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Overview:
L1: IntroductionRIB productionISOL and in-flight fragmentationPrimary beamsNext generation separatorsImportance of instrumentation

L2: In-flight fragmentation inNorth AmericaAsiaEurope(plus some other highlights)



Overview of world-wide RIB facilities
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Eur. Phys. J. Plus (2025) 140:638



New mechanisms for production of neutron-rich nuclei: CARIBU

https://www.anl.gov/atlas
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G. Savard et al., Hyperfine Interact (2011) 199:301–309

 Californium Rare Ion Breeder Upgrade (CARIBU) at theATLAS facility, Argonne National Lab (USA) CARIBU produced low-energy and re-accelerated beamsof neutron-rich isotopes produced in the fission of 252Cf Challenge - fission products are emitted isotropicallywith >200 MeV Challenge - ~1 Ci (3.7 x 1010 Bq) source produced innuclear reactor
Fission products stopped in gas catcher(large volume of very high-purity He enclosed in RF structure)

Extraction RFQ(extraction time 10s ms)

Mass separation via high-res spectrometer and MR-TOF(selection from cocktail of extracted products)
Sent to low-energy experimentor post-acceleration (after charge breeder, up to 15 MeV/u)

Electrostatic acceleration(accelerated to 50 kV, low energy spread)

New mechanisms for production of neutron-rich nuclei: CARIBU



CARIBU to nuCARIBU

G. Savard et al., Hyperfine Interact (2011) 199:301–309

 Experiments at GAMMASPHERE/FMA,HELIOS (Coulex, transfer reactions) →probing nuclear structure effects andr-process nucleosynthesis
 Low-energy experiments → CPT (afterRF buncher for pulsed beams at lowenergy), decay station
Problem - source becomes weak,difficulties producing thin sources. Experiments starting using nuCARIBUrecently commissioned neutron-generator-based source of 235U fissionfor higher reliability and intensity Shift in fission peaks
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• Main systems commissioned
• nuCARIBU beams serving experiments for significant part of 2026beamtime



Example of future ISOL facility: SPES LNL
 SPES (Selective Production of Exotic Species) ‘second generation’ ISOL facility at Legnaro National Lab (LNL, INFN, Italy) RIB production via a high-intensity proton beam incident on a thick target (typically UCx) to induce fission Ions extracted, ionized and selected then post-accelerated to experiments
 Phase 1: cyclotron recommissioning andbeamline tests, primary proton driver,commercial cyclotron, 35-70 MeV, up to700μA Phase 2: First RIB production (low energy)transported to tape station at LERIB area Phase 3: Installation and commissioning withstable beams to CB, MRMS and RFQ Phase 4: radionuclide production (mainly formedical applications) Phase 5: RIB selection, transport to high-energy experimental halls

FIRST RIB PRODUCTION WITH SPES EXOTIC BEAM FACILITY AT INFN-LNL, December 2025;DOI:10.18429/JACoW-HIAT2025-MOB01

Phases 1 and 2 complete ->
first RIBs confirmed
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from T. Marchi, 2026



Marchi et al., J. Phys.: Conf. Ser. 1643 (2020) 012036
 Expected beams at SPES-β
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Example of future ISOL facility: SPES LNL



Power of storage ringsExample: Are decay properties subject to change?

‘Ordinary’ types of beta decay:

The number of electrons in the atomic system can modify the decay properties.
e.g. What happens when you ionise an atom that can only decay by EC?

→ temperature-dependent stability!
Huge impact in hot stellar plasmas, where atoms are typically highly-ionised.

i) p → n + e+ + νeii) n → p + e- + νe iii) p + e-b→n + νe

‘Continuum’ decays: energy and
momentum

shared between the two leptons

Electron capture: two-body decay
where bound electron is annihilated

and monochromatic electron neutrino
produced
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Yu. A. Litvinov et al., Phys. Scr. T144 (2011) 014001 (6pp)

EC and time-mirrored βb process

βb: n + νe →p + e-b

• Bound-state β- decay: predicted in 1947 by R. Daudel, M. Jean
and M. Lecoin (J. Phys. Radium 8, 238 (1947))

• Experimentally observed in the early 90s at GSI (Phys. Rev. Lett.
68, 2164 (1992)) in 163Dy

An electron neutrino is absorbed (equiv. emission of anti-neutrino) and
a β- particle is created directly in a bound state of the daughter nucleus

Rare process in neutral atoms, where the inner shells are occupied

Power of storage ringsExample: Are decay properties subject to change?

‘Continuum’ beta decay Bound-state beta decay

Power of storage ringsExample: Are decay properties subject to change?
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• Neutral 205Tl is stable
• EC of 205Pb has Q-value of 50.5 keV
• Binding energy of K-electrons in Tl is ~85 keV
• βb decay of fully-ionised or H-like 205Tl can occur, primarily

to the first excited state of 205Pb

Leckenby et al., EPJ Web of Conferences 279, 06010 (2023)

critical for s-process nucleosynthesis!

Power of storage ringsExample: Are decay properties subject to change?
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• Studied at the GSI Experimental Storage Ring (ESR)
• 205Tl81+ produced in projectile fragmentation and separated by the FRagment

Separator (FRS)
• 205Tl81+ ions stored for up to 10 hours to accumulate 205Pb
• Bound electrons stripped with Ar gas to produce 205Pb82+

Y. H. Zhang et al., Phys. Scr. 91 (2016) 073002

Leckenby et al, Nature, volume 635, pages 321–326 (2024)

Power of storage ringsExample: Are decay properties subject to change?

Storage rings in operation (e.g. ESR,
R3,...), in early operation (e.g. HIAF)
and planned (FAIR)...
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Facility for Rare Isotope Beams (FRIB) at a glance
• User facility located in Michigan, USA
• User operation started inMay 2022
• Primary beams up to 200 MeV/u

Nuclear Physics News, Vol. 34, No. 3, 2024

• >6000 hours per year of beamtime
• >90% availability

Courtesy A. Gade, FRIB MSU



Facility for Rare Isotope Beams (FRIB) at a glance
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• Experimental areas for stopped and reaccelerated beams
• (LEBIT, BECOLA, SECAR, SOLARIS, SeGA)

• S3 vault -> S800 spectrometer, GRETINA gamma-ray array
• S1 and S2 areas completed in 2025

• FRIB Decay Station Initiator FDSi
• Sweeper, MoNA-LISA neutron detector array, EOSexperiments

Courtesy A. Gade, FRIB MSU



Facility for Rare Isotope Beams (FRIB)
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First publications from FRIB already in 2022!

Courtesy A. Gade, FRIB MSU



Facility for Rare Isotope Beams (FRIB)
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What’s to come in the future at FRIB?

High-rigidity spectrometer (HRS, 8Tm)
– Fast-beam program -> Access to extremely rare isotopes using thicktargets (high luminosity)HRS final design report was published in 2024Approval granted in 2025 to start execution of HTBL

https://hrs.lbl.gov/

• FRIB400 upgrade doubles the beam energy to400 MeV/u - addition of 11 cryomodules
• Significantly extending reach in neutron-richterritory

The Scientific Case for the 400 MeV/u Energy Upgrade ofFRIB by the FRIB Science Community

10 KW 400 KW

Courtesy A. Gade, MSU



Radioactive Isotope Beam Factory (RIBF) at a glance
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• At the RIKEN Nishina center in Japan
• Optimised for in-flight production of fission fragments with

high-intensity uranium beam
• SRC delivers 345 MeV/u U beam

Hiroyoshi Sakurai, Front. Phys. 13(6), 132111 (2018)

• In-flight separator BigRIPS for separation and
identification

• Bρ up to 9 Tm, primary beams at 345 MeV/u from
cyclotron

• In operation since 2007 ~700 RI beams to 250 experiments >170 new isotopes



Radioactive Isotope Beam Factory (RIBF)
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• Major upgrade plans with staged planning over several (~8) years
• Goal to raise 238U intensity from ~100 pnA to ~2000 pnA (x20 increase) - 1x1013 ions per second(!)
• Re-engineering of uranium accelerator chain
• Upgrades to BigRIPS and experiment instrumentation

https://www.nishina.riken.jp/researcher/RIBFupgrade/RIBF

What’s to come in the future at RIBF?



Facility for Antiproton and Ion Research (FAIR)

©D. Fehrenz, GSI/FAIR

GSI

FAIR
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Facility for Antiproton and Ion Research (FAIR)

GSI
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Facility for Antiproton and Ion Research (FAIR)

GSI
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Facility for Antiproton and Ion Research (FAIR)

GSI
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Facility for Antiproton and Ion Research (FAIR)

GSI
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NUclear STructure Astrophysics and Reactions (NUSTAR)

Information required on:
Equation of StateLimits of existenceLifetimes,MassesPxn valuesFissionReactions in star environments

Overarching physics case:
The creation of the chemical elements

> 1000 listed “interested” scientists
> 630 registered members

(incl. students, etc.)
~ 420 senior members

(PhD holder w/o Russia)
> 150 institutes from 36 countries

A “collaboration of collaborations”



FAIR campus overview

GSI
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FAIR impressions and status

GSI

lecture 2FAIR April 2026

https://www.youtube.com/watch?v=jEPFMH-PQw8
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Moving forward!

Short (1-2 years),
Intermediate (3-5 years)
and long-term (> 5 years)
solutions already
underway!

https://www.gsi.de/en/start/news/details/2026/07/30/hitrap-wird-zu-partih

“It was decided that turning the HITRAP decelerator around
and using it as an accelerator is the fastest path to Carbon
beams for FAIR commissioning. HITRAP was recently used
to decelerate highly charged gold ions and to irradiate them
onto a surface in order to investigate induced
transformations in the surface. PARTIH, HITRAP turned
around, became a sub-project in the GSI project for restoring
beam operation.”
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Motivation
➔What are the limits of the new asymmetric fissionisland?
➔What shell effects are responsible for the asymmetric split

Experiment carried out in Phase-0 2021
• Fission study of 100 neutron-deficient exotic nucleifrom iridium to thorium (12 FRS settings)
• Fission induced by Coulomb excitation
• Detection of both fission fragment in coincidence

Fission investigated using the advanced SOFIA R3B setup

P. Morfouace et al. Nature 641, 339 (2025)DOI 10.1038/s41586-025-08882-7

• First set of charge distribution across a wide range of exoticfissioning systems.
• Experimental evidence of strong proton-shell stabilization at Z=36
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Highlight from FAIR Phase-0



New fission measurements with R3B setup in the high-energy cave after commissioning phase

GLAD

NeuLAND

ToF chamber

© GSI/FAIR, Zeitrausch

– Continuation of program and
completely new
investigations!

Gains to be made from:

– improved beam purity

– increased fragment
production

– transmission with Super-FRS

– space availability in High-
Energy Cave

CALIFA
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New measurements at FAIR



Future opportunities for decay spectroscopy:Isomers as tools
 Isomers are sensitive probe of nuclear structureAND..... a very useful tool!

Exotic nuclei produced in fragmentation reactions

Separated, identified and transmitted in-flight by a powerful separator

Stopped inside of experimental setup

Decay properties studied

10
0s

ns
!
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Why do isomeric states exist?

– decays are hindered dueto the structuralsurroundings (nature ofsingle-particle orbits andthe collective behaviour).
Main causes of isomerism:
A)different structural matrix elementsB) small decay energyC) large change in angular momentum
 Spherical regions - spin and seniority isomers. Deformed regions - K, shape, fission isomers.
The types can occur in any combination - sometimes difficult todisentangle the effects!



 Experiment to measure lifetimes of excited states in N=50 isotone 94Ru. Ions produced in fragmentation of 850-MeV/u 124Xe ions on 9Be, products separatedand identified by the FRagment Separator and implanted into the DESPEC setup. γ rays measured after β-delayed proton emission following implantation of 95Pd(21/2+ isomer) feeding 8+ isomer in 94Ru (~70 μs).

 4+→ 2+ transition strength not as expected. Interpreted as constructive interference between ν=2and ν=4 configurations of same spin.
B. Das et al., PRC Letters 105 (2022) L031304 lecture 2

Future opportunities for decay spectroscopy:Isomers as tools



Future opportunities for decay spectroscopy - HISPEC/DESPEC @ FAIR

Construction status of FHF1
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HEC

LEC

From HISPEC/DESPEC infrastructure public Technical Design Report

 Full ‘low-energy’ branch and ‘low-energy cave’ expected to be broughtinto operation after the completion of the high-energy branch DESPEC setup to be positioned at the end of the ‘Energy Buncher’ at thefinal focal plane. Combined in-beam spectroscopy with AGATA and decay spectroscopypossible!

Future opportunities for decay spectroscopy - HISPEC/DESPEC @ FAIR
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The emerging role of digital twins

https://www.gsi.de/en/start/news

“LASE-FUSE ... focuses on developing a
comprehensive, modular simulation
framework that serves as a digital twin of
fusion laser systems and, for the first time,
enables holistic modeling of all relevant
system components—from laser
generation through beam shaping and
amplification to transport just before
interaction with the fusion fuel.”

https://www.fntsoftware.com/en/press

“The integrated solution from FNT and DC
Smarter provides all the components and
connections of the data center infrastructure in
the form of a digital twin. The FNT Command
platform forms the data basis and enables
intuitive, interactive access and inventory
management of the entire data center in real
time. Augmented Reality (AR) technology,
integrated by DC Vision®, provides on-site
technical teams with comprehensive
transparency regarding resources and operating
processes.”

https://frib.msu.edu/news-center/news

“The project will develop artificial intelligence, or
AI, tools—specifically, physics-informed “digital
twins”—that could transform how heavy-ion
accelerators and isotope separators are
operated.... By uniting government, industry,
academia and philanthropy, it is accelerating
breakthroughs in energy, scientific discovery and
national security through a new platform that
combines AI, supercomputing, quantum systems
and advanced scientific instruments... The FRIB-
Argonne team will develop physics-informed
digital twins ... the project will create adaptive
digital twins that provide a powerful new tool for
accelerator optimization and control. ... The long-
term goal is to create an integrated digital
representation of the accelerator and isotope
separator systems rather than optimizing each
component independently.”



Tutorial discussion point
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Points to take home

 “Facilities” are much more than just buildings Don’t forget instrumentation, and expertise!
 The science questions need to be at the centre ofexperiment design
 New exciting global possibilities (but some are justaround the corner)
 Will the next (next) generation “facilities” be digital?

L1: IntroductionRIB productionISOL and in-flight fragmentationPrimary beamsNext generation separatorsImportance of instrumentation

L2: In-flight fragmentation inNorth AmericaAsiaEurope(plus some other highlights)
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