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Ionization (the good) 
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• Momentum of muons is reduced as they ionize atomic 

electrons in the material

Unstable
Expensive



Energy straggling (the bad) 
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• Due to the statistical nature of ionization energy loss, large 

fluctuations can occur in the amount of energy deposited 

by a particle traversing an absorber. 



Multiple scattering (the bad)
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• The angle has a roughly Gaussian distribution of width 𝜃0:        

                            𝜃0 =
13.6 MeV

𝛽𝑐𝑝

𝑥

𝐿𝑅
1 + 0.038ln

𝑥

𝐿𝑅
 

Type equation here.



Ionization cooling formalism (1) 
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We like to AVOID thisWe like this

 

Absorber Accelerator 

Momentum loss is  
opposite to motion,   
p, p x , p y ,   E decrease 

Momentum gain  
is purely longitudinal 

Large 

emittance 

Small emittance 

(see p. 176)
Type equation here.



Ionization cooling formalism (2) 
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We like to AVOID thisWe like this



Ionization cooling application
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Requirement: 
Reduce 6D emittance 

by 5-6 orders 

of magnitude



MuC ionization cooling channel
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First candidate – Rings
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Coils

Cavities
   

Absorber



Second candidate – The Guggenheim
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Coils

Cavities
   

Absorber

Our figure was selected for kaleidoscope



Current baseline for a MuC
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TOP VIEW

SIDE VIEW

coil cavitiesabsorber



Cooling Demonstration
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• Goal

– Measure the muon anomalous magnetic 

moment (g-2) with 0.14 ppm uncertainty - a 

fourfold improvement of the BNL measurement 

(0.54 ppm) 

• Approach

– Circulate polarized muons in a uniform magnetic 

field and measure the precession frequency

– 3.1 GeV/c muons to simplify Thomas-BMT 

equation: 𝜔𝑎 =
𝑒

𝑚𝑐
𝑎𝜇𝐵 − 𝑎𝜇 −

1

𝛾2−1
Ԧ𝛽 × 𝐸

• Requirement

– Requires delivery of 1.4x1014 muons in the ring 

which is x20 the statistics of the BNL experiment

Fermilab Muon g-2 Experiment
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Progress
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5/20/201915

8.89 GeV/c p 

beam impacts  

the target

3.1 GeV/c 

secondaries (π+, 

μ+, p, e+) travel 

along M2 & M3

μ+ are extracted and 

transferred into the 

storage ring via M4, 

M5

After a few turns all 

π+ convert to μ+

μ+ enter the g-2 

storage ring

Protons separate  

and are removed

Muon Campus



Muon Campus
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Production
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Transport
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Bunch separation

• Revolution times for 3.1 GeV/c beam:

𝜇+, 𝛽 = 0.999, 𝑇 = 1685.5 ns  𝑒+, 𝛽 = 0.999, 𝑇 = 1684.5 ns  𝑝,  𝛽 = 0.957, 𝑇 = 1760.2 ns



Proton removal
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Proton removal
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M4-M5 lines separation (top view) 
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M4 Line

M5 Line

M4/M5 split



A small problem…
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The Muon Collider Idea
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Choice of location



Choice of location
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First simulation
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w < 0
Beam center

Wedge 

w > 0



Choice of material (1)
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• Mechanisms involved in the process:

– Energy loss (contraction)

– Multiple Coulomb scattering (expansion) 

– Energy straggling (expansion)

• We require materials with:

– Large energy loss term

– Large radiation length

• Beamline location with:

– Small beta function

– Large dispersion 



Choice of material (2)
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• 𝑄 takes into account the cooling term ( Τ𝑑𝐸 𝑑𝑠) and scattering 

term ( Τ1 𝐿𝑅), i.e. 𝑄 = 𝐿𝑅 × Τ𝑑𝐸 𝑑𝑠  



Optimum geometry
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• Optimum wedge geometry was studied with a fast Monte Carlo 

program

• Space restrictions limit the allowable wedge length to 130 mm



Measuring technique
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• We measure beam intensity at two locations: (1) upstream of 

ring injection, and (2) inside the ring after thousand of turns 

• Calorimeters measure only muons that fit within the ring’s 

momentum acceptance (stored muons)



Fabrication & installation 
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Fabrication & installation 
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Test with a Polyethylene wedge
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• A plastic wedge provided a 5% gain in stored muons



Test with a Boron Carbide wedge
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• A boron carbide wedge provided a 7% gain in stored muons



Simulation vs experiment
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• The agreement between simulation and experiment is good 



Thank you
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