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Outline

• Introduction: Muon collider layout and RF

• Effect of beam loading in 6D cooling channel and in the front-end

• Multi-Harmonic RF system for final cooling
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Muon Colliders and RF systems
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Proton driven Muon Collider Concept (MAP collaboration)
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RF system for muon capture and cooling
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Region Length 
[m]

N of 
cavities

Frequenci
es [MHz]

Peak 
Gradient 
[MV/m]

Peak RF 
power 
[MW/cav.]

Buncher 21 54 490 - 366 0 - 15 1.3

Rotator 24 64 366 – 326 20 2.4

Initial Cooler 126 360 325 25 3.7

Cooler 1 400 1605 325, 650 22, 30

Bunch merge 130 26 108 - 1950 ~ 10

Cooler 2 420 1746 325, 650 22, 30

Final Cooling 140 96 325 - 20

Total ~1300 3951 => ~12GW

• It is a very large and complex RF system with high peak power
• Very high bunch charge: (~40->4)e12 => Collective effects (?) 

Summarized from:
David Neuffer
Chris Rogers 
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https://indico.cern.ch/event/954055/contributions/4008761/attachments/2109215/3547678/CaptureCoolscenario.pdf
https://indico.cern.ch/event/961804/contributions/4120282/attachments/2159854/3644959/2020-12-10_cooling-rf.pdf


Cavity voltage with beam loading

0

Z

• Bunch reference: 𝑡 𝑧 = 0 = 𝑡0 =𝜑0/𝜔

• V 𝑡 = 𝑉0 cos(𝜔𝑡 + 𝜑0) − 𝑉𝐵 cos(𝜔𝑡)

• Beam loaded voltage: 𝑉𝐵 =
• 𝑡 < 0, 0

• 𝑡 > 0, 2𝑞𝑘𝑙𝑜𝑠𝑠 = 𝑞𝜔
𝑅

𝑄
𝑇2

• Transit time factor: 𝑇 is function of bunch 
velocity
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6D cooling channel
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Effect of the beam loading, examples
Stratakis, PRAB 18, 031003, (2015)

• A1 stage

• Some parameters from the paper:                
• f = 325 MHz; 
• h =~ 0.26 m; 
• 𝜑0 = 90 – 14 = 76 deg; 
• Ez(r=0) = 22 MV/m

• Other parameters assumed:             
• T ~ 1; 
• R/Q ~ 100 Ohm
• q ~ e*2.7e13 = 4.3 uC

• Unloaded voltage: V0 ~ 5.7MV

• Accelerating voltage: V0*cos(𝜑0) ~ 1.4MV 

• Beam loaded voltage: VB ~ 0.89 MV

• VB/V0 ~ 16%

• A3 stage

• Some parameters from the paper:                
• f = 650 MHz; 
• h =~ 0.13 m; 
• 𝜑0 = ? deg; 
• Ez(r=0) = 28 MV/m

• Other parameters assumed:             
• T ~ 1; 
• R/Q ~ 100 Ohm
• q ~ e*1.5e13 = 2.4 uC

• Unloaded voltage: V0 ~ 3.6MV

• Beam loaded voltage: VB ~ 1 MV

• VB/V0 ~ 28%
Non-negligible effect of the beam loading 
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Effect of beam loading on the cavity voltage
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Beam loading mitigation

• Higher gradient

• Lower R/Q => Lower frequency

• Mismatch cavity frequency and bunch frequency (detuning)

• …

• Effect of beam loading on the beam dynamics must be simulated to 
apply mitigation measures
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Front-End, worst-case example
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• Some example parameters for 325 
MHz cavity:                
• f = 325 MHz; 
• h =~ 0.26 m; 
• Ez(r=0) = 0 - 25 MV/m

• Other parameters assumed:             
• T ~ 1; 
• R/Q ~ 100 Ohm
• q ~ e*4e13 = 6.4 uC
• 2 bunches: μ+ + μ- => 12.8 uC

• Unloaded voltage: V0 ~ 0 – 6 MV

• Beam loaded voltage: VB ~ 5.3 MV

• VB/V0 ~ 100% or higher



Front-End

12/10/2022 A. Grudiev, Muon collider annual meeting 11

David Neuffer, (FNAL)

BL mitigation in Front-End: 
In addition to RF measures 
beam manipulation 
measures should be 
considered



Front-End
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• Only fraction of muons is 
captured but all muons 
contribute to BL

• Removing useless muons at 
earliest stage by, for 
example energy collimation 
will reduce BL 

• Separation μ+ and μ- before 
RF cavities will reduce BL

• In addition, Lower RF 
frequency can both reduce 
BL and increase bunch 
intensity (less bunches to 
recombine)



Conclusion on beam loading
• Beam loading (BL) is an important effect and cannot be neglected in 

the design of the Muon cooling complex

• RF mitigation measures should be applied to compensate the BL 
effects

• To do this, BL effects on Beam dynamics should be simulated and 
better understood 

• In the worst-case of the front-end, additional mitigation measures by 
beam manipulations should be considered, for example:
• Collimation: energy, …
• Separation of mu+ and mu- before RF cavities, 
• …
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Example of final cooling design,  (2011)
• In each stage, RF re-accelerates and 

phase-rotates the muons providing 
energy and energy-spread required for 
the next stage

• To keep energy spread low the bunch 
length is increased from 5 cm in the 1st

stage to 400 cm in the last one

• The RF frequency must follow this trend 
to make sure that the bucket is large 
enough and 

• the RF curvature in accelerating mode is not 
too large compared to energy spread

• RF slop is linear enough in the phase 
rotation mode

• The RF curvature is probably more critical 
leading to criteria for RF frequency choice: 
𝜎𝑐𝑡 < 𝜆/20 for bunches shorter than 75 cm

• The lowest frequency is 4 MHz assuming 
induction linac

• The lowest NCRF cavity frequency is 31 MHz



Example of final cooling design, (2015)

• More recent paper, less details on RF though

• Same criteria is used for RF frequency choice: 
𝜎𝑐𝑡 < 𝜆/20

• General trend: Higher energies -> shorter 
bunches -> higher RF frequencies

• The lowest RF frequency is 20 MHz, which 
might still require induction linac

• There is strong motivation to avoid induction 
linac due to its rather low gradient: ~1MV/m



CERN PS RF cavities 

LHC TDR v3, p59

• 1.6m diameter, 1m long

• Far from pillbox

• Gap is very small: 5cm, so even 
for reasonable electric field in 
the gap of 10MV/m@CW voltage 
and real estate gradient are very 
low: 0.5MV and 0.5MV/m, 
respectively.

• It can potentially be increased in 
pulsed operation mode…

• => Strong motivation to increase 
lowest RF frequency required for 
final cooling



Idea: Multi-harmonic RF for acceleration 
• RF frequency criteria: 𝜎𝑐𝑡 < 𝜆/20

for 𝜎𝑐𝑡 < 0.75m related to energy 
spread introduced by the RF 
curvature

• For total bunch length of 2𝜎𝑐𝑡 : 
dV/V = 𝑐𝑜𝑠

2𝜋𝜎𝑐𝑡

𝜆
≈ cos

2𝜋

20
≈ 5%

• So, for 𝜎𝑐𝑡=0.75m 
• Single harmonic RF 𝜆max= 20𝜎𝑐𝑡 =
15m -> fmin=20 MHz

• Rectangular meander RF 
with period of 4𝜎𝑐𝑡 = 3m −>
fmin=100 MHz

• But infinite number of higher 
harmonics is necessary to 
approach the ideal rectangular  
shape

V

ct

2𝜎𝑐𝑡

Single harmonic cosine voltage

Idealized rectangular voltage
V

ct

2𝜎𝑐𝑡



An example: odd harmonics   
• In practice finite number of 

harmonics can be used only
• To maintain energy spread of 

dV/V <5% over 𝜎𝑐𝑡 <0.75m, 
several harmonics of 50 MHz 
have been used in this example

• 50 MHz provides dV/V <5% over 
𝜎𝑐𝑡 <0.3m only

• 50, 100, 150, 200 MHz extend 
the range up to 𝜎𝑐𝑡 = 1m

• Minimum frequency can be 
increased from 50 MHz probably 
up to 100 MHz

• Using higher harmonics is less 
and less effective 



Acknowledgement to earlier work by D. Neuffer
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Conclusions on multi-harmonic RF system for 
final cooling
• Multi-harmonic RF system for final cooling allow significant increase 

of the minimum RF frequency required

• For the example from PRAB2015, where 20 MHz is required for the 
last stage, using multi-harmonic RF system with 4 harmonics from 50 
MHz and above provides less energy spread than in the single 
harmonic 20 MHz RF system

• Following this approach, the minimum frequency can further be 
increased possibly up to 100 MHz.

• This approach opens the way to potentially avoid using induction 
linacs and very low frequency RF cavities for the final colling RF 
system



Spare slides
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Pillbox cavity: analytical (E.Jensen, CAS09) 
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Pillbox cavity: analytical (E.Jensen, CAS09) 
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An example: odd harmonics   
• In practice finite number of 

harmonics can be used only

• To maintain energy spread of dV/V 
<5% over 𝜎𝑐𝑡 <0.75m, several 
harmonics of 50 MHz have been 
used in this example

• 50 MHz provides dV/V <5% over 
𝜎𝑐𝑡 <0.3m only

• 50, 150, 250 MHz extend the range 
up to ~0.6m

• 50, 150, 250, 350, 450 MHz make it 
up to 0.75m satisfying the specs

• Using only odd harmonics keeps 
voltage +,- symmetric

• Using higher harmonics is less and 
less effective



An example: odd and even harmonics   
• Using even and odd harmonics 

makes voltage +,- non-
symmetric

• Is it an issue for the beam?

• 50, 100, 150, 200 MHz case 
meets the specs up to 𝜎𝑐𝑡 =1m

• Using all harmonics is more 
effective than using just odd 
harmonics

• Minimum frequency can be 
increased from 50 MHz 
probably up to 100 MHz


