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Definition and limits
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• In this presentation relativistic energies are defined as several hundred 
MeV/nucleon => in Europe this means experiments at GSI/FAIR.

• It is hard to limit reactions with relativistic beams with respect to other 
topics:
• Light nuclei 
• Nuclear resonances
• Nuclear theory
• Nuclear astrophysics
• …

• I won’t talk about relativistic Coulomb excitation in combination with high-
resolution gamma-ray spectroscopy.

• Strong overlap with talks of Oliver, probably Marine and possibly others. 
• Complementary approaches (i.e. at different beam energies) are desirable!



Why relativistic energies?
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Advantages for the production of Radioactive Ion Beams (RIBs):
• Suppression of charge states:

• Higher transmission.
• Identification with the 𝚫E-ToF-B𝛒 method possible for the heaviest possible 

beams.
• Thicker targets.
• Higher transmission due to forward focusing, especially for fission fragments.

Advantages for reaction studies:
• Inverse and complete kinematics (=> access to unbound states).
• Effective 4𝛑 coverage, as reaction products are forward-focussed => neded for 

complete kinematics experiments.
• 𝚫E-ToF-B𝛒 method possible for reaction products.
• Thicker targets => higher effective luminosity for low-intensity RIBs.
• Quasi-free scattering => very clean reaction mechanism.
• High cross sections for electromagnetic excitations.
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Advantages for the production of RIBs:
• Suppression of charge states:

• Higher transmission.
• Identification with the 𝚫E-ToF-B𝛒 method possible for the heaviest possible 

beams.
• Thicker targets.
• Higher transmission due to forward focusing.

Advantages for reaction studies at relativistic energies:
• Inverse kinematics (=> access to unbound states).
• Effective 4𝛑 coverage, as reaction products are forward-focussed => complete 

kinematics experiments.
• 𝚫E-ToF-B𝛒 method possible for reaction products.
• Thicker targets => higher effective luminosity for low-intensity RIBs.
• Quasi-free scattering => very clean reaction mechanisim.
• High cross section for electromagnetic excitation.

Bottom line:

Relativistic energies help with the 

production and identific
ation of RIBs and 

offer a number of experimental 

advantages.



Why relativistic energies?
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J. Äystö et al., NIMB 376, 111 (2016)

Projectile fragmentation, or fragmentation-
fission, is one of the key reactions to produce
RIBs. 

Relativistic beam energies suppress 
charge states, which is crucial for the 
production and identification of the heaviest 
RIBs. 

A. Chatillon et al., PRC 99, 054628 (2019)



Large acceptance 
High rigidity, minimized losses
à Thick production targets
à Most effective use of 

primary beam for experiments

Target

Low-energy
Branch with
Energy buncher

Ring Branch

High-energy Branch

Technical Design Report: 
H. Geissel, M. Winkler, H. Weick,
et al. (2009)

Producing RIBs with the Super-FRS
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Radioactive beams at relativistic energies
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• Cocktail beams => fully identified in A and Z.
• Task: go as exotic as possible with the 

highest intensities.

H. Geissel et al., NIMB 204, 71 (2003)



Courtesy of Daniel Körper

beam from SIS18/FRS

heavy fragments/beam
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Cryogenic line

CALIFA
calorimeter

LH2 target
+ silicon trackers

GLAD magnet

NeuLAND, 13 DP

LOS + MUSIC + MWPCs

Primary beams: 40Ar, 18O, 12C

Secondary beams: neutron-rich cocktail beams, 16C

Example for reactions with relativistic beams: 
the R3B setup in 2022
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B𝛒-𝚫E-ToF
𝚫E → Z
ToF → 𝛃
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Z
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beam and secondary fragment 
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Physics topics
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• (Multi-step) projectile fragmentation or fragmentation-fission: physics and 
production rates.



Production of secondary beams
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• Projectile fragmentation and fragmenation-fission are a highly-versatile ways 
to produce radioactive beams at relatvisitic energies.

• Challenges:
• Primary beam intensity.
• Creation of the most neutron-rich beams.
• Still open physics questions, 

e.g. <E*>/abraded nucleon.

• Opportunites:
• Two-step fragmentation or fragmentation-

fission.
• Multi-nucleon transfer of 

decelerated secondary 
beams.

D. Pérez-Loureiro et al., PLB 703, 552 (2011)

R. Thies et al., PLC 93, 054601 (2016)



Physics topics
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• (Multi-step) projectile fragmentation or fragmentation-fission: physics and 
production rates.

• Quasi-free scattering (see presenation of Oliver yesterday)
• Investigation of unbound states (see presenation of Marine today).
• Evolution of shell structure



Quasi-free scatting (QFS)
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Quasi-free scattering is in many ways the ”work 
horse” reaction at relativistic energies => ideally with 
a LH2 target

M. Holl, PhD thesis

V. Panin et al., PLB 753, 
204 (2016)

Idea: 
Remove, selectively, one nucleon.
Obtain, e.g. spectroscopic factors; populate a 
well-defined state.
Ensure that multiple scattering is limited -> 
relativistic energies allow to measure at the 
minium of nn cross section!

12



Complete kinematics + QFS
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Example: 30Ne(p,pn) with an LH2 target with 
SAMURAI@RIBF.

Gamma-gated relative-energy spectra 28Ne+n 
=> disentangle decays of unbound states.
=> here: position of the f7/2 intruder state at 
the border of the island of inversion.

M. Holl et al., PRC 105, 034301 (2022)



Quenching of single-particle strength 
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T. Aumann et al., Prog. Part. Nucl. Phys. 118, 
103847 (2021)

Direct reactions and quasi-free scattering, (p,2p) or (p,pn), show consistently no (or a weak) dependence on 
the difference of p and n separation energies – in contrast to (inclusive) reactions with HI targets at 
intermediate energies, see also LRP2017 and the talk of Sonia yesterday.

14



Physics topics
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• (Multi-step) projectile fragmentation or fragmentation-fission: physics and 
production rates.

• Quasi-free scattering (see presenation of Oliver yesterday)
• Investigation of unbound states (see presenation of Marine today).
• Evolution of shell structure
• …

• Short-range correlations



Short-range correlations
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Short-range correlations can be probed using (p,2pp), (p,2pn), … reactions over 
a large range of isospin => relativistic energies are needed.

M. Duer et al., Nature 560, 617 (2018)

16



Direct vs. inverse kinematics
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A. Corsi



Short range correlations: Topics
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SCR pair properties:
- Formation
- Spin structure
=> probing SRC with hadronic probes has a higher cross section and the 

final state can be measured.

NN interaction:
- Probe the short-range part of 
the NN interaction.

- Search for NNN correlations.

SCR in many-body dynamics:
- Isospin asymmetry dependence is a critical input for the Equation of 
State (EoS).

A. Schm
idt et al., N

ature 578, 540 (2020)



Short range correlations
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Reaction kinematics:
- Ideally studies at energies beyond 1 GeV/u => post-acceleration.
- Reaction theory is needed to interpret data from experiments.

Neutron star matter:
- SRC studies needed to understand cold dense neutron-rich    

environments.
- Local density equivalent to what is predicted for n-star cores. 
- Strongly related to EoS.

QCD and nuclear physics:
- Role of SCR on nuclear structure: 

a challenge for experiment and 
theory.
Example: role of SRC in the quenching
of spectroscopic factors.

Experiments: R3B, HADES (direct kinematics), maybe also at CBM, PANDA, HESR,…

S. Paschalis et al., PLB 800, 135110  (2020)



Physics topics
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• (Multi-step) projectile fragmentation or fragmentation-fission: physics and 
production rates.

• Quasi-free scattering (see presenation of Oliver yesterday)
• Investigation of unbound states (see presenation of Marine today).
• Evolution of shell structure
• …

• Short-range correlations
• Strangeness in nuclei



Strangeness nuclear physics
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• Hyperons might play a crucial role in the 
structure of neutron star cores (thereby 
influencing mass, density and radius).

• Obvious connections to hadron physics.
• A world-wide effort.

T. Saito et al., Nature Reviews Physics 3, 803 (2021)



Hypernuclei programs within NUSTAR at 
GSI/FAIR
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A. Obertelli



Strangeness nuclear physics
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• So far the only availble tool to approach the many-body aspect of the three-
flavor strong interaction.

• At this point we have very limited experimental information (only 37 single-
𝚲 hypernuclei known so far).

• We do expect data with more statistics and higher precision from operating 
or planned experiments.

• Light hypernuclei are a testing ground for modern theorectical approaches 
(e.g. ab initio studies based on chiral effective field theories). 

• Puzzels: lifetime of the hypertriton, existence of bound 𝚲nn, ….

• Experiments in Europe: WASA-FRS, R3B, MAMI, ALICE, PANDA, HYPER, …



Physics topics
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• (Multi-step) projectile fragmentation or fragmentation-fission: physics and 
production rates.

• Quasi-free scattering (see presenation of Oliver yesterday)
• Investigation of unbound states (see presenation of Marine today).
• Evolution of shell structure
• Short-range correlations
• …

• Strangeness in nuclei
• In-ring nuclear reaction studies and e-A collider ring experiments.
• Halo (hyper-)nuclei and light nuclei (see presentation of Oliver yesterday).
• Equation of state (see presentation of Silvia today).
• Nuclear astrophysics => Coulomb dissosciation at relativistic energies.
• Fission (see presentation of Beatriz yesterday).
• …



Nuclear physics in storage rings
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• Advantage of high energies: fully-
stripped ions stored ions => 
interesting in many ways.

• In-ring reaction experiments using 
gas-jet targets have a number of
benefits, but also challenges.

• Main advantage: thin targets but 
high luminosity due to high 
revolution frequencies.

• Nuclear astrophysics typically 
needs decelerated beams => 
ESR+CRYRING.

• Highly desirable: e--RIB collisions 
in storage rings (GSI/FAIR, GANIL)! 



Physics topics
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• (Multi-step) projectile fragmentation or fragmentation-fission: physics and 
production rates.

• Quasi-free scattering (see presenation of Oliver yesterday)
• Investigation of unbound states (see presenation of Marine today).
• Evolution of shell structure
• Short-range correlations
• …

• Strangeness in nuclei
• In-ring nuclear reaction studies and e-A collider ring experiments.
• Halo nuclei and light nuclei (see presentation of Oliver yesterday).
• Fission (see presentation of Beatriz yesterday).
• Equation of state (see presentation of Silvia today).
• Nuclear astrophysics => Coulomb dissosciation at relativistic energies.
• …



Nuclear theory for reactions with relativistic 
beams
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• Connections and collaboration with theory has been absolutely essential and 
will remain so!

• Extraction of key observable, e.g. spectroscopic factors requires theory 
input.

• Our goal is to improve our understanding of the nucleon-nucleon interaction 
and its impact on the nuclear many-body problem, which inherently requires 
theory to model and predict, while experiment provides input and tests 
predictions.

• A wide variety of models are in use, from phenomenological approaches, 
microscopic-macroscopic calculations to nd ab initio based density functional 
theory. Here chiral effective field theory and in the future lattice QCD are the 
key approaches (see theory talks from Evgeny, Gianlucka, and Sonia 
yesterday).



Outlook
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• GSI/FAIR is the facility where opportunities with relativistic 
radioactive beams will be exploited in Europe.

• The FRS and the Super-FRS are the key instruments for the 
production of relativistic RIBs.

• A very broad list of physics topics which can be addressed, key 
examples include short-range correlations and hypernuclei.

• The abilitity to populate states of interest and subsequently 
study their decay allows to study unbound states (-> 
correlations). 

• Strong connections to theory are mandatory!
• In-Ring experiments are the future! 
• Synergies with nuclear astrophysics, nuclear fission, ….


