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Glossary

• dpa: Displacements Per Atom. A calculable proxy for radiation 
damage

• PIE: Post Irradiation Examination. Studying physical properties of 
material exposed to high levels of irradiation.

• Beam power (W): Beam energy * number of particles / second
• SNS: Spallation Neutron Source at Oak Ridge National Lab (ORNL)
• NUMI: Neutrinos at Main Injector. Beamline at FNAL that provides 

120 GeV @ > 1 MW.
• MINOS: Main Injector Neutrino Oscillation experiment utilizing 

neutrinos produced at NUMI
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Outline

• Muon production target constraints & wish list

• Expectation vs Reality

• Target considerations (radiation damage)

• (very briefly) Takeaways and future timelines
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How we make muons (all you have to do…)
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Adapted from J. Eldred



How we make a muon beam
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High-Field Solenoid (many-T)

Charged beam

Charge Separation
𝝁±

𝝁∓

*NB: Currently favored method, not the only way…
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Muon production target wish list

Maximize 
production

Long-lived 
(in a beam)

Compact
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Maximize 
production

Long-lived 
(in a beam)

Compact

PICK TWO

High power targetry reality
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Maximize 
production

Long-lived 
(in a beam)

Compact

MINOS NT-02 target failure: radiation-induced 

swelling (FNAL)

MINOS NT-01 target 

containment water leak 

(FNAL)

Horn stripline fatigue failure 

(FNAL)

SNS liquid Hg target 

vessel (ORNL)

Figs adapted from F. Pellemoine
Early target failures: limited beam power

HUGE targets!
(will be worse for muon
targets In smaller volumes)



SNS (Oak Ridge)
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doi:10.18429/JACoW-IPAC2016-TUZB01

https://doi.org/10.1063/PT.5.1035

http://dx.doi.org/10.18429/JACoW-IPAC2016-TUZB01
https://doi.org/10.1063/PT.5.1035


How do targets fail?
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Thermal effects Cycle fatigue Radiation Damage

Small iridium rod at CERN HiRadMat Horn stripline fatigue failure 

(FNAL)

MINOS NT-02 target failure: radiation-

induced swelling (FNAL)



How do targets fail?
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Thermal effects Cycle fatigue Radiation Damage

Small iridium rod at CERN HiRadMat Horn stripline fatigue failure 

(FNAL)

MINOS NT-02 target failure: radiation-

induced swelling (FNAL)

Challenging engineering
(but solvable!)



How do targets fail?
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Thermal effects Cycle fatigue Radiation Damage

Small irridum rod at CERN HiRadMat Horn stripline fatigue failure 

(FNAL)

MINOS NT-02 target failure: radiation-

induced swelling (FNAL)



Radiation Damage (Non-ionizing)
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• Damage to atoms within the target
• Solids: summarized with units of  

displacements per atom (dpa)
• dpa > 1: effects are operationally 

noticeable (general guideline)
• Fundamental material changes

• Transmutation/Fragmentation
• Thermal & physical properties
• Creep & swelling
• Fracture toughness (degrading)

Worse for smaller targets!



Interpreting dpa (SNS)
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• Calculate dpa (MCNP) after beam 
exposure.

• Perform post irradiation examination 
(PIE) to MEASURE changes in physical 
properties and determine failure 
mechanisms.

• Self-assess failure modes and 
administrative limits of specific 
materials in specific environments as a 
function of delivered protons.

316L Administrative Limit

Vulnerability: Embrittlement through 
defect/He(?) production

Property Limit: 10 % total elongation

Dose Limit: 12 dpa (outer layer of shroud)

7.6 dpa
(Target 12) 

https://indico.stfc.ac.uk/event/961/contributions/6894/

https://indico.stfc.ac.uk/event/961/contributions/6894/


A case study for immediate next-generation 
muon-production experiment
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Simulate Radiation Damage (FLUKA)

• Mu2e proton beam:
• 8 GeV (KE) protons, sigma = 1mm beam radius (gaussian beam)
• 1.4e20 Protons on Target (POT) / year in nominal operation (8 kW beam)

• Consider cylindrical target with radius = 3 mm, length = 220 mm
• Sits inside a compact, high-field (~4.5 T) graded solenoid

• How does DPA look for different target materials?
• Assume full year of running (1 replacement / yr)
• Plot x vs z heatmap of DPA / proton in central slice of y to capture peak DPA 

in beam center
• NB: These are preliminary, exploratory plots: over-interpret at your own risk!
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Slicing to find peak DPA
y 
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Slicing to find peak DPA
y 
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]

|y| < 0.01

x [cm]
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z [cm]

x 
[c

m
]

Peak of 
< 1 DPA/yr

Proton beam

Graphite DPA/POT
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z [cm]

x 
[c

m
]

Peak of
~10 DPA/yr

Proton beam

Inconel (Ni alloy) DPA/POT
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z [cm]

x 
[c

m
]

Proton beam

Peak of
~30 DPA/yr

Titanum Zirconium Molybenum (> 99% Mo) DPA/POT
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z [cm]

x 
[c

m
]

Proton beam

Peak of
~100 DPA/yr

Tungsten DPA/POT
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BUT THE MUON YIELDS!?!?!?!
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Source: IMCC meeting, talk on fluidized 
tungsten targets (2023) 
https://indico.cern.ch/event/1250075/c
ontributions/5348859/attachments/267
0245/4628813/IMCC_fluidized-
tungsten-target_v1.pdf

Z

https://indico.cern.ch/event/1250075/contributions/5348859/attachments/2670245/4628813/IMCC_fluidized-tungsten-target_v1.pdf
https://indico.cern.ch/event/1250075/contributions/5348859/attachments/2670245/4628813/IMCC_fluidized-tungsten-target_v1.pdf
https://indico.cern.ch/event/1250075/contributions/5348859/attachments/2670245/4628813/IMCC_fluidized-tungsten-target_v1.pdf
https://indico.cern.ch/event/1250075/contributions/5348859/attachments/2670245/4628813/IMCC_fluidized-tungsten-target_v1.pdf


G4Beamline yield validation
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G4Beamline yield validation
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Takeaways

• Increasing target density worsens radiation damage faster than muon 
production increases.

• Comparing targets across varying beam conditions is highly non-trivial.
• 1 MW != 1 MW, 1 dpa != 1 dpa (across beams, materials, target designs, etc)
• Focused studies on favored production scenarios are crucial

• Very few studies on highly irradiated (beyond 5-10 dpa) materials for 
beam-intercept devices (targets, windows, etc).
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Takeaways
• Mu2e: 1e20 POT per year at 8 GeV (~8 kW) will already bring 

radiation damage concerns for almost any compact target
• We are considering different designs to address this
• Mu2e will probably be the last attempt of a solid, fixed, radiatively cooled 

target (high-Z or otherwise) for muon production

• The MW era of high-power targetry will raise major challenges in 
radiation damage and radiological effects
• 1 MW beam != 1 MW-yr of operation if target failures persist

• Many challenges in muon beams, and production is a big one
• We will need to address this as global community to enable future 

facilities, highly synergistic across everything related to muon beams
M. Hedges: IMCC Demonstrator Workshop 2810/31/2024
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Kevin Lynch (FNAL TSD Dept. Head): NuFact 2024



A very bright (busy…?) future for target systems at FNAL

8 GeV

120 GeV



Backup
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1 MW != 1 MW for radiation damage
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1/28/2025 M. T. Hedges --- 2025/01/28 Mu2e Target Redesign meeting 33

https://indico.fnal.gov/event/15204/contributions/30225/
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SNS Results for Inconel and Aluminum

1/28/2025 M. T. Hedges --- 2025/01/28 Mu2e Target Redesign meeting 35

https://indico.stfc.ac.uk/event/961/overview
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