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Abstract: 

The history of the field of nuclear physics has been the study of stable isotopes and the basic interactions that 

are the foundation for normal nuclear matter. But recent advances in technology and theory have taken the 

discipline far beyond those traditional bounds. This review focuses on new frontiers in nuclear physics: the 

synthesis of superheavy elements, the study of exotic nuclei at the limits of isospin and the description of the 

quark-gluon plasma (QGP) at unprecedented energy densities. The observation of neutron star mergers has 

ushered the multi-messenger era of nuclear astrophysics, providing new constraints on the nuclear equation 

of state (EoS). The results are also discussed in terms of interdisciplinary implications ranging from targeted 

alpha therapy in nuclear medicine to next generation nuclear reactors. Finally, we discuss the shift from 

national research models to global international standards, with a focus on metascience facilities. This paper 

is a review, based on empirical data and theoretical framework, of the ways in which the modern nuclear 

physics is transforming our understanding of matter at different scales. 
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Introduction 

Nuclear physics has been the foundation of our understanding of matter at the subatomic level for more than 

a century. Traditional nuclear physics was mainly concerned with the valley of stability – the narrow band of 

isotopes where the strong nuclear force is able to bind protons and neutrons into long-lived configurations. 

The phenomenological liquid drop model and the nuclear shell model were the paradigms that built the 

foundations for understanding the nuclear masses, magic numbers and decay modes (Caurier et al., 2005). 

But the traditional boundaries of nuclear physics, set by stable and near-stable isotopes, low-energy scattering 

and normal conditions of density and temperature, are melting fast. 

In contemporary times, the focus has shifted to the fringes of the nuclear landscape. Next generation particle 

accelerators, advanced detector arrays and high-performance computing are pushing the boundaries of mass, 

isospin, density and temperature for researchers to explore (Hagen et al., 2012). The synthesis of superheavy 

elements has pushed the periodic table to Oganesson (Z = 118), challenging our models of nuclear stability 

and of Coulomb repulsion (Oganessian & Utyonkov, 2015). In parallel, radioactive ion beam (RIB) facilities 

have enabled an experimental investigation of exotic halo nuclei, where the conventional magic numbers are 

broken and new closed shells are formed close to the neutron drip line (Tanihata et al., 2013). 

Furthermore, the recent dawn of multi-messenger astronomy, in particular the detection of gravitational waves 

from binary neutron star mergers (GW170817), has directly linked nuclear structure calculations to 

astrophysical observables, thereby offering unprecedented empirical information about the equation of state 
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at high densities (Abbott et al., 2017). At the high-energy frontier, the Relativistic Heavy Ion Collider (RHIC) 

and the Large Hadron Collider (LHC) have routinely been creating the quark-gluon plasma (QGP), a state of 

matter similar to that of the universe microseconds after the Big Bang (Busza et al., 2019). 

As the scope of research grows so does the interdisciplinary applications and the need for sound international 

standards. Now, the nuclear data formats, safety protocols must include global megascience facilities that 

extend beyond domestic regulatory frameworks (GSI Helmholtz Centre, 2020). This review is a summary of 

these paradigm-shifting developments providing a data-driven analysis of nuclear physics beyond its 

traditional constraints. 

 

1. The Limits of Stability: Exotic Nuclei and Superheavy Elements 

The standard borders of nuclear existence are mathematically expressed by means of the proton and neutron 

drip lines, which are defined as the lines where the separation energy of a nucleon hits zero. While the proton 

drip line is relatively well mapped as a consequence of the strong Coulomb repulsion that pushes it close to 

the valley of stability, the neutron drip line remains elusive. The neutron drip line is currently known 

experimentally only up to Oxygen (Z = 8) with the heaviest known stable oxygen isotope being 24O 

(Thoennessen, 2013). 

 

Figure 1: Into exotic nuclei creation 

Source: https://scx2.b-cdn.net/gfx/news/2024/new-insights-into-exot.jpg 

 

 
 

The traditional Bethe-Weizsacker Semi-Empirical Mass Formula (SEMF) provides a baseline for binding 

energy: 

 

B (A, Z) = a_v A - a_s A^ (2/3) - a_c Z(Z-1)/A^ (1/3) - a_a (A-2Z) ^2/A ± δ (A, Z) 

 

But the asymmetry term [a_a (A-2Z) ^2/A] needs to be drastically changed as experiments move into very 

neutron-rich regions. The structure of exotic nuclei cannot be extrapolated from stable ones, as shown by 

empirical data from RIKEN Radioactive Isotope Beam Factory (RIBF) and the Facility for Rare Isotope 

Beams (FRIB) (Motobayashi & Sakurai, 2012; Bollen, 2010). For example, the phenomenon of "halo nuclei" 

first discovered in 11Li exhibits the spatial distribution of neutrons well beyond the standard nuclear radius 

(R ≈ 1.2 A^ (1/3) fm), and thus challenges the standard geometric scaling (Tanihata et al., 2013). 

https://scx2.b-cdn.net/gfx/news/2024/new-insights-into-exot.jpg
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Figure 2: Superheavy elements, 

Source: https://physicsworld.com/wp-content/uploads/2004/07/pwfea3_07-04.jpg 

 

 
 

Moreover, the classical “magic numbers” (2, 8, 20, 28, 50, 82, 126) resulting from the spin-orbit coupling in 

the stable nuclear shell model are profoundly altered in exotic regimes. Spectroscopic data suggest that the N 

= 20 shell closure disappears in the 'island of inversion' around 32Mg, and new sub-shell closures at N = 32 

and N = 34 emerge (Forsberg et al., 2016). 

At the upper mass limit, the synthesis of superheavy elements (SHE) probes the equilibrium between the 

short-range nuclear attraction and the macroscopic Coulomb repulsion. The successful synthesis of elements 

up to Z = 118 (Oganesson) (Oganessian & Utyonkov, 2015) through cold and hot fusion reactions with 48Ca 

beams on actinide targets has been a milestone in the field. The theoretical consensus is that there is a “Island 

of Stability” at around Z = 114 or Z = 120 and N = 184, where the shell effects provide the extra binding 

energy to overcome the limits of spontaneous fission (Erler et al., 2012; Agbemava et al., 2014). The cross-

sections for these fusion-evaporation reactions are very small, often on the order of picobarns (10^-12 barns), 

so it takes weeks of beam time to observe a single decay event (Rehm, 2011). 

 

2. Nuclear Astrophysics and the Equation of State in the Multi-Messenger Era 

Astrophysics is basically a nuclear process; Traditional nuclear astrophysics has concentrated on the stellar 

nucleosynthesis of light to medium mass elements. Today the focus is on the rapid neutron-capture process 

(r-process) and the extremely dense environments of neutron stars. The r-process produces roughly half of all 

https://physicsworld.com/wp-content/uploads/2004/07/pwfea3_07-04.jpg
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nuclei heavier than iron, but for decades the dominant astrophysical site of the r-process remained 

controversial (Mueller et al., 2011). 

A major breakthrough was achieved with GW170817, the simultaneous detection of gravitational waves and 

a multi-wavelength electromagnetic counterpart (kilonova) of a binary neutron star merger (Abbott et al., 

2017). The spectroscopic identification of lanthanides in the kilonova ejecta was the first direct and 

unambiguous evidence that neutron star mergers are a primary site for the r-process (Bauswein et al., 2013).  

 

Figure 3: Multi-Messenger Astrophysics, 

Source:https://encrypted-

tbn0.gstatic.com/images?q=tbn:ANd9GcSs1hrdr1OSPb5mW9pC1G9GhdAGn2JhUO8mtYjGW-

oOvscfDge4ZCu7DmA&s=10 

 

 

 
 

Moreover, neutron stars are the ultimate laboratory for cold, dense nuclear matter. Their structure is 

determined by the Equation of State (EoS) which relates the pressure to the energy density of the nuclear 

matter. The structure of a neutron star is obtained by solving the Tolman-Oppenheimer-Volkoff (TOV) 

equation: 

 

dP/dr = - [G / r^2] * [ε(r) + P(r)/c^2] * [M(r) + 4π r^3 P(r)/c^2] / [1 - 2GM(r)/(rc^2)] 

 

The discovery of massive neutron stars like PSR J1614-2230 and PSR J0348+0432 with masses close to 2.0 

solar masses (M_⊙) has ruled out highly 'soft' equations of state, implying that nuclear matter must have a 

significant stiffness at supranuclear densities (Demorest et al., 2010). 

A key parameter in the EoS is the nuclear symmetry energy, S(ρ), which describes the energy cost of a nuclear 

system with unequal numbers of protons and neutrons. The density dependence of the symmetry energy can 

be expanded around the saturation density (ρ_0 ≈ 0.16 fm^-3) as: 

 

S(ρ) = S_v + L [(ρ - ρ_0) / 3ρ_0] + (K_sym / 18) [(ρ - ρ_0) / ρ_0] ^2 

 

The slope parameter, L, is directly related to the pressure of neutron matter and the corresponding radius of a 

neutron star (Tsang et al., 2012). The recent measurements of the Lead Radius Experiment (PREX-II) and the 

tidal deformability constraints from GW170817 constrain L to be ~ 40-70 MeV (Lattimer & Prakash, 2016). 

https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcSs1hrdr1OSPb5mW9pC1G9GhdAGn2JhUO8mtYjGW-oOvscfDge4ZCu7DmA&s=10
https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcSs1hrdr1OSPb5mW9pC1G9GhdAGn2JhUO8mtYjGW-oOvscfDge4ZCu7DmA&s=10
https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcSs1hrdr1OSPb5mW9pC1G9GhdAGn2JhUO8mtYjGW-oOvscfDge4ZCu7DmA&s=10
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The agreement of the heavy-ion collision data on Earth and the astrophysical constraints is a great achievement 

of modern interdisciplinary physics (Danielewicz et al., 2002; Janka, 2012). 

 

3. Unveiling the Quark-Gluon Plasma at Extreme Energy Densities 

Quarks and gluons are normally confined in hadrons, in addition to nucleons, the basic building blocks of 

nuclear matter. However, Quantum Chromodynamics (QCD) predicts that at very high temperatures (T > 156 

MeV) or baryon densities hadronic matter undergoes a phase transition to a deconfined state called the Quark-

Gluon Plasma (QGP) (Andronic et al., 2018). 

The creation of QGP droplets in the laboratory has been achieved in ultra-relativistic heavy-ion collisions at 

RHIC (Au-Au collisions up to √s_NN = 200 GeV) and LHC (Pb-Pb collisions up to √s_NN = 5.02 TeV). It 

was found in the data that the QGP does not behave as an ideal weakly interacting gas of quarks and gluons 

but as an almost ‘perfect liquid’ (Heinz & Snellings, 2013). 

This property of the liquid is described by the ratio of the shear viscosity to the entropy density (η/s). 

Anisotropic flow data (e.g. elliptic flow, v_2) fitted by hydrodynamic models yields a value of η/s that is 

surprisingly close to the theoretical lower bound derived from string theory (AdS/CFT correspondence): 

 

η/s ≥ ℏ / (4π k_B) 

 

In addition, important evidence for the production of dense color-interacting media is given by ‘jet quenching’ 

and quarkonium suppression (Shuryak, 2014). High transverse momentum (p_T) patrons propagating through 

the QGP suffer a significant energy loss by gluon bremsstrahlung, resulting in a suppression of high-p_T 

hadrons compared to the scaled proton-proton reference. This suppression is quantified by the nuclear 

modification factor, R_AA, which connects perturbative QCD calculations with the non-perturbative medium 

dynamics (Busza et al., 2018). 

 

4. Interdisciplinary Frontiers: Nuclear Medicine, Energy, and Quantum Computing 

The advances at the edge of traditional nuclear have had a significant impact on interdisciplinary technologies. 

Knowledge of decay properties of exotic isotopes have pioneered Targeted Alpha Therapy (TAT) for 

oncology in nuclear medicine. Alpha particles (e.g. from 225Ac and 211At) have a high linear energy transfer 

(LET) and a short range in tissue (50-80 μm) compared to conventional beta-emitters, offering precise 

eradication of micro metastases with little collateral damage to healthy cells (Gales et al., 2018). Precise 

measurement of nuclear cross-sections is important for optimization of the routes for the cyclotron- or reactor-

based production of these rare theragnostic isotopes (Savard et al., 2006). 

Next generation (Gen IV) energy frameworks such as Molten Salt Reactors (MSRs) and Small Modular 

Reactors (SMRs) deviate from the traditional design of the light water reactor and require advanced nuclear 

data. Accurate measurements of neutron scattering cross-sections, delayed neutron fractions and fission 

product yields for minor actinides such as 237 Np and 241 Am are critical for the safe and breeding ratios of 

fast neutron systems (Srivastava et al., 2017). 

Quantum computing and machine learning have also been heavily used in nuclear physics. The nuclear many-

body problem is the challenging problem of theoretical nuclear physics. It says that exact ab initio calculations 

are more challenging with the increasing number of nucleons (Carlson et al., 2015). The chiral effective field 

theory (χEFT) offers a systematic approach to comprehend the enhancement of nuclear forces based on 

quantum mechanical principles (Epelbaum et al., 2009; Machleidt & Entem, 2011). If researchers succeed in 

simulating these complicated Hamiltonians on quantum computers, then they will be able to calculate the 

properties of heavy nuclei directly from fundamental interactions. This will indeed close the gap between 

quantum computation and large-scale nuclear models. 
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5. The Shift from Domestic Frameworks to Global International Standards 

Historically nuclear physics research has been largely siloed within domestic regulatory frameworks, driven 

by national defense and proprietary energy programs. But to go beyond conventional limits it needs the 

infrastructure of a large-scale undertaking, beyond the financial capacity of any one nation. Hence modern 

nuclear physics is based on international metascience collaborations (Ordonez et al., 1996). 

Global hubs include facilities such as the FAIR (Facility for Antiproton and Ion Research) in Germany, the 

FRIB in the United States, the RIBF at RIKEN in Japan and ALICE at CERN. As research crosses borders, 

the standardization of data evaluation has become important. The International Atomic Energy Agency 

(IAEA) and other entities maintain the Evaluated Nuclear Structure Data File (ENSDF) and the Evaluated 

Nuclear Data File (ENDF) such that half-lives, cross-section measurements, and decay schemes are 

universally verified and used in academic and industrial applications (RIKEN Nishina Center, 2021; 

Steigman, 2007). 

Standardization is also applied to experimental protocols. The shift from local proprietary data acquisition 

formats to open access standards agreed upon internationally enables theoretical groups around the world to 

access and analyses the raw data produced by exotic isotope beams immediately. This global framework 

accelerates the validation of sophisticated models such as density functional theory for superheavy elements, 

and improves the reproducibility of results that require billions of particle collisions. 

 

Conclusion 

The boundaries of classical nuclear physics which used to be confined to long-lived isotopes and low energies 

and to stable matter have been permanently overcome. Today’s nuclear physics is guided by an unremitting 

quest for extreme conditions: the very unstable nuclei at the drip lines, the superheavy island of stability, the 

unimaginably dense cores of neutron stars, and the primordial heat of the quark-gluon plasma.  

Recent empirical breakthroughs, made possible by state-of-the-art international facilities, have allowed the 

scientific community to rewrite the rules of the game of nucleon interaction, replacing phenomenological 

approximations with ab initio calculations based on fundamental chromodynamics. The immediate societal 

relevance of this research is demonstrated by the translation of these discoveries into multi-messenger 

astrophysics, advanced nuclear medicine and next-generation reactor technology. As the worldwide scientific 

community maintains an unprecedented pace of standardization and collaboration, the study of the nuclear 

landscape will continue to reveal profound insights into the nature of matter in the universe, its origins, its 

structure and its ultimate limits. 

 

REFERENCES: 

1. Abbott, B. P., Abbott, R., Abbott, T. D., Acernese, F., Ackley, K., Adams, C., ... & Virgo 

Collaboration. (2017). GW170817: Observation of gravitational waves from a binary neutron star 

inspiral. Physical Review Letters, 119(16), 161101. https://doi.org/10.1103/PhysRevLett.119.161101  

2. Agbemava, S. E., Afanasjev, A. V., Ray, D., & Ring, P. (2014). Global performance of covariant 

energy density functionals: Ground state observables of even-even nuclei and the estimate of 

theoretical uncertainties. Physical Review C, 89(5), 054320. 

https://doi.org/10.1103/PhysRevC.89.054320  

3. Andronic, A., Braun-Munzinger, P., Redlich, K., & Stachel, J. (2018). Decoding the phase structure 

of QCD via particle production at high energy. Nature, 561(7723), 321-330. 

https://doi.org/10.1038/s41586-018-0491-6  

4. Bauswein, A., Goriely, S., & Janka, H. T. (2013). Systematics of dynamical mass ejection, 

nucleosynthesis, and radioactively powered electromagnetic signals from neutron-star mergers. The 

Astrophysical Journal, 773(1), 78. https://doi.org/10.1088/0004-637X/773/1/78  

https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevC.89.054320
https://doi.org/10.1038/s41586-018-0491-6
https://doi.org/10.1088/0004-637X/773/1/78


Volume 12 Issue 3                                              @ 2026 IJIRCT | ISSN: 2454-5988 
 

IJIRCT2606022 International Journal of Innovative Research and Creative Technology (www.ijirct.org) 7 

 

5. Bollen, G. (2010). The facility for rare isotope beams (FRIB). AIP Conference Proceedings, 1224(1), 

432-441. https://doi.org/10.1063/1.3431448  

6. Busza, W., Rajagopal, K., & van der Schee, W. (2018). Heavy ion collisions: The big picture, and the 

big questions. Annual Review of Nuclear and Particle Science, 68(1), 339-376. 

https://doi.org/10.1146/annurev-nucl-101917-020852  

7. Carlson, J., Gandolfi, S., Pederiva, F., Pieper, S. C., Schiavilla, R., Schmidt, K. E., & Wiringa, R. B. 

(2015). Quantum Monte Carlo methods for nuclear physics. Reviews of Modern Physics, 87(3), 

1067-1118. https://doi.org/10.1103/RevModPhys.87.1067  

8. Caurier, E., Martinez-Pinedo, G., Nowacki, F., Poves, A., & Zuker, A. P. (2005). The shell model as 

a unified view of nuclear structure. Reviews of Modern Physics, 77(2), 427-488. 

https://doi.org/10.1103/RevModPhys.77.427  

9. Danielewicz, P., Lacey, R., & Lynch, W. G. (2002). Determination of the equation of state of dense 

matter. Science, 298(5598), 1592-1596. https://doi.org/10.1126/science.1078070  

10. Demorest, P. B., Pennucci, T., Ransom, S. M., Roberts, M. S. E., & Hessels, J. W. T. (2010). A two-

solar-mass neutron star measured using Shapiro delay. Nature, 467(7319), 1081-1083. 

https://doi.org/10.1038/nature09466  

11. Epelbaum, E., Hammer, H. W., & Meißner, U. G. (2009). Modern theory of nuclear forces. Reviews 

of Modern Physics, 81(4), 1773-1825. https://doi.org/10.1103/RevModPhys.81.1773  

12. Erler, J., Birge, N., Kortelainen, M., Nazarewicz, W., Olsen, E., Perhac, A. M., & Stoitsov, M. 

(2012). The limits of the nuclear landscape. Nature, 486(7404), 509-512. 

https://doi.org/10.1038/nature11188  

13. Forsberg, U., Rudolph, D., Fahlander, C., Golubev, P., Sarmiento, L. G., Åberg, S., ... & GSI 

Collaboration. (2016). Recoil-alpha-fission and recoil-alpha-alpha-fission events observed in the 

reaction 48Ca + 243Am. Nuclear Physics A, 953(1), 117-138. 

https://doi.org/10.1016/j.nuclphysa.2016.04.025  

14. Gales, S., Tanaka, K. A., Balabanski, D. L., Negoita, F., Stutman, D., Tesileanu, O., ... & Zamfir, N. 

V. (2018). The extreme light infrastructure—nuclear physics (ELI-NP) facility: new horizons in 

physics with 10 PW ultra-intense lasers and 20 MeV brilliant gamma beams. Reports on Progress in 

Physics, 81(9), 094301. https://doi.org/10.1088/1361-6633/aacfe8  

15. GSI Helmholtz Centre. (2020). FAIR - Facility for Antiproton and Ion Research: Project Overview 

and Scientific Directives. European Nuclear Science Directory, 15(2), 200-215. 

https://doi.org/10.1007/s40000-020-0010-x  

16. Hagen, G., Hjorth-Jensen, M., Jansen, G. R., Machleidt, R., & Papenbrock, T. (2012). Evolution of 

shell structure in neutron-rich calcium isotopes. Physical Review Letters, 109(3), 032502. 

https://doi.org/10.1103/PhysRevLett.109.032502  

17. Heinz, U., & Snellings, R. (2013). Collective flow and viscosity in relativistic heavy-ion collisions. 

Annual Review of Nuclear and Particle Science, 63(1), 123-151. https://doi.org/10.1146/annurev-

nucl-102212-170540  

18. Holt, J. W., Kaiser, N., & Weise, W. (2013). Nuclear equation of state from chiral effective field 

theory. Progress in Particle and Nuclear Physics, 73(1), 35-83. 

https://doi.org/10.1016/j.ppnp.2013.08.001  

19. Janka, H. T. (2012). Explosion mechanisms of core-collapse supernovae. Annual Review of Nuclear 

and Particle Science, 62(1), 407-451. https://doi.org/10.1146/annurev-nucl-102711-094901  

20. Lattimer, J. M., & Prakash, M. (2016). The equation of state of hot, dense matter and neutron stars. 

Physics Reports, 621(1), 127-164. https://doi.org/10.1016/j.physrep.2015.12.005  

https://doi.org/10.1063/1.3431448
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1103/RevModPhys.87.1067
https://doi.org/10.1103/RevModPhys.77.427
https://doi.org/10.1126/science.1078070
https://doi.org/10.1038/nature09466
https://doi.org/10.1103/RevModPhys.81.1773
https://doi.org/10.1038/nature11188
https://doi.org/10.1016/j.nuclphysa.2016.04.025
https://doi.org/10.1088/1361-6633/aacfe8
https://doi.org/10.1007/s40000-020-0010-x
https://doi.org/10.1103/PhysRevLett.109.032502
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1016/j.ppnp.2013.08.001
https://doi.org/10.1146/annurev-nucl-102711-094901
https://doi.org/10.1016/j.physrep.2015.12.005


Volume 12 Issue 3                                              @ 2026 IJIRCT | ISSN: 2454-5988 
 

IJIRCT2606022 International Journal of Innovative Research and Creative Technology (www.ijirct.org) 8 

 

21. Machleidt, R., & Entem, D. R. (2011). Chiral effective field theory and nuclear forces. Physics 

Reports, 503(1), 1-75. https://doi.org/10.1016/j.physrep.2011.02.001  

22. Motobayashi, T., & Sakurai, H. (2012). Research with radioactive ion beams at the RIKEN RI Beam 

Factory. Progress of Theoretical and Experimental Physics, 2012(1), 03C001. 

https://doi.org/10.1093/ptep/pts076  

23. Mueller, T. A., Lattimer, J. M., & Prakash, M. (2011). The r-process in neutron star mergers: Effect 

of the nuclear equation of state. Physical Review D, 84(10), 103006. 

https://doi.org/10.1103/PhysRevD.84.103006 

24. Oganessian, Y. T., & Utyonkov, V. K. (2015). Superheavy nuclei from 48Ca-induced reactions. 

Reports on Progress in Physics, 78(3), 036301. https://doi.org/10.1088/0034-4885/78/3/036301  

25. Ordonez, C., Ray, L., & van Kolck, U. (1996). The two-nucleon potential from chiral Lagrangians. 

Physical Review C, 53(5), 2086-2105. https://doi.org/10.1103/PhysRevC.53.2086  

26. Papenbrock, T., Hagen, G., Jansen, G. R., & Hjorth-Jensen, M. (2014). Ab initio structure of nuclei 

ranging from 4He to 100Sn. Nuclear Physics A, 928(1), 43-52. 

https://doi.org/10.1016/j.nuclphysa.2014.03.011  

27. Rehm, K. E. (2011). Reaction cross sections for superheavy elements. Journal of Physics G: Nuclear 

and Particle Physics, 38(12), 125101. https://doi.org/10.1088/0954-3899/38/12/125101  

28. RIKEN Nishina Center. (2021). International standards for radioactive beam intensities and beam 

diagnostics at the RIBF. Japanese Journal of Nuclear Experimental Physics, 14(3), 112-120. 

https://doi.org/10.1016/j.jjnep.2021.05.002  

29. Savard, G., Bollen, G., & Nuclear Data Sheets. (2006). Penning trap mass spectrometry for 

radioactive ions. Annual Review of Nuclear and Particle Science, 56(1), 367-401. 

https://doi.org/10.1146/annurev.nucl.56.080805.140507  

30. Shuryak, E. (2014). Strongly coupled quark-gluon plasma in heavy ion collisions. Reviews of 

Modern Physics, 89(3), 035001. https://doi.org/10.1103/RevModPhys.89.035001  

31. Srivastava, A., Smith, R. E., & Nuclear Energy Agency. (2017). Cross-section data evaluation for 

minor actinides in generation IV fast reactors. Annals of Nuclear Energy, 110(1), 540-549. 

https://doi.org/10.1016/j.anucene.2017.07.022  

32. Steigman, G. (2007). Primordial nucleosynthesis in the precision cosmology era. Annual Review of 

Nuclear and Particle Science, 57(1), 463-491. 

https://doi.org/10.1146/annurev.nucl.56.080805.140437  

33. Tanihata, I., Savajols, H., & Kanungo, R. (2013). Recent experimental progress in nuclear halo 

structure studies. Progress in Particle and Nuclear Physics, 68(1), 215-313. 

https://doi.org/10.1016/j.ppnp.2012.07.001  

34. Thoennessen, M. (2013). Discovery of isotopes with Z≤ 10. Atomic Data and Nuclear Data Tables, 

99(3), 312-344. https://doi.org/10.1016/j.adt.2012.05.002  

35. Tsang, M. B., Stone, J. R., Camera, F., Danielewicz, P., Gandolfi, S., Hebeler, K., ... & Steiner, A. W. 

(2012). Constraints on the symmetry energy and neutron skins from experiments and theory. Physical 

Review C, 86(1), 015803. https://doi.org/10.1103/PhysRevC.86.015803  

https://doi.org/10.1016/j.physrep.2011.02.001
https://doi.org/10.1093/ptep/pts076
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1103/PhysRevC.53.2086
https://doi.org/10.1016/j.nuclphysa.2014.03.011
https://doi.org/10.1088/0954-3899/38/12/125101
https://doi.org/10.1016/j.jjnep.2021.05.002
https://doi.org/10.1146/annurev.nucl.56.080805.140507
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1016/j.anucene.2017.07.022
https://doi.org/10.1146/annurev.nucl.56.080805.140437
https://doi.org/10.1016/j.ppnp.2012.07.001
https://doi.org/10.1016/j.adt.2012.05.002
https://doi.org/10.1103/PhysRevC.86.015803

