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Where we are. 

Atomic Physics 

(2nd floor) 



Who we are. 

Prof. Thomas Stöhlker 

„AP Boss“ 

Prof. Horst Stöcker 

„GSI Boss“ 

Due to the project „FAIR@GSI“, many AP people now belong to „stored beams“.  

Others are affiliated with EMMI, HI-Jena, or the surrounding universities of  

Frankfurt, Darmstadt, Mainz, Heidelberg, Jena,Giessen (or have left). 



Thomas Stöhlker, GSI 

   

Atomic  

Physics 

15% 

Plasma 

Physics 

5% 

Accelerator 

Development 

10% 

Material  

Science 

5% 

Biophysics & 

Tumortherapy 

15% 

Astrophysics 

(Cosmology) 

New Acc.  

Technologies 

 Materials 

Applications 

Clinical 

Applications 

Nuclear and 

Hadronic Physics 

50% 

Research Programme at GSI 

Research in all areas is performed in  

international collaborations between GSI, 

universities, and other research centres.  



Contents of my talk 

• atomic physics at GSI  

 

• the hydrogen atom 

 

• storing and cooling of ions (ESR) 

 

• ESR experiments (recent and future) 

 

• the HITRAP facility 

 

• SPARC @ the future facility FAIR 
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Atomic Structure at High-Z 

  

• bound state quantum electrodynamics (QED) 

 

• effects of relativity on the atomic structure 

 

• electron correlation in the  

 presence of strong fields 

 

• borderline of atomic & nuclear physics 

Atomic Collision at High-Z 

  

• time reversal of elementary  

  atomic processes  

 

• photon-matter interaction  

 

• dynamically induced strong field effects 

 

Atomic Physics at GSI   



Tests of QED in extreme  

electromagnetic fields.  

New access to fundamental  

constants and to nuclear  

ground state properties. 

EB~10 eV 

Z~10-2 

EB~105 eV 

Z~1 

~Z3 

the interest in highly-charged ions 

U92+ 
Extremely short and extremely 

intensive electromagnetic pulses  

at relativistic energies of  

highly-charged ions. 
t ≤ 0.1 as  

I ≈ 1021 W/cm2 

Simple (few electron) systems: 

from hydrogen to H-like uranium. 

intense laser 
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hydrogen 
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Ze,M 

The best place to start off with is… 



Bound states! 

The best place to start off with is… 
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These are  

important  

lines for  

highly-charged 

ions! 

the simple Bohr model 

n=1 

n=2 

n=3 
n=4 

Lyman 

series 

"size" "energy" 



Bohr 

energy  

levels 

= 

Schrödinger 

equation 

(no spin) 

fine structure 

by Dirac 

= 

electron spin 

(LS-coupling 

and reduced 

mass) 

Lamb shift 

= 

QED correction 

(vacuum 

polarisation) 

hyperfine 

structure 

= 

nuclear spin 

different 

scale! 

mL mS 

Zeeman 

splitting 

(magnetic 

field) 

the real structure of hydrogen 



To remove the 1st electron in hydrogen,  

an energy of the order of ~10 eV is needed. 

(Z=1) 

 

To remove the 92nd electron in uranium,  

requires an energy of the order of ~100 keV. 

(Z=92  ~Z2) 

 

 One needs a lot of energy for  

     complete ionisation of heavy elements! 

 

 Experimentally, photons can't really do the trick,  

     but fast electrons & ions can! 

 

@ GSI we use the “stripper-foil” method and produce: 

bare, hydrogen-, helium-, lithium-, or beryllium-like ions 

  0 e-       1 e-          2 e-        3 e-             4 e- 

the scale of things: 



SIS 

ESR 

11.4 MeV/u 

U73+ 

4-400 MeV/u 

U92+ 

up to  

1000 MeV/u  

U92+ 

UNILAC 

the current GSI facility 

ion sources 

~100 m long 

~100 m circumference 

~200 m circumference 



Storage and  

Cooling of Ions 
 

Nobel Prize 1989 
 

H. Dehmelt      

W. Paul 

Storage and Cooling of Atoms 
 

Nobel Prize 1997 
 

       S. Chu    C. Cohen-Tannoudji    W. D. Phillips 

Storage and 

Cooling  

of Antiprotons 
 

Nobel Prize 1984 
 

J. van der Meer 

C. Rubbia 

Principle of 

Penning Traps 
 

Frans Michel 

Penning 

Bose-Einstein Condensation 
 

Nobel Prize 2001 
 

       E. Cornell    W. Ketterle    C. Wieman 

pioneers of storing and cooling 



UHV, ~10-11 mbar 

bakeout ~300 ºC 



Experimental  

Storage  

Ring 

ions 

the electron cooler 



photograph of the electron cooler 



the electron cooler at the ESR 

I:   5-500 mA 

U: 10-200 kV 

momentum spread: p/p=10-4-10-5 

ion beam diameter: 2 mm 
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Fast pre-cooling 

of large initial 

momentum width 

Subsequent 

fast electron 

cooling 

Injection 

after 3 s 

after 5 s 

Primary uranium beam 

momentum distribution 

cooling: narrowing velocity, size and divergence 



internal target 

(gas jet H2, He, N2...)  



gas jet 

ion beam 



Droplet diameter ≈4 m 

Design goal for HESR:  

jet-diameter below 1 mm;  

densities 1011 - 1016 1/cm3 

Robert Grisenti (superfluid targets),  

micro-droplet targets (H2, He), 

new liquid targets with high densities 



Spectroscopy at the ESR   

Experiment  

4-400 MeV/u 

Injection Energy 

400 MeV/u 



Beamtime @ GSI  („Strahlzeit)“ 

ESR 



Topics: 

 

Electron spectroscopy 

 

Dielectronic recombination 

 

Mass spectrometry 

 

X-ray spectroscopy 

 

Laser spectroscopy and laser cooling 



Electron spectroscopy 

 at the high-energy endpoint of electron-

nucleus bremsstrahlung 

Pierre-Michel Hillenbrand1,2  

 
S. Hagmann1,3, D. Atanasov1, D. Banas4, C. Brandau2,5, K.-H. Blumenhagen6, W. Chen1, 

E. DeFilippo7, A. Gumberidze1,5, D. Guo8, C. Kozhuharov1, M. Lestinsky1, Y. A. Litvinov1, A. Müller2, H. Rothard10,   

S. Schippers2, U. Spillmann1, M. Schöffler3,  S. Trotsenko1,6, N. Winckler1, X. Yan8, X. Zhu8, Th. Stöhlker1,6 

 

with Theory support from 

D. Jakubaßa-Amundsen11, A. Surzhykov6 & V. A. Yerokhin9, A. Voitkiv12 & B. Najjari12 

 

 
1GSI Darmstadt, 2Universität Giessen, 3Universität Frankfurt, 4Jan Kochanowski University, Poland,  

5ExtreMe Matter Institute, 6Helmholtz-Institut Jena, 7INFN Catania, Italy, 8IMP Lanzhou, China,  
9Universität Heidelberg, 10CIRIL-GANIL, Caen, France, 11LMU München, 12MPI-K Heidelberg 

 

 



Motivation 

• Fundamental process of electron-nucleus bremsstrahlung („breaking 

radiation“)  

 

photon emission perpendicular to electron acceleration 

low energy 

 
high energy 

forward emission 



Electron 
Photon 

Radiative electron 

capture into continuum 
Nonradiative electron  

capture into continuum 

ECC 
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• electron capture processes in ion-atom collisions 

X-ray spectrum 

by G. Weber et al. 

Radiative electron capture 

into continuum 

 

Radiative electron capture Nonradiative electron capture 
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U89+ 

U87+ 

e- 

+90° 
+150° +35° 

-145° 

U88+ 

-90° 
gas target with 
X-ray detectors 

electron- 
spectrometer 

capture 
detector 

injection 

ionization 
detector 

U88+ + N2 @ 90 MeV/u 

ESR circumference: 

108 m 



gas target 

Xray-detectors 

electron spectrometer 

ESR beam 

electron- 
detector 



RECC 

x-ray spectra electron spectra 



Topics: 

 

Electron spectroscopy 

 

Dielectronic recombination 

 

Mass spectrometry 

 

X-ray spectroscopy 

 

Laser spectroscopy and laser cooling 



e + A
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DR experiments of Li-like heavy ions at 

the ESR: the achieved accuracy is 

comparable with that of x-ray experiments 

Electron target  Dielectronic Recombination   
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. . . 

e+Nd57+(1s22s1/2)  Nd56+(1s22s1/2nlj) 

The heavy highly-charged ions capture  

electrons from the electron cooler.  
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Isotopic shift of Li-like  142Nd57+ vs. 150Nd57+  

142Nd57+ 150Nd57+ 

DR  measure charge radii (stable and exotic ions) 

C. Brandau, C. Kozhuharov, et al. PRL 2008 



Topics: 

 

Electron spectroscopy 

 

Dielectronic recombination 

 

Mass spectrometry 

 

X-ray spectroscopy 

 

Laser spectroscopy and laser cooling 



frequency ↔ mass 



(single particle) mass measurements 

samarium 



Topics: 

 

Electron spectroscopy 

 

Dielectronic recombination 

 

Mass spectrometry 

 

X-ray spectroscopy 

 

Laser spectroscopy and laser cooling 



The 1s-Lamb Shift in heavy H-like ions 

 

 

H. Beyer, T. Gassner, R. Heß,  

A. Gumberidze, U. Spillmann, Th. Stöhlker 

et al.  

Helmholtz Institut Jena  

GSI Darmstadt, Atomic Physics 



Dirac 
2p3/2 

2p1/2 

1s1/2 

2s1/2 

1sLS 

2sLS 

Ly1 (E1) 

Ly2 (E1) 
M1 

QED corrections 
 

E   Z4/n3 

 
Z: nuclear charge  
n: principal quantum   
    number 
 
important for s-states 

 

Motivation: QED Test in Strong Fields 

LS1

experiment

-Ly

theory

2p EE)EE(
2/113/2

 Dirac

s

Term scheme of a hydrogen like system according to Dirac  



finite  

nuclear size 

(198.7 eV) vacuum-  

polarisation 

(-88.6 eV) 

Motivation: QED Test in Strong Fields 

self- 

energy 

(355 eV) 

U91+ K-shell binding energy: 

EK = 132 keV 

Higher order contribution: 

EHO< 1 eV 



0o x-ray spectroscopy at the electron cooler 
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the 1s-Lamb shift in He-like U  a test of QED 
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     1s-Lamb Shift 

 

Experiment: 459.8 eV   4.6 eV 

 

Theory:         463.95 eV  

A. Gumberidze 

PhD thesis 2003, 

PRL 94, 223001  

(2005) 

 

Research Highlights 

Nature 435, 858-859  

(16 June 2005)  

459.8±2.3±3.5 eV 



Au79+ 

Au79+ 

Au78+ 

coincidence between  

particle- and x-ray detector 

dipole magnet 

Ar 

particle- 

detector 

3 – 5 counts/h 

ion-beam  

Au79+ ion beam 

energy:125 MeV/u  

gasjet target 

supersonic Argon-jet 

density: ~1012 atoms/cm2 

width: ~5 mm 

 

Tests in 2003 and 2006 

FOCAL experiment in April / May 2012 



Laue-Crystal-Spectrometer    

 l??? 

 lknown 

QBragg 

X-rays 

Bent crystal 

d 

Q sind2λ

Bragg-Laue Relation 

crystal-spectrometer 

measurement of the reflection angle 

determination of the wave-length 

resolution: ~ 75 eV @ 60 keV 

Δy  ΔE :       1mm ≈ 750 eV   

the „trick“:  energy  angle  position 



Same spectrum obtained with the 

combination crystal spectrometer – 

Ge-detector 

E/E ≈ 1 eV / 100 keV ≈ 10-5 

e ≈ 10-8 

Spectrum of a 169Yb Source recorded 

with a single strip of the Ge-detector 

 

resolution ≈ 100 eV / 100 keV ≈ 10-3 

efficiency ≈ 10-4 

Ge(i) detector vs. FOCAL 



Experiment Impressions 

FOCAL 1 FOCAL 2 



Preliminary results 

Raw 2D 

spectrum 

2D spectrum 

with energy and 

time condition 



Beamtime  

April 2012 
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2D Si(Li)-detector for Compton polarimetry 

crystall size: 4'' x 4'' 

Si(Li) and Ge(i)  

based Compton  

polarimeter 

energy resolution – timing - 2D position sensitiviy 

Si(Li) Si(Li) 

Ge(i) 

32+32 strips 

2 mm pitch 

128+48 strips  

250µm and 1167µm 



polarisation measurement via Compton scattering 

exploiding position and energy resolution 

x-ray images for Compton scattering as a function of the scattering angle  
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Topics: 

 

Electron spectroscopy 

 

Dielectronic recombination 

 

Mass spectrometry 

 

X-ray spectroscopy 

 

Laser spectroscopy and laser cooling 



Laser 

light 

x - scraper 

y - scraper 

available 

view ports 

lasers at the ESR 

scrapers scrapers 



Laser spectroscopy and laser cooling: 

 

Recent results 

 

(@ GSI) 



August 2011 







laser spectroscopy of the HFS in 209Bi 

Concept: with the same laser  

~615 nm @ 428 MeV/u reach: 

 
209Bi82+ (H-like) @ 244 nm 

 
209Bi80+ (Li-like) @ 1550 nm 

 

J=1/2 and I=9/2 give F=4,5 

 

F=4  F=5 transition 

 

Especially the Li-like transition 

is of great interest, since there is  

quite some debate about its value. 

 

In the 3 previous attempts the 

1550 nm line was not found... 

 
P. Beiersdorfer et al. Phys. Rev. Lett. 80 (1998) 3022 

V.M. Shabaev et al., Phys. Rev. Lett. 86 (2001) 3959 

Li-like H-like 

Ions 

Fluorescence 

Detection 

Laser 

Excitation 

Gasjet  

Target 
Electron 

Cooler 







Test of Special Relativity with 7Li+ 

 

(a modern Ives & Stilwell experiment) 

 
C. Novotny, S. Reinhardt, G. Saathoff, S. Karpuk... 

B. Botermann, W. Nörtershäuser, C. Geppert... 

Th. Kühl, Th. Stöhlker...  
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Testing Lorentz transformation via optical frequency measurements 

Testing Time Dilation via three optical frequencies 

(Doppler-free laser saturation spectroscopy) 

0



δ < 8.4 x 10-8 

lp = 514 nm la = 585 nm  = 0.064 

l0 = 548 nm 

lp = 532 nm la = 565 nm  = 0.030 

 0 = 546 466 918 790 ± 400 kHz 

 a = 512 671 028 075 ±   73 kHz 

 p = 582 490 603 430 ±     3 kHz 

the error in the rest frequency dominates 
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cancels out the uncertainty of the rest frequency 
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 measurement at two different velocities 

[S. Reinhardt, et al. 

Nature Physics 3 (2007) 861 ] 

best upper bound for d :  

measured at the TSR 

[G. Saathoff, et al. 

PRL 91 (2003) 190403 ] 

7Li+ 

experiments at the TSR 

(1s2p) 3P2 -  (1s2s) 3S1 



TSR @ 3.0%c 

la = 585 nm 
lp = 514 nm 

la = 565 nm 
lp = 532 nm 

TSR @ 6.4%c 

ESR @ 34%c 

lp = 386 nm 
la = 780nm 

l  = 580nm 

l0 = 548 nm 
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Ion velocity  [c] 

at rest 

(1s2p) 3P2 -  (1s2s) 3S1 

7Li+ 

Why go to the ESR? 



Spectroscopy signals Results 

Addi

tiona

l 

para

mete

r e 
 

desc

ribes 

hypo

theti

cal 

deriv

ation

s 

from 

SRT

: 

a·p

/0
2
 

= 1 + 

e 
. 

In 

RMS 

test 

theo

ry [1] 

e  
can 

be 

repa

ram

eteri

sed: 

e  

  · 

 ·  
  

O 
4. 

Rec

ent 

expe

rime

nts 

redu

ced 

the 

uppe

r 

limit 

of : 

  

.0 · 

08 . 

Dop

pler 

broa

dene

d 

sign

al 

(Two 

level 

spec

tra) 

Fr

eq

ue

nc

y  

tu

ne

d 

Do

ppl

er-

fre

e 

sig

nal  

(L-

spe

ctro

sco

py) 

Fr

eq

ue

nc

y  

tu

ne

d 

Fr

eq

ue

nc

y 

co

ns

ta

nt 

Fr

eq

ue

nc

y  

tu

ne

d 

Fr

eq

ue

nc

y 

co

ns

ta

nt 

Dop

pler-

free 

sign

al  

(sat

urati

on 

spe

ctro

sco

py) 



Laser Cooling of C3+ 

 

M. Bussmann, U. Schramm... 

W. Wen, X. Ma... 

G. Birkl, Th. Walther... 

D. Winters, Th. Stöhlker... 

M. Steck, F. Nolden, C. Dimopoulou… 



Motivation 

• only cooling method available at SIS100/300 

  (also spectroscopy of high-Z Li-like ions) 

 

• applicable to many stable and unstable (Li-like) ions 

 

• study laser cooling without pre-electron cooling 

 

• use broadband (pulsed) laser cooling for fast  

  cooling of many ions 

 

• set up fluorescence detection to determine the 

  lower limit for longitudinal cooling p/p<10-7 

 



2P 

transition 

l0=155 nm lp=93 nm la=257 nm 

C3+ ion energy ≈ 122 MeV/u 

( ≈ 0.47,  ≈ 1.13) 

2S 

The principle: laser cooling of  

stored relativistic ions 

In our case, the cooling laser force is counteracted by the  

restoring force of the `bucket´ when the ion beam is bunched. 



Experimental Storage Ring 

at GSI 

Electron 

cooler 

Ions 
BPM 

Schottky 

Experiment improvements 

new Schottky 

new BPM 

new PMTs 

+ channeltron 

Scanning laser 

Pulsed laser 

Ion Species: 12C3+ 

 

Ebeam = 122 MeV/u 

          = 1.47 GeV 

(  = 0.47,  = 1.13 ) 

frev = 1.295 MHz 

tbeam ~ 450 s, 270 s 

(no cooling) 

 

llaser = 257 nm 

 

2S1/2 → 2P1/2 

lrest = 155 nm 

trest = 3.8 ns 



Very preliminary experimental results: 

~2.5 kHz 

with scanning laser 

bunched ion beam 
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Laser spectroscopy and laser cooling: 

 

What comes next? 

 

(@ GSI and FAIR) 



Danyal Winters 
Thomas Kühl, Dieter Schneider, Paul Indelicato, Regina Reuschl, 

Reinhold Schuch, Eva Lindroth and Thomas Stöhlker 

Laser spectroscopy of the 

(1s22s2p) 3P0 - 
3P1 level splitting  

in Be-like krypton 



1S0 

3P0 

3P1 

3P2 

1P1 

E1 

M2 

E1 

M1 

1s2 2s2 

3P0  3P1 

E ≈ 10.5 eV 

l0 ≈ 118 nm 

laser excitation 

3P1  1S0 

E ≈ 73 eV 

l≈ 17 nm 

photon emission 

Level scheme of Be-like krypton 

1s2 2s2p states 

E1M1, lifetime is practically infinite 

ideal atomic systems  

energy difference between the 3P0 and the 
3P1 states is expected to be almost 

completely unaffected by QED effects, and 

is therefore dominated by the effects of 

correlation and relativity 



76 

X-ray laser spectroscopy 

of relativistic heavy ions 

 Th. Kühl, Th. Stöhlker, Y. Litvinov, B. Aurand, V. Bagnoud, B. Ecker, D. Winters, B. Zielbauer – GSI 

D. Hochhaus, P. Neumayer – EMMI 

J. Seres, E. Seres, B. Landgraf, M. Schnell, C. Spielmann – HI Jena 

H.Y.  Zhao - IMP CAS Lanzhou 

S. Namba – Hiroshima University 

D. Ros, K. Cassou, B. Cros, S. Daboussi, O. Guilbaud,  S. Kazamias – Laserix, Paris-Sud 

Ph. Zeitoun, T. Le, E. Oliva, L. Li – LOA Paris 

R. Maier, D. Prasuhn – FZ Jülich  



27.5 

m fluorescence 
detection 

PHELIX 

ESR 

compressor 

Scientific infrastructure at GSI: PHELIX, ESR 



Experimental data: different x-ray wavelengths 
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XRL-spectrometer 

Grating 
Bandwidth: l/l = 4 x 10-5 

19 nm = 65 eV 



Method: laser spectroscopy at a storage ring 

Mo XRL (66 eV) supports the transition up to Li-like 67Ho ( 165 eV) 

@ESR: Doppler “boost” of 100 eV! 



stripper foil 

HITRAP @ GSI 

UNILAC 

ion  

sources 

U92+ 

U73+ 

Experiments with slow, cold, highly-charged ions: 

H1: reaction microscope – ion gas collisions 

H2: HCI-surface interaction 

H3: x-ray spectroscopy of HCI (Δn=0) 

H4: g-factor measurements of the bound electron 

H5: mass measurements of extreme accuracy 

H6: laser spectroscopy of HFS 



Double-drift-buncher RFQ 
LEBT+ 

Cooler trap 

vertical 

beam line 

IH-structure+ 

MEBT 

overview of the HITRAP facility 

4 MeV/u       0.5 MeV/u    6 keV/u 

other experimental setups 

ion-surface EBIT HFS g-factor 

5 keV/q 



Facility for Antiproton an Ion Research 

 

(FAIR) 



Current GSI facility 

CN     DE      ES       FI        FR       GB      GR     IN       IT         PL       RO     RU     SE 

 novel instrumentation  

high- 

energy 

cave 

NESR 

SIS100/300 

FLAIR 

HESR 

the SPARC collaboration: 

- heavy HCI 

- relativistic heavy ions 

- radioactive nuclei 

- extreme static EM fields 

- extreme dynamic fields 

 

the FLAIR building 



Properties of the High Energy Storage Ring 

(HESR)  

“OPERATION OF THE HESR STORAGE RING OF THE FAIR PROJECT WITH IONS AND RARE ISOTOPES”,  

M. Steck, C.Dimopoulou, A. Dolinskii, T. Katayama, Y. Litvinov, Th. Stöhlker, R. Maier, D. Prasuhn, H. Stockhorst 

Proceedings of IPAC2012, New Orleans, Louisiana, USA 

PANDA: antiprotons  

SPARC: heavy HCI 

x-ray laser spectroscopy (HESR up to =6): 2s1/2  2p3/2 
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