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Muonic Atoms
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1. Stop muons in target material 

2. Atomic capture in high principal 
quantum number n 

3. Cascade down to the ground state via 
→ Auger electron emission 

(dominating at high n) 
→ and muonic x-ray emission 

(dominating at low n) 
→ few keV to MeV range 
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Muonic Atoms

e- µ-

𝑚µ ≈ 200 ⋅ 𝑚𝑒

• Bohr energies:             

• Bohr radii:              

• Finite nuclear size effect:  
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 Enhanced by 107!→

 from eV to keV→

 200 times smaller →

Idea: Form muonic atom and observe 2p 1s transition for nuclear charge radius measurement→

Replace electron by muon in simple hydrogen(-like) atom that 
can be calculated with high precision:
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What to do with charge radii?

⟨𝑟2⟩

Benchmarking ab-initio nuclear theory 

Extracting fundamental constants 
via atomic spectroscopy

New physics searches

Precision QED tests in 
simple atomic systems

Nuclear structure physics
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There is a lot to do…
Muonic x-ray spectroscopy experiments at the Paul-Scherrer-Institute

RefRadii collaboration
Medium to high-Z 

 E.g. reference for king plot 
analysis / mass & field shifts
→

muX collaboration
High-Z (radioactive) targets

 Deformed heavy nuclei. 
E.g. 226Ra for APV 
experiments. 

→

QUARTET collaboration
Low-Z

 Lithium to Neon e.g.for  
nuclear theory benchmarks
→
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Radius uncertainty >100% from 1968 measurement:
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Lithium nuclear charge radii
From muonic atom spectroscopy
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Metallic Magnetic Calorimeter (MMC)

8
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MMC working principle

DOI: 10.1109/TASC.2009.2012724

𝐸𝛾

500 µm x 500 µm

20 µm
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MMC working principle

DOI: 10.1109/TASC.2009.2012724

Δ𝑇 =
𝐸𝛾 
𝐶tot

𝐸𝛾
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MMC working principle

DOI: 10.1109/TASC.2009.2012724

Δ𝑀 =
𝜕𝑀
𝜕𝑇

Δ𝑇

Δ𝑇 =
𝐸𝛾 
𝐶tot

𝐸𝛾
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MMC working principle

DOI: 10.1109/TASC.2009.2012724

Δ𝑉 ∝ Δ𝑀 ∝ 𝐸𝛾

Δ𝑀 =
𝜕𝑀
𝜕𝑇

Δ𝑇

Δ𝑇 =
𝐸𝛾 
𝐶tot

𝐸𝛾
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MMC working principle

DOI: 10.1109/TASC.2009.2012724

Δ𝑉 ∝ Δ𝑀 ∝ 𝐸𝛾

Δ𝑀 =
𝜕𝑀
𝜕𝑇

Δ𝑇

Δ𝑇 =
𝐸𝛾 
𝐶tot

𝐸𝛾

Energy resolution: 

ΔE ∝
T Cabs

4 𝜏𝐷

tunes signal  
decay time   
 detection speed

τD
→

tunes detection 
efficiency 

 determines → 𝐶𝑎𝑏𝑠
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DOI: 10.1007/s10909-024-03141-x

• Operated at approx. 20 mK 
• High efficiency: > 90% from 8 – 22 keV 
• High resolution of ~10-20 eV at 18 keV 
• 64 absorbers: each 500 µm x 500 µm x 20 µm 
• max. rate per pixel  0.5-1 Hz≲

Calculated detection efficiency for maXs-30 type detector

“maXs-30” MMC
Beamtime 2024 – Setup

14
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Beamtime 2024 – Setup

µ-
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Setup October 2024 
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Beamtime 2024
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er
gy

 / 
ke

V

Time

• µ-coincident 
• µ-anticoincident

natLi

6Li

e.g. lithium targets:

+ Calibration with: 

• 55Fe source 
• Mo & Ag XRF
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Analysis Procedure Development
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Preliminary results
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Muonic Lithium Data 2024

Muon coincidence 

Muon anticoincidence 

50 pixels, ~70 hours measurement time
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Muonic Lithium Data 2024
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Preliminary results
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Muonic Lithium Data 2024
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Preliminary results
50 pixels added, 70h measurement 

FWHM: ~20 eV 
 stat. uncertainty ~0.1 eV⇒

• Lithium analysis nearly complete  
→ thorough line shape analysis & 

systematics study in progress 

• Be, B work in progress 



Katharina von Schoeler | CIPANP 2025

First measurements of light muonic atoms using MMCs successfully conducted 
at PSI in 2024
Lithium results expected this year! Be & B following
Next beamtime at PSI granted for October this year – targeting 16,18O & 12,13C. 
Using new optimized MMCs for higher energies   

22

Summary & Outlook
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Backup
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Muonic Atoms Cascade
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SQUID

input coil

absorbers & pick-up coils

DOI: 10.1063/1.3292407 

Gradiometric design:  

SQUID

input coil

absorbers & pick-up coils

Temperature sensitive design:  

26

”maXs-30” MMC from Heidelberg
Detector design

Absorber pair wise coupled 
→ Reduced sensitivity towards global temperature changes 
→ (Reduced number of readout channels necessary)
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Data analysis workflow
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Electron hits not only recognizable by pulse shape but also via coincidences 
between pixels

Background identification

Spatial distribution of coincident triggers on the 
detector e.g.:
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Michel electrons 
shoot through 
absorbers into 
silicon substrate 
and heat-up pixels 
“from the 
backside” 

28

Data analysis workflow
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Data analysis workflow
Temperature correction

SQUID

input coil

absorbers & pick-up coils

Temperature sensitive design:  

Triggered with every event
➢ Determine temperature sensitivity of 

gradiometric pixels and correct each event
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Enabling the laser spectroscopy of monic Li/Be(?):

• MMCs: Improve  of 6Li by factor ~5. 

• Narrow 2S-2P wavelength search from 
200 nm to 20 nm 

• Similarly for Be/B

rc
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Input from Nuclear Theory

• For Li-Ne  

• For isotope shifts  

• For non-S states, e.g.  

≲ (5 ppm)(E2P−1S)

≲ (3 ppm)(ΔE2P−1S)

≲ (1 ppm)(ΔE3D−2P)

From theory, mainly nuclear polarization 

From experiment, mainly charge distributions 
Motivation for modern electron scattering 
experiments: Li, Be, B, N, O, …
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Not so light muonic atoms

Challenge for radioactive targets:  
stopping 30 MeV/c muons in µg-quantities

5 μg vapor 
deposited Au 

https://doi.org/10.1140/epja/s10050-023-00930-y
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Not so light muonic atoms

Challenge for radioactive targets:  
stopping 30 MeV/c muons in µg-quantities

https://doi.org/10.1140/epja/s10050-023-00930-y 5 μg vapor 
deposited Au 

https://doi.org/10.1016/j.nimb.2023.05.036 

https://doi.org/10.3929/ethz-b-000612640

Spectroscopy of  
15 μg radioactive 

248Cm 


