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Accelerator R&D 
at IIT 

• D. Kaplan, Y. Torun: 

- µ cooling

• L. Spentzouris: 

- high-intensity beams & space-charge

- novel metamaterials & applications

• ! interested grad students...
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Muon Facility Examples:

  • Neutrino Factory:

• Key enabling technology for neutrino 
factories (NF) and muon colliders (MC)

• Transverse cooling sufficient for NF 

• MC requires longitudinal cooling as well
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Muon Cooling
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Muon 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 leads to heating

2. To optimize cooling requires:

– low      (strong focusing)

– large X0 (low Z)

– low E! (typ. 150 < p! < 400 MeV/c)

3. Can “rotate” portion of effect 

into longitudinal phase plane 

via “emittance exchange”

– Allows all 6 phase-space dimensions

to be cooled
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• Only ionization cooling fast enough (!µ = 2.2 µs)
–!but:

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
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• Goals:
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Muon Ionization Cooling Experiment  (MICE)
MICE (Muon Ionization Cooling Experiment)

A. Blondel (U. Genève), M. S. Zisman (LBNL), et al. (www.mice.iit.edu)

•  Goals:

1. show feasibility of cooling channel giving desired performance
    for a Neutrino Factory;

2. operate in µ beam, measure performance in 
    various modes and beam conditions.

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

• Large international, interdisciplinary collaboration:

–   >100 particle and accelerator physicists and engineers from
   Belgium, Bulgaria, China, Italy, Japan, Netherlands, Russia, Switzerland, UK, USA

MICE (Muon Ionization Cooling Experiment)
A. Blondel (U. Genève), M. S. Zisman (LBNL), et al. (www.mice.iit.edu)

•  Goals:

1. show feasibility of cooling channel giving desired performance
    for a Neutrino Factory;

2. operate in µ beam, measure performance in 
    various modes and beam conditions.

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

• Large international, interdisciplinary collaboration:

–   >100 particle and accelerator physicists and engineers from
   Belgium, Bulgaria, China, Italy, Japan, Netherlands, Russia, Switzerland, UK, USA

• Large international, interdisciplinary collaboration:

- >100 particle and accelerator physicists and engineers from Belgium, 
Bulgaria, China, Italy, Japan, Netherlands, Russia, Switzerland, UK, 
USA

• Construction now in progress at Rutherford Lab in UK
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Possible Applications 
at NML

• Demonstrate 6-dimensional muon cooling

- 6D µ cooling ring

- other 6D cooling experiments

• Test optical stochastic cooling?

- demo in progress at Bates?
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6D µ Cooling Rings

• Variety of approaches explored:

• Large and expensive!

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

RFOFO Ring

RFOFO “Guggenheim”

A. Klier (UCR)

Quad+Dipole Ring

. . .

7



IIT Experiments...D. M. Kaplan

Muon Cooling and Future Muon Facilities

Daniel M. Kaplan

Accelerator Physics and Technology Seminar
Fermilab

13 February, 2007

Muon Cooling and Future Muon Facilities

Daniel M. Kaplan

Accelerator Physics and Technology Seminar
Fermilab

13 February, 2007

...the Future. www.iit.edu

FDARDF09 5/12/09

6D µ Cooling Rings

D. Summers et al.: 
Large-admittance sector 
cyclotron

Large Admittance Sector Cyclotron

ICOOL Method 2
Reference track

ICOOL Method 1
Reference circle

Used here

Magnet

RF Cavity
F

D

D

F

D

D

F

D

D

F

D

D

• COOL05: A. Garren, H. Kirk, S. Kahn,

“6D Cooling of a Circulating Muon Beam.”
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D. Cline et al.: 
High-pressure dipole ring

• Also some small, demonstration rings
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Large Admittance Sector Cyclotron

ICOOL Method 2
Reference track

ICOOL Method 1
Reference circle

Used here
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D

F

D

D

• COOL05: A. Garren, H. Kirk, S. Kahn,

“6D Cooling of a Circulating Muon Beam.”
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Tgt
Bends

“Ppt engineering”!
 Much omitted:
 –!quads
 – injection
 – detectors
 –!...

Large Admittance Sector Cyclotron

ICOOL Method 2
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ICOOL Method 1
Reference circle

Used here
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• COOL05: A. Garren, H. Kirk, S. Kahn,

“6D Cooling of a Circulating Muon Beam.”
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Large Admittance Sector Cyclotron

ICOOL Method 2
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ICOOL Method 1
Reference circle

Used here
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• COOL05: A. Garren, H. Kirk, S. Kahn,

“6D Cooling of a Circulating Muon Beam.”
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Cooling 
ring (or 
other 6D 
device)
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Other 6D Cooling 
ApproachesHelical Cooling Channels

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

Small coils could reduce difficulty and cost

!"#$"%&'()*'+)), -./00'+)),*'1023 4
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• FoFo Snake [Alexahin, MCTF]• Helical Cooling Channel (HCC) 
[Derbenev/Johnson/Yonehara, Muons, Inc.]

• Any of them might be worth 
testing in NML (e.g., MANX)

py !ppx

blue - initial, red - final

!"#$%&'()'&((* +,-..$-//0123$4.56 &(

,1780$9:;5$<7/=""#/7$>1?@#A01"2
Equal decrement case.

~x1.7 in each direction.

Total 6D emittance 

reduction ~factor of 5.5 

Note this would require 

serious magnets: ~10 T at

conductor for 300 to 100 

MeV/c deceleration

MANX results with B <5.5 

T will also work!

below show LHe absorber

Muons, Inc.
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1 Ec = 50 GeV; E u= 35 GeV j 

30 mm long will yield almost the entire thick target 
conversion to muons. 

At the depth corresponding to the shower maximum the 
primary electron beam will have suffered a mean scatter- 

ing angle of 

0.028 GeV 6 X ,  @.=( Ee ) (z). 
which will induce a radial spread of 6X, ,O  in the primary 
beam. Actually in a high Z target, the shower will spread 

by an amount roughly double this value. Hence, the shower 
radius can be approximated by 

At production the geometrical emittance, E ( E ) ,  of the 

muon beam of energy, E, accepted into an angle $J,~~,,, 
will be 

u u. 1 
Phi (radians) b) !( E )  = -- 'n prod = 

rsh $accept 
Fig. 2. Number of u. pairs per e- accepted at an angle < 6 for Y ~ r o d  . .  . 
(aya 5 GeV electron beam with E, = 3 GeV and (b) a 50 GeV 

electron beam with E, = 35 GeV. where eaDrOd is the normalized emittance at production. 
To increase the muon production efficiency one might 

consider alternate techniques of photo-production. The 
production process consists of two steps: 1) conversion of 

the muon at the production target, y, = E / p  at the pro- 
the electron energy into photons and 2 )  muon pair produc- 

duction target, Y = E/Ee, A = y2q52, and 17 = (1 + A)-~. tion from the photons. Rather than using bremsstrahlung, 

Eq. ( I )  is known to overestimate the muon pair production one might employ synchrotron radiation as the conversion 

by a factor of two. 
process. Synchrotron radiation conversion could either take 

The number of muons per electron accepted in an angle 
place in a crystal or in a plasma [41, which has an obvious 

5 4 ,  in a momentum bite of kAp/p at a muon energy E 
advantage being high average power 

,- operation. 
is number I., 

2 4 with 

o-produc. 

From Eq. (2) it is immediately obvious that one will prefer 
I to accept muons with a large value of E/Ee rather than 

with a small E/E, as long as the function dF/dE is 
relatively flat in energy. For small muon production angles 

this condition obtains for the energy range, 0.2 < E/Ee < . 
0.8. The same consideration also argues that one should 

I 
choose a large initial electron beam energy. Figs. 2a and 

2b display plots of Eq. (2 )  for a low energy and a high 

I energy production option respectively. 
At the front surface of the production target the elec- 

tron beam can be focused to a spot of radius, r ,  = 1 mm. 

The muons will, however, appear to originate from a 
somewhat larger spot with a size given by the radial extent 
of the electromagnetic shower at a depth corresponding to 

the shower maximum, which occurs approximately six 

1 radiation lengths ( 6 ~ ~ )  inside the target. The radiation 

length, X,,, for tungsten is 3 mm; hence the shower 
maximum will occur at = - 20 mm, and a tungsten target 

The choice of synchrotron radiation conversion is un- 

likely to increase the rate of muon production as the mean 
photon energy is lower for the synchrotron radiation pho- 

tons than for the bremsstrahlung photons. The synchrotron 

radiation photons are more numerous, but only at low 
energies for which muon pair production is not energeti- 

cally allowed. The angular distribution of the muons pro- 
duced will be dominated by the spread of angles of the 
electrons in the primary beam as the average electron 

angle will be significantly larger than y-I. 

The pair production rate in crystals is known experi- 
mentally [5] to be larger than in amorphous materials due 
to the coherent field effects. For photons of 100 GeV, the 

coherent production is a few times the Bethe-Heitler rate; 
however, for 20 GeV photons this effect increases pair 
production by only 10%. As the mean energy of 

bremsstrahlung photons is = 20% of the incident beam 
energy, pair production in a crystal will not significantly 

enhance the muon yield for a 100 GeV per beam collider. 
Hence, in the analysis that follows we restrict our attention 

to the use of a conversion bremsstrahlung production 
target. 

Making Muons

• H.E. e± interacting in target certainly make 
muon pairs (Bethe-Heitler)
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30 mm long will yield almost the entire thick target 
conversion to muons. 

At the depth corresponding to the shower maximum the 
primary electron beam will have suffered a mean scatter- 

ing angle of 

0.028 GeV 6 X ,  @.=( Ee ) (z). 
which will induce a radial spread of 6X, ,O  in the primary 
beam. Actually in a high Z target, the shower will spread 

by an amount roughly double this value. Hence, the shower 
radius can be approximated by 

At production the geometrical emittance, E ( E ) ,  of the 

muon beam of energy, E, accepted into an angle $J,~~,,, 
will be 

u u. 1 
Phi (radians) b) !( E )  = -- 'n prod = 

rsh $accept 
Fig. 2. Number of u. pairs per e- accepted at an angle < 6 for Y ~ r o d  . .  . 
(aya 5 GeV electron beam with E, = 3 GeV and (b) a 50 GeV 

electron beam with E, = 35 GeV. where eaDrOd is the normalized emittance at production. 
To increase the muon production efficiency one might 

consider alternate techniques of photo-production. The 
production process consists of two steps: 1) conversion of 

the muon at the production target, y, = E / p  at the pro- 
the electron energy into photons and 2 )  muon pair produc- 

duction target, Y = E/Ee, A = y2q52, and 17 = (1 + A)-~. tion from the photons. Rather than using bremsstrahlung, 

Eq. ( I )  is known to overestimate the muon pair production one might employ synchrotron radiation as the conversion 

by a factor of two. 
process. Synchrotron radiation conversion could either take 

The number of muons per electron accepted in an angle 
place in a crystal or in a plasma [41, which has an obvious 

5 4 ,  in a momentum bite of kAp/p at a muon energy E 
advantage being high average power 

,- operation. 
is number I., 

2 4 with 

o-produc. 

From Eq. (2) it is immediately obvious that one will prefer 
I to accept muons with a large value of E/Ee rather than 

with a small E/E, as long as the function dF/dE is 
relatively flat in energy. For small muon production angles 

this condition obtains for the energy range, 0.2 < E/Ee < . 
0.8. The same consideration also argues that one should 

I 
choose a large initial electron beam energy. Figs. 2a and 

2b display plots of Eq. (2 )  for a low energy and a high 

I energy production option respectively. 
At the front surface of the production target the elec- 

tron beam can be focused to a spot of radius, r ,  = 1 mm. 

The muons will, however, appear to originate from a 
somewhat larger spot with a size given by the radial extent 
of the electromagnetic shower at a depth corresponding to 

the shower maximum, which occurs approximately six 

1 radiation lengths ( 6 ~ ~ )  inside the target. The radiation 

length, X,,, for tungsten is 3 mm; hence the shower 
maximum will occur at = - 20 mm, and a tungsten target 

The choice of synchrotron radiation conversion is un- 

likely to increase the rate of muon production as the mean 
photon energy is lower for the synchrotron radiation pho- 

tons than for the bremsstrahlung photons. The synchrotron 

radiation photons are more numerous, but only at low 
energies for which muon pair production is not energeti- 

cally allowed. The angular distribution of the muons pro- 
duced will be dominated by the spread of angles of the 
electrons in the primary beam as the average electron 

angle will be significantly larger than y-I. 

The pair production rate in crystals is known experi- 
mentally [5] to be larger than in amorphous materials due 
to the coherent field effects. For photons of 100 GeV, the 

coherent production is a few times the Bethe-Heitler rate; 
however, for 20 GeV photons this effect increases pair 
production by only 10%. As the mean energy of 

bremsstrahlung photons is = 20% of the incident beam 
energy, pair production in a crystal will not significantly 

enhance the muon yield for a 100 GeV per beam collider. 
Hence, in the analysis that follows we restrict our attention 

to the use of a conversion bremsstrahlung production 
target. 

- for muon cooling, want 
KE < 300 MeV or so

- need to do rate estimate

- but ~1014 e/s available

⇒substantial µ rate even 
if only 10–8 µ/e or less
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• I suggest we put the “muon” back in New 
Muon Lab!

• NML may come on-line after MC 5-y plan

• Could test one or more 6D cooling 
techniques chosen as part of that plan

(+ optical stochastic cooling if still of 
interest after Bates work)
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