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Muons are leptons like electrons & positrons
but with a mass 207 times larger

• Negligible synchrotron radiation emission (α m-2)
- Multi-pass collisions (1000 turns) in ring

• High luminosity with reasonable beam power and power consumption
- relaxed beam emittances & sizes, alignment & stability

• Multi-detectors supporting broad physics communities
• Large time (15 μs) between bunch crossings

- No beam-strahlung at collision: 
• narrow luminosity spectrum

- Multi-pass acceleration:
• Cost effective construction & operation 
• Compact acceleration system and collider

- No cooling by synchrotron radiation in standard damping rings
• Requires development of novel cooling method

Muons based facilities
a novel and attractive technology

J.P.Delahaye IPAC14 (June 18, 2014)
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Muon Colliders extending high energy frontier
with potential of considerable cost savings

J.P.Delahaye IPAC14 (June 18, 2014)

Circular

Muons

Linear

FCC
80-100km



4

Muon Colliders extending high energy frontier
with potential of considerable power savings

J.P.Delahaye IPAC14 (June 18, 2014)
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Muon Colliders extending high energy frontier
with potential of considerable power savings

J.P.Delahaye IPAC14 (June 18, 2014)

As with an e+e− collider, a μ+μ− collider offers a precision 
probe of fundamental interactions without energy limitations 
• By synchrotron radiation as e+e− circular colliders
• By beams-trahlung as e+e− linear colliders

Muon Collider the ideal technology
to extend high energy frontier in the multi-TeV range 

with reasonable dimension, cost and power consumption

If it works!
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• Limited lifetime: 2.2 μs at rest
• Race against death: generation, acceleration & collision before decay
• Muons decay in accelerator and detector

- Shielding of detector and facility irradiation
- Physics feasibility with  large background?

• Decays in neutrinos:
- Ideal source of well defined electron and muon neutrinos in equal quantities :

The neutrino factory concept

• Generated as tertiary particles in large emittances
• powerful MW(s) driver
• novel (fast) cooling method

Development of novel technologies 
with key accelerator and detector challenges

Muons: Issues & Challenges

J.P.Delahaye IPAC14 (June 18, 2014)
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Muon Collider Concept
Muon Accelerator Program (MAP)

J.P.Delahaye IPAC14 (June 18, 2014)

Proton source:  
Up to 4 MW, 
with 2±1 ns long bunches

Goal: 
Produce a high 
intensity  μ beam 
whose 6D phase 
space is reduced by 
a factor of ~106

from its value at the 
production target

Collider up 
to 6-10TeV 
2 detectors: 

√s = 3 TeV
Circ: 4.5km
L = 3×1034

cm-2s-1

Fast 
acceleration 
mitigating 
muon decay

M.A.Palmer
TUPME012



8

Technical challenges  
Feasibility addressed by MAP

J.P.Delahaye IPAC14 (June 18, 2014)

THPRI089



µ beam
~200 MeV/c

TOF 
4T spectrometer I

Cooling cell (~10%)
ß = 5–45 cm, LH2, RF

4T spectrometer II

TOF
Calorimeters 

SciFi solenoidal spectrometers measure 
emittance with 1% precision and 1‰ 
resolution (muon by muon) 9J.P.Delahaye

SS (US)

SS (US)

AFC AFC
AFCRFCC (US)

RFCC (US)

IPAC14 (June 18, 2014)

Novel Ionization Cooling Method
TUPME015
TUPME019
THPME020
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Progress on MICE @ RAL (Int. Collaboration)
Muon Ionization Cooling Experiment

J.P.Delahaye

Step IV without acceleration completed by March 2015
Step V with acceleration completed by 2017

All detectors have been built and tested
Construction of magnets, RF, RF power system..

IPAC14 (June 18, 2014)

TUPME010
TUPME011
THPRI030
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Successful Operation 
of 805 MHz Cavity in 

3T Magnetic Field 
MuCool Test Area/MuonsInc

World Record 
HTS-only Coil
15T on-axis field

16T on coil
PBL/BNL

High Pressure RF 
Cavity in 3T Magnetic 

Field with Beam
MuCool Test Area

Breakthrough in cable 
fabrication with High 
Temperature Super-

Conductor (HTS)
FNAL-Tech Div

T. Shen-Early Career Awarde

R&D outstanding
achievements

J.P.Delahaye IPAC14 (June 18, 2014)
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exploring the feasibility of staged facilities
• Intermediate facilities and physics capabilities in staged approach 

including evaluation of Physics and accelerator R&D at each stage.
• In the specific FNAL context

J.P.Delahaye 12IPAC14 (June 18, 2014)

Muon-based Accelerator Staging Scenario 
(MASS)



J.P.Delahaye IPAC14 (June 18, 2014) 13

CERN, a success story
Staged

approach
Multi-purpose
applications
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Series of STAGED facilities
• physics interest at each stage
• Technology with increasing complexity progressively 

developed and validated

Preferably MULTIPURPOSE 
• maximizing supported physics community and funding!

Affordable budget (< 1B$) from one facility to next
• Stage built-on previous stage with additional facilities 

Taking advantage of existing facilities 
• synergy between present and future program 

Principles of an ideal project scenario

J.P.Delahaye IPAC14 (June 18, 2014)
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Unique opportunity of Muon based accelerators 
to enable facilities at both High Intensity and 
High Energy Frontiers in a staged approach

at High Intensity Frontier

at High Energy Frontier
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An attractive staging scenario of facilities 
with physics interest at each stage

J.P.Delahaye IPAC14 (June 18, 2014)

Intensity Frontier

Sterile ν
ν cross sections 

Precision ν physics
CP violation
New ν physics exploration

Higgs properties
Direct mass&width

Beyond 
Standard 
Model

Top 
properties

Energy Frontier
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Taking advantage of and leveraging FNAL future projects:
• Proton Improvement Plan (PIP), 
• Long Baseline Neutrino Facility (LBNF) 

Proton Improvement Program (PIP) as proton driver
• Starting with 1MW for an early and realistic start (beam power, target…..)
• Upgradable to the highest beam power when available

Sanford Underground Research Facility (SURF) host of long 
distance detector of a Neutrino Factory

• Great synergy with LBNF about detector and facility
• Neutrino Factory energy of 5 GeV compatible with 1300 km distance of 

FNAL to Sanford

A cost effective staging scenario
in the FNAL context

J.P.Delahaye IPAC14 (June 18, 2014)

TUOAA02

TUOAA01
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An entry-level NF?

200kW

A.BrossnuSTORM
neutrinos from STOred Muons

DOES NOT
Require Development of

ANY New Technology

1010 μ / 1μs pulse
Ideal R&D platform
to get experience,
test & validate
muon technology

3.8 GeV/c stored μ
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NuMAX (Neutrinos from Muon Accelerator CompleX) 
5GeV staged Neutrino Factory with far detector at SURF

J.P.Delahaye IPAC14 (June 18, 2014)

P. Huber

δ = CP violating phase

NuMAX complementary to LBNF
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Staged Neutrino Factory and Muon Colliders

J.P.Delahaye IPAC14 (June 18, 2014)

Neutrino Factory at intensity frontier Muon Collider at the energy frontier

Cooling               6D no final                 Full 6D

main parametersIncreasing complexity and challenges
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Principle:
• MAP novel technologies to be tested and validated
• Dedicated test facilities usually very expensive and not useful for Physics
• Novel concept of test facility integrated into actual facility stage aiming at 

development & validation of technology required by next stage
nuSTORM as R&D platform for 6D cooling at moderate intensity

• Source of 1010 muons per pulse
• 6D cooling validation for HIGGS factory and/or Muon Collider 

NuMAX as R&D platform for initial cooling
• Source of 1011 muons per pulse
• Initial  cooling validation for NuMAX+

NuMAX+ as R&D platform for 6D cooling at high intensity
• Source of 1012 muons per pulse
• complementary to cooling experiment @ MICE at (very) low intensity
• 6D cooling validation for HIGGS factory and Muon Collider

HIGGS factory as R&D platform for final cooling
• Final cooling validation for Muon Collider 

R&D platform at each Physics stage

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)

PIPII

PIPIII
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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255MeV/c
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Preinjector

Sub-TeV Collider
Higgs or Top Factory
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Sub-TeV Collider
Higgs or Top Factory
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Multi-TeV Collider
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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Progressive installation in stages with 
technology validation at each stage 

J.P.Delahaye IPAC14 (June 18, 2014)
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ft ft
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34

A Potential Muon Accelerator 
Complex at Fermilab: 
νSTORM NuMAX
 Higgs Factory

Staging scenario 
fully compatible 
with the PIP-II 
stage option

J.P.Delahaye IPAC14 (June 18, 2014)
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A Potential Muon Accelerator 
Complex at Fermilab: 
νSTORM NuMAX
 Higgs Factory

Staging scenario 
fully compatible 
with the PIP-II 
stage option

J.P.Delahaye IPAC14 (June 18, 2014)
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A Potential Muon Accelerator 
Complex at Fermilab: 
νSTORM NuMAX
 Higgs Factory

Staging scenario 
fully compatible 
with the PIP-II 
stage option

J.P.Delahaye IPAC14 (June 18, 2014)
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A Potential Muon Accelerator 
Complex at Fermilab: 
νSTORM NuMAX
 Higgs Factory

Staging scenario 
fully compatible 
with the PIP-II 
stage option

J.P.Delahaye IPAC14 (June 18, 2014)
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A Potential Muon Accelerator 
Complex at Fermilab: 
νSTORM NuMAX
 Higgs Factory

Staging scenario 
fully compatible 
with the PIP-II 
stage option
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A Potential Muon Accelerator 
Complex at Fermilab: 
νSTORM NuMAX
 Higgs Factory

Staging scenario 
fully compatible 
with the PIP-II 
stage option

J.P.Delahaye IPAC14 (June 18, 2014)

Later upgradable 
to a Muon Collider 
with Tevatron size 

at 6 TeV
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2010 ~2020 ~2030

Muon Accelerator
R&D Phase

Proton 
Improvement Plan 
@ FNAL

Intensity Frontier

Energy Frontier

Advanced 
Systems R&D

Advanced 
Systems R&D

Muon Ionization Cooling 
Experiment (MICE)

Muon Ionization Cooling 
Experiment (MICE)

IDS-NF 
RDR

IDS-NF 
RDR

Proposed Muon Storage Ring 
Facility (νSTORM)

Proposed Muon Storage Ring 
Facility (νSTORM)

Option for Long Baseline ν FactoryOption for Long Baseline ν Factory

Collider Conceptual 
 Technical Design
Collider Conceptual 
 Technical Design

Option for μ ColliderOption for μ Collider

PIP-IIPIP-II And Further Proton 
Source Improvements

And Further Proton 
Source Improvements

Indicates a date when 
an informed decision 
should be possible

MAP Feasibility 
Assessment

MAP timeline
providing informed decisions points

M.A.Palmer
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Muon based technology unique opportunity to enable facilities at both 
the high intensity and the high energy frontiers

• High precision neutrino physics and lepton colliders extension into multi-TeV range 
with reasonable dimensions, cost & power consumption

• MAP focused on feasibility demonstration of novel  & challenging technology

Attractive Muon based Accelerators Staged Scenario 
• Series of facilities with increasing complexity built-up on previous stage
• Integrated R&D platform at each stage for validation of novel technology 
• Informed decision on following stages with risk mitigation 
• Flexibility of adaptation to physics requirements

Especially appealing at FNAL taking advantage & leveraging of projects 
or then existing facilities: PIP, LBNF
• Neutrino Factory (NuMAX) natural complement of Long Baseline Neutrino Facility 

(LBNF) if warranted by Neutrino Physics at the time
• Multi-TeV lepton collider when and if required by (new) Physics in the future

Plea for long term R&D support

Conclusion

J.P.Delahaye IPAC14 (June 18, 2014)
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• Strong coupling to Higgs mechanism by s channel 
- Cross section enhanced by (mμ/me)2 =40000

with sharp peak at 126GeV resonance
• Higgs factory allowing energy scan with high 
energy resolution for direct mass and width 
measurements at half colliding beam energy
and 103 less luminosity than with e+/e-
• Requires colliding beam with extremely small
momentum spread (4 10-5) and high stability  

The beauty of Muons

J.P.Delahaye IPAC14 (June 18, 2014)



As with an e+e− collider, a μ+μ− collider offer a precision 
probe of fundamental interactions

without limitations in energy: 
• By synchrotron radiation as e+e− circular colliders
• By beams-trahlung as e+e− linear colliders


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a series of facilities with increasing complexity, each with performance 
characteristics providing unique physics reach:  

nuSTORM (neutrinos from STOred Muons): a short-baseline 3.8 GeV Neutrino Factory-like facility 
enabling a definitive search for sterile neutrinos, as well as neutrino cross-section measurements

NuMAX (Neutrinos from Muon Accelerator compleX): a long-baseline 5GeV Neutrino Factory, optimized 
for a detector at the Sanford Underground Research Facility (SURF) to be built in phases, 

A commissioning phase based on a limited proton beam power of 1MW on the muon production 
target with no cooling for an early and realistic start with conventional technology 
NuMAX upgraded from the commissioning phase by adding a limited amount of 6D cooling (by a 
factor 50), affording a precise and well-characterized neutrino source
NuMAX+: a full-intensity Neutrino Factory, upgraded from NuMAX by multiplying the proton beam 
power on target and detector upgrade for performance as the ultimate source for precision CP-
violation measurements and potential exploration of new physics in the neutrino sector

Higgs Factory: 125 GeV collider providing up to 13,500 Higgs events per year (107 sec) with exquisite 
energy resolution enabling direct Higgs mass and width measurements (s channel coupling).

Possible upgrade to a Top Factory with production of up to 60000 top particles per year (107 sec).

Multi-TeV Collider:  if warranted by LHC results, with an ultimate energy reach up to 10 TeV, offering  the 
best performance, least cost and power consumption of any lepton collider in the multi-TeV regime.

An attractive staging scenario
in the FNAL context

J.P.Delahaye IPAC14 (June 18, 2014)



Cooling System: Emittance path
6 orders of magnitude in 6 Dimensions
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Transverse Emittance (microns)
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FNAL Proton Improvement Plan (PIP)
Possible future upgrade

J.P.Delahaye IPAC14 (June 18, 2014)

PIPII: 200 kW @ 0.8 GeV

PIPIII: ~1 MW @ 3 GeV

PIPIV: 2-4 MW @ 8 GeV?

S.Holmes @ P5 
Dec16, 2013



<<
  /ASCII85EncodePages true
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ABSALOM
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /ALIBI
    /AllegroBT-Regular
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /BankGothicBT-Medium
    /BaskOldFace
    /Batang
    /BATAVIA
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BremenBT-Bold
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /CASMIRA
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CharlesworthBold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothicBT-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DauphinPlain
    /EdwardianScriptITC
    /ELEGANCE
    /Elephant-Italic
    /Elephant-Regular
    /ELLIS
    /English111VivaceBT-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EXCESS
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GENUINE
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyHandtooledBT-Regular
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HELTERSKELTER
    /HERMAN
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-Bold
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Roman
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /ISABELLE
    /JOAN
    /Jokerman-Regular
    /JuiceITC-Regular
    /JUSTICE
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /Lithograph-Bold
    /LithographLight
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MANDELA
    /Mangal-Regular
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MATTEROFFACT
    /MaturaMTScriptCapitals
    /MICRODOT
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /NATURALBORN
    /NEOLITH
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OPENCLASSIC
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /PosterBodoniBT-Roman
    /PRETEXT
    /Pristina-Regular
    /PUPPYLIKE
    /Raavi
    /RADAGUND
    /RageItalic
    /Ravie
    /REALVIRTUE
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /SHELMAN
    /ShowcardGothic-Reg
    /Shruti
    /SimSun
    /SnapITC-Regular
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /Staccato222BT-Regular
    /Stencil
    /Swiss911BT-ExtraCompressed
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TRENDY
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypoUprightBT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZurichBT-RomanExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 791.000]
>> setpagedevice


