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Outline of PresentationOutline of PresentationOutline of PresentationOutline of Presentation

 Introduction to Muons IncIntroduction to Muons Inc Introduction to Muons, Inc.Introduction to Muons, Inc.
 Phase and Frequency Locked Magnetrons for Phase and Frequency Locked Magnetrons for 

SRFSRF Sources (Fermilab subcontractor) ThisSources (Fermilab subcontractor) ThisSRF SRF Sources (Fermilab subcontractor).  This Sources (Fermilab subcontractor).  This 
project is funded by a Phase II STTR grant from project is funded by a Phase II STTR grant from 
NP (DOE).  Currently in our second year.NP (DOE).  Currently in our second year.( ) y y( ) y y
 Description of ProblemDescription of Problem
 Technical ApproachTechnical Approachpppp
 Current StatusCurrent Status
 Commercialization PlanCommercialization Plan
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History of Muons, Inc.History of Muons, Inc.History of Muons, Inc.History of Muons, Inc.
 Muons, Inc. was founded in 2002 to participate in SBIR Muons, Inc. was founded in 2002 to participate in SBIR 

and STTR programs which fund research on muonand STTR programs which fund research on muonand STTR programs which fund research on muon and STTR programs which fund research on muon 
beam cooling and on applications such as neutrino beam cooling and on applications such as neutrino 
factories, muon colliders, and stopping muon beams. factories, muon colliders, and stopping muon beams. 
M I ll b i h l b (ANL BNLM I ll b i h l b (ANL BNL Muons, Inc. collaborates with labs (ANL, BNL, Muons, Inc. collaborates with labs (ANL, BNL, 
Fermilab, JLab, SLAC, LBNL) and universities Fermilab, JLab, SLAC, LBNL) and universities 
(Cornell, FSU, Hampton U, IIT, NIU, ODU, U of (Cornell, FSU, Hampton U, IIT, NIU, ODU, U of 
Chicago)Chicago)

 Muons, Inc. and its collaborators have been responsible Muons, Inc. and its collaborators have been responsible 
for a number of key inventions and innovations forfor a number of key inventions and innovations forfor a number of key inventions and innovations for for a number of key inventions and innovations for 
muon colliders, and muon colliders have now become a muon colliders, and muon colliders have now become a 
very active field of research for future energyvery active field of research for future energy--frontier frontier 
facilities for highfacilities for high--energy physicsenergy physics
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facilities for highfacilities for high--energy physics.energy physics.



HighHigh--Power RF Hardware Power RF Hardware 
D l M ID l M IDevelopment at Muons, Inc.Development at Muons, Inc.

 Three years ago, we hired two RF engineers and Three years ago, we hired two RF engineers and y g , gy g , g
initiated a program to develop highinitiated a program to develop high--power RF power RF 
hardware.hardware.

 This initiative has been very successful in terms of This initiative has been very successful in terms of 
grant awards, and four ongoing Phase II awards grant awards, and four ongoing Phase II awards g g gg g g
now account for an important fraction of the now account for an important fraction of the 
company income.company income.

 One of these funded projects is One of these funded projects is ““Phase and Phase and 
Frequency Locked Magnetrons for SRF Sources.Frequency Locked Magnetrons for SRF Sources.””
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The opportunity and the problemThe opportunity and the problemThe opportunity and the problemThe opportunity and the problem

 The opportunity is that magnetrons produce RFThe opportunity is that magnetrons produce RF The opportunity is that magnetrons produce RF The opportunity is that magnetrons produce RF 
power for the lowest cost and operate at >90% power for the lowest cost and operate at >90% 
efficiency.efficiency.

h b hh b h The problem is they are noisy, low Q sources:The problem is they are noisy, low Q sources:
 Frequency pushing from power supply ripple and Frequency pushing from power supply ripple and 

current fluctuationcurrent fluctuation
 Frequency pulling from load variationsFrequency pulling from load variations
 Phase instability due to a cylindrically symmetrical Phase instability due to a cylindrically symmetrical 

resonant structureresonant structureresonant structureresonant structure
 Great for a microwave oven and terrible for Great for a microwave oven and terrible for 

operating as a source for a high Q SRF cavityoperating as a source for a high Q SRF cavity
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Magnetron Operation BasicsMagnetron Operation BasicsMagnetron Operation BasicsMagnetron Operation Basics

Vaughn, J.R.M., “A Model for Calculating Magnetron Performance,” IEEE 
Transactions on Electron Devices, Vol. ED-20, No. 9, September 1973; 
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Technical ApproachTechnical ApproachTechnical ApproachTechnical Approach

 Break the symmetry of the resonant structure for Break the symmetry of the resonant structure for 
phase stabilityphase stability

 Provide for reasonably fast (ms level) and easy Provide for reasonably fast (ms level) and easy 
frequency adjustabilityfrequency adjustabilityfrequency adjustability. frequency adjustability. 

 Partner early on with a commercial manufacturer of Partner early on with a commercial manufacturer of 
magnetrons magnetrons gg

 DDual use application ual use application 
 Accelerators require frequency and phase locked Accelerators require frequency and phase locked 

p tip tioperationoperation
 PPhased array radar system requires only frequency hased array radar system requires only frequency 

adjustability of greater than 10% bandwidth.adjustability of greater than 10% bandwidth.
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Technical ApproachTechnical ApproachTechnical ApproachTechnical Approach
 Two or more cells loaded with ferrite/garnet material Two or more cells loaded with ferrite/garnet material 

breaks the s mmetr and locks thebreaks the s mmetr and locks the ““freefree heelingheeling””breaks the symmetry and locks the breaks the symmetry and locks the freefree--wheelingwheeling
modes in place.  This will reduce phase noise.modes in place.  This will reduce phase noise.

Next nearest mode
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Technical IssuesTechnical IssuesTechnical IssuesTechnical Issues

 Find a suitable material that is vacuum compatible with Find a suitable material that is vacuum compatible with 
bakeout temperatures of 500Cbakeout temperatures of 500Cbakeout temperatures of 500Cbakeout temperatures of 500C

 Determine a magnetic field operating point for the Determine a magnetic field operating point for the 
chosen material that chosen material that 
 MMinimizes losses andinimizes losses and
 DDoes not interfere with the magnetic field which operates the oes not interfere with the magnetic field which operates the 

magnetronmagnetrongg
 And is not saturated by the magnetron magnetic fieldAnd is not saturated by the magnetron magnetic field

 Design an electronic feedback circuit to vary the Design an electronic feedback circuit to vary the 
ferrite/garnet magnetic field to control the magnetronferrite/garnet magnetic field to control the magnetronferrite/garnet magnetic field to control the magnetron ferrite/garnet magnetic field to control the magnetron 
frequency relative to a standard.  Straightforward task frequency relative to a standard.  Straightforward task 
once the operating points are establishedonce the operating points are established
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Phase IIPhase IIPhase II Phase II 
 Finding the right materialFinding the right material

Shi ldi h f i / f hShi ldi h f i / f h Shielding the ferrite/garnet from the magnetron Shielding the ferrite/garnet from the magnetron 
magnetic fieldmagnetic field
B ildB ild fi h i fi ld dfi h i fi ld d Build a testBuild a test--fixture to measure the magnetic fields and fixture to measure the magnetic fields and 
magnetron resonant circuit characteristicsmagnetron resonant circuit characteristics
 Test the magnetic shielding designTest the magnetic shielding design Test the magnetic shielding designTest the magnetic shielding design
 Determine the operating range for the ferrite/garnet that Determine the operating range for the ferrite/garnet that 

does not adversely impact the magnetron performancedoes not adversely impact the magnetron performance
 Measure resonant circuit QMeasure resonant circuit Q

 Build a prototype magnetronBuild a prototype magnetron
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Finding the right materialFinding the right materialFinding the right materialFinding the right material

 Many samples purchased for coaxialMany samples purchased for coaxial Many samples purchased for coaxial Many samples purchased for coaxial 
measurementsmeasurements
 TEM RF fieldsTEM RF fields TEM RF fieldsTEM RF fields
 DC Magnetic field orthogonal to TEM fieldsDC Magnetic field orthogonal to TEM fields
 DC M ti fi ld ll l t TEM fi ldDC M ti fi ld ll l t TEM fi ld DC Magnetic field parallel to TEM fieldsDC Magnetic field parallel to TEM fields

 Not the exact field configuration found in the Not the exact field configuration found in the 
t b t t ff ti th d t tt b t t ff ti th d t tmagnetron, but a cost effective method to sort magnetron, but a cost effective method to sort 

through many materials and find the best through many materials and find the best 
candidatescandidates
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Finding the right materialFinding the right materialFinding the right materialFinding the right material
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Finding the right materialFinding the right materialFinding the right materialFinding the right material
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We found the right materialWe found the right materialWe found the right materialWe found the right material

 The magnetic field required for the The magnetic field required for the g qg q
ferrite/garnet is knownferrite/garnet is known

 It passed the 500 C bakeout test withoutIt passed the 500 C bakeout test withoutIt passed the 500 C bakeout test without It passed the 500 C bakeout test without 
outgassingoutgassing
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Magnetic Shielding DesignMagnetic Shielding DesignMagnetic Shielding DesignMagnetic Shielding Design
Pink Coils for 
f it / tferrite/garnet 
magnetic field

Blue rods are the 
ferrite/garnet
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Magnetic shielding designMagnetic shielding designMagnetic shielding designMagnetic shielding design

magnetic field for the 
ferrite/garnet
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Magnetic Shielding DesignMagnetic Shielding DesignMagnetic Shielding DesignMagnetic Shielding Design
All gray areas are iron in 
the existing magnetron

Blue rods are the 
ferrite/garnet

Pink Coils for 
ferrite/garnet magnetic 

field

Iron yoke forIron yoke for 
ferrite/garnet magnetic 

field
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Summary of Phase II statusSummary of Phase II statusSummary of Phase II statusSummary of Phase II status

 Material chosenMaterial chosen Material chosenMaterial chosen
 Ferrite/garnet at about 600 gaussFerrite/garnet at about 600 gauss

M i hi ldi d i dM i hi ldi d i d Magnetic shielding designedMagnetic shielding designed
 Variation of Variation of BBzz in interaction region is minimizedin interaction region is minimized
 Shielded ferrite/garnet from magnetron fieldShielded ferrite/garnet from magnetron field

 Building a mockBuilding a mock--up of the up of the magneticsmagneticsgg pp gg
 To test magnetron anode/resonator performance To test magnetron anode/resonator performance 

with the material in placewith the material in place
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Commercialization PlanCommercialization PlanCommercialization PlanCommercialization Plan

The DOE has increased its emphasis on theThe DOE has increased its emphasis on theThe DOE has increased its emphasis on the The DOE has increased its emphasis on the 
Commercialization of technologies developed Commercialization of technologies developed 
under the SBIR and STTR programs and Muonsunder the SBIR and STTR programs and Muonsunder the SBIR and STTR programs, and Muons, under the SBIR and STTR programs, and Muons, 
Inc. has made great strides in meeting this goal.Inc. has made great strides in meeting this goal.

C i li i PC i li i P Commercialization ProcessCommercialization Process
 Manufacturing PartnerManufacturing Partner
 AgreementAgreement
 StatusStatus
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Commercialization ProcessCommercialization ProcessCommercialization ProcessCommercialization Process

 For research projects in the area of highFor research projects in the area of high--power power 
RF h d h l i f h SBIRRF h d h l i f h SBIRRF hardware, the completion of the SBIR or RF hardware, the completion of the SBIR or 
STTR research project consists of the STTR research project consists of the 
construction and testing of a proofconstruction and testing of a proof ofof principleprincipleconstruction and testing of a proofconstruction and testing of a proof--ofof--principle principle 
prototype.  The results will be published and prototype.  The results will be published and 
reported to the DOE.reported to the DOE.reported to the DOE.reported to the DOE.

 Successful commercialization require additional Successful commercialization require additional 
steps:steps:steps:steps:
 Engineering design of a commercial productEngineering design of a commercial product
 Manufacturing and SalesManufacturing and Sales
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Manufacturing PartnerManufacturing PartnerManufacturing PartnerManufacturing Partner

 Muons, Inc. is a research firm, not a manufacturing firm,Muons, Inc. is a research firm, not a manufacturing firm,Muons, Inc. is a research firm, not a manufacturing firm, Muons, Inc. is a research firm, not a manufacturing firm, 
so we must partner with a Manufacturing Partner to so we must partner with a Manufacturing Partner to 
complete the commercialization process.complete the commercialization process.

 ForFor ““Phase and Frequency Locked Magnetrons for SRFPhase and Frequency Locked Magnetrons for SRF For For Phase and Frequency Locked Magnetrons for SRF Phase and Frequency Locked Magnetrons for SRF 
Sources,Sources,”” we have signed a contract with our we have signed a contract with our 
Manufacturing partner.  CTL is a business unit in the Manufacturing partner.  CTL is a business unit in the 
Electron Devices Division of LElectron Devices Division of L 3 Communications and3 Communications andElectron Devices Division of LElectron Devices Division of L--3 Communications, and 3 Communications, and 
it is a major U.S. manufacturer of magnetrons.  (~$10M it is a major U.S. manufacturer of magnetrons.  (~$10M 
in sales)in sales)
F ll lF ll l i h f RF h di h f RF h d For all new proposalsFor all new proposals in the area of RF hardware, we in the area of RF hardware, we 
have signed MOUs with highlyhave signed MOUs with highly--qualified Manufacturing qualified Manufacturing 
Partners.Partners.
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Status of Collaboration with CTLStatus of Collaboration with CTLStatus of Collaboration with CTLStatus of Collaboration with CTL

 During Phase I, CTL provided magnetron knowDuring Phase I, CTL provided magnetron know--
h d t t i t f thh d t t i t f thhow and magnetron parts, in support of the how and magnetron parts, in support of the 
research effort.  This successful research led to a research effort.  This successful research led to a 
Phase II award.Phase II award.Phase II award.Phase II award.

 As discussed earlier, CTL is providing crucial As discussed earlier, CTL is providing crucial 
technical support during the current Phase II technical support during the current Phase II pp gpp g
research.research.

 Our Manufacturing Partner will take the lead in Our Manufacturing Partner will take the lead in 
developing a fullydeveloping a fully--commercialized design, and in commercialized design, and in 
sales and manufacturing.sales and manufacturing.
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