
Systems Tests: 
Overview & Resources

Daniel M. Kaplan

Muon Accelerator Program Review
Fermilab, 24–26 August 2010

MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

Muon
 Accelerator

Program

Muon
 Accelerator

Program



MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

!"#$%&'(&)$$$$$$$$$$$$$$$$$$$$$$$$*+,*-$"./.012$*34356$!6$789:8;2$((<

!"#$%&'

• System Tests (past, present, & future)

• Task Organization

• More on Ionization Cooling

• MICE

• 6D Experiment

• Resources
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• Goals: 

- Demonstrate feasibility and performance of muon 
ionization cooling by building and testing actual 
sections of cooling channels

- Validate Monte Carlo models

- Understand performance well enough to reliably 
extrapolate cost of muon cooling for MC or NF
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• Note: I recently took over from A. Jansson 

       (he’s here to answer any hard questions! ;-)

+

US contribution to MICE

6D Cooling bench test

Prep for 6D Cooling demo experiment 
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• NFMCC has already completed a successful 
system test:

- MERIT (MERcury Intense Target)

- NF/MC require ~4 MW proton beam on target

o would destroy almost any solid target

o is mercury jet feasible?

o answer:  YES!
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• Experiment carried out @ CERN nTOF facility 
in 2007

• BNL/CERN/KEK/ORNL/
Princeton collaboration

- Hg jet,1 cm diam, 20 m/s, 
jet axis at 33 mrad to 
magnet axis (B ≤ 15 T)

- concept demonstrated 
workable up to ≈8 MW

[K. McDonald et al., IPAC’10]
-

The MICE ExperimentD. M. Kaplan, IIT HEP Seminar, U. Chicago

• 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 

MERIT (MERcury Intense Target):

• Key parameters: 
– 14 & 24-GeV p beam, up to 3 ! 1013

 p/2-"s spill in # 8 bunches (“pump/probe”)
– !r 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 the Hg jet over 30 cm = 2 interaction lengths 

H. Kirk (BNL), K. McDonald (Princeton), 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

– #
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

• Data taken Oct. 22 – Nov. 12, 2007: 
– Hg jet velocities of 15 & 20 m/s
– magnetic fields up to 15 T
– pulses up to 3 ! 1013 protons in 2.5 "s

39

• Analysis currently in progress...

cept of the pump-probe studies is illustrated in Fig. 5. Ei-
ther 6 or 12 bunches of 14-GeV protons were first ejected
from the CERN PS during one turn, and then the remaining
2 or 4 bunches were ejected during a subsequent turn, 40,
350 or 700 µs later. This could only be done with beams of
energy up to 14 GeV, and the maximum delay was 1 ms.
The ralative rates of secondary particles produced by

these bunches as recorded by one of the diamond detec-
tors is shown in Fig. 5. Data from both target-in and -out
events showed a rapid reduction of sensitivity of the dia-
mond detectors during a bunch train, with a recovery time
of order several hundredµs. Hence, the effect of disruption
of the mercury target by the pump bunches on the rate of
particle production during the pump bunches was gauged
by the following ratio

Ratio =

Probetarget−Probeno−target

Pumptarget−Pumpno−target

Probeno−target

Pumpno−target

(1)

The observed values of this ratio, shown in Fig. 6,
are consistent with no reduction in particle production for
bunches 40 or 350 µs after a first set of bunches, and about
5a mercury jet target, although disrupted by intense proton
bunches as shown in other studies [6], would remain fully
effective in producing pions during a bunch train of up to
300 µs as may be desirable for operation of a 4-MWproton
driver at a Neutrino Factory.

pCVD Diamond, beam-right 20deg, PS in h=16
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Figure 5: Response waveform of a diamond detector for
a beam pulse with 12 pump bunches, followed by 4 probe
bunches 40 µslater.

SUMMARY
TheMERIT experiment successfully took data in the au-

tumn of 2007 at the CERN PS, demonstrating the validity
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Figure 6: The probe/pump ratio for target-related particle
production as a function of delay of the probe bunches.

of the free mercury jet target principle as proposed sys-
tem for the generation of intense muon beams at interac-
tion with megawatt proton beams. The temporal analysis
of the particle production showed that despite the apparent
disruption of the mercury jet on the scale of several ms,
secondary particle production is little affected for several
hundrend µsafter the arrival of the first bunches of a train.
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• Two* general types of ionization cooling:

- transverse

o tested in MICE

- 6D (combination of transverse cooling & emittance 
exchange)

o to be tested in 6D experiment to be designed

o initial test planned as part of MICE

  *3rd type, frictional – seems impractical for high-L collider
(not part of MAP)

?

78&%93:8&,188$%&0
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• Muons cool via dE/dx in low-Z medium

• Only practical way to cool within µ lifetime
@

Ionization Cooling:

• Two competing effects:

   – Absorbers: 
E E

dE
dx

s

space
rms

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

   X0   
(emittance change per unit length)

  dEdx

• ionization 
minimum is 
! optimal 
working point

• 2 competing 
effects ⇒

 ∃ equilibrium 
emittance

Reminder:
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• Important: dE/dx cooling mechanism is 
inherently transverse 

- reduces momentum in all 3 spatial directions while 
acceleration replaces only pz 

⇒ cools only beam divergence

- variable focusing couples this to transverse beam 
area

→4D transverse cooling

• Demonstration in progress (MICE)

78&%93:8&,188$%&0



U.S. MICED. M. Kaplan, IIT MuTAC Review, BNL, 18 Apr 07

Outline:

1. MICE Phases

2. PID Detectors

3. Spectrometer Solenoids

4. Tracking Detectors

5. DAQ, Controls & F.E. Electronics

6. MICE Phase II Progress

7. Summary

2

Outline

Beamline Design

MICE Software

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

• International collaboration

• MAP institutions 
building key 
hardware components and
participating in commissioning and integration

• Also participating in running and data analysis

- with NSF support for postdoc, student participation
43



The MICE ExperimentD. M. Kaplan, IIT HEP Seminar, U. Chicago

• Goals:

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

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

41
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• Based on “Feasibility Study II” SFOFO LH2 

cooling cell, but other absorber
materials and optics can
also be tested

TOF
KL Cal
e-! Ranger 
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• Build minimum cooling channel that suffices

- 1 complete lattice cell → ≈10% cooling effect

• Measure emittance with 0.1% precision

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

⇒ need to measure muon beam 1 muon at a time

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

4*



MICE
The International Muon Ionization Cooling Experiment 

MUON COLLIDER

The muon collider and neutrino factory are high-brilliance 

muon accelerators proposed to answer some of the deepest 

questions of modern particle physics. 

Muon Colliders provide compact and evolutionary solutions 

for  precise lepton-antilepton collisions with unique features, 

from low-energy (100 to 1000 GeV) studies of possible Higgs 

doublets to high-energy exploration up to 4 TeV center-of 

mass energies. 

The MICE Collaboration (http://mice.iit.edu)

 

 

µ
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Variable
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 Cherenkovs

Trackers 1 & 2 

Liquid Hydrogen absorbers 
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Downstream

particle ID: 
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SW Calorimeter 

 

RF cavities RF power         

Spectrometer               

solenoid 1  

Spectrometer                

solenoid 2

Coupling Coils 1&2

Focus coils 

MICE

Neutrino Factories: High-energy electron-neutrino beams from 

muon decay allow the study of the “Golden” oscillation, !e"!µ, 

!e"!
#
 and !!e"!!µ , !!e"!!

# , which is the key reaction for study of the 

neutrino mass hierarchy, leptonic CP violation and neutrino mixing 

unitarity, coupled with a rich program of neutrino interaction physics. 

 

 NEUTRINO FACTORY 

The muon collider and neutrino factory have strong similarities and 
can probably evolve from each other. Both rely heavily on ionization 
cooling, which is the only practical way to cool a beam of muons 
given their short lifetime (2.2 !s).

MICE is proceeding to build a section of ionization-cooling channel, 
place it in a muon beam, and test it in a variety of beam and optics 
configurations: 

• An affordable section of cooling channel, providing 10% reduction 
of transverse emittance, is to be operated in a muon beam of 140– 
240 MeV/c momentum. 

• By measuring the particles one by one the emittance can be 
determined before and after the cooling section with a precision of 
one part per mil.

• The experiment is located at STFC Rutherford Appleton Lab (UK).

• The experiment is proceeding step-wise in a way that matches both 
the experimental methodology and the funding profiles. 

Step I of MICE is now underway with the commissionning of the 
beam line. A Ti target is dipped into the proton beam of the ISIS 
synchrotron and produces secondaries that are captured in a muon 
channel. First beam was observed in March 2008. The target was 
successfully operated in parasitic mode at low intensity, 0.2% of the 
intensity required for the final MICE steps.

Step II requires time-of-flight, tracker and calorimeter, as well as the 
spectrometer solenoid. These elements are complete and being 
shipped to RAL. This step will be executed in the fall of 2008. 
 

The full engineering integration of MICE is in progress. 

Can you recognize the elements of MICE on this drawing of Step VI?  

ISIS

MICE Hall
  R5.2

µ

Aspirational MICE Schedule as of April 2008   

February-July 2008
   

STEP I

September 2008

November 2008
 to summer 2009

STEP II

STEP IV October 2009

STEP V
spring 2010

STEP VI
Q4 2010
 -2011

STEP III/III.1

CKOV A PMT1

CKOV A PMT2

CKOV A PMT3

 $ seen in the Cherenkov Detector

 April 2nd 2008

GVA1, BM1 GVA2, BM2 CKovA,B

Top view of quadrupoles 4-6

MICE target operation

1000 mm

~330 mm
Tracker

Two identical trackers with 5 planes of 3 views, 
440 µm point resolution achieved.

Scintillating fiber detector read out with VPLCs 
(7-fold ganging of 350 µm-diameter fibers).

TOF1
& cage

Tracker Solenoid 1

Tracker 1

PhotonMuon

Electro
n

Focus coil
RF

H2 
absorber

200 MHz RF cavity prototype 
with beryllium windows, produced at 
LBNL and JLab, tested at Fermilab.

Software: 

A full implementation of MICE with GEANT4 (G4MICE; see example graphic below)
allows simulation and reconstruction of all steps of MICE. 
There is also a simpler ICOOL implementation of MICE for optimization studies.
The beamline also has a G4beamline description and Turtle for optimizations. 

Prototypes of the absorbers and RF cavities 
have been built. Final construction of absorbers
is starting at KEK; completion of the first one in 
time for Step IV. 

The MICE coupling coil provides the magnetic field 
to guide the muons in the cooling cell. The RF 
cavity must be completely embedded in the field. 
These magnets are being constructed in the Harbin 
Institute of Technology (China).

8 MW of RF power at 201 MHz being prepared 
at CERN (below) and Daresbury Lab. 

Daniel M. Kaplan 
for the MICE Collaboration

Emittance Measurement
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• Participating countries:

4=

&
EMR Calorimeters
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• Done:
- Assembly of scintillating-fiber planes (15) for fiber-tracking spectrometers

- AFE-IIt readout boards, VLPCs, and VLDS interface modules for fiber tracking 
readout 

- Design, fabrication, and commissioning of VLPC cryostats (4) for fiber tracking 
spectrometers 

- Fiber-tracking readout system integration and commissioning

- Fabrication, installation, and commissioning of two Cherenkov counters

- Scintillating-fiber beam position/profile monitors (4 planes) 

- Beam-line optimization 

• In progress:
- Spectrometer solenoids (2): engineering, fabrication, testing, and field-mapping

- RFCC modules (2), each comprising 4 rf cavities and 1 coupling coil

- LH2 absorber window fabrication

- Design and fabrication of LiH absorbers

- Participation in MICE operation and analysis

4+
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• Done:
- Assembly of scintillating-fiber planes (15) for fiber-tracking spectrometers

- AFE-IIt readout boards, VLPCs, and VLDS interface modules for fiber tracking 
readout 

- Design, fabrication, and commissioning of VLPC cryostats (4) for fiber tracking 
spectrometers 

- Fiber-tracking readout system integration and commissioning

- Fabrication, installation, and commissioning of two Cherenkov counters

- Scintillating-fiber beam position/profile monitors (4 planes) 

- Beam-line optimization 

• In progress:
- Spectrometer solenoids (2): engineering, fabrication, testing, and field-mapping

- RFCC modules (2), each comprising 4 rf cavities and 1 coupling coil

- LH2 absorber window fabrication

- Design and fabrication of LiH absorbers

- Participation in MICE operation and analysis

4+

- Assembly of scintillating-fiber planes (15) for fiber-tracking spectrometers

- AFE-IIt readout boards, VLPCs, and VLDS interface modules for fiber tracking 
readout 

- Fiber-tracking readout system integration and commissioning

- Fabrication, installation, and commissioning of two Cherenkov counters

*NSF-supported in whole or in part*NSF-supported in whole or in part

- Spectrometer solenoids (2): engineering, fabrication, testing, and field-mapping

- RFCC modules (2), each comprising 4 rf cavities and 1 coupling coil

- LH2 absorber window fabrication

- Participation in MICE operation and analysis
*NSF-supported in whole or in part
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see Virostek talk
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4 23. Passage of particles through matter
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Figure 23.3: Energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, tin, and lead.

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

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

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (23.2)

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

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

April 17, 2001 08:58

  

C8&0%#"@%&3$,188$%&0DADVANCES IN BEAM COOLING FOR MUON COLLIDERS * 

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

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

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

based on helical magnets surrounding RF cavities filled 

with dense hydrogen gas is the basis for the latest plans 

for muon colliders.  This helical cooling channel (HCC) 

has solenoidal, helical dipole, and helical quadrupole 

magnetic fields, where emittance exchange is achieved by 

using a continuous homogeneous absorber.  Momentum-

dependent path length differences in the dense hydrogen 

energy absorber provide the required correlation between 

momentum and ionization loss to accomplish longitudinal 

cooling.  Recent studies of an 800 MHz RF cavity 

pressurized with hydrogen, as would be used in this 

application, show that the maximum gradient is not 

limited by a large external magnetic field, unlike vacuum 

cavities.  Two new cooling ideas, Parametric-resonance 

Ionization Cooling and Reverse Emittance Exchange, will 

be employed to further reduce transverse emittances to a 

few mm-mr, which allows high luminosity with fewer 

muons than previously imagined.  We describe these new 

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

with z dependent fields that is being developed for an 

exceptional 6D cooling demonstration experiment.  The 

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

components for a high luminosity, low emittance muon 

collider will be reviewed. 

INTRODUCTION 

New developments have revived the hopes generated 

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

The enthusiasm that existed 10 years ago for a muon 

collider was dampened by the failure to come up with a 

credible scheme to achieve fast longitudinal cooling.  

Consequently, the idea that a neutrino factory based on a 

muon storage ring would be an easier first step toward a 

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

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

the large number of muons required for a factory has led 

to large emittance accumulation and storage schemes 

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

Recently, many advantages of small 6D emittance for a 

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

the cost of muon acceleration can be reduced by using the 

high frequency RF structures being developed for the 

International Linear Collider (ILC).  We believe that the 

muon collider has now become an upgrade path for the 

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

energy is too low or its cost is too great. 

Effective 6D cooling and the recirculating of muons in 

the same RF structures that are used for the proton driver 

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

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

and muon collider development on a common path. 

IONIZATION COOLING TECHNIQUES 

Emittance Exchange with Continuous Absorber  

The simple idea that emittance exchange can occur in a 

practical homogeneous absorber without shaped edges 

followed from the observation that RF cavities 

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

a schematic description of the new approach. 

 

 

 

 

 

HCC  

Effective 6D cooling (simulations: cooling factor 

50,000 in 150 m) 

Figure 1: LEFT: Older Wedge Absorber Technique 

RIGHT: Proposed Homogeneous Absorber Technique 

where dispersion causes higher energy particles to have 

longer path length and thus more ionization energy loss.       

 
Figure 2: Simulation results of a series of 4 pressurized 

HCC segments which are matched to the beam by having 

smaller cavities and stronger fields as the beam cools.  

 Gas-filled HCC 

The HCC is an attractive example of a cooling channel 

based on this idea of energy loss dependence on path 

!p/p

Incident Muon BeamIncident Muon Beam

Evacuated 
Dipole Magnet

Absorber-Filled 
Dipole Magnet

Wedge 
Absorber

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

• No – ineffective due to straggling

⇒cool longitudinally via emittance exchange:

• Cool ε⊥, exchange ε⊥ & ε|| → 6D cooling
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• Transverse ionization cooling self-limiting due to longitudinal-emittance 

growth, leading to particle losses 

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

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

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

6D Cooling Approaches

Muon Cooling R&D (cont’d)

High-power liquid-hydrogen energy absorbers:

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

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

radius    =    13 m

circonf. = 84.4 m

22.5 deg

RF Cavity

Half Liq. H

Wedge Absorber 

Half

0 m

5.27 m

22.5 deg

3.90 m3.0 m

3.5 m

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

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

. . .

21

absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

UCR & BNL

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

Helical Cooling Channel

Muons, Inc. & FNAL
!

• After >10 years of work, 3 viable 6D solutions:
  (on paper, at least)

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

growth, leading to particle losses 

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

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

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

6D Cooling Approaches

Muon Cooling R&D (cont’d)

High-power liquid-hydrogen energy absorbers:

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

... also design studies for alternative
ways of cooling:
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Figure 3: Top view of the “UCLA” Emittance Exchange Ring, and a schematic drawing of a ring
components in the 22.5 degree section

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

RFOFO Ring

RFOFO “Guggenheim”

A. Klier (UCR)

Quad+Dipole Ring

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

. . .

21

absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

UCR & BNL

• After >10 years of work, 3 viable 6D solutions:
Helical Cooling Channel

Muons, Inc. & FNAL
!

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

- HCC may be most compact

- Not yet clear if all will work, nor which is most cost-
effective
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• 6D cooling more complex than transverse

⇒ some kind of demonstration will be needed

• Difficult to design the experiment in detail 
before (FY12) 6D cooling down-selection

- but can do initial demo: wedge absorber in MICE

• MICE completion a deliverable of MAP

• 6D experiment design a deliverable of MAP

- experiment itself is beyond 7-year MAP plan
4A
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• 6D cooling more complex than transverse

⇒ some kind of demonstration will be needed

• Difficult to design the experiment in detail 
before (FY12) 6D cooling down-selection

*3

EF,188$%&0,5G=#

• Strategy:

⇒Focus first on developing information needed for 
6D-cooling down-selection

⇒Initial systems-tests activity should focus on MICE 
and on understanding 6D bench-test issues
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• Some aspects of 6D cooling can be tested by 
inserting wedges in MICE

• Now part of MICE program

- Studied by MAP collaborators

- LiH wedge has been ordered

*4

see Snopok talk
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• MICE is both technology demo and beam 
experiment

• Once MICE demonstrates transverse cooling 
and emittance exchange, we believe most of 
remaining 6D-cooling-channel risk is 
technological (i.e., can we build and operate 
the channel as designed)

→ Separate 6D cooling bench-test (technology 
demo) from beam test

**
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• Bench-tested 6D channel section should be 
long enough to address key integration issues

- Cavities should be operated in their design B field

- Enough components should be installed to verify 
spatial compatibility of plumbing etc.

• Bench-tested channel section may be different 
(shorter?) than that needed for a beam test

- Try to maintain compatibility

*=
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• Experiment design optimization requires:

- Simulations to clarify appropriate cooling-channel 
performance measures and needed precision

o optimal cooling-channel length, beam parameters, and analysis 
approach

- Diagnostics/detector study to determine how best to 
measure the muon beam to required precision

- Design/integration study to specify and lay out experiment

o coordinate to ensure bench-test hardware also suitable for 
beam test 

o find suitable location and design needed muon beam line (unless 
MICE hall and beam suitable and available)

*+
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• Down-select here! 

 (but note that this is a Tech. Devel. milestone, not Systems Tests)

*>

17 of 17 

Based on the information from MICE, we will evaluate the incremental benefit of a 6D cooling 
experiment.  A question that needs special attention is to what extent the results from a short section of 
6D cooling channel can be extrapolated to a long channel.  One of the main uncertainties in the 
simulations is the exact scattering and energy-straggling distributions, as well as correlations between 
them.  These effects are not easy to measure in a short cooling channel, since they affect mainly the 
equilibrium emittance and not the initial cooling rate.  Also, in short sections of cooling channels, end 
effects may well dominate the result.  The rms emittance is not a conserved quantity in a nonlinear 
system, so it is possible to get a significant emittance decrement or increment if the initial beam is not 
properly matched to the channel.  The main source of nonlinearity is the dependence of Larmor 
frequency on momentum.  In a transverse cooling experiment, such as MICE, this effect can be 
minimized by considering a small momentum slice in the analysis.  However, any 6D experiment 
analysis will need to deal with a large momentum spread, since longitudinal and transverse degrees of 
freedom are strongly coupled.  Since these nonlinear effects may be as large as the expected cooling 
decrement, some sort of blinding procedure will likely be required in the analysis to avoid bias when 
correcting for them. 
 
Understanding the details of how track selection, matching, and nonlinearities affect the results from a 
short 6D-cooling-channel beam test will be critical to evaluating the incremental benefit of such a test.  
Incidentally, the same issues need attention in MICE. Since many details of a 6D cooling cannot be 
determined until after the selection of a baseline cooling channel, a good investment towards a 6D 
cooling experiment in the short term is to concentrate on MICE analysis. 
 
In summary, the main purpose of this activity is to define the next step in terms of cooling-channel beam 
measurements, given what can be learned from MICE and any extensions to the MICE program, in order 
to demonstrate that a 6D cooling channel is feasible.  If it turns out that an additional experiment is 
needed to prove that 6D cooling is practical, the aim is to be ready to propose such an experiment at the 
end of the MAP 7-year plan.  This includes both writing a proposal and beginning to form an 
experimental collaboration.  One should keep in mind, however, that it is entirely possible that the 
outcome of the study will be that the combination of a successful MICE experiment and a bench test of a 
6D cooling channel is sufficient to prove that 6D cooling is feasible.  
 

 
6. TIMELINE AND MILESTONES 

 
The Systems Test activity depends heavily on the other parts of the MAP plan.  In particular, input from 
the other parts of the plan is required to determine which 6D cooling channel to build and test. 
Therefore, with the exception of MICE, the bulk of the activity will only start in earnest a few years into 
the plan.  The anticipated milestones are shown in Table 2. 
 
!"#$%&'(&)*+,%-&,%+,&,"+.&-/$%+,01%+&"12&2%$/3%4"#$%+(&
Date Milestone Designation Deliverablesa)

 

FY10 Study possible minor extensions to MICE ST10.1 DR 
FY11 Deliver Spectrometer Solenoids to RAL ST11.1 DR 
FY12 Deliver first RFCC module to RAL ST12.1 DR, MR 
FY13 Initial specification of 6D cooling bench test ST13.1 DR, MR 
FY14 Finalize 6D cooling bench test specification ST14.1 DR, MR 
FY15 Initial component specifications for 6D 

cooling experiment 
ST15.1 MR 

FY16 Install 6D cooling bench test section in MTA ST16.1 MR 
 Prepare proposal for 6D cooling experiment ST16.2 FR, ER 
a) DR: design report (MAP technical note); ER: external review; FR: formal report; MR: MAP (internal) review. 
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~$2.5M 
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• The goal of the Systems Test activity is to test 

relevant hardware at the system level

- Builds on results from both Technology 
Development and Design and Simulations

• Focus is on muon cooling channels, which are 
crucial for MC/NF

- Complete MICE

- Bench-test 6D cooling channel

- Preparations for 6D cooling demo experiment 
(execution would be post-plan)

*A

Critical to show  
feasibility 

ing MC}


