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Outline

➢Reminder of ionization cooling concept

➢New simulation results on 6D rectilinear cooling

➢Simulation results on high-pressure H2 gas filled rectilinear channel

➢Another possible lattice with large angular dispersion



Reminder of 4D Ionization Cooling

Muon Beam Absorber RF

⚫ 4D cooling process:

• Muon beam loses momentum in all directions at absorber

• Muons beam gets momentum compensation only in longitudinal direction

• Muons beam is more parallel

⚫ Random multiple scattering in absorber decreases cooling effect:

• Mitigate with strong focusing

• Mitigate with absorber material of low-Z 



Reminder of 6D Ionization Cooling

Dipole

Wedge shaped absorber

Muon Beam
⚫ Dipole is used to spread the beam transversely 

so that particles with higher momentum are on 

the outer side.

⚫ Longitudinal emittance reduces because particles 

with higher momentum go through thicker part of 

the absorber and lose more energy.

⚫ Trade-off between longitudinal cooling and 

transverse heating.



Rectilinear Cooling Lattice

A-type lattice B-type lattice

The whole channel is put in a straight line. The solenoid field focuses muons tightly 

in the wedge absorber. The dipole field provides dispersion for longitudinal cooling. 

The aim is to reduce the transverse and longitudinal emittance simultaneously.



New Simulation Results Using A-type Lattice 
A-type lattice Input beam (after bunch merging) 

On-axis field(stage1) Beta value(stage1) Closed orbit(stage1)

quadratic 

fringe



Stage 1 Stage 2 Stage 3 Stage 4 Stage5

cell length 2.3 m 1.8 m 1.4 m 1.1 m 0.8 m

Bz,max 3.1 T 4.1 T 4.8 T 6.2 T 8.8 T

β 35 cm 30 cm 20 cm 15 cm 10 cm

By 0.3 T 0.375 T 0.425 T 0.45 T 0.35 T

dispersion 5 cm 5 cm 4.5 cm 2.5 cm 1.8 cm

wedge material liquid hydrogen

wedge length 37 cm 32 cm 24 cm 20 cm 12 cm

wedge angle 110° 120° 115° 110° 120°

RF frequency 325 MHz 650 MHz

RF # 6 4

RF length 22 cm 17.7 cm 12 cm 14.6 cm 11.6 cm

RF gradient 22 MV/m 21.4 MV/m 24.3 MV/m 22.9 MV/m 21.1 MV/m

New Simulation Results Using A-type Lattice 



Performance of cooling channel ε⊥(mm) ε∥(mm) ε6D(mm3) Tr(%)

initial 5.13 9.91 260

Stage 1 2.92 8.16 71.6 87.1

Stage 2 1.99 5.97 24 91.2

Stage 3 1.47 3.16 7.12 88

Stage 4 1.08 2.52 3.11 92.2

Stage 5 0.712 2.14 1.14 89.2

To reach the same 6D emittance(1.14 mm3), distance is reduced 

by ~60 m and transmission is increased by ~5% compared with 

the result of Stratakis lattice.

New Simulation Results Using A-type Lattice 

D. Stratakis and R. B. Palmer, Rectilinear six-dimensional ionization cooling channel for a 

muon collider: A theoretical and numerical study, Phys. Rev. ST Accel. Beams 18 (2015)



RF Breakdown Issue

Measurements at the Mucool Test Area

(MTA) of Fermilab have shown that the achievable 

accelerating gradients for an 805 MHz vacuum 

pillbox cavity decreased from 40–60 MV/m to less 

than 20 MV/m in a 3 T solenoidal field.

➢ Limitation on RF gradient
➢ Solution on RF breakdown

A breakdown gradient of 65.5MV/m could be achieved 

in a 3 T magnetic field with 70 atm hydrogen gas.



Simulation Results on High-pressure Channel
B-type lattice Input beam(correlated Gaussian distribution)

On-axis field(stage1) Beta value(stage1) Closed orbit(stage1)



Stage 1 Stage 2 Stage 3 Stage 4

pressure 35 atm

cell length 2.3 m 1.8 m 1.5 m 1.5 m

Bz,max 6.2 T 8.8 T 12.1 T 13.1 T

β 16 cm 10 cm 5 cm 4 cm

By 0.07 T 0.12 T 0.2 T 0.18 T

dispersion -4 cm -3.5 cm -2 cm -1.3 cm

wedge material liquid hydrogen

wedge length 15 cm 11 cm 11 cm 9 cm

wedge angle 116° 100° 120° 120°

RF frequency 704 MHz

RF # 4

RF length 11.5 cm 12.8 cm 8.7 cm 8.5 cm

RF gradient 39.6 MV/m 30.6 MV/m 44.4 MV/m 34.2 MV/m

Simulation Results on High-pressure Channel



➢ Cooling performance (Need optimization!)

Stage 1 to Stage 3 (35 atm)

Transverse emittance: 4.65 to 0.52 mm

Longitudinal emittance: 7.7 to 1.74 mm

No significant difference from vacuum case.

Stage 4

• 0 atm : Transverse emittance: 0.52 to 0.37 mm

Longitudinal emittance: 1.74 to 1.5 mm

• 20 atm : Transverse emittance: 0.52 to 0.44 mm

Longitudinal emittance: 1.74 to 1.6 mm

• 35 atm : Transverse emittance: 0.52 to 0.47 mm

Longitudinal emittance: 1.74 to 2 mm

Significant difference from vacuum case.

Simulation Results on High-pressure Channel



Another Possible Lattice

Beta value

Large angular 

dispersion!

Angular dispersion (Lattice C)

Angular dispersion (Lattice A)

On-axis field
C-type Lattice



Another Possible Lattice

Dispersion (Lattice C) Dispersion (Lattice A)

Lattice C also has large dispersion which may be bad for

the transverse cooling and transmission. Need more

simulation work!



Conclusions and Next Steps
➢Conclusions:

• New rectilinear lattice parameters have been found resulting in the reduction 
of the channel length.

• High-pressure hydrogen gas may have adverse effect on the cooling 
performance. (Preliminary result. Need more optimization!)

➢Next steps:

• Extend the cooling channel to more stages.

• Check the cooling performance of the lattice with high angular dispersion.

• Do simulation with collective effects in G4Beamline. (e.g., space charge and 
short-range wakefield)

Thanks for your attention.

Any comment or suggestion is welcome!
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