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Atomic Physics, Plasma Physics, Bio Physics  
and Applied Sciences  

Research Focus:  Matter under Extreme Conditions 

•  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 



The APPA Collaborations at FAIR 



APPA Facilities at FAIR (Status 2008) 
SIS 100/300 

FLAIR 

NESR 

HEDgeHOB/WDM cave 

Consequences of the MSV for 
APPA 
No storage rings and traps at FAIR 
for experiments      

No low-energy pbar 

No proton radiography beam line 

All APPA collaborations squeezed 
into a “Zero Budget” Cave 

 In 2009, most of the APPA  work 
packets had to be redefined (in 
particular for Atomic Physics) 

 

 

 
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APPA Facilities at FAIR (Status 2009) 

SPARC cave 

 



MSV for APPA (Status 2012): The Facilities   

CRYRING HESR 

APPA Cave 

Unique physics 
opportunities !!!  

Cold Relativistic Heavy Ions  

Cold Low-
Energy 
Heavy Ions 
and Anti-
Protons 



Atomic & Fundamental Physics 

QED in the non-perturbative regime  
Correlated multi-body dynamics for atoms and ions 
Precision determination of fundamental constants 

Influence of atomic structure on nuclear decay properties 
Fundamental physics and antimatter 



U92+ 

0         87         94       97          98 
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SPARC Challenges & Opportunities 

t ≤ 0.1 as 
Explore correlated electron dynamics   
          - sub-attosecond time-scale 
          - not accessible by other means 

”Heisenbergs dream” 
shot out the nucleus, 
let electrons explode ! 

World-wide unique for strong 
interaction with vacuum 

• Mul$ple	
  Pair	
  Produc$on	
  	
  
• Recombina$on	
  with	
  the	
  Vacuum	
  



Experimental Conditions at the HESR 

 location of target station 

  location of target stations 

•  species: p, pbar, HCI, RIB 
•  circumference 574 m 
•  injection energy 740 MeV/u 
•  Bρ = 50 Tm 
•  for U92+: 4.937 GeV/u 
•  γMAX=6.30; βMAX=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 

  Stochas$c	
  cooling	
  &	
  electron	
  cooling	
  

  electron-­‐,	
  gasjet-­‐,	
  fiber-­‐targets	
  (!) 	
  	
  

  Par$cle	
  detectors	
  

  Ion	
  stacking 	
  	
  
  Luminosity	
  (number	
  of	
  stored	
  ions)	
  

  Beam	
  diameter/charge	
  separa$on	
  

  Accelera$on	
  and	
  decelera$on 	
  	
  

  Coupling	
  of	
  laser	
  to	
  the	
  ion	
  beam	
  line	
  

  Building	
  /	
  Space	
  for	
  setups	
  

Worldwide premiere: 
Precision experiments using 
cooled relativistic ion beams 



HESR 

Precision	
  Experiments	
  at	
  High	
  Energies	
  
	
  (HESR)	
  

pair-production phenomena 
•   non-perturbation regime (αZ1≈αZ2≈1)   
•  multiple pairs   
•  negative continuum dielectronic recombination 

radiative processes 
•  recombination (polarization phenomena etc.) 
•  photon-photon angular correlation 

target ionization 
•  correlated electron motion – exploring  the ultrafast,  

extremely strong transient fields of relativistic ions 
electron impact phenomena 

•  electron impact excitation and ionization 
bound state QED and nuclear parameters 

•  laser excitation in Li-like ions (Δn = 0) 
laser Interaction at high γ	



•  test of special relativity 
•  laser cooling 
•  laser assisted pair creation 

fundamental physics 
•  PNC effects in high-Z ions 



Goniometer 

Ion channeling at relativistic energies 

Y. Yamazaki et al. 

FAIR SIS100: excitation of 1s-2p in U91+ possible for first time 

Precision Experiments at High Energies 
 (APPA Cave) 



CRYRING@ESR: Highly-Charged Ions 
at Low Energies  

Circumference:	
  	
   51.63	
  m	
  

Rigidity	
  at	
  
injec$on	
  

0.88	
  (1.44)	
  Tm	
  	
  

Vacuum	
  system	
   10-­‐11	
  -­‐10-­‐12	
  mbar	
  

Features@Cryring 

• Low-energy and 
electron cooled 
beams 

• Electron cooling with 
adiabatic expansion 

• High-luminosity for 
in-ring experiments 

• Very fast 
deceleration 7 T/s 

• Internal jet and 
electron target 

• Slow extraction 

•  Spectroscopy for tests of QED 
–  High-precision x-ray spectroscopy 

•  1s-Lamb-Shift 
•  Two-Electron-QED 

–  Recoil ion momentum spectroscopy 
•  Highly-excited stated 

–  Laser spectroscopy 
–  Recombination spectroscopy with high 

resolution 

•  Atomic collisions 
–  Sub-femtosecond correlated dynamics 
–  Unexplored regime: strong perturbation Q/v 

•  Nuclear Physics at low-energies     
–  exotic nuclear decay modes 
–  astrophysical reactions 



FAIR – Facility for Antiproton and Ion Research 
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Modularized Start Version of  
FAIR and beyond 

HESR 

FLAIR@ESR 
„CRYRING, HITRAP,  

USR …“ 
CR 

RESR 

2.2 GeV pbars from CR (10 Tm) 

CRYRING@ESR, may enable a 
much earlier realization of the 
physics program of FLAIR with 
slow anti-protons.  

30 MeV pbars from RESR (0.8 Tm) 
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•  Spectroscopy for tests of CPT and QED 
•  Antiprotonic atoms (pbar-He, pbar-p), antihydrogen 

•  Atomic collisions 
•  Sub-femtosecond correlated dynamics: ionization, energy 

loss, antimatter-matter collisions 

•  Medical applications: tumor therapy 

•  Antiprotons as hadronic probes 
•  X-rays of light antiprotonic atoms: low-energy QCD 
•  X-rays of neutron-rich nuclei: nuclear structure (halo) 
•  Antineutron interaction 

FLAIR collaboration uses low-E antiprotons at CERN-AD to test decelerator 
schemes and to perform initial experiments of the FLAIR physics program  

Experiments with Low-Energy Pbars  



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 

14	
   Compared to GSI, FAIR will provide a specific intensity and energy 
deposition increase by a factor of 100 ! 



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 

Degeneracy  
EKIN=kT ≈ EFermi 

Strongly coupled  
plasmas,  Γ=EC / EKIN> 1 
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HIHEX 
Heavy Ion Heating and Expansion 

uniform quasi-isochoric heating of a large-volume 
dense target and isentropic expansion 

numerous high-entropy HED states: 
EOS and transport properties of non-ideal 
plasmas / WDM for various materials 

LAPLAS 
Laboratory Planetary Sciences 

ring-shaped beam implodes a heavy tamper shell, 
low-entropy compression of hydrogen 

Mbar pressures @ moderate temperatures: 
hydrogen metallization, interior of Jupiter, Saturn 
or Earth 

PRIOR 
Proton Microscope for FAIR  

worldwide unique high-energy proton microscopy 
setup with SIS-100 proton beam 

dynamic HEDP experiments and PaNTERA, 
jointly with BIOMAT collaboration: 
unparalleled density distribution measurements 
and Proton Therapy and Radiography 
(PaNTERA) project 

U28+, 2 GeV, 5·1011, SC 
FFS 

U28+, 1 GeV, 5·1011, 
Wobbler 

p, 5–10 GeV, 2·1012, PRIOR 



•  the worldwide unique high energy proton microscopy facility PRIOR (10 µm / 10 ns resolution, sub-
percent density reconstruction) will be integrated into the HEDgeHOB beam line 

• using high-energy (5 – 10 GeV), high intensity (5·1012) SIS-100 proton beams 
Aluminum
Copper


Tantalum
 Tin


courtesy of 
LANL


Material spall and 
fragmentation"
at micrometer level


•  joint multidisciplinary research of HEDgeHOB and BIOMAT 
during FAIR MSV: 
• materials at extreme dynamic environments generated by 

external drivers (plasma physics and materials research) 

• PaNTERA (Proton therapy and radiography) project 
(biophysics) 

• PRIOR setup beam time commissioning at GSI: 2013/2014 

Pump-Probe: Ion and Proton beams 



Opacity measurements 
at constant temperature 
Isothermal expansion of thin 
foil targets  

WDM: Investigation of Atomic and Thermophysical 
Properties  in Dense Plasma Environments 

Optical diagnostics 
at constant volume 
Dynamic confinement of 
low-Z targets 

•  Investigation of WDM with 
emphasis on Optical properties  
(atomic physics in dense 
environments) 

•  Laser as key diagnostics tool  
(XANES, X-ray scattering) 

•  Opacities are very sensitive to 
electronic levels and population 

   (test of atomic physics in dense 
environments) 

•  Benchmark for theoretical 
approaches 

   (existing models strongly diverging) 

EOS measurements at 
constant pressure 
Quasi-static heating of 
stacked foil targets 

•  Thermophysical properties 
  along the two-phase boundary  

•  Quasistatic heating ensures 
  homogeneous pressure,  
  density and temperature 



Helmholtz Beamline project (2016- 2019) 

Helmholtz-
Beamline 

Scope:  
•  Building a kilojoule high-repetition-rate 

laser 

Use: 
•  Advanced diagnostics for HED targets at 

the APPA cave (backlighting with X-rays, 
ions, neutrons, electrons) 

•  Relativistic laser-ion interactions in the 
nearby HESR hall 

High intensity, high-energy lasers in the context of FAIR 
Pump-Probe: Ion and Laser beams 

Initiative of the Helmholtz Center HZDR in close collaboration with HI-Jena. Already part 
of the Helmholtz roadmap for new research infrastructures. 



Biophysics 

Exposure of matter to relativistic ions  
and  high pressure: phase  transitions 
in mineralogy and geophysics 

Ion-matter interaction at FAIR  
energies:  energy-deposition and  
short-time processes at relativistic  
projectile velocities 

Radiation hardness of materials: 
requirements for accelerator and  
spacecraft-components 

Cosmic radiation: the main hindrance 
toward manned space exploration 

Widely unknown biological effects of 
heavy ions 

NASA and ESA started a large experimental 
campaign in space radiation biophysics 

Particle Therapy 

Materials Research 

BIO*MAT 



Target station for irradiation under high pressure 

BIO*MAT 
Materials research 



Radiation hardness of materials  
 - mechanical and electrical degradation 
 - stripper foils 
 - target wheel for SFRS, beam dumps, collimator 

FAIR-Related Materials Research Activities 

irradiated 
epoxy 

stripper foils graphite graphite 
target 

SFRS Target 

BIO*MAT 
Materials research 



Relativistic Energies: Galactic Cosmic Radiation (GCR) 



Biophysics	
  

Polyethylene 

Kevlar 
Moon Regolith 

Aluminum 

Mars Regolith 
Nextel 

Moon Concrete 

Nextel is a semi-rid material widely used in satellites and 
spacecrafts for its extraordinary shielding properties against 
micrometeorites.  

BIO*MAT 
Biophysics 

•  Cosmic	
  radia$on	
  → main	
  
hindrance	
  toward	
  manned	
  space	
  
exploraIon:	
  moon	
  (2015),	
  Mars	
  
(2030),	
  and	
  beyond	
  

•  High	
  uncertainty	
  on	
  biological	
  
effects	
  of	
  heavy	
  ions	
  

•  No	
  effecIve	
  counter	
  measures	
  
•  NASA	
  started	
  experimental	
  

campaign	
  in	
  space	
  radia$on	
  
biophysics	
  

•  ESA	
  approved	
  in	
  2008	
  a	
  similar	
  
program	
  (IBER)	
  in	
  the	
  framework	
  
of	
  Aurora,	
  based	
  at	
  GSI/FAIR	
  

•  Example:	
  	
  shielding	
  properIes	
  of	
  
the	
  moon	
  and	
  Mars	
  regolith	
  



Particle Therapy at FAIR BIO*MAT 
Biophysics 

•  New project (PANTERA) 
within APPA to exploit the 
PRIOR setup for therapy 

•  Relativistic protons (4.5 
GeV) for image-guided, 
high-resolution, realtime, 
stereotactic radiosurgery 
(proton theranostics), 
(PRIOR setup) 

•  First image of a biological 
target (a zebrafish) with 
proton microscopy at 
ITEP (800 MeV protons) 

•  Investigating also to use 
high-energy antiprotons 
for theranostics (together 
with FLAIR) 



in preparation 

TDRs and Reports of the SPARC & FLAIR Collaborations 

LSR: Technical Design Report 

CRYRING@ESR: A study group report 

Infrastructure Proposal 

Physics book: CRYRING@ESR 

TDR: Internal target station 

SPARC experiments at 
HESR: A feasibility study 

HESR 

CRYRING 



Cryogenic targets for 
LAPLAS 

Super conducting 
quadrupoles for 

HIHEX FFS 

RF beam rotator 
(wobbler) for LAPLAS 

Many other TDRs are also in preparation by BIOMAT, FLAIR, and WDM ! 



FAIR – Facility for Antiproton and Ion Research Wordwide Unique Research 
Opportunities  

. . .  & Challenges 

Atomic Physics, Plasma Physics, and Applied Sciences 
APPA@FAIR 

Thank you for 
your  

attention ! 


