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They inspired me good life and good science. 



Outline

• Motivation of HEP muon colliders
• Collider table from MAP
• Final cooling channel (possible “game changer”)

o30-Tesla solenoid channel
oParametric resonance Ionization Cooling channel (introduce low emittance 

scheme)

• Beam component with low emittance scheme 
• Extend COM and Luminosity for 10 TeV MC (Neuffer’s speculation)
• Summary
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Physics in HEP muon collider1

µµ is one of the best tools to study Beyond Standard Model 

Equivalent COM energy of µµ and pp Cross section of various HEP events in µµ

14 TeV µµ is equivalent 
to 100 TeV pp

VBF = Vector boson fusion

We’ve already seen violations of the SM in LHCb and g-2 experiments!
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Scenarios from Muon Accelerator Program

Beam components are designed to realize COM energy and Luminosity

ℒ =
𝑓!"# $ 𝑛$! $ 𝑛$" $ 𝛽 $ 𝛾

4𝜋 𝜀%,' $ 𝛽%∗
⁄* + $ 𝜀,,' $ 𝛽,∗

⁄* +

4/14/21 High Energy MC, Technology needs, Yonehara 5



MAP baseline design

Proton driver
4 Mega-Watt 8 GeV protons
Np = 3.13E15 protons on target

Front End
Proton to muon conversion 
efficiency is 10-15 % for each sign

Acceleration & Collider Ring
Total transmission efficiency is 70-80 %

Cooling
• Transmission efficiency of 6D cooling is 20 %
• Transmission efficiency of Final cooling is 50 %Decay process is involved in an efficiency calculation
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In the next few slides, I will focus on the Final Cooling channel which is a 
key element to improve the quality of muon beam



Final Cooling Channel (MAP baseline design)2

• 30-Tesla solenoid channel
• 14 segments (10 m-long each)
• Muons lose a kinetic energy to gain a low beta function
• Transverse emittance goes down while longitudinal one 

goes up (reverse emittance exchange)
• Transmission is 50 %
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Introduce Parametric resonance Ionization Cooling channel3

ε⊥ ≈ 20(π ) mm rad
εL ≈ 30(π ) mm rad  

ε⊥ = 0.04(π )mmrad εL =1.0(π ) mm rad

Shrink transverse emittance 
by factor 10 while 
maintaining  longitudinal 
emittance in PIC
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Concept of PIC4

Ordinally 2D phase space 
oscillation

Excited 2D phase space by
a half-integer resonance

• Ionization cooling shrinks beam angular spread (x’). 
• Conventional ionization cooling channel generates a 

low beta function with ordinally phase space oscillation 
(top left picture). Thus, a very strong magnetic field is 
needed for a final cooling.  

• In PIC scheme, a half-integer resonance is applied to excite 
the phase space in hyperbolic motion (top right picture). 

• As a result, the achievable transverse emittance is lower 
than the conventional cooling channel, and independent 
from strength of magnetic field
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𝛽 = ⁄𝑣 𝑐 , 𝛾 is a Lorentz factor, 𝑤 is a thickness of cooling material,
log is the Coulomb logarithm.



Cooling simulation
Analytical estimation

𝜆! = 2𝜆" = 4𝜆#

Cooling simulation (no stochastic process)
• So far, the cooling simulation is made without 

stochastic process (no energy straggling, no multiple 
scattering). 

• Skew-PIC is the most up-to-date lattice, which realizes 
a large dynamic aperture as designed.

• Plasma focusing (see next slide) significantly mitigates 
the aberration which is caused in a cooling absorber
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Plasma focusing5
• Strong radial beam focusing will appear in a dense Hydrogen gas-filled RF cavity

o Space charge is neutralized by dielectric polarization of gas plasma, as a result, beam induces a toroidal self-focusing field

• Can this effect be adopted for cooling channel design?
• Easy to induce a resonance in a channel of azimuthally symmetric lenses

• Focal parameter of each lens must be less than 1/4th of the distance between adjacent lenses
• Will strong radial plasma focusing allow one to tame the beam smear and take advantage of parametric 

resonance ionization cooling?

No gas In Hydrogen gas

Red: muon
Green: electron

R (m)

(m)
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Red: muon



Reverse emittance exchange6
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1. Longitudinal phase rotation
2. 6D cooling channel
3. 30-Tesla solenoid channel
4. Parametric Ionization cooling
5. Reverse emittance exchange 

Schematic diagram of 
reverse emittance exchange

Analytical estimation of final emittance with
PIC lattice (no magnetic field dependence)
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dEdx slope (upper limit is determined by energy straggling)



Low emittance scheme and high transmission 
efficiency

Goal of low emittance scheme
• 𝜀!,#,$ = 25 µrad à 2 µrad (Low emittance scheme)
• Transmission efficiency in 6D cooling = 20 % à > 30 % 
• Transmission efficiency in final cooling = 50 % à > 70 % 
• Luminosity = 25 × Original luminosity
• Use the luminosity gain to reduce the beam power
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Proton Driver & Front end

MAP baseline
• 4 Mega-Watt 8 GeV proton beam
• Hg target
Low emittance scheme
• Probably < 1 Mega-Watt 8 GeV proton beam
• Conventional graphite target will be available
• Maybe create pions outside capture solenoid which will significantly 

mitigate radiological problems
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Cooling 

Helical FOFO Snake channel7
• Accept both sign muons
• Simple alternate solenoid 

lattice
• Ready for initial engineering 

study
• Appropriate for Initial 6D 

cooling

Rectilinear channel8
• Alternate solenoid makes a 

beta function half
• Initial engineering study 

done
• Cooling performance is  

limited by space charge

Helical channel9
• Shortest length (high transmission)
• No longitudinal limit because of 

negative slip factor (no space charge 
issue)

• Extra transverse focusing by self-
induced toroidal field

• Poor matching scheme

MAP baseline

Low emittance scheme
• Significantly reduce space charge effect
• Matching issue will be mitigated if pions/muons 

are not magnetized 
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MICE and MTA RF measurements are very positive for ionization cooling design



Acceleration & Collider ring 

MAP baseline
• Quick acceleration to minimize muon decay
• Challenge to accelerate a short bunch length 

intense muon beam
• Decay electron & Neutrino radiation are 

intrinsic issue
Low emittance scheme
• Space charge effect is reduced
• Muon lifetime still issue; quick acceleration 

needed
• Decay electron & Neutrino radiation are still an 

issue (though the risk is significantly reduced)
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Conceptual design study of Large bore Nb3Sn dipole magnet10
17 Tesla dipole magnet

Need W mask to protect SC magnet 
at IR (This design for 0.126 TeV ring)
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D. Neuffer

In 2.2𝛾 µs
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D. Neuffer
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D. Neuffer



Summary

• Many benefits by improving final cooling channel
oMost radiological issues will be mitigated 
oBeam design becomes more realistic

• Variable goal COM and Luminosity
oDepends on available magnetic field strength and RF gradients
oCOM 5 TeV Collider is relatively accessible goal (D. Neuffer)
oCOM 10 TeV is a stretch goal (D. Neuffer)

§ Require 16 T dipoles, +/- 4 T rapid cycling, SRF 60 MV/m
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