Energy Agency (AAEA) 2016
China Institute of Atomic Energy (CIAE) 2018
Ministry of Science, Technology and Innovation of Brazil 2025
(MCTI)

Federal University of Rio Grande do Sul (UFRGS), Brazil 2025
Institute of Plasma Physics, Chinese Academy of Sciences 2025
Latin American Centre for Physics (CLAF) 2026

the DC-140 in August 2026 [23].

Together with the upgraded U-400M, the DC-140 will broaden the range of
irradiation conditions available for applied studies. The FLNR applied program
therefore remains closely connected with the development of its accelerator facilities,
with current work focused on radiation effects in materials, ion-beam modification,
track-membrane technologies, and radiobiology.

5 International collaboration and future directions

The main research directions at FLNR are closely connected through the common
goal of studying nuclei far from stability. This includes the synthesis of superheavy
elements, studies of light exotic nuclei, and investigations of heavy-ion reaction
mechanisms. Together, these areas define much of the present scientific program of
the Laboratory.

The international status of JINR is reflected not only in its membership structure
but also in a broad network of formal agreements with governmental, scientific, and
educational organizations. These agreements provide an institutional framework for
joint experiments, exchange of researchers, development of research infrastructure,
and education and training programs. Examples of organizations and institutions
with which JINR has concluded memoranda of understanding are summarized in
Table [

A significant part of this work has been carried out in international collaboration.
One of the best-known examples is the long-standing cooperation between JINR and
Lawrence Livermore National Laboratory in experiments on the synthesis of super-
heavy elements [4]. Cooperation with Oak Ridge National Laboratory has also been
important, particularly for the preparation of rare actinide target materials [6]. This
international character is also seen in recent experiments at the Superheavy Element
Factory. The studies with %°Ti and *Cr beams involved researchers from JINR
together with colleagues from Kazakhstan, the Czech Republic, and China [34]. Re-
cent work at the GRAND separator, including studies of the new isotope 22"Pu,
has also been carried out with researchers from Kazakhstan and China [6§].

The next stage of the superheavy-element program is connected mainly with
attempts to reach nuclei beyond Z = 118. Recent experiments with °°Ti and %*Cr
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beams provide important information for choosing reactions for future searches for
elements 119 and 120 [34,36]. At the same time, experiments with known superheavy
nuclei will continue, with the aim of producing new isotopes and obtaining more
detailed information on their decay properties.

Another important direction is the production of neutron-rich nuclei. Multinu-
cleon transfer reactions provide a possible way to reach heavy neutron-rich isotopes
that are difficult to produce in complete-fusion reactions [18}[19]. This approach
has been further developed in theoretical studies of transfer dynamics and the pro-
duction of neutron-rich transuranium nuclei [45,46]. More recent calculations have
also considered the production of neutron-rich nuclei near the closed neutron shell
N = 126 using radioactive-ion beams [47]. Experimental studies have also been car-
ried out in international collaboration. In particular, products of the *8Ca + ?**Cm
multinucleon transfer reaction were studied with the SHIP separator at GSI [69].
The reconstruction of the U-400 within the U-400R project, together with the de-
velopment of new separation systems, is expected to extend the possibilities for such
experiments [20].

Also, the upgraded U-400M and further development of ACCULINNA-2 provide
new opportunities for experiments with light exotic nuclei near and beyond the
neutron drip line [7,15/16]. The ACCULINNA-2 experimental program is carried out
in close international collaboration, with participation of researchers from JINR and
partner institutes in Europe and Asia [70]. This cooperation supports experiments
with radioactive beams and the development of new experimental methods. These
studies will continue to address weakly bound systems, few-body correlations, and
unusual decay modes.

The future FLNR program therefore combines several complementary directions:
searches for new superheavy elements, studies of known superheavy isotopes, pro-
duction of neutron-rich nuclei, and experiments with light exotic systems. Progress
in these areas will depend on further development of the accelerator complex and
continued international collaboration.

Conclusion

Over the past seven decades, the Flerov Laboratory of Nuclear Reactions has de-
veloped from the first heavy-ion experiments into a modern accelerator complex for
studies of nuclei at the limits of stability. This development illustrates the close con-
nection between advances in accelerator technology and progress in nuclear-reaction
studies. The transition from the first cyclotrons to the U-400 and U-400M, and
subsequently to the DC-280 and the Superheavy Element Factory, provided pro-
gressively higher beam intensities and more efficient separation and detection sys-
tems, making it possible to investigate nuclear processes with increasingly small
production cross sections.

One of the major outcomes of this development has been the synthesis and inves-
tigation of superheavy nuclei in *®*Ca-induced reactions. The present experimental
program is now entering a new stage, in which the emphasis is shifting from the
successful *®*Ca-based approach toward reactions with heavier projectiles, particu-
larly 5°Ti and **Cr. Recent experiments demonstrate both the potential and the
experimental difficulty of this transition. Further progress toward elements 119 and
120 will depend not only on beam intensity, but on the combined performance of
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the accelerator, target systems, recoil separators, and detection methods.

At the same time, the scientific program of FLNR extends beyond the synthesis
of superheavy elements. Experiments with radioactive beams at ACCULINNA and
ACCULINNA-2, together with studies of multinucleon-transfer reactions, provide
complementary approaches to neutron-rich and weakly bound nuclei that cannot
be efficiently accessed through complete-fusion reactions. The development of the
accelerator facilities has also expanded the applied-research program in radiation
materials science, ion-track studies, membrane technologies, and radiobiology.

The future program therefore combines several complementary routes toward
unexplored regions of the nuclear chart: searches for elements beyond Z = 118,
detailed studies of known superheavy isotopes, production of neutron-rich nuclei in
transfer reactions, and investigations of light exotic systems near the limits of nu-
cleon stability. Together with the continuing development of the FLNR accelerator
complex and international collaboration, these directions provide the basis for the
next stage of heavy-ion research at JINR.

References

[1] Yu. Ts. Oganessian, Eur. Phys. J. A 60, 227 (2024).
2] S. A. Giuliani et al., Rev. Mod. Phys. 91, 011001 (2019).

(3] J. H. Hamilton, S. Hofmann, and Yu. Ts. Oganessian, Annu. Rev. Nucl. Part.
Sci. 63, 383 (2013).

[4] Yu. Ts. Oganessian et al., Phys. Rev. C 74, 044602 (2006).
[5] Yu. Ts. Oganessian et al., Phys. Rev. C 106, L031301 (2022).
[6] J. B. Roberto et al., Eur. Phys. J. A 59, 304 (2023).
[7] Yu. L. Parfenova, Acta Phys. Pol. B 49, 495 (2018).
[8] M. Pfiitzner et al., Rev. Mod. Phys. 84, 567 (2012).
[9] Yu. T. Oganessian and B. I. Pustylnik, Nucl. Phys. News 4, 5 (1994).
[10] Ya. B. Zeldovich et al., Usp. Fiz. Nauk 139, 553 (1983).
[11] G. Gulbekyan et al., Phys. Part. Nucl. Lett. 7, 511 (2010).
[12] M. P. Ivanov et al., Instrum. Exp. Tech. 52, 326 (2009).
[13] G. G. Gulbekian et al., Phys. Part. Nucl. Lett. 16, 866 (2019).

[14] S.N. Dmitriev et al., in Proceedings of the 22nd International Conference on Cy-
clotrons and Their Applications (Cyclotrons2019) (JACoW Publishing, 2019),
p. 305.

[15] T. A. Ivanenko et al., in Proceedings of IPAC2021, Campinas, Brazil (2021),
TUPABI187.

[16] I. V. Kalagin et al., in Proceedings of RuPAC2018 (2018), WEXMHO02.

185



Advances in Nuclear Science and Applications Volume 2, No.3 (2026)

[17] Joint Institute for Nuclear Research, Results of the Outgoing Year Summarized
at the JINR Scientific and Technical Council, https://www.jinr.ru/posts/year-
s-results-summarised-at-jinr-stc/ (2024).

[18] V. I. Zagrebaev and W. Greiner, Phys. Rev. Lett. 101, 122701 (2008).
[19] V. I. Zagrebaev and W. Greiner, Phys. Rev. C 87, 034608 (2013).

[20] Joint Institute for Nuclear Research, JINR Topical Plan 2026: Project “Con-
struction of the U-400R Accelerator Complez”, https://www.jinr.ru/science-
en/planning-and-reporting/jinr-topical-plan/ (2026).

[21] P. Yu. Apel et al., Nucl. Instrum. Methods Phys. Res. B 365, 641 (2015).
[22] S. V. Mitrofanov et al., in Proceedings of RuPAC2021 (2021).

[23] Joint Institute for Nuclear Research, DC-1/0 Accelerator Complex at FLNR
at JINR Produced First Beam, https://www.jinr.ru/posts/dc-140-accelerator-
complex-at-flnr-at-jinr-produced-first-beam/ (2026).

[24] B. Gikal et al., in Proceedings of Cyclotrons’16 (2017), p. 278.
[25] A. Wakhle et al., Phys. Rev. C 97, 021602(R) (2018).

[26] M. G. Itkis, E. Vardaci, I. M. Itkis, G. N. Knyazheva, and E. M. Kozulin, Nucl.
Phys. A 944, 204 (2015).

[27] M. G. Ttkis, G. N. Knyazheva, I. M. Ttkis, and E. M. Kozulin, Eur. Phys. J. A
58, 178 (2022).

[28] Yu. Ts. Oganessian and V. K. Utyonkov, Nucl. Phys. A 944, 62 (2015).
[29] D. Ibadullayev et al., Bull. Russ. Acad. Sci. Phys. 87, 1118 (2023).

[30] Yu. Ts. Oganessian et al., Phys. Rev. C 106, 024612 (2022).

[31] Yu. Ts. Oganessian et al., Phys. Rev. C 109, 054307 (2024).

[32] M. S. Tezekbayeva et al., Eur. Phys. J. A 58, 52 (2022).

[33] Yu. Ts. Oganessian et al., Nucl. Instrum. Methods Phys. Res. A 1033, 166640
(2022).

[34] Yu. Ts. Oganessian et al., Phys. Rev. C 112, 014603 (2025).

[35] D. Ibadullayev et al., Bull. Russ. Acad. Sci. Phys. 90, 837 (2026).
[36] Yu. Ts. Oganessian et al., Phys. Rev. C 113, 014614 (2026).

[37] S. I. Sidorchuk et al., Phys. Rev. Lett. 108, 202502 (2012).

[38] A. A. Bezbakh et al., Phys. Rev. Lett. 124, 022502 (2020).

[39] I. A. Muzalevskii et al., Phys. Rev. C 103, 044313 (2021).

[40] 1. A. Muzalevskii et al., Phys. Rev. C 111, 014612 (2025).

186



Advances in Nuclear Science and Applications

Volume 2, No.3 (2026)

[41] L. V. Grigorenko et al., Phys. Rev. C 82, 014615 (2010).

[42] M. G.
[43] M. G.

[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]
[60]
[61]
[62]
[63]

[64]

E. M.

=
<

A.

> ® r 2 ® r op P op @ o2 S

>R " 2 = 2 < <

Itkis et al., Nucl. Phys. A 734, 136 (2004).
Itkis et al., Nucl. Phys. A 787, 150 (2007).
Kozulin et al., Phys. Rev. C 94, 054613 (2016).

. Saiko and A. V. Karpov, Phys. Rev. C 99, 014613 (2019).

. Saiko and A. V. Karpov, Eur. Phys. J. A 58, 41 (2022).

. Saiko and A. V. Karpov, Phys. Rev. C 109, 064607 (2024).

. Kozulin et al., Phys. Rev. C 109, 034616 (2024).

. Azhibekov et al., Phys. At. Nucl. 83, 93 (2020).

. Lukyanov et al., Eur. Phys. J. A 62, 158 (2026).

. Azhibekov et al., Eur. Phys. J. A 59, 278 (2023).

. Azhibekov et al., Chin. Phys. C 48, 114101 (2024).

. Rymzhanov et al., Nucl. Instrum. Methods Phys. Res. B 440, 25 (2019).

A. Skuratov et al., J. Nucl. Mater. 442, 449 (2013).

AL

. Janse van Vuuren et al., J. Nucl. Mater. 442, 507 (2013).

Rymzhanov et al., Nucl. Instrum. Methods Phys. Res. B 473, 27 (2020).

. Ibrayeva, J. O’Connell et al., Vacuum 220, 112865 (2024).

Janse van Vuuren, M.M. Saifulin et al., Nucl. Instrum. Methods Phys. Res.
B 460, 67 (2019).

A. Abdullaev et al., Mater. Res. Bull. 175, 112786 (2024).

R. A. Rymzhanov et al., Appl. Surf. Sci. 566, 150640 (2021).

P. Budzynski et al., Vacuum 83, S190 (2009).

V. A. Skuratov et al., Vacuum 63, 571 (2001).

S. N. Dmitriev, L. I. Kravets, and V. V. Sleptsov, Nucl. Instrum. Methods
Phys. Res. B 142, 43 (1998).

T. E. Gémez Alvarez-Arenas, P. Yu. Apel, and O. L. Orelovitch, J. Membr.
Sci. 301, 210 (2007).

[65] K. Olejniczak et al., Nucl. Instrum. Methods Phys. Res. B 326, 131 (2014).

[66] L. V. Moskvitin et al., Membranes 13, 101 (2023).

[67] L. Jezkova et al., Nanoscale 10, 1162 (2018).

187



Advances in Nuclear Science and Applications Volume 2, No.3 (2026)

[68] A. A. Kuznetsova et al., Phys. Part. Nucl. Lett. 22, 406 (2025).
[69] H. M. Devaraja et al., Eur. Phys. J. A 55, 25 (2019).

[70] Joint Institute for Nuclear Research, Topical Plan for JINR Research
and International Cooperation 2026: Synthesis and Properties of Super-
heavy Elements, Structure of Nuclei at the Limits of Nucleon Stabil-
ity, https://www.jinr.ru/science-en/planning-and-reporting/jinr-topical-plan/
(2026).

188



	Introduction
	The FLNR accelerator complex
	Studies of superheavy and exotic nuclei
	Applications of heavy-ion beams
	International collaboration and future directions

