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Classical Approach to RF Distribution and Control

LLRF RF Power Source

Cavity

Vector Control in Low Level RF (LLRF)
Single power source for each load

Vector control cost low, performance high
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Novel Approach to RF Distribution and Control

Vector Control in High Level RF (HLRF)
Allows multiple loads on a single power source
Vector control cost high, performance unproven

LLRF RF Power Source

Cavity

Cavity

.

.

.
Vector Modulators
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Cost of RF power!

Motivation for Novel RF Distribution Techniques
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Manufacturers of High Power RF Sources
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50 KWatts 325 MHz solid-state
 $5.50 per Watt - Turn Key

IN OUT
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90 KWatts 1.3 GHz $5.27 per Watt
IOT alone $1.36 per Watt - Turn Key
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500 KWatts 325 MHz
 $3.20 per Watt - Turn Key

Tetrode/Triode Amplifier
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Toshiba 325 MHz klystron

2.5 MWatts 325 MHz 
$0.35 per Watt + Modulator Labor

Fermilab Bouncer Modulator
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CPI VLK8301 Toshiba

10 MWatts 1.3 GHz 
$0.14 per Watt + Modulator Labor
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325 MHz 2.5 MWatt Toshiba Klystron
Gain and Power  Characteristics

1 dB compression occurs around 1.5 MWatt output power

Necessary to operate below saturation for feedback control
True of all amplifiers; increasing the cost per Watt
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HINS Meson Test Facility
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Power table HINS Warm Cavities
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Binary Distribution Scheme

This technique utilizes standard components:  Cost Effective
But requires more insertion loss with the VM, i.e. wasted power
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Variable Coupler Distribution Scheme

This technique utilizes custom coupler:  Expensive
Minimizes power loss, preferred to be remote controlled 
for efficient commissioning
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Variable Coupler
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Project X 325 MHz RF Distribution
8 klystrons, 112 cavities, 400 MeV

Klystron loads
range from 7 to
32 cavities
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HINS 325 MHz RF Distribution
3-D Model
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HINS 325 MHz RF Distribution
3-D Model
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HINS 325 MHz RF Distribution
3-D Model
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High Power Components

Directional Coupler

 Loads

Power Hybrids

Circulator
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High Power Components

Many commercial manufacturers, but most do not have 
high power testing capabilities at your frequency of interest.

Establish a close working relationship with
manufacturers.  Devise means to include high power

testing as part of the procurement process.

Check track record to see if similar components have been
fabricated for other customers.

Poor match between components means 
higher VSWR and reduced power handling
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Vector Modulator Model
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System Model
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VM Simulation Results

VM alone with step in beam
current does not regulate
adequately

VM with ramped beam
 appears better

Best solution klystron
 feedback and VM feedback
 plus feed forward
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HINS 325 MHz 75 KWatt Coaxial Vector Modulator
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Gyromagnetic resonance
(lossy region)

H = I(solenoid) * (#turns/cm)*4pi/10

325 MHz Single Phase Shifter Response
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• Outer conductor is slotted to eliminate eddy currents
• Useful phase shift range above resonance: ~50us, 110˚
• This gives an average slew rate of 2.2˚/us 
•(twice as fast as design spec)

solenoid
(#12 AWG wire)

slot

Ch 3: Phase Shift
(~17º /div)

gyromagnetic
resonance

useful phase shift range; low loss

325 MHz Phase Shift Response

Ch 1:  Solenoid
Current (50A/div)
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Modulates phase and amplitude
independently:

With  ΔΦ = (Δφ2  - Δφ3)/2
            Φ = (Δφ2  + Δφ3)/2

Output power ~ cos2(ΔΦ)
Output phase ~ Φ

Input →

Output :←
to circulator and

cavity

1 2

34

Δφ2

Δφ3

Phase Shifters

Four Port
Hybrid

water load

circulator

325 MHz Vector Modulator Test
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325 MHz klystron

RF component
test cage

up to 2.5 MW

Cavity test cave
25 kW line,
250 kW line

325 MHz High Power Tests at Meson Lab
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cavity

phase shifters

hybrid circulator

water load6kW input

flexible coax
to cavity

325 MHz Vector Modulator 
with Cavity @ 6 KWatts
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 phase ~ (Δφ1  + Δφ2)/2

here, solenoids on
both phase shifters
driven by one power
supply
(Δφ1 = Δφ2)

→ Vector Modulators
work well to > 75 kW

325 MHz Vector Modulator High Power Test
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•  Phase shifters (solenoids) driven
independently by 2 supplies
•  Output power ~ cos2 [(Df1  -Df2)/2]
•   Relative levels (range)  = 13.6 dB

current, solenoid 2
current, solenoid 1

output power:
cavity gap
monitor

current, solenoids 
1 and 2

phase detector:
cavity gap monitor
relative to input

•  Phase shifters (solenoids) driven in
series by 1 supply
•phase ~ (Df1  + Df2)/2
•phase range ~ 155 degrees

325 MHz Vector Modulator 
with Cavity @ 6 KWatt
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325 MHz Vector Modulator Dynamic Range

VSWR~2:1

VSWR >2:1 
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Vector Modulator Schematic

Circulator near Cavity essential
for SRF cavities

Circulator on input necessary
due to poor VSWR
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325 MHz Vector Modulator Costs
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AFT 1.3 GHz Vector Modulator $100K

1 meter
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Toshiba 325 MHz klystron

Project X 2.5 MWatt 325 MHz
 $0.35 per Watt + Modulator & Distribution  Labor

8 Klystrons deliver 14.4 MWatts with Distribution System
Total cost is $21 million dollars for hardware $1.46 per watt 

Plus the cost of Engineering and Technical Manpower
still viable and worth the pursuit
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Summary

High Power RF distribution deals with expensive components

Need to maximize efficiency and reliability at minimal cost

Close cooperation between vendors and Laboratory

Put high priority on prototyping system
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