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The superheavy nuclei (SHN), residing at the edge of nuclear stability
at the highest atomic charge Z and mass A, are in the focus of scientific
efforts worldwide due to the high discovery potential offered by their in-
vestigation. In this paper, we report on some of the major challenges and
how we intend to approach them at GANIL, with advanced instrumenta-
tion and state-of-the-art experimental methods, as well as reaction theory
approaches to the SHN production mechanism. Decay Spectroscopy After
Separation (DSAS) is an efficient tool to study nuclear structure features
of the heaviest nuclear species such as single particle trends towards the
predicted next spherical shell closures beyond 2°8Pb, and deformation and
exotic shapes, leading also to the formation of meta-stable states, like, e.g.,
K-isomers. The understanding of the reaction mechanism governing heavy
collisions employed for the synthesis of the heaviest nuclei, despite decades
of experimental and theoretical efforts, is still a challenging task. Being
a fundamental topic by itself, mastering reaction theory and producing
reliable cross-section predictions are essential for a successful experimen-
tal program. Detailed nuclear structure studies of the heaviest nuclei, as
well as the synthesis of superheavy elements (SHE) are presently still ham-
pered by the limited efficiencies of the existing experimental facilities. To
overcome this restriction, substantial efforts are being made to upgrade
and develop existing and new facilities worldwide, online since recently or
planned for the future, including the linear accelerator facility SPTIRAL2 at
GANIL, equipped with the versatile separator-spectrometer set-up S3.
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1. Introduction

The history of the investigation of the heaviest nuclear species since the
middle of the last century has led to a substantial body of data for the
hitherto known 206 isotopes from einsteinium to the heaviest element for
which observation has been reported, oganesson, as shown in Fig. 1 where
the decay modes are shown and Fig. 2 which illustrates the nuclides’ half-
lives (upper panel) and year of discovery (lower panel).

In this paper, we discuss the approach to the study of SHN at GANIL,
illustrating the envisaged methods of nuclear structure studies, based on
state-of-the-art results, as well as the development of reaction theory and
its tools needed for efficient experiment planning at the future facility. We
also present the investigation of single-particle-level trends, K isomerism,
and decay-mode competition with an emphasis on § decay and its non-
observation for isotopes with Z > 105.

The major technique providing the bulk of information is Decay Spec-
troscopy After Separation (DSAS), an efficient tool for studying nuclear
structure features of superheavy nuclei (SHN), discussed in detail in a re-
cent review [1]. The unpaired nucleon in odd—even and even—odd nuclei can
serve as an efficient probe to study these metastable states and other nu-
clear structure effects. High K values are often generated by the coupling of
higher-order quasi-particle excitations of high-J orbitals in the vicinity of the
deformed shell gaps for neutrons and protons at N = 152 and Z = 100, mak-
ing K-isomers a systematic feature in that region of the Segré chart, and
a sensitive probe for deformation developing towards the spherical SHN.
Complex configurations of low-lying states in heavy nuclei can also have
consequences for decay mode competition and nuclear stability, providing
indications that might also be relevant for the location of the long-searched-
for island of SHN with enhanced stability.

The non-observation of f-decay beyond dubnium (Z = 105) is evident
in Fig. 1, which is at least partly due to the insensitivity of the methods,
hitherto applied for their investigation. Recent theoretical work by Ravli¢
and Nazarewicz [2| predicts competitive S-decay probabilities for some of
those very heavy species up to flerovium (Z = 114). Examples of nuclides for
which 3 decay (EC) is more likely than the assumed decay by spontaneous
fission (SF) are the dubnium isotopes 203:266:268Dh - which are marked by
pink triangles in Fig. 1 in the online version of this paper or Fig. 2.1 in
Ref. [1].

To produce those heavy nuclei, a detailed understanding of the reac-
tion mechanism needed for their synthesis is essential. The theoretical treat-
ment of the 3-step process of the fusion—evaporation reaction leading to the
synthesis of heavy nuclei depends critically on ingredients like the model-
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Fig.2. (Colour on-line) Shell correction energies from Refs. [6, 7] as a function
of proton and neutron numbers with (upper panel) experimental half-lives T /o
as listed in Ref. [1], and (lower panel) years of discovery from Ref. [8], including
updates from the «Discovery of Nuclides Project» at https://people.frib.msu.
edu/~thoennes/isotopes/, for the heaviest nuclei from einsteinium to oganesson.
The predicted closed shells on the island of stability for spherical superheavy nuclei
(SHN) for protons at Z = 114 and 120, and neutrons at N = 184 are indicated by
solid black lines. The subshell closures or shell gaps for deformed shell-stabilized
nuclei for protons at Z=108, and for neutrons at N = 152 and 162, are indicated
by dashed black lines. (Reproduced from Ref. [1].)

dependent fission barriers, which lead to inconsistencies in the complemen-
tary description of compound-nucleus formation as pointed out, e.g., by
Naik et al. in 2007 [3], and further elaborated by Lii and Boilley in 2016 [4].
Improving the description of the process leading to the final product of the
fusion—evaporation process, the evaporation residue (ER), is an ongoing ef-
fort that is pursued at GANIL continuously, e.g., by improving the statistical
model code KEWPIE2 [5].

After this introduction, the specific application of DSAS for K-isomers
and decay mode competition, and the role of weak decays in the region of
SHN are discussed in Section 2. The theoretical efforts pursued at GANIL to
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improve the description of the reaction mechanisms involved in the synthesis
of the SHN are presented in Section 3. In Section 4, the future perspectives
of the field in view of the advent of the separator-spectrometer installation
S3 at the linac facility SPIRAL2 of GANIL are outlined.

2. DSAS for SHN — some examples

While the scope of the search for new superheavy elements (SHE) is
very prestigious, but limited to the synthesis of new elements and isotopes,
revealing only basic decay properties of the heaviest species, DSAS aims at
and has the potential to study detailed nuclear structure properties of SHN.
From the understanding of single-particle levels and their isotopic/isotonic
trends, conclusions can be drawn on the location of the next spherical shell
closures at the island of stability. The investigation of isomeric states, in
particular K-isomers of deformed nuclei and their development towards the
highest Z and N, as well as decay mode competition (SF, a- and S-decay),
yields valuable information on nuclear stability and the onset of sphericity.
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Fig.3. (Colour on-line) DSAS and genetic correlations: the recoiling nucleus 4 X
is implanted in a position-sensitive detector at position (X,., Y;.). It subsequently
decays via «a emission into its neighborhood at position (Xal, Yal) to the daughter
nucleus (4-3Y") which itself decays to the granddaughter (4-5Y") at position (X a2,
Y «2). In addition to the recoils and « particles, v-, z-rays, and CEs are detected
in coincidence. The technique allows for correlations in position and/or time of the
recoil implantation, and its subsequent decay due to the inclusive detection of the
particles and photons involved. (Figure and caption are taken from Ref. [9].)
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To study SHN by investigating their various decay modes, after they
were produced as ER, with partly extremely low cross sections, highly ef-
ficient separation schemes are needed to suppress the primary beam and
products from competing reaction channels. The various separation schemes
have been discussed in Ref. [9], listing the major existing separator facilities.
The separated heavy and superheavy species are studied, employing com-
prehensive particle and photon detector systems that provide efficient and
highly resolving detection of « particles, electrons, fission fragments, v- and
z-rays. Particle and photon correlations, employing energy, time and posi-
tion information, allow for the construction of so-called genetic decay chains,
consisting of the various decay generations, as shown in Fig. 3 from Ref. [10].
More details on this powerful and well-established tool to investigate rare
activities, including single-event detection, are given in Ref. [11].

The advanced DSAS technologies, including fast-timing sensitivity and
low-energy threshold conversion electron (CE) detection as described, e.g.,
in Ref. [12], are essential to investigate rare and short-lived states, and have
the potential to reveal the hitherto almost completely missing information on
B-decay properties of nuclides for all elements beyond dubnium (see Fig. 1).

2.1. K-isomers

In the region of deformed heavy nuclei around and beyond the shell gaps
at Z = 100 and N = 152, K-isomers play a major role, as illustrated in
Fig. 4, where the known cases in isotopes from curium to darmstadtium are
shown. For a more comprehensive discussion of metastable states in SHN,
see our recent review [10]. The presence of high-.J orbitals in that region of
the Segré chart favours the generation of high values of K. In particular, the
unpaired nucleon in odd-even and even-odd nuclei, such as 24%25IMd [13]
or 2°No [14, 15], can serve as an efficient probe to study these metastable
states and other nuclear structure effects. While for even—even isotopes often
2-quasi-particle excitations across a shell gap lead to high-K numbers, the
meta-stable states in odd-mass nuclei are formed as 3-quasi-particle or even
5-quasi-particle states [15], where high-K values are produced by 2- and
4-quasi-particle excitations coupled to the odd unpaired nucleon.

210Ds and its a-decay daughter 296Hs are the heaviest nuclei for which
a K-isomer has been observed, with the specific features that the delay due to
isomerism is observed in a-decay times and that the isomeric decay proceeds
slower than the decay of the ground state [16, 17]. While for even—even
nuclei, due to their distinct level structure, the a-decay spectrum exhibits
a well-defined and separated decay-energy peak structure, dominated by
the transition of the ground state of the mother to the ground state in
the daughter nucleus, the 31 known a-decay energies of 27°Ds are rather



Probing SHN Structure and Stability — Synthesis and Decay . . . 1-A23.7

fragmented. Two major structures are observed around 11 MeV and 12 MeV,
each spread over several hundred keV, a behaviour that is observed rather for
odd-A and odd-Z nuclei, due to the higher level densities at low excitation
energy E* caused by the unpaired nucleon(s). This feature is presently being
analysed, employing advanced nuclear structure theory.

In Fig. 4, the six even—odd nobelium and rutherfordium isotopes, and
the three mendelevium and lawrencium isotopes, for which high-K isomers
have been reported, are presented with their major properties. Up to date,
no high-K isomer has been reported for an odd—odd nucleus with Z > 96.
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Fig.4. (Colour on-line) Summary of K-isomers for the heaviest nuclei at and above
Z =96. (Taken from Ref. [1].)

The high intensities provided by the new LINAC of GANIL/SPIRAL?2,
together with the high transmission of S? and its comprehensive focal plane
detection array SIRIUS (see Section 4 for references) will allow the exten-
sion of these studies towards the next higher neutron shell gap N = 162 and
towards the onset of the deformation development towards sphericity, gen-
erally expected for the next proton and neutron shell closures beyond 208Pb.
One of the first tasks in this context will be to clarify not-yet-understood
features observed for the a-decaying K-isomers 266Hs and 279Ds.
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2.2. Decay mode competition

Complex configurations of low-lying states in heavy nuclei can also have
consequences for decay mode competition and nuclear stability, providing
indications that might also be relevant for the location of the long-searched-
for island of SHN with enhanced stability. One example is the observation
of low excitation energies for single-particle states originating from orbitals
that are supposed to define the shell gaps for spherical SHN, like in the
case of the 24"Md — 243Es decay [18]. Here the decay mode competition
between SF and « decay resulted in largely different SF—« branching ratios
with bsp = 8.6 x 1073(10) for the 7/27[524] 2479°Md and bsp = 0.20(2)
for the 1/27[521] 247™Md. The higher spin value of the ground state leads
apparently to a substantial fission hindrance, which was also predicted by
theory, e.g., in Ref. [19] for the superheavy isotope 2"'Rg. For this nucleus,
a fission barrier 2.5 MeV higher was predicted for the 11/2% excited state
with respect to the 1/27 ground state.

In the same a-decay study, the two-proton single-particle states 1/27[521]
and 3/27[521], originating from the orbitals f5/, and f7/5, which are pre-
dicted to define the Z = 114 proton shell closure, could be populated and
identified. While theory predictions, e.g., in Ref. [20], calculate an energy
gap of ~ 1 MeV, the 243Es level scheme places the 3/27[521] as the ground
state and the 1/27[521] at =~ 70 keV above [18, 21]. That contradicts the
prediction of Z = 114 as the next proton shell closure beyond 2°8Pb.

A similar situation is observed for 2°9Sg and its o decay to 2°°Rf, for
which fission from the 11/2~ ground state is hindered with respect to 1/2%
first excited state.

As far as the competition of SF with 8 decay is concerned, we note that
for nuclides beyond dubnium with Z > 105, no § decay has been observed,
which is partly due to the insensitivity of this decay mode to the hitherto
performed experiments. A possible solution for this problem is provided by
the detection of CEs, employing fast digital electronics as described, e.g., in
Ref. [12]. In fact, the endpoints of decay chains starting from moscovium
and tennessine isotopes could be expected to decay by EC, which is indicated
in Fig. 1 in the online version of this paper or Fig. 2.1 in Ref. [1] by pink
triangles for 263:266.268Dh - A recent theory study supporting this assumption
will be discussed in Section 2.3.

2.3. Weak decay of SHN

As mentioned above (Section 2.2), no experimental evidence has been
registered on weak decays for nuclei beyond dubnium (Z = 105). How-
ever, in a recent approach from theory based on relativistic nuclear density
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functional theory and the quasiparticle random-phase approximation, Ravli¢
and Nazarewicz [2] report on a novel approach to understand the weak decay
of SHN.

The authors underline the importance of first forbidden (FF) transitions,
in particular, 1~ transitions which were not considered in earlier approaches
to the problem, and they find competitive transition probabilities for 5 de-
cay in comparison to fission. They investigated isotopes of elements from
mendelevium to oganesson with their calculated 3+ /EC decay rates com-
paring to the known half-lives shown in Fig. 4 of Ref. |2].

The EDF calculations, using DD-PC1 and DD-PCX functionals, yield 45
nuclides with an EC decay branching > 5%. Only six of these are even—even
isotopes. The majority of these isotopes are found in the lighter elements,
but they also extend beyond dubnium up to one case in flerovium (?%°F1).
For the dubnium isotopes mentioned above, the calculated values show that
EC is competitive for 2°Db and even dominating (shorter EC half-life) for
266D, supporting the suggestions in Fig. 1 in the online version of this paper
or Fig. 2.1 in Ref. [1], where possible EC decay is marked by pink triangles.

These predictions strongly support experimental verification and the
need to search for weak decay modes in SHN. A possible experimental ap-
proach, employing CE and x-rays spectroscopy, has been demonstrated for
the case of the 2°Db EC-decay into the ground and an excited state of
Z58Rf [22]. At GANIL S? with its DSAS detector array SIRIUS (for refer-
ences, see Section 4) will be ideal for this type of investigation.

3. Reaction mechanism studies and cross-section predictions

To successfully plan and perform experiments to study SHN, a reliable
prediction of their production cross section is essential. To provide a software
tool for this task at GANIL, the code KEWPIE and its more advanced version
KEWPIE2 [5] have been introduced, being under continuous development.

The fusion—evaporation process to synthesize heavy and superheavy nu-
clei is often described as a 3-step process consisting of the capture, the
compound nucleus (CN) formation, and the survival against fission

wh?
2uFem

20+ 1) T(€) X Prorm(€) X Pirvivar(€) , (1)

OER — survival

with T'(£), Prorm(€), and PE" . (¢) being, respectively, the Coulomb barrier
transmission, CN-formation, and survival probabilities as functions of the
angular momentum ¢. Here, u is the reduced mass of projectile and target

nuclei, F.y, kinetic energy in the centre-of-mass frame, see, e.g., Ref. [33].
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Apart from the uncertainties in the modelling of the capture, which can
be directly compared to experimental data, major problems are caused by
the difficulties in predicting the formation probabilities, which are impossi-
ble to measure, as well as the uncertainties in the predicted fission barriers,
leading to large uncertainties in the survival probabilities. This has been
illustrated by Lii et al. [4] by systematically comparing CN-formation prob-
abilities (Prorm) for different fission barrier calculations constrained by the
reproduction of experimental cross sections for superheavy ERs. In Fig. 5,
taken from Ref. [4] as one example, mean CN formation probability val-
ues Propm for two sets of theoretical fission barriers are compared to various
model predictions, discussed earlier by Naik et al. [3]. Due to the compensa-
tion of the higher fission barriers resulting from the macroscopic—microscopic
finite-range liquid-drop model (FRLDM) by Méller et al. [25] (red circles in
Fig. 5) as compared to the Lublin-Strasbourg drop (LSD) model [23] (red
squares in Fig. 5), the resulting CN-formation probabilities differ by more
than an order of magnitude.

Systematics of empirical formation probabilities

0
10 ' KEWPIE2+LSD+EBD
=i N KEWPIE2+MOLLER+EBD —@— |
10 N Adamian
_ SR TR N Feng - - -
10 2l SO\ AN Loveland ------ E
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Fig.5. (Colour on-line) Systematic comparison of the calculated mean values of
the empirical formation probability for the cold-fusion reactions leading to the
synthesis of the elements from Z = 104 to Z = 108 (¢f. Table I in Ref. [4]).
The deduced formation probabilities are based upon two different fission-barrier
models, Lublin—-Strasbourg drop (LSD) [23] with shell corrections from Ref. [24],
and the macroscopic—microscopic finite-range liquid-drop model from Moller et al.
[25]. Lines correspond to theoretical predictions from Refs. [26-32]. (Figure and
caption taken from Ref. [4].)
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By comparing, in addition, the empirical barrier-distribution (EBD)
method [26, 34] as in Fig. 5, to the Wentzel-Kramers—Brillouin (WKB)
approximation with a proximity potential [35, 36], Lii et al. point out how
critical model assumptions are for the prediction of absolute SHN synthesis
cross sections, clearly demanding substantial further theoretical efforts to
enable reliable model predictions. In a recent and continuing effort, Donglo
and co-workers revisited the fusion-by-diffusion approach [33] to get a new
version of the KEWPIE2 code [37].

4. Opportunities at SPIRAL2/S2 — an outlook

The understanding of the reaction mechanism governing heavy collisions
employed for the synthesis of the heaviest nuclei, despite decades of exper-
imental and theoretical efforts, is still a challenging task [4]. Being a fun-
damental topic by itself, mastering reaction theory and producing reliable
cross-section predictions are essential for a successful experimental program.

Detailed nuclear structure studies of the heaviest nuclei as well as the
synthesis of SHE are presently still hampered by the limited efficiencies of
the existing experimental facilities. To overcome this restriction, among
other facilities online since recently or planned for the future worldwide, the
linear accelerator facility SPTRAL2 at GANIL in Caen, France [38], equipped
with the versatile separator spectroscopy set-up S* [39], will be operational
shortly. The SPIRAL2 LINAC |38] has started operation of its first phase,
being limited to the highest intensities to projectile masses A < 40. The
hitherto performed experiments confirm that the design goals resulting in
intensities of, e.g., at least 10 particle A for 4*Ca, will be reached, which is
about one order of magnitude more than provided by the previous generation
accelerator facilities, comparable to the performance of the SHE factory of
the Flerov Laboratory for Nuclear Reaction FLRN/JINR in Dubna [39]. The
complete capabilities of this installation will be available with the second
phase of the project, the new injector NEWGAIN [40]. It will provide the
highest intensities for all ions, and together with the separator—spectrometer
set-up S? [41] will be one of the world’s most competitive facilities for the
investigation of SHN.

With its separation and detection capabilities S? [42], equipped with the
detection array for Spectroscopy and Identification of Rare Isotopes Using
S? (SIRIUS) [43] as well as the S* Low Energy Branch (S* LEB) [44], has
the potential to advance SHE/SHN research to the next level. The lat-
ter will be offering tools for laser spectroscopy, mass measurement, and the
setup for laser/trap-assisted DSAS SEASON. With SIRIUS detailed DSAS
studies as described in Section 2, will be possible for isotopes at and beyond
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the next proton and neutron deformed shell gaps at Z = 108 and N = 162,
respectively, with promising implications for the search for the next spherical
shell closures beyond 2%®Pb.

This work was supported by the COPIGAL program, providing financial
support for conference participation and research collaborations.

REFERENCES

[1] D. Ackermann, Prog. Part. Nucl. Phys. 147, 104215 (2026).
[2] A. Ravli¢, W. Nazarewicz, Phys. Rev. C' 111, 1L051305 (2025).
[3] R.S. Naik et al., Phys. Rev. C 76, 054604 (2007).

[4] H.L. Li et al., Phys. Rev. C' 94, 034616 (2016).

[5] H.L. Li, A. Marchix, Y. Abe, D. Boilley, Comput. Phys. Commun. 200, 381
(2016).

[6] R. Smolanczuk, A. Sobiczewski, Yu.Ts. Oganessian et al. (Eds.) «Proc.
Nuclear Physics Divisional Conference on Low Energy Nuclear Dynamicsy,
World Scientific, Singapore 1995, p. 313.

[7] R. Smolariczuk, J. Skalski, A. Sobiczewski, Phys. Rev. C 52, 1871 (1995).

[8] M. Thoennessen, «The Discovery of Isotopes: A Complete Compilations,
Springer, 2016.

[9] D. Ackermann, Ch. Theisen, Phys. Scr. 92, 083002 (2017).

[10] D. Ackermann, S. Antalic, F.P. Hekberger, Eur. Phys. J. Spec. Top. 233,
1017 (2024).

[11] S. Hofmann, G. Miinzenberg, Rev. Mod. Phys. 72, 733 (2000).

[12] J. Khuyagbaatar et al., Phys. Rev. Lett. 125, 142504 (2020).

[13] T. Goigoux et al., Eur. Phys. J. A 57, 321 (2021).

[14] A. Bronis et al., Phys. Rev. C' 106, 014602 (2022).

[15] K. Kessaci et al., Phys. Rev. C' 110, 054310 (2024).

[16] S. Hofmann et al., Eur. Phys. J. A 10, 5 (2001).

[17] D. Ackermann, Nucl. Phys. A 944, 376 (2015).

[18] F.P. Hekberger et al., Eur. Phys. J. A 58, 11 (2022).

[19] S. Cwiok, S. Hofmann, W. Nazarewicz, Nucl. Phys. A 573, 356 (1994).

[20] R.R. Chasman, I. Ahmad, A.M. Friedman, J.R. Erskine, Rev. Mod. Phys.
49, 833 (1977).

[21] S.Y. Xu et al., Phys. Rev. C' 112, 034315 (2025).
[22] F.P. Hekberger et al., Fur. Phys. J. A 52, 328 (2016).
[23] F.A. Ivanyuk, K. Pomorski, Phys. Rev. C' 79, 054327 (2009).


http://dx.doi.org/10.1016/j.ppnp.2025.104215
http://dx.doi.org/10.1103/PhysRevC.111.L051305
http://dx.doi.org/10.1103/PhysRevC.76.054604
http://dx.doi.org/10.1103/PhysRevC.94.034616
http://dx.doi.org/10.1016/j.cpc.2015.12.003
http://dx.doi.org/10.1016/j.cpc.2015.12.003
http://dx.doi.org/10.1103/PhysRevC.52.1871
http://dx.doi.org/10.1007/978-3-319-31763-2
http://dx.doi.org/10.1088/1402-4896/aa7921
http://dx.doi.org/10.1140/epjs/s11734-024-01150-1
http://dx.doi.org/10.1140/epjs/s11734-024-01150-1
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/PhysRevLett.125.142504
http://dx.doi.org/10.1140/epja/s10050-021-00631-4
http://dx.doi.org/10.1103/PhysRevC.106.014602
http://dx.doi.org/10.1103/PhysRevC.110.054310
http://dx.doi.org/10.1007/s100500170137
http://dx.doi.org/10.1016/j.nuclphysa.2015.09.002
http://dx.doi.org/10.1140/epja/s10050-022-00663-4
http://dx.doi.org/10.1016/0375-9474(94)90349-2
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1103/6ps8-ngl3
http://dx.doi.org/10.1140/epja/i2016-16328-2
http://dx.doi.org/10.1103/PhysRevC.79.054327

Probing SHN Structure and Stability — Synthesis and Decay . . . 1-A23.13

[24]

[25]
[26]

[27]
[28]
[29]
[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]

[38]
[39]
[40]
[41]

[42]
[43]
[44]

P. Méller, J.R. Nix, W.D. Myers, W.J. Swiatecki, Atom. Nucl. Data Tables
59, 185 (1995).

P. Moller et al., Phys. Rev. C' 79, 064304 (2009).

W.J. Swiatecki, K. Siwek-Wilczytiska, J. Wilczyniski, Phys. Rev. C 71,
014602 (2005).

M. Veselsky et al., Acta Phys. Slov. 49, 101 (1999).

G.G. Adamian, N.V. Antonenko, W. Scheid, Nucl. Phys. A 678, 24 (2000).
Z.G. Feng, G.-M. Jin, J.-Q. Li, W. Scheid, Phys. Rev. C' 76, 044606 (2007).
W. Loveland, Phys. Rev. C' 76, 014612 (2007).

K. Siwek-Wilczyniska, I. Skwira-Chalot, J. Wilczynski, Int. J. Mod. Phys. E
16, 483 (2007).

L. Zhu, W.-J. Xie, F.-S. Zhang, Phys. Rev. C' 89, 024615 (2014).

T. Cap, M. Kowal, K. Siwek-Wilczynska, Fur. Phys. J. A 58, 231 (2022).
K. Siwek-Wilczyniska, J. Wilczynski, Phys. Rev. C' 69, 024611 (2004).
W. Reisdorf, Z. Phys. A 300, 227 (1981).

W. Reisdorf et al., Nucl. Phys. A 438, 212 (1985).

H. Donglo, «Study of reaction mechanisms for the synthesis of super-heavy
elementsy», Ph.D. Thesis, Université de Caen Normandie, December 2024.

E. Petit, in: «Proc. NAPAC2016, Chicago, IL, USA», JACoW, 2016.
T. Goigoux et al., Eur. Phys. J. A 57, 321 (2021).
G.G. Gulbekian et al., Phys. Part. Nucl. Lett. 16, 866 (2019).

D. Ackermann et al., <NEWGAIN White Book — Science Requirements —
Work Package Physics», https://www.ganil-spiral2.eu/scientists/
ganil-spiral-2-facilities/accelerators/newgain/

S3 Collaboration (F. Déchery et al.), Eur. Phys. J. A 51, 66 (2015).
F. Déchery et al., Nucl. Instrum. Methods Phys. Res. B 376, 125 (2016).
A. Ajayakumar et al., Nucl. Instrum. Methods Phys. Res. B 539, 102 (2023).


http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1103/PhysRevC.79.064304
http://dx.doi.org/10.1103/PhysRevC.71.014602
http://dx.doi.org/10.1103/PhysRevC.71.014602
http://dx.doi.org/10.1016/S0375-9474(00)00317-1
http://dx.doi.org/10.1103/PhysRevC.76.044606
http://dx.doi.org/10.1103/PhysRevC.76.014612
http://dx.doi.org/10.1142/S0218301307005910
http://dx.doi.org/10.1142/S0218301307005910
http://dx.doi.org/10.1103/PhysRevC.89.024615
http://dx.doi.org/10.1140/epja/s10050-022-00891-8
http://dx.doi.org/10.1103/PhysRevC.69.024611
http://dx.doi.org/10.1007/BF01412298
http://dx.doi.org/10.1016/0375-9474(85)90125-3
http://dx.doi.org/10.18429/JACoW-NAPAC2016-TUA1IO02
http://dx.doi.org/10.1140/epja/s10050-021-00631-4
http://dx.doi.org/10.1134/S1547477119060177
https://www.ganil-spiral2.eu/scientists/ganil-spiral-2-facilities/accelerators/newgain/
https://www.ganil-spiral2.eu/scientists/ganil-spiral-2-facilities/accelerators/newgain/
http://dx.doi.org/10.1140/epja/i2015-15066-3
http://dx.doi.org/10.1016/j.nimb.2016.02.036
http://dx.doi.org/10.1016/j.nimb.2023.03.020

	1 Introduction
	2 DSAS for SHN — some examples
	2.1 K-isomers
	2.2 Decay mode competition
	2.3 Weak decay of SHN

	3 Reaction mechanism studies and cross-section predictions
	4 Opportunities at SPIRAL2/S3 — an outlook

