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• Muon Collider cooling requirement

• Lattice design and performance (rectilinear)

• Future work on 6D cooling (rectilinear)

– Lattice Design

– RF cavities and RF windows

– Absorbers

– Magnets

– Instrumentation

– Variations?



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
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Cooling baseline
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Variations possible
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• 6D cooling for step 2 to 3 (bunch merge) and step 4 to 5

– Rectilinear scheme has shown to achieve the baseline goal

– Helical FOFO can partly do step 2 to 3. Attractive: cools both signs

• 4D cooling for step 5 to 6



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
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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)



Parameters before the merge

• Lattice parameters have been modified over time 
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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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Parameters after the merge
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• Lattice parameters have been modified over time 



Constrains during MAP studies
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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 ~ 50% of the achievable gradient at 0 T 



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



Lattice Design: Matching & tolerance
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• What we need to further study:

– Proper matching between individual stages

– Tolerance to errors such as misalignments, quad errors etc



Lattice Design: Variable optimization

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

• Promising results for first stage: 25% shorter channel!

• What we need to further study:

– Multivariable optimization algorithms to maximize performance
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Lattice Design: Higher rf 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



Bonus: Space charge compensation
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• Simulations have shown that space-charge effects can be 

compensated by increasing rf gradient



RF:  Length for Cu/Be cavities
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• Performance sensitive to rf length

• The optimum length for a Be made cavity might be different 

• This should be taken into account in new designs



RF windows:  Realistic model 
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• Be-windows are used in muon cooling to reduce surface 

gradients and improve shunt impedances

• They are heated by ohmic losses of rf surface currents. With 

vacuum rf this heat is removed by radial conduction in Be

• With inadequate cooling the central temperature can induce 

serious stresses and window bowing. This sets minimum 

window thicknesses requirements.  



Magnets: 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



Magnet technology

Nb3Sn

NbTi

Azimuthal 

strain 0.19%

(0.25%)

Nb3Sn

(300)



Absorbers

• What we need to further study:

– What is the tolerance of absorbers in MC intensity regime?

– What are realistic shapes for a LH absorber? For LH it is easier to 

construct a cylindrical absorber

– This slightly degrades cooling and a quantification is needed



Instrumentation and spacing

• Required instrumentation and assembly 
– 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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Alternative scheme

• In case RF in B-fields becomes an issue…
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