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Thank you!

• to the organizers

• and

- Yuri Alexahin, Chuck Ankenbrandt, Valeri Balbekov, Alain 
Blondel, Dave Cline, J-P Delahaye, Slava Derbenev, Rick 
Fernow, Juan Gallardo, Steve Geer, Gail Hanson, Rol Johnson, 
Yoshi Kuno, Ken Long, Yoshi Mori, Dave Neuffer, Bob Palmer, 
Mark Palmer,  Tom Roberts, Carlo Rubbia, Andy Sessler, Sasha 
Skrinsky, Pavel Snopok, Diktys Stratakis, Don Summers, 
Yagmur Torun, Katsuya Yonehara, Mike Zisman…

• and, of course, 

- DOE, NSF, STFC…
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Muon Accelerators in a Nutshell
☞As the first speaker on muon cooling, let me briefly 

summarize its motivation: 

• High-energy e+e– colliders radiatively limited ∝ m–4

⇒ need heavier fundamental fermions –– i.e., muons

o and an effective cooling scheme for them

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

- e.g., for sensitive Higgs studies

• And neutrino sources

• And potentially, improved low-energy muon experiments
4

C. Rubbia, “A Complete Demonstrator of a 
Cooled-Muon Higgs Factory,”
https://indico.fnal.gov/conferenceDisplay.py?
confId=9752

• Only a muon collider can definitively 
investigate Higgs physics

https://indico.fnal.gov/conferenceDisplay.py?confId=9752
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Some 
History

 Late 1970s – early 1980s:  Muon Collider concepts 
proposed (Skrinsky, Parkhomchuk, Neuffer)

1995: Muon Collider Collaboration (later, NFMCC) 
formed (Snowmass96)

- comprising over 140 scientists at labs and universities in 
U.S. and abroad

1998 – 2004:  CERN muon cooling studies

1999: Neutrino Factory Feasibility Study I

2001: Neutrino Factory Feasibility Study II

2003: MICE approved

2004: Neutrino Factory Feasibility Study 2a

2006: Fermilab Muon Collider Task Force formed to 
study site-specific MC design

2010: (On DOE initiative) NFMCC and MCTF join 
forces → interim MAP & proposal to DOE

2011: MAP formally approved

2014: Start of MAP rampdown in response to P5 advice
5
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νF and µC

• Note strong similarities! 
- both start with ~ MW p beam on high-power tgt → π → µ,  

then cool, accelerate, & store

(Front ends very similar)
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Transverse Emittance (microns) 
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Muon Cooling
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• Desired evolution of ϵn:

• Physics of multi-TeV  
lepton collisions calls  
for ℒ > 1034 cm–2 s–1

⇒must cool both ϵ⊥ & ϵ||

- need factor ~106 in total  
6D emittance reduction:  
ϵ⊥	  ≈	  25	  µm,	  ϵ||	  ≈	  60	  mm

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

- ϵ⊥	  ≤	  200	  µm,	  ϵ||	  ≈	  1.5	  mm

• Neutrino factory (with “dual-use” linac)  
requires more modest, ~ 10 6D cooling factor

Suggests staging plan!
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The Challenge:

Q: What cooling technique works in microseconds? 

A:  There is only one, and it works only for muons: 

8

τμ = 2.2 μs!

Ionization Cooling:

A brilliantly simple idea!

• BUT:

– it has never been observed experimentally

– studies show it is a delicate design and engineering problem

– it is a crucial ingredient in the cost and performance optimization of a Neutrino
Factory

Need experimental demonstration of muon ionization cooling!

 MICE

Ionization Cooling

A brilliantly simple idea!
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Ionization Cooling:

– Absorbers reduce p⃗µ

– RF cavities replace p||

– Reduction in muon p⊥ at constant p|| is transverse cooling:  

9

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 in practice it’s subtle and complicated...

so a test is essential!

• How it works: 

⇒ MICE [C. Rogers talk 

          
    (Tuesday)]

d⇥

ds
= � 1

�2

�
dEµ

ds

⇥
⇥N

Eµ
+

��(0.014 GeV)2

2�3EµmµX0

1

• Two competing effects
– (cf. synch. rad. damping,  

opposed by quantum  
fluctuations)
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Some Ionization Cooling Details
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 leads to heating 

2. Optimal cooling requires:
– low      at absorber
– large absorber X0 (low Z)
– low Eμ (typ. 150 < pμ < 400 MeV/c)

3. Can couple cooling effect into 
longitudinal phase plane  
via emittance exchange
– allows all 6 phase-space dimensions  

to be cooled

10

d⇥

ds
= � 1

�2

�
dEµ

ds

⇥
⇥N

Eµ
+

��(0.014 GeV)2

2�3EµmµX0

1

  

Emittance exchange overview 

Dipole (bend) 

+δp

0 

-δp 

x −> xo + η δ p/p Dipole  
introduces  

dispersion (η) 

Wedge Absorber 
reduces energy spread 

µ−beam 

€ 

x→ x0 +ηdp p

Emittance exchange example (D. Neuffer):

d⇥

ds
= � 1

�2

�
dEµ

ds

⇥
⇥N

Eµ
+

��(0.014 GeV)2

2�3EµmµX0
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∆E

ct     

Drift RF Buncher RF Rotation                  

Preparing for Ionization Cooling

• Ionization cooling requires bunched beam with dp/p < ~ 10%

- μ “born” with small ∆ t  but large ∆E

- first, bunch, then phase-rotate:

11

- efficient bunching via RF “vernier” [D. Neuffer]
uses several RF frequencies starting at ≈ 500 MHz, decreasing to 325

Example: International Design Study (IDS) νF design [hep-ex/1112.2853]

Figure 35. Schematic radial cross section of a rotator cell.

2.4.3. Rotator

In the rotator section, the RF bunch-spacing between the reference particles is shifted away from

the integer, NB, by an increment, �NB, and phased so that the high-energy reference particle is

stationary and the low-energy one is uniformly accelerated to arrive at the same energy as the first

reference particle at the end of the rotator. For the baseline, �NB = 0.05 and the bunch spacing

between the reference particles is NB + �NB = 10.05. This is accomplished using an RF gradient of

12 MV/m in 0.5 m long RF cavities within 0.75 m long cells. The RF frequency decreases from 230.2

MHz to 202.3 MHz along the length of the 42 m long rotator region. A schematic of a rotator cell is

shown in figure 35.

The RF frequency is set by requiring that the trajectories of the reference particles be spaced in ct

by (NB + �NB) wavelengths. In a practical implementation, a continuous change in frequency from

cavity to cavity is replaced by grouping adjacent sets of cavities into the same RF frequency. The

42m long RF rotator, then contains 56 RF cavities grouped into 15 frequencies.

Within the rotator, as the reference particles are accelerated to the central energy (at p = 233

MeV/c) at the end of the channel, the beam bunches formed before and after the central bunch are

decelerated and accelerated respectively, obtaining at the end of the rotator a string of bunches of

equal energy for both muon species. At the end of the rotator the RF frequency matches into the RF

frequency of the ionisation cooling channel (201.25 MHz). The average momentum at the rotator is

230 MeV/c. The performance of the bunching and phase rotation channel, along with the subsequent

cooling channel, is displayed in figure 36, which shows, as a function of the distance down the channel,

the number of muons within a reference acceptance. The phase rotation increases the “accepted”

muons by a factor of four.

A critical feature of the muon production, collection, bunching, and phase rotation system is that

72

Neuffer talk 

(Thursday)
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Or, Periodic Cooling Lattices

Alternating gradient allows low   with much less superconductor

•  Various lattice designs have been
    studied:

(+  RFOFO, DFOFO, Single-Flip,
     Double-Flip)

Alternating-Gradient Lattices

12
• Resonances → low β with less superconductor + RFOFO, DFOFO, ...

R. Palmer (BNL) et al.

stage A4 is almost 5 times smaller than in stage A1, which
is a direct consequence of the stronger focusing field. As
we will show in more detail in Sec. V, this value is adequate
enough to provide the required longitudinal cooling.
Second, a common feature for all stages is that the
absorbers are located at beta minima. For stage A4, this
is illustrated by the blue dashed curve in Fig. 4(b) which
shows the dependence of the beta function with position.
Since the lattice equilibrium emittance is proportional to
the beta function [8], placing the absorber on that location
would enhance the cooling rate compared to any other
location in the cell.
Figure 4(c) shows the transverse beta function versus

momentum for all stages. As also noted earlier, all stages
are carefully designed so that they can operate above the π
resonance and thus have the highest possible momentum
acceptance. This is necessary since a glance at Fig. 3
indicates that the post-phase-rotator beam has a wide
momentum spread. Finally, Fig. 4(d) exhibits the transverse

beta function at the absorber center and peak-on-axis
magnetic field for all stages. As desired, the field is
becoming progressively stronger so as to enhance the
cooling rate by reducing the beta function and hence the
equilibrium emittance.

B. Cooling after bunch recombination

Previous studies [24–26] showed that after bunch merg-
ing, both longitudinal and transverse emittances of the now
single muon bunch increase by a factor ∼4 and thus are
comparable to their initial values. It can thus be taken again
through the same cooling system but with one important
difference. While only a modest transverse cooling to
∼1.5 mm was required before the bunch-merging system,
the new single muon bunch needs to be cooled by an
additional order of magnitude before it can be sent to the
accelerator systems. This implies that the beta function at
the late stages needs to be very small (≤5.0 cm). Given the

FIG. 5. Lattice characteristics of the rectilinear 6D cooling channel after bunch recombination: (a) side view of one cell of the first
stage (stage B1); (b) side view of one cell of the last stage (stage B8). The dashed curve shows the beta function versus z in the cell at
200 MeV=c; (c) beta function versus momentum; (d) beta function at the absorber center (at 200 MeV=c) and peak-on-axis magnetic
field for all stages. The triangles depict the maximum field in the coil, while the squares show the maximum allowable field at the used
coil current density, assuming an Nb3Sn conductor. The used current densities are 185 A=mm2 (stage B6), 198 A=mm2 (stage B7) and
220 A=mm2 (stage B8). The tilts of solenoids are not shown.

RECTILINEAR SIX-DIMENSIONAL IONIZATION … Phys. Rev. ST Accel. Beams 18, 031003 (2015)

031003-5

• With thick- or thin-solenoid focusing
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Simple Transverse Cooling Scheme

• Alternating-solenoid (“RFOFO”)  
focusing (Study 2a)

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

13

• Performance:

- ≈ 100-m-long cooling channel 
≈ doubles muon intensity

- accepts and cools μ+ and μ– 
simultaneously, in interspersed 
RF buckets

IDS design [hep-ex/1112.2853]:

Figure 38. Schematic radial cross section of a cooling cell.

The e↵ect of the cooling can be measured by counting the number of simulated particles that

fall within a reference acceptance that approximates the expected acceptance of the downstream

accelerator.

The squared amplitude A2

? is given by:

A2

? = pz/m
⇥
�?(x

02 + y02) + �?(x
2 + y2) + 2↵?(xx

0 + yy0) + 2(�?� L)(xy0 � yx0)
⇤
; (19)

where �?, ↵?, �? are solenoidal equivalents of the Twiss parameters,  is the solenoidal focusing

strength, and L is the dimensionless kinetic angular momentum [264, 269].

For longitudinal motion, the variables tc = ct (phase lag in periods within a bunch multiplied by RF

wavelength) and �E (energy di↵erence from centroid) are used rather than (z, z0). The longitudinal

squared amplitude is given by:

A2

L =
c

mµ

"
t2c
�
+ �

✓
�E � ↵Ltc

�

◆
2

#
; (20)

where � is defined by:

� =
c
⌦
t2c
↵

mµ✏L
; (21)

✏L is a normalised longitudinal emittance:

✏L =
c

mµ

q
ht2ci h�E2i � htc�Ei2 ; (22)

and ↵L is a correlation factor:

↵L =
c

mµ✏L
htc�Ei . (23)

75

Figure 36. Performance of the bunching and cooling channel as a function of distance along the
channel, as simulated using the ICOOL code [241] and the G4beamline code [263]. (top) The evolution
of the rms transverse emittance (computed over all bunches). (bottom) The evolution of the number
of muons within a reference acceptance (muons within 201.25 MHz RF bunches with momentum in
the range 100–300 MeV/c, transverse amplitude squared less than 0.03m and longitudinal amplitude
squared less than 0.15m). The cooling section starts at s = 155 m, where the rms transverse emittance
is 0.018 m and 0.08 µ per proton are in the reference acceptance. The capture performance is shown
for a cooling channel extending to s = 270 m although in this design the cooling channel extends only
to 230 m. Acceptance is maximal at 0.20 µ per initial 8 GeV proton at s = 240 m (85 m of cooling)
and the RMS transverse emittance is 7mm. At s = 230 m (75 m of cooling) the number of µ per
proton is 0.19 and the transverse emittance is 7.5mm.
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!

!
Fig.%5:%Schematic%of%Balbekov%ring%cooler!

• Two HCC magnet options being explored [V. Kashikhin et al., FNAL MCTF]:

Helical Cooling Channels

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

Small coils could reduce difficulty and cost

“Snake” design:
• Coil diameter 1.0 m
• Max field >10 T

“Slinky” design:
• Coil diameter 0.5 m
• Max field ≈5 T

→Small “slinky” coils could reduce 
difficulty and cost

Another Helical Approach
Muons, Inc.

!"#$"%&'()*'+)), -./00'+)),*'1023 4

!"#$%&#!'$"#(!)&*+!$,!-./01

/)&##!234"!)&5,"6!78"#$%&#!+3#",3$(9
:&45"!234"!)&5,"6!7%3,;",6$3,&#9

<="+$5,!>$68!!"?!@AB!)!&,(!#

 

?!BAC <="+$5,!>$68!!"?!DAE!)!&,(!#

 

?!DABA

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:

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

4.30 m

4.80 m

2

201 MHz

1 m

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, D. Cline (UCLA), H. Kirk (BNL)

RFOFO “Guggenheim”

R. Palmer, D. Stratakis (BNL), A. Klier,  
G. Hanson (UCR), P. Snopok (UCR/IIT)

Quad+Dipole Ring

. . .

Helical Cooling Channels

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

Small coils could reduce difficulty and cost

Helical  
Solenoid 
(HCC)

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

Helical FOFO “Snake”

Y. Alexahin (FNAL)

.

RFOFO Cooling Rings
J.S. Berg, R. Fernow, J. Gallardo, W. Lau,

R.B. Palmer, L. Reginato, D. Summers Y. Zhao

Shelter Island (May 2002)

33 m Circumference

200 MeV/c

Injection/Extraction

Vertical Kicker

200 MHz rf 12 MV/m

Alternating Solenoids
Tilted for Bending By

Hydrogen Absorbers

Simple but Sinful:

• Rf in dispersive location

• Bending Field Index n=0
i.e. βx ̸= βy

1

Palmer ring

• Effective transverse ionization cooling designs proposed ~2000

• 6D harder – many lattices explored to find current, successful ones:

“Injection  
possible”

Injection  
unnecessary
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Initial Cooling
• Helical (Guggenheim etc.) channels need µ+/µ– 

charge separation – hard at large emittance

- Y. Alexahin Helical FOFO  
“Snake” accepts both signs,  
via rotating, tilted solenoids 
giving (small) rotating dipole

o like synchronizing traffic lights 
on 2-way street!

- 3 120° orientation steps 
give isomorphic μ+ and μ– 
orbits with half-period offset

15
Neuffer talk 

(Thursday)
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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.

DIKTYS STRATAKIS AND ROBERT B. PALMER Phys. Rev. ST Accel. Beams 18, 031003 (2015)

031003-2

Current 6D Schemes
• Guggenheim scheme neatly avoided difficult  

injection and allowed tailoring of      to

- but engineering looked hard!

• V. Balbekov (2013): “R_FOFO snake channel  
for 6D muon cooling,” http://map-docdb.fnal.gov/cgi-bin/ShowDocument?docid=4365
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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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Rectilinear FOFO

[D. Stratakis, R. Palmer, PRSTAB 18, 031003 (2015)]

~ 20 m

http://map-docdb.fnal.gov/cgi-bin/ShowDocument?docid=4365


COOL’15,	  JLab	  9/28–10/2,	  2015D.	  M.	  Kaplan /27

Transverse Emittance (microns) 

Lo
ng

itu
di

na
l E

m
itt

an
ce

 (m
m

) 

Bunch 
Merge 

To acceleration 
for Higgs Factory 

To acceleration for 
multi-TeV collider 

Final 
Cooling 

post-merge 
6D Cooling 

Target 

Phase 
Rotator Fr

on
t E

nd
 

!"
!"
! 

pre-merge 
6D Cooling 

To acceleration for NuMAX 
(injector acceptance 3mm,24mm) 

Initial 
Cooling 

pre-merge 
6D Cooling 
(revised) 

Current 6D Schemes
• R_FOFO performance:  

12 stages → x 10–5 in  
6D emittance in 500 m

- reaches ϵ⊥	  ≈	  280	  µm,	  ϵ||	  ≈	  1.6	  mm 

17

beam is first bunched and phase rotated (step #1) so that the
initial single bunch with very large energy spread is
converted into a train of bunches with much reduced
energy spread of which we use 21. Here it is worth
mentioning that the muon beam is the result of the impact
of 106, 8 GeV protons on a liquid mercury target [16]. The
post-phase-rotation beam (Fig. 3) contains 272,000 muons
and 65% are within the 21 bunches [Figs. 8(a) and 9(a)].
The beam has a normalized transverse emittance of
17.0 mm and a normalized longitudinal emittance of
46.0 mm. The emittances have been obtained using
ECALC9 [38], an emittance calculation program custom-
arily employed by the muon accelerator program.
After phase rotation, the beam enters a multistage

cooling channel (step #2). We found that the four-stage
rectilinear channel described in Sec. III A reduces the
transverse emittance by a factor of ∼11.5 and the longi-
tudinal emittance by a factor ∼19.5. The transmission is
52% including muon decays. More details on the simulated
emittance evolution can be found in Table II. Note that at
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FIG. 7. End-to-end simulation plot of 6D cooling for a muon
collider showing the evolution of the longitudinal emittance
versus transverse emittance from the capture target to the end of
6D cooling.

FIG. 8. Snapshots of a sample of the longitudinal phase space at various positions along our proposed 6D rectilinear cooling channel:
(a) at the entrance of the cooling channel before recombination; (b) at the entrance of the bunch merger; (c) at the exit of the bunch
merger [26]; (d) at the end of the 6D cooling channel.
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Helical-Channel Dynamics

• HCC beam trajectories (magnet not shown):
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Helical Cooling Channel (HCC) 

•  Dense hydrogen gas distributed 
homogeneously in a continuous 
dispersion lattice (no periodic lattice) 

•  Particle tracking in HCC: 
–  red: reference particle 
–  particle motions (blue) are periodic 

by coupling in xyz planes 
•  Complete linear dynamics: 

Ya.S. Derbenev & R.P. Johnson, 
PRSTAB 8 041002 (2005) 

•  Innovate helical beam line element: 
–  Hydrogen gas-filled RF cavity 

•  GH2 is the best cooling material 
•  GH2 suppresses RF breakdown 

–  Helical solenoid coil 
–  Magnetron (great energy efficiency) 

August 12, 2015 Pavel Snopok | NuFact’15 Workshop (CBPF, Brazil, August 10-15, 2015) 12 Pavel Snopok, IIT/Fermilab Design and Simulation of Muon Accelerators
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“Last Mile” Problem

• But we have a different “last mile” problem

- we’ve shown how to get within an order of 
magnitude of the desired 6D emittance!

o what about that last factor of 10???
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The Last Mile Problem

While rapid transit solutions
such as light rail, heavy rail,
commuter rail, and bus rapid
transit (BRT) are popular
ways to increase a particular
area's transit network
coverage, the fact that they
stop only every mile on
average to maintain a high
average speed means that
geographically most of an

urban area will be beyond an easy walking distance to a station. The fact that many
residences and businesses lay beyond an easy walking distance to a station is known as
the "last mile problem", and is a barrier to better utilization of a rapid transit network.

This article examines the modes in which
the last mile could conceivably be covered.

Pedestrian

People are often surprised by how long
rapid transit patrons are willing to walk to a
station. While a generally accepted rule-of-
thumb is that people will walk 1/4 of a mile
to a local bus stop, people are usually willing
to walk up to a mile to a rapid transit station.
Note that we cannot just draw a circle with a
mile radius around a station and conclude
that all locations within the circle are within
walking distance, as non-contiguous street
networks and cul-de-sacs may mean that
while people may be within one mile of a
station as the crow flies they are more than
one mile in walking distance away from the
station.

How can we attract more pedestrian access
to a station? By doing two things. First, we

need to make sure that the access points are pedestrian friendly. Nobody wants to walk
along a desolate arterial highway with a speed limit of 45 mph. Note that this means in
some suburban situations segregated bicycle / pedestrian paths may have to be built.

Second, we need to provide good
wayfinding along the access points. Notable
in this regard is central Washington, D.C.,
which features many road signs that advise
people of the direction and distance of the
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many residences and businesses lay beyond an easy walking distance to a station [… 
––] a barrier to better utilization of a rapid transit network. 
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5MeV) and the magnet field strength is increased to 
minimize εt. The relevant equations are: 

 

  
 
With B=40T and pμ =33 MeV/c (Eμ =5MeV), βt ≈ 0.56cm 
and εN,eq≈ 0.00001m.  However, energy loss is strongly 
antidamping at low energies and the longitudinal 
emittance increases dramatically, since the final cooling 
lattices do not include the emitttance exchange needed to 
obtain longitudinal cooling.  In the final stages of cooling, 
this antidamping is as large as the transverse damping; the 
6-D emittance εt

2 εL is roughly constant. In the model, the 
bunches are lengthened and rf rotated between absorbers 
to keep dp/p < ~10%. This increases the bunch length 
from 5cm to σct = 4m by end of cooling.  The rf frequency 
decreases correspondingly, from ~200 MHz at start to 
~4MHz at the end.  RF frequencies < 20 MHz were 
considered unrealistic and the last five stages required 
induction linacs. 

More recently, Sayed et al. [6] have developed a 
detailed model of the final cooling system with 
G4Beamline tracking. There are 16 stages with pμ 
decreasing from ~135 MeV/c to ~55MeV/c (13 MeV).  
Each stage consists of a Liquid Hydrogen absorber within 
a high-field solenoid followed by a drift with rf cavities 
for phase-energy rotation and reacceleration. (see Fig. 2) 
Peak magnetic fields are limited to < 32T. The rf is 
simulated by single frequency cavities (325 to 20 MHz).  
Some of the stages are followed by field-flips to balance 
the cooling between transverse degrees of freedom.  
While each stage cools transversely, the longitudinal anti-
damping is larger. 6-D emittance is diluted by a factor of 
~3 over the full system. The performance is somewhat 
less than the baseline goals, as may be expected in a first 
detailed simulation, and more extreme values in B, frf, and 
Eμ  may be needed. 

 
Figure 2: A cell of final cooling. 

Comments on Baseline 
Particularly toward the end of the final cooling, the 

baseline scenario uses very high fields and induction 
linacs, which may be expensive and/or impractical. The 
deceleration to very low energies increases decay loss and 
makes capture and reacceleration more difficult.  We may 
truncate the cooling system and use beam phase-space 
manipulations to achieve the desired luminosities. 

Alternative Cooling Systems 
The baseline systems use solenoids for focusing. 

Recently we are also considering using a quadrupole-
based final focusing, with β* < ~1cm. (See Fig. 3.) Quad 
focusing is better at higher energies, and a scenario using 
0.8 GeV/c μ’s in a storage ring with Be absorbers is being 
explored. The goal is to obtain εt < ~10-4m, while εL< 
~0.004m. [12] 

 
Figure 3: μ trajectories  (x and y) through a quad doublet 
for a β* = 1cm. cooling channel. 

CIRCULAR MODES IN SOLENOIDAL 
COOLING  

The 4D transverse emittance is the product of emittance 
eigenvalues, and in solenoidal fields the eigenmodes (+ 
and -) are associated with drift (d) and cyclotron (k) 
modes, respectively; x and y coordinates are not 
eigenmodes.[7, 8]  The k mode coordinates are: 

 
 
 

and are simply proportional to the kinetic momentum 
coordinates. The d coordinates are: 
 

 
 

and are proportional to the centers of the Larmor motion,  
associated with the position coordinates. Within a 
constant B field the k mode is damped, while the d mode 
is not. Field flips exchange k and d modes, and can 
balance the emittances. 

Without field flips, solenoidal cooling can develop a 
large asymmetry between modes. The 4-D emittance is 

 
where 2L is the angular momentum and εP is the projected 
emittance. Edwards et al.[9] have shown that a skew quad 
transport can translate ε+ and ε- into εx and εy (decoupled). 
If ε+ and ε- are very different, a “round” beam is 
transformed to a “flat” beam.  The process has been 
demonstrated in low-mass e- beams.[10] Cooling of heavy 
e- beams to ε+/ ε- ≫ 10 has been simulated. 
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“Beyond” 6D Cooling
• Can cool beam yet further with new approaches: 

– Parametric-resonance Ionization Cooling (PIC)... 
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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), R. Palmer, H Sayed (BNL)

– or with ~ 30 T HTS  
solenoids and dE/dx at 
low energy (~ 5 MeV)

R. Palmer talk 
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Morozov  

talk (
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– or with quad-focused  
channel and reverse  
emittance exchange? …
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“Rubbia Vision”

• Higgs physics is best done at muon collider!

- scan Higgs resonance with precision and 
precisely (≤1%) measure branching ratios

⇒s-channel µ+µ– Higgs Factory:  E = 126 GeV ± ε	  
o want L > 1032 → ~ 50,000 Higgs/yr/detector

⇒ need new (“beyond 6D”) cooling technique

- must also go above 2-Higgs production  
threshold and measure Higgs self-coupling

⇒TeV muon collider upgrade

- “no other” approach is as capable!
21

[see e.g. C. Rubbia, “A complete demonstrator of a muon cooled Higgs factory,” arXiv:1308.6612;  http://tinyurl.com/oe9yesf]

}necessary
in order to
rule out, 
or confirm, 
alternatives  
to SM Higgs

need  to
reinforce  
R&D  
effort
(CERN?)

http://tinyurl.com/oe9yesf
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Frictional Cooling
• Conventional  

ionization 
cooling works 
at the  
ionization 
minimum!

• Why not work  
where dE/dx is 
2 orders of magnitude larger, and → – feedback?

- answer:  momentum acceptance < ~ 10 keV

- but still of interest for low-energy applications
22
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Figure 2. Schematic view of the experimental set-up for the frictional cooling measurement (vertical and 
horizontal scales are different). The superconducting solenoid generating the strong magnetic field in 
beam direction is not shown. The small insert depicts the voltage distribution in the region of the foil 
stack. 

From the three times tl ,  t2, t3 measured we 
have to derive the TOFs for the first and second 
flight path. The time the muon enters or leaves 
the stack needs to be calculated from t2 apply- 
ing some corrections. The main contributions are 
the energy spread of the electrons released from 
the stack and the time the muon spends inside the 
stack. These effects will be studied in detail in the 
near future but at the moment we have only pre- 
liminary knowledge about these numbers. From 
the TOF values and the length of the flight paths 
we obtain the energies T1 and Tz of the muon in 
front and behind the stack, respectively. 

As mentioned before the strong magnetic field 
(~ 5T) of the superconducting solenoid hous- 
ing the set-up makes the diverging muons spiral 
around the field lines and guides them from the 
PPAC to the MCP. The gyration radius is a func- 
tion of the transverse momentum of the muon. In 
order to study the influence of the frictional cool- 
hag on the beam divergence we placed a collima- 
tor behind the stack. This collimator consists of 
a stack of parallel plastic foils (thickness 0.2 ram) 
with a spacing of 1.5mm or 1 mm and a length 
of 50 mm in beam direction. Muons with a suffi- 
ciently high transverse momentum and therefore 

a large enough gyration radius are stopped in the 
collimator. Therefore with increasing beam di- 
vergence the fraction of muons stopped will also 
increase and the comparison of the count rates 
under different conditions will give a measure of 
the beam divergence. 

2.3.  Resul ts  
Figure 3 shows the energy spectra of the out- 

going muons as a function of the energy of the 
incoming muons. The energy distribution of the 
incident muons is not at all flat. Therefore each 
spectrum is multiplied by a certain factor to cor- 
rect for the count rate differences. So far not all 
of the background sources are taken into account. 
Especially at higher energies T2 the contribution 
from the remaining background sources is quite 
large. This situation has to be improved in the 
final analysis. If we concentrate on the incident 
muons at low energies we can see a clear peak 
of cooled muons with a width of less than 2 keV. 
Position and width of the peak are in good agree- 
ment with previous calculations. This peak van- 
ishes when we select higher incident energies T1. 
We find no such peak when we turn off the cooling 
by setting AU = 0 kV. 

Motivation Working Principle Longitudinal Compression Transversal Compression Summary

Transverse Compression - Concept

� -40 mm

Andreas Eggenberger (ETH Zurich) Muon Cooling WAG 2015 - August 5, 2015 25 / 36

 

 

Figure 3: Schematic view of a Particle Refrigerator. The 

high voltage accelerates particles to the left. Particles (red) 

enter from the left, are decelerated to a stop by the electric 

field, and accelerate to the left within the frictional 

cooling channel. The thin foils are indicated in green, and 

many more are needed than are shown. The entire device 

is surrounded by a solenoid. 

THE PARTICLE REFRIGERATOR 

The “particle refrigerator” is essentially a frictional 

cooling channel with backwards injection. A schematic is 

shown in Figure 3. In this device, the incident particle 

beam is brought to a stop by the combined action of 

energy loss in thin foils and a D.C. decelerating electric 

field. Those particles stopping between foils then turn 

around and are accelerated back towards the channel 

entrance, emerging at or near the equilibrium energy of 

the frictional channel. As the D.C. potential difference can 

be several megavolts, the incident beam can have an 

energy spread of several MeV, because although particles 

with different initial energies turn around at different 

places, after turnaround they are all are within the 

acceptance of the frictional cooling channel. They then 

emerge from it at or near the equilibrium kinetic energy of 

the channel. 

INITIAL SIMULATION RESULTS 

We have successfully simulated this device using the 

Geant4-based G4beamline code [3] for a variety of 

particle and ion species, including muons, antiprotons, 

and alpha particles. In one example, the input kinetic-

energy distribution of an alpha-particle beam was uniform 

from 0.1 to 3 MeV; Figure 4 shows that the emerging 

beam has an r.m.s. energy spread of only 16 keV. The 

transverse emittance of the beam remains approximately 

constant (not shown), but the normalized transverse 

emittance is reduced substantially. 

 

 
Figure 4: Distribution in kinetic energy of alpha particles 

emerging from a particle refrigerator simulated using 

G4beamline [3]. Units are MeV. 

 

This device is also quite efficient: of 10,000 simulated 

alpha particles incident on the particle refrigerator, 58% 

survived, the rest being stopped in the carbon foils (where 

they annihilate). The simulated particle refrigerator in this 

case consists of 167 graphite foils of 100 nm thickness, 

each separated from the next by 1 cm and by 15 kV in 

potential. A total potential difference of 2.5 MV is thus 

required, well within the voltage range of, e.g., Van de 

Graaff generators. 

EFFECTS OF CHARGE FOR IONS 

Note that the energy loss rate of particles in matter 

depends on both their mass and their charge. For the 

frictional cooling channel to work, the potential difference 

from one foil to the next must be selected to equal the 

energy lost in one foil, for particles with kinetic energy in 

the middle of the channel’s acceptance. Thus the particle 

refrigerator’s high voltage and foil thickness must be 

carefully tuned for the particular particle species of 

interest. For ions this means that a specific charge state 

must be selected and the voltage difference per foil 

adjusted appropriately. Particles gain energy from the E 

field proportional to their charge q, but they lose energy in 

the foils proportional to q
2
. Thus, ions in higher charge 

states will stop in a foil, while ions in lower charge states 

will be accelerated out of the frictional regime to higher 

energy (~ MeV, compared to the frictional channel’s ~ 

keV). 

Selecting or Increasing the Charge State of Ions 

This device combines many foils with an accelerating 

voltage, and puts the beam through considerably more 

material than a conventional stripping foil. For some 

desired charge states that may be enough – tune the 

refrigerator for that state and only keep ions which 

emerge in the frictional channel momentum range (dump 

the remaining lower-charge particles which have much 

higher momentum; higher-charge particles will have 

stopped). For a system in which timing is not important 

and there is insufficient material for efficient stripping, 

T. Roberts, 
Muons, Inc.

Frictional Cooling
• Can use foil stacks 

(or gas, but sparks)

• Idea to increase 
momentum acceptance:   
“Particle Refrigerator”  
(possible use:  cooled-muon 
cargo-container scanning?)

• Planned surface-muon-  
beam application:

- increase phase-space density of  
stopping muon beam @ PSI
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[M. Mühlbauer et al., Nucl. Phys. B Proc. Suppl. 51A, 135 (1996)]

Knecht talk 

(Thursday)

[T. Roberts, D. M. Kaplan, 
PAC2009, WE6PFP096]
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Muon Cooling R&D
• MICE:  build and test a section of cooling channel

• Efficient ionization-cooling channel requires high-
gradient RF cavities in strong focusing fields

→high-gradient NC cavity studies at Fermilab

large beam ⇒ low RF freq.  
(now 325/650 MHz)  

24

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).

Freemire talk 
(Thursday)

MuCool 
Test Area

Prototype MICE 201-MHz cavity

Rogers talk 
(Tuesday)
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RF Cavity R&D

25

Cavity R&D Results

Cu

windows

Pressurized vs. Vacuum Cavities
(FNAL, IIT, Muons Inc.)

• Solenoidal B-field demonstrated to degrade vacuum-cavity performance

• Pressurizing the cavity helps! (Paschen effect)

–  pulse compression
–  6D cooling (see Derbenev poster)
–  gaseous-absorber cooling exp’t (MANX)

Current Status
• Muons, Inc. formed w/ Phase I STTR funding from DOE, designed 805-

MHz test cell and took measurements in FNAL Lab G
805-MHz test cell design Partially-assembled test cell

(Copper-plated SS Conflat disk with electrode)

Note: electrode shape adjusted to tune resonance

•  STTR proposals submitted for Phase II work 
    (201 MHz) and other possible applications 
    of high-pressure RF cavities, e.g.

•  Demonstrated 50 MV/m operation 
    at 805 MHz in ≈12-atm GH2 at 77K

H2

He

–  pulse compression
–  6D cooling (see Derbenev poster)
–  gaseous-absorber cooling exp’t (MANX)

Current Status
• Muons, Inc. formed w/ Phase I STTR funding from DOE, designed 805-

MHz test cell and took measurements in FNAL Lab G
805-MHz test cell design Partially-assembled test cell

(Copper-plated SS Conflat disk with electrode)

Note: electrode shape adjusted to tune resonance

•  STTR proposals submitted for Phase II work 
    (201 MHz) and other possible applications 
    of high-pressure RF cavities, e.g.

•  Demonstrated 50 MV/m operation 
    at 805 MHz in ≈12-atm GH2 at 77K

H2

He

805 MHz Test Cell High-P Electrode Structure

×3
• Early work showed strong spark-  

probability increase with B-field

- suppressed by high-pressure H2 fill

• Newer vacuum cavities  
perform better

and M. Palmer 

talk (th
is PM)

?

Freemire talk 
(Thursday)
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Summary
• Muon cooling looks feasible

• Promising facility designs conceived

• Neutrino Factory:  best future ν facility

• “Heavier electron” colliders remain compelling

- cf. C. Rubbia, “A complete demonstrator of a muon cooled Higgs 
factory,” arXiv:1308.6612;  http://tinyurl.com/oe9yesf

• Appealing solutions to “last mile” problem 
proposed 

• See coming talks…
26

http://tinyurl.com/oe9yesf


COOL’15,	  JLab	  9/28–10/2,	  2015D.	  M.	  Kaplan /27

In Memoriam

• We lost three pioneering leaders this year

• All made  
important contributions  
to muon collider R&D

• We will miss them!
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Andy Sessler, 
1928–2015

Dave Cline, 
1933–2015

Mike Zisman 
1944–2015


