Fermilab Accelerator Complex
Upgrades and CLFV

Michael Hedges
06/19/2026
FERMILAB-SLIDES-26-0110-AD



& Vision: Where Is Fermilab Going?

We are one lab - We all work for science - We focus - We collaborate - We execute
Beam to LBNF-DUNE by 2031 HL-LHC Driving Innovation

T =

FERMINATIONAL ACCELERATORLABORATORY




& Vision: Where Is Fermilab Going?

We are one lab - We all work for science - We focus - We collaborate - We execute
Beam to LBNF-DUNE by 2031 Driving Innovation

i‘
%
4
(o]
<
|
—|
Ll
o
<
_
<
Z
o
7
Z.
=
o
T
™




2= Fermilab accelerator complex 2026
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2% Fermilab accelerator complex 2031
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aF Timeline for transition to the Linac2, LBNF/DUNE
era

LBNF (commissioning and operations)
Mu2e (commissioning and operations)
Booster Neutrino Beam

$Y120 Test Beam

NuMI (Neutrinos from Main Injector)

Linac construction

Warm Front End and Linac commissioning
Booster connection

BTL commissioning

Booster commissioning (project/operations)

Far Site construction

Near Site construction , :
Main Injector connection

Draft schedule as of May 2026 Mioff  Users off Booster on

LEGEND

Activity requires shutdown
Activity does not require shutdown

- Beam to experiment ON
6/19/2026 CLFV 2026 --- M. T. Hedges Beam program to be determinedg
- User program off



PIP-1l & Linac2

* PIP-Il project will deliver Linac2, which is necessary to achieve
LBNF/DUNE physics goals (along with Booster & MI modifications)
* Linac2is an 800 MeV H- superconducting RF linac CW capable and

upgradeable to 2 GeV
Injection energy (MeV) 400 800
Current (mA) 30 2
Booster injection area L1 L11
Pulse length (us) 30 250

Booster intensity (protons per pulse) 4.7x1012 6.7x1012
Booster repetition rate (Hz) 15 20
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PIP-1l & 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

Injection energy (MeV) 400 800
Current (mA) 30 2

Booster injection area L1 L11
Pulse length (us) 30 200

Booster intensity (protons per pulse) 4.7x10%2 6.7x1012
Booster repetition rate (Hz) 15 20
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MuZ2e-II

e |dea to utilize Linac2 and maximize reuse of Mu2e infrastructure
* Assumes 5.5 x 10*? stopped u~ to achieve R,,,, < 6.4 x 107'% (on Al)*

« Approx 10%? protons on target at 800 MeV for ~10x improvement over Mu2e

* Significant Snowmass effort on detectors and physics reach

Results Muz2e MuZ2e-1T (5-year) Required improvement
Backgrounds

Decay In Orbit 0.144 0.263 Improved tracker resolution
Cosmics 0.209 0.171 Improved veto and enhanced shielding
Radiative Pion Capture 0.025 0.033 Improved extinction < 107!
Radiative Muon Capture < 0.004 < 0.02

Antiprotons 0.040 0.000 Beam energy below p threshold
Others < 0.004 < 0.017

Total 0.41 0.47

N(muon stops) 6.7 x 10°° 5.5 x 10

SES 3.01 x 1017 3.25 x 1018

R,.(90% CL) 6.01 x 1017 6.39 x 1018

R, (discovery) 1.89 x 1016 2.34 x 10717

6/19/2026
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*Many assumptions, details can be found elsewhere
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— Target

~100x proton rate

Fixed to
rotating

Upgrade solenoid shielding
from bronze to tungsten
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Advanced Muon Facility (AMF)

* A single facility capable of
simultaneous u™ and u~
production, storage, and
delivery to experiments

« >10x MEG-II(])

>10x Mu3e

>10(0)x Mu2e(-I)

* Various stopping targets?

Muonium-antimuonium oscill.

Others? (muSR?) IM NE

6/19/2026 CLFV 2026 --- M. T. Hedges
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Proton Driver Front End Muon Beams Experiments
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5 100kW-1MW FFA to create pure,

=8 target in a Capture cold muon beam

Solenoid

 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

6/19/2026 CLFV 2026 --- M. T. Hedges 12



L experiments

Muon transport solenoid

L extraction

4 oxiachion z*, i injection

Muon transport solenoid

1 experiments

Pion/muon
transfer solenoids

Pion capture

solenoid
Proton beam



Recurring theme: 10x sensitivity / generation

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

6/19/2026 CLFV 2026 --- M. T. Hedges
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Recurring theme: 10x sensitivity / generation

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

* High-intensity muon source
* No realistic ideas, even on paper

6/19/2026 CLFV 2026 --- M. T. Hedges

15



Not a groundbreaking revelation...
One Conceptfory™ N — e™ N

e FFA (PRISM) is essentially a muon storage ring

e \Wait out 7 decays in the beam, produce a pure,
cold muon beam

skier’s guide
‘ hard but not new

. really hard but
not new

really hard AND new

6/19/2026 R. Bernstein, FNAL 10 Future Muon Program
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Not a groundbreaking revelation...
One Conceptfory™ N — e™ N

e FFA (PRISM) is essentially a muon storage ring

e \Wait out 7 decays in the beam, produce a pure,

cold muon beam skier’s guide ~uture CLFV facilities will
¢) hard but not new pe driven by advances in

W really hard but  high-power targetry!
not new

really hard AND new

R. Bernstein, FNAL 10 Future Muon Program 17




Targetry challenges are not unique to CLFV!

6/19/2026 CLFV 2026 --- M. T. Hedges

18



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

6/19/2026 CLFV 2026 --- M. T. Hedges 19
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Power deposition
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(Graphite cores

~700 C max core temp in large graphite target: Tricky, but not unheard of
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Activation (Preliminary): 100 days on, 4hrs cooling

Log of Prompt Equivalent Dose (Sv)
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* 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

($$$$)

e Orlimitto 10%
intensity

login of Eqv Dose
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Molten Salt as a Target Material

(Adapted from J. Williams (TSD))

» 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 Bl fd
« Beam windows still limit life \ Commercial parallels with

. \ MSR/nuclear industry
* Dpa, cavitation
« Difficult, expensive remote handling and disposal Spallation sources use replaceable

FLiBe salt, ORNL

- Activation on par with existing targets primary beam windows
+ “Defrost’ cycle on startup Spallation sources (ESS and SNS)
* Detailed modeling and testing of system needed have capable remote handling/PIE

6/19/2026 CLFV 2026 --- M. T. Hedges 23



2& Main Injector Ramp and Targetry  (another case study)

Increase beam power by shortening cycle time

« Reduce cycle time to reach ~2MW beam power to DUNE
« 1.2 MW assumes 1.2s cycle time
« May be able to reduce as low as 0.65s

« Compared to increasing intensity:
» Reduces likelihood of space charge effects and instabilities
» Reduces impacts of limited aperture
» Does not require replacing Booster!

 Also mitigates risk of not meeting design intensity for 1.2MW

« Demonstrated 1.02 MW after reducing cycle to 1.067s
(LBNF/DUNE)




“Targetry”: challenges of 2x protons

Removable Work

Steel Shielding Cell
2.4MW 2.4 MW

|| —

| ’ 1.2 MW\ \

Steel Horn C Cooling Horn B Horn A with Baffle Primary Beam

Decay Region
Upstream Window

>1.2 MW? 2. AMW 2.4MW 1.2MW Assembly

Shielding >1.2 VMIW? Panels >1.2MW? Target 1.2 MW? Window 2.4MW



“Targetry”: challenges of 2x protons

Removable Work
Steel Shielding Cell
2.4 MW

2.4 MW

U Zif:ng:v?:&lw Steel Horn C Cooling Horn A with Baffle Primary Beam
. >1.2 MIW? Shlelding >1.2 MW ? Panels >1.2 MW : Target >1.2 MW ?) Window 2.4 MW
e 2.4MW 2.4MW 1.2 MW Assembly



MuZ2e: 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?)

6/19/2026 CLFV 2026 --- M. T. Hedges 27



(courtesy of Yongjoong Lee - STS, ESS W irrad at STIP-V (PSI) (560 MeV protons, <20 dpa, 100-800 C)
Results presented ~2019) . - - | g

Bend test specimens: 8 mm long bend bars with 1 mm
X T mm cross section

Bend bars broke in brittle manner

« DBTT above maximum test temperature 500 C

(3FL)
Stress =6 = ———,
(2bd*)
1400 Strain = & = @
(%)
1200
1000 80
300/350°C * Touloukian et al.
5 ! i ® Urirradiated
(2] L
3 400° G- 1Y ® 39dpa
» e LET -
g o ) ‘ B A 58dpa
A Radiation damage induces decrease in thermal =
400 § § diffusivity %* 60 + ¢ 3.9dpa-Annealed
o d = 1000°C, 1 h
® 4 - DPA effect =
200 | v =
« Lattice defects induces resistance in electrons ‘—-3 S0 ®
= and phonons transport = + *
0.00 5.00 10,00 15.00 20,00 25.00 30,00 35.00 2 40t ®
, =
Strain (%)
Ay}
. 30 : : : . :
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Material change to Inconel 718

Acta Materialia 231 (2022} 117889

Contents lists available at ScienceDirect

Acta Materialia

journal homepage: www.elsevier.com/locate/actamat

Observations of radiation-enhanced ductility in irradiated Inconel 718- &

Tensile properties, deformation behavior, and microstructure *

David A. McClintock®*, Maxim N. Gussev®, Cody Campbell¢, Keyou Mao*,
Timothy G. Lach9 Wei Lu?, Jordan A. Hachtel®, Kinga A. Unocic*®

#Neutron Technologies Division, Oak Ridge Notional Laboratory, P.O. Box 2008, M.5. 6476, Oak Ridge, TN 37831, USA
b Nuclear Energy and Fuel Cycle Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

©BWX Technologies Inc., Lynchburg, VA 24504, USA

d Materials Science and Technology Division, Oak Ridge National Loboratory, Oak Ridge, TN 37831, USA

= Center for Nanophase Materials Sciences, Oak Ridge Notional Laboratory, Oak Ridee, TN 37831, USA

Materials Science & Engineering A 929 (2025) 148111

Contents lists available at ScienceDirect

Materials Science & Engineering A

ELSEVIER journal homepage: www.elsevier.com/locate/msea

Microstructure, stored energy, and stability of H/He-filled nanocavities in
low temperature irradiated Inconel 718

Timothy G. Lach® @, Kinga A. Unocic *-°, Maxim N. Gussev “, Amy J. Godfrey?,
Weicheng Zhong *©, Hsin Wang “, Wei Lu®, Elvis E. Dominguez-Ontiveros °,
David A. McClintock ©

= Materials Seience and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA

" Center for Nanophase Materialr Sciences, Oak Ridge National Laboratory, Oak Ridge, TN, 27531, USA

= Crgrendy: Department of Materials Science and Engineering, North Carolina Seate Untversicy, Raleigh, NG, 27695, USA
® Nuclear Energy and Fuel Gycle Division, Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA

= Neutron Technologies Division, Oak Ridge National Laboratory, Ook Ridge, TN, 378321, U'SA
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“Normal” behavior (SS316L)
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Not done yet!

6/19/2026
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Composite core (future concept)

Inconel fins
and frame

Tungsten pellet

Thermal interface —
Silver solder?
Other braze material?

6/19/2026

CLFV 2026 --- M. T. Hedges

Inconel closeout
(micro-TIG post-braze)
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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

6/19/2026 CLFV 2026 --- M. T. Hedges
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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

* |[f we can solve MuZ2e, we can solve LBNF/DUNE
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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

* |[f we can solve MuZ2e, we can solve LBNF/DUNE

* [f we can solve LBNF/DUNE, we can solve Mu2e-Il ...

6/19/2026 CLFV 2026 --- M. T. Hedges
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Summary and takeaway(!)

Target systems performance will
drive future Fermilab upgrades
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Target development staged approach

LBNF Beam Construction

Stage 2

6/19/2026

2w %@

Design/R&D

Validate > Stage 1 Op ? MW>

>

Materials R&D
results needed to
inform design
modifications

Design/R&D

for higher beam

NI \7@

Build/Test >

Validate > Stage 2 Op 7 MW

} power

Stage 3

Design/R&D >

Build/Test/LSD? >

Validate ) Stage 3 Op 2.4 Mw>

— Push current designs (1.2 MW) to validated limitations

« Stage 2 — Design and build 2" generation components with modifications to
existing designs to raise limits while maintaining reasonable useful v flux/POT

« Stage 3 — Design and build fully optimized next generation systems to take full
advantage of maximum POT from accelerator complex (may not be needed)

CLFV 2026 --- M. T. Hedges
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Horns for 2.4 MW performance

* Horn A requires reanalysis and likely redesign

— 1.2 MW analysis indicates 2.7 safety factor :
on fatigue endurance limit |

40,147
| 365
| 32853

— Likely redesign to:

20.206
25.559 Min

» Avoid beam heating in critical locations
» Strengthen structure in critical locations
« Horns B&C see less beam heating
— Safety factor: 7.3 for 1.2 MW operation

— Require reanalysis, but less likely redesign

6/19/2026 CLFV 2026 --- M. T. Hedges 44
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FLUKA sims of target designs

TUNGSTEN INCONEL-718 HAYMAN 2 (W)
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