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Charge radii of medium Z elements?

CKM (Cabibbo–Kobayashi–Maskawa) matrix:

Unitarity matrix in Standard Model → 𝑉𝑢𝑑
2 + 𝑉𝑢𝑠

2+ 𝑉𝑢𝑏
2 = 1

𝜇
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N. Severijns, L. Hayen, V. De  Leebeeck, et al., “F t values of the mirror β transitions and the weak-magnetism-induced current in allowed nuclear β decay,” Physical Review C, vol. 107, p. 015 502, 2023; P. Plattner, E. Wood, L. Al Ayoubi, et al., “Nuclear charge radius of Al-26m and its implication for Vud in the quark mixing matrix,” 
Physical Review Letters, vol. 131, p. 222 502, 2023.; 

Nuclei of interest: 26mAl, 26, 27, 30Si, 34Cl, 38mK, 34, 38Ar, 50Mn



Charge radii of medium Z 
elements?

L = slope of symmetry energy

• L small: smaller, compact neutron star

• L big: larger, puffier neutron star

L ~ neutron skin thickness: Δ𝑅𝑛𝑝~ L

Interest: 32Si-32Ar, 35Cl-35Ar, 37Cl-37Ca

BUT e.g. Coulomb → Δ𝑅𝑛𝑝~Δ𝑅𝑐ℎ

Protons

Neutrons

Δ𝑅𝑛𝑝

N = 18
Z = 14

N = 14
Z = 18

Δ𝑅𝑛𝑝
Protons

Neutrons

𝜇

if p = n → Δ𝑅𝑛𝑝 = Δ𝑅𝑐ℎ of 2 mirror nuclei

32Si 32Ar
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Nuclear Charge Radii of Silicon Isotopes, König, Kristian et al, Phys. Rev. Lett. (2024)



Application Laser spec status Muonic status

34Cl → SM
35, 37Cl → SM

No laser 
spectroscopy

35, 37Cl

38mK → SM 36-52K done 39, 40, 41K

26, 27, 30 Si → SM
32 Si → Eqn. of 
state

28, 29, 30, 32Si done
28-36, 38Si: measured 
spring 2025 (FRIB)
28-31Si : planned in 
Jyvaskyla (A. 
Koszorus and A. 
Kayaalp)

28,29,30Si

32 Ar→ Eqn. of 
state

32Ar done 36,38,40Ar

26mAl → SM 26mAl done 26,27Al
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Overview RefRad at medium Z

Experiment Data-processing np-1s extraction Charge radius



Application Laser spec status Muonic status
34Cl → BSM
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28, 29, 30, 32Si done
28-36, 38Si: measured 
spring 2025 (FRIB)
28-31Si : planned in 
Jyvaskyla (A. 
Koszorus and A. 
Kayaalp)

28,29,30Si

32 Ar→ Eqn. of state 32Ar done 36,38,40Ar

26mAl → SM 26mAl done 26,27Al

11

Overview RefRad at medium Z

Experiment Data-processing np-1s extraction Charge radius

2023 2023-2024 2024-2025 2024-2025



Application Laser spec status Muonic status
34Cl → BSM
35, 37Cl → Eqn. of state

No laser 
spectroscopy

35, 37Cl

38mK → BSM 36-52K done 39, 40, 41K

26, 27, 30 Si → SM
32 Si → Eqn. of state

28, 29, 30, 32Si done
28-36, 38Si: measured 
spring 2025 (FRIB)
28-31Si : planned in 
Jyvaskyla (A. 
Koszorus and A. 
Kayaalp)

28,29,30Si

32 Ar→ Eqn. of state 32Ar done 36,38,40Ar

26mAl → SM 26mAl done 26,27Al

12

Overview RefRad at medium Z

Experiment Data-processing np-1s extraction Charge radius

2023

2023

2023-2024 2024-2025

2024-20252023-2024

2024-2025

2024-2025



Application Laser spec status Muonic status
34Cl → BSM
35, 37Cl → Eqn. of state

No laser 
spectroscopy

35, 37Cl

38mK → BSM 36-52K done 39, 40, 41K

26, 27, 30Si → BSM
32Si → Eqn. of state

28, 29, 30, 32Si done
28-36, 38Si: measured 
spring 2025 (FRIB)
28-31Si : planned in 
Jyvaskyla (A. 
Koszorus and A. 
Kayaalp)

28,29,30Si

32 Ar→ Eqn. of state 32Ar done 36,38,40Ar

26mAl → SM 26mAl done 26,27Al

13

Overview RefRad at medium Z

Experiment Data-processing np-1s extraction Charge radius

2023

2023

2024

2023-2024 2024-2025

2024-20252023-2024

2024-2025

2024-2025

2024-2025 Planned in 2025



Application Laser spec status Muonic status
34Cl → BSM
35, 37Cl → Eqn. of state

No laser 
spectroscopy

35, 37Cl

38mK → BSM 36-52K done 39, 40, 41K

26, 27, 30Si → BSM
32Si → Eqn. of state

28, 29, 30, 32Si done
28-36, 38Si: measured 
spring 2025 (FRIB)
28-31Si : planned in 
Jyvaskyla (A. 
Koszorus and A. 
Kayaalp)

28,29,30Si

32Ar → Eqn. of state 32Ar done 36,38,40Ar

26mAl → SM 26mAl done 26,27Al

14

Overview RefRad at medium Z

Experiment Data-processing np-1s extraction Charge radius

2023

2023

2024

1982 1982

2023-2024 2024-2025

2024-20252023-2024

2024-2025

2024-2025

Planned in 
2025

2024-2025 Planned in 2025

1982



Application Laser spec status Muonic status
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spectroscopy
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Overview RefRad at medium Z

Experiment Data-processing np-1s extraction Charge radius

2023

2023

2024

Test in 2024

1982 1982

2023-2024 2024-2025

2024-20252023-2024

2024-2025

2024-2025

2024-2025 Planned in 2025

Planned in 
2025

1982



16

Added value of the muonic measurements?
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Beamtimes
2023 2024

𝜇
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Beamtimes
2023 2024

- 2 muon scintillators

- 5 electron veto scintillators

- 2 muon scintillators

- 6 electron veto scintillators

𝜇
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Beamtimes
2023 2024

- 2 muon scintillators

- 5 electron veto scintillators

- 14 HPGe detectors

- 2 muon scintillators

- 5 electron veto scintillators

- 12 HPGe detectors

𝜇

A. Doinaki



22

Beamtimes

Muonic x rayCalibration line



ELET optimization

Energy calibration 1

Risetime correction

Recalibration

Department of Physics and Astronomy, IKS23

Data-processing: From Muonic X-rays to np-1s 

energies: Our Analysis Pipeline



ELET optimization

Energy calibration 1

Risetime correction

Recalibration

Department of Physics and Astronomy, IKS24

Data-processing: From Muonic X-rays to np-1s 

energies: Our Analysis Pipeline
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ELET optimization

Optimization of 𝑇ℎ, 𝑓, 𝐸𝑥 in each 
detector:

- 2023: 5-20ns (FWHM)

- 2024: 30-50ns (FWHM)

M. Heines



ELET optimization

Energy calibration 1

Risetime correction

Recalibration

Department of Physics and Astronomy, IKS26

Data-processing: From Muonic X-rays to np-1s 

energies: Our Analysis Pipeline



- Continuous calibration
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Energy calibration
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Energy calibration - gain drift

30Si 29Si 28Si
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Energy calibration - gain drift

30Si 29Si 28Si
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Energy calibration - gain drift

29Si30Si 28Si



ELET optimization

Energy calibration 1

Risetime correction

Recalibration

Department of Physics and Astronomy, IKS32

Data-processing: From Muonic X-rays to np-1s 

energies: Our Analysis Pipeline



Department of Physics and Astronomy, IKS33

Energy vs time histogram

[n
s]



ELET optimization

Energy calibration 1

Risetime correction

Recalibration

Department of Physics and Astronomy, IKS34

Data-processing: From Muonic X-rays to np-1s 

energies: Our Analysis Pipeline
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Risetime correction
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Risetime correction
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Risetime correction
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Risetime correction



40

Risetime correction



Department of Physics and Astronomy, IKS41

Risetime correction
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Risetime correction
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Risetime correction

- Muonic x rays: have time 0 (= when the muon arrives) → Clear 
shift

- Calibration lines: don’t have time 0, 
BUT different risetimes contribute to main peak →Improvement in 
resolution
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Risetime correction
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Risetime correction



ELET optimization

Gain drift

Risetime correction

Recalibration

Department of Physics and Astronomy, IKS46

Data-processing: From Muonic X-rays to np-1s 

energies: Our Analysis Pipeline



Hypermet lineshape
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Recalibration

HPGe
crystal



Hypermet lineshape
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Recalibration
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Recalibration



Bootstrapping + reliability test

50

Recalibration



51

np-1s energy extraction
35Cl

37Cl

Beyer, K. A., et al. "Modern approach to muonic x-ray spectroscopy demonstrated through the measurement of stable Cl radii." arXiv preprint arXiv:2506.08804 (2025).
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np-1s energy → Charge radius

QED

E(R)

NP

Experiment E

Done?

Very charge distribution model dependent

M. Heines



53

np-1s energy → Charge radius

QED

E(R)

NP

Experiment E Barret radius

Radius of solid sphere that has same Barret 

moment (< 𝑟𝑘𝑒−𝛼𝑟 >= 0׬
∞
𝑟𝑘+2𝑒−𝛼𝑟 𝜌 𝑟 𝑑𝑟 ) as 

nucleus of interest

M. Heines
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np-1s energy → Charge radius

QED

E(R)

NP

Experiment E Barret radius

Radius of solid sphere that has same Barret 

moment (< 𝑟𝑘𝑒−𝛼𝑟 >= 0׬
∞
𝑟𝑘+2𝑒−𝛼𝑟 𝜌 𝑟 𝑑𝑟 ) as 

nucleus of interest

𝑘 and 𝛼 are determined from fit of the potentials
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np-1s energy → Charge radius

QED

E(R)
NP

Experiment E

Vi – Vf fit 𝑘 and 𝛼

E(Rk,𝛼)

Rk,𝛼

Not physical observable
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np-1s energy → Charge radius

QED

E(R)
NP

Experiment E

Vi – Vf fit 𝑘 and 𝛼

E(Rk,𝛼)

Rk,𝛼

Scattering or EDF 𝜌(𝑟)

RRMS
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Np-1s extraction

Beyer, K. A., et al. "Modern approach to muonic x-ray spectroscopy demonstrated through the measurement of stable Cl radii." arXiv preprint arXiv:2506.08804 (2025).
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Conclusion

Cl, K and Si
measured

Data analysis and 
charge radius 
extraction pipeline

Charge radius



Thank you!

PhD Fellowship fundamental research -
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