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FAIR research programme includes  
14 initial experimental collaborations 
which form the four scientific pillars 
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BIOMAT                       - BIOlogy and MATerial science 

FLAIR                          -  Facility for Low-energy Antiproton and heavy Ion Research 

HEDgeHOB / WDM     -  Plasma physics experimental stations 

SPARC                        -  Stored Particles Atomic Physics Research Collaboration 
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Regular SPARC  meetings started in 2004 at GSI  

2nd Meeting, 2005, Piaski, Poland 

3rd Meeting, 2007, Paris 

5th Meeting, 2009, Lisbon 

4th Meeting, 2008, Predeal, Romania 

A.Warczak, Nordic Winter Meeting on Physics @ FAIR, Björkliden, Sweden, March 22 - 26, 2010 



Scientific Goal:    
Precision Studies of the Quantum Dynamics of Exotic Atomic Systems 

                 in Extreme Fields          

Observables:  
high-resolution x-ray, electron, positron, projectile and recoil-ion spectroscopy  

Discovery Potential: 
!  new concepts for  QED in extreme fields   
!  insight into the correlated many-body 

dynamics via ultrashort and super intense 
field pulses (<10-18 s) 

!  precision determination of fundamental  
constantes (!, me) 

!  proof of  fundamental symmetries 
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Charge Separator/Relativistic 
Collisions  

Reaction Microscope 

Electron and Electron/Positron 
Spectrometers 

Photon and X-Ray Spectrometers 

Detector Development 

Target Developments (in ring) 

Electron Cooler/Target 

Low Energy Setups 

Traps/HITRAP 

Ion Sources 

Laser Spectroscopy/Laser Cooling 

Intense Laser/Ion Interaction 
Theory 
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Responsible Working Groups Work Packages (WP) 
High Energetic Ion-Atom Collisions  (WP 2.1) Cave for High-Energy (< 10 GeV/u) Atomic Physics 

(WP 2.2) Resonant Coherent Excitation 
(WP 2.3) Pair Production 

Reaction Microscope (WP 3.9) Large Solid Angle Spectrometer for Recoil Ions and 
Electrons 
(WP 3.10) Imaging Fast Forward Electron Spectrometer 
(WP 4.3) Reaction Microscope for Slow-HCI 

Electron and Electron/Positron Spectrometers  (WP 3.8) Spectrometer for Conversion and Atomic Electrons 

Photon and X-ray Spectrometers (WP 3.3) Spectrometers for Hard X-rays 
(WP 3.4) Spectrometers for Soft X-rays 
(WP 3.7) X-ray Optics for Photon Spectroscopy 
(WP 4.5) X-ray Studies 

Photon Detector Development (WP 3.5) Calorimeter 
(WP 3.6) 2D Detector Systems/Polarimeter for Hard X-rays 
(WP 4.5) X-ray Studies 

Target Developments (in ring)* (WP 3.2) Dense H2/He Internal Jet Target 
(WP 3.12) Infrastructure NESR 

Electron Cooler/Target (WP 3.1) Electron Target 
(WP 3.12) Infrastructure NESR 

Low Energy Setups (WP 4.1) Low-Energy Cave 
(WP 4.4) Ion-Surface Interaction Experiments 

Traps/HITRAP (WP 4.2) HITRAP Facility 
(WP 4.6) g-Factor Measurements 
(WP 4.7) Mass Measurements 
(WP4.8) Laser Experiments 

Ion Sources (WP 4.1) Low-Energy Cave 
(WP 4.2) HITRAP 

Laser Spectroscopy/Laser Cooling (WP 1.1) Laser Cooling 
(WP 3.11) Implementation of a Laser Setup  
(WP 4.8) Laser Experiments  

First Technical Design Reports 
are in preparation and will be  

submitted in 2010 



FAIR will be constructed in 6 modules  
and an additional phase B (SIS 300) 
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NESR 

FLAIR 

SIS100/300 

SPARC   experimental  areas  
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All the developments within SPARC 
concentrate on storage rings and 
traps, and will become fully possible 
with Module 4. 

For the realization of this programme 
 the ESR storage ring and the HITRAP  
 need to be maintained in operation  
at GSI until they shall be surpassed  
by Module 4. 



FAIR will offer worldwide unique accelerator  
and experimental facilities, in particular, characterized by: 

A very broad range of ion species with possibly highest intensities 
           (up to 1014 particles per pulse) 
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A very broad range of ion energies: 30 GeV/u  ! rest 



Unique beam quality concerning momentum spread 
(beam cooling) 
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Fore- front research in atomic physics  
with stored and cooled ions and antiprotons 

SPARC will profit from these unique beam properties 
and proposes:   

Static Fields 

Studies of Matter in Extreme Electromagnetic Fields 

Dynamic Fields 
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 Heavy ions: Huge static fields but of microscopic dimension 
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Flag- ship experiment: Structure of one-electron systems 

2p3/2 

2p1/2 

2s1/2 

1s1/2 

Ly#1 (E1) 

Ly#2 (E1) 

M1 

K -shell 

L -shell 

2sLS 

1sLS 

Dirac theory for a point-like nucleus 

!ELS = 4.3 µeV 

!ELS = 34 µeV 

QED corrections 

"E  # Z4/n3 

Z: nuclear charge number 
n: principal quantum   
      number  
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"$=!/% (!Z)4 F(!Z) mec2 

Low-Z  regime: !Z << 1 
F(!Z): series expansion in !Z  

Sum of all corrections, leading to deviations from 
the Dirac theory for a point like nucleus 

 Bound-State QED: 1s Lamb Shift 

High Z-Regime: !Z & 1   
F(!Z): series expansion in !Z  
not appropriate 

   U92+       SE                VP           NS 
           355.0 eV       -88.6 eV     198.7 eV 
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Theory:  463,95  ± 0,50 eV 
V. A. Yerokhin and V. M. Shabayev, Phys. Rev. A64,  062507 (2001) 

L"2 

L# 

!LS(2s) 

!LS(2s) = 58 eV 
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 "ELS (n=1) for hydrogen-like Uranium       

Theory 

Experiment:  460.2  ± 4.6 eV 
A. Gumberidze et al. Phys. Rev. Lett. 94, 223001 (2005) 
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crystal jet 

Bragg-Laue relation 

Solution of the experimental problem 
towards an accuracy of 1 eV 

+ 

H.F. Beyer et al. 

Next steps 
Detectors Hard X-Ray Optics 
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Extreme dynamic fields 

Weizsäcker-Williams (1934) 

E(t) N$'&#Quantization Fourier- 
Transform 

67- 677-

677-

8777-
9:';- Photon - Field-

<=1>?-<-34#

Atomic processes in strong 
virtual photon fields with I ! 1020 W/cm2#

-5(6*78#t ) 0.1 as 
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Highly charged 
 ion 

Target Atom 
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Radiative Electron Capture (REC) 

8 

E L 

E K 

E 
KIN 

Photoionization Radiative Electron Capture 

h ' 

e - 

e - 
h ' 

Principle of the detailed 
balance 
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U92+ => Ar , 358 MeV/u 

REC photon energy 

EKIN 

Shape and width of REC 
lines are determined by 
the momentum distribution 
of the target electrons 
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Th. Stöhlker et al., PRA 51 2098 (1995) 
J. Eichler and Th. Stöhlker, Phys. Rep. 439, (2007) 

Adiabaticity Parameter 

[ ] 

Z 

MeV/u E 40.32 
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E ! 2 
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FAIR at high energies 



Stored Ions (Z=Q) 

Dipole Magnet 

Gas Jet 

Particle Counter 
(MWPC) 

Coincidence 

Angular Distributions 

Th. Stoehlker et al. 

K 

Ekin 



Theoretical predictions for the polarization of 
K-REC radiation (U92+ + e- + U91+ + #$ )  

non-relativistic 
dipole approximation 

Theory: S. Fritzsche, A. Surzhykov 

Polarization 
measurement  is  a 
sensitive method to 

study relativistic 
contributions to the K-

REC process 
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ion beam  (400 MeV/u) 

!' 
E 

!',́  I-  ("E+!'´),
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I..("E+!'´) 

Polarization Measurement of REC Photons 
(U92+ + e- + U91+ + h%)  

S. Tashenov et al. Phys Rev. Lett. 97, 223202 (2006) 
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Development of 2D/3D Si(Li) and Ge(i) based 
Compton polarimeters 
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Klein – Nishina 
formula 

U. Spillmann et al., Rev. Sci. Instr. 79, 083101 (2008) 

Si(Li) 2D-strip 



Slow heavy-ion atom collisions 

In slow ion-atom collisions selected electrons 
are fast enough to adjust their motion to the presence 
of the other nucleus.  
The appropriate basis wave functions could 
approximate a diatomic Molecular Orbital  
around the projectile and target nucleus 
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Slow heavy-ion atom collisions 
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R(t) 

! 

! 

SA 
Slow heavy-ion atom collisions 
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R(t) 
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! 

Slow heavy-ion atom collisions 
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R(t) ! 

! 

MO 
Slow heavy-ion atom collisions 
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R(t) 

! 

! 

UA 
Slow heavy-ion atom collisions 

A.Warczak, Nordic Winter Meeting on Physics @ FAIR, Björkliden, Sweden, March 22 - 26, 2010 



R(t) 
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! 

Slow heavy-ion atom collisions 
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R(t) 
! 

! 

Radial coupling Rotational coupling 

R(t) = R(R(t),"(t)) 

SA 
Slow heavy-ion atom collisions 
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United Atom 
R = 0 

Separated Atoms 
R = & 

R(t) 
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Correlation diagrams – pathways for electronic  transitions 
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Z1 + Z2 = ZUA ' 180 EB = ? 

For a very short collision time, 
 of about 10-20 sec, 

 a quasi-atom is formed. 
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Merged Beams 

U92+ U91+ 

< 5 MeV/u Formation of a Quasi-Molecule 

E(r) 

2p$ 
1s% 

time negative continuum  
A.Warczak, Nordic Winter Meeting on Physics @ FAIR, Björkliden, Sweden, March 22 - 26, 2010 



1s 

2s 

2p1/2 

Critical- and Super-Critical Fields 

U92+ / U91+ =>  

U91+ + MO-X-Ray...   

as function of  
impact parameter 

Development of in-ring detectors for 
impact parameter sensitive experiments 
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Radiative Double Electron Capture 
(access to correlation effects) 

Non-correlated Correlated 
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O8+ + C @ 38 MeV 

Promissing measurements with light ions 
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gas jet 

ion beam 

Internal Target section @ ESR 



Target Development for In-Ring Experiments 

Design goal for NESR:  
            jet-diameter below 1 mm;  
            densities between 1011  and  1016   cm-3 

R. Grisenti et al. (University Frankfurt) 
micro-droplet  (cluster) targets (H2, He) 
cluster diameters  ~ 1µm 
target densities up to ~ 1014 
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Stored Ions (Z=Q) 

Dipole Magnet 

Gas Jet 

Electron transfer 
from the target 
atom into the HCI 

Particle Counter 
(MWPC) 

Density tests at the internal target   

H2 

Xe54+ => H2; 170 MeV/u 
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The HITRAP facility: 
   highly charged  
   single ions “at rest”! 

•  g-factor: tests of QED 
•  accurate mass measurements 
•  laser & x-ray spectroscopy 

 HITRAP project 

•  ion-atom collisions at low velocities 
•  surface interactions 
•  hollow atom spectroscopy 

W. Quint, O. Kester et al. 
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UNILAC 

cooling 
trap 

experiments with slow particles 

experiments 
with particles 

at rest U92+ 

post- 
decelerator 

11.4 MeV/u 
   U73+ 

SIS 

stripper 
target 

ESR 

electron cooling 
and deceleration  
down to 4 MeV/u 

U73+ 
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  4
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0.4 ns 

1 µs 

  9.2 ns 

Bunch from ESR 

rf-period 
108.408 MHz 

Bunching 
phase acceptance  
of the IH-structure 

HITRAP operation 
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to 
experiments 

DDB section IH section           RFQ section matching section  
and cooler trap 

HITRAP: technical design 

7m 

Currently   
HITRAP is getting commissioned 
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Summary 

•  bound state quantum electrodynamics (QED) 
•  effects of relativity on the atomic structure 
•  electron correlation in strong fields 
•  dynamically induced strong field effects  
•  elementary atomic processes at high Z 
•  photon matter interaction,  
•  storage and trapping techniques 
•  spectrometer development 
•  photon, electron, ion detection techniques 
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SPARC  is  well advanced to investigate: 



Thank you for your attention 


