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    Electron Mass and Proton Magnetic Moment 
 

g-Factor Measurements and Fundamental Interactions 

Wolfgang Quint 
GSI Darmstadt and Univ. Heidelberg 
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µ µ: magnetic moment 

g:  g-factor 
s:  spin 
µB: Bohr magneton 
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 g =  2 +      α / π 
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gfree= 2 (1 + C1α/π + C2(α/π)2 + C3(α/π)3 + C4(α/π)4 + C5(α/π)5 +.... 

1st order in α:  
Schwinger term 
C1 = ½ 

 QED contributions to the g-factor of the free electron 

magnetic field 

 
Ref.: 
J. Schwinger, Phys. Rev. 73, 416 (1948); Hanneke et al., PRL 100, 120801 (2008) 

The theory of quantum electrodynamics is, 
I would say, the jewel of physics 
- our proudest possession. 
                                            R. Feynman 
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gfree= 2 (1 + C1α/π + C2(α /π)2 + C3(α /π)3 + C4(α /π)4 + C5(α /π)5 +.... 

 Free electron: QED contributions of 2nd and 3rd order 

2nd order in α:  
C2 = - 0.328 478 966 
7 graphs 

 
3rd order in α:  
C3 = 1.1765 
72 graphs 

 
Ref.: 
B. Lautrup et al., Phys. Rep. 3, 193 (1972) 

not shown: 
4th order in α:  
C4 = -1.9108 
891 graphs  
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Free electron: QED contributions of 5th order 

5th order in α:  
C5 = 9.16 
12672 graphs  

 
Ref.: 
Kinoshita et al., arXiv:1205.5368v1 [hep-ph] 24 May 2012 

„I am digging at the roots of physics 
to see whether there is 
some treasure there.“ 
Toichiro Kinoshita 

gfree= 2 (1 + C1α/π + C2(α/π)2 + C3(α/π)3 + C4(α/π)4 + C5(α/π)5 +.... 
Harvard g-2 measurement 2008: 
gfree = 2 (1.001 159 652 180 73 (28)) → determination of α  
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g-Factor of the electron 
Harvard 2008 
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Ion cyclotron frequency: Larmor precession 
frequency of the 
bound electron: B 

g-Factor of the bound electron in 
a hydrogen-like ion 
(nucleus has no spin, e.g. 12C5+, 16O7+, 28Si13+, 40Ca19+) 
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Bound-electron g-factor 



Theory: Feynman graphs 1st order in α 

SELF ENERGY VACUUM 
POLARIZATION 



Theory: Feynman graphs 2nd order in α 
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Bound-state QED of electron g-factor 

gbound/gfree ≈ 1 - (Zα)2/3 +  α(Zα)2/4π + .... 

bound-state QED Dirac theory 

T. Beier, A. Czarnecki, Z. Harman, D. Glazov, 
U.D. Jentschura, S. Karshenboim, H. Persson, 
V. Shabaev, D. Volotka, V. Yerokhin, J. Zatorski, et al. 

all orders in Zα 
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A single highly charged ion stored in a Penning trap 
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HCI g-factor apparatus 
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Penning Trap System 

Precision trap 
 Very homogeneous magnetic field  
 

Analysis trap 
 Magnetic bottle for spin detection 

Creation trap (CT) 
 In-trap ion creation of     
   highly-charged ions 
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Ion oscillation frequency measurement 

 Measurement of the tiny image currents  
   (~fA) in the trap electrodes requires: 
 

 

Superconducting helical 
resonator 

Rp = 50 MΩ 
Q = 3200 en = 400 pV/√Hz 

in  ≤ 10 fA/ √Hz 

A 
 Superconducting  
    resonance circuit 
 
 Ultra-low noise  
    cryogenic amplifiers  
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High-resolution cyclotron frequency measurement 
of a single highly charged silicon ion 

28Si13+ 
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Continuous Stern-Gerlach effect: 
Determination of spin direction 
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Quantum jump spectroscopy: 
Spin-flip transitions in the analysis trap 
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Measurement Cycle 
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2. PT: Measurement of eigenfrequencies and  
       simultaneous irradiation with microwaves
   

1. AT: Detection of spin orientation: →  spin up 
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Bound electron magnetic moment measurement 
on hydrogen-like silicon 28Si13+ 
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gexp(28Si11+) = 2.000 889 889 9(21) 
gtheo(28Si11+) = 2.000 889 909 (51) 
theoretical calculations by D.A. Glazov, 
A.V. Volotka, V.M. Shabaev 

Bound electron magnetic moment measurement 
on lithium-like silicon 28Si11+ 

Ref.: 
A. Wagner et al. 
PRL 110, 033003 (2013) 

Larmor 
resonance 

Precision test of 
• electron-electron interaction 
• screened QED contributions 
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 Several Г-resonances at different 

cyclotron energies to check systematics 
     → extrapolation to zero energy 
 
 
 

Experimental Result 
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Г0 = 4 736. 210 500 89 (11)(7) 
(stat.) (syst.) 

 
 Resonance width and thus statistical error 

limited by magnetic field fluctuations 

 
 Dominant systematics: 

 image charge shift:  -282 (14) ppt 
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New electron mass 

me=0,000 548 579 909 067 (14)(9)(2) u 
(stat)(syst)(theo) 

δme/me=3∙10-11 

Г0 = 4 736. 210 500 89 (11)(7) 
(stat.) (syst.) 

gtheo = 2. 001 041 590 176 (6) 
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Result 

me=0,000 548 579 909 067 (14)(9)(2) u 
(stat)(syst)(theo) 

δme/me=3∙10-11 

Г0 = 4 736. 210 500 89 (11)(7) 
(stat.) (syst.) 

gtheo = 2. 001 041 590 176 (6) 
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Who has forgotten the walnut? 

500000 tons 500000.000015 tons 

Relative Precision: 3∙10-11 
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→ Improve most stringent QED test: 
    - comparison :   
 
 

→ physics beyond Standard Model 
→ inner structure of electron 
→ light dark matter hypothesis 
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- Important ingredient in determination of fine-structure constant α: 
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5 ppt,  
CODATA (T. Hänsch) 

2010 

115 ppt,  
E. Myers 2010 1241 ppt,  

F. Biraben 2011 

30 ppt,  
our value 

recoilα theoryandelectronfreefactorg−α
Hint for physics beyond SM:     2.5 σ discrepancy at muon g-2 (0.54 ppm) 
- enhanced sensitivity to „new physics“ due to masses: (mµ/me)2=40000; 
- with a precision of 37 ppt for α you could check this effect with the electron:  
 - α from the free electron g-factor and theory has to improve by a factor of 8 
 - αrecoil has to improve by a factor of 20  
     
  → precision of me (30ppt) now sufficient 

http://pra.aps.org/abstract/PRA/v82/i4/e042513
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experiments with 
particles at rest or 

at low energies 

stripper 
target 

 ESR 

electron cooling 
and deceleration  
down to 4 MeV/u 

U73+ 

U91+ 

UNILAC 

cooler 
Penning 

trap 

U91+ 

post- 
decelerator SIS 

HITRAP at the Experimental Storage Ring ESR 

EXPERIMENTS WITH HIGHLY CHARGED IONS AND 
ANTIPROTONS AT EXTREMELY LOW ENERGIES: 

• g-factor measurements of the bound electron 
• laser spectroscopy 
• mass measurements of extreme accuracy 
• reaction microscope, collisions at very low velocities 
• surface studies and hollow-atom spectroscopy 
• x-ray spectroscopy 
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to 
experiments 

Double-drift 
buncher 

IH section           RFQ section 

matching section  
and cooler trap 

HITRAP: Technical design 
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HITRAP facility at ESR 
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deceleration from 
4 MeV/u to 
0.5 MeV/u 

HITRAP: IH structure 
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Experiments 

IH-structure+ 
MEBT RFQ Double-drift-buncher 

LEBT+ 
Cooler-trap 

vertical  
beam line 

Commissioning of RFQ decelerator and 
of cooler trap in progress  

RFQ decelerator HITRAP cooler trap 
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e- e- 

U92+ 

HITRAP Cooler Penning trap 
● electron cooling   ● resistive cooling to T = 4 K 

highly charged ions 
from 
HITRAP decelerator 

3 

cooled HCI 
to HITRAP 
experiments 

extraction from cooler trap: 
fast (µs) or slow (ms...sec) 
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e- e- 

U92+ 

HITRAP Cooler Penning trap 
● electron cooling   ● resistive cooling to T = 4 K 

highly charged ions 
from 
HITRAP decelerator 

3 
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Determination of  the Proton g-Factor 
with an Accuracy of  3 ppb 
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Measurement of the Axial Frequency of a Single Trapped Proton 

B

Ctrap CpRp Lres

amplifier

Penning trap

detection circuit • proton in thermal equilibrium 
   at cryogenic temperature 
• proton = series LC-circuit 
• proton shorts detector noise at νz 

• minimum in FFT spectrum 
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A single trapped proton and 
the continuous Stern-Gerlach effect 

Proton measurement is 10 000 times harder compared to electron 
g-2 measurement. 

B2 = 0.3 
T/mm2 

∆νz= 190 mHz 

axial frequency 
shift 
due to spinflip: 

z

z
z m

B
ν

µ
π

ν 2
22

1
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The g -factor of the proton 

A. Mooser et al., Nature 509, 596 (2014). 
P. F. Winkler et al., Phys. Rev. A 5, 83 (1972). 

 

Sweep spin flip excitation frequency to obtain g-factor resonance 
 

25 ppb 

• First direct high-precision measurement of the proton magnetic moment. 
  
• Improves 42 year old Maser measurement by factor of 2.5 (D. Kleppner, MIT) 
 
• Value in agreement with accepted CODATA value, but 2.5 times more precise 

g/2 = 2.792 847 350 (7) (6) 
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The g -factor of the proton 
Systematic errors 

Parameter Relative Shift of gp/2 Uncertainty 

Trapping Potential 0 0.2 ppb 

Relativistic Shift 0.030 ppb <0.003 ppb 

Image-Charge Shift -0.088 ppb <0.010 ppb 

Cyclotron Cooling -0.51 ppb 0.08 ppb 

Nonlinear Magnetic Field Drift 0 2 ppb 

Voltage Stability -0.07 ppb 0.35 ppb 

Total Systematic Shift -0.64 ppb 2 ppb 

• Negligible systematic shifts due to 

• Relativistic effects - proton at cryogenic temperature  

• Additional electrostatic potential due to image charge - single charge in large trap  
 

• Nonlinear magnetic field drift, caused by heating of  Penning trap due to spin 

  flip excitation  does not cancel in frequency ratio, dominant uncertainty 
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• Atomic Physics Division at GSI Helmholtzzentrum, Darmstadt 
 
• MATS group within QUANTUM at the Institut für Physik, Mainz 

 
• MPI-K Heidelberg   

 
• International Max Planck Research School – Quantum Dynamics 

Highly charged ions: special thanks to  

Helmholtz Alliance (HA216)  

Experiment:   Jiamin Hou, Florian Köhler, Sven Sturm, 
  Anke Wagner, Günter Werth, Klaus Blaum 
Theory:  Jacek Zatorski, Zoltán Harman, Christoph Keitel 
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VH-NG-037 

Thank you for your attention 

Adv. Grant MEFUCO (#290870)  

BASE Collaboration: Stefan Ulmer, Christian Smorra, Takashi Higuchi, Andreas Mooser, Kurt Franke,  
Peter Koss, Nathan Leefer, Clemens Leiteritz, Hiroki Nagahama, Georg Schneider, Simon Van Gorp, 

Klaus Blaum, Yasuyuki Matsuda, Christian Ospelkaus, Wolfgang Quint, Jochen Walz, Yasunori Yamazaki 

Proton/Antiproton: special thanks to 
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