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<  1 ns  (  <<  μ lifetime  )

● Negative muons in matter:

Muonic atoms: what and how?

Stopped negative muon:

● Atomic capture @ n ≅ 14

● At high n: Auger transitions. Kick out “all” of the electrons

● At lower n radiative transitions dominate: Muonic X-rays X-rays

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

This would be 2 extra slides if I had more time

2 keV for μH, 6 MeV for μPb



3

Z

Z

Z

Z
Z

Z

Z● Negative muons in matter:

Muonic atoms: what and how?
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Stopped negative muon:

● Atomic capture @ n ≅ 14

● At high n: Auger transitions. Kick out “all” of the electrons

● At lower n radiative transitions dominate: Muonic X-rays 

● Decay in orbit
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Z● Negative muons in matter:

Stopped negative muon:

● Atomic capture @ n ≅ 14

● At high n: Auger transitions. Kick out “all” of the electrons

● At lower n radiative transitions dominate: Muonic X-rays 

● Decay in orbit

       or

● Muon capture + (very) excited nucleus

Muonic atoms: what and how?

fast neutron(s)

Z-1

γ’s
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● Negative muons in matter

Muonic atoms: what and how?

● Very much like the H atom, but:

Energies 200 higher: 2 keV   →   few MeV range

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
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What to do with muonic atoms transitions?

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, … 

*P. Indelicato Phys. Rev. A 87, 022501

Or a more classical semi-empirical potential

AKA nuclear polarization

Modern approach with 
low Z muonic atoms

O(10-1000 keV)

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022501
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What to do with muonic atoms transitions?

small

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

Solve Dirac equation with all 
necessary QED contributions*

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

*P. Indelicato Phys. Rev. A 87, 022501

Or a more classical semi-empirical potential

AKA nuclear polarization

Modern approach with 
low Z muonic atoms

O(10-1000 keV)

These people:

Also heavy nuclei need input/help/insight/…

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022501
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What to do with muonic atoms transitions?

Absolute charge radii input/sensitivity from 
laser spectroscopy / penning traps?

Long range effects
e.g. NCSM+C

Uncertainty of reference nucleus propages

 One data point for each LEC, or global fit?
Test EFT Hamiltonian

S. Galdolfi et al. https://doi.org/10.3389/fphy.2020.00117
L E Marcucci et al. https://doi.org/10.1088/0954-3899/43/2/023002

E.g. T. Udem @ LMU

O(10-1000 keV)

Or a more classical semi-empirical potential

https://www.nature.com/articles/s41586-022-04807-w

K. Blaum  
Thursday 09:00 

https://doi.org/10.3389/fphy.2020.00117
https://doi.org/10.1088/0954-3899/43/2/023002
https://www.nature.com/articles/s41586-022-04807-w
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What to do with muonic atoms transitions?

Absolute charge radii input/sensitivity from 
laser spectroscopy?

Long range effects
e.g. NCSM+C

Uncertainty of reference nucleus propages

 One data point for each LEC, or global fit?
Test EFT Hamiltonian

And stuff I forgot

S. Galdolfi et al. https://doi.org/10.3389/fphy.2020.00117
L E Marcucci et al. https://doi.org/10.1088/0954-3899/43/2/023002

E.g. T. Udem @ LMU

Muons:
● Large NFS
● QED easy
● 2PE hard/sensitive

e-scattering:
● Shape easy
● Size hard

Laser spectroscopy (e-)
● Absolute NFS hard
● Very high precision on Δ𝜈

 
Walk in Z through 
muonic atom spectroscopy 
@ PSI 

From  TUDarmstadt

https://doi.org/10.3389/fphy.2020.00117
https://doi.org/10.1088/0954-3899/43/2/023002
https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp
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Laser spectroscopy on H, D, and He

You might have heard about the proton size puzzle

❏ Muons ≉ Electrons?
❏ TPE? (nuclear polarization)
❏ Vacuum polarization?
❏ Rydberg constant wrong?
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Laser spectroscopy on H, D, and He

You might have heard about the proton size puzzle

Not that simple

From https://doi.org/10.1146/annurev-nucl-102212-170627

The fitting wars …

Yes, it is the same thing: 
https://journals.aps.org/prc/abstract/10.11
03/PhysRevC.99.035202

❏ Muons ≉ Electrons?
❏ TPE? (nuclear polarization)
❏ Vacuum polarization?
❏ Rydberg constant wrong?

https://doi.org/10.1146/annurev-nucl-102212-170627
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.035202
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.035202
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Laser spectroscopy on H, D, and He

Tremendous progress in
❏ e-scattering
❏ H spectroscopy
❏ Muonic atom laser spectroscopy
❏ ab-initio nuclear theory
❏ BSQED of exotic atoms

From Dr. Tigran Armand Rostomyan (MUSE) @ https://indico.him.uni-mainz.de/event/172/
 

The CREMA collaboration also measured 
the <r2> of the deuteron, helium, and 3He.
https://doi.org/10.1126/science.aaf2468
https://arxiv.org/abs/2305.11679
https://doi.org/10.1038/s41586-021-03183-1

New tension 

The proton and deuteron charge radius are from 
muonic atoms spectroscopy are now CODATA 
fundamental constants

https://arxiv.org/abs/2212.13782

μ-p scattering

https://indico.him.uni-mainz.de/event/172/
https://doi.org/10.1126/science.aaf2468
https://arxiv.org/abs/2305.11679
https://doi.org/10.1038/s41586-021-03183-1
https://arxiv.org/abs/2212.13782
https://arxiv.org/abs/2212.13782
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Laser spectroscopy on H, D, and He

Future: ground state hyperfine splitting in muonic hydrogen (and helium) HyperMu https://www.psi.ch/en/ltp/hypermu

❏ Ground state excitation
❏ No spontaneous X-ray emission

➢ Stop muon beam in 1 mm H2 gas at 22K
➢ Form F=0 1S μH
➢ Laser pulse: μH(F=0)+γ→ μH(F=1)
➢ De-excitation: μH(F=1)+H2→ μH(F=0)+H2+Ekin
➢ μH + Au (wall) → H + μAu + X-rays (2-6 MeV)

Detector system tested, excitation and detection scheme simulated, laser 
system almost ready

https://www.psi.ch/en/ltp/hypermu
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Charge radii from X-ray spectroscopy

❏ Precision muonic atom data for Z=1,2 by the CREMA collaboration
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Charge radii from X-ray spectroscopy

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

❏ Most of the stable nuclei have been measured with HPGe
❏ Z>10 limited by TPE corrections / Nuclear polarization
❏ Z<10 limited by HPGe resolution

20,22Ne

19F

HPGe detector

Energy of 2P1S transition to < 10-4
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Charge radii from X-ray spectroscopy

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

❏ Most of the stable nuclei have been measured with HPGe
❏ Z>10 limited by TPE corrections / Nuclear polarization
❏ Z<10 limited by HPGe resolution

20,22Ne

19F

HPGe detector

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

https://doi.org/10.1006/adnd.1995.1007
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Charge radii from X-ray spectroscopy

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

❏ Most of the stable nuclei have been measured
❏ Z>10 limited by TPE corrections / Nuclear polarization
❏ Z<10 limited by HPGe resolution

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

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

Angeli recipe https://doi.org/10.1016/j.adt.2004.04.002

https://doi.org/10.1006/adnd.1995.1007
https://doi.org/10.1016/j.adt.2004.04.002
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Charge radii from X-ray spectroscopy

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

❏ Most of the stable nuclei have been measured
❏ Z>10 limited by TPE corrections / Nuclear polarization
❏ Z<10 limited by HPGe resolution

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

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

Angeli recipe https://doi.org/10.1016/j.adt.2004.04.002

10-3 correction uncertainties on few 10-4 δr/r values 
quotes

● Barret moment → charge radius 
● Charge distribution
● Nuclear polarization floor

(and e.g. no nucleon TPE)

https://doi.org/10.1006/adnd.1995.1007
https://doi.org/10.1016/j.adt.2004.04.002


❏ Precision muonic atom data for Z=1,2

❏ Most of the stable nuclei have been measured
❏ Z>10 limited by TPE corrections / Nuclear polarization
❏ 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

19

Charge radii from X-ray spectroscopy

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

Thermal Bath



Precision X-ray spectroscopy
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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 Au:Er Alloy
❏ ΔΦS ≅ δM/δT ΔT = δM/δT x Edeposited / Ctot

A.Fleischmann, C. Enss and G. M. Seidel, Topics in Applied Physics 99 (2005) 63
A.Fleischmann et al., AIP Conf. Proc. 1185 (2009) 571

Thermal Bath

V

https://link.springer.com/chapter/10.1007/10933596_4
https://pubs.aip.org/aip/acp/article/1185/1/571/692599/Metallic-magnetic-calorimeters


Precision X-ray spectroscopy

21A.Fleischmann, C. Enss and G. M. Seidel, Topics in Applied Physics 99 (2005) 63
A.Fleischmann et al., AIP Conf. Proc. 1185 (2009) 571

MMC detectors developed at the Kirchhoff Institut für Physik (KIP) in Heidelberg.
❏ From innovation to application with the maXs-* sensors
❏ maxS-30 sensor with 8x8 0.5 mm pixels, efficient up to ~ 60 keV
❏ Resolving power up to 6000

Used for a wide variety of (X-ray) spectroscopy experiments 
❏ IAXO arXiv:2010.15348
❏ ECHO arXiv:2111.09945
❏ Highly charged Ions https://doi.org/10.3390/atoms6040059
❏ Th isomer measurement arXiv:2005.13340

Energy r
esolution ΔE FWHM = 9.8 eV @

 59 ke
V

1cm
1cm

https://link.springer.com/chapter/10.1007/10933596_4
https://pubs.aip.org/aip/acp/article/1185/1/571/692599/Metallic-magnetic-calorimeters
https://www.kip.uni-heidelberg.de/tt-detektoren/?lang=en
https://arxiv.org/abs/2010.15348
https://arxiv.org/abs/2111.09945
https://doi.org/10.3390/atoms6040059
https://arxiv.org/abs/2005.13340
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❏ Precision muonic atom data for Z=1,2 CREMA collaboration

❏ Most of the stable nuclei have been measured
❏ Z>10 limited by TPE corrections / Nuclear polarization
❏ Z<10 limited by HPGe resolution

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

❏ 1-10 ppm precise energy determination if 2p1s transitions of lithium, 
beryllium, boron, … to determine <r2> to 10-3 QUARTET Collaboration

First 10 day beam time in October 2023 

Precision X-ray spectroscopy

Motivation: 
❏ Reference radii for laser spectroscopy
❏ Benchmark for ab-initio calculations
❏ Compare pairs of mirror nuclei radii
❏ …
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❏ Precision muonic atom data for Z=1,2 CREMA collaboration

❏ Most of the stable nuclei have been measured
❏ Z>10 limited by TPE corrections / Nuclear polarization
❏ Z<10 limited by HPGe resolution

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

❏ 1-10 ppm precise energy determination if 2p1s transitions of lithium, beryllium, boron, … to determine 
<r2> to 10-3 QUARTET Collaboration

❏ What about radioactive nuclei? muX Collaboration
❏ Reference for king plot analysis / mass & field shifts
❏ Deformed heavy nuclei. E.g. 226Ra is a candidate for APV experiments. Radius needed as an input. 

Radioactive targets

Challenge:

μ- beam has a momentum of 10-40 MeV/c, which needs O(mm) of 
material to stop the beam.

Only micrograms of long lived isotopes allowed in the 
experimental area 



24

Radioactive targets

So we have:
➢ μ-time → t=0
➢ Beam halo veto
➢ μ decay in orbit time
➢ X-ray time/energy/angle

Stop 30 MeV/c muons in a small amount of material

1. Stop in 100 Bar of H2  +  0.25% - 1% of D2
2. Transfer from μH to μD in ~100 ns + 45 eV of kinetic energy
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Radioactive targets

So we have:
➢ μ-time → t=0
➢ Beam halo veto
➢ μ decay in orbit time
➢ X-ray time/energy/angle

Stop 30 MeV/c muons in a small amount of material

1. Stop in 100 Bar of H2  +  0.25% - 1% of D2
2. Transfer from μH to μD in ~100 ns + 45 eV of kinetic energy
3.  μD moves freely through H2 gas at ca. 5 eV
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Radioactive targets

So we have:
➢ μ-time → t=0
➢ Beam halo veto
➢ μ decay in orbit time
➢ X-ray time/energy/angle

Stop 30 MeV/c muons in a small amount of material

1. Stop in 100 Bar of H2  +  0.25% - 1% of D2
2. Transfer from μH to μD in ~100 ns + 45 eV of kinetic energy
3.  μD moves freely through H2 gas at ca. 5 eV
4. Upon hitting the chamber walls: μD → μZ transfer
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Radioactive targets

Works!
❏ 5 μg gold plating

https://doi.org/10.1140/epja/s10050-023-00930-y

❏ Implanted potassium
https://doi.org/10.1016/j.nimb.2023.05.036

❏ Radioactive 248Cm
https://doi.org/10.3929/ethz-b-000612640

https://doi.org/10.1140/epja/s10050-023-00930-y
https://doi.org/10.1016/j.nimb.2023.05.036
https://doi.org/10.3929/ethz-b-000612640
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Radioactive targets

Works!
❏ 5 μg gold plating

https://doi.org/10.1140/epja/s10050-023-00930-y

❏ Implanted potassium
https://doi.org/10.1016/j.nimb.2023.05.036

❏ Radioactive 248Cm
https://doi.org/10.3929/ethz-b-000612640

πE1 back area

10-100 kHz μ- @ 20-40 MeV/c

Target E

https://doi.org/10.1140/epja/s10050-023-00930-y
https://doi.org/10.1016/j.nimb.2023.05.036
https://doi.org/10.3929/ethz-b-000612640
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Radioactive targets
2017/8: loan pool detectors + …

2019: 7 weeks long campaign with Miniball array + … 2021/2022/2023: muX + MIXE + MiniBall + TiGRESS + KULeuven + ….

HPGe detectors from different 
collaborating institutes, pooling 
muonic X-ray measurements:

● muX (this talk)
● Muon Capture for ꞵꞵ0𝜈
● Elemental analysis MIXE

Works!
❏ 5 μg gold plating

https://doi.org/10.1140/epja/s10050-023-00930-y

❏ Implanted potassium
https://doi.org/10.1016/j.nimb.2023.05.036

❏ Radioactive 248Cm
https://doi.org/10.3929/ethz-b-000612640

https://gepool.in2p3.fr/
https://indico.psi.ch/event/8337/attachments/16013/22596/Daniya_Zinatulina_OMC4DBD_BV51.pdf
https://www.psi.ch/en/smus/muon-induced-x-ray-emission-mixe-project
https://doi.org/10.1140/epja/s10050-023-00930-y
https://doi.org/10.1016/j.nimb.2023.05.036
https://doi.org/10.3929/ethz-b-000612640
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Radioactive targets

Micro-gram target program: 
❏ 5 μg gold plating

https://doi.org/10.1140/epja/s10050-023-00930-y

❏ Implanted potassium
https://doi.org/10.1016/j.nimb.2023.05.036

❏ Radioactive 248Cm
https://doi.org/10.3929/ethz-b-000612640

248Cm muonic X-ray spectrum

Preliminary

Dynamic hyperfine splitting in the 2p1s transition

Upcoming
1. Reference radii T.E. Cocolios et al.  

Get precise set of 3 reference radii, extract Mass & Field Shift
● Add 40K to 39/41K
● Add 108mAg to 107/109Ag

Week 40 at PSI
IS672 P552 (implantation)

2. Measure <r2> of 226Ra
Primary goal of PSI proposal R-16-01.1
First campaign in 2019 & 2022. Making Radium targets is hard …

  

Done:

● Palladium contamination
● Organic deposition
● clumping

<r2> as INPUT

15 μg of 248Cm 4 μg of 226Ra

https://doi.org/10.1140/epja/s10050-023-00930-y
https://doi.org/10.1016/j.nimb.2023.05.036
https://doi.org/10.3929/ethz-b-000612640
https://doi.org/10.1103/PhysRevA.99.042501
https://indico.psi.ch/event/13846/contributions/41667/attachments/24171/43445/Reference%20absolute%20charge%20radii.pdf
https://cds.cern.ch/record/2730810?ln=en
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Radioactive targets

Micro-gram target program: 
❏ 5 μg gold plating

https://doi.org/10.1140/epja/s10050-023-00930-y

❏ Implanted potassium
https://doi.org/10.1016/j.nimb.2023.05.036

❏ Radioactive 248Cm
https://doi.org/10.3929/ethz-b-000612640

248Cm muonic X-ray spectrum

Preliminary

Dynamic hyperfine splitting in the 2p1s transition

Upcoming
1. Reference radii T.E. Cocolios et al.  

Get precise set of 3 reference radii, extract Mass & Field Shift
● Add 40K to 39/41K
● Add 108mAg to 107/109Ag

Week 40 at PSI
IS672 P552 (implantation)

2. Measure <r2> of 226Ra
Primary goal of PSI proposal R-16-01.1
First campaign in 2019 & 2022. Making Radium targets is hard …

  

Done:

● Palladium contamination
● Organic deposition
● clumping

15 μg of 248Cm 4 μg of 226Ra

https://doi.org/10.1140/epja/s10050-023-00930-y
https://doi.org/10.1016/j.nimb.2023.05.036
https://doi.org/10.3929/ethz-b-000612640
https://doi.org/10.1103/PhysRevA.99.042501
https://indico.psi.ch/event/13846/contributions/41667/attachments/24171/43445/Reference%20absolute%20charge%20radii.pdf
https://cds.cern.ch/record/2730810?ln=en
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Muonic atoms are great!

❏ Ultimate precision for hydrogen and helium isotopes with laser spectroscopy. 
CREMA collaboration

❏ New project to measure charge radii of lithium, beryllium, boron, .. to 10-3 
with  metallic magnetic calorimeters the Quartet Collaboration

❏ Coordinated theory effort for 
light muonic atoms uASTI

❏ Charge radii measurements of 
Long lived radioactive isotopes with muX

❏ I have not talked about:
❏ Quadrupole moments of 185/187Re

https://link.aps.org/doi/10.1103/PhysRevC.101.054313

❏ High-Field BSQED tests
https://link.aps.org/doi/10.1103/PhysRevLett.126.173001

❏ Muon Capture to highly excited states
to supported excited for ꞵꞵ0𝜈
MONUMENT

❏ Muon capture on p & d to
access nucleon/nucleus axial currents
with MuCap and MuSun
https://doi.org/10.1103/PhysRevLett.110.012504

❏ …

https://www.kip.uni-heidelberg.de/tt-detektoren/?lang=en
https://asti.uni-mainz.de/
https://link.aps.org/doi/10.1103/PhysRevC.101.054313
https://link.aps.org/doi/10.1103/PhysRevLett.126.173001
https://indico.psi.ch/event/8337/attachments/16013/22596/Daniya_Zinatulina_OMC4DBD_BV51.pdf
https://doi.org/10.1103/PhysRevLett.110.012504
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Very busy physics events! 
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X-ray Energy (keV)

K-series X-raysL-series X-rays

Michel electron and 
neutron background

HPGe energy spectrum versus time ( Kr + H2 target)

60Co calibration lines

Nuclear γ-transition after muon 
capture on the target nucleus

10ns after 
waveform 
analysis










