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Stopping negative muons directly to
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Our exotic muonic atom

— point-like

Nuclear potential

---finite size

E,(Z = 82) ~ 19 MeV (point nucleus)
~ 10.6 MeV (finite size)
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Our exotic muonic atom

— point-like

Nuclear potential

---finite size

E,(Z = 82) ~ 19 MeV (point nucleus)
~ 10.6 MeV (finite size)

2p-1s transition most
sensitive to the nuclear
charge radius

1 [ .,
R%\I:(rz):Z—e d°F p(Y) r°

nuclear charge
distribution
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How 10 extract muonic energies’?

(7 -b + ﬁm,u + V(I’)) ‘ Yhkm > = Enk ‘ Yhkm >
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Coulomb potential that the muon feels in the
extended nuclear charge distribution

o(r) — inside V(r)
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How 10 extract muonic energies’?

(7 -b + ﬁm,u + V(I’)) ‘ Yhkm > = Enk ‘ Yhkm >

Coulomb potential that the muon feels in the
extended nuclear charge distribution
o{r) — inside V(r)
+higher order corrections, e.q.:
GQED corrections — well under control
®Nuclear polarisation —> dominating effect
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How 10 extract muonic energies’?

(a b T ﬁm + V(I’)) ‘ Yhkm > = Enk ‘ Wnkm

Coulomb potential that the muon feels in the / \V’%\

extended nuclear charge distribution
p(r) — nside V(r) Extracting muonic
+higher order corrections, e.q.: enerqgy levels

GQED corrections — well under control
®Nuclear polarisation —> dominating effect

1 Vogiatzi on behalf of the RefRadii & muX collaborations | EuUNPC | 21-26 September 2025




—HOW tO extract muon
charge radii

(a b T ﬁm + V(I’)) ‘ Yhkm > = Enk ‘ Wnkm

Coulomb potential that the muon feels in the YSS:« \

extended nuclear charge distribution
p(r) — nside V(r) Measuring kransition
+higher order corrections, e.q.: enerqgles
OQED corrections —» well under control
®Nuclear polarisation —> dominating effect
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HOW 1O extract muon

charge radii

(a b T ﬁm + V(I’)) ‘ Yhkm > = Enk ‘ Wnkm

Coulomb potential that the muon feels in the
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GQED corrections — well under control
®Nuclear polarisation —> dominating effect
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Assuming typically a 2-parameters Fermi

o\
p() = po 1+t

Charge distribution model dependent charge radius!!

~» combine with e~ scattering data (exp) or energy
cle.msi&v functionals (&kaorj) to get the shape correction
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—xtending measurements to rare and radioactive targets.
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L Inks to fundamental physics

B. Ohayon, Atomic Data and Nuclear

Data Tables 165, 101732 (2025)
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Benchmark laser spectroscopy results
& challenge state-of-art nuclear models
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Detection system
Muon-time correlated analysis

electron veto
. detectors
i é HPGe
Y muon entrance detectors
" detector -
Macroscopic

2¥SL karget 208Pp

., B
. K
b o
e .
., o

-
. o
B
K
o
.

muon veto
detector

zi on behalf of the RefRadii & muX collaborations | EUNPC | 21-26 September 2025



Detection system
Muon-time correlated analysis
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Detection system
Muon-time correlated analysis
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Experimental timeline
2016 — 185Re and 8’Re (500 mg)
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Vluon transter to microgram targets

Developed by the muX collaboration Eur. Phys. J. A 59, 15 (2023)
Inspired by the work of Strasser et al. and Kraiman et al.

muon entrance Ho/D2 gas @ 100 bar
counter 4

g target

S
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Vluon transter to microgram targets

Developed by the muX collaboration Eur. Phys. J. A 59, 15 (2023)
Inspired by the work of Strasser et al. and Kraiman et al.

muon entrance Ho/D2 gas @ 100 bar
counter 8

g target

S

©
) o I o

1. pstops in 100 bar of Hz + 0.25% D2 & forms muonic hydrogen pp
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Vluon transter to microgram targets

Developed by the muX collaboration Eur. Phys. J. A 59, 15 (2023)
Inspired by the work of Strasser et al. and Kraiman et al.

muon entrance Ho/D2 gas @ 100 bar
counter 8

g target

S
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1. pstops in 100 bar of Hz + 0.25% D2 & forms muonic hydrogen pp

2. transfer to deuterium pp — pd
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Vluon transter to microgram targets

Developed by the muX collaboration Eur. Phys. J. A 59, 15 (2023)
Inspired by the work of Strasser et al. and Kraiman et al.

muon entrance Ho/D2 gas @ 100 bar
counter 8

g target
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1. pstops in 100 bar of Hz + 0.25% D2 & forms muonic hydrogen pp

2. transfer to deuterium pp — pd
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Vluon transter to microgram targets

Developed by the muX collaboration Eur. Phys. J. A 59, 15 (2023)
Inspired by the work of Strasser et al. and Kraiman et al.

muon entrance Ho/D2 gas @ 100 bar
counter a8 ug target

i 7

1. pstops in 100 bar of Hz + 0.25% D2 & forms muonic hydrogen pp

2. transfer to deuterium pp — pd

3. pd moves almost freely in the Ho gas  Physical Review A 73, 034501 (2006)
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Vluon transter to microgram targets

Developed by the muX collaboration Eur. Phys. J. A 59, 15 (2023)
Inspired by the work of Strasser et al. and Kraiman et al.

muon entrance Ho/D2 gas @ 100 bar
counter = ug target

i 7

N

L W

\

1. pstops in 100 bar of Hz + 0.25% D2 & forms muonic hydrogen pp

2. transfer to deuterium pp — pd
y in the H2 gas Physical Review A 73, 034501 (2006)

3. ud moves almost free

4, transfer to high-Z element ud — pZ when hitting target & emission of x rays during the atomic cascade
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(Gas cell measurements
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(Gas cell measurements
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https://doi.org/10.1140/epja/s10050-023-00930-y
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.73.034501

Experimental timeline
2019 — first radioactive targets 248Cm & 226Ra (5 uQg)
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Improving S/B ratio at high energies
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Improving S/B ratio at high energies
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Improving S/B ratio at high energies
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248Cm 2p1s analysis
Nuclear charge radius

PhD thesis of S. Vogiatzi
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https://journals.aps.org/pra/abstract/10.1103/PhysRevA.73.034501
https://doi.org/10.3929/ethz-b-000612640

248Cm 2p1s analysis
Nuclear charge radius
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Experimental timeline Se e 15,6600 202
2022 — Assessing the target fabrication techniques



https://doi.org/10.1038/s41598-025-90958-5

Experimental timeline
2023 — 3537C[ & 3940.41K & 107.109AQ (O(mg to g) & /.8 Q)
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https://doi.org/10.48550/arXiv.2506.08804

lmpact of new 35.37C| charge radlil
Revisiting the mirror nuclel fit

Plot courtesy of 0.25-
Michael Heines
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40K 2p1s analysis (7.5 pg)

Nuclear charge radius
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Impact of new 39.40.41K charge radl
Revisiting the iIsotopic chain

Plot courtesy of Michael Heines
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2024 data acquireo
fowards nuclear charge radii extraction
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Summary & Outlook on measurements
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Probing muonic X-ray energies with high precision
with metallic magnetic calorimeters (MMC)

J Low Temp. Phys. 216, 344-351 (2024)
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https://doi.org/10.1007/s10909-024-03141-x

Remeasuring charge radil of low-Z I1sotopes
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Remeasuring charge radil of low-Z I1sotopes

E (2P-1S) keV
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248Cm 2p1s analysis
Transition energy dependence on (Rn,Q) Dynamic hyperfine effect!
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Muonic atoms & Hyperfine Splitting
The bless and the curse

Fine splitting (FS): J =1 + ® Energy displacement due to the E2 and M1 interactions:

Static hyperfine splitting (HFS): f = T + T
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Muonic atoms & Hyperfine Splitting
The bless and the curse

Fine splitting (FS): J = 1 + 5
Static hyperfine splitting (HFS): F = I+17
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VMeasurement demonstration of lithium
Enerqgy spectrum

Analysis of data and image courtesy

calibration sources 241Am, 199Cd, >Fe & u°Li (95% enriched) of Katharina von Schoeler
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226Ra spectrum Iin the 2p1s region
No 2p1s structure i1s observed
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Working principle of MMC
Achieving a high energy resolution

Image courtesy of Katharina von Schoeler
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https://journals.aps.org/pra/abstract/10.1103/PhysRevA.73.034501
https://doi.org/10.1109/TASC.2009.2012724
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Viuonic atoms

Eur. Phys. J. Plus 135, 777 (2020) MmuonLc Ltro
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Gas cell & time distributions after transfer

PhD thesis of A. Skawran
Simulations by J. Nuber
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Comparing target fabrication techniques
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248Cm 2p1s analysis
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248Cm 2p1s analysis
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248Cm 2p1s analysis

Theoretical calculations are performed by
N. Oreshkina & I. Valuev, MPIK, Heidelberg
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Semsitivity on the quadrupole moment Q is also observed
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