
Jeff Eldred

IMCC 2025 Annual Meeting

May 13th 2025

Accumulator Ring Design Energy

and RCS-based Proton Driver



Muon Collider Proton Driver Schematic
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Standard Proton Driver Design

Linac:
Accelerates several-ms H- beam to high energy (8 or 10 GeV)

Accumulator Ring (AR):
Accumulates beam as protons, in several 20-120ns bunches

Compressor Ring (CR):
Compresses each bunch by a factor of 10-60 to achieve 1-3ns bunches.

Then to proton bunch combiner, muon production target, 

muon capture, muon cooling, muon acceleration…



Muon Collider Proton Driver Schematic
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Muon Collider Proton Driver Schematic
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Muon Collider Proton Driver Schematic

5 5/12/2025Jeffrey Eldred | Accelerating AR for Muon Collider Proton Driver

1 Separate 

Function Rings

3 “RCS”

Accelerating 

Accumulator

2 “AR-CR”

Combined 

Function Ring

CR

AR

Linac

CR

RCS

LinacLinac

AR-CR



Muon Collider Proton Driver Schematic
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Muon Collider Proton Driver Schematic

8 5/12/2025Jeffrey Eldred | Accelerating AR for Muon Collider Proton Driver

1 Separate 

Function Rings

3 “RCS”

Accelerating 

Accumulator

2 “AR-CR”

Combined 

Function Ring

CR

AR

Linac

CR

RCS

LinacLinac

AR-CR RCS-CR

Linac

4 “RCS-CR” All 

Purpose Ring

Scenario 4 seems 

overconstrained.

Implies scenario 3 

precludes scenario 2.



Muon Collider Proton Driver Schematic
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Subject of this talk..
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Some History on

Proton RCS vs Linac Acceleration

10
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Fermilab Proton Driver Study II (2002) 
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Two Fermilab proposals for MW upgrade

Goal is to upgrade Main Injector to 2 MW

- Benefit of 0.5 MW available at 8-GeV

- muon collider R&D specifically called out.

1) 8.0 GeV Linac directly into Main Injector.

2) 0.6-8.0 GeV RCS

- space to upgrade injection up to 2 GeV.

Two scenarios can be envisioned as opposite bets 

on SRF linac versus MW ring technologies.



Project X Initial Configuration Document II (2010)
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Update of PD2 Study, with design work 

recommended by 2008 P5 report.

- 2 MW for Main Injector neutrino program

- 3 GeV-scale kaon and muon programs

- “Path towards…possible future neutrino 

factory and, potentially, a muon collider“

1) 8.0 GeV Linac directly into Main Injector.

- CW through 3-GeV, pulsed thereafter.

2) 2.0-8.0 GeV RCS

In the intervening years, the SRF technology 

got better and the service record of the 

proton rings also got stronger.



2) 2GeV Linac + 2-8GeV RCS

ACE Booster Replacement (2022)

Beam to 
Mu2e-II 

8 GeV 
to MI 
or BNB

2 GeV pulsed

or
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2 GeV 
CW

2 GeV 
pulsed

1) 8GeV Linac + 8GeV AR

Technical integration 

of linac and ring 

approaches.

Cost and near-term 

planning considered.

0.8 MW at 8 GeV, the 

case is stronger for a 

beyond-LBNF 

program than as a 

Main Injector upgrade



Existing MW Proton Rings (~2007)
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1) Oak Ridge SNS 

Neutron Spallation Source

1.0 GeV AR, ~1.4MW

1.3-GeV AR, -> 2.8MW

2) J-PARC RCS 

Meson/Muon Production

0.2-3 GeV RCS, ~0.5MW

0.4-3 GeV RCS, -> 1.4MW

Both well designed MW-class facilities that serve as a model for proton driver…
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Energy & Acceleration

Impact on Accumulator Ring

15
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Muon Collider Proton Driver Schematic
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Energy & Space-charge
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     Laslett Tuneshift Parameter:

Laslett Tuneshift parameter is a general measure of transvese space-charge (SC) effect.

The largest transverse (and longitudinal) space-charge forces will be encountered at that end of 

bunch compression in the CR.

If the AR has the same energy as the CR, it will not be close to a space-charge limit. If there is a 

factor of 15 bunch compression, space-charge will be x15 higher. We don’t want a space-charge 

bottleneck at both AR and CR, so consider a factor of 3 reduction in space-charge for safety.

Therefore the AR injection energy can be lower by a factor of two (βγ2 reduces by ~3.4), and still 

not be the space-charge bottleneck. i.e 5 GeV Linac, RCS, 10 GeV CR

Number of bunches
Particles per bunch

Transverse emittance

(prop to beam-size squared)Relativistic β,γ factors

Bunching factor

(inverse to bunch length)



Energy & H- Injection (Foil)
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H- foil injection is a power-limiting issue for ORNL SNS ring. ~200W at injection.

IPAC2018 Plum et al. “SNS Proton Power Upgrade Status” paper

Analysis of 1.0 -> 1.3 GeV energy upgrade on foil scattering issues.

- Large angle Columb scattering rate scale as β-4γ-2 , times γ0.8 for dose.

 - Nuclear scattering rate is flat, times γ0.8 for dose.

 - These effects wash at 1.3 GeV, but at higher energies nuclear scattering dominates.

Lost particles are higher energy, also harder to collimate or direct to absorb.

Injection dipole chicane gets longer with energy, to ~40m for an 8 GeV beam.

Linac beam spot get tigher, foil heating more significant.

Conclusion: If we are keeping foil injection as an option, lower energy is better.

https://inspirehep.net/literature/1745216


Laser-Assisted H- Injection
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But in the best case scenario, is foil stripping even feasible for a 4MW proton driver AR

In laser-assisted charge-exchange (LACE), H- is Lorentz-stripped to H0, H0 excited with a laser, 

and then H0* stripped to proton with a second magnet.

If laser stripping efficiency is 95%, 200 kW is being directed to a beam dump (and experiment)!



Energy & H- Injection (Laser)

20 5/12/2025Jeffrey Eldred | Accelerating AR for Muon Collider Proton Driver

Laser wavelength is Doppler-boosted to target Lyman series n=1 -> n=3, λ0 = 102 nm line.

Changing the angle, any shorter wavelength laser can still be used at higher energies.

Above ~4 GeV, essentially the full range of laser technology and optics.

Ti:Sapphire

Nd:YAG

Ruby

GaN



RF Acceleration Requirements
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For a 500m AR to gain 5 GeV in 50ms, I’d expect about 240-420 kV peak voltage is needed.

- The FNAL MI 53 MHz RF cavity (53 MHz, 19ns bucket) is 170 kV/m.

- The BNL 28 MHz RF cavity (28 MHz, 36ns bucket) is 147 kV/m

- The J-PARC RF cavity (1.2-1.7 MHz, 600-815ns bucket) is 20 kV/m.

- 5.5 MHz RF (180ns buckets) is 40 kV/m?

For a 5.5 MHz RF system (180ns buckets carrying 120ns), estimate 6-21m of RF is needed.

- If use a peak RF filling factor of 30% (like Booster), 20-70m increase in circumference.

This is at most about 5-15% increase in circumference, quite manageable.

The RF will need to sweep frequency, and the lattice will need to avoid a transition-crossing.



Magnet & Beampipe Requirements

22 5/12/2025Jeffrey Eldred | Accelerating AR for Muon Collider Proton Driver

I’ve argued that bunch rotation with strong space-charge in the CR is the bottleneck.

 - Compactness helps, and therefore the CR could use superconducting magnets.

 - if excessive quenching can be avoided from machines losses.

But does the AR have to be superconducting?

 - No, the AR can just use conventional magnets, larger circumference.

 - Only part of the azimuthal space in the ring is used for storing beam going to the CR.

What about beampipe eddy current effects? Large aperture ring with moderate ramp rate.

 - RCS will likely need engineered ceramic beampipes, like J-PARC has.

 - leads to modest increase in magnet costs ($50m?), but also operational complexity. 



Cost Savings
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For the Fermilab Booster Replacement, cost estimate for 2 to 8 GeV linac design

 - 5mA beam current, 2ms pulse, 10Hz, 1.3 GHz RF.

The cost estimate median estimate $473m ($301-790m range) in total project cost.

 - That’s everything – components, cryo, power, tunnel, civil etc.

The 5 to 10 GeV part of the (25-40mA) proton linac should cost the same or higher.

 - Compared to the additional cost for an AR to accelerate (maybe $100-200m?)

 - Costs savings estimated ~$400m

Meaningful fraction of the overall proton driver cost (I assume $2-4b) but still a quite small 

fraction of the overall muon collider cost (ITF estimate $12-20b).

 - But if RCS causes is any reduction in machine performance, could easily lose out.



Summary

24 5/12/2025Jeffrey Eldred | Accelerating AR for Muon Collider Proton Driver

What are the impacts of an AR that accelerates:

 - Space-charge effects are worse, but very significant margin here.

 - Beam must also be kept stable for 50ms instead of 2ms.

 - Laser stripping H- injection scenario unaffected, greatly improved for foil injection scenario.

 - Modest impact on RF and magnets, but ring would now requires ceramic beampipes.

 - AR should be designed without crossing transition.

 - Linac cost savings estimated at ~$0.4B.

 - No areas of reduced machine performance for the collider itself, that I can see.

Solid cost-saving option, so long as it doesn’t cause any problems.

The staging of proton driver and integration with HEP programs must be considered too.



Energy & Space-charge
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CERN proton driver scenario has a factor of 60 bunch compression and 10 GeV AR

 - SC forces are still negligible in a 4 GeV AR ring

FNAL proton driver scenario has a factor of 10-20 bunch compression at 8 GeV AR.

 - The AR can be 4 GeV and still have a x3-6 SC margin in the tuneshift parameter.

The AR has to keep the beam stable for 50ms instead of 2ms, but SC won’t be the issue.



IPAC 2024: FNAL MuC Proton Driver Scenario

Existing ACE design for an 8-GeV Linac

 - 10 Hz x 5 mA x 2 ms x 8 GeV = 0.8 MW

 - ILC style cavity, LCLS-II style cryomodule, E-XFEL style RF power.

 - Use higher linac current of 6-25mA, that becomes 1-4 MW.

H- Injection in 8-GeV Accumulator Ring (AR)

 - Ideally, use laser-stripping H- injection

 - Valuable R&D ongoing at SNS & J-PARC rings.

Transfer to Compressor Ring (CR)

 - Four bunches compressed into four ~1-3ns bunches.

Next to four bunch combiner, targetry, muon production..
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Macropulse & Micropulse Considerations

At IPAC24, FNAL & CERN proton driver scenarios 

have similar approach to linacs.

Johanesson et. al. suggests a sensible AR fill 

pattern with a factor of 60 bunch compression.

Eldred et al. has an implausibly large micropulse 

current, but a factor of 10 bunch compression.

27 5/12/2025Jeffrey Eldred | Fermilab Proton Complex & Muon Collider Planning

Out of the two, I much prefer the CERN approach, but consider some alternatives:

Middle Values: 40ns bunch, factor of 20 bunch compression, 6 bunches, 103mA micropulse.

Super Combiner: 20ns bunch, 24 bunches, 52mA micropulse

 - Each bunch has a proportionally smaller transverse emittance, same charge density.

Long Macropulse: 10ms macropulse, 5mA macropulse, 62 mA microcurrent.

 - Linac uses solid-state amplifiers, CW operation. PIP-II / Project X approach.

https://inspirehep.net/files/9d7cdd9226843d25d17b40a31a657145
https://inspirehep.net/files/22e516bdfa4b50768470430379608f56


FNAL Proton Driver Scenario & Space-charge

Superconducting magnets may be necessary 

for 300m compact ring design.

Choose two of the four parameters:

 1) shortest bunch (1 ns)

 2) smallest emittance (120 π mm mrad)

 3) moderate space-charge (0.2)

 4) full beam power (4 MW)

MuC Proton Driver (AR/CR):

Bunch compression at extreme space-charge limit as a valuable R&D topic for MuC

 - Possible accelerator R&D experiment at FAST/IOTA, SNS or elsewhere.
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Muon Cooling Demonstrator Proposal

Credit: Yonehara (FNAL)

We are exploring Fermilab’s Muon Campus (8-GeV protons / 3-GeV muons) as a 

possible site for this proposed muon cooling demonstrator.
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Bunch Compression at FAST/IOTA (Simulation)

IOTA h=4,

RF Capture:

IOTA h=4,

RF Rotate:

Proposed IOTA proton experiment

Snap bunch rotation with intense space-charge.

RF voltage requirements for a factor of two bunch 

compression ratio is shown for h=1 and h=4 case.
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Credit: Simons (NIU)



Challenges and R&D Topics

H- Foil Injection (RCS, Linac)

 - Foil overheating, particles scattering off foil, unstripped H, overall chicane length. 

 - Greatest challenge for RCS and Linac scenarios (although not for PIP-II Booster).

 - Laser H- stripping injection could be the way forward.

SRF Technology (Linac)

- Improve accelerating gradient and Q-factors.

- Develop XFEL-style klystrons with 3ms long pulses.

Metallized Ceramic Beampipe (RCS)

- Can metallized ceramic beampipe (like at J-PARC, ISIS) be deployed with a smaller 

aperture, reduced impedance, and greater replaceability.

Space-Charge (CR)

- How should bunch rotation be modified in extreme space-charge case.
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