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Atomic Physics in Extremly Strong Coulomb Fields
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The Structure of One-Electron Systems
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Bound-State QED: 1s Lamb Shift

Self energy  Vacuum polarization

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

U92+ SE                VP           NS
355.0 eV -88.6 eV 198.7 eV

∆Ε=α/π (αZ)4 F(αZ) mec2

Low Z-Regime: αZ << 1
F(αZ): series expansion in αZ 

High Z-Regime: αZ ≈ 1  
F(αZ): series expansion in αZ 
not appropriate

Goal: ±1 eV



Test of Bound-State QED at High-Z
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X-Ray Spectroscopy at the ESR Storage Ring

1s1/2

M1

Lyα1 

Lyα2

At the ESR, production of characteristic
x-rays by electron capture into the bare 
ions (electron cooler or jet-target)

circumference: 108 m
Number of Ions: 108

Frequency: 106 1/s

Injection Energy
300 - 400 MeV/U



The Experimental Challenge

Relativistic Doppler-Transformation

Elab: Photon energy in the laboratory system
Eproj: Photon energy in the  emitter system
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0o Spectroscopy at the Electron Cooler

• Blue shift has its  maximum
β≈ 0.29  ⇒ Elab ≈ 1.43 × E proj

•∆θLAB not critical, almost no 
Doppler width

• Uncertainty  caused by ∆ β
has its maximum
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Test of Quantum Electrodynamics (1s-LS)

The 1s-LS in H-like Uranium
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Theory:         463.95 eV

A. Gumberidze
et al., 
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2004



Towards an Accuracy of 1 eV
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• High Beam intensities
(108 Ions per Minute ⇒
4.5 × 105 Photons in 4π)

• Detector and Spectrometer 
Development

• Slow Ions or Ions in Rest
Deceleration of the Ions 

⇒ Small Doppler correction

Crystal spectrometer
≤ 50 eV
(requires position
sensitive solid state 
detectors)

mircocalorimeter ?

xtal spectrometer
ε = 10-8

Ge(i) pulse height
ε = 10-4



Transmission Crystal-Spectrometer 
The Way Towards an Accuracy of 1 eV



2d
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zsinθd2λ ⋅≈⋅⋅=

Bragg-Laue Relation

FOCAL Spectrometer: ε ≈ 10-8 ⇒ 3 Events per Hour

Gas Counter



Position Sensitive Ge(i) Detectors

MicroMicro--Strip Germanium: Detector DevelopmentStrip Germanium: Detector Development

Energy Resolution       Position Resolution          Timing

200 Strips

∆x ≈ 200 µm
∆E ≈ 1.6 keV
∆τ ≈ 50 ns



for data analysis
following conditions used

position

energy

coincidence time

(3 events per hour)
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Correlation and 2eQED Studies for He-like Uranium

RR
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• extension of former experiments
at SuperEBIT to He-like uranium

• for the ground-state of high-Z
He-like ions a sensitivity to 
2eQED has been achieved

-9.7 eV [U90+]

Two-Electron QED,
e.g. 2nd order Self Energy

A. Gumberidze et al., PRL (2004);  Poster: B2-20 



Relativistic Quantum Dynamics

Radiative Recombination (RR)  / Electron Capture (REC)

EKIN

ωh

electron
continuum

bound 
states

• Electron capture into a bound ionic state by 
emission of a photon

• Time-reversed photionization

• Only possible capture/recombination  process 
for bare ions colliding with  electrons

KINEEω B +=h
Photoionization Radiative Electron Capture
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Experiments at the Jet-Target 
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Experimental REC studies
performed up to now

total REC cross sections for bare ions up to uranium
(20 MeV/u – 170 GeV/u)

photon angular distribution studies for REC into the
ground and excited states
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Open questions !

Angular distributions for few-electron ions 
close to the threshold (decelerated ions) ?

Polarization of the emitted photons
(no experimental information available) ?



- photoelectric effect

- Compton scattering

- pair production

Interaction  of radiation with matter



Compton Polarimetry: 
Application of segmented solid state detectors

compton spectrum

4  x 7 mm 15
 m
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m

Pixel matrix 4x4

Pixel size 7x7 mm

Energy resolution: 2 KeV
(Detector: D. Protic, FZ-Jülich)

single pixel spectrum



Compton Kinematics
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Polarization Measurement for Radiative
Recombination Transitions (U92+ + e- ⇒ U91+ + hω )
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Polarization Measurement for Radiative
Recombination Transitions (U92+ + e- ⇒ U91+ + hω )

ion beam (400 MeV/u)
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the plane of polarisation can be measured



Polarization Studies
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Exact relativistic
Treatment

Eichler et al.,
PRA, 2001
Surzykov et al.,
PRA, 2001

non-relativistic
dipole
approximation
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Detection of spin polarized ion beams
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Summary
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∞Atomic Structure at High-Z

• 1s LS in H-like uranium 
confirmed on a level of 1%

• further progress towards an 
absolute accuracy of 1 eV can be 
expect from high-resolution 
spectroscopy techniques

Quantum Dynamics

• segmented solid state detectors, 
an excellent tool for polarization 
studies in the hard X-Ray regime

• first polarization studies for hard 
x-rays

• unique tool for the diagnostic for 
spin polarized ion beams



Outlook

Challenges Challenges andand OpportunitiesOpportunities

For For AtomicAtomic PhysicsPhysics atat

TheThe Future Future GSIGSI--FacilityFacility

FAIRFAIR



Outlook

SIS 300

SIS 100

GSI as of today

FAIR in 2013



Unique OpportunitiesUnique Opportunitiesand Challenges . . . and Challenges . . . 

SIS100/300

• Heavy Highly Charged Ions

• Relativistic Heavy Ions

• Radioactive Nuclei

• Antiprotons

I. Extreme Static Electromagnetic Fields

II. Extreme Dynamic Fields

III. Ultra-Slow and Trapped Antiprotons



FLAIR 
Facility for Low-Energy Anti-Protons and Ion Research

FLAIR 
Facility for Low-Energy Anti-Protons and Ion Research

TheThe FLAIRFLAIR--CollaborationCollaboration::
AtomicAtomic PhysicsPhysics withwith Slow AntiprotonsSlow Antiprotons

Atomic Physics Experiments at the
International Accelerator Facility 

for Beams of Antiprotons and Ion Research 
(FAIR)

TheThe SPARCSPARC--CollaborationCollaboration::
AtomicAtomic PhysicsPhysics withwith HeavyHeavy Stable Stable andand

Radioactive IonsRadioactive Ions

SPARC
Stored Particle Atomic Research Collaboration

SPARC
Stored Particle Atomic Research Collaboration
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