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Pushing the limits of the Periodic Table and Nuclear Landscape

Witold Nazarewicz!" *

! Facility for Rare Isotope Beams, Michigan State University, Fast Lansing, Michigan 48824, USA

The Periodic Table is still growing. In 2016, four new elements were added: nihonium, moscov-
ium, tennessine and oganesson. These elements define the current upper limits of mass and atomic
numbers. As such, they carry the potential to transform the way we currently understand nuclear
and atomic physics, and chemistry.

All superheavy nuclei are part of a vast, totally unknown region of the nuclear landscape that
scientists are trying to uncover. Questions motivating the search for these systems include: What
are the heaviest nuclei and atoms that can exist? Are superheavy systems different from lighter
nuclear species? Is there an island of very long-lived nuclei? Questions such as these provide
formidable challenges for both experiment and theory, especially in the context of heavy-ion fusion
and nuclear fission. This talk will review theoretical perspectives in this field of research.

This work was supported by the U.S. Department of Energy under Award Numbers DOE-DE-
NA0004074 (NNSA, the Stewardship Science Academic Alliances program) and DE-SC0013365
(Office of Science, Office of Nuclear Physics).

*witek@frib.msu.edu



Omnset of complexity outside the barrier in heavy-ion reactions: moving
towards a more complete picture of fusion
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The coherent superposition of ground and excited states of the colliding nuclei is known to be
critical to describe nuclear scattering and fusion outcomes [1]. As a result, the most widely applied
class of quantum-mechanical barrier-passing models for fusion is the coupled channels formalism.
As a barrier-passing model, absorption (irreversible energy dissipation) is implemented through
an incoming-wave boundary condition or imaginary potential located inside the barrier, ensuring
separation between channel coupling effects and absorption. Couplings to few-nucleon transfer
channels are found to be important in selected cases, otherwise nuclei fuse essentially unchanged.

A wealth of experimental results suggest that this picture is too simple. Measured capture cross-
sections for heavy-ion collisions at energies well above and well below the barrier are systematically
smaller than model calculations [2,3]. Proposals to resolve these discrepancies include modifications
to the the effective nuclear potential, including nuclear incompressibility and the Pauli exclusion
principle [4,5]. Experiments suggest that there may be also be a dynamical origin resulting from
exchange of nucleons and the loss of kinetic energy outside the barrier separation, prior to capture.
Significant kinetic energy loss should lead to reduced cross-sections [2].

We therefore must understand the early stages of collisions, before significant matter overlap
begins. Here, we seek to address the following question: is the state of the system at the barrier
separation consistent with conventional models of fusion, that assume the nuclei are essentially
unchanged prior to capture?

Measurements of reflected flux in reactions of 4°Ca + 208Pb (having multinucleon transfer above
the barrier [6]) were performed at a series of energies spanning from 80% of the fusion barrier to
99% of the fusion barrier using the PRISMA spectrometer. The isotopically-identified reflected flux
reveals that the onset of energy damping occurs outside the fusion barrier. By the time the barrier
radius is reached, the reflected flux highly fragmented into many nuclide pairs with high excitation
energies, lowering their energy with respect to the fusion barrier. This provides a pathway that
explains the observed above-barrier fusion hindrance and is critically neglected in barrier passing
models.

[1] K. Hagino, K. Ogata, A.M. Moro, Prog. Part. Nucl. Phys. 125, 103951 (2022).

[2] J.O. Newton, R.D. Butt, M. Dasgupta, D.J. Hinde, I.I Gontchar, C.R. Morton, K. Hagino,
Phys. Rev. C 70, 024605 (2004).

[3] H. Esbensen, S. Migicu, Phys. Rev. C 76, 054609 (2004).

[4] S. Misicu, H. Esbensen, Phys. Rev. C 75 034606 (2007).

[5] C. Simenel, A.S. Umar, K. Godbey, M. Dasgupta, D.J. Hinde, Phys. Rev. C 95 031601 (2017).
[6] S. Szilner, L. Corradi, G. Pollarolo, S. Beghini, et. al, Phys. Rev. C' 71 044610 (2005).
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Near-barrier fusion reactions as a probe for exotic nuclei

Kyle Godbey!: *
! Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA

Fusion reactions at energies near and below the Coulomb barrier are incredibly sensitive to a
number of factors affecting the dynamics, making them excellent probes for the properties of rare
isotopes. Intricacies in nucleonic transfer, equilibration, and collective excitation all impact the
measured fusion cross sections for a given reaction, and these dynamical effects are also affected by
the structure properties of the incoming collision partners. To place these disparate effects on an
equal footing, time-dependent simulations of fusion reactions have proven to be a useful tool for
modeling near-barrier heavy-ion collisions. Recently, there have been studies which have indicated
this link between dynamical quantities and the structure of nuclei in both systematic studies [1] and
rigorous uncertainty quantification [2] of nuclear energy density functionals. These investigations
have indicated a strong correlation between hard-to-reach structure properties like the neutron
skin and fusion barriers extracted from the fusion cross sections. This talk will present results
from recent work that explores this correlation in detail as well as motivating future experimental
studies of heavy-ion fusion, particularly at facilities that can provide high rates of exotic nuclei far
from stability.

[1] P.-G. Reinhard, A. S. Umar, P. D. Stevenson, J. Piekarewicz, V. E. Oberacker, and J. A.
Maruhn Phys. Rev. C 93, 044618 (2016)
[2] K. Godbey, A. S. Umar, and C. Simenel, Phys. Rev. C 106, L051602 (2022).
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Pauli energy contribution to nucleus-nucleus interaction
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The Pauli exclusion principle plays a crucial role as a building block of many-body quantal systems com-
prised of fermions. It also induces a "Pauli repulsion” in the interaction between di-nuclear systems. It has
been shown that [1] the Pauli repulsion widens the nucleus-nucleus potential barrier, thus hindering sub-
barrier fusion. We investigate the proton and neutron contributions to the Pauli repulsion, both in the bare
potential neglecting shape polarization and transfer between the reactants, as well as in the dynamical po-
tential obtained by accounting for such dynamical rearrangements. As the basis of our study we utilize the
Pauli kinetic energy (PKE) obtained by studying the nuclear localization function (NLF) [2]. Recently this
approach has been generalized to incorporate all of the dynamical and time-odd terms present in the nuclear
energy density functional [3]. This approach is employed in the density constrained frozen Hartree-Fock
(DCFHF) and in the density constrained time-dependent Hartree-Fock (DC- TDHF) microscopic methods.
The PKE spatial distribution shows that a repulsion occurs in the neck between the nuclei when they first
touch. Inside the barrier, neutrons can contribute significantly more to the Pauli repulsion in neutron-rich
systems. Dynamical effects tend to lower the Pauli repulsion near the barrier. Proton and neutron dy-
namical contributions to the PKE significantly differ inside the barrier for asymmetric collisions, which is
interpreted as an effect of multinucleon transfer. The PKE is shown to make a significant contribution to
nuclear interaction potentials. Protons and neutrons can play very different roles in both the bare potential
and in the dynamical rearrangement. Further microscopic studies are required to better understand the role
of transfer and to investigate the effect of pairing and deformation [4].

This work has been supported by the U.S. Department of Energy under award numbers DE-SC0013847 (Vanderbilt University) and
DE-NA0004074 (NNSA, the Stewardship Science Academic Alliances program) and by the Australian Research Council Discovery
Project (project number DP190100256) funding schemes.

[1] C. Simenel, A. S. Umar, K. Godbey, M. Dasgupta, and D. J. Hinde, How the Pauli exclusion principle affects fusion
of atomic nuclei, Phys. Rev. C 95, 031601(R) (2017).

[2] P.-G. Reinhard, J. A. Maruhn, A. S. Umar, and V. E. Oberacker, Localization in light nuclei, Phys. Rev. C 83,
034312 (2011).

[3] T. Li, M. Z. Chen, C. L. Zhang, W. Nazarewicz, and M. Kortelainen, Nucleon localization function in rotating
nuclei, Phys. Rev. C 102, 044305 (2020).

[4] A.S. Umar, C. Simenel, and K. Godbey, Pauli energy contribution to the nucleus-nucleus interaction, Phys. Rev. C
104, 034619 (2021).
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Unexpected observations of heavy-ion fusion excitation functions above
the Coulomb barrier

N. Watwood,!>* C.L. Jiang,! and C.R. Hoffman'

! Physics Division, Argonne National Laboratory

Two unexpected behaviors have been observed in heavy-ion fusion excitation functions at energies
above the Coulomb barrier. The first behaviour stems from the structure of the fusion excitation
curve. Contrary to descriptions from coupled-channels or other model calculations, heavy-ion fu-
sion excitation functions are not smooth near and above the Coulomb barrier. There appears to be
weak but noticeable oscillations or structures within the excitation functions that can be observed
clearly, shown in Figure 1, in the representation d(cF)/dE and in comparison with theoretical cal-
culations o (E) — o4, (E) [1]. The second unexpected behavior is observed in overlapping excitation
spectra. Fusion excitation functions o(F) that have different entrance channels but fuse to the
same compound nucleus appear to overlap in the energy domain above the barrier. The overlap
emerges after scaling the center of mass energy of each excitation function by a constant scaling
factor, SF [2]. Figure 2 shows an example of this behavior for the compound nucleus 2!°Ra. The
scaling factors are determined from the corresponding Coulomb barriers of each entrance channel.
Moreover, the corresponding d(cF)/dE spectra also overlap well in this energy range, including
their fine structures. It appears the two behaviors are correlated and the reasoning behind these
behaviors are yet unknown, but may be due to the compound-channel effect [2].

This work was supported by the US Department of Energy, Office of Nuclear Physics, under
contract No. DE-AC02-06CH11357.
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FIG. 1: Two representations d(cE)/dE and o —oy, ~ FIG. 2: A comparison of three fusion excitation

of fusion system °Ca + %Zr. functions which all lead to the same compound nu-
cleus 2'°Ra. The energies of each excitation func-
tion are multiplied by the indicated scaling factor,
SF.

[1] C.L Jiang, B.B. Back, W.F. Henning, B.P. Kay, G. Montagnoli, K.E. Rehm, A.M. Stefanini,
N. Watwood, “New observation: Heavy-ion fusion excitation function is not smooth around and
above the Coulomb barrier”, submitted to Phys. Rev. C, (2023).

[2] C.L. Jiang, B.B. Back, W.F. Henning, B.P. Kay, G. Montagnoli, K.E. Rehm, A.M. Stefanini,
N. Watwood, “New observation on the heavy-ion fusion excitation function and the compound
channel effect”, submitted to Phys. Rev. C, (2023).
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Macroscopic-microscopic fission yields
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We utilize the macroscopic-microscopic approach to fission to calculate nascent fragment dis-
tributions. Assuming strongly damped shape motion, we run many iterations of a Metropolis-
random walk across nuclear potential-energy surfaces to obtain sufficient scission statistics. Our
nuclear potential surfaces consist of a macroscopic energy from the Finite-Range Liquid-Drop
Model (FRLDM) and microscopic terms that arise from the single-particle spectra. We show our
results at near-barrier incident energies for a wide range of fissioning systems. We exhibit the
performance of our calculations by benchmarking to experimental data and present global trends
that manifest as a function of neutron and proton number [1]. We end with a discussion of lessons
learned and impact on nucleosynthetic outcomes [2].

[1] M. R. Mumpower, P. Jaffke, M. Verriere, J. Randrup, “Primary fission fragment mass yields
across the chart of nuclides” PRC 101 054607 (2020).

[2] N. Vassh, M. R. Mumpower, G. C. McLaughlin, T. M. Sprouse, R. Surman, “Co-production of
light and heavy r-process elements via fission deposition" ApJ 896 1 (2020).

*mumpower@lanl.gov



Dependence of total kinetic energy of fission fragments as functions of
excitation energy and neutron excess for U and Pu isotopes

S. Chiba,»? * K. Shimada,?3 F.A. Ivanyuk,* and C. Ishizuka?

INAT Research Center, Tokai, Naka Ibaraki 319-1112, Japan
2 Tokyo Institute of Technology, Ookayama, Meguro, Tokyo 152-8550, Japan
3 Present address: Japan Atomic Energy Agency, Tokai, Naka, Ibaraki 319-1195, Japan
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Total kinetic energy (TKE) of fission fragments accounts for about 80 % of energy released by
nuclear fission. Therefore, understanding of the behavior of TKE is crucial in designing nuclear
energy systems as well as understanding local heat source in r-process nucleosynthesis where fission
recycling plays an important role. We have investigated fragment mass and TKE correlation as
functions of excitation energy and neutron excess for a series of nuclei of U and Pu in terms of
a 4D Langevin dynamical model developed at Tokyo Tech. We found that decrease of TKE as
a function of the excitation energy of fissioning nucleus could be understood by considering the
change of shape of the heavy fragments from spherical to prolate deformation, which causes distance
between the center-of-mass of the 2 nascent fragments longer, then the Coulomb repulsion of 2
fragments to decrease [1]. Then, we have done a systematic calculation of mass-TKE correlation
ranging from proton drip to neutron drip line of U and Pu. We found that the TKE trend deviates
from the 1/A'/3 rule as indicated by Viola and Unik systematics. The reason of such a deviation
was again accounted for by change of the fragment deformation.

[1] K.Shimada et al, Phys. Rev. C 104, 054609(2021).

*chiba.s.ae@m.titech.ac.jp, chiba.satoshi@nat-web.com



Status of new element search at RIKEN

K. Morimoto!** and for nSHE collaboration
'RIKEN Nishina Center, Wako, Saitama 351-0198, Japan

After the successful discovery of Nihonium (Nh: Z=113), the RIKEN Nishina Center for
Accelerator-Based Science (RNC) has started a new program aimed at producing additional new
elements, the 119th and 120th, by hot fusion reactions. To achieve this goal, the RNC carried
out the upgrade of a superconducting linac accelerator (SRILAC) and a superconducting ECR ion
source to increase beam intensity and maximum acceleration energy and also constructed the new
gas-filled recoil ion separator (GARIS-IIT) suitable for the hot fusion reaction[1]. Commissioning of
these finished in 2019 for 'V beam accelerated up to 6.5 MeV /u. After the commissioning, the new
collaboration is established and named "nSHE collaboration", which is composed of RIKEN Japan,
ANU Australia, IMP China, IPHC France, JAEA Japan, JINPA USA, KEK Japan, Kyushu Univ.
Japan, Niigata Univ. Japan, ORNL USA, Osaka Univ. Japan, Saitama Univ. Japan, Tohoku
Univ. Japan, UTK USA and Yamagata Univ. Japan.

The experiment to synthesize element 119 is currently underway using a ®'V-+24Cm—Z=119
reaction with a highly intense beam. The highly enriched 2*¥Cm;O3 material was provided to
RNC under the Material Transfer Agreement between RNC and Oak Ridge National Laboratory.

In this talk, we will present the status of the experiment for 119th element search. In particular,
we plan to describe the experimental setup, how the irradiation energy is determined, and explain
how the experiment is progressing.

[1] H. Sakai, H. Haba, K. Morimoto and N. Sakamoto, Eur. Phys. J. A. 58, 238 (2022).

*morimoto@riken.jp



Superheavy elements in Dubna

Alexander Karpov!:*
1 Flerov Laboratory of Nuclear Reactions, JINR, Dubna

The journey to the borders of the world of atoms and nuclei began about 80 years ago and
continues to this day. During this time, 24 artificial elements have been synthesized and they
found their places in the Periodic Table of Chemical Elements.

The increased stability of superheavy elements is due to the existence of the "Island of Stability"
- a hypothetical region on the nuclear chart, predicted in the mid of 1960s in the region of proton
number 114 and neutron number 184. Confirmation of the existence of the Island of Stability of
superheavy elements was one of the most important results of the experiments on synthesis of
superheavy nuclei with the “8Ca beam.

Today, earlier discovered superheavy elements have become available for a detailed study of their
properties thanks to the creation of new accelerator complexes, such as the Superheavy Element
(SHE) Factory in Dubna [1-3]. The synthesis of new even heavier elements and the related search
for the limits of the existence of chemical elements remains an urgent task for the world’s leading
laboratories.

In the talk, an overview of results of the first experiments [4-6] performed at the SHE Factory as
well as that of the facility itself will be given. Nearest prospects for developing the SHE Factory
and extending its experimental program will be discussed too.

[1] Yu.Ts. Oganessian, V.K. Utyonkov, A.G. Popeko et al,, NIMA 1033, 166640 (2022).

[2] D. I. Solovyev and N. D. Kovrizhnykh, J. Instrum. 17, P07033 (2022).

[3] Yu.Ts. Oganessian, V.K. Utyonkov, D.I. Solovyev, et al., NIMA 1048, 167978 (2023).

[4] Yu. Ts. Oganessian, V. K. Utyonkov, N. D. Kovrizhnykh, et al., Phys. Rev. C 106, L031301
(2022).

[5] Yu. Ts. Oganessian, V. K. Utyonkov, N. D. Kovrizhnykh, et al., Phys. Rev. C 106, 064306
(2022).

[6] Yu.Ts. Oganessian, V.K. Utyonkov, D. Ibadullayev et al., Phys. Rev. C 106, 026412 (2022).
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Superheavy nuclei and other exotics — opportunities at SPIRAL2 and S?

Dieter Ackermann (for the S® collaboration)!s*
YGANIL, CEA/DRF-CNRS/IN2P3, 14076 Caen, France

The structure of very heavy and superheavy nuclei (SHN) as well as is still one of the most
intriguing topics in modern nuclear physics [1]. Worldwide competitive, high beam intensities
provided by the accelerator facility SPIRAL2 at GANIL [2] which started operation recently, will
cover in future all ions up to uranium thanks to the new injector project NEWGAIN. Combined
with the separator-spectrometer installation S? [3], it will provide the instrumental prerequisites for
an ambitious science program [4]. Apart from SHN/SHE research, the envisaged physics case at S*
covers, among other, the structure of N=Z7 nuclei, low energy physics (fundamental properties of the
atomic nucleus etc.), interdisciplinary research, atomic physics and reaction studies (fission, deep
inelastic reactions etc.) [4]. With an emphasis on the physics of the heaviest nuclear species [1],
presenting some highlights of recent achievements, in my presentation I will discuss the challenges
and opportunities the science program faces at S® which is expected to come online shortly.

[1] D. Ackermann and Ch. Theisen, Phys. Scripta 92, 083002 (2017).

[2] E. Petit - SPIRAL2 collaboration, Proc. of NA-PAC2016, Chicago, IL, USA, TUA11002, (2016).
[3] F. Dechery et al., Eur. Phys. J. A 51, 66 (2015).

[4] D. Ackermann et al., NEWGAIN White Book — Science Requirements, https://www.ganil-
spiral2.eu/scientists/ganil-spiral-2-facilities /accelerators /newgain/ (2021).
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Collective subspace requantization for sub-barrier fusion reactions
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Non-empirical theoretical approaches to structure and reaction of unknown nuclei are becoming
more and more important in these days. Radioactive isotope facilities of the new generation enable
us to access unexplored territories of unstable nuclei with large neutron excess. In order to find new
features and useful concepts for these exotic nuclei, we are developing computational approaches,
which are capable of calculating structure and reaction properties and of performing systematic
calculations for nuclei across the entire nuclear chart.

For studies of heavy-ion reactions, the time-dependent density functional theory (TDDFT) [1]
has been a leading theory to provide great insights into nuclear collective dynamics. It is “non-
empirical” in the sense that the dynamics is defined by a given energy density functional. On the
other hand, its semi-classical nature is a drawback. For instance, it is known to be difficult to
obtain sub-barrier fusion reaction in the TDDFT simulation.

The requantization of the dynamics is a possible method to overcome this classical nature.
However, a conventional theory for the re-quantization requires us to identify a family of periodic
orbits in the TDDFT phase space [2]. This is extremely difficult task and has never been realized
in realistic applications in nuclear physics. Instead, we are trying to develop a new approach
[3, 6], based on the adiabatic self-consistent collective coordinate (ASCC) method [1, 4]. In this
approach, we first determine a subspace in the entire Hilbert space to describe a collective motion
of interest. Then, within the obtained subspace, we perform the requantization. In fact, the
method was applied to nuclear structure problems, including shape coexistence phenomena and
pairing vibrations [1, 5]. Recently, we have succeeded to determine the reaction path and associated
inertial mass parameters for relatively light nuclei. The asymptotic values of the inertial masses
clearly indicate superiority of our method over conventional approaches, such as the constrained
mean-field with cranking inertial masses [6]. We show our results on the low-energy reaction and
calculation of astrophysical S factors for sub-barrier fusion reactions.

[1] T. Nakatsukasa, K. Matsuyanagi, M. Matsuo, and K. Yabana, Rev. Mod. Phys. 88, 045004 (2016).
[2] J. Negele, Rev. Mod. Phys. 54, 913 (1982).

[3] K. Wen and T. Nakatsukasa, Phys. Rev. C' 94, 054618 (2016); ibid. 96, 014610 (2017).

[4] M. Matsuo, T. Nakatsukasa, and K. Matsuyanagi, Prog. Theor. Phys. 103, 959 (2000).

[5] F. Ni and T. Nakatsukasa, Phys. Rev. C' 97 044310 (2018).

[6] K. Wen and T. Nakatsukasa, Phys. Rev. C' 105 034603 (2022).
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Fusion dynamics for superheavy elements production and with weakly
bound nuclei

Xiang-Xiang Sun''? and Lu Guo®?:*
1School of Nuclear Science and Technology,
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Chinese Academy of Sciences, Beijing 100190, China

We present the microscopic studies of producing superheavy elements by combining time-
dependent Hartree-Fock theory, coupled-channels approach, and dynamical diffusion models.
The fusion probability and compound nucleus formation cross sections for cold-fusion reactions
18Ca+208ph, 59Ti+208Ph, and >*Cr+2%Pb are investigated and found to be consistent with ex-
perimental data [1]. Our studies demonstrate that the restrictions from the microscopic dynamic
theory improve the predictive power of the coupled-channels and diffusion calculations.

We also investigate the capture, fusion, and evaporation-residue cross sections for the hot-fusion
reaction *Ca + 238U, in which the orientation effects of 233U are self-consistently included in the
capture and fusion processes. The fusion probabilities are found to be strongly dependent on the
orientations and the present calculations without any free parameters show that the tip-orientation
collision is favorable for both the capture process and the formation of compound nucleus. After
considering the survival of the compound nucleus, our calculations well reproduce the experimental
evaporation-residue cross sections for 4Ca + 238U,

We present a microscopic study on the fusion reactions '41°C + 232Th by emphasizing the effect
of deformed halo structure on reaction dynamics within the framework of time-dependent density
functional theory. Our microscopic calculations not only reproduce the enhancement of fusion cross
sections at sub-barrier energies without any adjustable parameters, but also reveal the underlying
mechanism of this enhancement, which is driven by the deformed halo structure of C. More
interestingly, by performing particle number projection based on the wave functions from time-
dependent Hartree-Fock simulation we find that the one-neutron transfer probabilities are more
sensitive to the orientations of '>C than 232Th, indicating the notable effects of halo structure on
the reaction dynamics.

[1] Xiang-Xiang Sun, Lu Guo, Phys. Rev. C 105, 054610 (2022).
[1] Xiang-Xiang Sun, Lu Guo, Phys. Rev. C (submitted).
[2] Xiang-Xiang Sun, Lu Guo, Phys. Rev. C 107, L011601 (2023).
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Dreaming of Superheavy Nuclei:
From Terrestrial Experiments to Celestial Origins

K. Sekizawals 23 *

I Tokyo Institute of Technology, Tokyo, Japan
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What is the heaviest element that can, if it is very short lived, exist in nature? This simple,
yet profound question has urged us to synthesize unknown superheavy nuclei (SHN) at terrestrial
accelerator facilities all over the world. The synthesis of SHN is notoriously difficult due to its really
tiny cross sections on the order of picobarn to femtobarn. While the cold fusion reactions, which
take advantage of the stabilization effect of doubly-magic 2°®Pb or its neighbor 2°?Bi, reducing
excitation energy of a compound system, have been successful to synthesize SHN up to the element
113, nihonium, it suffers from an exponential decrease of the cross section with increasing the proton
number Z. On the other hand, the hot fusion reactions employ a neutron-rich calcium isotope,
48(Ca, as a projectile with an actinide target, leading to higher excitation energy as compared to
the cold one, while subsequent neutron evaporation successfully cools it down. The latter sustain
picobarn-level cross sections even for Z > 113 and up to the element 118, oganneson, have been
synthesized so far. Although those artificially synthesized SHN are short-lived, their chemical as
well as nuclear properties are of great interests, offering a unique opportunity to challenge our
theoretical understanding.

One of the possibilities to synthesize SHN is the use of multinucleon transfer (MNT) reactions at
energies around the Coulomb barrier. Recently, we have developed the stochastic mean-field (SMF)
theory, which is a microscopic framework that incorporates quantal fluctuations and correlations on
top of the mean-field (TDHF) dynamics, and applied for the %:54Ni+208Ph [1] and 136Xe+208Pb [2]
reactions, showing remarkable improvements of quantitative description of fragment mass, charge,
as well as total kinetic energy (TKE) distributions. In this talk, I will present progress along this
line, aiming at producing yet-unknown, neutron-rich heavy nuclei via MNT reactions.

What about other possibilities? If it is really difficult to synthesize SHN by terrestrial experi-
ments, why don’t we look for those of celestial origins, i.e., SHN that are/were somewhere in the
universe? That is the second topic I would like to discuss in this talk. Recently, we have inves-
tigated effects of a superstrong magnetic field (as large as 10*® G) on compositions of the outer
crust of neutron stars and found that extremely neutron-rich SHN, including yet unknown ele-
ments (Z > 118), emerge as an equilibrium composition of the outer crust of a strongly-magnetized
neutron star [3]. The main cause of the emergence of SHN is the Landau-Rabi quantization of
electron motion perpendicular to the magnetic field, which enhances the electron (and, thus, pro-
ton) fraction, allowing for the outer crust to extend at a higher pressure (density) region. In this
talk, I will discuss implications of the finding, building a new bridge between the studies of SHN
and neutron stars.

[1] K. Sekizawa and S. Ayik, Phys. Rev. C 102, 014620 (2020).
[2] S. Ayik and K. Sekizawa, Phys. Rev. C 102, 064619 (2020).
[3] K. Sekizawa and K. Kaba, arXiv:2302.07923 [nucl-th]|.

*sekizawa@phys.titech.ac.jp



Theoretical estimation and reaction mechanism of synthesizing neutron
rich nuclei in superheavy mass region
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Research on neutron-rich nuclei in the heavy and superheavy mass region is gaining importance
in the fields as the synthesis of new elements [1,2,3], the r-process and multi-nucleon transfer
reactions. Furthermore, the use of neutron-rich nuclei is indispensable for reaching the Island of
Stability [4] that are predicted to exist in the superheavy element region, and the evaluation of the
generation probability of neutron-rich nuclei is necessary.

To success the synthesis of superheavy elements, we must clarify the fusion-fission mechanism,
which is included a role of the nuclear structure of colliding nuclei and the deformation of them in
the fusion process. We calculate the probability of forming a compound nucleus using Langevin
equation as the dynamical model [5]. We discuss the possibility to synthesize new elements Z > 119.
Moreover, to approach to the Island of Stability, we propose the new way using the shell effect
during the dynamical process.

To estimate the evaporation residue cross section, we must calculate the survival probability of
the excited compound nuclei, in the decay process. At present, the statistical model is used as
standard to evaluate the survival probability [6]. When dealing with very small probabilities, and
because of the computation time, the use of the statistical mode is suitable.

However, in the neutron-rich nuclei in the superheavy mass region, we find that the inconvenience
appears in the calculation of the statistical model code. In the code, we use the mass table by P.
Moller [7], and there are cases where the ground state shell-corrected energies in these regions are
close to zero or even positive. In the statistical model, the finite height of the fission barrier and
the ability to define the saddle point are the basis of the theory construction. In this situation,
it may not be applicable to nuclei without a fission barrier. In this research, we discuss based
on these analyses, and discuss the introduction of a dynamical model and the modification of the
mass table as solutions to the problem.

[1] Yu.Ts. Oganessian et.al., Nature 400, 242 (1999); Phys. Rev. Lett. 83, 3154 (1999).

[2] S. Hofmann et.al., Eur. Phys. J. A 31, 251 (2007); L. Stavsetr et.al., Phys. Rev. Lett. 103,
132502 (2009); P.A. Ellison et.al., Phys. Rev. Lett. 105, 182701 (2010); Ch.E. Dullmann et.al.,
Phys. Rev. Lett. 104, 252710 (2010).

[3] K. Morita et.al., J. Phys. Soc. Jpn. 73, 2593 (2004); J. Phys. Soc. Jpn. 81, 103201 (2012).

[4] W.D. Myers and W.J. Swiatecki, Nucl. Phys. 81, 1 (1966); A. Sobiczewski, F.A. Gareev, and
B.N. Kalinkin, Phys. Lett. 22, 500 (1966).

[5] Y. Aritomo, M. Ohta, Nucl. Phys. A744, 3-14 (2004).

[6] M. Ohta, Proc. of Fusion Dynamics at the Extremes, 110 (2001).

[7] P. Moller, J.R. Nix, W.D. Myers, W.J. Swiatecki, Atomic Data and Nuclear Data Tables 59,
185-381 (1995).
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The '2C+'2C Fusion Reaction at Stellar Energies
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The carbon fusion reaction is a crucial reaction in stellar evolution. Due to its complicated
reaction mechanism, there is a large uncertainty in the reaction rate which limits our understanding
to various stellar objects, such as massive stars, type Ia supernovae, and superbursts. In this talk,
I will review the challenges and the recent progress in the study of the 12C+12C fusion reaction at
stellar energies. The outlook for the future experimental studies will also be presented.
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Sub-Coulomb nuclear studies using Indirect Methods: recent results
with the Trojan Horse Method
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I discuss the basic concepts of indirect methods in nuclear astrophysics and the opportunity they
offer to determine the cross sections and thus the rates of various stellar combustion reactions when
it is difficult to perform the corresponding direct measurements. I will focus on recent results using
the Trojan Horse method to study carbon burning in 2C+12C fusion-dominated conditions whose
dominant evaporation channels at the relevant energies are o and proton, leading to 2°Ne and ?3Na,
respectively. The deduced cross-sections exhibit several resonances that are responsible for very
large increases of the reaction rate at relevant temperatures. Then, I will move on to a different
application that contributes to understanding the charge symmetry breaking of nuclear forces by
measuring the Coulomb-free proton-proton scattering length from the quasi-free p+d—p+p+n
reaction.

[1] A. Tumino, C.A. Bertulani, M. La Cognata, L. Lamia, R.G. Pizzone, S. Romano and S. Typel,
Annual Review of Nuclear and Particle Science 71, 033642 (2021).
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12C412C fusion reaction rate at low temperatures from a microscopic
nuclear model
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12C + '2C fusion is the primary reaction in the carbon-burning process, critical for various
astrophysical phenomena such as X-ray superbursts[1]. However, it is highly uncertain at low
temperatures, which is essential for X-ray superbursts. Experimentally, it is difficult to determine
the low-energy fusion cross section by the direct reaction due to the thick Coulomb barrier[2,3]. An
indirect reaction reports many low-energy resonances to enhance the fusion cross sections[4], but the
absolute values are under debate[5]. Theoretically, phenomenological models have been unavailable
to evaluate the reaction. The fusion reaction is a multi-nucleon rearrangement reaction in which
« and p decays are the dominant exit channels, and coupling potentials between the entrance and
exit channels have not been developed. Moreover, the resonant states significantly contribute to
the 12C 4 12C fusion reaction. Theoretical works for resonances treating their coupling have been
challenging except for our previous work[6].

We have treated the coupling of the 2C+12C entrance channel and the a+2°Ne and p+23Na exit
channels using the antisymmetrized molecular dynamics, a microscopic model, and obtained the
resonance state near the '2C 4 '2C threshold in ?Mg. The fusion reaction rate is then evaluated.
Several Gogny and Skyrme density functionals are used as nucleon-nucleon interactions.

By coupling the entrance and exit channels, fragments of 0% and 27 resonances containing '2C +
12C components distribute around the '2C + '2C threshold, enhancing the '2C + '2C fusion cross
sections. Those resonances contribute to the 12C + 2C fusion reaction rate at low temperatures.
The reaction rate is sensitive to the resonance energies, and the Gogny functionals obtain lower
resonances and larger reaction rates at low temperatures than the Skryme functionals. These
discrepancies are a kind of uncertainty of microscopic models, which have to be evaluated by
experiments.

The isoscalar transition matrix elements from the ground state to the 0™ and 2+ resonances near
the 12C + 12C threshold are about a Weisskopf unit. It is large enough to be excited by inelastic
scattering, indicating that inelastic scattering is a promising alternative to direct reactions for
observing resonance states near the 12C + '2C threshold.

[1] R. L. Cooper, A. W. Steiner, E. F. Brown, ApJ 702, 660 (2009).

[2] G. Fruet et al., Phys. Rev. Lett. 124, 192701 (2020).

[3] W. P. Tan et al., Phys. Rev. Lett. 124, 192702 (2020).

[4] A. Tumino et al., Nature 557, 687 (2018).

[5] C. Beck, A. M. Mukhamedzhanov, X. Tang, Eur. Phys. J. A 56, 87 (2020).
[6] Y. Taniguchi, M. Kimura, Phys. Lett. B 823, 136790 (2021).
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Fusion reactions play an essential role in understanding the energy production, the nucleosyn-
thesis of chemical elements and the evolution of massive stars. The direct measurement of key
fusion reactions at stellar energies is thus of very high interest for a reliable interpretation of the
excitation functions, but very challenging since the associated cross sections are extremely small,
of the sub-nanobarn range. Among the processes which are milestones for nuclear astrophysics,
the carbon burning is a crucial ingredient to understand the late stages of massive stars [1]. It is
essentially driven by the '2C+!2C fusion reaction which is known to show resonances at energies
ranging from a few MeV /nucleon down to the sub-Coulomb range [2]. The possible persistence
of these resonances to deep sub-Coulomb barrier relative energies causes large uncertainties of
extrapolations of 12C+12C fusion cross section down to the Gamow region.

This contribution will discuss recent results obtained in the 12C+12C system at deep sub-barrier
energies using the STELLA setup combined with the UK-FATIMA detectors for the direct
measurement of fusion cross-sections of astrophysical interest [3]. The gamma-particle coincidence
technique combined with the merit of nanosecond-timing measurements have been used to
minimize background contributions for cross-section determination at the highest precision
reached so far [4]. New results of a campaign of the STELLA collaboration will also be presented.

The impact of these newly measured '2C+!2C reaction rates on the stellar evolution and
nucleosynthesis will also be discussed on the basis of newly developed hydrodynamics calculations
taking into account possible resonant features as well as fusion hindrance effects [5].

[1] C. E. Rolfs and W.S. Rodney, Cauldrons in the Cosmos (Univ of Chicago Press, 1988), 1st ed.
[2] D. Jenkins and S. Courtin J. Phys. G: Nucl. Part. Phys. 42 034010 (2015).

[3] M. Heine, S. Courtin et al., Nucl. Inst. Methods A 903, 1 (2018), and references therein.

[4] G. Fruet, S. Courtin et al., Phys. Rev. Lett. 124, 192701 (2020).

[5] E. Monpribat, S. Martinet, S. Courtin et al. Astronomy and Astrophysics 660 (2022).
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Reaction dynamics of proton drip-line nuclei at energies around the
Coulomb barrier
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Reaction dynamics induced by proton drip-line nuclei at energies around the Coulomb barrier
is one of the most popular topics in nuclear physics. In order to further investigate the reaction
mechanisms of proton drip-line nuclei, we performed the complete-kinematics measurements of
8B+1208n [1] and '"F+58Ni [2] at CRIB, University of Tokyo. Two detector arrays, i.e., the silicon
telescope array of STARE and the ionization chamber array of MITA, were designed respectively
for the measurements of ®B and '"F. Reaction products were completely identified with the help of
these two arrays. For the 8B+'2°Sn system, the coincident measurement of the breakup fragments
was achieved for the first time. The correlations between the breakup fragments reveal that the
prompt breakup occurring on the outgoing trajectory dominates the breakup dynamics of 8B. For
I7F 158Ni, the complete reaction channel information, such as quasi-elastic scattering, breakup and
total fusion, was derived for the first time. An enhancement of the fusion cross section of '"F-+°8Ni
was observed at the energy below the Coulomb barrier. Theoretical calculations indicate that this
phenomenon is mainly due to the coupling to the continuum states. Moreover, different direct
reaction dynamics were found in 8B and '"F systems, suggesting the influence of proton-halo
structure on the reaction dynamics.

[1] L. Yang, C. J. Lin, H. Yamaguchi et al., Nat. Commun. 13, 7193 (2022).
[2] L. Yang, C. J. Lin, H. Yamaguchi et al., Phys. Lett. B 813, 136045 (2021).
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Fusion reactions involving carbon and oxygen are crucial for the understanding of the life
cycle of massive stars and ultimately of the synthesis of chemical elements necessary for life.
Besides the bottleneck reaction '2?C+'2C — mainly driving the carbon burning in massive stars —
measurements of neighbor light systems as 12C+1%0 and %0+160 are scarce although they are
also relevant for the precise modeling of late carbon burning, oxygen burning in massive stars
as well as explosive carbon burning of Type Ia supernovae [1]. Furthermore, a comprehensive
picture of these alpha-conjugated systems might reveal the underlying microscopic origin of
several puzzling observations in sub-barrier fusion which are still not fully understood such as the
potential existence of cluster states [2] or of a fusion hindrance mechanism [3]. In particular, recent
hints for low energy resonances in the 12C+160 [4] system call for more precise measurements and
the study of the 80+160 has the potential to shed light on whether or not the fusion hindrance
also affects light systems.

Following the successful first phases of 12C+'2C [5] measurements with STELLA, precise deter-
mination of the astrophysical S-factor for the '2C+'60 and 'O-+'%0 fusion is developed at the
Andromede facility (France), exploiting the coincidence technique with ns-timing precision. The
key experimental developments to achieve an enhanced energy resolution needed to unambigu-
ously resolve the increased complexity of the final states of these systems will be detailed and the
sensitivity expected after the upgrade will be discussed.

[1] S. E. Woosley, W. D. Arnett, and D. D. Clayton, Phys. Rev. Lett. 27, 213 (1971), URL https:
//link.aps.org/doi/10.1103/PhysRevLett.27.213.

[2] P. Adsley, M. Heine, D. G. Jenkins, S. Courtin, R. Neveling, J. W. Briimmer, L. M. Donaldson,
N. Y. Kheswa, K. C. W. Li, D. J. Marin-Lambarri, et al., Phys. Rev. Lett. 129, 102701 (2022), URL
https://link.aps.org/doi/10.1103/PhysRevLlett.129.102701.

[3] C. L. Jiang, K. E. Rehm, R. V. F. Janssens, H. Esbensen, I. Ahmad, B. B. Back, P. Collon, C. N.
Davids, J. P. Greene, D. J. Henderson, et al., Phys. Rev. Lett. 93, 012701 (2004), URL https://link.
aps.org/doi/10.1103/PhysRevLett.93.012701.

[4] X. Fang, W. P. Tan, M. Beard, R. J. deBoer, G. Gilardy, H. Jung, Q. Liu, S. Lyons, D. Robertson,
K. Setoodehnia, et al., Phys. Rev. C 96, 045804 (2017), URL https://link.aps.org/doi/10.1103/
PhysRevC.96.045804.

[5] G. Fruet, S. Courtin, M. Heine, D. G. Jenkins, P. Adsley, A. Brown, R. Canavan, W. N. Catford,
E. Charon, D. Curien, et al., Phys. Rev. Lett. 124, 192701 (2020), URL https://link.aps.org/doi/
10.1103/PhysRevLett.124.192701.
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The abundance of 26 Al carries a special role in astrophysics, since it probes active nucleosynthesis
in the Milky Way and constrains the Galactic core-collapse supernovae rate. It is estimated through
the detection of the 1809 keV 7-line and from the superabundance of 26Mg in comparison with the
most abundant Mg isotope (A=24) in meteorites. For this reason, high precision is necessary also
in the investigation of the stable 27Al and ?*Mg [1,2]. Moreover, these nuclei enter the so-called
MgAl cycle playing an important role in the production of Al and Mg [3]. Recently, high-resolution
stellar surveys have shown that the Mg-Al anti-correlation in red-giant stars in globular clusters
may hide the existence of multiple stellar populations, and that the relative abundances of Mg
isotopes may not be correlated with Al.

The common thread running through these astrophysical scenarios is the 27 Al(p,a)?*Mg fusion
reaction, which is the main 27 Al destruction channel and directly correlates its abundance with the
24Mg one. Since available spectroscopic data and tabulated reaction rates show large uncertainties
owing to the vanishingly small cross section at astrophysical energies, we have applied the Trojan
Horse Method (THM) to the three-body quasi-free reaction d(?7Al, a?*Mg)n. This has allowed us
to perform high precision spectroscopy on the compound nucleus 28Si, from which we extracted
important information on the 27Al(p, a)?*Mg fusion cross section in the energy region of interest
for astrophysics, not accessible to direct measurements. All details can be found in refs.[4,5]. In
particular, the indirect measurement made it possible to assess the contribution of the 84 keV
resonance and to lower upper limits on the strength of nearby resonances.

In particular, in this work we have evaluated the effect of the THM recommended rate on
intermediate-mass asymptotic giant branch stars experiencing hot bottom burning. Here, a sizeable
increase in surface aluminum abundance is observed at the lowest masses due to the modification
on the fusion cross section, while 2*Mg is essentially unaffected by the change we determined.

[1] S. Palmerini et al., Monthly Notices of the Royal Astronomical Society 467, 1193 (2017).
[2] C. Hiadis et al., The Astrophysical Journal Supplement 193, 23 (2011).

[3] C. Niadis et al., Nuclear Physics A 841, 3 (2010).

[4] M. La Cognata et al., The Astrophysical Journal 941, 96 (2022).
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On the optical model potentials of exotic nuclear systems
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The nuclear interaction potential is a basic element in the study of nuclear physics. The phe-
nomenological optical model potential (OMP) not only includes the static bare potential but also
reflects an overall feature of reaction dynamics. Usually, the OMP is extracted by fitting the
angular distribution of elastic scattering. For tightly-bound nuclear systems, the phenomenon of
threshold anomaly (TA) has been known for more than 30 years. A dispersion relation (a natural
consequence of the causality principle) between the real and imaginary part of OMP is well estab-
lished [1]. While for weakly-bound nuclear systems, a behaviour of abnormal threshold anomaly
(ATA) was observed [2], but the relation between the real and imaginary parts of OMP is yet
unclear so far. A novel method, i.e. the transfer reaction method, was proposed to extract the
OMP of exotic nuclear system in the exit reaction channel [3]. The OMPs of ®He+2%9Bi were
extracted by this method. The reaction energy reached to deep sub-barrier region, and therefore
the threshold energy was determined for the first time [4]. The result offers strong evidence that
the dispersion relation does not hold, which may be a common phenomenon for exotic nuclear
systems. Recently, the elastic scattering data of SLi+2°"Bi and He+2°®Pb were re-analyzed by
the frequentist-bootstrap method with strong TA constraints imposed. A conclusion opposite to
the currently-accepted ATA behaviour has been reached [5]. Considering this contradiction, we re-
analyzed the elastic data of 5Li+2%9Bi and the transfer data of He+2%9Bi by the Bayesian method
[6]. With the proper prior distributions, the ATA phenomenon is confirmed, and the applicability of
the dispersion relation remains in doubt. It should be pointed out that the elastic scattering data is
not informative enough to judge which prior condition (TA or ATA) is correct. Additional analyses
on other reactions, such as transfer and/or fusion where the nuclear interaction plays a major role,
can provide valuable information. Finally, we would like to emphasize that the Bayesian method
has to be used with extreme caution, since the different prior knowledge could lead to completely
different conclusions. Based on this work, we recommend the non-constraint frequentist approach
or the the Bayesian method with a flat prior distribution as a priority. In order to further in-
vestigate the OMP of weakly-bound nuclear system, transfer reactions of 207Pb(7Li,°Li)?°®Pb and
elastic scattering of Li+2%®Pb have been measured with high precision for energies around and
well-below the Coulomb barrier. Reliable OMPs have been extracted via simultaneously analysing
the transfer and elastic scattering data by the Bayesian method. New results will be present at
the conference.

[1] M.A. Nagarajan, C.C. Mahaux, and G.R. Satchler, Phys. Rev. Lett. 54, 1136 (1985).
[2] N. Keeley, S.J. Bennett, N.M. Clarke et al., Nucl. Phys. A 571, 326 (1994).

[3] C.J. Lin, F. Yang, P. Zhou et al., AIP Conf. Proc. 853, 81 (2006).

[4] L. Yang, C.J. Lin, H.M. Jia et al., Phys. Rev. Lett. 119, 042503 (2017).

[5] R.N. Perez and J. Lei, Phys. Lett. B 795, 200 (2019).

[6] L. Yang, C.J. Lin, Y.X. Zhang et al., Phys. Lett. B 807, 135540 (2020).
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Sequential fission and the influence of 2*Pb closed shells on the
dynamics of superheavy element synthesis reactions

D.J. Hinde!

! Department of Nuclear Physics and Accelerator Applications,
Research School of Physics, Australian National University”

Measured binary quasifission mass spectra in reactions with actinide nuclides show a large peak
in yield near the doubly-magic 2°8Pb. This has generally been attributed to the enhanced binding
energy of 298Pb causing a valley in the potential energy surface, attracting quasifission trajecto-
ries. To investigate this interpretation, binary quasifission mass spectra and cross-sections have
been measured at near-barrier energies for reactions of 5°Ti with actinide nuclides from 22%U to
249Cf. Cross-sections have also been deduced for sequential fission (a projectile-like nucleus and
two fragments from fission of the complementary target-like nucleus). Binary cross-sections fall
from ~70% of calculated capture cross-sections for 238U to only ~40% for 24°Cf, with a compen-
sating increase in sequential fission cross-sections. The data are consistent with the 2°8Pb peak
originating largely from sequential fission of heavier fragments produced in more mass-asymmetric
primary quasifission events. These are increasingly suppressed as the heavy quasifission fragment
mass increases above 2°®Pb. The important role of sequential fission calls for re-interpretation of
quasifission observables and dynamics in superheavy element synthesis reactions.

*david.hinde@anu.edu.au



The superheavy nuclei: non-fusion, fusion and fission
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The quest for the synthesis and study of superheavy nuclei (elements) situated on a hypothetical
island of stability has been one of the main driving forces for several generations of physicists and
chemists.

In recent decades, we came closer to this island thanks to fusion reactions with the doubly-magic
48(Ca as a projectile and actinides as targets [1]. Decay modes of these known SHN approved the
concept of island of stability against the fission.

Some of current hot topics are syntheses of SHN beyond Og (Z = 118), neutron-rich SHN, and
fission property of known SHN. To achieve the first two goals, we need to explore dynamics of
fusion and multi-nucleon transfer reactions in more detail.

I will discuss these topics and will present the related recent experimental findings at the gas-
filled recoil separator TASCA, GSI (e.g., [2,3]), the Heavy Ion Accelerator Facility of the ANU,
Australia (e.g., [4]) and the recoil mass separator MARA of JYFL, Finland.

[1] Yu.Ts. Oganessian and V.K. Utyonkov, Nucl. Phys. A 944, 62 (2015) [2] J. Khuyagbaatar et
al., Phys. Rev. C 102, 064602 (2020). [3] A. Di Nitto et al., 994, 121662 (2019). [4] H.M. Albers
et al., Phys. Lett. B 808, 135626 (2020).
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The atomic mass is an important quantity that faithfully reveals the interactions between nu-
cleons of each nuclide. According to the classical liquid drop model, superheavy elements cannot
exist due to the vanishing fission barrier. Therefore, their existence is governed by the shell ef-
fect, and mass is an exclusive quantity that can explore for the shell effect of each nucleus. We
are performing the high-precision mass measurement of fusion evaporation residues by using the
SHE-Mass facility [1] which consists of the gas-filled recoil ion separator (GARIS-II) [2] and the
multi-reflection time-of-flight mass spectrograph (MRTOF-MS).

As a major improvement of the SHE-Mass facility, we have developed a novel “a-TOF" detector
in order to simultaneously measure mass along with correlated decay properties [3]. The a-TOF
technique initially allowed us to directly measure mass of the superheavy nuclide ?°’Db from its
11 ions [4,5]. Recently, with the MRTOF and target improvements, we have also successfully
measured the mass of 2°®Db, and furthermore the precision of the mass of 2*’Db was improved.
In this presentation, we report the details of the experiment and result of the mass measurement
of 257:258Db isotopes.

[1] P. Schury et al., Nucl. Inst. Meth. B 335, 39 (2014).

[2] D. Kaji et al., Nucl. Inst. Meth. B 317, 311 (2013).

[3] T. Niwase et al., Nucl. Instr. and Meth. A 953, 163198 (2020).
[4] P. Schury et al., Phys. Rev. C 104, L021304 (2021).

[6] T. Niwase et al., J. Nucl. Radiochem. Sci. 23, 1 (2023) .
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Structure of heavy nuclei investigated by laser spectroscopy and mass
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The nuclear structure of the heaviest elements with Z > 100 is determined by shell effects that
stabilize them against spontaneous fission. In the region of deformed nuclei around Z = 100
and N = 152 as well as Z = 108 and N = 162 the occurrence of weak shell gaps has been
established. However, there extension and how these gaps affect the structure is not fully known
as the access to relevant nuclei is limited by production capabilities. In addition to restrictions
from available beam-target combinations the generally low yields make experimental investigations
every challenging.

In recent years the shell structure of nuclides in the region around Z = 100 and N = 152 was
studied in great detail with the use of advanced methods of laser spectroscopy and mass spectrom-
etry complementing nuclear spectroscopy studies. The development of tailored and highly sensitive
techniques was a crucial prerequisite for such studies. This enabled pioneering experiments with
SHIPTRAP and RADRIS leading to several accurate mass values and the first laser spectroscopy
of nobelium isotopes [1-3].

In my contributions I will briefly introduce the methods and review the latest measurements
performed at SHIP at GSI.

[1] M. Block, F. Giacoppo, F. Hessberger, S. Raeder, Riv. Nuovo Cim. 45, 279 (2022).
[2] M. Laatiaoui et al., Nature 538, 495 (2016).

[3] S. Raeder et al., Rep. Prog. Phys. 120, 232503 (2018).

[4] O. Kaleja et al., Phys. Rev. C 106, 054325 (2022).
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The production of a superheavy element in a fusion reaction schematically proceeds through
three stages: (i) the two colliding nuclei come into contact, (ii) the contact configuration evolve
into a compact shape, (iii) the fused nucleus cools down by neutron evaporation. We investigate
the dynamics of the fusion-quasifission process in stage (ii) using the Metropolis random walk
method which has previously been applied to describe the shape evolution in fission [1].

The method is based on the same assump-
tion of overdamped shape evolution as in
the fusion-by-diffusion model [2,3], but the
probability for the composite system to dif-
fuse over the saddle is here obtained by per-
forming random walks in a five-dimensional
potential-energy landscape. This allows for
detailed studies of the corresponding shape
evolution into a compact shape. Quasifis-
sion is also described by sampling events
where the system divides again, after diffu-
sion in mass asymmetry, and total-kinetic-
energy distributions are obtained.

The reactions considered correspond to dif-
ferent projectiles on a 2°%Pb target typical in
cold-fusion reactions. Figure 1 [4] shows the
number of quasifission events in *0Ti+20%Pb
with respect to fragment mass number and
total kinetic energy for angular momentum
I1=0 and for excitation energies Ef\=12 MeV
(a) and E¢ny=30 MeV (b). For the lower en-
ergy (a) the majority of events correspond to
fragment mass numbers near that of the pro-
jectile and target with a rather large spread
in kinetic energy, whereas a more symmetric
parabolic behavior is obtained for the higher
energy (b). The corresponding formation
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FIG. 1: Calculated number of events for walks result-
ing in quasifission vs. (A, TKE) (log scale) in the re-
action *°Ti+?°%Pb with angular momentum 7—0 and
for two excitation energies E¢y.

probabilities of 8% and 25% for these two cases compare reasonably well with the data in Ref.
[5], where the values 2% and 19% were reported for energies Ef=14.2 MeV and E{=32.7 MeV,

respectively.

[1] J. Randrup and P. Méller, Phys. Rev. Lett. 106, 132503 (2011).

[2] W.J. Swiatecki, K. Siwek-Wilczytiska, and J. Wilczynski, Acta Phys. Pol. B 34, 2049 (2003).
[3] W.J. Swiatecki, K. Siwek-Wilczynska, and J. Wilczynski, Phys. Rev. C 71, 014602 (2005).

[4] M. Albertsson, B.G. Carlsson, T. Dgssing, J. Randrup, D. Rudolph, S. Aberg, in preparation.
[5] R.S. Naik et al., Phys. Rev. C 76, 054604 (2007).
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Nucleon-nucleon correlations probed in sub-barrier transfer reactions
and the nuclear Josephson effect
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In recent years a series of near- and sub-barrier transfer experiments have been carried out at
LNL, with reaction products detected in inverse kinematic and at forward angles with the large
solid angle magnetic spectrometer PRISMA. Nucleon-nucleon correlation properties have been
studied by measuring transfer cross sections far below the Coulomb barrier, making excitation
functions down to very low energies and corresponding to very large distances of closest approach
where the nuclear absorption is small [1,2,3]. For the (well Q-value matched) one and two neutron
transfer channels in the system %°Ni+!16Sn the microscopic calculations very well reproduce the
experimental data in the whole energy range, both in magnitude and slope [2]. The fact that most
of the cross section of the two neutron transfer channel is in the ground to ground state transition
has been further confirmed by a second experiment [4].

The coupling of the AGATA gamma array to PRISMA offers a unique opportunity to study a
nuclear (alternating current (AC)) Josephson-like effect [5], with Cooper-pair tunnelling between
superfluid nuclei, whose manifestation has been recently proposed [6] using the data of Refs. [2,4]
as a stepping stone. Predictions have been made of a specific gamma strength function associated
with the dipole oscillations generated by the, mainly successive, two neutron transfer process. In
a very recent experiment carried out at LNL with PRISMA+AGATA we directly tested for the
first time the possible manifestation of this important effect of Cooper pair behaviour, observed to
date only in condensed matter physics. After a general overview on the subject, the talk will focus
on new results, addressing the new achievements and the critical issues.

AGATA PRISMA
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The nuclear properties such as lifetimes and masses of the neutron-rich nuclei are important
parameters to investigate the astrophysical rapid neutron capture process (r-process). However,
the difficulty in the production of those relevant neutron-rich nuclei, especially a the waiting points
on the neutron closed shell N = 126 and beyond, makes their experimental studies unfeasible.
Therefore, the theoretical nuclear models play crucial roles in the simulation of the r-process
nucleosynthesis.

Experimental studies of the properties and structures of neutron-rich nuclei from near the S-
stability line toward the r-process path provide significant inputs to those theoretical models to
improve their predictability for the nuclear properties relevant to the formation of the r-abundance
peak around A = 195 and actinide elements such as uranium and thorium. We are developing KEK
Isotope Separation System (KISS) at RIKEN RIBF facility to produce and separate those nuclei for
their spectroscopic studies [1]. The nuclei of interest are produced by multi-nucleon transfer (MNT)
reactions, which are recently gaining renewed interest to provide pathways to access neutron-rich
nuclei which are difficult to produce by other methods such as complete fusion and fragmentation
[2]. Tt is an argon-gas-cell-based laser-ion-source coupled with an isotope separator on-line system,
which allow to provide the mass and atomic number selectivity. A detector system consisting of
a multi-segmented proportional gas counter [3] combined with high-purity germanium detectors
is used for the -7 spectroscopy and laser spectroscopy. A Multi-Reflection Time-Of-Flight Mass
Spectrograph (MRTOF-MS) was recently installed, enabling high-precision mass measurements
and unique identification of isobaric species [4]. We have performed nuclear and laser spectroscopy,
and lifetime and mass measurements of neutron-rich nuclei of refractory elements around N = 126
region, using '°®Pt, "*'Pt and "W targets bombarded by a !3Xe beam. We are also extending
the spectroscopic research to the neutron-rich actinide region using 238U beam [5].

In this presentation, we report experimental methods and results of KISS, including the future
project towards further neutron-rich region [6].

[1] Y. Hirayama et al., Nucl. Instrum. and Methods B 353, 4 (2015).

[2] Y.X. Watanabe et al., Phys. Rev. Lett. 115, 172503 (2015).

[3] M. Mukai et al., Nucl. Instrum. and Methods A 884, 1 (2018).

[4] J.Y. Moon et al., RIKEN Accel. Prog. Rep. 52, 138 (2018).

[5] T. Niwase et al., Phys. Rev. Lett. 130, 132502 (2023).
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In recent years transfer processes between heavy ions at energies close to the Coulomb barrier
have been recognized as a competitive tool for the production of exotic species, especially the
heavy neutron-rich nuclei [1,2]. The recent progress in these studies is closely connected with the
successful implementation of large solid angle magnetic spectrometers, which allow to identify the
transfer products in mass, and charge with unprecedented efficiency [1,3]. Significant steps forward
have been achieved by the coincident detection of both binary partners [4,5], or by the detection
of the electromagnetic transitions [6,7,8], crucial for the identification of heavy fragments.

The results for 2°6Pb+118Sn [3], 197 Au+139Te [4], and **Rb+2°8Pb [6] will be presented, with
the focus on the production of neutron-rich heavy nuclei via multinucleon transfers. In order to
understand the production process for the heavy partner, we performed an experiment with a
simultaneous detection of light and heavy transfer products in the °7Au+'3°Te [4] system, by
using a dedicated set-up [5] specifically built and coupled to the PRISMA spectrometer. This
allowed, via a high-resolution mass-mass correlation, to study the final mass distribution of the
heavy partner and the effect of secondary processes.

In %Rb+2%Pb [6], we directly identified lead isotopes and determined their absolute cross
sections by employing the high-efficiency MINIBALL ~-ray array coupled to a particle detector,
and combined with the ISOLDE radioactive **Rb beam.

In 206Pb+-118Sn [3], we investigated how the mass and charge yields and the final cross sections
depend on the energy losses in their evolution from the quasi-elastic to deep-inelastic regimes. This
is very important for very heavy systems, where the high Coulomb field and processes with large
energy losses may strongly influenced the final yield distributions.

[1] L. Corradi, G. Pollarolo, and S. Szilner, J. of Phys. G: Nucl. Part. Phys. 36, 113101 (2009).
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Coupled Channels (CC) model successfully explained the strong enhancement of sub-barrier
fusion cross sections as well as the observed structures in the barrier distributions for many systems
[1]. However, there are several mechanisms whose role in the fusion is still not clear, among these
is the influence of dissipation, i.e. of the partial conversion of the projectile-target kinetic energy
into their heating. There are two main mechanisms of dissipation: excitation of non-collective
levels by nuclear and electromagnetic interactions and mutual projectile-target transfer of light
particles. The first phenomenon has been treated by combining the CC method with the Random
Matrix Theory with promising results [2, 3]. Concerning the transfers, the complicated nature of
this many-body phenomenon makes the exact description of it impossible, particularly for heavier
systems.

Recently, we have modified the codes CCQEL and CCFULL [4] upgrading the method of coupling
of transfer channels during fusion and backscattering processes. In particular, the number of
transfer reaction included have been increased and the dependence of the strength of transfer
coupling on the transferred particle, Q-value and projectile kinetic energy was introduced.

The upgraded model was employed for the in- \ \ ‘ ‘

L coll. only === ]
vestigation of the influence of transfer on the 016 coll. + transfers
smoothing of the measured quasielastic bar- 014 freerment | *) 1
rier distribution (Dg.) of the 2*Mg+%2Zr and 012
20Ne+28Ph systems and found interesting dis- o4
crepancies with respect to the common approx-
imations. According to the improved model, the
fusion enhancement due to transfer is rather mod-
erate and, in contradiction to the standard model,
concerns mainly the near-barrier region. The O s w & e s e
study indicates the transfer responsible for gen- Eor (MeV)
erating strongly excited targets as the main cause
of the smearing of the barrier distribution, as well as the no dominant role of the two neutrons
transfer on fusion for certain systems. The two neutrons transfer, even having a positive Qg  value,
is not necessarily dominating. Indeed, the smoothing observed in the barrier distribution Dy, is
dominated rather by one neutron transfer, despite the foreseen negative Q-value for the one transfer
reaction and the positive Q-value for two neutrons transfer. The figure shows the influence of the
four main transfer channels (1 and 2 neutrons pick-up, 1 proton and 1 alpha stripping) on the Dy,
estimation of the 2*Mg+°2Zr system. The transfers significantly change the barrier distribution
shape, smoothing out the structure resulting from the collective excitations and highlighting the
importance of the couplings between different transfer channels.

Details of the method and obtained results will be shown in this contribution.
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The stability of superheavy nuclei (Z > 104) primarily depends on the arrangement of their
nucleons. The radioactive decay modes of these nuclei, thus, are key to exploring their underlying
nuclear structure. Currently, superheavy nuclei are producible only in heavy-ion induced fusion
reactions with small cross sections, which limit the use of various common experimental tech-
niques for nuclear decay spectroscopy. Presently, the main technique for performing nuclear decay
spectroscopy experiments with superheavy nuclei is the implantation/correlation technique [1].
However, despite being the state-of-the-art, this technique has certain disadvantages, which limit
comprehensive measurements of radioactive decays, e.g. detailed study of alpha-decay fine struc-
ture and fission-fragment mass distributions.

A complementary experimental technique for nuclear spectroscopy, named Adsorption-based
Nuclear Spectroscopy Without Evaporation Residue Signal (ANSWERS), was introduced at the
SHE Chemistry department at GSI Darmstadt, Germany, in 2020 [2]. ANSWERS had been
commissioned with 2!'Bi, No and Lr isotopes. The latter two were produced at the gas-filled
recoil separator TASCA as 1-3 neutron-evaporation residues of the *8Ca-induced reactions with
Pb and Bi targets at energies around the fusion barrier. ANSWERS allowed an unambiguous
identification of very low energy internal-conversion electrons from low-lying excited states, which
usually sum up with alpha-particle energies in implantation-based setups. In addition, the fission-
fragment mass distribution of 2°2No was measured with significantly improved statistics compared
to the literature data [3]. Therefore, ANSWERS shows a great potential for the future study of
alpha-decay fine structure and fission-fragment mass distributions of the heaviest nuclei.

In this talk, the ANSWERS technique and first results from the above mentioned commissioning
experiments will be presented.

We are grateful for GSI’s the Experimental Electronics department and Target Lab for their
continuous support of the experimental program at TASCA. We acknowledge the ion-source and
UNILAC staff for providing the stable and high intensity 8Ca beam. The results are based on the
experiment U308, which was performed at the beam line X8/TASCA at the GSI Helmholtzzentrum
fiir Schwerionenforschung, Darmstadt (Germany) in the frame of FAIR Phase-0.
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Exploring the new elements toward the high end of the nuclear chart is one of the most interesting
topics in nuclear physics. Currently a search for new element in so-called super-heavy region is
on-going. Key ingredient to stabilize nucleus in this region is a nuclear shell structure and Z=114,
120, N=184 [1-4] are predicted to be new magic numbers. However, the access to such nucleus
and study the shell structure are limited by the very low cross sections. To investigate the shell
structure, we are focusing on the deformed nucleus of the A~250 heavy mass region including
254Es, 249Cf isotopes. By studying the excited states, spin and parity, and deformation, we will
be able to access the single-particle orbital which is supposed to generate new shell structure at
Z=114, 120, N=184 and try to investigate nuclear shell structure in the super-heavy mass region.

In A~250 nuclei, experimentally observed rotational bands indicate the existence of deformed
structure in this region, however the studies of deformation, such as determination of quadrupole
moment, are not performed well. To understand single-particle structure, it is important to deter-
mine the size of ground state deformation systematically.

In order to study nuclear deformation in A~250 region, we have performed Coulomb excitation
experiments to determine the deformation of low-lying states of 2°4Es and ?*°Cf. The experiment
was performed at the JAEA-Tokai Tandem accelerator using ®Ni beam with an energy of 250 MeV.
The very rare 2**Es was produced at the High-Flux Isotope Reactor at ORNL, USA, and it
was separated at the ORNL’s Radiochemical Engineering Development Center. The ?**Es target
was produced at JAEA using less than a microgram of material. Particle-gamma coincidence
measurements were conducted using segmented CD-silicon detectors placed backward and forward
from the target and the Ge and LaBrs detectors placed around the target. From the gamma-ray
spectrum analysis, rotational band structures in both ?**Es and 24°Cf were observed.

In the presentation, recent experimental results will be discussed.

Acknowledgements: This work is partially supported by the International Joint Research Promo-
tion Program of Osaka University and JSPS KAKENHI Grant Number JP 17H02893.
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With the syntheses of elements up to Oganesson (Z = 118), all the fusion evaporation reactions
using the “8Ca beams on deformed actinide targets have already been performed. Due to the lack
of target material past the Californium, the use of °°Ti, ®''V and ®*Cr is now becoming mandatory
for accessing elements beyond the oganesson (Z = 118). In the SHE mass region, these beams
have only been used in reactions on spherical Pb and Bi targets for the production of the neutron
deficient Sg, Db, and Rf isotopes. In addition, the different cross-sections predictions for SHE
elements past oganesson can only be extrapolated from the reaction performed using *®Ca beams,
leading to a wide range of prediction based on the model used.

Thus, in addition to reaction parameters measurements [1,2], precise systematic measurements
of excitation functions of lighter systems based on deformed targets around lanthanide nuclei give
an appropriate training dataset to improve the predictive power of existing models. These lighter
systems are good substitutes for the deformed actinide targets used in the current search for
new elements. They have similar deformation parameters, but at much higher production rate
(ub range). In addition, the simultaneous measurement of the barrier distribution and excitation
function, allows for the correlation between the barrier distribution and the maximum cross-section
of production. This correlation is indeed an important part of the discussion in the selection of
the optimal beam energy for the synthesis of SHE elements and presents significant differences
between spherical and deformed targets as shown in [1,2].

The search of the new element Z = 119 is currently ongoing at RIKEN using the reaction
28Cm(°1V,zn)?%972119 on the GARIS-III experimental setup [3]. As stated in [2], the selection
of the beam energy for the search of new elements is crucial to the success of the experiment, and
is currently based on similar studies done with the 52V+248Cm system [1]. The goal of this work
is thus to extend the systematic study of reaction parameters with deformed targets using the >V
beam to see if this behavior can be reproduced with lighter surrogate systems. This work studied
the effect of the beam energy and nuclear deformation in the reaction %*Th(*1V,an)219=*Ra by
producing both the barrier distribution and the detail excitation functions. The goal is to extend
the systematic study of the quasielastic (QE) barrier distribution with ®'V and compare it to the
results obtained in [2,3] as well as theoretical prediction using the Couple Channel Calculation
(CCFULL [4]). In addition, the production of the full and detailed excitation function for the
zn, pxn and azn, also allow us to study the correlation between the barrier distribution and the
maximum cross-section of production. The experimental setup, analysis and preliminary results
of both studies will be presented in this presentation.

[1] M. Tanaka et al., J. Phys. Soc. Jpn., 91, 084201 (2022).

[2] T. Tanaka et al., Phys. Rev. Lett. 124, 052502 (2020).

[3] H. Sakai et al., Eur. Phys. J. A 58, 238 (2022).

[4] K. Hagino et al., Comput. Phys. Commun. 123, 143 (1999).
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Shell effects in fission and quasifission
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Fission of atomic nuclei is often affected by quantum effects leading to asymmetric mass splits.
These shell effects can be investigated at the mean-field level with single particles level densities,
indicating that several proton and neutron shell effects are usually at play prior to scission [1]. In
addition to shell effects in the compound nucleus, quantum shells stabilising fission fragments with
octupole shapes have been invoked as a factor determining the distribution of nucleons between
the fragments at scission, explaining the fact that the centroid of the heavy fragment charge
distribution is found around Z ~ 54 in actinide fission [2]. Shell effects have also been identified
in the quasifission process [3]. Quasifission occurs in fully damped heavy-ion collisions following
a significant mass transfer between the fragments, without formation of a compound nucleus.
Microscopic calculations recently showed that similar shell effects were to be expected in both fission
and quasi-fission [4,5]. Here, we use static and time-dependent mean-field approaches to investigate
and compare the shell effects affecting fragment formation in both fission and quasifission. In
particular, we discuss the possibility to use quasifission to obtain some information on fission
modes in superheavy nuclei, which would benefit from the fact that quasifission cross-sections are
much larger than for fusion-fission.
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FIC. 1: Potential energy surface of >2Th from mean-field calculations. The red solid (dashed orange) line
shows a fission path leading to asymmetric (symmetric) fragments. Time-dependent mean-field calculations
(grey isodensity) show that quasifission produces similar fragments as in asymmetric fission.
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Nuclear fission is still one of the most complex physical processes we can observe in nature due
to the interplay of macroscopic and microscopic nuclear properties that decide the result. An
example of this coupling is the presence of nuclear dissipation as an important ingredient that
contributes to drive the dynamics and has a clear impact on the time of the process. However,
different theoretical interpretations, and scarce experimental data make it poorly understood.

At low excitation energy, the relative production of fragments with even atomic numbers shows
a clear difference with that of odd atomic numbers, which can be quantified with the so-called
even-odd effect. This seemingly mundane property can be used to obtain information about the
energy dissipated during the process, the role of structure in its dynamics, and it even appears as
a potential contributor to the long-standing problem of the time scale in fission.

In this presentation, we shall discuss the study of the even-odd effect for transfer-induced fission
data, which reveals a connection between particular fragment shells, the energy dissipated and
the time from saddle to scission [1]. In addition, we shall present preliminary results on the
measurement of the even-odd effect also in quasi-fission data, and discuss the similarities and
differences of the effect between fission and quasi-fission.

[1] D. Ramos et al., Phys. Rev. C 107, L021601 (2023)
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Mass-TKE distributions for symmetric fission in neutron-rich Fm and
transfermium nuclei
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Spontaneous fission (SF) of neutron-rich Fm and transfermium nuclei exhibits three different
types of fission competing or coexisting [1]. The one is the asymmetric fission which is typical in
most of actinide nuclei with the mass number lower than 257. The second one is the high-TKE
(total kinetic energy) symmetric fission which is observed in neutron-rich Fm and Md isotopes;
this is interpreted as the fission with compact configuration at scission forming two spherical nu-
clei like Sn isotopes. The third one is the low-TKE symmetric fission which is observed as the
main component in the SF of neutron-rich No, Lr, and Rf isotopes, and is also observed in the
neutron-rich Fm and Md isotopes where both high- and low-TKE symmetric fissions coexist. Re-
cent theoretical calculations can successfully reporoduce the competition between asymmetric and
high-TKE symmetric fissions in neutron-rich Fm isotopes [2-6]. However, most of the calculations
cannot reproduce the low-TKE symmetric component. To understand the mechanism of the com-
petition among three types of fission and the origin of the low-TKE symmetric fission, new precise
experimental data on the mass and TKE two-dimensional distributions are highly desired.

In this work, we have measured fission-fragment mass and TKE distributions for the spontaneous
fission of 2°8Fm, 2°°Md, and 2°°Lr. These nuclei were produced in the multinucleon transfer reac-
tions with 180 beam and 2**Es target and in the fusion-evaporation reaction of 248Cm(*°N,4n)?*Lr
at the JAEA tandem accelerator facilty. Reaction products were mass-separated with the gas-jet
coupled on-line isotope separator (ISOL), and mass-separated ions were implanted into thin carbon
foil to measure the kinetic energy of both fission fragments with 4 pairs of Si detectors, Based on
the deduced mass-TKE 2D distribution data, we will provide new insights into the properties of
the low-TKE symmetric fission as well as into the coexistence of the three types of fission in these
nuclei.

*This work was carried out with many collaborators at JAEA, Ibaraki Univ., Tokushima Univ.,
RCNP, Osaka Uiv., Tokyo Institute of Technology, Niigata Univ., Univ. of York, Kanazawa Univ.,
Kyushu Univ., Nagoya Univ., RIKEN, QST, and ORNL.
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Mapping the influence of shell effects on fission and quasifission modes
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Shell effects are believed to produce asymmetric fission modes in heavy and superheavy nuclei [1-
4]. Tt is believed that the same shell effects can play a role in quasifission, by stabilising the mass of
the fragments [5-7]. The quasifission process differs from that of fission in both energy and through
its dependence on entrance channel properties. Fission modes can be predicted from the emergence
of valleys in the potential energy surfaces (PES) associated with nuclear shape deformations [8].
Their mass widths and centroids can be extracted from the position and size of the valleys and
compared with experiments [9]. Quasifission may probe the same valleys and therefore experience
the same shell effects, but as it is a dynamic, out-of-equilibrium process, it is not guaranteed
to produce a given outcome. The potential energy surfaces of heavy and superheavy nuclei are
calculated using a static Hartree-Fock approach with BCS pairing correlations [10]. Quasifission
trajectories for central collisions at various energies and a range of target-projectile combinations
are simulated with time-dependent Hartree-Fock theory [11]. The two are compared in order to
understand how well the static PES predicts the behaviour of the quasifission system. The exit
channel strongly depends on initial mass asymmetry and orientation, but it only exhibits small
dependences in the reaction energy. This confirms that the majority of quasifission reactions
experience near total kinetic energy dissipation before reseparation. Shell effects, both spherical
and deformed, appear to drive quasifission modes, as defined by both the mass and kinetic energies
of the fragments. The structure of the PES near the compound system ground state is of particular
interest, as it appears to define the threshold between quasifission and fusion reactions. The
topography of the ridge between the shell-effect dominated asymmetric valley and the symmetric
valley influences the exit channel of the quasifission trajectories. The correspondence suggests that
experimental measurements of quasifission, especially at low energies, have utility in indirectly
measuring fission modes, and may also reveal key information concerning fusion. The relation
between the topography of the underlying PES and the excitation energy of the compound nucleus
remains an open question which should be addressed.

[1] Y. L. Zhang and Y. Z. Wang, Phys. Rev. C 97, 014318 (2018).
[2] M. Warda, A. Zdeb, and L. M. Robledo, Phys. Rev. C 98, 041602 (2018), 1807.00342.
[3] C. Ishizuka, X. Zhang, M. D. Usang, F. A. Ivanyuk, and S. Chiba, Phys. Rev. C 101, 011601 (2020).
[4] K. Banerjee, D. J. Hinde, M. Dasgupta, J. Sadhukhan, E. C. Simpson, D. Y. Jeung, C. Simenel,
B. M. A. Swinton-Bland, E. Williams, L. T. Bezzina, et al., Phys. Lett. B 820, 136601 (2021).
[5] E. M. Kozulin, G. N. Knyazheva, S. N. Dmitriev, I. M. Itkis, M. G. Itkis, T. A. Loktev, K. V. Novikov,
A. N. Baranov, W. H. Trzaska, E. Vardaci, et al., Phys. Rev. C 89, 014614 (2014).
[6] A. Wakhle, C. Simenel, D. J. Hinde, M. Dasgupta, M. Evers, D. H. Luong, R. du Rietz, and
E. Williams, Phys. Rev. Lett. 113, 182502 (2014).
[7] M. Morjean, D. J. Hinde, C. Simenel, D. Y. Jeung, M. Airiau, K. J. Cook, M. Dasgupta, A. Drouart,
D. Jacquet, S. Kalkal, et al., Phys. Rev. Lett. 119, 222502 (2017).
[8] G. Scamps and C. Simenel, Nature 564, 382 (2018).
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Fission Fragment Angular Momenta: Generation and Observation
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The fission fragment angular momenta can generally be expressed in terms of the six normal
modes of rotation for a binary system and different models populate those modes to different
degrees reflecting the mechanisms involved.

For the Nucleon Exchange mechanism, the characteristic time scales for the various modes are
discussed, leading to the expectation that the wriggling mode is fully populated, while twisting
is unlikely to play a major role; bending probably has some presence which increases with mass
asymmetry.

Subsequently it is discussed how information about the fragment spin directions can be de-
termined by observation of E2 emissions in even-even nuclei. It is shown how the yield ratio
Y (0)/Y(90) in a modern Wilhelmy-type experiment can reveal the degree of twisting, a mea-
surement that could be readily carried out now. Furthermore, with a view towards the future
when the required technology has been developed, it is illustrated how the relative role of positive
modes (wriggling) and negative modes (bending and twisting) can be determined by measuring
the opening angle between two E2 photons whose helicities are also identified.

*jrandrup@Ibl.gov



Experimental fission study by multi-nucleon transfer reaction at JAEA
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The multinucleon transfer (MNT) reaction is not only expected as one of viable reactions to
produce super-heavy nuclei with more neutrons [1], but also is a powerful tool to populate a
variety of nuclides with a wide range of exciting energies. We have developed a measurement
system for the MNT-induced fission and performed experiments using actinide targets and 20
beams at the Tokai tandem accelerator facility of Japan Atomic Energy Agency [2,3,4,5,6]. The
system, consisting of a silicon AE-E telescope and multi-wire proportional counters for detection
of ejectiles and fission fragments, enable to measure fission observables such as fission-fragment
mass distributions, fission-fragment angular distributions and so on.

In this presentation, we will show details of the measurements and the data analysis, and dis-
cuss on the systematics of the fission-fragment mass distributions and the angular momentum
transferred in the MNT reaction obtained from the fission-fragment angular distributions.
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Excitation energy dependency of the low-energy fission dynamics:
Probing through prompt gamma-ray spectroscopy
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Low-energy fission is one of the most captivating region of research since it provides an ideal
ground to study the influence of both classical (macroscopic) and quantum (microscopic) world
simultaneously on a physical system. The potential energy surface (PES) of a fissioning compound
nucleus at low excitation energy indicates the existence of multiple valleys and ridges arising due
to the superposition of classical liquid drop model (LDM) and quantum shell structure effects.
Different fission barriers provide different paths (or modes) to the nucleus for fission, resulting
in various distributions with multiple peaks coexisting simultaneously in a fissioning system [1].
According to the Random Neck Rupture Model (RNRM) [2], the lighter actinides are primarily
composed of three distinct fission modes, namely - two asymmetric modes: standard I (S1) and
standard II (S2), and one symmetric superlong (SL) mode. These modes have been found to be
highly dependent on the fissioning system and the interplay of the underlying shell structure of the
corresponding fission fragments. However, the present knowledge lacks a conclusive understanding
of the dependency of different fission modes as a function of excitation energy. Till date, the major
difficulty in such measurements arise from the technical limitation in measuring highly precise
fission fragment mass distribution (FFMD). However, the difficulties can be resolved by employing
the novel approach of fission fragment spectroscopy (FFS) [3].

In the present study, the role of excitation energy (E.,) on the aforementioned various low-
energy fission modes in the compound nucleus, 236U* have been investigated by employing FFS
measurement technique [4]. The concerned fissioning system has been produced at two different
values of E,,, following the fission reactions: 22°U(nyy, f) and 232Th(a,f). The experimental results
have been interpreted on the basis of survival of proton- and neutron-shell closures and multichance
fission phenomena [5]. Recently, the role of E., on the the relative probabilities of S1 and S2 fission
modes have been studied for the low-energy fission reaction, 232Th(p,f) [6]. In contrary to our
present understanding of the fission dynamics, signature of a distinct feature in the behaviour of
different fission modes with increase in E., has been found from the present investigation. The
detailed results and interpretations will be presented during the conference.

The help and cooperation received from the Indian National Gamma Array (INGA) and EX-
ILL collaborations are duly acknowledged. Help and support from the Cyclotron operation staffs
at VECC, Kolkata, as well as the reactor operation staffs at ILL, Grenoble are thankfully ac-
knowledged. Financial assistance received from BRNS, Govt. of India (Project Sanction No.:
37(3)/14/17/2016-BRNS), SERB, Govt. of India (File No.: CRG/2021,/004680), and IUAC, New
Delhi, India (Project Code No.: UFR71344) is gratefully acknowledged.
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Nuclear fission of neutron-rich nuclei based on a dynamical model
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Nucleosynthesis by the rapid-neutron-capture process, the so-called r-process, represents for cos-
mic origin of the heaviest elements (e.g., gold and uranium) beyond the iron-group peak. Although
several astrophysical scenarios that bring about the r-process have been proposed, the mechanism
itself is not completely understood. One of the main reasons is large uncertainties arising from
the nuclear-physics properties of very neutron-rich nuclei, e.g., neutron capture rates and decay
half-lives. Nuclear fission plays a key role in the termination of the r-process path toward heavier
elements if the r-process flow is strong enough to reach actinides or transactinides. The effects of
fission are also significant to shape the r-process abundances due to the fission recycling in which
fission products become seed nuclei (A < 200) for the next r-processing during a single nucleosyn-
thesis process. Besides those effects, fission also has a key role as the heating source of kilonovae
at late times (~ 10 days to months), of electromagnetic transients of neutron star mergers [1,2]. A
sign of fission heating may have been observed in the light curve of the kilonova associated with
the gravitational wave, GW170817. The precise understanding of fission becomes much crucial in
the era of gravitational astronomy. However, experimental data on nuclear fission are not available
in the neutron-rich region. From this respect, we calculated in this study the fission fragment mass
distributions (FFMDs) of very neutron-rich nuclei.

We employed Langevin equations to investigate fission based on the dynamical model, widely
adopted in the study of low-energy fission [3]. We calculated the charge distribution based on
the unchanged charge distribution (UCD) assumption. The charge distribution (charge density)
remains unchanged during the whole fission process, i.e., the charge density of the compound
nucleus is maintained. By combining Langevin calculations with a statistical model implemented
in the CCONE [4], we calculated independent yields and prompt neutron emissions. Excitation
energy partitions for two fragments are determined by the anisothermal model [5].

In this study, we focused on the transition of fission mode from asymmetric to symmetric in
neutron-rich isotopes, which has been suggested in recent experiments for fermium isotopes. In
the calculated FFMDs in neutron-rich uranium, the dramatic change of fission mode was observed
with increasing mass number. Such a systematic behavior can be significant to shape the final
abundances of the r-process calculations. The calculated prompt neutron emission multiplicity re-
produced the sawtooth structure of experiment data. Our results, including further improvements,
are expected to contribute to understanding the r-process.
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[2] Shinya Wanajo, Astrophys. J. 868, 65 (2018).

[3] S. Tanaka, and Y. Aritomo, Y. Miyamoto, K. Hirose, K. Nishio, Phys. Rev. C 100, 064605
(2019).

[4] O. Iwamoto, N. Iwamoto, S. Kunieda, F. Minato, K. Shibata, Nuclear Data Sheets, Volume
131, pp. 159-288 (2016).

[5] T. Kawano, P. Talou, I. Stetcu, M. B. Chadwick, Nucl. Phys. A 913, 51 (2013).

*shoya.tanaka@riken.jp



Low-energy fusion hindrance in medium-light systems
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The existence of hindrance in the fusion of light systems is critical for a variety of stellar en-
vironments and the accurate knowledge of sub-barrier fusion cross sections is essential for valid
simulations of the nucleosynthesis processes. Moreover, heavy-ion fusion reactions give fundamen-
tal information on the quantum tunnelling of many-body systems where several intrinsic degrees
of freedom are concurring [1].

The energy threshold of hindrance is often characterised by a maximum of the astrophysical
S factor with decreasing energy. This phenomenon is regarded as an interesting link between
heavy-ion fusion and astrophysics.

The existence of the hindrance effect and the underlying physical motivations are under debate,
especially for the light systems relevant to astrophysics. It has been pointed [2] out that the Pauli
exclusion principle influences the ion-ion potential. As a consequence, low-energy fusion hindrance
is produced because the Coulomb barrier turns out to be thicker and higher.

Our group recently has performed systematic investigations on the fusion of several medium-
light systems with the purpose of establishing a reliable basis for the extrapolation to the lighter
cases of astrophysical interest. I will present the results obtained for 12C + 2426Mg [3] and '2C
+ 30Si [4], where the fusion excitation functions have been measured down to a few ub (see
Figure). Hindrance is observed in all cases, however, with differing features, so extrapolating to
lighter systems is not straightforward. Additionally, almost identical oscillations are observed in
the logarithmic slopes of the 2C + ?426Mg excitation functions in the sub-barrier energy range,
which complicates identifying the hindrance threshold in those two cases (see the right panel of
the Figure). The comparison with the results of coupled-channels calculations for all systems will
be shown.
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FIC. 1: (left) Fusion excitation functions measured for *2C + 226 Mg, 308i. (right) Logarithmic slopes for
the first two systems.
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Investigation of deep sub-barrier fusion in asymmetric systems
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Study of fusion reactions is important for synthesis of heavy elements as well as for understanding
the process of nucleosynthesis in the stellar environment. Enhancement of fusion cross sections
below the interaction barrier has been quite successfully explained by coupled-channels methods.
However, extending the measurements to deep sub-barrier energies revealed a steeper descent of the
fusion cross sections which could not be explained by standard coupled-channels calculations. The
phenomenon, termed as fusion hindrance, was first reported for an intermediate-mass symmetric
system [1]. Since then, a large number of heavy-ion and light-ion induced fusion reactions have
been studied to understand the dynamics of fusion deep below the barrier [2].

However, fusion hindrance has been studied only for a handful of asymmetric systems. The
reasons stem from the difficulty in measurement of very low fusion cross sections using recoil sepa-
rators [3]. We report new measurements of fusion excitation functions for the systems 60-+116Cd
and %0+1%2Ce. The choice of the target-projectile systems is decided by the need to measure
fusion data for asymmetric systems and compare the same with the data for existing symmetric
systems having nearly similar value of the { parameter, characterizing the size of the colliding
system. Here, ( = Z,Z;./p, where Z, and Z; are the atomic numbers of the projectile and the
target, respectively, and p is the reduced mass. The systems have been chosen such that all trans-
fer channels have negative Q-value. This is to reduce the influence of these channels on fusion.
The experiment has been performed using the Heavy Ion Reaction Analyzer (HIRA) [4]. We have
extracted the logarithmic derivatives of the energy-weighted cross sections and the astrophysical
S-factors. Experimental results have been reproduced well by coupled-channels calculations.

Additionally, to investigate the effect of entrance channel mass asymmetry on fusion hindrance,
we have compared our results for '60+11Cd (¢ = 1440) with that of symmetric systems *6S+48Ca
(¢ = 1451) [5] and 32S+48Ca (¢ = 1402) [6]. Similarly, the results for 60-+142Ce (¢ = 1760) have
been compared with that of 28Si+9%4Ni (¢ = 1730) [7] and *°Ca+4°Ca (¢ = 1789) [8].

Appearance of background events at the focal plane of the spectrometer restricted our measure-
ments down to 12.5% below the barrier, for both 160+4116Cd and 0+'42Ce. We have extrapolated
our results beyond the threshold energy for fusion hindrance, obtained from the systematics [9,10].
From our measurements we conclude that the present asymmetric systems as well as the corre-
sponding symmetric systems show hindrance phenomena and this feature is independent of the
entrance channel mass asymmetry.

1] C. L. Jiang et al., Phys. Rev. Lett. 89, 052701 (2002).

2] C. L. Jiang et al., Eur. Phys. J. A 57, 235 (2021).

3] Md. Moin Shaikh et al., J. Phys. G: Nucl. Part. Phys. 45, 095103 (2018).
4] A. K. Sinha et al., Nucl. Instrum. Methods A 339 543 (1994).

5] A. M. Stefanini et al., Phys. Rev. C 78, 044607 (2008).

6] G. Montagnoli et al., Phys. Rev. C 87, 014611 (2013).

7] C. L. Jiang et al., Phys. Lett. B 640, 18 (2006).

8] G. Montagnoli et al., Phys. Rev. C 85, 024607 (2012).

9] C. L. Jiang et al., Phys. Rev. C 69, 014604 (2004).
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Beta-delayed fission of laser-ionized isomers in %*Bi and recent
p-delayed fission experiments at ISOLDE (CERN)

B. Andel' *, on behalf of 13608, 1S665 and Lol216
ISOLDE Collaborations (RILIS-York-Leuven-Bratislava ...)

! Comenius University in Bratislava, Bratislava, Slovakia

A unique dedicated program to study S-delayed fission (6DF) was initiated by our collaboration
more than a decade ago at the ISOLDE (CERN) [1,2,3]. In the process of SDF, a 8 decay of
precursor populates excited states close to the top of the fission barrier in the daughter nucleus,
which then fissions. The Qg value, typically $10 MeV, limits the achievable excitation energy and
thus SDF represents the so-called low-energy fission, which is sensitive to the nuclear structure.
It allows us to investigate fission properties of exotic isotopes, for which other low-energy fission
studies would not be feasible with the current experimental techniques [2,4]. Moreover, SDF is
important for the nucleosynthesis r-process, where alongside other types of fission, it is responsible
for r-process termination and fission recycling (see for example [5]).

This contribution will report on our recent SDF investigations of the low-spin and high-spin
isomers in 188Bi at ISOLDE [6]. The key goal was to study SDF properties of the two states
separately, thus to probe the scarcely-known spin dependence of fission. To obtain isomerically-
pure beams, we employed selective power of Resonance Ionization Laser Ion Source (RILIS). Results
from this measurement will be presented, including partial half-lives of SDF for each isomer and
multimodal mass distribution of fragments for the fission of ¥Pb (S-decay daughter of 88Bi).
Findings will be compared with theoretical calculations of fission fragment mass distribution.

Our most recent measurements will be briefly presented as well. We searched for SDF in
178 Ay, presumed to be located in the new region of asymmetric fission discovered in the vicin-
ity of 189Hg [1,2]. Moreover, we investigated neutron-rich (A4 = 230 — 234) actinium isotopes in
an attempt to move SDF studies closer to the region of r-process path. Preliminary results from
these experiments will be discussed in connection to SDF partial half-lives systematics.

[1] A. N. Andreyev et al., Phys. Rev. Lett. 105, 252502 (2010).

[2] A. N. Andreyev, M. Huyse and P. Van Duppen, Rev. Mod. Phys. 85, 1541 (2013).
[3] L. Ghys et al., Phys. Rev. C 90, 041301(R) (2014).

[4] A. N. Andreyev, K. Nishio, K.-H. Schmidt, Rep. Prog. Phys. 81, 016301 (2018).
[5] S. Goriely et al., Phys. Rev. Lett. 111, 242502 (2013).

[6] B. Andel et al., Phys. Rev. C 102 014319 (2020).
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Probing the new island of asymmetric fission in the **Hg region by
means of fusion-fission reactions

1. Tsekhanovich!: *
on behalf of the Bordeaux-GANIL-York-JAEA collaboration
1 Univ. Bordeauz, CNRS, PL2I Bordeaur, UMR 5797, 33170 Gradignan, France

Nuclei in the neutron-deficient region around '8%Hg;qq are different from the actinides tradi-
tionally used for fission studies, from the viewpoint of their fission barriers, separation energies
and proton-to-neutron ratios. Fission properties of these neutron-deficient sub-led nuclei were ex-
pected to be similar to those of their heavier isotopes around the stability line, known to fission
symmetrically. The picture changed drastically in 2010, when the asymmetric fission-fragment
mass distribution of the '®*Hg nucleus was discovered in a -delayed fission of 89Tl in a dedi-
cated experiment at ISOLDE (CERN) [1]. This much unexpected observation promptly attracted
extensive attention from both theory and experiment. That led to several important conclusions,
first of all regarding the importance of the microscopic (shell) effects and their dependence on the
excitation energy. Moreover, existence of a new and extended region of asymmetric fission was
predicted for neutron-deficient Re-Pb nuclei [2].

In order to investigate fission properties of nuclei in, and the extension of, this predicted region,
a dedicated experimental campaign of prompt fusion-fission studies was initiated at the JAEA
(Japan) [3]. In the framework of this program, we recently investigated, at different beam energies,
fission properties of N = 100 nuclei '7Os, 1""Ir, 7Pt and " Au obtained from complete fusion-
fission reactions of 3° Al and 36 Ar beams with *1Pr, 142Nd and '*4Sm targets [4,5], as well as fission
of "8Hg produced in the inverse-kinematics reaction '?*Xe + 5*Fe at GANIL [6].

The correlated fission-fragment mass and kinetic energy data have shown that the obtained mass
distributions are composed of both asymmetric and symmetric fission modes. Modes parameters
extracted from experimental data by different analysis approaches indicate Ar, =~ 80 and Ay ~
Acn — 80 as fragments hosting the asymmetric mode in the studied nuclei. The dominant role of
protons in the light fragment, average fragment N/Z ratio and prompt-neutron multiplicity could
be derived, for the first time in the region, from the GANIL experiment [6], that allowed to identify
the Ay, =~ 80 nucleus as 8%Se, this assignment supported by the Z = 34 and N = 46 deformed shells
predicted by theory [7]. Both symmetric and asymmetric modes are found to exhibit close average
total kinetic energies, which signifies virtually identical scission-point elongations, in contrast to
actinides. In addition, analysis of the mass distribution width made for Os—Hg nuclei along the
N = 100 line, at comparable temperature and angular momentum values, reveals an inverse
parabolic-like behavior for width with atomic number, which paves the way for borders assessment
for the new island of asymmetric fission.

The talk will also give a short overview of the experimental efforts made in fusion-fission reactions
so far in the '®Hg region and will highlight the current achievements and problematics.

[1] A.N. Andreyev et al., Phys. Rev. Lett. 105, 252502 (2010).
[2] P. Moller and J. Randrup, Phys. Rev. C 91, 044316 (2015).
[3] K. Nishio et al., Phys. Lett. B 748, 89 (2015).

[4] I. Tsekhanovich et al., Phys. Lett. B 790, 583 (2019).

[5] K.M. Deby Treasa et al., Phys. Lett. B, submitted.

[6] C. Schmitt et al., Phys. Rev. Lett. 126, 132502 (2021).

[7] G. Scamps, C. Simenel, Nature 564, 7736 (2018).
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Systematic Measurements of Mass-Asymmetric Fission in the
Pre-actinides: **Gd to *?Th

J. Buete,!"* B.M.A Swinton-Bland, D.J. Hinde, and M. Dasgupta
! Department of Nuclear Physics and Accelerator Applications, ANU, Canberra, Australia

The discovery in 2010 by Andreyev et al.[l] of mass-asymmetric fission induced by the (-
delayed fission of '8°T1 — fission of '®*Hg — demonstrated for the first time the existence of
mass-asymmetric fission outside the actinides. The analysis of this data showed a novel mass-
asymmetric fission mode not seen in the actinides, with peaks near Z = 35,45. Being a single
measurement neither peak could be considered dominant in the reaction, and many recent studies
of the fission of nearby nuclei have demonstrated correlations with both of these features [2—4].

In this talk I will present the results of a systematic study of heavy-ion induced fission extending
far below the actinides, down to Z = 64. The measurements were performed at the Heavy Ion
Accelerator Facility at the Australian National University where beams of 32:34S were used to form
neutron-deficient isotopes at a similar N/Z ratio (1.28 — 1.34) from *4Gd to 2!2Th (Z = 64 to
Z = 90). Notably, we are able to demonstrate conclusively the existence of a mass-asymmetric
fission mode in all systems studied. Greatly extending the region of the nuclear chart where
mass-asymmetric fission has been observed.

Utilising recently published techniques for simultaneous fitting of both the measured mass and
kinetic energy of the fission fragments [2] we present evidence of a smooth transition of the main
mass-asymmetric fission mode from the deformed shell effects near Z = 34, 36 for the isotopes below
Pt and to Z = 44,46 above. Furthermore, the data suggest the consistent presence of a second
mass-asymmetric mode which appears correlated with Z = 28,30. Fig. 1 shows the extracted Z
centroids of the fission modes as a function of the atomic number of the compound nucleus.

[1] A. Andreyev, J. Elseviers, M. Huyse, et al., Physical Review Letters 105, 252502 (2010).
[2] B. Swinton-Bland, J. Buete, D. Hinde, et al., Physics Letters B p. 137655 (2023).
[3] E. Prasad, D. Hinde, M. Dasgupta, et al., Physics Letters B 811, 135941 (2020).
[4] E. Kozulin, G. Knyazheva, I. Itkis, et al., Physical Review C 105, 014607 (2022).
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FIG. 1: The fitted centroids of the inner and outer mass-asymmetric fission modes are converted to proton
number via the unchanged-charge distribution assumption. The highlighted regions correspond to known
shell structure effects. The dashed line indicates the position of the symmetric mode for each system.
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Fission dynamics with five-dimensional Langevin equation using
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2 National Institute for Nuclear Physics and Engineering, RO-76900, Romania

The generalized Cassini ovals provide an effective shape parameterization for describing the

configurations of fissioning nuclei [1].

In this parameterization, five deformation parameters «,

a1, as, ag and ag are crucial for representing main nuclear fission coordinate, mass asymmetry,
shape asymmetry, quadrupole deformation of fragments and octupole deformation of fragments,
respectively. Recently, the fragment mass distribution of super-heavy nuclear fission was estimated
using a static model that treats the potential in the {a1, as, a4, ag} coordinate space fixed at

a = 0.98 corresponding to the scission line [2].

In contrast, to study the fission process using

dynamical approaches, all five deformation parameters {«, a1, a3, a4, ag} must be incorporated.
In this study, we solve the five-dimensional (5D) Langevin equation for actinide nuclei.

As an example of the 5D calculation results,
the fragment mass distributions for the sponta-
neous fission of Fm are shown in Fig. 1. The
3D {a, a1, as} and 4D (3D + «g) results are
also presented to understand the roles of ag and
ag. In the case of 2%Fm, the distributions with
a high peak at symmetric fission are obtained in
4D and 5D calculations. This is attributed to the
fact that the fragment shape of super-short sym-
metric fission can be described with the addition
of ag, as demonstrated by the average shapes
at scission in Fig. 1. Furthermore, by consider-
ing shape asymmetry ag in the 5D calculation,
the peak of the 3D and 4D distributions around
Ap = 153 disappears, resulting in a single peak
distribution dominated by the symmetric fission.
On the other hand, in the case of 2°6Fm, the 5D
result shows the distribution with two separate
peaks indicating that asymmetric fission is dom-
inant, which was not obtained in the 4D calcu-
lation. The 5D average shape presents a combi-
nation of a sphere and a prolate spheroid. This
is considered to be due to the inclusion of as,
strongly reflecting the shell effect of the double
magic nucleus 32Sn. From these discussions, it
is concluded that the 5D {a, a1, as, oy, ag} pa-
rameter set is essential for systematic Langevin

calculations using the generalized Cassini ovals.
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Figure 1: Fragment mass distributions for the
spontaneous fission of 2°Fm (top) and 2°°Fm
(bottom). Triangles give 3D, squares give 4D,
and circles give 5D results. The average scis-
sion shapes corresponding to the peak posi-
tions of the distributions are also shown.

In this presentation, we report on the fission

fragment mass and total kinetic energy distributions for various actinide nuclei.

[1] V. V. Pashkevich, Nucl Phys. A 169, 275 (1971).
[2] N. Carjan, F. A. Ivanyuk and Yu. Ts. Oganessian, Phys. Rev. C 99, 064606 (2019).
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Microscopic description of spontaneous fission in nuclear energy density
functionals
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Nuclear fission plays an important role in various phenomena such as synthesis of superheavy
elements and r-process nucleosynthesis [1]. Spontaneous or low-energy fission involving many-
body quantum tunneling is an important subject for developing a microscopic theory of large-
amplitude collective motions. The nuclear energy density functional (EDF) theory can be one of
the microscopic theories for providing a microscopic description of fission dynamics [2]. Recent
EDF-based works on spontaneous fission employ the semiclassical WKB approximation for many-
body quantum tunneling [3]. In WKB, with a suitable choice of collective variables, the collective
potential energy has been calculated from a constrained EDF method, while the collective inertia
has been calculated with the so-called cranking approximation. The cranking approximation needs
a small computational cost because it neglects dynamical residual effects including time-odd terms
of EDF. As a result, the collective inertia by the cranking approximation significantly deviates
from the correct one. Since a huge computational cost is necessary to evaluate dynamical residual
effects, only a few works have included those effects in the collective inertia derived within local
quasiparticle random-phase approximation (QRPA) in the collective Hamiltonian method [4,5].

To overcome such difficulties, we have developed a framework to evaluate collective inertia in
the local QRPA with Skyrme EDF. To avoid huge computations for solving the QRPA equation,
we employ the finite amplitude method (FAM) [6] that enables us to evaluate response functions
of an external one-body field with relatively small computations. Recently, we constructed the
FAM with Skyrme EDF in three-dimensional coordinate [7], and applied the FAM to calculate the
collective inertia along a spontaneous fission path in actinide nuclei [8].

In this contribution, we will show the results of the collective inertia along the fission path in
actinide nuclei and the importance of the dynamical residual effects on the collective inertia. Then,
we will discuss the impact on how correct evaluation of the collective inertia affects observables
on spontaneous fission. We will further discuss an isotope dependence of the collective inertia and
fission half-life in Fm isotopes.

[1] A.N. Andreyev, K. Nishio, K.-H. Schmidt, Rep. Prog. Phys. 81, 016301 (2018).

[2] N. Schunck and L.M. Robledo, Rep. Prog. Phys. 79, 116301 (2016).

[3] J. Sadhukhan et al., Phys. Rev. C 88, 064314 (2013).

[4] N. Hinohara et al., Phys. Rev. C 82, 064313 (2010).

[5] K. Yoshida and N. Hinohara, Phys. Rev. C 83, 061302 (2011).

[6] T. Nakatsukasa, T. Inakura, and K. Yabana, Phys. Rev. C 76, 024318 (2007).

[7] K. Washiyama and T. Nakatsukasa, Phys. Rev. C 96, 041304(R) (2017).

[8] K. Washiyama, N. Hinohara, and T. Nakatsukasa, Phys. Rev. C 103, 014306 (2021).
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Microscopic description of induced fission in a configuration-interaction
approach
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? Department of Physics and Institute for Nuclear Theory, Box 351560,
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Since the discovery of nuclear fission nearly 80 years ago, many phenomenological models have
been proposed and have successfully explained the observed behaviors. The statistical models
based on the Hauser-Feshbach theory and the dynamical models based on a transport theory are
good examples. In contrast, a microscopic understanding of induced fission has still been far from
complete. This is due, in part, to the difficulty of a theoretical treatment of the large amplitude
collective motion and the associated numerical complexity.

In this study, we will employ a configuration-interaction approach to model induced fission
reactions at barrier-top energies. The model space is constructed based on particle-hole excitations
of reference configurations labeled by deformation parameter (), which can be seen as an extension
of the Generator Coordinate Method (GCM) ansatz [1]. Then employing the non-equilibrium
Green function method [2], we will calculate the branching ratio between the fission and the
capture process.

At first, we shall apply our approach to a schematic uniform spacing model [3]. In induced fis-
sion, a mother nucleus is highly excited, and many particle-hole excited states should be included
in the configuration mixing. Due to the huge number of included configurations, it is useful to
examine fission dynamics based on this simple model. The Hamiltonian includes as the residual
interaction the diabatic interaction that connects similar orbitals at different deformations, the
pairing interaction between identical nucleons, and a schematic off-diagonal neutron-proton inter-
action. We will analyze the role of these interactions in the barrier transmission mechanism by
focusing on how they affect the branching ratio. Furthermore, we will discuss the insensitivity
of the branching ratio to the final-state scission dynamics, which is assumed in the well-known
Bohr-Wheeler theory [4].

Subsequently, we will extend the model to a more realistic case and generate reference states by
solving Skyrme-Hartree-Fock equation. In this case, we will restrict the particle-hole excitation to
the seniority zero configurations for simplicity. As in the uniform model, we will discuss the role
of residual interactions. Additionally, by introducing flux among configurations, we will analyze
how it spreads among many configurations and clarify the microscopic process in induced fission.

[1] P. Ring and P. Schuck, The Nuclear Many-Body Problem (Springer-Verlag, Berlin, 2000).

[2] S. Datta, Electronic Transport in Mesoscopic Systems (Cambridge University Press, Cambridge, 1995).
[3] K. Uzawa, K. Hagino and G. F. Bertsch, arXiv: 2303.16488.

[4] N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939).
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Interplay of breakup and fusion in near-barrier collisions of
weakly-bound nuclides
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! Department of Nuclear Physics and Accelerator Applications,
Australian National University, Canberra, Australia

Light, weakly-bound nuclides such as 97Li and ?Be exhibit a diverse range of near-barrier reac-
tion phenomena. Their weak binding leads to strong breakup via excitation of the continuum, but
also via production of weakly-bound or unbound neighbouring nuclides via nucleon transfer [1,2].
Complete fusion is found to be suppressed by up to 35% with respect to barrier-passing model
calculations [3,4], but such systems also exhibit strong incomplete fusion, which is correlated with
cluster breakup thresholds for stable nuclides [4]. The situation for unstable nuclides is less clear.
Complete fusion cross sections for 8Li+2%Pb appear to be suppressed by 30% [5], despite the
fact that the lowest cluster breakup threshold is significantly higher than in 67Li. Conversely for
unstable beryllium nuclides, the degree of fusion suppression was found to decrease with neutron
richness, with the correlation between suppression and charged cluster breakup thresholds breaking
down [6]. Disentangling these reaction phenomena and their complex interplay is one of the most
interesting challenges in near-barrier reaction dynamics.

In this talk I will summarise recent our progress in understanding the interplay between breakup
and fusion, through measurements of near-barrier "8Li+2%°Bi collisions made at the Australian
National University Heavy Ion Accelerator Facility. For 8Li [7], a diverse range of breakup modes
were identified. In addition, a large yield of a-particles unaccompanied by another light charge
particle was found, indicative of strong incomplete fusion. A subsequent comprehensive measure-
ment of "Li+2%Bi [8] found the cross section for these unaccompanied a-particles to be consistent
with previous measurements of incomplete fusion, but with an angular distribution peaked forward
of those a-particles from breakup. This result is inconsistent with expectations of classical dynam-
ical models [9], which assert a two-step mechanism for incomplete fusion of breakup followed by
capture.

Together, these results strongly suggest that the dominant mechanism leading to incomplete
fusion and the suppression of complete fusion is direct capture of the cluster constituents by the
target. The consequences of these results for near-barrier reactions of exotic nuclides will also be
discussed.

[1] A. Shrivastava et al., Phys. Letts. B 633, 463 (2006).
[2] D. H. Luong et al., Phys. Letts. B 695, 105 (2013).
[3] M. Dasgupta et al., Phys. Rev C 70, 024606 (2004);
[4] L. R. Gasques et al., Phys. Rev. C 79, 034605 (2009).
Bing Wang et al., Phys. Rev. C 90, 034612 (2014) and refs. therein.
[5] E. F. Aguilera et al., Phys. Rev. C 80, 044605 (2009).
[6] A. Yoshida et al., Phys. Lett. B 389, 457 (1996);
C. Signorini et al., Nucl. Phys. A 735, 329 (2004);
D. J. Hinde et al., Phys. Rev. C 81, 064611 (2010).
[7] K. J. Cook et al., Phys. Rev. C 97, 021601 (2018).
[8] K. J. Cook et al., Phys. Rev. Letts. 122, 102501 (2019).
[9] A. Diaz Torres et al., Phys. Rev. Letts. 98, 152701 (2007);
E. C. Simpson et al., Phys. Rev. C 93, 024605 (2016).
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Analysis of fusion reactions including weakly-bound nuclei
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In this study, we investigate fusion cross sections of weakly-bound nuclei around the Coulomb
barrier. Specifically, we review our previous findings on the total fusion cross sections of the
SHe +299Bi and 'Li+2%8Pb systems for showing the tendency of fusion reactions including weakly-
bound nuclei. Then, we examine the impact of target nucleus deformation on the fusion reaction
of the 5C+232Th system, where 1°C and 23?Th are a well-known one-neutron halo nucleus and
deformed nucleus, respectively. Our approach involves constructing the potential between the 1°C
and 232Th nuclei using the double folding procedure, assuming that the projectile nucleus comprises
the core nucleus, *C, and a valence neutron. We also consider the coupling to the one-neutron
transfer process to the '*C+233Th configuration and show that such a calculation simultaneously
reproduces the fusion cross sections for the *C+232Th and '°C+232Th systems. Furthermore, we
analyze the total fusion reaction of neutron-rich nuclei, specifically the °Li+"°Zn system. For this
system, we construct a folding potential using the charge density distribution of the projectile and
target nuclei. Our findings demonstrate that neutron transfer plays a crucial role in the fusion
reactions of neutron-rich nuclei, such as °Li and **C nuclei, at energies around the Coulomb barrier.
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Exponential suppression of fusion at above-barrier energies

L. T. Bezzina,"»* E. C. Simpson,! D. J. Hinde,! and M. Dasgupta!
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The formation of superheavy elements (SHEs) by nuclear fusion is a fundamental challenge
to our understanding of both experimental and theoretical nuclear physics. The fusion of heavy
ions requires the dramatic rearrangement of nucleons from two separate nuclei into one nucleus, a
process that can be conceptually divided into two steps: capture, and compound nucleus formation.
Capture requires the system to have enough energy to overcome the electrostatic repulsion between
the two nuclei, and stick together due to the attractive nuclear force. Once captured, the energy of
the system is fully dissipated and shared between all the constituent nucleons. Even once captured,
however, the two nuclei may reseparate before fusing to form a compact compound nucleus. This
second step requires the system to achieve full equilibration in mass, shape and energy.

The thorough analysis of a number of above-barrier reactions has shown that measured capture
cross sections (the sum of the evaporation residue, fusion-fission and quasifssion cross sections)
are suppressed relative to single-barrier penetration calculations [1]. That work found that the
suppression of capture has a near-linear dependence on entrance-channel charge product, Z,Z,
with suppression increasing as Z,Z; increases.

In order to examine the suppression of fusion, analysis must be made of only the fusion reac-
tion outcomes - evaporation residues and fusion-fission. Fusion-fission, in many cases, leads to
reactions outcomes indistinguishable from quasifission, and so separating the two becomes excep-
tionally difficult. Evaporation residue (ER) measurements are therefore the most reliable, direct
experimental measurement of fusion, as ERs can only arise from the formation of the compound
nucleus. Furthermore, ER formation (not just capture, or fusion) is required for SHE discovery,
and so understanding the behaviour of ER outcomes is of particular importance as new SHE are
pursued. One such study of ER cross section measurements forming the same compound nucleus,
220Th, was performed by Hinde et al. [2]. This study examined 0, 4°Ar, 48Ca, 82Se and '?*Sn-
induced reactions (covering 656 < Z,Z; < 1296) and revealed that fusion was severely suppressed
at large Z,Z; relative to the 160-induced reaction.

This presentation will outline the analysis of two new systems forming the same compound nu-
cleus, 2?9Th, and provide conclusive evidence that the ER cross section is exponentially suppressed
as a function of Z,Z;. This exponential suppression is in contrast to the near-linear suppression
of capture, indicating that the probability of forming an equilibrated, compact compound nucleus
is additionally suppressed. The suppression has been quantified using only measured ER cross
sections, and is thus model-free.

[1] J. O. Newton, R. D. Butt, et al., Phys. Rev. C 70, 024605 (2004).
[2] D. J. Hinde, M. Dasgupta, A. Mukherjee, Phys. Rev. L 89, 282701 (2002).
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This presentation will report on an investigation on the possible existence of molecular reso-
nances predicted to exist in the case of n-rich B-isotopes [1|. In particular, on the possibility that
at high excitation energies, the 3B nucleus could exhibit molecular type resonances with He and
9Li clusters coupled in rotational states. If such structures do exist in the compound nucleus they
would be quite energy broadened. Therefore, the entrance channel of helium plus lithium reaction
may be influenced by these rotational states, which nevertheless would be quite short lived. One of
the most direct ways to investigate experimentally this theoretical result is study of the ‘He+9Li
elastic channel excitation function. The excitation function was measured over a broad energy
range using an extended gas target at TRIUMF. Broad resonances were observed in the excitation
region for 13B 15 MeV < E, <20 MeV. To understand the nature of such broad structures various
theoretical approach were sought concerning possible reaction mechanisms for this neutron rich
reaction. The most promising approach to interpret the data is within an orbiting reaction scenario.

[1] Kanada-En’yo, Yoshiko and Kawanami, Yusuke and Taniguchi, Yasutaka and Kimura, Masaaki
Prog. Theor. Phys. 120, 917 (2008).
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The study of fusion reactions involving neutron-rich nuclei is crucial for modeling the superburst
in neutron stars and understanding nuclear fusion mechanisms in reactions [1-2]. However, direct
measurements of these reactions at astrophysical energies are challenging due to low cross sections
and low intensities of radioactive ion beams. In order to overcome these difficulties, we conducted
a study of the 2C+12C and *O+'2C fusion reactions at energies near the Coulomb barrier, using
the Multipurpose time projection chamber for nuclear AsTrophysical and Exotic beam experiments
(MATE TPC) [3-4]. Thanks to the TPC’s exceptional tracking capability, we were able to measure
fusion cross sections down to just a few millibarns using beams with intensities of a few hundred
particles per second. During the study, we directly measured some complicated channels, such
as the 12C(*2C,3a)'2C (see Fig. 1), for the first time in the energy range of E.,, =9—21 MeV.
Additionally, we identified various decay channels of the °O-+'2C reaction. In this presentation,
we will discuss the technical developments used in our study and present preliminary results.
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Fig. 1  (color online) A typical fusion event for 12C+12C reaction with three o emission. (left) Projection of the
energy loss in the anode pad plane in MATE TPC. (right) Track projection in the drift plane. The straight lines
are the linear fittings of the tracks identified by the Hough transform algorithm.

[1] M. Beard, A. V. Afanasjev, L. C. Chamon et al., Atomic Data and Nuclear Data Tables 96,
541 (2010).

[2] B. B. Back, H. Esbensen, C. L. Jiang et al., Rev. Mod. Phys. 86, 317 (2014).
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1016, 165740 (2021).
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Development of various proton and neutron densities in the course in heavy-ion collisions is one
of the main points of interest for exploration of dense strongly interacting matter, especially in the
supranormal region. We report results of simulation of proton and neutron density distributions
in central collisions of the asymmetric 2°8Pb + 212Pb system within the beam energy range of
Ebeam < 800MeV /nucl. The results are contrasted with the outcome of our simulations of collisions
of a heavy target-projectile system lighter symmetric °Ca +%°Ca, 48Ca +%8Ca, 190Sn +1008p
and 12°Sn + !29Sn and asymmetric 4°Ca +%8Ca and °°Sn +12°Sn systems [1] and 3Ca +%8Ca
and '32Sn +1248n [2]. The simulations are performed with the Boltzmann-Uhlenbeck-Uehling
(pBUU) transport model incorporating symmetry energy from the three Skyrme forces, SV-bas,
SkT3 and SV-sym34. The choice was made to explore sensitivity of the density characteristics
to the symmetry energy and its slope at the saturation density of the symmetric cold nuclear
matter. The Time-Dependent-Hartree-Fock (TDHF) model was applied to the heavy-ion collisions
at Fheam < 40 MeV /nucl. Time evolution of proton and neutron densities p, and p, was used to
determine the maximum proton and neutron densities pp'** and pj'®*, reached during the collision.
Two main finding of our work will be discussed: (i) The highest total densities predicted at Epeam =
800 MeV /nucl are of the order of ~ 2.5p (pp = 0.16 fm~3) for the Pb system, similar to the Sn
and Ca systems; (ii) the proton-neutron asymmetry, 6 = (o — pp***) /(pn™* 4 pi'®*) at maximum
density, is not exceeding in the majority of cases the asymmetry in the initial state of the collision
at all beam energies investigated in this and the previous work. Importantly, again in line with
the Ca and Sn systems, a significant part of this asymmetry has its microscopic origin in Coulomb
forces.

To further make the current semiclassical tranport models more realistic, microscopy such as
shell effects, and the affect of initial proton and neutron initial states will have to be consistently
incorporated. Seeking ways to eliminate limitations of the present models should lead closer to
relating simulations of dense matter in heavy ion collisions and in astrophysical compact objects.

[1] J. R. Stone, P. Danielewicz, and Y. Iwata, Phys. Rev. C 96 014612 (2017).
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