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Muonic atoms
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Introduction

• Single negative muon bound to a single atomic nucleus.
• The physics of the muonic atom happens in a time interval of about 10−14 s.

Model Hamiltonian
The electromagnetic interactions are treated in the Coulomb gauge: 
 

•  The µ, e-, and N interact via the static Coulomb interaction:
 H(µ)=H(free µ) + H(µ, N) + H(µ, e-) 

• The µ, e-, and N interact with the transverse photon field:
 These interactions give rise to magnetic interactions between N and µ,
  the emission (absorption) of gamma rays.
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Muonic cascade

• The highest orbits (n>5) overlap with the electronic cloud  -> Auger transitions dominate
• The lowest orbits (n<4) are close to the nucleus -> Radiative transitions dominate
• The refilling of holes depends on the chemical or physical environment.
• This refilling mechanism leads to observable effects on the muonic cascade.
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Muonic energy

Finite size effect: at proximity to the nucleus, the nuclear potential undergoes an extreme change 
which end in the energy shift. (reduction of about 50 % in case of 75Re, Abu Saleh et al.)

QED effects:  
• Vacuum polarization: the emission of virtual e-e+ pairs
 changes the nuclear potential; thus, the muon feels a larger effective 
 charge (binding energy increases by a few 10 of keV).

• Self-energy: the reduction of the muon’s binding energy is due to 
   its interaction with the electromagnetic field it produces 
    (binding energy increases by a  few keV)

Other corrections:
• Electron screening: the presence of the e- decreases the effective charge experienced by the 

muon and thus reduce its binding energy by few eV (n>5).
• Recoil effect, Orbital collapse, isotope and isomer shifts, ….
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The resonance excitation

When the energy difference between muonic levels is close to, or nearly degenerate with, a nuclear 
excitation energy, the muon can lead to resonance excitation of the nucleus.

• Anomalous lines of significant intensity have been observed in 76Os and 70Yb and are 
interpreted as 3d-2p muonic-nuclear resonance (M. V. Hoehm et al).

• This resonance may occur frequently in heavy muonic atoms (L. Wilets et al.). 
• This resonance could result  in the excitation of low-lying and high-lying nuclear states 
       in certain deformed nucleus and nucleus near 82Pb respectively.

• (M. Y. Chen et al.) resonance excitation in 81Tl
• (W. Y. Lee et al. 1972) (J. HUFNER) resonance excitation in 83Bi
• (W. Y. Lee et al. 1971) (J. HUFNER) resonance excitation in 53I
• (WILLIAM B. ROLNICK) resonance excitation in Tl, Pb, and Bi
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Nuclear Auger Effect

• This effect occurs (when the muonic transition energy is higher than the binding energy of the neutron) 
predominantly for the lowest transitions (e.g. E1, E2) and in heavy nucleus. 

• The neutron is ejected at the same time scale of the muonic X-rays (both transition are electromagnetic)
• Neuron rate per stopped muon: 5% to 10% (Zaretskii et al); 7% (Hargrove et al)

• The nuclear Auger transitions resemble the internal conversion process for nuclear gamma-rays,
       except that the roles of the nucleus and the atom are swapped.
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Muon-induced fission

• Prompt fission: immediate breakup of the nucleus after absorbs radaitionless energy (10−20 𝑠)
• Excited muonic atoms in the actinide region (Z>88) may induce prompt fission (Y. E. Oberacker et al.)
• The E2 muonic transition energy is close to the ISGOR peak of the isoscaler giant quadrupole 

resonance in actinide nucleus which exhibits a large fission width. 

 ISGOR: is a collective vibration of the nucleus where all the protons and neutrons oscillate 
together forming a quadrupole or a “rugby ball” Shape.
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MuCascade
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Facility & 
Instrument
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HIPA : High Intensity Proton Accelerator

• HIPA provides 1016protons per second (1.4 MW).
• The proton beam is used to produce muons:

• The rest of the proton beam (60 %) is transported 
to a neutron spallation source (SINQ).

PSI-HIPA
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• Typical  µ− momenta : 15-60 MeV/c.
• Rates range from  103 to 105 µ− per 

second on target.

PiE1 Beamline
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▪ Sample Holder:
• A central target/sample position ensures symmetrical 

detector geometry for optimized detection efficiency and 
angular coverage.

GIANT: GermanIum Array for Non-destructive Testing

▪  Mechanical Structure: 
• Aluminum Frame. 
• Fully Movable as a Unit.

▪  Detector Configuration:
• 8 Freely Rotating Arms (Currently 5 installed).
• 4 BigMac HPGe Detectors per Arm.
• 30 HPGe Detectors Total (Currently ~12 Installed).
• Reproducible positions and angles.
• HPGe detectors shared with multiple experiments.

▪  Cryogenics & Automation:
• Fully Automatic Liquid Nitrogen (LN₂) Refill System

L. Gerchow, et al., Germanium Array for Non-destructive Testing (GIANT) setup for 
muon-induced X-ray emission (MIXE) at the Paul Scherrer Institute, Rev. Sci. 
Instrum. 94 (4) (2023) 045106.

GIANT
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Tagger detector:
•  BC-400 plastic scintillators: striped design 
        (10 individual channels).
•  Active area (~7x7cm²).
• Allows for discrimination of nuclear capture 

events.
• Reduces uncorrelated background
• Beamport: 50 μm Mylar

Tracker detector:

Tagging and Tracking
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MIXE
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• Compared to XRF or PIXE, MIXE’s higher-energy X-rays penetrate deeper with less attenuation, 
enabling bulk rather than surface-only analysis.

• X-ray Spectrum from Muon-Irradiated Iron Sample:
• Single HPGe detector.
• Beam momentum: 28.6 MeV/c.
• Acquisition time: 0.5 h

• Series lines are clearly visible in the X-ray spectrum.
• MIXE produces high-energy X-rays that travel much 

farther in the material.

Elemental Analysis
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• Simulation of the capture profiles of µ− in 
Tri-layer (thickness of each layer 500 µm).

• Muon momentum tuning allows scanning 
of element occurrence as a function of 
penetration depth.

• Comparison between simulation and 
measured 𝐾⍺ line intensities shows good 
agreement.

• Implantation depths :∼ µm to ∼ cm. 

Depth Dependence
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• The nuclear radius of isotopes of an element 
follows an 𝐴 Τ1 3 dependence.

• Nuclear polarization causes additional isotope-
dependent energy shifts.

• These shifts open the possibility of determining 
isotopic ratios by MIXE (For Z⪆20).

• Spectrum showing the 𝐾⍺1 and 𝐾⍺2 lines for a 
copper sample.

• MIXE doesn’t just tell us what element is present, it can also tell us which isotope, 
and it can do so non-destructively and deep inside the sample.

Isotopic composition
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Conclusion
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• Why MIXE:
• MIXE is non-destructive.
• Elemental analysis, depth dependence, isotopic. composition, 

and tomography.
• Not only archaeology, but we can also explore other samples.
• The MIXE call for proposals has been open since the beginning 

of this year (no cost for users).
https://www.psi.ch/en/smus/calls 
issa.briki@psi.ch

• Acknowledgement:
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