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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)
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Some additional reading:
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About me
Staff scientist at the Gesellschaft für Schwerionenforschung (or, just GSI).
Masters in Mathematics (with Physics) from Durham University, followed by a yearworking at the DSTL.
PhD in Nuclear Physics from the University of Edinburgh 2009-2013 (N~Z, A~60 nuclei).
Postdoc at Argonne National Lab (ANL) 2014-2015 (GRETINA, GAMMASPHERE, FMA).
Postdoc at GSI in SHE chemistry group 2015-2019 (reaction mechanisms for SHEformation).
2019-today in Nuclear Spectroscopy Group, Project Lead for NUSTAR andGroup Leader for NUSTAR Experiment Coordination



1. Associative learning (or, learning by association)
– Visual association

1. Repetition repetition repetition ...

1. Write it down!

Aside...
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What topics will be covered?
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https://dictionary.cambridge.org
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The important questions

What do I want to study?
(shell evolution, exotic decays,nuclear shapes,...)

Which beam species? Stable orradioactive?
How can the nuclei be produced?

How many do I need for statisticalsignificance?

Are the nuclei short-lived?

What level of cleanliness is required?

Do I have the right instrumentation?

Do the ions need to bereaccelerated? Orslowed down? Are appropriate targets available?
Are the right states populated?

How long do I need to measure? Do I need separation? Oridentification? Or both?
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The important questions

What do I want to study?
(shell evolution, exotic decays,nuclear shapes,...)

Which beam species? Stable orradioactive?
How can the nuclei be produced?

How many do I need for statisticalsignificance?

Are the nuclei short-lived?

What level of cleanliness is required?

Do I have the right instrumentation?

Do the ions need to bereaccelerated? Orslowed down? Are appropriate targets available?
Are the right states populated?

How long do I need to measure? Do I need separation? Oridentification? Or both?

Is the right expertise available?
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Rutherford
4He + 14N → 18F*→ 1H + 17O

light-ion accelerators

nuclear fission

spallation/fragmentation

heavy-ionaccelerators,fusion

First RIB

MNTreactions

Why do we need new facilities?How are (exotic) nuclei produced?
 Past ~century - about 4000 isotopes discovered, 118 chemical elements Most undiscovered territory on the neutron-rich side

Modified from Adamian et al., Eur. Phys. J. A (2020) 56:47

327 isotopes
~1500 isotopes

~4000 isotopes
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first artificially-induced nuclear reaction!



Example: Nuclear physics data for astrophysical processes

https://www.nndc.bnl.gov/

Schatz, J. Phys. G: Nucl. Part. Phys. 43 (2016) 064001

 Nuclear physics data across the nuclear chart are critical forthe understanding of stellar processes Vast areas remain undetermined-> State-of-the-art techniques and new facilities!
And what about reactions? lecture 1

...typically, half-lives get shorter when moving away from stability



Reaction mechanisms

Sources
Coulex (Coulomb excitation)
Fusion-evaporation reactions

Fusion-fission reactions
Direct reactions

MNT (multi-nucleon transfer)
Fragmentation

Excited states after nuclear disintegration
EM excitation, stable beams or RIBs

Neutron-deficient nuclei, high-spin states
Neutron-rich nuclei

Removal or pickup e.g. (d,p), (p,d)...
More exotic, neutron-rich nuclei

Very exotic nuclei, RIBs
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Adamian et al., Eur. Phys. J. A (2020) 56:47

powerfulaccelerator

reactionmechanism

separation/identification

exoticnuclei

How to reach (very) exotic nuclei - Radioactive Ion Beams (RIBs)

short half-lives

minimise timebetween production andexperimental setup

Challenges with RIBproduction:
low cross sections

highest-intensitybeams, efficient

contamination

excellent selectivity,low-background conditions
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Overview of world-wide RIB facilities
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Eur. Phys. J. Plus (2025) 140:638



ISOL vs In-flight methods
 Spallation/fission/fragmentation followed bychemical/physical processes to extract desired nuclei Products thermalised and separated Beams produced at very low energies (60 keV) Sometimes mono-isotopic!

Target

 Relativistic fragmentation/fission of heavy nucleion targets > 50 MeV/u → production of cocktail beamscontaining several species Separator for separation and identification - longtime of flight (~100s ns)
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ISOL vs In-flight methods
 (Relatively) high cross sections No need for re-acceleration Rates can be higherx Short-lived species might not be accessed easilyx Refractory elements difficultx Isobaric contamination

Target

 Cocktail beam: many nuclei can be studied at once Larger range of lifetimes possible Measurements possible with very few ionsx Low cross sectionsx Rate limitationx Limitations due to ToF
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Aside - the development of ISOL
• First ISOL beam - 1951 at the Niels Bohr Institute in Denmark(Kofoed-Hansen and Nielsen, Phys. Rev. 82 (1951) 96)
• Two-stage method:

• Deuterons accelerated by a cyclotron impinged on a target toproduce neutrons
• Neutron-induced fission in secondary uranium target

• More ISOL facilities came online in the following years
• 1964 - ISOLDE established...

89Kr 3.15(4) min
90Kr 32.32(9) s
90Rb 158(5) s

N=50 lecture 1



Why primary beam matters
 Choice of primary beam species can have a huge effect Example: development of 208Pb primary beam at RIBF RIKEN Production cross sections for nuclei of interest (N~126, Z~75) from 238U and 208Pb are comparable, but:
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No fission productcontamination ->higher-puritybeams!



Why primary beam matters

G.X. Zhang et al. / Physics Letters B 799 (2019) 135036
 Example: neutron-rich rare-earth nuclei studied at RIBF using high-intensity U beams Region accessed using primary 170Er beam @ 1 GeV/u at GSI

Preliminary

PhD work of J. Bormans, J.E.L. Larsson lecture 1
Beam energy also matters.....



Fragment separation and identification

 ‘Cocktail beam’ of ions produced in fragmentationreactions. Transmission typically 20-70% for fragments. High-energy primary beams - excellent separation, 5-18 Tmmagnetic rigidities. Magnetic spectrometer - uses Bρ-ΔE-Bρ selection method.

Layout of the GSI FRagment Separator (FRS)

primary beam(e.g. 238U at 1 GeV/u)

9Be production target

secondary beam(e.g. 100s MeV/u)

FRS Optical Elements: Four stages, each with a 30° bending dipole. Quadrupoles for focussing. Correction of aberrations with sextupoles. Steerers deflect the beam in the vertical direction.
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Selection: Bρ-ΔE-Bρ method
 Lorentz force equal to centrifugal force for ions travelling perpendicularly to a homogeneous magnetic field:

where β = v/c is the fraction of the speed of light.
 Slits at the intermediate focal point ‘cut’ the acceptance and remove unwanted ion species based on their magneticrigidities.
 Second stage of separation achieved by a wedge-shaped degrader system at F2 - ions deposit energy in the degraderwith a Z2 dependency (Bethe-Bloch). Velocities (and therefore Bρ) change depending on Z.

 In the last step, the final 2 dipole stages perform another Bρ filter (i.e. Z selection).
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Identification: ToF-ΔE-Bρ method
 Several detectors through the separator measure the position, ToF and Z of the transmitted ions.

Plastic scintillator detectorspositioned at F2 and F4 measurethe time-of-flight (ToF).
High efficiency, excellent timeresolution (~40ps). Typically~1mm thick.

Time Projection Chambers (TPCs) atF2 and F4 measure the position.
Gas-filled chamber, vertical driftvelocity. Excellent position resolution(~1mm in x, ~0.5mm in y).

MUlti Sampling IonisationChambers (MUSIC) at F4 measurethe atomic number Z.
Gas-filled chamber, free electronscreated in gas ionisationproportional to Z2.
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Next generation separators - e.g. Super-FRS at FAIR
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• Among world’smost powerful separators for exoticnuclei
• Three branches to address different physics cases

• Low-energy branch (High-resolution in-beamand decay spectroscopy, precision experimentswith thermalised exotic nuclei, colinear laserspectroscopy,...)
• High-energy branch (reactions with high-energy radioactive beams)
• Ring branch (isomeric beams, lifetimes,masses,...)



Next generation separators - e.g. Super-FRS at FAIR
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• Increased transmission
• Specialised beam instrumentation for high rates
• Exotic beams from protons to uranium up at highenergy for excellent particle identification at highmasses
• High-resolution spectrometer

Pre-separation stage critical for high beamintensities and beam cleanliness



A facility is only as good as its instrumentation

Wyss and Riley, Vol. 32, No. 2 (2022) Nucl. Phys. NewsS. Akkoyun et al., NIMA 668 (2012) 26–58

AGATA clusters at LNL

DEGAS modules at GSI
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– Example: a century of evolution for gamma-ray detection



State-of-the-art detector arrays

DEGAS modules at GSI
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A.K. Mistry et al., The DESPEC setup for GSI andFAIR, NIM A, 166662 (2022)

DESPEC Ge Array
Spectrometer (DEGAS)

BEta-deLayEd Neutron detector (BELEN)48 3He cylindrical counters

Decay Total Absorptionγ-ray Spectrometer (DTAS)NaI(Tl) modules

FAst TIMing Array LaBr3(Ce)modules (FATIMA)

The MOdular NeutronSpectromeTER (MONSTER)

https://fds.ornl.gov/https://fds.ornl.gov/initiator/

DEGAi (HPGe, LaBr, CeBr)

VANDLE - neutron TOF array

ImplantationXSISi - silicon arrayYSO-SegmentedScintillator



Courtesy of G. Benzoni

State-of-the-art detector arrays
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S. Akkoyun et al. / Nuclear Instruments
and Methods in Physics Research A
668 (2012) 26–58

AGATA array @ LNL

SPES LNL



Making the right choice; example: short-lived states
 Nuclear states have a huge range of lifetimes, > 30 orders of magnitude. Main techniques for short lifetimes: Recoil Distance Doppler Shift method (RDDS) Doppler Shift Attenuation Method (DSAM) ‘Fast timing’ with LaBr3(Ce) detectors

> 10s ps
< 1 ps
> 1 ps

P.H. Regan et al., J. Phys: Conf. Ser. 620 (2015) 012005

I Deloncle et al., J. Phys.: Conf. Ser. 205 (2010) 012044

HPGe or LaBr3(Ce)? Direct timing methods (e.g. DSAM) - high energy resolution needed. Fast timing methods involve time differences between detector pairs -
time resolution below the intrinsic detector resolution is possible. Ge detectors are semiconductors (need to be cooled!) - very small gapbetween conducting and valence bands (E gap = 0.67 eV!) 1 keVproduces 300 electrons! Energy resolution scales with 1/sqrt(yield) LaBr3(Ce) detectors have significantly worse energy resolution, butmuch better timing properties than HPGe.
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Tutorial discussion point
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