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Outline

➢ Proton Source – Front End for  Muon Collider

▪ Baseline MAP version

• 8 GeV proton beam from Linac

• Accumulator and Compressor

▪ Other configurations

• Linac + RCS ?

• Proton Driver scenarios CERN/RAL (2013)

• JPARC example

▪ Bunching and phase-energy rotation for muons
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MAP Proton Driver

5

Parameter Units
CoM	Energy TeV

Avg.	Luminosity 1034cm-2s-1

Beam	Energy	Spread %

Higgs	Production/107sec
Circumference km

No.	of	IPs
Repetition	Rate Hz

b* cm

No.	muons/bunch 1012

Muon	Collider	Parameters
Higgs

Production	
Operation

0.126

0.008
0.004

13,500
0.3
1
15
1.7
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Muon	Collider	Parameters
Higgs

Accounts	for	
Site	Radiation	
Mitigation

1.5 3.0 6.0

1.25 4.4 12
0.1 0.1 0.1

37,500 200,000 820,000
2.5 4.5 6
2 2 2
15 12 6

1	(0.5-2) 0.5	(0.3-3) 0.25

2 2 2

Muon	Collider	Parameters
Multi-TeV

Norm.	Trans.	Emittance,	eTN p mm-rad

Norm.	Long.	Emittance,	eLN p mm-rad

Bunch	Length,	ss cm

0.2

1.5

6.3

0.025 0.025 0.025

70 70 70

1 0.5 0.2

Proton	Driver	Power MW 4 4 4 1.6
Wall	Plug	Power MW 200 216 230 270



Proton Source Requirements

➢ Want high intensity of protons in 

a short pulse to put on target

▪ Followed by Muon collection, 

cooling, acceleration 

➢ ~2-400 MW – 10 Hz -> 5Hz

▪ 200 kJ / pulse -> 400 kJ 

▪ 1.6 1014p  → 3.1 1014 (8 GeV)

➢ Bunch Length ~1-3 ns  (rms)

▪ 0.3-1m rms

▪ Lose a factor of 2 when L = 10 m

Dependence of stored μ’s on 

proton bunch length

and B-field taper length

~ non-adiabatic preferred
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Baseline  Project X Configuration
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3 GeV
Experimental 
Area

Accumulator

Compressor



Need 15/60 Hz bunches

➢ Add Accumulator and Compressor 

Rings to Linac

▪ ~8GeV rings

➢ Accumulator captures and bunches 

beam

• 2×1014 p, h=4

• 15 Hz → 4 MW 

➢ Compressor:  ¼ phase rotate to short 

bunch (combine  onto target for MC)

➢ Challenges

▪ Lattice design
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Parameter Accumulator Compressor

Circumference 300m 300m

Transition γt 4.0 11.3

Slip factor αp =1/γt2-1/γ2 0.051 -0.0032

rf voltage Vrf 4.0kV 120kV

bunches (h) 4 4

Accumulator: σ = 6.5m

From Linac: σ = 11m

Compressor: σ = 0.5m



Lattice  Design approaches 

➢ Requirements
▪ stability (better for η<0)

• below transition

▪ space charge

▪ bunching  

➢ FODO lattice
▪ γT ≈ νx ( high tune for Cr)

➢ Flexible Momentum Compaction
▪ αp can be tuned

▪ more flexible correction  
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Accumulator, Compressor  FODO lattices

Parameter Symbol Accumulator Compressor Unit

Circumference C 292 292 m

FODO cells L, NC, φ 11.2, 20, 72 5.6, 42, 90 m

Dipole params L, B 4.0, 1.25 1.6, 1.4 m, T

Quad params L, B’ 0.8, 8.0 0.6, 27 m,T/m

βmax,ηmax
βmax,ηmax 18.0, 3.5 9.3, 0.56 m

transitions αp, γt 0.038, 4.52 -0.03, 11.1

tunes νx, νy 5.44,  5.30 13.45,12.72

rf voltage Vrf, frf 4kV, 4MHz 240 kV

➢ Simple FODO lattices 
(72º/90)

▪ large dispersion 

▪ linear lattice

▪ missing magnet 
dispersion 
suppressor
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Accumulator and Compressor Ring Parameters

Parameter AR CR

Circumference, m 308.23 308.23

Momentum compaction -0.052 0.001

Slippage factor -0.063 -0.01

RF frequency, MHz 3.87 3.87

RF voltage, kV 10 240

Synchrotron tune 2.110-4 4.210-4

Peak current, A 100 1040

Final r.m.s. bunch length, ns 29.2 3.2

Final r.m.s. energy spread 5.210-4 6.910-3

Threshold impedance, Ohm 20 3 → 53

R.m.s. emittance, m 5 5

Space charge tuneshift, h/v 

(Gaussian distribution)

0.02/0.02 0.14/0.16

Betatron tunes, h/v 7.94/6.91 6.76/8.44
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FMC versions (Y. Alexahin)



Proton Intensity Upgrade Scenarios

➢ Current Ideas on Fermilab next 

upgrade 

▪ 8 GeV RCS, C=~500-600

• With 2 GeV Linac

▪ 8 GeV Linac

• With 8 GeV Accumulator 

Ring

➢ Would need upgrade to Muon 

Collider parameters

▪ Higher Intensity

▪ Beam is in 53 MHz bunches

• Matched to Main Injector

• need to combine bunches
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PIU → Adapt to Muon Collider 

➢ Overall  8 GeV power must be 

increased to ~ 2 MW

▪ 53 MHz bunch structure must be 

recombined to fit 

▪ Or RF Replaced with low-

frequency rf

➢ Accumulator/Compressor 

▪ RCS  or accumulator 

• 500-600 m circumference 

▪ Is a separate compressor ring 

needed ?
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CERN/RAL Accumulator/Buncher

➢ Early neutrino Factory Scenarios

▪ 2.2 GeV, 151m rings, 40 Mhz RF

▪ RAL – 6 GeV FFAG

➢ CERN Scenario (2015) 

▪ E=5 GeV, C =185m→200m

▪ CERN PS + ?

▪ Has low – harmonic rf 
14



➢ JPARC MR

▪ Large emittance beams

▪ Low frequency RF 

▪ 30 GeV in MR

➢Demonstrates that Proton Driver 

is Possible

Could be upgraded to μ proton driver

0.3 Hz → 1 Hz

Add Compressor ??

10/12/2022 Presenter | Presentation Title or Meeting Title15

Has anyone done 200 kJ pulses ??

IPAC16, TUPMY005

Parameter MAP
JPARC 
RCS

JPARC MR

Injection E 8 0.4 3 GeV
Top Energy 8 3 30-50 GeV
Power 4MW 1MW 0.67-1.1 MW

Frequency 15 25 0.3 Hz
Emittance, 95%, 
N

30π 153π 153π 

mm-mrad
Admittance 50π 200π 300π
p/cycle 2.1×1014 8.4×1013 3.5×1014

bunches 4→1 2 8
N/bunch 5.2×1013→

2.1×1014

4.2×1013 4.2×1013

kJ/bunch 67→268 20 200→320

Circumference 308.2 348 1568m

Tune 7.94/6.91 6.7/6.3 22.3/22.3

t 9.07 9.14 i31.7
Beam pipe R 5 12.5 6.5cm

Table 2: Summary of proton drivers



Buncher and Phase Rotation for Muons

➢ After bunching protons to short bunch on target

▪ Muons: short bunch to train of bunches for cooling

➢ High Frequency buncher and phase rotation

▪ High frequency because we need high gradient

➢ Works much better than expected

▪ Captures both μ+ and μ-

16

 
14.75m 

m 
~42 m 

F
E

 T
ar

g
et

 

Solenoid Drift Buncher Rotator Cooler 

~21.0 m ~24.0 m ~80 m 

p 

→μ 



17

Rf Buncher/Rotator requirements

➢ Buncher -21m
▪ 37 cavities (14 frequencies)

▪ 13 power supplies (~1—3MW)

➢ RF Rotator -24m
▪ 64 cavities (16 frequencies)

▪ 20 MV/m, 0.25m

▪ ~2 MW (peak power) per cavity

➢ Cooling System – 325 MHz

▪ 200 0.25m cavities (75m cooler), 25MV/m

▪ ~4MW /cavity  

Front End 

section 

Length #rf 

cavities

frequencies # of 

freq.

rf gradient rf peak power 

requirements

Buncher 21m 42 484 to 365 14 0 to 16 0—1.34 MW/cavity

Rotator 24m 56 364to 326 16 20 ~2.4 MW/cavity

Cooler 75m 200 325 1 25 MV/m ~3.7MW/cavity

Total  

df+bxr+rttr

~134m 93 30 ~500MV 140MW

6-D cooler 126m 360 325 MHz 1 25 MV/m ~3.7 MW



Optimization (H. Kamal Sayed) 

➢ Buncher +Rotator-31 cavity sets

▪ Changed frequency, rf gradient 

➢ Optimized using NERSC 

supercomputer using evolutionary 

optimization algorithm, 100’s of 

simulations  

▪ Increase Erf in Buncher

• By ~4 MV/m

• Not very adiabatic

▪ Rf reaches 325 MHz faster …

• Could use shorter system ?

• Could start further downstream

▪ System could use more optimization
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H. Kamal Sayed, NIM A 794 (2015) 193–199 

Buncher

Rotator



Variations tried, or to try

➢ Gas-filled or Vacuum-filled rf

▪ Gas-filled to prevent breakdown,   may not be needed

▪ Both can be done

➢ 201.25 MHz front end

▪ Lower frequency → shorter bunch train 

• 21 → 12 bunches –easier to combine 

• ~1/2 number of cavities; larger apertures

▪ Lower gradient for same performance (similar power)

➢ Include some cooling in buncher/rotator or before HFOFO

▪ Combine cooling approaches.

➢ Chicane after target to reduce downstream losses

▪ in Baseline design

➢ Change magnetic fields

▪ 2T → 3T focusing increases mu’s by ~15%
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