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Outline
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• Rectilinear cooling channel overview

• What we learned about rf cavities from the MAP study:

– RF breakdown in B-fields

– Required rf gradients for 6D cooling

– Optimum rf length and relation to power

– rf windows design

– cryostats

– Required spacing for rf towards implementation

• Remaining questions related to rf and cooling



Muon Collider as viewed by MAP
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• The desired 6D emittance for a Muon Collider (MC) is 5-6 

orders of magnitude less from the emittance of the muon 

beam at the production target

• As a result, significant “muon cooling” is required. 



History
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• MAP considered to alternatives schemes for 6D cooling 

and formed two independent teams

• Helical cooling channel (HCC) team lead by K. Yonehara

• Vacuum cooling channel (VCC) team lead by D. Stratakis

• The effort had three main phases: 

– 1. Perform a end-to-end simulation study and verify performance goals 

specified by MAP [Done]

– 2. Consult with magnet & rf experts, modify design accordingly [Started]

– 3. Carry out a engineering study of at least one cooling stage [Not started]

• I will share the lessons learned for the VCC team 



Vacuum Cooling Channel team
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• Between 2013-2015, organized 3 workshops, 

VCC-dedicated, to discuss progress & 

exchange ideas with rf & magnet experts



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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Parameters before the merge

• Lattice parameters have been modified over time 
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Cooling after 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 



B-Field at cavity edge (approx.)

11

• Approximate numbers. Need to be checked again.



A slide presented back in 2014…
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Operation of rf cavities in B-fields

• Electrons impact rf surface and deposit heat 

in a small volume 

• Surface damage via pulsed heating

• Effect is amplified with a B-field: A Cu made 

cavity may damaged when B> 1T

• Solution: Use dense materials like Be
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Data vs. model predictions
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Experiment

Pulse heating model
(RB Palmer & Stratakis -2010)

B

805 MHz 

Cu made cavity

Gradient goes 

down by 50% !



RF gradients (J. S. Berg)
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• Due to this limitation VCC team decided to restrict the 

rf gradients in our design according to Scott’s numbers  

Slide from 

2013… 



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

• The above experiment, open a path for using higher rf 

gradients – never simulated this 

3 T



RF gradient and space charge
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• Simulations have shown that space-charge effects can be 

compensated by increasing rf gradient



RF length (T. Luo)
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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 design
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• Beryllium windows are used in muon cooling to reduce 

surface gradients and improve shunt impedances

• These windows are heated by ohmic losses of rf surface 

currents. With vacuum rf this heat is only removed by 

radial conduction in the beryllium

• With inadequate cooling the central temperature can 

induce serious stresses and window bowing

• This sets minimum window thicknesses requirements.  



Cooling Channel before the merge
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• We considered stepped windows considered 

RF



Window thermal & stress analysis (Luo)
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• Only stage A1 studied. 

Results encouraging but 

more studies are needed

Highest temperature rise ~ 70K

Frequency shift ~10 kHz

Thermal stress 

a quarter 

of yield strength



RF window thickness (Palmer, Fernow)
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Concept for cryostats (Palmer)
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Last Stage

First Stage

• Approximately 6 cells are housed in shared cryostats

• Space created by omitting absorbers or some rf cavities 

• Space generated can be used add diagnostics

• Impact on performance is unknown 



What we leaned about spacing
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• A separation of 5.0 cm (2.5 cm each) needs to be added 

between cavities for tuners and flanges

• Cavities can be powered by a curved waveguide-> 

simplifies the focusing magnet (no need to split the coils).



Further design questions

25

• What is the optimum length for RF cavities? How does this 

change for Be based cavities? How much would a cooling 

channel benefit from using higher gradients?

• What is the safe thickness for Be windows? How thin can 

we make them realistically?  Is a stepped window design 

realistic?

• How things could change for an operation at 77 K ?

• Sensitivity of cooling performance by adding separations 

between rf cavities and including realistic Be window 

thickness’s? 


