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PIP-II & Linac2
• PIP-II project will deliver Linac2, which is necessary to achieve 

LBNF/DUNE physics goals (along with Booster & MI modifications)
• Linac2 is an 800 MeV H- superconducting RF linac CW capable and 

upgradeable to 2 GeV
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PIP-II & Linac2

• 0.55ms every 20Hz is put into the Booster for 8 GeV and 120 GeV beams
• The remaining 99% of beam capacity will be available
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Mu2e-II
• Idea to utilize Linac2 and maximize reuse of Mu2e infrastructure

• Assumes 5.5 × 1019 stopped 𝜇− to achieve 𝑅𝜇→𝑒 < 6.4 × 10−18 (on Al)*
• Approx 1022 protons on target at 800 MeV for ~10x improvement over Mu2e

• Significant Snowmass effort on detectors and physics reach
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*Many assumptions, details can be found elsewhere
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~100x proton rate

Upgrade solenoid shielding 
from bronze to tungsten

Fixed to 
rotating 
target



Advanced Muon Facility (AMF)

• A single facility capable of 
simultaneous 𝜇+ and 𝜇− 
production, storage, and 
delivery to experiments
• >10x MEG-II(I)
• >10x Mu3e
• >10(0)x Mu2e(-II)

• Various stopping targets?
• Muonium-antimuonium oscill.
• Others? (muSR?)
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• SC Linac(2?) into a compressor ring to provide short O(10ns) at >100 HZ
• Fixed Field Alternating (FFA) gradient ring for storing muons of both signs 

• Many ideas on how to potentially achieve these two above points (details elsewhere)

•  Multi-MW low energy proton beam onto a production target inside of high field 
solenoid for producing and transporting mu+ and mu- into the FFA
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*No ideas on how to do this…



Recurring theme: 10x sensitivity / generation

• Extensive simulation studies of detectors and physics reach
• Largely driven by the muon conversion groups (Mu2e) 

• Proton driver front end & muon transport systems
• Proton Driver: Always progressing, likely can use Linac2 for most if not all 

ideas. Needs to fit within Fermilab program
• Muon transport: Build on Mu2e/COMET experience, good design ideas 

(combination of “on paper” and demonstrations) for future ambitions (FFA)
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• High-intensity muon source
• No realistic ideas, even on paper



Not a groundbreaking revelation…
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Not a groundbreaking revelation…
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Future CLFV facilities will 
be driven by advances in 
high-power targetry!



Targetry challenges are not unique to CLFV!
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Case study: Beam dump facility at Fermilab

• Another idea for Linac2: 2.5 MW @ 1 GeV onto a serviceable low-Z 
target+absorber to produce dark matter, detected downstream
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Power deposition
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~700 C max core temp in large graphite target: Tricky, but not unheard of



Activation (Preliminary): 100 days on, 4hrs cooling
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Activation (Preliminary): 100 days on, 4hrs cooling
• Orders of magnitude 

beyond anything ever 
handled on Fermilab 
complex

• Need substantially 
larger facilit(y/ies) 
with advanced remote 
handling, hot cells, 
and storage capability 
($$$$)

• Or limit to 10% 
intensity
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• Benefits:

• Convenient melting point, good thermophysical properties

• Dilution of activation products in total salt inventory

• Heat removed with the flowing salt

• Comparable performance to graphite (similar Z)

• Drawbacks:

• Tight control of salt chemistry required

• Beam windows still limit life

• Dpa, cavitation

• Difficult, expensive remote handling and disposal

• Activation on par with existing targets

• “Defrost” cycle on startup

• Detailed modeling and testing of system needed

Molten Salt as a Target Material

Commercial parallels with 

MSR/nuclear industry

Spallation sources use replaceable 

primary beam windows

Spallation sources (ESS and SNS)

have capable remote handling/PIE

FLiBe salt, ORNL

(Adapted from J. Williams (TSD))
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(LBNF/DUNE)

(Another case study)



“Targetry”: challenges of 2x protons
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“Targetry”: challenges of 2x protons
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Mu2e: Challenges of nominal amount of protons!

• “Hayman2”
• Monolithic tungsten design

• Primary goal: keep temp (1150 C) 
below recrystallization (1500 C)

• Limited data for highly-irradiated 
tungsten available at the time 

• Fins kept thin (~1 mm) to 
minimize reabsorption

• $100k / target (pre-COVID?)
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ESS W irrad at STIP-V (PSI) (560 MeV protons, <20 dpa, 100-800 C)(courtesy of Yongjoong Lee – STS,
Results presented ~2019)



Material change to Inconel 718
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7.6 dpa
(Target 12) 

“Normal” behavior (SS316L)

(D. Mcclintock: IWSMT-16 (2024))
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7.6 dpa
(Target 12) “Normal” behavior (SS316L)
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7.6 dpa
(Target 12) “Normal” behavior (SS316L)
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Not done yet!
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Composite core (future concept)
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Inconel fins 

and frame

Tungsten pellet

Inconel closeout

(micro-TIG post-braze)Thermal interface – 

Silver solder?

Other braze material?



Summary and takeaways

• Near-term Fermilab upgrades will be to support top priority: 
Deliver beam to LBNF/DUNE by 2031
• ACE-MIRT upgrades planned to reach ~2x production rate

• Hard at work to bring back full Mu2e target performance
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Summary and takeaways

• Near-term Fermilab upgrades will be to support top priority: 
Deliver beam to LBNF/DUNE by 2031
• ACE-MIRT upgrades planned to reach ~2x production rate

• Hard at work to bring back full Mu2e target performance

• If we can solve Mu2e, we can solve LBNF/DUNE

• If we can solve LBNF/DUNE, we can solve Mu2e-II  …
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Summary and takeaway(!)

Target systems performance will 
drive future Fermilab upgrades
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Backup
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TUNGSTEN
Damage Threshold = 70.00 eV

INCONEL-718
Damage Threshold = 33.61 eV

HAYMAN 2 (W)
Damage Threshold = 70.00 eV

FLUKA sims of target designs
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