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Helmholtz Investigator Group

Test of QED in strong fields with a mass measurement

U92+U91+

Outline

QED with mass measurements

Penning trap mass spectrometry

Current status

Dealing with the fire



Test of QED

QED ~𝒁𝟒 

Low energy: traps High energy: storage rings

𝒁 = 𝟏 

𝑓1𝑆−2𝑆 =
2 466 061 413 187 018 (11) Hz

𝑓𝐿𝑦𝛼 =

3.35075 14 × 1019 Hz

Light systems
e.g. Hydrogen

Best tested theory

Heavy systems 
e.g.  U91+

Tests not as precise

PRL 110, 230801 (2013) PRL 94, 223001 (2005)

𝒁 = 𝟗𝟐 

Novel approach 
for testing QED in 

strong fields

Do QED calculations hold 
in strong fields?

Ion traps

Masses

Challenging for experiment and theory
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Test of QED

E = 𝑚c2

QED effect: Lamb shift

Einstein:

U92+U91+ = + − 𝑬𝑩/𝑐2

Ion with 
1 electron

Bare nucleus

Electron

Binding 
energy

Binding energy via high-precision mass measurement with Τ𝛿𝑚 𝑚 ≈ 10−12

< 𝐞𝐕 precision:

Isotope shift (1eV)

2nd order QED (1.3eV)

Nuclear properties

U91+: 500 meV

Current best precision (ESR)

Lamb shift in 238U91+: 460(5) eV

A. Gumberidze et al., PRL 94, 223001 (2005)

All charge states (He-like, Li-like…)
 Multi-electron theories

Rima X. Schüssler3



𝜔𝑐 =
𝑞𝐵

𝑚

𝜔𝑐
2 = 𝜔𝑧

2 + 𝜔−
2 + 𝜔+

2
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Free-space
cyclotron frequency

Harmonic electrical
potential

3 Eigenmotions in trap

Measurement of all 
Eigenfrequencies

Rev. Mod. Phys. 58, 233 (1986)
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Penning trap mass measurement

Relative measurement

𝑅 =
𝜔𝑐1

𝜔𝑐2
=

𝑞1

𝑞2

𝑚2

𝑚1

𝐵1

𝐵2

600 kHz

40 MHz

10 kHz

Axial

Mod. cyclotron

Magnetron
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Axial 𝜔𝑧 :
Direct measurement

Magnetron 𝜔−:

Sideband coupling to 𝜔𝑧

Modified cyclotron 𝜔+:
phase method PnP

Fourier transform ion cyclotron resonance
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𝜔𝑧 =
𝑞

𝑚
⋅

𝑈

𝑑2
𝜔𝑐 =

𝑞

𝑚
⋅ 𝐵

Experimental Setup
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Goal: Τ𝛿𝑚
𝑚 ≈ 10−12

Stable & homogeneous magnet: 7T
 

Ultra-stable voltage source (StaRep): 
𝚫𝑼

𝑼
< 𝟏𝟎−𝟖/ 100 s

Several traps

Simultaneous measurement of 𝜔+ and 𝜔𝑧

Highly charged ions: 𝝎𝒄 ≥ 𝟏𝟎 MHz

Cryogenic setup: long storage, low noise

Temperature stabilized lab

Repp, J. et al., Appl. Phys. B 107, 983 (2012)
Roux, C. et al., Appl. Phys. B 107, 997 (2012)
Böhm, C. et al., Nucl. Instrum. Meth. A 828, 125 (2016)
Herkenhoff, J. et al., Rev. Sci. Instrum. 92, 103201 (2021)
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𝑅 =
𝜔1

𝜔2
=

𝑞1 ⋅ 𝑚2

𝑞2 ⋅ 𝑚1

𝐵 𝑡1

𝐵(𝑡2)

𝑓1 𝑡 = 𝑹 ⋅ 𝑎 + 𝑏 ⋅ 𝑡 + 𝑐 ⋅ 𝑡2 +𝑑 ⋅ 𝑡3

𝑓2 𝑡 = 𝑎 + 𝑏 ⋅ 𝑡 + 𝑐 ⋅ 𝑡2 +𝑑 ⋅ 𝑡3

𝜔𝑐 =
𝑞

𝑚
⋅ 𝐵

Magnetic field not known!

Mass ratio measurements:

Measurement setup
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𝑅 =
𝜔1

𝜔2
=

𝑞1 ⋅ 𝑚2

𝑞2 ⋅ 𝑚1

𝐵 𝑡1

𝐵(𝑡2)

𝑓1 𝑡 = 𝑹 ⋅ 𝑎 + 𝑏 ⋅ 𝑡 + 𝑐 ⋅ 𝑡2 +𝑑 ⋅ 𝑡3

𝑓2 𝑡 = 𝑎 + 𝑏 ⋅ 𝑡 + 𝑐 ⋅ 𝑡2 +𝑑 ⋅ 𝑡3

𝜔𝑐 =
𝑞

𝑚
⋅ 𝐵

Magnetic field not known!

Mass ratio measurements:

Measurement setup

Limited to 2 measurement traps due to detection system Rima X. Schüssler7
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𝑅 =
𝜔1

𝜔2
=

𝑞1 ⋅ 𝑚2

𝑞2 ⋅ 𝑚1

𝐵 𝑡1

𝐵(𝑡2)

𝑓1 𝑡 = 𝑹 ⋅ 𝑎 + 𝑏 ⋅ 𝑡 + 𝑐 ⋅ 𝑡2 +𝑑 ⋅ 𝑡3

𝑓2 𝑡 = 𝑎 + 𝑏 ⋅ 𝑡 + 𝑐 ⋅ 𝑡2 +𝑑 ⋅ 𝑡3

𝜔𝑐 =
𝑞

𝑚
⋅ 𝐵

Magnetic field not known!

Mass ratio measurements:

Measurement setup

Limited to 2 measurement traps due to detection system Rima X. Schüssler7

m
eas. trap

s 𝜔𝑐 =
𝑞𝐵

𝑚
Single ions 

Convert to frequency:

Mass ratios 
Large acceptance for 
charge-to-mass ratios

High precision mass measurements



GSI Helmholtz Center for Heavy Ion Research

UNILAC

SIS18

ESR

HITRAP

Ion sources
all elements
low charge states

Linear accelerator
20% speed of light Ring accelerator

90% speed of light

Stripper Target

Production of highly charged
heavy ions at 400 MeV/u

Deceleration to rest

~ 10 MeV/u
~ 400 MeV/u

~ 4 MeV/u
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HITRAP

ARTEMIS
g-factor

Quantum logic 
spectroscopy

SpecTrap
laser spectroscopy

from ESR
4 MeV/u

HITRAP

Helmholtz Young Investigator Group 
Peter Micke

S-EBIT
DreEBIT

New 
lab!

Helmholtz Investigator Group 
Rima Schüssler
(2026 - 2031)
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6 keV/q



Outlook

Build Lab Build the 
experiment

Alphatrap

Commissioning &
Characterisation

Offline Measurements:
• Isotope shift
• Neutrino Physics
• Metastable states
• Test of E = mc2

• …

Binding energy of heavy, 
highly charged ions!

Pentatrap Rima X. Schüssler10



Neutrino Mass

EnergyNuclide A Nuclide B Neutrino

Rough Idea:

Standard Model:

3 massless Neutrinos

τ𝜇𝑒

But: Neutrino Oscillations

   

   

   

   

   

   
      

             

 
  
 
 
 
  
  
 
  
  
 

  

  

  

Nat. Comm. 6, 6935 (2015)

Massive Particles!

PMNS
Matrix

𝜇

τ

𝑒 1

2

3

Mass eigenstates

What is the (tiny) mass of neutrinos?

Q valueMass measurement!
Other experiments
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Electron Capture in Holmium

163Ho + 𝑒− → 163Dy + 𝜈𝑒 + 𝑄𝐸𝐶

ECHo-Collaboration

Current limit: 𝑚𝜈𝑒
< 150 eV

m𝜈𝑒
< 1eVGoal:

Fit to the spectrum yields (among others):
➢ electron neutrino mass
➢ Q value of transition

Independent 
cross check!

𝑄 = 2862(4) eV𝑄 = 2863.2(6) eV

New limit: 𝑚𝜈𝑒
< 15 eV

Ch. Schweiger et al., Nat. Phys. 226, 921 (2024) F. Adam et al., PRL, 136, 121801 (2026)

𝑄 = 𝑀  
163Ho c2 − 𝑀  

163Dy c2

= 𝑀
163Ho𝑞+

c2 ∙ 𝑅 − 1  + ∆𝐸𝐵

= 𝑀
163Ho𝑞+)c2 − 𝑀(  

163Dy𝑞+
c2+ ∆𝐸𝐵

𝑅 =
𝑚(Ho𝑞+)

𝑚(Dy𝑞+)

Micro calorimeter

𝑞 = 38, 39, 40

Rima X. Schüssler12



Thank you for your attention!

Toni Hölzel, Sruthy Varma Koyickal, Rima X. Schüssler, Esther Menz
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Thanks!
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