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Accelerator for Neutrino Experiments

Neutrino beamline
[
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Accelerator Decay Volume dump Detector Detector
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Conventional and upcoming world-class neutrino beams require:
*High-intensity proton beam

. Effective manipulation of high-power beams

. Stable operation through commissioning
*Radiation-hard equipment

. Durable targetry and monitoring systems
*Comprehensive beamline modeling

. In-depth understanding of beamline dynamics

*Synergies between neutrino and muon beamlines



Key Topics to be Addressed

*Exploring New Target Technologies
- Can fluidized powder or granular targets revolutionize our approach?

*Advancing Accelerator Capabilities
- What is the roadmap for 2MW and beyond?

*Shaping the Future of Neutrino Research
- Where do we go after DUNE, T2K, and ESSnuSB?

*Leveraging Synergies in Physics
- How can collider, neutrino, and muon research intersect?



Key Topics Addressed

Robert Zwaska

£& Fermilab

*Exploring New Target Technologies
- Can fluidized powder or granular targets revolutionize our approach?

ACE-MIRT plan motivated by faster delivery of DUNE science

For instance, allows to achieve 5 o mass ordering sensitivity for 100% of ,, values in 3.5 years

instead of 5 years

ACE-MIRT scope to enable >2MW

This component of ACE plan aims to develop the Fermilab accelerator complex
capabilities beyond PIP-I, without new accelerator construction.

Proposed offer ) and benefits

Overall efficiency and reliability of operations
+ Implement improvements aiming to reduce losses, radioactive activation
Task 1) Improve MI reliability by replacing quadrupele magnets with robust design
Machine capability: Maximum proton flux produced by the accelerator
. Task 2) Upgrade Mi ramp power system to enable faster cycle time (1.2-0.65)
Task 3) Upgrade MI RF acceleration system to allow for more beam flux
Ability of target station to convert protons to neutrinos
' Task 4) Upgrade LBNF Target and Horns to reliable 2+ MW capability (*)

Strategy for ACE-MIRT
+ Main Injector
Power supplies ~3100M (DOE 0413.3b project), needs altenatives analysis
RF ~5140M (DOE 0413.3b project), needs alternatives analysis
- Abortline upgrade Accelerator Improvement Project (AIP)
Provide power supplies for LBNF beamline which need different specifications for fast cycle
lime

Targetry

- Target materials R&D

- Staged target development for higher beam power
Hom analysis and design modification

- Complete instrumentation AIPs for 20-Hz operations
MI magnet testing at faster cycle time, produce spare quadrupoles to install as needed
Increment in ops funding eg $5Mly for madernization, $0.5Miy for SPS
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Key Topics Addressed

*Exploring New Target Technologies

Abe Burleigh

- Can fluidized powder or granular targets revolutionize our approach?

Neutrino HPT R&D Materials Exploratory Map

SEHS

accelerator efficiency Approaches: fabriation

Zirconia & tungsten Nanofibers & high- =
Challenges in High- nanofibers absorb stress, entropy alloys show 2
Power Targetry: showing high radiation promise for future high- 2
resistance power targets § N .“"‘ e o 0l

§ .o o ., LA 5
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Radiation damage & . . 8 SE3

e ek Iigmit Nanofiber& Granular Ongoingsimulations & % Uncharted terrtory

[CoFailedinsenice o Completed service e o Future experiments

S5E+412
16020 1621
Currentmaterials like
graphite & titanium face Foaus on nandfibers,
embrittlement, swelling, high-entropy al lo\(s, and RaDIATE Collaboration Neutrina High Power Targetry Materials
and reduced the rmal granular materials (windows, production targets)

i Created in 2012
arihiniiy Collaboration has grown to 20 institutions

Beam windows,
target containment

Target core
RaDIATE collaboration e 4 as
tests advanced materials
forbetter radiation & / Beam
thermal shock resilience Ofermiap ) Mindows

Research Focus:

Beam windows,
target core

16422 16023

Radiation Damage Severity (p/cm?)
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Key Topics Addressed .

*Exploring New Target Technologies
- Can fluidized powder or granular targets revolutionize our approach?

Muon production target wish list Material Performance:
——l = *Graphite: Lower DPA (~1
Maximize Long-lived Josbedie) X | DPA/year), more resilient

production @ (in a beam)

*Tungsten: Higher DPA
(~100 DPA/year), rapid
degradation

Inconel: Used in
muon/antiproton targets but
prone to melting

Takeaways

G4Beamline yield validation | e

+ Increasing target density worsens peak radiation damage faster Source: Madeleins Bloomer, Emory University
- FNAL Undergraduate Summeat Intern [2024]
than muon production increases

*+ Good news! Lower density targets also absorb less energy, and
(usually) run less hot

+ Fewer beam studies done with mid-density targets (e.g. TZM) - +

« Fun fact: Inconel was the material for FNAL antiproton source! - D et
Lo T



https://indico.fnal.gov/event/63406/contributions/297861/

Key Topics Addressed

*Advancing Accelerator Capabilities

Athula Wickremasinghe

= Fermilab

*Tuning Ml beam for 1 MW beam on target provided valuable lessons leamt
*Future Upgrades: Testing new graphite materials for improved thermal conductivity and

preparing spare horns for future operations

Beamline updates for 1 MW operations

2019 » 2020

Replaced Repiaced  Replaced
Hom #1. #2 target
| oo | =1

Hom #2

2022 summer: Replaced the 1 MW
target after completing the service
duration.

2023 January: Replaced the
horn 2 after having a stripline
failure.

2019 summer: Replaced the
700 KW target with 1 MW target.
2020 summer: Updated horn
1and 2 for 1 MW
operations.

1-MW NuMi target

Tuning the MI beam for 1 MW challenge

o Tuned the MI chromaticity to achieve Main Injector 120GeV beam power

optimal beam spot size at the baffle Ty nT

for 1 MW challenge.

Ramped up the beam power step by

step.

04:12 to 06:53 - Solidified MW

capabilities

~ Occasional RF trips and LINAC
downtime

o 06:53:20 — Achieved averaged 1 MW
challenge

o 08:21:02 - Achieved one full hour of
1 MW beam with ZERO trips

_ June 26
Max. Point |

°

°

)

o1.00 g 67.00 0.97
( Credit to Adam Schreckenberger)

Finally we recorded the averaged highest beam power
1.018 MW I!
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Key Topics Addressed

*Advancing Accelerator Capabilities

Robert Zwaska

a2 Fermilab

*At Fermilab, PIP-Il upgrades to reach 1.2 MW, followed by ACE-MIRT improvements to achieve 2+

MW, focusing on enhancing Main Injector reliability and target system upgrades

*Shaping the Future of Neutrino Research

*After DUNE, focus shifts to LBNF/DUNE Phase I, aiming for precise CP violation measurements
and exploring next-generation experiments powered by a robust 2.4 MW accelerator complex

DUNE power with a Booster Replacement

1.018 MW

|

Mu2e
complete
in 2033

Main Injector 120GeV beam power

BN 1.018 MW POWER

Scoster rplapentent

—— PRIl and ACE

f—t 2]

(Mu2e restarts 2029)

Summary

- Decades-long plans are being put into action

— Install LBNF & PIP-Il
~ Relire Linac & NuMI

— Integrate improvements to the complex: ACE-MIRT, AlPs, UIP, ACORN

+ Until 2027

~ Continue to deliver to present and new experiments
+ NOVA, SBND, ICARUS, 2x2, ANNIE, Mu2e, Spinquest, MTA/ITA, FTBF,

* The Long Shutdown is approaching in ~ 2027

b > 4 & 8 0 12 1w 18
Yeu

~ New Challenges and opportunities emerge on an almast daily basis

0

Total exposure (kt-MW-yrs)

EEEEE

—— PR ¢ ACEAIRT + FO3

—— PP oy

+ Fermilab Accelerators have run for decades and are now at a tuming point

Years
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Key Topics Addressed

*Advancing Accelerator Capabilities

Increased Neutrino Beam Power: Horn upgrades
enabled stable operation at 320 kA, supporting beam

power up to 800 kW, with atarget ofreaching 1.3
MW for future experiments

Enhanced Neutrino Focus: Upgraded horns improve
focusing of pions, intensifying neutrino beam by a
factor of 15

Improved Cooling & Reliability: New horn designs
feature improved water sealing and enhanced
cooling, allowing better thermal management during
high-power operations

Long-Term Operation: Upgrades ensure reliable, long-
term operation of the neutrino beamline for high-
precision experiments like T2K and Hyper-K

Tetsuro Sekiguchi

(2. .
o»-IRC

© Horn Upgrade Overview

Horn PS upgrade for 250320 kA at 1 Hz
* 10% more neutrinos @ SK
* Two — Three PS system
* Upgraded all the electrical components
[Horn with d
* New horn2 with improved cooling
« New hornt with improved water sealing

horns

10
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‘Shown in ines:

00 * 2nd stage major upgrade in FY2026
600
500 * Al the upgraded systems are working very well at 800 kW operation
400
300 * Woking on countermeasures for aging of old equipments
1200 |
1 {100 +Both haraware UpGrade and beam operation are important
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2035 *+ Beamline should be ready to take beam for more than 4 months/year for T2K operation
Total accumulated POT for T2K : 4.35 x 1021 POT (as of Jun. 2024) = 1.0x10% POT (T2K goal) * Second major upgrade planned in FY2026
4., 2.7x102 POT (HK 10-years) + B months shutdawn required for the remaining upgrades
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Tetsuro Sekiguchi

Key Topics Addressed s
/"J—mac

*Advancing Accelerator Capabilities L ¢
*Upgrades ongoing toward 1.3 MW operation by FY2028

*Second major upgrade scheduled for FY2026, with improvements to cooling, power supplies, and
beamline systems

*Shaping the Future of Neutrino Research

*J-PARC accelerators aim for full 1.3 MW operation by FY2028, supporting future high-intensity
experiments

« J-PARC neutrino beam for GP violation search in lepton sector
* J-PARC accelerator and neutrino beamiine upgrade toward 1.3 MW ongoing
* MR upgrade toward 1.3 MW by 2028
+ 1st stage major upgrade completed in FY2021-2022

[Stable operation at 800 kW after MR PS upgracie achieved in Jun. 2024 run

151 generation targatber 2ns gunaraon targathom 319 ganeraion targaumorn

1900
800

Beam Power (kW)
Shawm in dats

» Beamline will be ready for 1.3 MW after FY2026 = J-PARC accelerators aim to achieve 1.3 MW by FY2028

- T - - KT’ Mookl o | vy wenesgvaem | pvss P prases_pviss
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Key Topics Addressed

*Advancing Accelerator Capabilities

*ENUBET offers technology to produce
monitored neutrino beam

*Uses a hornless staticfocusing system to enhance
neutrino flux precision with slow extraction

*Employs normal conducting magnets and
quadrupoles for narrow-band neutrino beams

*Beam tests and GEANT4 simulations confirm
system's ability to achieve <1% flux uncertainty

ENUBET — Summary
Grmmm———————

[Monmdneuvimbeam lsmmmmmmgm,hkmammmm

( We can measure the charged leptons in a decay tunnel using a horn-less beam
*  DUNE energy range (ENUBET)

*  ESSnuSB energy range (ESSnusB+)

- o
- =
=)

« Statistical error <1% with a 500 ton detector
* Flux systematic uncertainties <1%

of

harz0 Tt poder b e

Leon Hali¢

*Shaping the Future of Neutrino

Research

*Monitored neutrino beams offer precision
crucial for long-baseline experiments

like DUNE

*Kaon tagging improves neutrino flux
determination from decay modes

*Optimized design sets the stage for next-
gen cross-section experiments with
enhanced energy resolution and minimal

systematic errors

12
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Key Topics Addressed iz, &

*Advancing Accelerator Capabilities
*ESSVSB proposed next generation long baseline
experiment

*5 MW Proton Beam for high-intensity neutrino
production

*Upgrades: H- source, accumulator ring, and target
station

*Granular Targets cooled by helium for enhanced
reliability

*Shaping the Future of Neutrino

Research

*CP Violation: Precision at second oscillation
maximum

*Far Detector: 538 kt Water Cherenkov at 360
km

*Extended Physics: Atmospheric neutrinos,
proton decay, supernova neutrinos

*ESSVSB+ proposes new physics opportunities with
enhancements like Low Energy nuSTORM and far
detectors enriched with gadolinium

George Fanourakis

Co-funded by the
European Union

zss»« oo Super en

The European Spallation Source (ESS)

> The £S5 facilty is unds Lund, Sweden. First 2026.
¥ Using a powerful proton linear accelerator,
designed for =2 GeV and S MW power.

to produce the world's most powerful

neutron source

> 14 Hz repetition rate (2.86 ms pulse duration,
10% protons).

» upto 3.5 GeV with linac upgrades,
>27x10% pot/year.

Using this powerful accelerator, we can
produce high intensity neutrino super beam!

4

The European Spallation Source Neutrino
Super Beam (ESSVSB)

e
R (‘,‘:'.L‘;I‘:‘ o ey

:

B

ESSVSB COR
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Key Topics Addressed

Shaping the future & synergies

14



Key Topics Addressed

Muons

*MELODY Project: A new target station at CSNS to
produce surface, negative, and decay muons for
scientific research by 2028

*Muon Applications: Supports diverse fields, including
superconductivity, magnetism, particle physics, and
muon detector development

*High Muon Yield: Optimized copper target design and
Al-enhanced solenoid focusing for high-efficiency
muon production

New analysis for the target selection

* Generate unifoem ke and stropic
distribution of surfocy
-+ Transport 1 1o he sanple psiton,
sonplewith &2 3-10n
+ Troce back the defected by the sample
face muons ot the farget region

Liu Guongdong / CSNS

Nikolaos Vassilopoulos

e

Physies 6&5_._

ning and Day-one experiments: J
208 T e ince April 2018

e power 160 kW - stable - in 2024/8

+ A new tanget station in €SNS for a muon source (WELODY)

+ 16 GeV proton beam, 20 kW, 1 Hz pulsed beam

* Physics design Campleted.

* Thick copper target with solencid 1o colect muons

+ Optimized for

Extensible for

+ Ecuipment Design: Finaizaton i progress

focturing: Expected to

202410

+ Testing and Installation: Scheduled for completion wnawmmmwmm

202812 202610

Timeline of MELODY

Froject has been approved and will be built in 5 years.

T

03 MSI MIEL ML MDD 2081

Ty e

Tedhnique
oesn

P ...
Devetogme

.

=i hon
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https://indico.fnal.gov/event/63406/contributions/297780/

Key Topics Addressed

Muon Collider

Advancing Accelerator Capabilities:
*Multi-MW Proton Drivers: R&D needed to adapt
for Muon Collider requirements

*Muon Cooling: Muon ionization cooling
demonstrated; significant R&D ongoing for 6D
cooling

*TeV Acceleration: Conceptual designs up to 10
TeV using rapid cycling synchrotronsin place

Shaping the Future:

*Neutrino Radiation: Innovative mitigation system
developed to reduce radiation exposure from
muons

*US Leadership: Plans to build a Muon Collider at
Fermilab by 2040 with global collaboration

16

Diktys Stratakis

ermilab

Motivation

Muons as compared to protons

« Are leptons & use all energy in a collision

+ Need less collision energy for same physics
Muons as compared electrons

« Muons emit little synchrotron radiation

+ Acceleration in rings possible to many TeV/
A Muon Collider (MuC) can serve as &

energy reach and precision machine
at the same time

In a MuC, luminosity to power ratio
improves substantially with energy

—¥

]
,E‘
LA
r

Challenges

High-gradient SRF

Challenging magnets
cavities for acceleration i Sr.g Tione

in many places

Dense
neutrino flux
needs to be
Intense proton driver, itigated
high-power target, cooling

IMCC & US Snowmass studied challenges:
~ No fundamental showstoppers identified
~ BUT engineering challenges exist

Beam induced background
- Significant R&D is needed!

in the detectors
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Key Topics Addressed

Muon Cooling

nuSTORM: Creates high-precision
neutrino flux from stored muons,
acting as a testbed for future
accelerator technologies

Advancing Accelerator Capabilities:

Muon Collider Synergy: 6D cooling lonization Cooling: Uses absorbers
demonstrates crucial technology for and RF cavities to red uce emittan ce
future muon colliders in all 6 dimensions

« lonisation Cooling involves passing the beam through an absorber. (?9'{;11 mr‘v:g?? oc:éllllgerl sﬁ:is;n 630(0
« The beam loses momentum in all direction as it ionises the absorber. uce ammanoe[gn all d:recllons
* An RF cavity restores momentum in a single direction. . Tms Is followed by 4D

* Multiple coulomb scattering from the nucleus is mitigated using low-Z in |he ransverse direction at
malenals and having tight focussing using solenoids. cost of longitudinal emittance.

+ Having a dipole and a wedge-shaped absorber allows us to cool in
all 6 dimensions.

Rohan Kamath

IMPERIAL

}mﬂ‘,wmr«

umm
Faciities Councl

nuSTORM shares targetry and beam|
instrumentation technologies,
sup porting R&D for muon collider
development

Engineering Innovations: RF

cavities and magnet integration

under development for effective

cooling

* Proton Driver Flexibility: De monstrat or
can besited at CERN or Fermilab,
offering versatility for future
experiments

which |nvo!ves coo n'g only

17
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Rohan Kamath

Key Topics Addressed

IMPERIAL
Synergies with Neutrinos

Simulation and design of neutrinos from STORed Muons (nuSTORM)
experiment

*nuSTORM: Creates neutrinos from stored muons with %-level precision for high-precision
cross-section measurements

Shaping the Future:
*BSM Physics: nuSTORM offers sensitivity to rare processes and sterile neutrino searches
*Synthetic Beams: Uses linear combinations of fluxes to create quasi-monoenergetic neutrino

beams for precision studies Scientific Program

DUNE Off-Axia USTORM mor

fi

A

18


https://indico.fnal.gov/event/63406/contributions/297407/

Key Topics Addressed

Jonathan Williams

£& Fermilab

Fermilab Facility for Dark Matter Discovery (F2D2)

Advancing Accelerator Capabilities:
*F2D2 Beam Stop: Designed for dark sector
searches using excess beam from PIP-I|

*High Power Targetry: F2D2 can serve as a
testbed for future high-power targets,
including muon collider facilities

*Thermal Management: Advanced cooling
systems to handle 2.5 MW

00 biov PP
s Ge Booste (va Recycer
20 Gov bt

Shaping the Future

Synergy with PIP-II: Leveraging unused beam
power for smaller, focused dark matter
experiments

Muon Collider Readiness: F2D2 shares target and
cooling technologies with future muon collider
developments

R&D for Next-Gen Facilities: Contributes to both

neutrino and dark matter experiments while
advancing muon collider capabilities

19
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Summary

We reviewed current accelerator operations, upcoming plans,
and explored novel ideas crucial for next-generation neutrino
experiments

Synergies between neutrino, muon, and collider research will
drive future breakthroughs

20



We had many interesting talks and
discussions

Thank you!
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