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• Rectilinear cooling channel overview

• Lattice design

• Performance 

• Future work



Cooling for a Muon Collider

• Front-end produces 21 well aligned muon bunches

• Two sets of 6D cooling schemes

– One before recombination (trans ε≈1.5 mm)

– One after recombination (trans ε≈ 0.30 mm or less)

• Final cooling (if necessary) 
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Focus of 

this talk



Rectilinear channel concept

TOP VIEW

SIDE VIEW

coil cavitiesabsorber

• Straight geometry simplifies construction and relaxes 

several technological challenges

• Multiple stages with different cell lengths, focusing fields, rf 

frequencies to ensure fast cooling

• Its performance will be discussed later today
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Cooling before merge (4 stages)
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2.3 T (4.2 T) 3.5 T (8.4 T) 4.8 T (9.5 T) 6.1 T (11.8 T)

Peak B-field on axis (coil)



Cooling after the merge (8 stages)

3.7 T (8.4 T) 6.0 T (9.2 T) 10.8 T (14.2 T) 13.6 T (15.0 T)

Peak B-field on axis (coil)

Absorber
TOP VIEW

LH or LiH

STAGE 2 STAGE 4 STAGE 6 STAGE 8

64 m (32 cells) 62.5 m (50 cells) 62 m (77 cells) 41.1 m (51 cells)
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Tapered lattice design: 8 stages
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• We set two constrains in our (initial) design:

– Peak fields on coils don’t exceed Niobium Tin limits

– Cavities within> 1 T  operate at 50% of the achievable gradient at 0 T 



Lattice acceptance
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81.9

54.8

38.3

30.3

Pz

[MeV/c]

σPz

[MeV/c]

Stage 1 237.8 22.3

Stage 2 228.8 14.4

Stage 3 220.9 12.7

Stage 4 219.4 12.5



Lattice acceptance



Performance

• Complete end-to-end simulation from the target (point 1)

• 6D emittance reduction by five orders of magnitude (point 5)

• Achieved emittances and transmissions specified by MAP

• Overall distance ~ 900 m End-to-End to simulation 
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x

Emittances achieved



Quality Factor

• Quality factor appears relatively stable but worth to 

recheck again
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Future: Improve matching
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Future: Simulate with higher gradients

• Increasing the rf gradient can reduce the length of the 

cooling channel
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325 MHz 22 MV/m, 650 MHz 28 MV/m 

(simulated as of today)

gradient up by 20%

gradient up by 35%

PRELIMINARY



Future: Rectilinear with HTS magnets

• If HTS magnet technology is 

considered, rectilinear channel can 

reduce the 6D emittance even more

Don Summers, 

University of Mississippi 
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Emittances achieved



Future: Multivariable optimization

• Nelder-Mead algorithm: Objective is to maximize luminosity.

• Applied  for VCC optimization: 8 parameters each time

• Promising results for first stage: 25% shorter channel!
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Design and feasibility questions

• Lattice Design
– Cooling of muons of both signs is a bonus. How far can we push the FOFO 

snake or a similar channel?

– Would a higher rf gradient make the cooling channel shorter? Would 

integration of optimization algorithms help? [Details]

– How far can we push the rectilinear using HTS magnets?

• RF Cavities
– Can we operate vacuum rf cavities in magnetic fields? [Details]

– Is it possible to construct a Be based cavity? 

– What is the appropriate thickness and shape of rf Be windows? 

• Absorbers 
– What are realistic shapes of a LH “wedge” absorber? [Details]

– What is their tolerance on MC beam intensities?

• Beam dynamics

– Impact of collective effects on beam cooling [Details]
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Design and feasibility questions

• Magnets [Details]
– Current densities are near the limits of Nb3Sn. Other magnet technologies?

– Are forces & stresses in coils acceptable? 

– Tilted coils or dipoles? Holger’s proposal? 

• Required instrumentation and assembly [Details]
– Identify required diagnostics & how to operate them under cooling environment

– Design space for integrating them

– Space for waveguides – appropriate space between coils and rf - Engineering 

design
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Magnet technology

Nb3Sn

NbTi

[BACK]

Azimuthal 

strain 0.19%

(0.25%)

Nb3Sn

(300)



Influence of space-charge

• At the end of cooling, 5x1012 muons are squeezed within a 2 

cm rms bunch. There is a concern for space-charge (SC) 

• Simulation revealed that  SC causes particle loss & 

longitudinal emittance growth

[BACK]



Modular cavity test: A game changer
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removable plates (Cu, Al, Be)

• A Beryllium based cavity sustained a high gradient in the 

presence of multi-tesla B-fields!

3 T

[BACK]



Future: Simulate with higher gradients

• Increasing the rf gradient can reduce the length of the 

cooling channel
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325 MHz 22 MV/m, 650 MHz 28 MV/m 

(simulated as of today)

gradient up by 20%

gradient up by 35%

PRELIMINARY

[BACK]



• Proof-of-principle experiment: Demonstrated 8% gain

5/20/2019 Diktys Stratakis | IPAC 201922

Emittance exchange for the Muon g-2 

Experiment
[BACK]



Engineering design

February 20, 2014 23

Last StageFirst Stage

D. Stratakis | DOE Review of MAP (FNAL, February 19-20, 2014)

BACK



Wedges vs. Cylinders

• For LH absorber it is easier to construct a 

cylindrical absorber

• Slightly degrades cooling

[BACK]


