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MUONIC ATOMS

• Muon
• heavy “cousin” of the electron:

• short lifetime
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𝑟𝜇≈
𝑟𝑒

200

Muonic hydrogen

hydrogen

𝑉𝜇(𝑖𝑛𝑠𝑖𝑑𝑒𝑡ℎ𝑒𝑝𝑟𝑜𝑡𝑜𝑛)≈2003𝑉𝑒

𝑚𝜇≈200𝑚𝑒

𝜏𝜇=2.2𝜇s
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Hydrogen energy levels 

Lamb-shift 

MUONIC ATOMS



‘H Lamb shift  



Extracting the proton radius
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Lamb-shift (2s-2p)



Proton radius extracted 
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• Charge radius with 0.1% uncertainty

• 10x more accurate  than the average of 
all combined measurements

• Yet was 6.7ʎsmaller than 
recommended value

Pohl et al., Nature 466, 213 2010 Pohl et al., Nature 466, 213 2010
Antognini et al., Science 339, 417 2013



Proton radius puzzle
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• Experiment is wrong?
• QED prediction is wrong?
• Proton structure not well understood?
• The radii as determined from

other experiments are wrong?
• other?

Antognini, Annual Reviews, 2022
Walcher, ArXiv 2304.07035, 2023

Recommended value

e-sca. after 2010

𝜇H laser

H laser

e-sca. reana.



‘He Lamb shift  



Alpha radius extracted
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• Most precise measurement of the alpha particle radius
• 0.05% uncertainty
• Agreement with e-He scattering but 4.8x more accurate
• Benchmark few-nucleon theories
• Bounds nuclear flavour-violating interactions

Krath, Nature, 589, 527, 2021

alpha particle radius

‘4He+



Helion radius extracted
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‘3He +

ȹ ( )

ȹ ( )

ȹ ( )

ɢ +

ELS
exp = 1258.598(48)exp(3)theo meV

EHFS
exp = - 166.495(102)exp(3)theo meV

- 166.8 - 166.7 - 166.6 - 166.5 - 166.4 - 166.3 - 166.2

1258.3

1258.4

1258.5

1258.6

1258.7

1258.8

1258.9

EHFS (meV)

E
L

S
(m

eV
)



16

helion radius

2s hyperfine Isotopic shift

Schuhmann, Science, under review 

Helion radius extracted

‘3He +



‘ὴhyperfine structure



Hyperfine splitting of muonic hydrogen - HyperMu
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Hyperfine splitting of muonic hydrogen
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Test of fundamental nuclear theories:
Quiral PT, dispersion theories, QCD, etc



Experiment HyperMu
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Challenges to overcome 



Model of the experiment HyperMu
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• laser requirements?
• gas conditions ?
• target geometry ?
• are correlated ?

Monte-Carlo simulation checklist

Laser excitation/deexcitation with  Bloch equations

P. Amaro et al, SciPost Phys. 13, 020 (2022)
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• Laser-atom strength 
• molecular collisions
• Laser bandwidth
• Doppler broadening
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• Laser-atom strength  
• molecular collisions
• Laser bandwidth
• Doppler broadening

Laser-atom strength
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• Laser-atom strength  
• Molecular collisions
• Laser bandwidth
• Doppler broadening

Molecular collisions and laser bandwidth 

Doppler broadening 

Laser excitation and shape depend on gas temperature and 
pressure via collisional and Doppler 
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Saturation fluences
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Signal shape 

27



Monte-Carlo results HyperMu
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T=22 K

J. Nuber et al, SciPost Phys. Core 6 57 2023



Concluding remarks
Past 𝜇H Lamb shift  

Present 𝜇He Lamb shift 

Future    𝜇H hyperfine structure



Hyperfine splitting of muonic hydrogen
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• Preparations and prospects for the measurement  

Laser system development  Target cavity 
Patent: European Patent Office entitled Powers scalable

optical system for nonlinear frequency conversion

Detector system 
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