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Nuclear Structure and Reaction 
Dynamics
The main challenges in Nuclear Structure and Reaction Dynamics in 
the next decade will be to answer the following questions: How do 
nuclei and nuclear matter emerge from the underlying fundamental in-
teractions? What is the limit of nuclear existence and which phenome-
na arise from open quantum systems? How do nuclear shells evolve 
across the nuclear landscape; what kind of shapes can nuclei take, 
and what is the role of nuclear correlations? What are the mechanisms 
behind nuclear reactions and nuclear fission? How can we probe the 
equation of state with nuclear structure observables, such as reso-
nances? How can nuclear structure and reaction dynamics contribute 
to astrophysics, hadron physics and fundamental symmetries? 

● To ensure complementarity in experimental programmes, it is essen-
tial to actively support large- and small-scale facilities guaranteeing 
access to the whole community, allowing detector testing and explora-
tory experiments in preparation for more complex future experiments, 
and playing a key role in the training of new generations of physicists.

● Coordinated effort amongst the ISOL facilities in Europe has been 
key to securing a world-leading position in many areas of radioactive 
beam science. Reinforcing this collaboration on radioisotope produc-
tion, separation and acceleration techniques, together with the ex-
ploitation of common instrumentation and a stream of new ideas, will 
secure the leading position of Europe in the future.

● To push the frontiers of spectroscopy and lifetime measurements at 
the limits of energy and production, exceptional resolution and high 
efficiency for gamma-ray spectroscopy is essential. Therefore, the full 
completion of the European flagship gamma spectrometer AGATA-4π 
(with ancillaries) is essential. AGATA is and will remain the major 
workhorse for nuclear structure gamma-spectroscopy and nuclear as-
trophysics precision physics, at both radioactive and stable ion-beam 
facilities.

● Theoretical work in the field of heavy-ion collisions should be gua-
ranteed continuous support, both in its phenomenological aspects 
(theoretical support needed to interpret the results and to provide fee-
dback to the experimental programme) and from first principles (quan-
tum chromodynamics). 

● Collaboration should be particularly encouraged and nurtured in 
theoretical centres such as ECT* to strengthen the relation between 
heavy-ion physics and neighbouring fields, including astrophysics 
and particle physics. Such collaboration would stimulate novel ways 
of computing and analysing data, as well as improving the interplay 
between theory and experiment.

Support for existing facilities 
and experiments

Theory developments

● Europe’s world leadership in the use of heavy ion storage rings - 
as key precision instruments for the study of nuclear masses and 
radii, nuclear resonances, isomers, reactions and fission - should 
be maintained by the construction of future rings at FAIR and HIE-
ISOLDE.

● It is mandatory to establish efficient interfaces between theories 
based on different degrees of freedom, to assess and reduce theore-
tical uncertainties, to improve the efficiency of many-body methods for 
a good description of spectroscopic observables, to improve time-de-
pendent methods and reaction calculations, and to advance methods 
like Bayesian inference in combination with new computational tech-
niques (e.g. Artificial Intelligence, Quantum Computing).

● Nuclear theory is crucial for interpreting experimental results and 
guiding future research. Excellence programmes to train, attract and 
keep talent within the field should be pursued. Theory centres should 
be strongly supported throughout Europe, in particular the ECT* and 
emerging virtual access facilities, which provide theory results for 
experimentalists (e.g. the Theo4Exp VA facility in the EURO-LABS 
project).

Future flagship facilities 
and experiments

Theory developments

Nuclear Astrophysics
Nuclear astrophysics is the study of nuclear processes in astrophysi-
cal objects such as stars, covering the wide range of physical scena-
rios found in space. Traditionally, nuclear processes have been the 
underlying scientific link between different observations of the same 
object. For example, our knowledge of the sun has only in the last 
few years seen tremendous progress in our understanding of the pro-
cesses from its core to its atmosphere. 

Gravitational wave telescopes have opened a new window to astro-
physics. Now transient phenomena such as neutron star or black hole 
mergers, kilonovae, supernova explosions and gamma-ray bursts can 
be studied using multiple channels: from gravitational waves to elec-
tromagnetic radiation, neutrinos, or other particle emissions. These 
multi-messenger studies need a nuclear physics foundation. Here is a 
tremendous opportunity to study the synthesis of chemical elements, 
the evolution of their abundance over the life span of the universe, 
and, crucially, the properties of dense nuclear matter in the laboratory 
and in astrophysical scenarios. Experimentally, the understanding of 
neutron-capture nucleosynthesis requires frontier radioactive-beam 
facilities. Theoretical descriptions are the key for nuclear properties far 
from stability, for fission and for neutron capture. Nuclear astrophysics 
benefits significantly from progress in neighbouring fields. The next 
generation of gravitational wave telescopes, both space and ground-
based (LISA and the Einstein Telescope) will strongly boost nuclear 
astrophysics research. The same is true for space-borne observato-
ries like COSI, eXTP and e-ASTROGAM, and for new ground- and 
space-based telescopes.

● Nuclear astrophysics research is distributed over many institutions 
and thus benefits greatly from support for linking research activities 
and networks throughout Europe. We recommend strengthening 
nuclear astrophysics networks in Europe (e.g. ChETEC-INFRA) and 
making them sustainable. Such networks are needed to connect to 
international topical networks, e.g. in the U.S. and Asia. 

● In order to facilitate nuclear astrophysics studies, nuclear data, and 
also nuclear reaction data, need to be evaluated with uncertainties 
and made accessible.

particular HADES and R3B at SIS-18/SIS-100, should receive full 
support.

● The full exploitation of NA61 at SPS should receive full support.

● Unique insights into Nuclear Structure and Reaction Dynamics 
can only be obtained via the urgent completion of the FAIR facility 
(including the NUSTAR Low-Energy-Branch), SPIRAL2, SPES, ELI-
NP, ISOL@MYRRHA, and ISOLDE upgrades, as unique laboratories 
for studying reactions of very exotic nuclei, and for the exploration of 
the nuclear chart towards the driplines.

Support for existing facilities 
and experiments

● Small-scale facilities are key infrastructures for nuclear astrophysics 
research. The activities connecting their work such as direct measure-
ments to the lowest possible energies, as well as indirect measure-
ments, should be further supported.

Nuclear Structure and Reaction Dynamics
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Recommendations for nuclear 
structure and reaction dynamics

chapter Research Infrastructures and chapter Nuclear Physics Tools 
Detectors and Experimental Techniques).

●  It is essential to vigorously pursue the development of a unified 
theoretical description of all nuclei and nuclear matter based on 
systematic theories of strong interactions at low energies, advanced 
few- and many-body methods, as well as a consistent description of 
nuclear reactions. Theoretical calculations are crucial for interpreting 
experimental results and guiding future research. Theory centres 
should be strongly supported throughout Europe and a larger number 
of new positions for young researchers in theory should be opened. 
We recommend increasing the support given to the European Centre 
for Theoretical Studies (ECT*), where new ideas are born through the 
broad workshop programme, and to support emerging virtual access 
facilities providing theory results for experimentalists (as Theo4Exp 
VA facility in the Eurolabs project, see more in chapter Research 
Infrastructures and chapter Nuclear Physics Tools Detectors and 
Experimental Techniques). Synergetic programmes connecting 
nuclear structure and reaction dynamics with other related fields, like 
nuclear astrophysics and fundamental symmetries, should also be 
strongly supported.

●  Enriched rare stable isotopes (ESI), most prominently 48Ca, are 
essential ingredients in the investigation of nuclei at the limits of 
stability. Therefore, with the shortage/absence of some important 
ESI (48Ca crisis), it is essential to develop a European strategy for a 
secure supply of enriched isotopes for European research facilities, 
including a hitherto non-existent European facility for electromagnetic 
isotope separation (see chapter Nuclear Physics Tools Detectors and 
Experimental Techniques).
 

● Unique insights into nuclear structure and shell evolution as 
well as input and constraints for nuclear astrophysics can only be 
obtained via the urgent completion of the FAIR facility, including the 
Low-Energy-Branch, SPIRAL2, SPES, ELI-NP, as unique laboratories 
for studying reactions of very exotic nuclei, and for exploration of the 
nuclear chart towards the driplines. To ensure complementarity 
in experimental programmes, it is essential to give strong support 
to all other large facilities (and their upgrades), as well as to small-
scale and university-based facilities which guarantee access to the 
whole community, allow detector testing and exploratory experiments 
in preparation for the most complex future experiments and play a 
key role in the training of new generations of physicists (see more in 
chapter Research Infrastructures).

● To push the frontiers of spectroscopy and lifetime measurements 
even for low-intensity secondary beams and small cross sections, 
superb in-beam resolution and high efficiency in gamma-ray 
spectroscopy are essential. The full completion of the European 
flagship gamma spectrometer AGATA-4π (with ancillaries) which is, 
and will continue to be, the major workhorse for nuclear structure 
and nuclear astrophysics precision physics at both radioactive and 
stable ion-beam facilities (see more in chapter Nuclear Physics Tools 
Detectors and Experimental Techniques) is therefore essential. 

●  Heavy-ion storage rings are key precision instruments for 
future studies on nuclear masses and radii, reactions, nuclear 
resonances, isomers and fission. The world leadership of Europe in 
the use of heavy ion storage rings should be maintained by supporting 
experiments in the existing low energy storage rings of GSI/FAIR 
(ESR and CRYRING) and, in a larger time frame, the construction 
of future storage rings at GSI/FAIR and HIE-ISOLDE (see more in 

Box 4.5: Neutrinoless double beta 
decay research

In the hypothetical neutrinoless double beta decay (0vββ) two neutrons 
in the nucleus transform into two protons, and only two electrons are 
emitted. This process is forbidden in the Standard Model of particle 
physics, as two matter particles are created without any antimatter. 
0vββ is expected to be mediated by the exchange of a neutrino (see 
upper panel) that must be its own antiparticle (i.e., a Majorana particle). 
Hence, the detection and subsequent study of 0vββ would deeply 
impact our understanding of neutrinos, physics beyond the Standard 
Model, and why the observed universe is formed by matter. Searching 
for this extremely rare decay is the goal of several ongoing and future 
experimental programs. However, a main uncertainty for predicting 0vββ 
half-lives comes from the nuclear matrix elements (NMEs) connecting 
the initial and final nuclear states. NMEs are calculated with many-body 
techniques routinely used to describe nuclear structure (e.g., nuclear 
shell model, energy density functional, QRPA) but the predictions differ 
up to a factor of 3-4 for the isotopes of interest (see lower panel). Ab-initio 
methods (Coupled cluster, In-medium SRG, PGCM) are starting to study 
0vββ with a more consistent assessment of the uncertainties and will 
become essential to provide reliable NMEs in the next few years. Another 
promising way is to extract NMEs with surrogate processes like double-
charge exchange reactions (e.g., NUMEN project) or second-order 
electromagnetic transitions, using the theoretical correlations between 
the NMEs of 0vββ and these other processes.

Upper panel: Schematic view of the 0νββ decay through the exchange of a Ma-
jorana neutrino. Lower panel: NMEs for 0νββ decay candidates calculated with 
different many-body methods.



Storage - efficient
use of rare species

Beam cooling - high quality beams
Isochronous mode – high mass resolution

Heavy-Ion Storage Rings - Versatile Instruments
Dedicated beam prepara:on and manipula:on techniques

Nuclear reaction inevitably leads to large 
momentum spread of the secondary beam

Small produc:on rates of secondary beams
Accumulation techniques

Single-particle sensitivity detection

Short-lived species
Instantaneous detection

Non-destructive detectionA huge trap – tens of meters in circumference, 
Large aperture size – 10-25 cm



Nuclear Physics at Storage Rings ESR at GSI 

CSRe at IMP

CRYRING at GSI 

R3 at RIKEN

Photos: M. Lestinsky, A. Zschau, GSI; IMP Lanzhou; RIKEN



Exchange of momenta

Gersh I. Budker
1918 - 1977

Electron Cooling of Secondary Beams

Markus Steck 2025✢



Proton-Capture Reactions in the ESR

ESR

gas jet

particle
detectors

§ injection of ions @ >100 MeV/u
ü fully stripped ions

§ deceleration & cooling of the beam
ü E = 3 - 10 MeV/u

§ activate internal hydrogen target
ü proton & electron capture reactions
ü separated by dipole 
ü particle detectors on…

… inner tracks for (p,g) products
… outer tracks for e- capture products

§ beam life time (residual gas + target interaction)
Ø intensity goes down
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Courtesy J. Glorius

Jan Glorius: “A recycling recoil separator”

Deceleration



Proton-Induced Reactions in the Experimental Storage Ring

gas jet

K-
R

EC

L-
R

ECM
-R

EC

Ka

Kb

X-ray spectrum @ 90°

radiative e- capture rate [REC]

X-ray 
spectroscopy

(p,g) and (p,n) reaction products

ERASE



Towards background free measurement

Courtesy J. Glorius and L. Varga



Proton-Induced Reactions in the Experimental Storage Ring
ERASE vs no-ERASE: 124Xe(p,x)
124Xe(p,g)

• 107 bare ions stored 
• cooled and decelerated to 7 MeV/u

nearly background-free measurement
maximized experimental sensitivity  

~20 hours

~10 hours

(p,n)
channel

No ERASE ERASE

(p,n) reaction channel measured 
simultaneously

L. Vargo et al., Phys. Rev. Lett. 134, 082701 (2025)



Proton-Induced Reactions in the Experimental Storage Ring
First study on radioactive ion beam

S. Dellmann et al., Phys. Rev. Lett. 134, 142701 (2025)

injection n
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Proton capture on radioactive 118Te

Courtesy J. Glorius and S. Dellmann

Accumulation



The CRYRING@ESR facility

M. Lestinsky et al., EPJ ST 225, 797 (2016)

M. Lestinsky, GSI, Darmstadt

CRYRING 
(transported from Stockholm University)

Start of operation (local source) – 2019
Start of operation (beams from ESR) – 2020
Circumference = 54.15 m
XH Vacuum = 10-11—10-12  mbar
Electron cooling
Energy range = ~0.1 – 15 MeV/u
Slow and fast extraction



The CRYRING@ESR facility

J. Marsh et al., EPJ A 60, 95 (2024)

CARME @ CRYRING
(CRYRING Array for 

Reaction MEasurements)

d+d7Li+p 

Carlo Bruno
Jordan Marsh
Phil Woods
Tom Davinson



Gas-jet 
target

Commissioning and first results with CARME

118Te(p,g/n) ESR
124Xe(p,g/n) ESR

14N(d,p) CRYRING

96Ru(p,g) ESR

15N(p,a) CRYRING

CCSN

BBN/quiescent 
burning

Explosive 
binaries

D(D,n); D(D,p) 
CRYRING

J. Marsh et al., EPJ A 62, 10 (2026)



Development of Schottky Detectors: Sensitivity to single ions
1992 2011 2020F. Nolden et al., NIM A (2011) M. S. Sanjari et al., RSI 91 (2020)  083303

~30 sec / spectrum
- Massese and lifetimes (T1/2>5 s) ~30 ms/spectrum

- Longitudinal changes of momenta
- E-cooling process

Intra-beam scaterring



Courtesy: D. Fernandes and W. Korten

Superposi<on of 84 
events

Combined Isochronous+Schottky Mass Spectrometry

Decays of the first 0+ states were measured also in 98Zr, 98Mo



Mass & half-life measurements in the neutron-rich N ≈ 116 Hf region
8 hours data taking in April 2025

201gAu77+

201mAu77+ 

201mPt77+

201gPt77+

Isochronous mode



Accelerator Complex

Superconducting Ion Linac: 
Ø Length: 180 m 
Ø Energy: 25 MeV/u (238U34+)
Ø CW mode: 10 pμA with A/Q=2~5
Ø Pulse mode: 1.0 emA with A/Q=2~7

Booster Ring:
Ø Circumference: 569 m
Ø Rigidity: 34 Tm
Ø Aaccumulation
Ø Cooling & acceleration

Spectrometer Ring:
Ø Circumference: 277.2 m
Ø Rigidity: 15 Tm
Ø Electron cooler
Ø Stochastic cooler

iLinac

Spectrometer Ring

Booster Ring

HFRS

Fast ramping operation
Repetition rate：3 Hz

Ion Sources:
Ø a 45 GHz FECR
Ø a 28 GHz SECRAL 
Ø a 2.45 GHz ECR

High Energy Fragment Separator:
Ø Length: 192 m
Ø Bρ = 25 Tm



One day at the commissioning experiment at HIAF



209Bi弹核碎裂产物：时间分辨的肖特基频谱

12

不锈钢腔体

镀铜腔体

Effective band-width：~100 kHz

Effective band-width：~400 kHz

Cycle time: 3 secs
~ 623 MeV/u, 1e10 ppp  209Bi31+

10 mm Graphite target
Bρ(SRing) ~ 6.8479 Tm

E(target ion) ~ 400.54 MeV/u



衰变事例：初步测试结果

18

Preliminary analysis results



Combined Isochronous+SchoKky+PosiMon Mass Spectrometry at R3

Y. Yamaguchi et. al. Proc. COOL 2015 (2016)

Isochronicity is fulfilled only for a limited 
range of velociIes / mass-over-charge raIos 
of stored nuclides – so-termed “isochronous 
window”.

To correct for the non-isochronicity, either 
velocity or magnetic rigidity of each particle 
needs to be known.



Why storage rings? - Versatile Capabilities

Nuclear Excitation by (target) Electron Capture

Nuclear Excitation by (free) Electron Capture

Decays of highly charged ions (205Tl, 111Sn)

Transfer reacIons

Astrophysical reactions for BBN and 
Novae, rp-, nup-, and p-processes

Surrogate reacIon studies
ERC SG ELDAR

ERC AG NECTAR
Giant resonances
Electron-Ion scattering (future)

Long-lived isomeric states

Di-electronic recombinaIon on exoIc nuclei

Neutron-induced reactions (future)

Masses and lifeImes of exoIc nuclei

Hyperfine Quenching in few-electron  229Th

ERC AG HIThor

ERC CG ASTRUm



Why storage rings? - Versatile Capabilities

Courtesy: Ariel Tarifeno Saldivia

Nuclear ExcitaIon by (target) Electron Capture

Nuclear Excitation by (free) Electron Capture

Decays of highly charged ions (205Tl, 111Sn)

Transfer reactions

Astrophysical reactions for BBN and 
Novae, rp-, nup-, and p-processes

Surrogate reaction studies
ERC SG ELDAR

ERC AG NECTAR
Giant resonances
Electron-Ion scattering (future)

Long-lived isomeric states

Di-electronic recombination on exotic nuclei

Neutron-induced reactions (future)

Free-neutron target at CRYRING
C. Domingo-Pardo et al. NRING-Project

Masses and lifetimes of exotic nuclei

Hyperfine Quenching in few-electron  229Th

ERC AG HIThor

ERC CG ASTRUm
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