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The principle of ionization cooling

• Competition between:

– dE/dx [cooling] 

– MCS [heating]

• Optimum:

– Low Z, large X0

– Tight focus
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IONIZATION COOLING AND MICE
Muon Ionization Cooling Experiment
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Muon Ionization Cooling Experiment
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• Proof of principle:
– Design, build commission tight-focusing, high-acceptance solenoid lattice;

– Demonstrate integration and operation of liquid-hydrogen absorbers

– Measure material properties that determine the ionization-cooling effect

– Demonstrate the principal of ionization-cooling:
• Study ionization cooling as a function of beam conditions and lattice settings
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Embargoed!
But available online from Friday.
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Liquid-hydrogen absorber

Online reconstruction: 
Mean momentum lost by muons as they pass through the 
liquid-hydrogen absorber. 
The data were recorded while the absorber was filling.

Conf.Proc. C100523 (2010) 421-423, Conf.Proc. C100523 (2010) MOPEB065,RAL-P-2018-003
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MICE STUDY OF IONIZATION COOLING

Muon Ionization Cooling Experiment
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Characterisation of the cooling equation
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• Evolution of normalized transverse emittance:

– Measured dependence on:

• Input emittance:
– Vary beam optics/diffuser;

• Material:
– Absorber LH2; LiH

• p, E and β:
– Vary beam momentum, optics

Absorbers:
65 mm thick lithium hydride disk
350 mm thick liquid hydrogen vessel
45o polythene wedge absorber



Measurement of muon-LiH scattering

• Precision measurement of MCS

• Validate consistency of energy-loss model
16



Single-particle technique
• Powerful!  Fully measure one muon at a time:

– Fast instrumentation, matched to beam intenstity:
• Measure all 6D phase-space coordinates of each muon

– Build muon ensemble offline:
• Calculate ensemble

properties
– E.g. T

17



Emittance and amplitude

• Emittance:
– Evaluated from RMS beam ellipse

• Amplitude: 
– Distance from core of beam

• Mean amplitude ~ RMS emittance
18



Measured input emittance
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• Precise measurement of emittance:
– Full 4D covariance matrix, i.e. off-diagonal coupling terms included
– Bin in PZ to study dispersion

Diffuser withdrawn
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Simulation in good 
agreement with data

– Example:

• T = 6 mm

• P = 140 MeV/c

Notation: P-T = 6-140
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arXiv:1806.01807; IPAC18 FRXGBE3
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Core-density change across absorber
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Core-density:
– Increases with LiH and 

LH2 absorbers

– Consistent with ‘no 
change’ for no 
absorber

Ionization-cooling 
signal
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The data set
• Excellent data taking!

• ‘On tape’:
– Complete data sets:

• LH2 full & empty
• LiH full & empty
• Polyethylene wedge

• Systematic study of 
ionization cooling now 
underway!
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GOING FORWARD
Muon Ionization Cooling Experiment
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Next steps in study of ionization cooling
• MICE will:

– Measure the factors that determine the ionization-cooling effect
– Study ionization cooling as a function of:

• Input beam emittance and momentum;
• Lattice optics and absorber material (LiH and LH2);

– Initial studies of emittance exchange with wedge absorber

• Possible next steps:
– Add acceleration to MICE lattice, study 4D cooling with acceleration:

• Design and components complete;

– Design and implement a 6D cooling experiment:
• See concepts described in M.Palmer’s contribution
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Next steps in study of ionization cooling
• MICE will:

– Measure the factors that determine the ionization-cooling effect
– Study ionization cooling as a function of:

• Input beam emittance and momentum;
• Lattice optics and absorber material (LiH and LH2);

– Initial studies of emittance exchange with wedge absorber

• Possible next steps:
– Add acceleration to MICE lattice, study 4D cooling with acceleration:

• Design and components complete;

– Design and implement a 6D cooling experiment:
• See concepts described in M.Palmer’s contribution
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CONCLUSIONS
Muon Ionization Cooling Experiment
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• Ionization cooling observed:
– Using LiH and LH2 absorbers

A major milestone!

• Precise measurements using single-particle technique:
– %-level measurement of emittance;
– Detailed studies of multiple Coulomb scattering and energy loss

• A wealth of data being analysed:
– Wide range of optics and initial p,  settings
– Scattering data
– Polyethylene wedge absorber

• Build on successful execution of MICE programme to:
– Design and implement a 6D cooling experiment;
– Establish a particle-physics programme based on high-intensity, high-energy muon 

beam:
• E.g. nuSTORM; see J. Pasternak’s contribution
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