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“A Brief History of Muons” 
• Muon storage rings:  an old idea

– Charpak et al. (g – 2) (1960), Tinlot & Green (1960), Melissinos (1960) 

• Muon colliders suggested by Tikhonin (1968), Neuffer (1979) 

• But no concept how to achieve high luminosity until ionization 
cooling proposed

– O’Neill (1956), Lichtenberg et al. (1956)

– for muon cooling:  Skrinsky & Parkhomchuk (1981), Neuffer (1983) 

• Realization (Neuffer & Palmer) high-luminosity muon collider might 
be feasible stimulated workshops & formation (1995) of (Neutrino 
Factory and) Muon Collider Collaboration (NFMCC)

– subsequently grew to 47 institutions and >100 physicists 

• Snowmass Summer Study (1996):

– feasibility study of a 2+2 TeV Muon Collider [Fermilab-conf-96/092] 
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(See also https://puhep1.princeton.edu//mumu/physics/index.html )

https://puhep1.princeton.edu//mumu/physics/index.html
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“A Brief History of Muons” 
• Neutrino Factory suggested by Geer (1997) at Workshop on Physics 

at the First Muon Collider and the Front End of the Muon Collider [AIP 
Conf. Proc. 435; Phys. Rev D 57, 6989 (1998) [D59:039903,1999(E)]; also CERN 
Neutrino Factory yellow report (1999) [CERN 99-02, ECFA 99-197] 

• Formation of ICAR (1998) and Muons, Inc. (2002)

• Muon Ionization Cooling Experiment (MICE) proposed (2003)

• Fermilab Muon Collider Task Force (MCTF) established (2006)

• At DOE request, NFMCC & MCTF consolidated (2012) into 
Muon Accelerator Program (MAP)

• MAP terminated (2017) by DOE (P5 report, 2013)

• MICE observed cooling (2018)

• European work resumed (2019) – LEMMA,…

• European Strategy endorsed MC R&D (2020)
4



Overview	of	Muon	Accelerator	R&DD.	M.	Kaplan

MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

/283/25/21

Muon Accelerator (partial) Timeline
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Muon Accelerator (partial) Timeline
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Some MC/NF source material:
– Neutrino Factory Feasibility Study II report [BNL-52623 (2001)] 

– Recent Progress in Neutrino Factory and Muon Collider 
Research within the Muon Collaboration, M. Alsharo’a et al., Phys. Rev. ST 
Accel. Beams 6, 081001 (2003) 

– APS Multidivisional Neutrino Study [www.aps.org/neutrino/ (2004)] 
– Recent innovations in muon beam cooling, R. Johnson et al., AIP Conf. Proc. 821, 405 (2006) 

– Muon Colliders and Neutrino Factories, S. Geer, Annu. Rev. Nucl. Part. Sci. 59, 347 (2009) 

– International Design Study for the Neutrino Factory, Interim 
Design Report [IDS-NF-20, BNL-96453-2011, CERN-ATS-2011-216, EURONU-WP1-05, 
FERMILAB-PUB-11-581-APC, RAL-TR-2011-018, FERMILAB-DESIGN-2011-01], arXiv:1112.2853 [hep-ex] 

– Muon Colliders, R.B. Palmer, Rev. of Accel. Sci. and Tech. 7 (2014) 137–159 
– map.fnal.gov; www.cap.bnl.gov/mumu/; mice.iit.edu; proj-hiptarget.web.cern.ch 

– JINST Special Issue on Muon Accelerators 
[iopscience.iop.org/journal/1748-0221/page/extraproc46] 

– The future prospects of muon colliders and neutrino factories,  
M. Boscolo, J.-P. Delahaye, M. Palmer, Rev. of Accel. Sci. and Tech. 10 (2019) 189-214
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Repository for archival 

MAP and MICE papers

http://www.aps.org/neutrino/
http://map.fnal.gov
http://www.cap.bnl.gov/mumu/
http://mice.iit.edu
https://proj-hiptarget.web.cern.ch/
http://iopscience.iop.org/journal/1748-0221/page/extraproc46
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Challenges:

8

• High power beam & target

• Rapid, 6D muon cooling

• Final cooling to extreme emittance

• Rapid muon acceleration

• High-field low-β storage ring

• (neutrino radiation)
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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)

(emittance change 
per unit length)

Note:  It’s “just Maxwell’s equations,” so in principle it has to work!
But complicated in practice…so a test was essential!

Ionization Cooling
• Two competing effects: 

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

d⇥

ds
= � 1

�2

�
dEµ

ds

⇥
⇥N

Eµ
+
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2�3EµmµX0
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≈

→ MICE
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Comments on Ionization Cooling
1. Effect is transverse only

– might hope to cool longitudinally via  
dE/dx curve’s slight positive slope  
above ionization minimum

– but dE/dx “straggling” tail causes heating

2. To optimize cooling requires:
– low β⟂ (via, e.g., SC solenoids)

– large-X0 (low-Z) absorber material

– low Eμ (typ. 150 < pμ < 300 MeV/c)

3. Can “rotate” portion of effect  
into longitudinal phase plane  
via “emittance exchange”
– allows cooling of all 6 phase-space dimensions

10

  

Emittance exchange overview 
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Preparing for Ionization Cooling:
Phase Rotation

• Muons born with small ∆ t but large ∆ E

• 1st bunch, then phase-rotate:

11

∆E

ct  

Drift RF Buncher RF Rotation 

Example: International Scoping Study (ISS) νF design [JINST 4, P07001 (2009)]

                                      Bunching via RF “vernier” [D. Neuffer]

– uses several RF frequencies, starting at ≈ 300 MHz, decreasing to ≈200 MHz
– works for both signs at once → train of alternating µ+ and µ– bunches

D. Neuffer et al. 2017 JINST 12 T11007
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Transverse Ionization Cooling
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• 80m-long cooling channel increases 
muon intensity × 1.6

– less expensive than higher-intensity 
proton driver and target

• Accepts and cools μ+ and μ– 
simultaneously

• Superseded by Alexahin 6D 
scheme…

 

 34

final value of !TN = 7.4 ! mm-rad, more than a factor of two reduction from the initial value. The 

equilibrium value for a LiH absorber with an 80 cm beta function is about 5.5 ! mm-rad. 

 

As shown in Fig. 31, the cooling channel increases the number of accepted muons by about a 

factor of 1.6. Normalizing to the incident 10 GeV proton beam energy on the mercury target, the 

figure of merit for the ISS front end is 0.0077 ± 0.0009 for the positive muons and 0.0089 ± 

0.0010 for the negative muons. This efficiency is similar to the result from Study 2a [21, 41] for 

24 GeV proton interactions. In addition, this channel transmits both signs of muons produced at 

the target. With appropriate modifications to the transport line going into the storage ring and the 

storage ring itself, this design would deliver both (time tagged) neutrinos and antineutrinos to the 

detector. The beam at the end of the cooling section consists of a train of about 80 bunches with a 

varying population of muons in each one. 

4.4  Baseline Optimization Studies 

A number of front end design studies were carried out as part of the ISS program in order to do 

an initial optimization of the system and to identify configurations worthy of further study. 

4.4.1  CERN Cooling Channel 

As discussed in Section 4.1, before selecting Study 2a as the baseline front end configuration, 

detailed comparisons were made with the front end used in the CERN Neutrino Factory studies. 

To permit accurate comparisons, simulations of the CERN front end [42] were made using the 

same initial beam distributions, simulation codes and level of detail that were used with Study 2a 

[43]. The original CERN front end design [30] had a 30 m decay region, a 30 m phase rotation 

section, 46 m of initial cooling, 32 m of acceleration, and 112 m of final cooling. The solenoidal 

focusing field increased from 1.8 to 5 T along the channel.  

 

For the horn capture, we took the original CERN design, which was optimized for use with a 2.2 

GeV beam. The horn design is very compact, only 1 m long with two radially nested horns 

extending out to a radius of 1 m. The design included a 0.5 m long drift space at the end of the 

horn, so the field of the first solenoid in the decay channel does not overlap the horn field. This 

was followed by the 44 + 88 MHz front end, except for the omission of the tapered capture 

solenoid. For the solenoid collection, the number of accepted positive muons (µA/!) is ~0.01 for  
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Fig. 31.  Number of muons per incident proton accepted by the downstream 

acceleration system vs. longitudinal position along the ISS front end. 
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ISS scheme:
[M. Apollonio et al., JINST 4, 7 (2009) P07001]

• Cost-effective alternating-solenoid  
lattice

• Thin, Be-coated LiH absorbers 
double as RF-cavity windows

https://iopscience.iop.org/article/10.1088/1748-0221/4/07/P07001
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6D Cooling Approaches
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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:

A. Garren, D Cline, et al. (UCLA-BNL)

RFOFO “Guggenheim”

P. Snopok (UCR/IIT) et al.

Solenoid+Dipole Rings

etc…

Helical Cooling Channels

• Implementation options being explored [V. Kashikhin et al., FNAL MCTF]:

Small coils could reduce difficulty and cost

→Helices avoid injection/extraction kickers & allow matching of β to !(s)…

Helical Solenoid

K. Yonehara (FNAL), 
R Johnson (µ, Inc.), 
Ya. Derbenev (JLab)

Helical FOFO “Snake”

Y. Alexahin (FNAL)

• Transverse ionization cooling self-limiting due to longitudinal-emittance 
growth, leading to particle losses 
– caused by energy-loss straggling plus channel’s finite ∆E acceptance

   ⇒ need longitudinal cooling for muon collider (also helpful for NF)

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

K. Yonehara 2018 JINST 13 P09003

D. Neuffer et al. 2017 JINST 12 T11007A. Garren et al., NIM A 654 (2011) 40-44

provide the lattice parameters for this design. In Fig. 6, we show
the dynamic aperture at a working momentum of 220 MeV/c. The
normalized action in the plot is defined as follows: if M is the
4!4 linear map for the transverse variables about the energy-
dependent closed orbit, define A to be a symplectic matrix that

block-diagonalizes M, with the blocks being 2!2 rotation matrices
(A"1MA¼R, where R is the block-diagonal matrix). The phase space
variables for M should be coordinates and momenta divided by mc,
where m is the particle mass and c is the speed of light. If a particle
has a phase space vector z, and u¼A"1z, then the normalized
actions are (u1

2þu2
2)/2 and (u3

2þu4
2)/2. If the beam were matched

to the lattice, the average of the normalized actions would be the
transverse normalized emittances.

3. Beam dynamics in the 6D cooling ring

After linear lattice solutions of the four-sided ring cooler are
obtained using the code SYNCH [21], we perform tracking
simulations using ICOOL [22]. Our working momentum of the
muons is chosen to be 220 MeV/c. In order to cool the beam,
liquid hydrogen (LH2) wedge absorbers are inserted into a region
with low b and high dispersion. In the arcs, the absorbers occupy

DipoleSolenoid

Fig. 3. Schematic drawing of the modified racetrack achromatic ring (top) and
four-sided ring (bottom) utilizing dipoles and solenoids.
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Fig. 5. Schematic drawing of the ring quadrant in the four-sided and achromatic ring cooler.

Table 1
Parameters of the four-sided and achromatic ring cooler.

Momentum (MeV/c) 220
Superperiods 4
Number of dipoles 32
Number of straight solenoids 16
Number of arc solenoids 16
Arc length (m) 6
Straight section length (m) 5
Dipole length and field 0.2 m, 0.72,045 T
Dipole bend and edge angles (deg.) 11.25, 2.8,125
Arc solenoid length and field 0.25 m, 3.38,290 T
Straight section solenoid length and field 0.25 m, 2.91,555 T
Superperiod length and xytunes 11 m, 1.75
Circumference (m) 44
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Fig. 6. Dynamic aperture for the four-sided ring cooler at working momentum of
220 MeV/c. There is no dynamic aperture below 201 MeV/c or above 250 MeV/c
due to integer and half-integer stopbands, respectively, arising from the depen-
dence of the tune on momentum.

A. Garren et al. / Nuclear Instruments and Methods in Physics Research A 654 (2011) 40–4442

P. Snopok, G. Hanson, A. Klier, IJMP A 24 (2009) 987–998

Other authors have studied rings that used either quadrupoles
or weak/edge focusing in dipoles [14–17]. These rings had a wide
range of performance, but suffered from lacking any provision for
injection and extraction. For the designs that used dipole edges
for focusing, the designed fields proved difficult to realize [18].

The cooling ring design that is most similar to our proposed
cooling lattices is the RFOFO cooling ring [19]. It consists of solenoids
tightly interleaved with (overlapping, in fact) RF cavities. Injection
into that lattice was studied by removing RF cavities from the
injection region. The result was a significant loss of performance,
and an extremely powerful kicker was required.

Clearly the biggest challenges in these cooling rings have been
injection and extraction. Attempts to add injection to a design,
which has little space in its basic lattice cell have negatively
impacted performance. We propose a design, which has a long
straight section in its cell structure. While some of that straight
section will be used for RF, the remainder can be left open for
injection/extraction kickers. We also suggest that in place of a
septum, a superconducting flux pipe [20] be used to bring the
injected beam close to the circulating beam and thus reduce the
strength required for the kicker.

We examine here the possibility of utilizing a lattice based on
dipoles to provide dispersion and solenoids to provide focusing
but with the additional attribute that the bending arcs be
achromatic. This allows one to provide longer straight sections
between the bending arcs and also to easily exercise the option to
reverse the bending directions of subsequent arcs. Thus, addi-
tional flexibility to the layout of the system is provided allowing
the use of completely open structures in which injection into and
ejection out of a ring are not required. We describe the lattice and
the beam dynamics of this dipole-solenoid system. We also show
the results of 6D cooling simulations with liquid hydrogen
absorbers installed.

2. The achromatic solenoid-dipole ring cooler

The basic cell structure we propose consists of an arc and a
straight section. The arc is achromatic at a particular reference
energy, which allows the cell to be used in a closed ring or in an
open single-pass configuration, and even to switch between the
two. Transverse focusing is primarily provided by solenoids, and

bending is provided by the dipoles in the arcs. Wedge-shaped
absorbers are placed in the arcs where there is dispersion, while
RF cavities are in the straight sections. We envision a series of
rings for cooling from large to small emittances, with an open
version of the lattice matching (and probably cooling) the beam
between stages. We show a schematic of the ring cooler in Fig. 2
with an injection system that uses a superconducting flux pipe.

The lattice design has evolved from the original concept shown
in Fig. 2 to a lattice design that is much more effective for cooling.
Our first design of an achromatic cooling lattice, which had a
two-sided ‘‘racetrack’’ shape, had rather poor cooling perfor-
mance. We identified two causes for this: a very low dynamic
aperture, and a small momentum passband. Particles that were
lost showed significant signs of coupling between the transverse
and longitudinal planes. Furthermore, since the minimum of the
time-of-flight as a function of momentum was at a relatively low
momentum, we were forced to operate at a low momentum
(145 MeV/c) to stay on one side of the minimum so as to have
synchrotron oscillations. These observations, plus experience
from the RFOFO cooling ring [19] that dynamic aperture was
reduced when there was more bending, led us to reduce the
dispersion in the ring using a four-sided shape, but otherwise the
same structure. This would allow us to operate at a higher
momentum, improving the sum of the damping partition num-
bers [4]. We also designed the lattice so that the tune was 1.75
(instead of the original 1.68), so as to center the design momen-
tum in the passband. The dynamic aperture did not improve
when we did this, indicating that the dynamic aperture was
dominated by the solenoid part of the lattice, and that the
symmetry breaking from the bending was a minor contribution.

We then made a modified lattice where each superperiod was
close to having an internal eight-fold symmetry (see Figs. 3 and
4). The original lattice lacked this symmetry since it was desirable
to have a long distance between solenoids in the straight sections
to allow space for injection and extraction hardware, while it was
desirable to have low beta functions at the absorbers in the arcs.
The resulting lattice had a significantly improved dynamic aper-
ture, and a significantly improved momentum passband arising
from the reduced chromaticity of the lattice. In addition, we used
a four-sided lattice to improve the sum of the damping partition
numbers as described above. The resulting cooling performance
was a significant improvement over that of the original lattice.

In Fig. 5, we show the ring quadrant for the four-sided solenoid-
dipole ring cooler. This four-sided ring has four 901 arcs with
8 dipoles separated by solenoids in each arc. The arcs are achromatic
both horizontally and vertically. The result is that the dispersion is
zero in the straight sections between the arcs. To generate disper-
sion primarily in one of the two transverse phase space planes,
thereby simplifying the task of making the arc achromatic, we
alternate the field directions of successive solenoids. In Table 1, we

Linear
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Channel

Bunch Rotation

Helical
Cooler
Bunch
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Ring Cooler

Li Lens Cooler
Pre-Accelerator

4 
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Collider
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& Rebunch
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Fig. 1. Schematic diagram of a mþm" collider.

Fig. 2. Schematic drawing of an achromatic 6D ring cooler with superconducting
flux pipe injection system.

A. Garren et al. / Nuclear Instruments and Methods in Physics Research A 654 (2011) 40–44 41

provide the lattice parameters for this design. In Fig. 6, we show
the dynamic aperture at a working momentum of 220 MeV/c. The
normalized action in the plot is defined as follows: if M is the
4!4 linear map for the transverse variables about the energy-
dependent closed orbit, define A to be a symplectic matrix that

block-diagonalizes M, with the blocks being 2!2 rotation matrices
(A"1MA¼R, where R is the block-diagonal matrix). The phase space
variables for M should be coordinates and momenta divided by mc,
where m is the particle mass and c is the speed of light. If a particle
has a phase space vector z, and u¼A"1z, then the normalized
actions are (u1

2þu2
2)/2 and (u3

2þu4
2)/2. If the beam were matched

to the lattice, the average of the normalized actions would be the
transverse normalized emittances.

3. Beam dynamics in the 6D cooling ring

After linear lattice solutions of the four-sided ring cooler are
obtained using the code SYNCH [21], we perform tracking
simulations using ICOOL [22]. Our working momentum of the
muons is chosen to be 220 MeV/c. In order to cool the beam,
liquid hydrogen (LH2) wedge absorbers are inserted into a region
with low b and high dispersion. In the arcs, the absorbers occupy

DipoleSolenoid

Fig. 3. Schematic drawing of the modified racetrack achromatic ring (top) and
four-sided ring (bottom) utilizing dipoles and solenoids.
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Table 1
Parameters of the four-sided and achromatic ring cooler.

Momentum (MeV/c) 220
Superperiods 4
Number of dipoles 32
Number of straight solenoids 16
Number of arc solenoids 16
Arc length (m) 6
Straight section length (m) 5
Dipole length and field 0.2 m, 0.72,045 T
Dipole bend and edge angles (deg.) 11.25, 2.8,125
Arc solenoid length and field 0.25 m, 3.38,290 T
Straight section solenoid length and field 0.25 m, 2.91,555 T
Superperiod length and xytunes 11 m, 1.75
Circumference (m) 44
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Fig. 6. Dynamic aperture for the four-sided ring cooler at working momentum of
220 MeV/c. There is no dynamic aperture below 201 MeV/c or above 250 MeV/c
due to integer and half-integer stopbands, respectively, arising from the depen-
dence of the tune on momentum.

A. Garren et al. / Nuclear Instruments and Methods in Physics Research A 654 (2011) 40–4442
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Key parameters, such as the transverse and longitudinal
cooling emittances, are compared against findings from
theoretical calculations. We find good agreement between
simulation and theory and show that with a rectilinear
channel a notable 6D emittance decrease by more than 5
orders of magnitude can be achieved.
The outline of this paper is as follows: In Sec. II, we give

a brief overview of some previously considered ionization
cooling schemes. In Sec. III, we provide details of the
design parameters for the proposed rectilinear channel.
Next, in Sec. IV we review the fundamental ionization
cooling theory. In Sec. V we report the results from our
simulations modeling the aforementioned channel and
compare them with the theoretical values. Finally, we
present our conclusions in Sec. VI. We note that the
subject of this study will be lattices with discrete absorbers,
only.

II. SOME ALTERNATIVE 6D COOLING SCHEMES

Three different geometries for ionization cooling
towards micron-scale emittances as required for a muon
collider have been previously considered. The common

feature for all cases was that the solenoids were slightly
tilted to generate upward dipole fields. In the first, shown in
Fig. 1(a), the lattice is bent into a circle, with the curvature
corresponding to that generated by the dipole components
[17,18]. The ring consists of a series of identical cells with
two or four solenoids in each cell with opposite polarity to
provide transverse focusing. The coils (yellow) are not
evenly spaced; those on either side of the wedge absorber
(magenta) are closer together in order to increase the
focusing at the absorber and thus minimizing the beta
function at that location. The relative amount of cooling can
be adjusted by changing the opening angle and transverse
location of the wedge. A series of rf cavities (dark red) are
used to restore the momentum along the longitudinal axis.
The dispersion necessary for emittance exchange is pro-
vided from the bend field generated by tilting the axes of
the solenoids above and below the orbital midplane.
Simulations have shown that a suitable sequence of such
rings, with multiple stages using different cell lengths,
focusing fields, and rf frequencies, can provide 2 orders of
magnitude reduction of the normalized phase-space volume
with a transmission above 50%. However, injection into or
extraction from such rings would be very challenging.
In the second case, represented in Fig. 1(b), the cooling

cells are set on a gently upward or downward helix (as in
the New York Guggenheim Museum and commonly
referred to by that name). Simulations [19] have shown
that their performance is almost the same as that of rings of
the same approximate bending radii. This case would
appear to be practical for the early stages of 6D cooling,
but would be increasingly difficult as the radii get smaller in
the later stages. An added complication is that stray fields
from one pitch can influence those before and after, causing
the beam to be heavily distorted.
In the third case, essentially the same cells from a ring or

a Guggenheim, including their coil tilts and resulting
upward dipole fields, are laid out in straight (rectilinear)
geometry. The solenoid focusing is so strong, compared
with the dipole deflections, that the closed orbits are merely
displaced laterally, but continue down the now straight
lattice. This rectilinear scheme was proposed for the first
time by Balbekov [20] and is represented in Fig. 2. Despite
its much simpler geometry, it was found [21] that its
cooling performance was essentially the same as with rings

FIG. 1. Some previously considered 6D ionization cooling
lattices: (a) Schematic layout of a ring cooler; (b) 5 turn slice of a
Guggenheim helix. The large yellow cylinders are solenoids, the
small red cylinders are the active volume of the rf cavities, and the
magenta wedges are hydrogen absorbers.

FIG. 2. Conceptual design of a rectilinear channel: (a) top view; (b) side view.
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• Guggenheim and HCC emerged as  
most practical

- ring might still make cost-effective 6D demo

• But Guggenheim hard to engineer

• V. Balbekov realized it could be  
straightened into a “rectilinear 
FOFO” (R_FOFO) channel  
without performance loss

- cools in 6D x105 with β* ↓ 3 cm

D. Stratakis, R. B. Palmer, 
PhysRevSTAB, 18 (2015) 031003 
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operating at the National High Field Magnet Laboratory
“NHFML” [20]. The disadvantage of this magnet is its
large power consumption, and such large power consump-
tion might not suit our needs. We would like to note that a
27 T solenoid using an 8 T YBCO insert at 4 K has recently
been successfully tested at the same facility.
The magnet design details do not affect the cooling

channel performance. We have used a scaled-down version
of the 50 T magnet design in our simulations. A more
simple superconducting magnet design with 25–30 T peak
field will deliver the same ionization cooling performance.

IV. CHANNEL DESIGN

The high-field low-energy cooling channel is composed
of 16 stages in a straight section. Each stage consists of
five major components: A set of coaxial strong focusing
solenoid coils, liquid hydrogen absorber, two matching
sections, longitudinal phase space rotation rf cavities, and
acceleration rf cavities. Figure 3 shows a schematic of a

single stage. A schematic of all of the 16 stages is shown
in Fig. 4.
The muon beam momentum is reduced gradually along

the channel to reduce the value of the equilibrium emitt-
ance and achieve the desired cooling. As a result each
cooling stage has its own set of unique design parameters
optimized for the momentum band at which the stage
operates.

A. Individual stage design

Each stage contains a cylindrically shaped liquid hydro-
gen absorber placed inside the innermost coil of the high
field magnet where β⊥ has a minimum value. Figure 5
shows the β⊥ inside the absorber for each stage. Such
absorbers are feasible [21]. The strong focusing solenoid
coils are preceded and followed by a set of matching coils
to match the beam transport from a 3.5 T constant focusing
field to the peak 30–25 T value while mitigating chromatic
effects.

FIG. 3. Schematic of the elements of one ionization cooling stage. Each stage starts with strong coaxial focusing coils which enclose
the LH2 absorber, followed by matching coils, energy-phase rotation rf cavities, and acceleration rf cavities.

FIG. 4. A layout schematic of 16 stages of the cooling channel. The colored boxes in the top represent the cooling stages (a detailed
schematic of one stage is shown in Fig. 3.). The bottom figures show a sample of the on-axis field of the strong focusing solenoid; the
shaded areas show the corresponding absorbers lengths.

KAMAL SAYED, PALMER, AND NEUFFER Phys. Rev. ST Accel. Beams 18, 091001 (2015)

091001-4
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• HFOFO snake + R_FOFO → good (1032) luminosity and 
superb (4 ×10–5) energy spread needed for “Higgs 
Factory”

• For high-luminosity (>1034) multi-TeV MC need  
more ⟂ & less || cooling

⇒ use reverse emittance exchange, 
ideally with some ⟂ cooling?

⇒ or just wedge absorbers?

⇒ or quadrupole-focused 
cooling channel?

2017 JINST 12 T07003

techniques obtains new coe�cients b1, g1, a1 [21], which define the new beam parameters. The

momentum width is changed to: �1 =
p
g1�0�0 = �0


(1 � ⌘0�0)2 +

�02�2
0

�2
0

�1/2
.

The bunch length is unchanged. The longitudinal emittance has therefore changed simply by
the ratio of energy-widths, which means that the longitudinal emittance has changed by the factor
�1/�0. The transverse emittance mode coupled by this dispersion has changed by the inverse of this

factor: "1 = "0

(1 � ⌘0�0)2 +

�02�2
0

�2
0

��1/2
. The new values of (⌘, �) are: ⌘1 = � a1

g1
=

⌘0(1�⌘0�
0)��0

�2
0

�2
0

(1�⌘0�0)2+�02
�2

0
�2

0

,

and �1 = �0

(1 � ⌘0�0)2 +

�02�2
0

�2
0

��1/2
.

Note that the change in betatron functions (�1, ⌘1) implies that the downstream optics needs to
be correspondingly rematched.

As currently presented, the wedge exchanges emittance between one transverse dimension and
longitudinal; the other transverse mode is una�ected. Serial wedges could be used to balance
transverse mode (labeled x and y) exchanges, or a more complicated coupled geometry could be
developed.

Wedge parameters can be arranged to obtain large exchange factors in a single wedge. In
upstream systems the wedges can be arranged to obtain a factor of longitudinal cooling (at expense
of transverse heating). In final cooling we wish to reduce transverse emittance at the cost of
increased longitudinal emittance.

Figure 6. Schematic view of a muon beam passing through a wedge.

4.1 Thick wedges at final cooling parameters

For final cooling, the beam and wedges should be matched to obtain a large increase in momentum
spread. That means that the energy spread induced by the wedge should be much greater than the

initial momentum spread: �0 ⌧ �0�0 =
2 tan

⇣
✓
2
⌘ dp
ds

P0
�0. Thus the incident beam should have a small

– 11 –

~30 T HTS  
 solenoidsp ↓ 70 MeV

R. Palmer final-cooling cell
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• Can quad focusing reach lower β than SC solenoids?

- cf. collider final-focus optics

- recently revisited* by  
D. Summers et al.

- SC-quad + wedge approach 
proposed for x5 reduction in 
final 6D emittance
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Table 3. RF power comparison.

No. of RF No. of Klystron Peak Pulse Rep Average
Frequency RF length Kly- peak power Length Rate Power

Machine [MHz] cavities [m] strons [MW] [MW] [µs] [Hz] [MW]
Rectilinear [42] 325 1562 387 TBD TBD 6814 37.2 15 3.8
Rectilinear 650 2003 250 TBD TBD 4584 15.2 15 1.1
SLAC [52, 53] 2856 75000 2926 245 65 15925 3.5 120 6.7
LEP [54] 352 1376 585 40 0.6 24 CW CW 24.0
LAMPF [55] 201.25 4 2.5 10 1000 120 1.2
LAMPF 805 44 1.2 52.8 1000 120 6.3

4 Quadrupole cooling channel

Low equilibrium emittance requires low < �? >. Strong quadrupole focusing [56–58] can achieve
�⇤? values below the 3 cm achieved in the final stage of the rectilinear cooling channel design, (see
figure 2 and table 4). A low pz spread is used to control chromaticity in the channel. The input
longitudinal emittance is reduced to 632 microns to achieve the low pz spread. The longitudinal
emittance is reduced by lowering �L , which is defined by eq. (1.6). The 1300 MHz RF frequency
helps to do this, as well as the high RF real estate fraction of 52%. There is 0.75 m of RF in a
1.44 m cell.

Reducing beam momentum decreases muon straggling which is good, but also dictates shorter,

Q0                               Q1    Q2  Q3 Q3  Q2    Q1                              Q0 

Figure 2. Full cell betatron function vs. distance s. The Courant-Snyder [67] parameter evolution through
the cell are given by MAD-X [65, 66]. The betatron function values are (�⇤x, �⇤y) = (2.2, 2.7) cm in the middle
and (�x, �y) = (0.681, 0.820) m at the ends.
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Figure 2: Cooling “trajectory” in longitudinal and transverse
emittance, with red points showing MAP emittance goals.

for the 1996 Snowmass meeting [19]. The following year
the neutrino factory concept was born [20], leading to a col-
laboration expansion and change of name (to the Neutrino
Factory and Muon Collider Collaboration, NFMCC) [21],
and stimulating a series of neutrino factory feasibility stud-
ies [22–25], workshops [26], and the development of the
Muon Ionization Cooling Experiment [27], among oth-
ers [28, 29]. In 2006 a directed e�ort to develop a site-
specific muon collider proposal, the Muon Collider Task
Force (MCTF) [30], was initiated at Fermilab. This led the
DOE to request a concerted e�ort, the Muon Accelerator
Program (MAP) [31], which began in 2011. Sadly, MAP is
now a casualty of the P5 process [32] and is in the midst of
a funding rampdown.

EMITTANCE GOALS
It is useful to enumerate briefly the emittance targets that

have been identified for various physics goals. These are best
understood in terms of “cooling trajectories” on the longitu-
dinal vs. transverse normalized-emittance plane (Fig. 2) [33].

1. As mentioned, an initial neutrino factory configuration
without cooling, producing O(1020) neutrinos/yr, can
be cost-e�ectively upgraded to O(1021) neutrinos/yr
(in the so-called NuMAX configuration) by adding an
order of magnitude of 6D cooling [6]. This works to-
gether with a dual-use linac that accelerates protons
from 3.0 to 6.75 GeV as part of the proton driver and
then accelerates cooled muons from 1.25 to 5 GeV, re-
quiring muon input transverse and longitudinal emit-
tances of ⇡ 3⇡mm·rad for full acceptance.

2. A Higgs Factory muon collider requires exquisite en-
ergy spread to support a precision Higgs-lineshape
energy scan (�SMHiggs = 4 MeV). The MAP goal is trans-
verse/longitudinal emittances of ⇡ 0.3/1.5⇡mm·rad,
achieved in a series of “6D” cooling channels, enabling
5⇥1031 cm�2 s�1 luminosity and 5 MeV energy spread.

3. Above 1 TeV collision energy the MAP goal is trans-
verse/longitudinal emittances of ⇡ 0.025/70⇡mm·rad,

enabling >⇠ 1034 cm�2 s�1 luminosity. Following the
6D cooling channels, these parameters are achieved
by means of “final cooling,” incorporating significant
transverse!longitudinal emittance exchange.

PRINCIPLES OF MUON COOLING
The short lifetime of the muon vitiates all beam-cooling

methods currently in use.3 However, a method almost
uniquely applicable to the muon — ionization cooling [15] —
seems equal to the challenge. In this, muons are made to pass
through an energy absorber of low atomic number (Z) in a
suitable magnetic focusing field; the normalized transverse
emittance ✏?,n then obeys [16]

d✏?,n
ds

⇡ �
1
�2

*
dEµ

ds

+
✏?,n
Eµ

+
1
�3
�? (0.014 GeV)2

2 EµmµX0
, (1)

where �c, hdEµ/dsi, �?, mµ , and X0 are the muon veloc-
ity, average energy loss per unit length, betatron function
at the absorber, muon mass, and absorber material radia-
tion length. (This is the expression appropriate to the cylin-
drically symmetric case of solenoidal focusing, for which
�x = �y ⌘ �? and cooling occurs equally in the x-x0 and
y-y0 phase planes.) The first term in Eq. 1 is the cooling
term, and the second describes heating due to multiple scat-
tering.4 The heating term is minimized via small �? and
large X0 (low-Z absorber material). For a given cooling-
channel design, an equilibrium emittance is reached when
the heating and cooling terms balance, after which a revised
design with lower �? is required if cooling is to continue.

Somewhat counterintuitively, the optimal momentum for
cooling is found to be ⇡ 200 MeV/c [16], near the minimum

of the ionization energy-loss (“dE/dx”) curve in matter [17].
This is a compromise between the heating e�ects of the
“straggling tail” at higher momentum and the negative slope
of the dE/dx curve below the ionization minimum (creating
problematic, positive feedback for energy-loss fluctuations).

The physics of Eq. 1 is well established, yet engineering
details — or poorly modeled tails of distributions — could
profoundly a�ect ionization cooling-channel cost and perfor-
mance. This motivates an e�ort to build and test a realistic
section of cooling channel: the international Muon Ioniza-
tion Cooling Experiment (MICE) [34], discussed in detail
elsewhere [35].

STAGES OF MUON COOLING
Bunching and Phase Rotation

Before the muon beam is cooled one wants to reduce its
⇠ 100% initial energy spread. First an energy–time corre-
lation is developed within an RF-free drift region, then the
beam is bunched, then the faster bunches decelerated and
3 I.e., electron and stochastic, laser cooling being in any case inapplicable to

an object without internal degrees of freedom, and synchrotron radiation
being negligible by virtue of the muon’s large mass.

4 There is a direct analogy to synchrotron-radiation cooling, in which
energy loss likewise provides cooling, while the heating is caused by
quantum fluctuations.
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 –  Reverse Emittance Exchange (REMEX):

“Extreme Cooling”
Ya. Derbenev (JLab)

• After cooling × ~105 by series of helical
channels (~102 m), can cool beam further
with 2 new approaches:
– Parametric-resonance Ionization Cooling (PIC)

    

 –  Reverse Emittance Exchange (REMEX):

“Extreme Cooling”
Ya. Derbenev (JLab)

• After cooling × ~105 by series of helical
channels (~102 m), can cool beam further
with 2 new approaches:
– Parametric-resonance Ionization Cooling (PIC)

    

... & Reverse Emittance Exchange (REMEX):

Ya. Derbenev (JLab), R. Johnson (Muons, Inc.)

• Can cool beam yet further with new approaches: 
– Parametric-resonance Ionization Cooling (PIC)... 

Absorber plates Parametric resonance lenses
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→ More than one way to skin this cat...

LEMC

Figure 2: Cooling “trajectory” in longitudinal and transverse
emittance, with red points showing MAP emittance goals.

for the 1996 Snowmass meeting [19]. The following year
the neutrino factory concept was born [20], leading to a col-
laboration expansion and change of name (to the Neutrino
Factory and Muon Collider Collaboration, NFMCC) [21],
and stimulating a series of neutrino factory feasibility stud-
ies [22–25], workshops [26], and the development of the
Muon Ionization Cooling Experiment [27], among oth-
ers [28, 29]. In 2006 a directed e�ort to develop a site-
specific muon collider proposal, the Muon Collider Task
Force (MCTF) [30], was initiated at Fermilab. This led the
DOE to request a concerted e�ort, the Muon Accelerator
Program (MAP) [31], which began in 2011. Sadly, MAP is
now a casualty of the P5 process [32] and is in the midst of
a funding rampdown.

EMITTANCE GOALS
It is useful to enumerate briefly the emittance targets that

have been identified for various physics goals. These are best
understood in terms of “cooling trajectories” on the longitu-
dinal vs. transverse normalized-emittance plane (Fig. 2) [33].

1. As mentioned, an initial neutrino factory configuration
without cooling, producing O(1020) neutrinos/yr, can
be cost-e�ectively upgraded to O(1021) neutrinos/yr
(in the so-called NuMAX configuration) by adding an
order of magnitude of 6D cooling [6]. This works to-
gether with a dual-use linac that accelerates protons
from 3.0 to 6.75 GeV as part of the proton driver and
then accelerates cooled muons from 1.25 to 5 GeV, re-
quiring muon input transverse and longitudinal emit-
tances of ⇡ 3⇡mm·rad for full acceptance.

2. A Higgs Factory muon collider requires exquisite en-
ergy spread to support a precision Higgs-lineshape
energy scan (�SMHiggs = 4 MeV). The MAP goal is trans-
verse/longitudinal emittances of ⇡ 0.3/1.5⇡mm·rad,
achieved in a series of “6D” cooling channels, enabling
5⇥1031 cm�2 s�1 luminosity and 5 MeV energy spread.

3. Above 1 TeV collision energy the MAP goal is trans-
verse/longitudinal emittances of ⇡ 0.025/70⇡mm·rad,

enabling >⇠ 1034 cm�2 s�1 luminosity. Following the
6D cooling channels, these parameters are achieved
by means of “final cooling,” incorporating significant
transverse!longitudinal emittance exchange.

PRINCIPLES OF MUON COOLING
The short lifetime of the muon vitiates all beam-cooling

methods currently in use.3 However, a method almost
uniquely applicable to the muon — ionization cooling [15] —
seems equal to the challenge. In this, muons are made to pass
through an energy absorber of low atomic number (Z) in a
suitable magnetic focusing field; the normalized transverse
emittance ✏?,n then obeys [16]

d✏?,n
ds

⇡ �
1
�2

*
dEµ

ds

+
✏?,n
Eµ

+
1
�3
�? (0.014 GeV)2

2 EµmµX0
, (1)

where �c, hdEµ/dsi, �?, mµ , and X0 are the muon veloc-
ity, average energy loss per unit length, betatron function
at the absorber, muon mass, and absorber material radia-
tion length. (This is the expression appropriate to the cylin-
drically symmetric case of solenoidal focusing, for which
�x = �y ⌘ �? and cooling occurs equally in the x-x0 and
y-y0 phase planes.) The first term in Eq. 1 is the cooling
term, and the second describes heating due to multiple scat-
tering.4 The heating term is minimized via small �? and
large X0 (low-Z absorber material). For a given cooling-
channel design, an equilibrium emittance is reached when
the heating and cooling terms balance, after which a revised
design with lower �? is required if cooling is to continue.

Somewhat counterintuitively, the optimal momentum for
cooling is found to be ⇡ 200 MeV/c [16], near the minimum

of the ionization energy-loss (“dE/dx”) curve in matter [17].
This is a compromise between the heating e�ects of the
“straggling tail” at higher momentum and the negative slope
of the dE/dx curve below the ionization minimum (creating
problematic, positive feedback for energy-loss fluctuations).

The physics of Eq. 1 is well established, yet engineering
details — or poorly modeled tails of distributions — could
profoundly a�ect ionization cooling-channel cost and perfor-
mance. This motivates an e�ort to build and test a realistic
section of cooling channel: the international Muon Ioniza-
tion Cooling Experiment (MICE) [34], discussed in detail
elsewhere [35].

STAGES OF MUON COOLING
Bunching and Phase Rotation

Before the muon beam is cooled one wants to reduce its
⇠ 100% initial energy spread. First an energy–time corre-
lation is developed within an RF-free drift region, then the
beam is bunched, then the faster bunches decelerated and
3 I.e., electron and stochastic, laser cooling being in any case inapplicable to

an object without internal degrees of freedom, and synchrotron radiation
being negligible by virtue of the muon’s large mass.

4 There is a direct analogy to synchrotron-radiation cooling, in which
energy loss likewise provides cooling, while the heating is caused by
quantum fluctuations.
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Rapid Muon Acceleration
• Conventional synchrotrons far too slow!

• After cooling, muons at ≈ 200 MeV/c

⇒ must start with linac

• Subsequent stages:

– previously (FS-I and -II) racetrack RLAs

– better:  dogbone RLAs (D. Summers idea) 
and novel, non-scaling FFAGs

20

Study 2a Progress

• Simpler, shorter, cheaper cooling channel:

FS-II FS-2a

    

(Absorbers integrated 
with cavity windows)

• New, cheaper, “non-scaling FFAG” acceleration:

FS-II FS-2a

Linac 2 GeV

Recirculating Linac
2 x 2.3 GeV              

LH2 absorbers SC coils
. . .. . .

FS-II: 
(2000)

Modify the 400 GeV Main Ring

• 70 → 750 GeV in 68 orbits (1.4 ms).

10 GeV of 1.3 GHz, 30 MV/m SRF.

Muon Survival = 79%. r = 1000 m.

• FODO Lattice 30.45 m Long Half Cell.

3.3 m, 160 Hz, 30 T/m Quadrupoles.

3.2 m, 8 Tesla Superconducting Dipoles.

5.7 m, 360 Hz, ∓1.8 Tesla Dipoles.

Dipoles oppose, then act in unison.

Eddy Currents: Thin copper wire and

.28mm grain oriented Si steel laminations.

Q ∓1.8T +8T ∓1.8T +8T ∓1.8T Q

F Dipole Dip. Dipole Dip. Dipole D

• 1.5 TeV µ+µ− Collisions in the MI Tunnel.

Little civil construction. Existing tunnels.

2(from D. Summers, “Muon Acceleration to 750 GeV in the 
Fermilab Tevatron Tunnel,” NFMCC mtg, UCLA, 2/1/07)

ISS:  
(2008) 

– and very-RCS:

Or the LHC?  D. Neuffer, V. Shiltsev, “On the feasibility of a pulsed 14 TeV  
c.m.e. muon collider in the LHC tunnel,” JINST 13 (2018) 10, T10003
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J. S. Berg (BNL), C. Johnstone (FNAL)
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Goals of EMMA

Serpentine Acceleration
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•  Beam timing could make synchronization with RF buckets impractical
⇒could use  

“serpentine”  
acceleration,  
between  
buckets

injection energy

extraction energy

– beam trajectories  
move from inside  
ring at injection  
to outside at  
extraction

– seems lower-cost 
than other approaches

(“non-scaling”  
in that trajectories at  

different momenta  
are dissimilar)

• Fixed-field lattice includes both in- & out-bends for  
large ∆p/p acceptance

Non-Scaling FFAG Acceleration
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• Scaling FFAGs have attractive features
– fixed field ⇒ no ramping, allows rapid acceleration
– zero chromaticity ⇒ constant tunes 

• But also drawbacks: large dispersion ⇒ large orbit excursion 
– large-aperture magnets & RF cavities ⇒ low RF frequency
– short straight section ⇒ injection/extraction difficult
– limited space for cavities

• “Advanced” scaling FFAGs:
– sol’n for straight insertion  

with dispersion suppression 
– eases above problems
– allows harmonic-number- 

jump instead of serpentine 
acceleration

22

Y. Mori, T. Planche, J.-B. Lagrange, et al. (Kyoto U.)

Advanced scaling FFAG
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R&D Efforts
• MuCool*:  Operation of high-gradient RF cavities in  

strong solenoidal fields
– to cool large initial µ beam, want high-gradient, moderate-frequency,  

normal-conducting RF cavities operable in high magnetic focusing fields

– tests at FNAL MuCool Test Area (≈2005–17) – 2 solutions found:
Vacuum RF cells closed with thin Be windows 
(for higher on-axis field)

H2-pressurized cavities

23

RF Cavity R&D
(ANL, LBNL, FNAL, IIT, JLab, UMiss)

• Muon Cooling calls for high-gradient, moderate-frequency, normal-conducting RF cavities
operable in high focusing magnetic fields

• Tests in progress at MuCool Test Area (MTA) near Fermilab Linac with full-scale and
1/4-scale closed-cell (pillbox) cavities (with novel Be windows)

 
            Prototype 201-MHz cavity

See J. Norem et al., “Dark Current, Breakdown, and Magnetic Field Effects in a Multicell, 805 MHz Cavity,” Phys. Rev. ST
Accel. Beams 6, 089901 (2003);

  A. Moretti et al., “Effects of High Solenoidal Magnetic Fields on Rf Accelerating Cavities,” Phys. Rev. ST Accel. Beams 8,
072001 (2005);

  A. Hassanein, et al., “Effects of surface damage on rf cavity operation,” Phys. Rev. ST Accel. Beams 9, 062001 (2006).

...high-power testing in progress
   at Fermilab MTA

RF Cavities
(LBNL / JLab / FNAL / Oxford / UMiss)

•  Prototype 201 MHz cavity with thin, 
   curved Be windows 

D. Bowring et al., PRAB 23 (2020) 7, 072001

B. Freemire et al., PRAB 19 (2016) 6, 062004

Focused dark currents tend to cause breakdown

*(not muCool - that’s an effort 
at PSI on cooling a 

very low-energy µ+ beam)
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Muon Facility Feasibility 
Demonstrations

• Multi-MW targets:  MERIT @ CERN nTOF facility 

• Transverse ionization cooling:  MICE @ RAL ISIS 

synchrotron 

• Non-scaling FFAG acceleration:  EMMA @ DL 

• 6D helical cooling:  MANX proposal (not approved)

24
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MERIT (MERcury Intense Target):
• Proof-of-principle demonstration of Hg-jet target for 4 MW proton beam, 

contained in a 15 T solenoid for maximal collection of soft secondary pions 

25

• Key parameters: 
– Used CERN PS p beam 2 14 & 24 GeV, up to 3 × 1013 p / 2 μs spill in ≤ 8 bunches (“pump/probe”) 
– σr of proton bunch ≤ 1.5 mm, beam axis at 67 mrad to magnet axis  
– Hg jet of 1 cm diameter, v = 20 m/s, jet axis at 33 mrad to magnet axis  
– Each proton intercepts Hg jet over 30 cm = 2 interaction lengths  

H. Kirk (BNL), K. McDonald (Princeton), I. Efthymiopoulos (CERN), et al. 

MERIT (MERcury Intense Target):
H. Kirk (BNL), K. McDonald (Princeton), et al.

• Proof-of-principle demonstration of Hg-jet target for 4-MW proton beam,
contained in a 15-T solenoid for maximal collection of soft secondary pions

15-T NC pulsed solenoid:
24

GeV
p

Hg pump

Viewports

• Key parameters:
– 24-GeV p beam, ≤ 8 bunches/pulse, up to 7 × 1012 p/bunch

– σ
r
 of proton bunch = 1.2 mm, beam axis at 67 mrad to magnet axis

– Hg jet of 1 cm diameter, v = 20 m/s, jet axis at 33 mrad to magnet axis

– Each proton intercepts the Hg jet over 30 cm = 2 interaction lengths

• Timetable:
– 2003: LOI’s to CERN and JPARC

– 2004: Proposal to CERN; contract let to fabricate 15-T LN
2
-cooled NC magnet

– 2005: MERIT approved by CERN

– 2006: Commission magnet at MIT
Fabricate mercury delivery system and test with magnet at MIT
Fabricate cryogenic system

– 2007: Install experiment at CERN (nTOF area) and run

• Ran Oct. 22 – Nov. 12, 2007; conclude:
– Hg jet disruption mitigated by magnetic field
– Hg ejection velocities reduced by magnetic field
– Pion production remains viable up to 350 μs after previous beam impact
– 170 kHz operation possible for sub-disruption-threshold beam intensities
– 20 m/s operations allows 70 Hz operations
– 115 kJ pulse containment demonstrated  ⇒ 8 MW capability demonstrated!

K. McDonald Fermilab APT Seminar 24 Apr 2008

Pump-Probe Study with 4 Tp + 4 Tp at 14 GeV/c

Single-turn extraction
! 0 delay, 8 Tp

4 Tp probe extracted 
on subsequent turn
! 3.2 !s delay

4 Tp probe extracted 
after 2nd full turn
! 5.8 !s Delay

Target supports 14-GeV/c, 4 Tp beam at 172 kHz rep rate without disruption.

Preliminary analysis of studies at 14 GeV/c with 15 Tp pump and 5 Tp probe with delays 
of 2-700 !s indicate little change in secondary particle production by probe.             
" Initial breakup of jet does not reduce particle production immediately.                          
" May be able to use bunch trains of several-hundred !s length.          

}
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• Muon ionization cooling has been  
demonstrated by MICE @ RAL
- with muons @ ~140 MeV/c
- each muon individually measured

• But
- transverse cooling only
- no re-acceleration
- no intensity effects
- larger-emittance beams (≥ 4 mm.rad)

• Further analyses in progress
26

Muon Ionization Cooling Experiment (MICE)

Asia/Europe/U.K./ 
U.S. collaboration

Data and Monte Carlo  

in good agreement
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EMMAEMMA
EMMAEMMA

EMMA (Electron Model 
of Muon Accelerator)

R. Edgecock, S. Machida (RAL), et al. 

6m

• Proof of principle demo of non-scaling FFAG  
using electron beam

• Applications envisioned in muon acceleration,  
cancer therapy,...

• Ran at Daresbury Lab (2011)

• Verified novel acceleration, including rapid 
resonance crossing

• Int’l collaboration:

27

ERLP

for Many Applications

AU/CA/CERN/UK/US
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Summary

• U.S.-led muon collider & neutrino factory R&D ran 
vigorously (“on a shoestring”) until DOE cut off funding

• Identified and explored the key technological challenges

• Developed key, innovative ideas 

• Demonstrated there are no showstoppers

28


