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Muonic atoms: what is happening here?

Very much like the H atom, but:

Energies 200 higher: 2 keV   →   few MeV range

Bohr radii 200 times smaller:  significant overlap with the nucleus

E1s(Z=82) 
             →  19 MeV (point nucleus)
             →  11 MeV (finite size)

e-e-

The muon lives partially inside the nucleus

Negative muons in matter:

+ <r2> of most stable nuclei

Proton size puzzle
X-rays

Negative cloud muon 
beam at e.g. the Paul 
Scherrer Institute

https://www.nature.com/articles/nature09250
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Muonic atoms: what is happening here?

DPG Frühjahrstagung 2025

Measuring nuclear finite size effects
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small

Your favorite way totackle the few-body problemGFMC, NCSM, CC, …

Solve Dirac equation with all 
necessary QED contributions*

Most modern road. There are also Barrett moments, Rinker TPE, … 

Or a more classical semi-empirical potential

AKA nuclear polarization

Modern approach with 
(low Z) muonic atoms

O(10-1000 keV)

DPG Frühjahrstagung 2025

Muonic atoms: what is happening here?
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small

Solve Dirac equation with all 
necessary QED contributions*

AKA nuclear polarization

Modern approach with 
(low Z) muonic atoms

O(10-1000 keV)

Need a model  and/or data of the nuclear charge 
distribution.

Absolute

For Z>2 a modern & consistent description and error 
treatment is often missing, beware of the <r2> values in the 
standard tables (Angeli etc. )

Muonic x-ray measurements of 
most stable elements 
→ Barrett radii in the Fricke & 
Heilig compilations

DPG Frühjahrstagung 2025

Muonic atoms: what is happening here?
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small

Solve Dirac equation with all 
necessary QED contributions

Or a more classical semi-empirical potential

AKA nuclear polarization

Modern approach with 
(low Z) muonic atoms

O(10-1000 keV)

Need a model  and/or data of the nuclear charge 
distribution.

Absolute

Input for 

Combine with laser spectroscopy
→ fundamental constants R∞, rp 

Put ab-initio nuclear theory to the test 

NFS input for precision
physics experiments 

e.g. Thomas Udem 
@ MPI Munich

g-factor measurements at 
MPI Heidelberg APV with deformed nuclei

Need a nuclear model and most 
applicable way to tackle the 
many-body problem NCSM, CC, …

DPG Frühjahrstagung 2025

Muonic atoms: what is happening here?
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Muonic atoms: what is happening here?

Calibrating isotopic chain 
measurements + crossing Z

Figure Wilfried Nörterhaüser

Improving radii for Vud
Charge radii in isospin triplet

Isospin ↔ charge radii differences 

Δr → ⍴w
 → C(E) → ft → Ft

Combine muonic radii with 
electronic atom spectroscopy and 
precision trap experiment

Ne g-factor measurements at MPI 
Heidelberg: NFS effects

DPG Frühjahrstagung 2025

H,He,Li … spectroscopy in e.g. Mainz 
and Munich
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… simple … 

?

(B)SM precision tests

μ -
 at
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e - atom spectroscopy

NFS

TPE
Many body
 BSQED

New 
Physics

Two Photon Exchange
Nuclear Finite Size
Bound State QED

Fu
nd

am
en

tal
    

 co
nst
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s

NuPECC LTP version

DPG Frühjahrstagung 2025
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Experimental situation

❏ Precision muonic atom data for Z=1,2 by the CREMA collaboration

❏ Proton size
❏ Deuterium charge radius
❏ Alpha particle radius
❏ Helion charge radius 

Ultimate precision, however limited the 
exotic atom transition in-range of 
lasers and meta-stable initial states 

DPG Frühjahrstagung 2025

https://inspirehep.net/literature/1216601
https://doi.org/10.1126/science.aaf2468
https://doi.org/10.1038/s41586-021-03183-1
https://arxiv.org/abs/2305.11679


10

Experimental situation

❏ Precision muonic atom data for Z=1,2 by the CREMA collaboration

❏ Most of the stable nuclei have been measured with HPGe (70s / 80s)
❏ Z>10 limited by Nuclear polarization / nuclear charge 

     distribution
❏ Z<10 limited by HPGe resolution

Fricke and Heilig recipe 
https://doi.org/10.1006/adnd.1995.1007

DPG Frühjahrstagung 2025

https://doi.org/10.1006/adnd.1995.1007
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Experimental situation

❏ Precision muonic atom data for Z=1,2

❏ Most of the stable nuclei have been measured with HPGe (70s / 80s)
❏ Z>10 limited by Nuclear polarization / nuclear charge 

     distribution
❏ Z<10 limited by HPGe resolution

❏ ~1% precise radii from e-scattering to fill the gap

A need for efficient, broadband, and 
high-resolution X-ray detectors

DPG Frühjahrstagung 2025
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Experimental situation

❏ Precision muonic atom data for Z=1,2

❏ Most of the stable nuclei have been measured with HPGe (70s / 80s)
❏ Z>10 limited by Nuclear polarization / nuclear charge 

     distribution
❏ Z<10 limited by HPGe resolution

❏ ~1% precise radii from e-scattering to fill the gap

❏ Need for a 1-10 ppm precise energy determination if 2p1s transitions.

Limitations of solid state X-ray detectors:
❏   
❏ S/N with ENC a few 100 e-

Unit of heat ≪ Unit of Ionization:
❏ ΔT ≅ Edeposited / Ctot
❏ ΔT / T large → operate < 0.1 K
❏ A very good temperature sensor

Thermal Bath

DPG Frühjahrstagung 2025

A need for efficient, broadband, and 
high-resolution X-ray detectors
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Experimental situation

Unit of heat ≪ Unit of Ionization
❏ ΔT ≅ Edeposited / Ctot
❏ ΔT / T large → operate < 0.1 K
❏ A very good temperature sensor

Metallic Magnetic Calorimeters → Unit of spin flip ≪ Unit of Ionization

❏ Paramagnetic Ag:Er Alloy
❏ ΔΦS ≅ δM/δT ΔT = δM/δT x Edeposited / Ctot

Thermal Bath

Energy r
esolution ΔE FWHM = 9.8 eV @

 59 ke
VMaXs-*** sensors developed by HD-KIP for e.g. 

the ECHO/IAXO experiment , see D. Unger et al., 
AG prof. Dr. Gastaldo, Dr. A. Fleischmann

https://arxiv.org/abs/2005.13340

DPG Frühjahrstagung 2025

https://www.kip.uni-heidelberg.de/tt-detektoren/?lang=en
https://arxiv.org/abs/2111.09945
https://arxiv.org/abs/2005.13340
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Spectroscopy with MMCs
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Quartet: precision muonic X-ray spectroscopy on low Z nuclei with MMCs
                                https://doi.org/10.1007/s10909-024-03141-x https://doi.org/10.3390/physics6010015

DPG Frühjahrstagung 2025

<0.1 eV

0.1 eV

0.2 eV

σ(E2p1s )

https://doi.org/10.1007/s10909-024-03141-x
https://doi.org/10.3390/physics6010015
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Spectroscopy with MMCs
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Quartet: MMC from the basement to an online experimental environment
                    → 2023 test beam at PSI..

➢ Accelerator facility
➢ Beamline elements
➢ Neutron / electron / x-ray 

backgrounds
(correlated and 
uncorrelated to the muon)

➢ Limited beamtime

πE1beamline 

DPG Frühjahrstagung 2025

πE1beamline 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Spectroscopy with MMCs
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Quartet: MMC from the basement to an online experimental environment
                → 2023 test beam at PSI.

➢ Accelerator facility
➢ Beamline elements
➢ Neutron / electron / x-ray 

backgrounds
(correlated and 
uncorrelated to the muon)

➢ Limited beamtime

DPG Frühjahrstagung 2025
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Spectroscopy with MMCs
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Quartet: MMC from the basement to an online experimental environment
                    → 2023 test beam at PSI.
                    → First 6Li and 7Li measurements.

prel
iminary

prel
iminary

Yes, MMC work at a secondary beamline at PSI!

DPG Frühjahrstagung 2025
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Spectroscopy with MMCs
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Quartet: MMC from the basement to an online experimental environment
                  → 2023 test beam at PSI.
                  → First 6Li and 7Li measurements.
                  → Full proposal + two week 2024 Physics beamtime with 6Li, 7Li, 9Be, 10B, 11B

Muon Beam
detectors

Target chamber

HPGe detector

3He/4He fridge 
with MMC

DPG Frühjahrstagung 2025

Energy resolutions achieved of 10-15 eV @ 18-50 keV !
0.1-0.5 eV (statistical) sensitivity

prel
iminary
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Spectroscopy with MMCs

19

Quartet: MMC from the basement to an online experimental environment
                  → 2023 test beam at PSI.
                  → First 6Li and 7Li measurements.
                  → Full proposal + two week 2024 Physics beamtime with 6Li, 7Li, 9Be, 10B, 11B

Muon Beam
detectors

Target chamber

HPGe detector

3He/4He fridge 
with MMC

DPG Frühjahrstagung 2025

Energy resolutions achieved of 10-15 eV @ 18-50 keV !
0.1-0.5 eV (statistical) sensitivity

Fitting 2p1s with full hyperfine structure

prel
iminary
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Spectroscopy with MMCs
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MMC with muonic atoms: low-temperature quantum sensors in beam-on-target experiment
          (Not that easy … )                            → Combine data from 64 pixels
                                                                  → Every x-ray cascade comes with a 50 MeV e- from μ-decay
                                                                  → < 10 pmm accuracy envisioned
                                                                          

DPG Frühjahrstagung 2025

Temperature correction: Correct each pixel for back to its stable working point

e-

e-
Each x-ray of interest comes with a 50 MeV electron from μ-decay

Very stable readout electronics needed. With 16-bit: σE < LSB
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Spectroscopy with MMCs
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MMC with muonic atoms: low-temperature quantum sensors in beam-on-target experiment
          (Not that easy … )                            → Combine data from 64 pixels
                                                                  → Every x-ray cascade comes with a 50 MeV e- from μ-decay
                                                                  → < 10 pmm accuracy envisioned
                                                                          

DPG Frühjahrstagung 2025

Temperature correction: Correct each pixel for back to its stable working point

e-

e-
Each x-ray of interest comes with a 50 MeV electron from μ-decay

Very stable readout electronics needed. With 16-bit: σE < LSB

Working with Struck Gmbh to
 produce 18-bit ADC modules

Producing new detector with 
faster thermalization

Full range E calibration under 
control to 20 ppm or better

prel
iminary
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Radii of light nuclei

22
DPG Frühjahrstagung 2025

2024 data

Optimized setup
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Radii of light nuclei
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Isotope  Current σstat(E)  Goal σ(E) → σ(r)  Nuclear polarization 

6Li/7Li  ~ 0.1-  0.2 eV  0.05 eV→ 0.3 fm  0.1-0.2 eV 

9Be  ~ 0.2 eV  0.1 eV → 0.2 fm  0.5-1 eV 

10B/11B  < 0.5 eV  0.1 eV → 0.2 fm  ~1 eV 

12C/13C  2025 campaign  0.2 eV → 0.2 fm  2 eV 

14N  (2025 campaign)  0.2 eV → 0.3 fm  ~3-4 eV 

16O/(17O)/18O  2025 campaign  0.2 eV → 0.3 fm  ~5-8 eV 

Ab-initio from S. Bacca et al.

Rinker nuclear polarization 1979

10Be 

19F 

20Ne            and improved Li/Be/B 

54Mn 

… 

Future:

Nuclear polarization Nucleon polarization

Two photon exchange

Polarizability
Zemach/Friar radii

NRQED
Perturbative QED All order QED

G
orstein 2024
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Conclusions

Significant progress (expected) all over the nuclear chart
❏ Light nuclei with Quartet / MMC detectors
❏ Modern HPGe detector array at PSI and
❏ A novel HD-transfer target for ug targets

Future:
❏ Li, B,  Be,    …   data under analysis
❏ Push MMC + muonic-rays combo to the limits
❏ Eying 7Be-7Li, 8B-8Li, 18Ne-18O, 19F-19Ne mirror pairs (Vud NFS corrections)
❏ 10Be combining MMC with transfer target
❏ Work in progress: consistent description for A=6→ …
❏ 26/27Al, 28/29/30Si, 108mAg, … reference radii

Some challenges & needs: 
❏ Run MMC at optimal performance with muon stopping target at moderately high rates
❏ Need NP input to go from E to <r2> from A=6→ …

All aiming for ~0.1 % 
accuracy on charge radii

DPG Frühjahrstagung 2025

https://doi.org/10.1146/annurev-nucl-102622-020726

