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Outline

• Neutrino Factory/Muon Collider Comparison

• Muon cooling for a Neutrino Factory or Muon 
Collider

• 6D cooling

• Final cooling

• Acceleration

• Storage ring

• Conclusions
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µC-νF Comparison

• Front ends similar or identical!

! Can µC be built as νF upgrade?
<
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Key µC Parameters

• 2 ways to get 1034
 

• compare with νF:
7,400

4

• How to get there:
(1 scenario)

• Must cool both 
transversely and 
longitudinally

Need ~300X more 
cooling than νF!
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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

• ionization 
minimum is 
! optimal 
working point

• 2 competing 
effects

 ⇒ equilibrium 
emittance:

 !0∝"⊥ /�dE/ds�X0

• Only practical way to cool within 2µs µ lifetime

Reminder:
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>

Note: 

• dE/dx cooling mechanism inherently transverse 

- reduces px, py, pz while acceleration replaces only pz 

⇒ cools only beam divergence

- coupled to beam area by variable focusing

→4D transverse cooling

• Demonstration in progress (MICE), 2013 goal...

Ionization Cooling



2) Muon Ionization
Cooling Experiment (MICE)

International collaboration at RAL, US, UK, Japan (Blondel)

• Will demonstrate transverse cooling in liquid hydrogen, including rf re-accele
ration

• Uses a different version of ’Guggenheim’ lattice

• Early Experiment to demonstrate Emittance Exchange

– Dispersion by weighting

– Cooling in all dimensions

– But no re-accele
ration
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MICE

?

• Muon Ionization Cooling Experiment at UK’s 
Rutherford Appleton Laboratory

• Beamline working, apparatus buildup in 
progress

- see WG3 parallel talks by Torun, Apollonio, Rayner
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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 
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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. 
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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.  
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AThe MICE ExperimentD. M. Kaplan, IIT HEP Seminar, U. Chicago

• Transverse ionization cooling self-limiting due to longitudinal-emittance 

growth, leading to particle losses 

– caused e.g. by energy-loss straggling plus finite dE acceptance of cooling channel 

   ⇒ need longitudinal cooling for muon collider (could also help for NF)

• Variety of wedge-absorber, 6D-cooling ring & spiral lattices explored:

6D Cooling Approaches

Muon Cooling R&D (cont’d)

High-power liquid-hydrogen energy absorbers:

...& test facilities for absorbers and r.f. cavities

... also design studies for alternative
ways of cooling:

radius    =    13 m

circonf. = 84.4 m

22.5 deg

RF Cavity

Half Liq. H

Wedge Absorber 

Half

0 m

5.27 m

22.5 deg

3.90 m3.0 m

3.5 m
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4.80 m

2

201 MHz
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Q!magnets
Q!magnets

Dipole

1/16  of a Ring

Figure 3: Top view of the “UCLA” Emittance Exchange Ring, and a schematic drawing of a ring
components in the 22.5 degree section

A. Garren et al. (UCLA)
R. Palmer et al. (BNL)

RFOFO Ring

RFOFO “Guggenheim”

A. Klier (UCR)

Quad+Dipole Ring

! Helices avoid injection/extraction kickers & allow matching ! to !(s)

. . .

21

absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

UCR & BNL

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

Helical Cooling Channel

Muons, Inc. & FNAL
!

• After >10 years of work, 3 solutions seem viable:

How to cool in 6D?
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growth, leading to particle losses 

– caused e.g. by energy-loss straggling plus finite dE acceptance of cooling channel 

   ⇒ need longitudinal cooling for muon collider (could also help for NF)

• Variety of wedge-absorber, 6D-cooling ring & spiral lattices explored:

6D Cooling Approaches

Muon Cooling R&D (cont’d)

High-power liquid-hydrogen energy absorbers:

...& test facilities for absorbers and r.f. cavities

... also design studies for alternative
ways of cooling:
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A. Klier (UCR)

Quad+Dipole Ring

! Helices avoid injection/extraction kickers & allow matching ! to !(s)

. . .

21

absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

UCR & BNL

• After >10 years of work, 3 solutions seem viable:
Helical Cooling Channel

Muons, Inc. & FNAL
!

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

- HCC may be most compact

- Not yet clear if all will work in practice, nor which is 
most cost-effective

How to cool in 6D?
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• Guggenheim simulation results shown here
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How to cool in 6D?
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1st 6D cooling test:

• Some aspects of 6D cooling can be tested by 
inserting wedges in MICE

• Part of MICE program

- have ordered LiH wedge:

(3
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Beyond 6D Cooling
• To reach ≤25 µm emittance, must go beyond 

6D cooling schemes shown above

• One approach (Palmer “Final Cooling”):

- cool transversely in ~40 T B field at low momentum

- gives lower β &
higher dE/dx:

• Lower-B options under study as well 
(Derbenev “PIC/REmEx,” lithium lenses)

(<

µ

Energy loss

p

Acceleration

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

d�

ds
� −

�
dE
ds

�

β2E
(�− �0) (1)

where β 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

�0 �
(0.875 MeV)

�
dE
ds

�
X0

β⊥
β

, β⊥ ∼
p

B
(2)

where X0 denotes the radiation length. �0 is directly proportional to the focusing length

β⊥, or inversely proportional to the magnetic field. Thus, efficient 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.

3

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
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Final Cooling
• Palmer final-cooling cell:

• Simulation of 13 stages:

(4

One stage

M
uo

n Accelerator

Program

! Cooling limited to ≈ 20% before dE/dx → excessive

! Drift needed to phase rotate to new longer bunch and ok dE/dx

! Field must be reversed to avoid angular momentum build up

August 24–26, 2010 MAP Review—Final Cooling—R.B.Palmer 5

Details 2

M
uo

n Accelerator

Program

Stage
0 5 10 15

4
68

2
4
68

1.0

2
4
68

10.0

2
4

102

σ⊥ (mm)

ε⊥ (mm mrad)

β⊥ (cm)

Energy (MeV)

! Beam rms radii fall from 2 cm to ≈ 6 mm

! Beam energy falls from 70 MeV (135 MeV/c) to ≈ 6 MeV

August 24–26, 2010 MAP Review—Final Cooling—R.B.Palmer 11

- Beam energy falls from 70 MeV 
(135 MeV/c) to ≈ 6 MeV

- Bunch length rises from 5 cm to 
300 cm rms

- Beam rms radius falls from 
2 cm to 6 mm, ε⊥ to 23 µm

- 65% transmission
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- HTS JE @ 4.2 K quite flat vs B:

E. Barzi et al., CEC/ICMC’05, 
Advances in Cryogenic 
Engineering 52, 416 (2006)

(∃ YBCO 33.8 T hybrid solenoid @ NHMFL)
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Acceleration

• Initial linac

• Then recirculating linacs (RLA)

• Finally, rapid-cycling synchrotrons (RCS)

• Last RCS uses hybrid 8T SC and –1.8 to +1.8 T 
pulsed dipoles

(=

Hybrid Ramping Synchrotron

M
uo

n Accelerator

Program

! Keep average field high: mix
" Fixed-field superconducting dipoles
" Ramped (−1.8 T to +1.8 T) warm dipoles

! Closed orbit changes during acceleration

NC
SCQF QD

Dimensions in m

0.0

0.1

0 10 20 30

August 24–26, 2010 MAP Review—Muon Acceleration (J. S. Berg) 9

Neutrino Factory

M
uo

n Accelerator

Program

! Well-defined acceleration scenario
! Linac to 0.9 GeV

" Make beam sufficiently relativistic
" Reduce relative energy spread and beam size

! Two 4.5-pass “dogbone” RLAs to 3.6/12.6 GeV
! FFAG to 25 GeV: 12.5 turns

" Good efficiency

12.6–25 GeV FFAG

3.6–12.6 GeV RLA

0.9–3.6 GeV
RLA

Linac to
0.9 GeV

August 24–26, 2010 MAP Review—Muon Acceleration (J. S. Berg) 4
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Collider Ring
• Example 2.5 km storage ring for √s = 1.5 TeV: 

(>

correctors

sextupoles bends

Dx (m)

quads

RF

multipoles for higher order chrom. correction

!"x 

!"y Chrom. Correction Block "* = 1 cm

[Y. Alexahin et al., FNAL]
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Collider Ring
• Example 2.5 km storage ring for √s = 1.5 TeV: 

• Employs open-midplane dipoles 
(8 & 10 T) in order to cope 
with decay electrons

• Will continue to be refined
(>

correctors

sextupoles bends

Dx (m)

quads

RF

multipoles for higher order chrom. correction

!"x 

!"y Chrom. Correction Block "* = 1 cm

[Y. Alexahin et al., FNAL]
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Conclusions

• A high-L  Muon Collider is probably feasible, 
and buildable as a Neutrino Factory upgrade

- whether things go in this order remains to be seen!

• Requires development of high-field HTS 
solenoids

• Technology selection, feasibility demonstration, 
and cost estimation are main goals of MAP 7-
year program

(?
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