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Motivation for Muon Accelerators
• High-energy electron-positron colliders increasingly 

limited by unwanted radiative processes

• Heavier fundamental fermions –– i.e., muons –– 
offer an attractive way forward 

- if the muons can be efficiently cooled 

• Muon storage rings could then serve as  
uniquely powerful ℓ+ℓ– colliders 

• And the world’s best neutrino sources 

- to probe beyond the 3ν-mixing paradigm

• Cooled muon beams → L.E.-µ sensitivity upgrades:  
   g – 2, µ2e, muonium (M) gravity, M–M̅ conversion…
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NF and MC

• Strong similarities! 

- both start with ~MW p beam on high-power tgt → π → µ,  
then cool, accelerate, & store

(1st 3 stages of NF reusable in MC)
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~ 1021 ν/year to 
remote detectors

ℒ > 1034 cm–2 s–1

ECM  up to 10 TeV 
and beyond
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Muon Accelerator (partial) 
Timeline
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1. High-power (up to 4 MW) p beam

- Hg jet feasible [MERIT@CERN, 2007]

2. Muon beam cooling in all 6 dimensions

- µ unstable, τμ = 2.2 µs ⇒ must cool quickly!...

3. Rapid acceleration

- Linac–RLAs–(FFAGs)–RCS [EMMA@DL, 2011]

4. High storage-ring bending field (to maximize # 
cycles before decay) and small β⊥, for high ℒ
- Solutions devised by MAP (FNAL), B ~ 10 T, β⊥ ~ 1 cm

Muon Accelerator 
Technical Challenges

e.g., SNS, ESS,  
PIP II SC Linac

�7

* and target
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* unless LEMMA 

   shown to work
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Muon Cooling
• Physics of multi-TeV lepton collisions calls for 

ℒ ~ 1034 cm–2 s–1

• Higgs physics  
requires ℒ ~ 1032 
and ∆p/p ~ 10–5

• How to get there:  
(one scenario)

- must cool both 
ϵ⊥ and ϵ||

- need factor ~106 total 6D emittance reduction

�8Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18
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Muon Cooling
• Physics of multi-TeV lepton collisions calls for 

ℒ ~ 1034 cm–2 s–1

• Higgs physics  
requires ℒ ~ 1032 
and ∆p/p ~ 10–5

• How to get there:  
(one scenario)

- must cool both 
ϵ⊥ and ϵ||

- need factor ~106 total 6D emittance reduction

simulation studies show most goals met or exceeded  
   – ∃ ideas to go further
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How cool muons?

• Problem:  Average lifetime at rest = 2.2 µs

• But established cooling methods (stochastic, 
electron, laser) take seconds to hours! 

• What cooling method can work in << 2.2 µs?
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Ionization Cooling
• Muons cool via dE/dx in low-Z medium:

Ionization Cooling:

• Two competing effects:

   – Absorbers: 
E E

dE
dx

s

space
rms

   – RF cavities between absorbers replace E
   – Net effect: reduction in p  at constant p , i.e., transverse cooling 

   X0   
(emittance change per unit length)

  dEdx

• optimal 
working point 
is ≈ ionization 
minimum

• 2 competing  
effects 

 ⇒ equilibrium  
    emittance: 

 ε0 ∝ β⊥/ dE/ds X0

• Only* practical way to cool within µ lifetime

• Expt’l demo [MICE]
�10Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18

*unlesss 

optical stochastic 

cooling workable 

[IOTA]

dεn

ds
≈ −1

β2 ⟨
dEμ

d x ⟩ εn

Eμ
+ β⊥(13.6 MeV)2

2β3Eμmμc2X0

ε0 ∝ β⟂ dE/dx X0  

:
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4 23. Passage of particles through matter
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Figure 23.3: Energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, tin, and lead.

(above which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for
a variety of materials in Fig. 23.4.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (23.2)

It is usual [4,5] to make the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M ≪ 1; this, in fact, is done implicitly in many
standard references. For a pion in copper, the error thus introduced into dE/dx is greater
than 6% at 100 GeV. The correct expression should be used.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron
can exceed 1 GeV/c, where structure effects significantly modify the cross sections. This
problem has been investigated by J.D. Jackson [6], who concluded that for hadrons (but
not for large nuclei) corrections to dE/dx are negligible below energies where radiative

April 17, 2001 08:58

  

• Work above ionization minimum  
to get negative feedback in pz?

• No – ineffective due to straggling

⇒cool longitudinally via emittance exchange:  
 
 
 
 

• Cool ε⊥, exchange ε⊥ & ε|| → 6D cooling

How to cool in 6D?
ADVANCES IN BEAM COOLING FOR MUON COLLIDERS * 

R. P. Johnson
#
, Muons Inc., Batavia, IL 60510, U.S.A. 

Y. S. Derbenev, Jefferson Lab, Newport News, VA 23606, U.S.A.

Abstract 
 A six-dimensional (6D) ionization cooling channel 

based on helical magnets surrounding RF cavities filled 

with dense hydrogen gas is the basis for the latest plans 

for muon colliders.  This helical cooling channel (HCC) 

has solenoidal, helical dipole, and helical quadrupole 

magnetic fields, where emittance exchange is achieved by 

using a continuous homogeneous absorber.  Momentum-

dependent path length differences in the dense hydrogen 

energy absorber provide the required correlation between 

momentum and ionization loss to accomplish longitudinal 

cooling.  Recent studies of an 800 MHz RF cavity 

pressurized with hydrogen, as would be used in this 

application, show that the maximum gradient is not 

limited by a large external magnetic field, unlike vacuum 

cavities.  Two new cooling ideas, Parametric-resonance 

Ionization Cooling and Reverse Emittance Exchange, will 

be employed to further reduce transverse emittances to a 

few mm-mr, which allows high luminosity with fewer 

muons than previously imagined.  We describe these new 

ideas as well as a new precooling idea based on a HCC 

with z dependent fields that is being developed for an 

exceptional 6D cooling demonstration experiment.  The 

status of the designs, simulations, and tests of the cooling 

components for a high luminosity, low emittance muon 

collider will be reviewed. 

INTRODUCTION 

New developments have revived the hopes generated 

by the pioneering work of Skrinsky and Parkhomchuk [1].  

The enthusiasm that existed 10 years ago for a muon 

collider was dampened by the failure to come up with a 

credible scheme to achieve fast longitudinal cooling.  

Consequently, the idea that a neutrino factory based on a 

muon storage ring would be an easier first step toward a 

muon collider, has meant that efforts for the last 10 years 

have been focused on neutrino factory designs [2,3].  But 

the large number of muons required for a factory has led 

to large emittance accumulation and storage schemes 

rather than the small 6D emittances needed for a collider.   

Recently, many advantages of small 6D emittance for a 

collider have become apparent [4], where, for example, 

the cost of muon acceleration can be reduced by using the 

high frequency RF structures being developed for the 

International Linear Collider (ILC).  We believe that the 

muon collider has now become an upgrade path for the 

ILC or its natural evolution if the LHC finds that the ILC 

energy is too low or its cost is too great. 

Effective 6D cooling and the recirculating of muons in 

the same RF structures that are used for the proton driver 

may enable a powerful new way to feed a storage ring for 

a neutrino factory [5].  This would put neutrino factory 

and muon collider development on a common path. 

IONIZATION COOLING TECHNIQUES 

Emittance Exchange with Continuous Absorber  

The simple idea that emittance exchange can occur in a 

practical homogeneous absorber without shaped edges 

followed from the observation that RF cavities 

pressurized with a low Z gas are possible [6].  Figure 1 is 

a schematic description of the new approach. 

 

 

 

 

 

HCC  

Effective 6D cooling (simulations: cooling factor 

50,000 in 150 m) 

Figure 1: LEFT: Older Wedge Absorber Technique 

RIGHT: Proposed Homogeneous Absorber Technique 

where dispersion causes higher energy particles to have 

longer path length and thus more ionization energy loss.       

 
Figure 2: Simulation results of a series of 4 pressurized 

HCC segments which are matched to the beam by having 

smaller cavities and stronger fields as the beam cools.  

 Gas-filled HCC 

The HCC is an attractive example of a cooling channel 

based on this idea of energy loss dependence on path 

!p/p

Incident Muon BeamIncident Muon Beam

Evacuated 
Dipole Magnet

Absorber-Filled 
Dipole Magnet

Wedge 
Absorber

ADVANCES IN BEAM COOLING FOR MUON COLLIDERS * 

R. P. Johnson
#
, Muons Inc., Batavia, IL 60510, U.S.A. 

Y. S. Derbenev, Jefferson Lab, Newport News, VA 23606, U.S.A.

Abstract 
 A six-dimensional (6D) ionization cooling channel 

based on helical magnets surrounding RF cavities filled 

with dense hydrogen gas is the basis for the latest plans 

for muon colliders.  This helical cooling channel (HCC) 

has solenoidal, helical dipole, and helical quadrupole 

magnetic fields, where emittance exchange is achieved by 

using a continuous homogeneous absorber.  Momentum-

dependent path length differences in the dense hydrogen 

energy absorber provide the required correlation between 

momentum and ionization loss to accomplish longitudinal 

cooling.  Recent studies of an 800 MHz RF cavity 

pressurized with hydrogen, as would be used in this 

application, show that the maximum gradient is not 

limited by a large external magnetic field, unlike vacuum 

cavities.  Two new cooling ideas, Parametric-resonance 

Ionization Cooling and Reverse Emittance Exchange, will 

be employed to further reduce transverse emittances to a 

few mm-mr, which allows high luminosity with fewer 

muons than previously imagined.  We describe these new 

ideas as well as a new precooling idea based on a HCC 

with z dependent fields that is being developed for an 

exceptional 6D cooling demonstration experiment.  The 

status of the designs, simulations, and tests of the cooling 

components for a high luminosity, low emittance muon 

collider will be reviewed. 

INTRODUCTION 

New developments have revived the hopes generated 

by the pioneering work of Skrinsky and Parkhomchuk [1].  

The enthusiasm that existed 10 years ago for a muon 

collider was dampened by the failure to come up with a 

credible scheme to achieve fast longitudinal cooling.  

Consequently, the idea that a neutrino factory based on a 

muon storage ring would be an easier first step toward a 

muon collider, has meant that efforts for the last 10 years 

have been focused on neutrino factory designs [2,3].  But 

the large number of muons required for a factory has led 

to large emittance accumulation and storage schemes 

rather than the small 6D emittances needed for a collider.   

Recently, many advantages of small 6D emittance for a 

collider have become apparent [4], where, for example, 

the cost of muon acceleration can be reduced by using the 

high frequency RF structures being developed for the 

International Linear Collider (ILC).  We believe that the 

muon collider has now become an upgrade path for the 

ILC or its natural evolution if the LHC finds that the ILC 

energy is too low or its cost is too great. 

Effective 6D cooling and the recirculating of muons in 

the same RF structures that are used for the proton driver 

may enable a powerful new way to feed a storage ring for 

a neutrino factory [5].  This would put neutrino factory 

and muon collider development on a common path. 

IONIZATION COOLING TECHNIQUES 

Emittance Exchange with Continuous Absorber  

The simple idea that emittance exchange can occur in a 

practical homogeneous absorber without shaped edges 

followed from the observation that RF cavities 

pressurized with a low Z gas are possible [6].  Figure 1 is 

a schematic description of the new approach. 

 

 

 

 

 

HCC  

Effective 6D cooling (simulations: cooling factor 

50,000 in 150 m) 

Figure 1: LEFT: Older Wedge Absorber Technique 

RIGHT: Proposed Homogeneous Absorber Technique 

where dispersion causes higher energy particles to have 

longer path length and thus more ionization energy loss.       

 
Figure 2: Simulation results of a series of 4 pressurized 

HCC segments which are matched to the beam by having 

smaller cavities and stronger fields as the beam cools.  

 Gas-filled HCC 

The HCC is an attractive example of a cooling channel 

based on this idea of energy loss dependence on path 

!p/p

Incident Muon BeamIncident Muon Beam

Evacuated 
Dipole Magnet

Absorber-Filled 
Dipole Magnet

Wedge 
Absorber

�11Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18

- use dispersion to 
correlate momentum 
and position / path 
length

[Figure courtesy Muons, Inc.]
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absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

• Tricky beam dynamics:  must handle dispersion, 
angular momentum, nonlinearity, chromaticity, & 
non-isochronous beam transport

Helical Cooling Channel

Muons, Inc. & FNAL
!

• 3 types of solutions found viable in simulation:

How to cool in 6D?
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BNL & FNAL

TOP VIEW 

SIDE VIEW 

Rectilinear FOFO

- FOFO Snake can cool both signs at once but limited 
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- FOFO Snake can cool both signs at once but limited 
in β⊥,min ⇒ best for initial 6D cooling

- R_FOFO – both vacuum-RF & pressurized versions

- HCC may be most compact

- Performance limits of each not yet clear, nor which 
is most cost-effective

How to cool in 6D?

�13Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18

absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

Helical Cooling Channel

Muons, Inc. & FNAL
!BNL & FNAL

TOP VIEW 

SIDE VIEW 

Rectilinear FOFO

• 3 types of solutions found viable in simulation:
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“Beyond” 6D Cooling
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Figure 2: Transverse ionization cooling (top) works by shrinking the muon momentum
vector with energy loss in absorbers (left) and restoring the longitudinal component with
accelerating sections (right). Longitudinal cooling can be achieved using wedge absorbers
in a dispersive region (bottom) or other configurations with momentum-dependent path-
length through the energy absorbers.

4 Ionization cooling

Ionization cooling appears to be the only practical option available for muon beams due to

the short muon proper lifetime (2.2µs). While conceptually simple (see Fig. 2), it presents

some challenges. The evolution of normalized transverse emittance ✏ of a muon beam as

a function of distance s in a magnetic channel with an absorber medium is given by
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where � and E are the average muon speed and energy, ⌅dE/ds⇧ denotes the (magnitude

of) average energy loss and the equilibrium emittance ✏0 is given by
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where X0 denotes the radiation length. ✏0 is directly proportional to the focusing length

��, or inversely proportional to the magnetic field. Thus, e⇥cient cooling (large d✏/ds)

requires strong magnetic fields around the RF cavities in the front end and cooling channel,

up to 6T in the scenarios currently considered for a Muon Collider.
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• To reach ≤25 µm transverse emittance, must go 
beyond 6D cooling schemes shown above

• One approach (Palmer “Final Cooling”):

- cool transversely  
with B ~ 30 T at  
low momentum

- gives lower β  
& higher dE/dx:  
 

• Lower-B options under study as well (Derbenev 
PIC, REmEx, lithium lenses)
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Ionization cooling appears to be the only practical option available for muon beams due to

the short muon proper lifetime (2.2µs). While conceptually simple (see Fig. 2), it presents

some challenges. The evolution of normalized transverse emittance ✏ of a muon beam as
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where X0 denotes the radiation length. ✏0 is directly proportional to the focusing length

��, or inversely proportional to the magnetic field. Thus, e⇥cient cooling (large d✏/ds)

requires strong magnetic fields around the RF cavities in the front end and cooling channel,

up to 6T in the scenarios currently considered for a Muon Collider.
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Figure 23.3: Energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, tin, and lead.

(above which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for
a variety of materials in Fig. 23.4.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (23.2)

It is usual [4,5] to make the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M ≪ 1; this, in fact, is done implicitly in many
standard references. For a pion in copper, the error thus introduced into dE/dx is greater
than 6% at 100 GeV. The correct expression should be used.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron
can exceed 1 GeV/c, where structure effects significantly modify the cross sections. This
problem has been investigated by J.D. Jackson [6], who concluded that for hadrons (but
not for large nuclei) corrections to dE/dx are negligible below energies where radiative
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Figure 2: Transverse ionization cooling (top) works by shrinking the muon momentum
vector with energy loss in absorbers (left) and restoring the longitudinal component with
accelerating sections (right). Longitudinal cooling can be achieved using wedge absorbers
in a dispersive region (bottom) or other configurations with momentum-dependent path-
length through the energy absorbers.

4 Ionization cooling

Ionization cooling appears to be the only practical option available for muon beams due to

the short muon proper lifetime (2.2µs). While conceptually simple (see Fig. 2), it presents

some challenges. The evolution of normalized transverse emittance ✏ of a muon beam as

a function of distance s in a magnetic channel with an absorber medium is given by
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where � and E are the average muon speed and energy, ⌅dE/ds⇧ denotes the (magnitude
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where X0 denotes the radiation length. ✏0 is directly proportional to the focusing length

��, or inversely proportional to the magnetic field. Thus, e⇥cient cooling (large d✏/ds)

requires strong magnetic fields around the RF cavities in the front end and cooling channel,

up to 6T in the scenarios currently considered for a Muon Collider.
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• To reach ≤25 µm transverse emittance, must go 
beyond 6D cooling schemes shown above

• One approach (Palmer “Final Cooling”):

- cool transversely  
with B ~ 30 T at  
low momentum

- gives lower β  
& higher dE/dx:  
 

• Lower-B options under study as well (Derbenev 
PIC, REmEx, lithium lenses)
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Figure 23.3: Energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, tin, and lead.

(above which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for
a variety of materials in Fig. 23.4.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (23.2)

It is usual [4,5] to make the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M ≪ 1; this, in fact, is done implicitly in many
standard references. For a pion in copper, the error thus introduced into dE/dx is greater
than 6% at 100 GeV. The correct expression should be used.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron
can exceed 1 GeV/c, where structure effects significantly modify the cross sections. This
problem has been investigated by J.D. Jackson [6], who concluded that for hadrons (but
not for large nuclei) corrections to dE/dx are negligible below energies where radiative
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Higgs Factory Cooling

                              

• µ+µ– Higgs Factory requires  
exquisite energy precision:

 - use µ+µ– → h s-channel  
resonance, dE/E ≈  
0.003% ≈ Γh  = 4 MeV

⇒omit final cooling

 - 10–6 energy calib. via 
(g – 2)µ spin precession!

 - measure Γh, lineshape (& mh)  
via µ+µ– resonance scan

 o the only way to do so! 

 o and a key test of the SM 

SMPolarization*&*Energy*measurement*
Raja*and*Tollestrup*(1998)*Phys.*Rev.*D*58*013005**

� Electron energy (from decay) 
depends on polarization 
� polarization is ~25% � 10% 

 
 
 
 

 
� Measure � from fluctuations in 

electron decay energies 
�106 decays/m 

 <E�>  depends on Frequency 
� Frequencies can be measured very 

precisely  
� E, �E to 0.1 MeV or better (?) 
� need only > ~5% polarization ? 

32 

� � 	��� � 		 � ��� 
 � 	� [P. Janot, HF2012]

Patrick Janot 

µ+µ� Collider%vs%e+e�%Collider%?%(2)%

!  A%µ+µ� collider%can%do%things%that%an%e+e�%collider%cannot%do%
◆  Direct%coupling%to%H%expected%to%be%larger%by%a%factor%mµ/me%

●  ,jh%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%[σpeak$=$70$pb$at$tree$level]$
◆  Beam%energy%spread%δE/E%may%be%reduced%to%3×10C5%

●  6D%Cooling,%no%beamstrahlung,%~no%bremsstrahlung%

●  For%%δE/E%%=%0.003%%%(δE%%~%3.6%MeV,%ΓH%~%4%MeV)%

➨  Corresponding%luminosity%~%1031%cmC2sC1%

Expect%2300%Higgs%events%in%100%pbC1/%year%

◆  Polarization,%beam%energy%and%energy%spectrum%

●  Can%be%measured%with%an%exquisite%precision%

➨  From%the%electrons%of%the%muon%decays%

◆  Then%measure%the%lineshape%of%the%Higgs%at%√s%~%mH%

●  FiveCpoint%scan,%50%+%100%+%200%+%100%+%50%pbC1%

➨  Precision%from%H→bb%and%WW%:%%

14 Nov 2012 
HF2012 : Higgs beyond LHC (Experiments) 

23 

( ) ( )HeeH →×≈→ −+−+ σµµσ 40000

σ(mH), TLEP 

, W, … 

, W, … 

mH% σPeak% ΓH%

0.1%MeV% 0.6%pb% 0.2%MeV%

10C6% 2.5%% 5%%

√s 

σ (pb) 

[16,17] 
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MICE

µ beam 
~200 MeV/c

TOF 4T spectrometer I

Cooling cell (~10%) 
ß = 5–45 cm, LH2, RF

4T spectrometer II

TOF 
Calorimeters 

SciFi solenoidal spectrometers 
measure emittance to 1‰ 
(muon by muon)

• International Muon Ionization Cooling Experiment at 
UK’s Rutherford Appleton Laboratory (RAL)

• Flexibility to test several  
absorber materials &  
optics schemes 
 

• Status:  data-taking complete, analysis in progress
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MICE Step IV 
❏  MICE Step IV data set (2015-2017): 350x106 triggers 

MICE Results, NUFACT 2018, 16 August 2018  

×106

• International 
collaboration 
of >100 
scientists and 
engineers, 
from >30 
institutions in 
10 countries

 
6 

7th February 2015

MICE

MICE MICE

Muon Ionization Cooling Experiment 
❏  We are extremely grateful to all the funding agencies 

that are contributing and have contributed to MICE 
―  STFC from UK 
―  NSF and DoE from USA 
―  INFN in Italy, Swiss National Science Foundation, European 

Community, Institutional Funding in Bulgaria, Netherlands, Serbia 
―  Japan Society for the Promotion of Science, Chinese Academy of 

Sciences, institutional funding South Korea 

MICE Results, NUFACT 2018, 16 August 2018  

• Successful 
data-taking 
campaign 
finished in 
2017

• 3.5 x 108 
triggers 
recorded
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Principles of MICE
• Cost-effective: use minimal cooling channel

- one complete lattice cell → ~10% cooling effect

o in the end we built only a single absorber–focus-coil 
module → ~5% cooling effect

• Measure emittance with 0.1% precision

- allows even small cooling effects near equilibrium 
emittance to be well measured

 ⇒ need to measure muon beam one muon at a time

• Vary all parameters to explore full 
performance range, validate simulation tools

�18Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18
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• Typical optics vs. z: • Beam behavior vs. z:
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Figure 1: Schematic diagram of the configuration of the experiment. The red rectangles represent the coils
of the spectrometer solenoids and focus coil. The individual coils of the spectrometer solenoids are labelled
E1, C, E2, M1 and M2. The various detectors (time-of-flight hodoscopes [18, 19], Cerenkov counters [20],
scintillating-fibre trackers [21], KLOE Light (KL) calorimeter [22, 23], and Electron Muon Ranger (EMR) [24])
are also represented.

The emittance is measured upstream and downstream of the absorber and focus-coil using scintillating-fibre
tracking detectors [21] immersed in the solenoidal field provided by three superconducting coils (E1, C, E2).
The trackers are used to reconstruct the trajectories of individual muons at the entrance and exit of the absorber.70

The trackers are each constructed from 5 planar stations of scintillating fibres. The track parameters are reported
at the nominal reference plane; the surface of the scintillating-fibre plane closest to the absorber/focus-coil
module [28]. The reconstructed tracks are combined with information from instrumentation upstream and
downstream of the spectrometer modules to measure the muon-beam emittance at the upstream and downstream
tracker reference planes. The instrumentation up- and downstream of the spectrometer modules is used to select75

a pure sample of muons. The spectrometer-solenoid modules also contain two superconducting ‘matching’ coils
(M1, M2) that are used to match the optics between the uniform-field region and the neighbouring focus-coil.

4 MICE Muon Beam line

The MICE Muon Beam line (MMB), shown schematically in figure 2, is capable of delivering beams with
normalised transverse emittance in the range 3  "N  10mm and mean momentum in the range 140  pµ 80

240MeV/c with a root-mean-squared (RMS) momentum spread of ⇠20 MeV/c [22] after the diffuser (figure 1).
The diffuser is situated at the entrance of the upstream spectrometer module and was used to generate a range
of emittance. It consisted of tungsten and brass irises of various thickness and was operated pneumatically.

Pions produced by the momentary insertion of a titanium target [25, 26] into the ISIS proton beam are
captured using a quadrupole triplet (Q1–3) and transported to a first dipole magnet (D1), which selects particles85

of a desired momentum bite into the 5 T decay solenoid (DS). Muons produced in pion decay in the DS are
momentum-selected using a second dipole magnet (D2) and focused onto the diffuser by a quadrupole channel
(Q4–6 and Q7–9). In positive-beam running, a borated polyethylene absorber of variable thickness is inserted
into the beam just downstream of the decay solenoid to suppress the high rate of protons that are produced at
the target [29].90

The composition and momentum spectra of the beams delivered to MICE are determined by the interplay
between the two bending magnets D1 and D2. In ‘muon mode’, D2 is set to half the current of D1, selecting
backward-going muons in the pion rest frame and producing an almost pure muon beam.

Data were taken in October 2015 in muon mode at a nominal momentum of 200 MeV/c, with ISIS in opera-
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• Typical optics vs. z: • Beam behavior vs. z:
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Figure 1: Schematic diagram of the configuration of the experiment. The red rectangles represent the coils
of the spectrometer solenoids and focus coil. The individual coils of the spectrometer solenoids are labelled
E1, C, E2, M1 and M2. The various detectors (time-of-flight hodoscopes [18, 19], Cerenkov counters [20],
scintillating-fibre trackers [21], KLOE Light (KL) calorimeter [22, 23], and Electron Muon Ranger (EMR) [24])
are also represented.

The emittance is measured upstream and downstream of the absorber and focus-coil using scintillating-fibre
tracking detectors [21] immersed in the solenoidal field provided by three superconducting coils (E1, C, E2).
The trackers are used to reconstruct the trajectories of individual muons at the entrance and exit of the absorber.70

The trackers are each constructed from 5 planar stations of scintillating fibres. The track parameters are reported
at the nominal reference plane; the surface of the scintillating-fibre plane closest to the absorber/focus-coil
module [28]. The reconstructed tracks are combined with information from instrumentation upstream and
downstream of the spectrometer modules to measure the muon-beam emittance at the upstream and downstream
tracker reference planes. The instrumentation up- and downstream of the spectrometer modules is used to select75

a pure sample of muons. The spectrometer-solenoid modules also contain two superconducting ‘matching’ coils
(M1, M2) that are used to match the optics between the uniform-field region and the neighbouring focus-coil.

4 MICE Muon Beam line

The MICE Muon Beam line (MMB), shown schematically in figure 2, is capable of delivering beams with
normalised transverse emittance in the range 3  "N  10mm and mean momentum in the range 140  pµ 80

240MeV/c with a root-mean-squared (RMS) momentum spread of ⇠20 MeV/c [22] after the diffuser (figure 1).
The diffuser is situated at the entrance of the upstream spectrometer module and was used to generate a range
of emittance. It consisted of tungsten and brass irises of various thickness and was operated pneumatically.

Pions produced by the momentary insertion of a titanium target [25, 26] into the ISIS proton beam are
captured using a quadrupole triplet (Q1–3) and transported to a first dipole magnet (D1), which selects particles85

of a desired momentum bite into the 5 T decay solenoid (DS). Muons produced in pion decay in the DS are
momentum-selected using a second dipole magnet (D2) and focused onto the diffuser by a quadrupole channel
(Q4–6 and Q7–9). In positive-beam running, a borated polyethylene absorber of variable thickness is inserted
into the beam just downstream of the decay solenoid to suppress the high rate of protons that are produced at
the target [29].90

The composition and momentum spectra of the beams delivered to MICE are determined by the interplay
between the two bending magnets D1 and D2. In ‘muon mode’, D2 is set to half the current of D1, selecting
backward-going muons in the pion rest frame and producing an almost pure muon beam.

Data were taken in October 2015 in muon mode at a nominal momentum of 200 MeV/c, with ISIS in opera-
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MICE Beam and detectors 
❏  Muon beam, target, detectors and diffuser: 

MICE Results, NUFACT 2018, 16 August 2018  
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MICE Beam and detectors 
❏  Muon beam, target, detectors and diffuser: 

MICE Results, NUFACT 2018, 16 August 2018  

Diffuser

LH2 Absorber

 
8 

MICE Beam and detectors 
❏  Muon beam, target, detectors and diffuser: 

MICE Results, NUFACT 2018, 16 August 2018  

KL & EMR
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MICE Beam and detectors 
❏  Muon beam, target, detectors and diffuser: 

MICE Results, NUFACT 2018, 16 August 2018  
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MICE Beam and detectors 
❏  Muon beam, target, detectors and diffuser: 

MICE Results, NUFACT 2018, 16 August 2018  
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Muon Ionization Cooling Experiment 
❏  Cooling Channel with Partial Return Yoke 

MICE Results, NUFACT 2018, 16 August 2018  
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Selected MICE Results…
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Beam Characterization
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Measurement of beam emittance 

MICE Results, NUFACT 2018, 16 August 2018  

❏  Single particle reconstruction: creates virtual beams by 
performing ensemble of all particles 

❏  4D-phase space of particles:  
❏  Normalised RMS transverse emittance: εT =

Σ4D4

mc

(x, px, y, py )

Volume of 4D  
phase-space  
ellipsoid 

Reconstructed phase space  
shows coupling of different  
variables for emittance 
calculation

4D covariance  
matrix: Σ4D

❏  Ionization cooling implies reduction of 
transverse emittance after absorber 

εn =
4 |Σ4D |

mc
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Emittance evolution 

MICE Results, NUFACT 2018, 16 August 2018  

❏  Measurement of emittance using single-particle method: 
―  MICE data shows flat emittance as function of momentum 

• Muon-beam emittance determined from measured 
individual-muon phase-space coordinates

- 4D transverse phase-space of muons: (x, px, y, py )

→ normalized RMS transverse emittance:  
  Σ4: 4D covariance matrix  
  of coordinates

Poincaré sections (note x-py & y-px  
correlations due to solenoidal optics):

- give εn vs. pz in  
typical (“3 mm”)  
beam setting
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Cooling Measurements
• Since we know each muon’s coordinates, can 

compute individual-muon amplitudes

- 4D distance of each muon from beam centroid

- more informative than emittance

�23Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18

Poincaré sections (upstream)
6-mm 140-MeV/c beam – flip mode – LiH

Yağmur Torun Phase Space in MICE – NuFact – Aug 13, 2018

Upstream
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Cooling Measurements
• Since we know each muon’s coordinates, can 

compute individual-muon amplitudes

- 4D distance of each muon from beam centroid

- more informative than emittance
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Poincaré sections (downstream)
6-mm 140-MeV/c beam – flip mode – LiH

Yağmur Torun Phase Space in MICE – NuFact – Aug 13, 2018

Downstream

• Note cooling of beam core

- and scraping of tails
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• Other cooling indicators:

- subemittance, fractional emittance, phase-space 
density, core volume 

- only time for one today:  e9 � emittance of central 
9% of beam (1σ of 4D Gaussian beam)

�25
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• Other cooling indicators:

- subemittance, fractional emittance, phase-space 
density, core volume 

- only time for one today:  e9 � emittance of central 
9% of beam (1σ of 4D Gaussian beam)
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�Subemittance evolution
6-mm 140-MeV/c beam – flip mode – LiH

Yağmur Torun Phase Space in MICE – NuFact – Aug 13, 2018
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Also – 1st 6D cooling test:
• Aspects of 6D cooling / emittance exchange tested 

by inserting wedge absorbers in MICE

• MICE data with 45° polyethylene wedge: 

- test reverse 
emittance  
exchange

�26Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18
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Reverse emittance exchange  

MICE Results, NUFACT 2018, 16 August 2018  

❏  Emittance exchange: muon 
collider 6D cooling and g-2 

❏  Reverse emittance exchange 
increases luminosity MC 

❏  Polyethylene wedge absorber  

Simulation Simulation

Reverse emittance exchange: transverse cooling and longitudinal heating

See Yagmur Torun’s talk  
(Monday WG3 parallel session)

Reverse emittance exchange
6mm 140-MeV/c beam – polyethylene wedge

Cooling mainly transverse
in a linear channel
Wedge shaped absorber
for emittance exchange

Yağmur Torun Phase Space in MICE – NuFact – Aug 13, 2018

- wedge 
increases 
momentum 
spread while  
reducing εn

- can be used to 
increase MC ℒ
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Conclusions
• 1021 ν/year Neutrino Factory feasible 
→ world’s best measurements of neutrino mixing parameters!

• High-ℒ Muon Collider looks feasible

- buildable as Neutrino Factory upgrade 

- Higgs Factory could be important step on the way!

• First results from MICE validate efficacy of ionization 
cooling; more-complete results on the way

- eliminate last in-principle obstacle to high-brightness muon 
accelerators

➡such machines can be designed & built with confidence

�27Muon	Colliders,	Neutrino	Factories,	and	MICE CAARI	7/26/18

S. Choubey et al. [IDS-NF collaboration],  
Interim Design Report, Nova Science Publishers, 
Inc., 2011, arXiv:1112.2853 [hep-ex]

http://arxiv.org/abs/1112.2853v1
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Some MC/NF source material:
– Neutrino Factory Feasibility Study II report [S. Ozaki et al., eds, BNL-52623 (2001)] 
– Recent Progress in Neutrino Factory and Muon Collider Research within the Muon 

Collaboration [M. Alsharo’a et al., PRST Accel. Beams 6, 081001 (2003)] 
– Neutrino Factory and Beta Beam Experiments and Development [C. Albright et al., 

arXiv:physics/0411123, www.aps.org/policy/reports/multidivisional/neutrino/upload/
Neutrino_Factory_and_Beta_Beam_Experiments_and_Development_Working_Group.pdf (2004)]  

– Recent innovations in muon beam cooling [R. P. Johnson et al., AIP Conf. Proc. 821, 405 (2006)] 
– International Design Study for the Neutrino Factory, Interim Design Report [S. 

Choubey et al., arXiv:1112.2853] 

– Enabling Intensity and Energy Frontier Science with a Muon Accelerator Facility in 
the U.S.: A White Paper Submitted to the 2013 U.S. Community Summer Study of the Division of Particles and 
Fields of the American Physical Society [J.-P. Delahaye et al., eds., arXiv:1308.0494] 

– Pressurized H2 RF Cavities in Ionizing Beams and Magnetic Fields [M. Chung et al., PRL 111 (2013) 
184802] 

– Muon Colliders [R.B. Palmer, Rev. Accel. Sci. Tech. (RAST) 7 (2014) 137] 
– Operation of normal-conducting RF cavities in multi-tesla magnetic fields for muon ionization 

cooling: a feasibility demonstration [D. Bowring et al., arXiv:1807.03473, submitted to PRL] 

– The future prospects of muon colliders and neutrino factories [M. Boscolo, J.-P. Delahaye, M. Palmer, 
arXiv:1808.01858, submitted to RAST] 

– map.fnal.gov; www.cap.bnl.gov/mumu/; mice.iit.edu 
– JINST Special Issue on Muon Accelerators  

[iopscience.iop.org/journal/1748-0221/page/extraproc46]
Repository for final MAP 

and MICE papers

http://www.aps.org/policy/reports/multidivisional/neutrino/upload/Neutrino_Factory_and_Beta_Beam_Experiments_and_Development_Working_Group.pdf
http://www.aps.org/policy/reports/multidivisional/neutrino/upload/Neutrino_Factory_and_Beta_Beam_Experiments_and_Development_Working_Group.pdf
http://map.fnal.gov
http://www.cap.bnl.gov/mumu/
http://mice.iit.edu
http://iopscience.iop.org/journal/1748-0221/page/extraproc46

