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From Basic Science to Applications

APPA@FAIR
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Highest Charge States  Extreme Static Fields

Relativistic Energies Extreme Dynamical Fields and Ultrashort Pulses

High Intensities Very High Energy Densities and Pressures 

High Charge at Low Velocity Large Energy Deposition

Low-Energy Anti-Protons Antimatter Research

warm dense 
matter

... states of matter 
common in 

astrophysical objects 

radiation 
hardness

... mechanical and 
electrical degradation 

of materials

Plasma Bio

space travel

... cosmic radiation 
risk and shielding

Materials 

antimatter

... matter / anti-
matter asymmetry

strong field 
research

... probing of 
fundamental laws of 

physics

Atomic Physics

Atomic Physics, Plasma Physics, and Applied Sciences

SPARC FLAIR HEDgeHOB/WDM MAT/BIOMAT BIO/BIOMAT

FACILITY CAPABILITY SCIENTIFIC CAPABILITY
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APPA: Matter under Extreme Conditions

HESR APPA
Cave

SIS-100

HITRAP

CRYRING

ESR 

HED@FAIR

Plasma Physics
200 members from 11 countries

Atomic Physics
430 members from 26 countries

Biophysics and Materials Research
150 members from 20 countries

APPA
White Paper
NIMB 365 (2015) 680

Unique 
Research 

Opportunities
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The International APPA Collaborations

4

International Road Map of AMO Science
J. Phys. B, in print (2019)
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Plasma Physics at FAIR

Interaction of ions and photons with plasmas

Equation of state, phase transitions, transport phenomena

Matter under high pressure 

Coupling of intense light with matter

• FAIR will produce the largest volume of uniform WDM world wide.

• Compared to GSI, FAIR will provide a specific intensity and energy deposition increase by a 

factor of 100.

3 mm

U@350 MeV/u; Target: W
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Plasma Physics with Intense Ion Beams

Relevant for astrophysics, planetary science, inertial confinement 
fusion research, research on materials under extreme conditions

Measurements are required for guidance of theoretical models

Strongly coupled 

plasmas
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Biophysics

• Simulation of galactic radiation

main hindrance toward manned 

space exploration

• Widely unknown biological effects 
of heavy ions

• Space radiation biophysics

NASA and ESA started a large 

experimental campaign

• Particle therapy

Materials Research

BIO*MAT Research Topics

• Materials behavior under extreme 

conditions

• Irradiations under high pressure 
solids with new phases,  unknown 

phase transitions in mineralogy and 

geophysics

• Radiation hardness of accelerator 

and spacecraft components 

• Ion-matter interaction at relativistic 

beam energies
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Materials under extreme conditions

Experiments at APPA Cave

Extreme Environments

• synthesis and stabilization of new materials 

• nanoscale manipulation of materials properties

• recover exotic high-pressure phases

• simulate radioactivity effects within Earth’s interior

Raman signal

high energy

Au, Pb, U ions

x-ray diffraction
diamond anvil cell

10-1000 kbar

2 mm



9

Ion Beam Facilities / Trapping & Storage

Stored and Cooled
Highly-Charged Ions (e.g. U92+) and Exotic Nuclei 

From Rest to Relativistic Energies (up to 4.9 GeV/u)

Cooling: The Key for Precision

Worldwide
Unique
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Heavy Ions at the HESR

location of target station

location of target stations

• species: p, pbar, HCI, RIB

• circumference 574 m

• injection energy 740 MeV/u

• B = 50 Tm

• for U92+: 4.937 GeV/u

• MAX=6.30; MAX=0.987

• momentum (energy) range

1.5 to 15 GeV/c (0.8-14.1 GeV)

• stochastic cooling / e-cooling

most equipment foreseen for the  

NESR can be used at the HESR

Worldwide premiere:

Precision experiments using

cooled relativistic ion beams

Some Selected Physics Cases 

• Attosecond science / Laser spectroscopy

• Multi-body dynamics / Recoil ion spectroscopy 

• Pair creation in strong fields / Negative continuum DR 

• Relativistic photon matter interaction / X-ray & electron spectr.

U92+

SPARC 

Internal 

Target
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XUV Source (High Harmonic Generation) 

(a kind of Free Electron Laser for Ion Storage Rings)
Femtosecond fiber lasers

=  table-top source of high photon flux

up to a few Milliwatt ! 

+ HHG

[1] M. Müller et al, Opt. Lett. 41, 3439 (2016).

[2] M. Kienel et al., Optics Letters 41.14 (2016).

• high average power (up to  1 kW) [1, 2]

• flexible repetition rate (up to few MHz)

Physics Case:
• Novel tests of atomic structure theory 

(correlation, relativity and QED)

• Model independent determination of

nuclear parameters

• Laser cooling

• Pump-probe for atomic structure studies

•
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Aimining for Highest Resolution: Magnetic Calorimeter

- Quantum effeciency:

~100 %    @   20 keV

20 %    @   60 keV

- Estimated E       < 6 eV

- Operation temperature: 50 mK

QED tests at extreme fields (GSI/FAIR)

Further Applications

• Neutrino-less double beta decay (ECHo)
• Astroparticle physics
• Nuclear Forensics
• Photon Science
• …
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Partner

Teaming up with Universities:

Helmholtz Institute Jena 
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CRYRING: Transfer of ions from ESR to CRYRING

CRYRING team
supported by:
FAIR
GSI 
HI-Jena
KVI Groningen
Univ Cracow
Univ. Stockholm
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Astrophysics with Stored and Cooled Ions
Proton-Capture Measurement at ESR inside the Gamow window

a state-of-the-art 
ion detection system
for ultra-high vacuum

SN 1572
supernova
remnant

addressing the nuclear physics of exploding stars
by applying precision atomic physics methods

• 124Xe54+ stored in the ESR 
at Gamow window energies

• direct detection of (p,) reaction products 
using newly developed detection system

• normalization via high precision atomic physics
facilitated by local experience on storage ring physics

• successful establishment of a powerful method
world-wide unique potential for nuclear astrophysics experiments

using heavy radioactive beams from FRS in ESR/CRYRING
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Thank you for your 
Attention !

Unique Opportunities 

. . .  & Challenges

Atomic Physics, Plasma Physics, and Applied Science @ FAIR


