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ÅIntroduction

ÅPart 1: Fundamental power coupler (FPC)

ÅPart 2: Higher-order-mode (HOM) coupler
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Introduction(1): The tale of two types of modes in a cavity

Å  Fundamental mode 
Å Accelerate particle beams

Å Convert RF energy to beam energy 

Å Fundamental power Coupler (FPC) 

   

ÅHigher -order modes
ÅExcited by particle beams

ÅReduce beam stability and degrade 
beam quality 

ÅMust be removed with HOM 
couplers/dampers
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Introduction(2): A RF/SRF System for Accelerator 

A typical RF/SRF system includes 

ÅRF source

ÅTransmission line

ÅCirculator and load

ÅRF cavity

ÅFundamental (mode) power 

coupler (FPC)

ÅHigher -order -mode (HOM) 

absorber/coupler 

This lecture will focus on FPC (part 1) 

and  HOM coupler (part 2)

bunch

RF source

RF cavity

Fundamental power coupler 

Higher-order-mode absorber

Transmission line

Electromagnetic field

circulator

Load



Beamline HOM 

Absorber

Introduction(3): EIC ESR SRF cavity cryomodule 
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ÅWhat are FPCs ? What are their functions?

ÅHow to transfer RF energy to cavity w/o beams?

ÅConsideration of FPC design and overview of high power FPCs.

ÅDetail example: EIC PFC development

Part 1: FPC
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ÅFPC is the component that bridges the waveguide and the cavity and separates 

vacuum and air.

ÅFPC acts as a RF transform  

ÅFPC usually is one of the most challenging component for the SRF/RF system
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What is an FPC?

bunch

RF source

RF cavity

Fundamental power coupler 

Transmission line

Electromagnetic field

circulator

Load



ÅTransfer RF power 
Ålimited by arcing, heating, multipacting, et al.

ÅMatch between RF source and cavity w/o 
beam(s)
ÅFixed or tunable FPC.

ÅProvide vacuum barrier 
ÅRobust RF window

ÅWindow failure will cause bad contamination of 
delicate SC cavity.  Recovery is time consuming 
and expensive.

ÅBridge cryo- and room temperature for SRF 
system
ÅMechanical flexibility and low thermal leak.

Å(Potential for some HOM damping)
ÅLimited bandwidth

ÅMay deteriorate HOM.

Å(Potential for cavity support)
ÅMechanical concern
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What are the functions of an FPC?



RF power transfer 

Coupler acts like a 

transformer:

    V2 = N V1

    I2 = 1/N I1

Generator:
Cavity modeled as 

LCR circuit:

Note: R is the shunt 

impedance, not Rsurf!

beam 

current

2

0
2

1
gg IZP =

9



RF power transfer: Simplify the circuit model 

Resonance frequency: LCf 12 00 º=pw
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Å Vertical test usually uses a unity coupling or critical coupling (ɓ=1), and tunable coupling.

ÅCavity commissioning in cryomodule usually is over coupling, ɓ >> 1, and RF power is almost full reflected.

Scenario 1:  No beam

FPC
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Scenario 2: With beam
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Å RF power requirement for constant Gradient operation:
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L b

acc

R I
Q

Q V
w w w f- =-

cos

acc
L

sh
b b

V
Q

R
I

Q
f

=
Optimal load Q:

All power is transferred to the beam 

(no reflected power)

Optimal QL

Å Cavity parameters:    

           R/Q = 503 ʍ, Q0 = 3e10. 

Å RHIC repetition = 9.38 MHz
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Calculate Qext

ÅFPCô Qext determines efficiency of 

power transferring to cavity or beam.

   

Å For SC, Q0>>Qext,  so QL~Qext .   

Å Physically, Qext is optimized by varying 

FPC location and insertion to the cavity.   
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Considerations of FPC design

ÅMachine requirements:

ÅCW or Pulse mode?

ÅRF power requirement ?

ÅDesign choice:

ÅWaveguide or  coaxial ?

ÅSingle window or double windows ? 

ÅWater cooling, He cooling or air cooling?

ÅTiN Coating ?

ÅDC bias?
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Fundamental power coupler overview
Waveguide FPC Coaxial FPC (circular Planar and 

cylindrical shell window )

Ç Simpler design

Ç Lower RF losses

Ç Lower surface electric field

Ç Easier to cool, but higher thermal radiation

Ç Fixed Qext

Ç More compact

Ç Smaller heat leak

Ç Easier to make variable

Ç Easier to handle multipacting

Ç Tunable Qext , but is complicated
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Waveguide FPCs

1 GHz PETRA test cavity 

CEBAF cavity pair and new upgrade cavity

window
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Al 2O3 window

Waveguide FPCs, cont.

CESR ï B cavity, 500 MHz
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Waveguide window



LHC FPC

Å75 Ohm, 400 MHz.

ÅAir cooling.

ÅCylindrical window is part of waveguide to 

coaxial transition

ÅVariable coupler:  2e4~3.5E5 

ÅTested up to CW travelling wave 500 kW, and 

operating at 325 kW (max.) 
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Coupler Parameters

f0 704.4 MHz

High Power SPL

1000 kW pulsed

0.4 + 1.2 + 0.4 = 2.0 ms

50 Hz (20 ms)

100 kW average

Cavity design gradient 19-25 MV/m 

Qext of input coupler 1.2 x 106

Input line Ø
100 / 43.5 mm = 50 ɋ

(from the cavity design)

Waveguides WR 1150

SPL coupler design
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Tristan FPC

ÅTristan coupler is a pioneering design in 

coupler history.

ÅMany coupler follows the same design, 

such KEK B, SNS coupler, ESS coupler,  

BNL BeO window FPC, BNL EIC FPC, et 

al.

Orignal Tristan coupler 

S. Noguchi, E. Kako, K. 

Kubo

hidden areas

21



KEKB FPC
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ÅThe KEKB input coupler is an improved version of 

the TRISTAN coupler.

Å10 mm thickness coaxial disk ceramic window 

made of 96% purity alumina.

ÅWater cooling  on IC and Helium cooling on OC.

ÅA capacitor between doorknob and IC allows 

biasing up to Ñ2 kV to suppress multipacting or for 

bias aging.

ÅOperating Power: 380 kW@ 509 MHz



SNS FPC
Å A variation of Tristan coupler or KEK B coupler

Å 50 Ohm, 805 MHz.

Å Re-Optimized the chokes around the window for better match 
(for ñlowest return loss and insertion lossò )

Å No active cooling in the vacuum side IC, window OD, air side 
OD

Å Helium cooling on vacuum side OC.

Å +/- 2.5 kV bias between IC and doorknob.
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Å The IC Cu wall thickness was increased later from 3mm to 7 mm, to 

increase the average power up to 72 kW. 

Helium -cooled 

Outer Conductor

Inner Conductor

Ceramic Window

Doorknob

Transition



BNL BeO FPC

ÅAnother variation of Tristan FPC.

ÅBeO window.

ÅTested up to CW 480 kW.

ÅTested/Operated since  2012 for SRF 

gun and LEReC booster cavity. 24



ÅWindow is a disk without inner conductor 

penetration.

ÅEach pair of rods is mounted in the gap between the 

inner conductor and outer conductor, and are 
rotated 90 degrees from each other.

Coax couplers, two windows FPC

2 MW, pulse
25
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Coax couplers, two cylindrical windows

Cold window Flange to cavity

70 K point

4 K point

Room temperature

Isolation vacuum flange 

Waveguide to

coax transition

Qext

tuning
knob

Room

temperature 
window

Pumping

port

TTF-III Coupler



General comparison of FPCs: Normalized FPC power

ÅNeed to consider both frequency and 

power when comparing different 
couplers.

ÅNormalize FPC power

ÅTransmission line RF losses 

dominate heating, although RF 
window is the weak point.

ÅHere I use:

 Power x sqrt(freq[MHz]/500) [kW]
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EIC FPC design

ÅThe design is a Variation of KEKB/ 

Tristan/SNS/BNL BeO high power 

window.

ÅFeatures

Å BeO window replaced by 99.6% 

Al2O3 for safety and maintenance 

considerations. 

ÅDistance between choke and window 

increased for better TiN coating and 

inspection.

ÅCoaxial line optimized to increase 

power handling and coupling with 

cavity.

ÅLarger ceramic ID to survive road trip. 

Å Improved cooling channel design.

ÅAdditional instrumentation.

Å4.5 kV bias to inner conductor.
28



RF design (1)
Component BNL BeO 

FPC

EIC FPC KeK B FPC

Air side Outer R [mm] 48 61.26 76

Vac side outer R [mm] 48 61.26 76

Window thickness [mm] 6.2 10.5 10

Window IR [mm] 11.25 14 21

Window OR [mm] 57.6 73.86 85

BNL 

Al2O3 

window 

BNL BeO 

window

KEK B 

window

ÅEIC windowôs size is between KEKB window and BeO window, so no showstopper from manufacture is expected.

Å EIC  window design is a broadband window design, which will cover all the applications bellow 820 MHz (S11 < -30 

dB) 

RF 

Window

OC

IC
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RF design (2)

Å Normal E-field (multipacting electron strike on window) is the lowest.

Å Peak absolute E-field (RF loss) on window is slightly higher than BeO and KEK B window, however, 

99.5% alumina has a a factor of 4 lower loss tangent than BeO and KEK B windowôs material (96.5% 

alumina). 

Å More on Peak field in next slide.

Normal Field at 1mm away from window Field at 0 mm away from window
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RF design(3)
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Å This peak field at the braze-joint is Sqrt(2e6)*260 =367 kV/m, ~a factor of 2 smaller than the field in 

SNS couplerôs field (next slide). 

Å It is ~ a factor of 4 smaller than peak field on Al2O3-Copperôs  braze-joint in 9 MHz cavity: 1.6 

MV/m@80 kV [9].

Å It is a ñstrongò coaxial line,  breakdown is not an issue.

Braze joint field 



RF-thermal-mechanical design (1)
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Å Conservative heat convection coefficient is calculated 

and applied to each section. 

Å Import RF loss from HFSS.

Fixed surfaces at 25C

Centerline temp of Al2O3

Å 1 MW power input 

Å Delta_T at ceramic is only 12.

Å Stress on window caused by thermal is very small



ÅUsing two fixed locations (vacuum flange and outer hub)

Modal frequencies: 

          1st:  108.3 Hz

           2nd:  108.4 Hz

           3rd:  780.4 Hz

           4th:    782.5 Hz

ÅIt is higher than spec. of 60 Hz.
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RF-thermal-mechanical design (2)



RF-thermal-mechanical design (3)
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Å  FPC conditioning in cryomodule is the 

worst power loss scenario.

ÅFPC-cavity integration study was carried out 

in the worst power loss case.

One challenge for ESR cryomodule is the limit  

available space, which leads to the FPC-cavity 

flange (2K) to FPC window flange (300 K) as 

short as 4 inches. This is shown in Figure 4. A 

comprehensive RF-thermal analysis was carried 

out and a cooling scheme was designed. The 

required 5 K helium flow is 200 mg/s and the heat 

flow to 2 K is minimized to 4.2 W.      



ÅAs short as 4 inches for thermal transition, due to space limit  in tunnel. 

ÅA comprehensive RF-thermal analysis was carried out and a cooling scheme was 

designed. 

Å5 K helium flow is 200 mg/s

ÅHeat flow to 2 K is minimized to 4.2 W.      

RF-thermal-mechanical design (3)
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FPC manufacture (1)

Å FPC manufacture involves brazing, 

machining, EB welding, leak checking, 

testing.

Å FPC window assembly
Alumina window.

Inner conductor and pringle.

Å FPC airside components

Doorknob transition from WR1800 to 
coaxial line.

Inner and outer conduction 

separation with Kapton,  capable for 

DC bias application.

Å FPC vacuum side outer conductor 

Thermal transition from 2 K to 300 K.
RF window 

assembly

Airside components

Vacuum side outer 

conductor
Pringle

WR1800 

waveguide
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FPC manufacture (2)

Ceramic Window

Vacuum-Side Large Flange

Air-Side Large 

Flange

Vacuum-Side Small Choke / Sleeve Pringle Tip
Antenna Brazement

Water Jacket, Large 

Sleeve

Air-side Small 

Choke / Hub

Water Adapter

Moly-wrapped Large 

Sleeve

ÅGreat engineering design and consideration for every single 

step.
ÅDetailed manufacture procedure has to be developed.

ÅWhole FPC will be completed in Match 2026.
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FPC conditioning

Prior to installation on the cavities, the couplers need to be RF high power processed.  The 

goals of the processing are:

Å To help remove any surface imperfections from the fabrication step.

Å To check for, and process through, any multipacting barriers that may be encountered.

Å To ensure the copper plating on the outer conductor is well adhered.

Å To help outgas the UHV components prior to installation.

Å To ensure the parts are capable of handling the designed power level prior to installation.

Å To verify the cooling circuits function properly and provide adequate cooling to the 

respective parts.

Å To verify the instrumentations for FPC protection.
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ÅMultipacting is a ñmultipe impactingò process of 

a large amount electrons in FPCs.

ÅMP is a limiting factor, which can damage RF 

windows (if not interlocked properly)

Å It is very important to carefully simulate MP 

during the design stage.

ÅRectangular waveguideôs MP zones can be 

predicted relatively well using parallel-plate 

model.

ÅCoaxial linesô MP zones are determined by  

frequency, gap between inner and outer 

conductor, and impedance. 

Multipacting in couplers

Show  MP movies

39



1.Geometry : Optimization for less susceptible to MP (elliptical cavity shape, large radius of 

beam line transitions, larger dimensions of transmission linesé)

2.Materials: Selecting lower SEY materials, coating RF windows with thin layer (~10 nm) of 

anti-multipacting material like TiN.

3.DC bias (electric or magnetic) to disturb the trajectories of electrons.

4.RF conditioning Ÿ cleaning surfaces Ÿ reducing SEY.

Suppression of multipacting
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Multipacting  suppression: TiN coating

10 nm 

Cut across 
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Specification: (10 +/- 5) nm
TiN coating
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EIC FPC conditioning Diagram

FPC #1 FPC #2

Conditioning Box

Phase

Shifter

Directional

Coupler

Short

Turbo Pump

LLRF

Machine

Protection

Amplifier

Directional

Coupler

RF Permit

Water Flow

Arc Detectors

Vacuum FPC 1&2

Vacuum Turbo

PASS

Window Temperature

Arc detector

CC gauge

Water flow

RTD (temperature)

IR camera

All Instrumentations will be interlocked!
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FPC Conditioning Procedure for EIC FPCs
1. The condition will start with short pulse, low duty factor, no 

bias, and end with CW. Repeat this on each phase.

2. Vacuum setpoint: 2e-7 Torr.

3. Bias  will be added if needed.

4. Monitoring the FPCs: vacuum, thermal, RF, arc signals.
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ÅFPC is a critical component for RF cavity because of 

the functions it plays.

ÅThere are various types of FPCs

ÅFPC design and manufacture requires great 

attentions in all aspects: RF, thermal, mechanical, 

engineering, manufacturing

ÅHigh power FPC processing/conditioning is important 

for verifying FPC design and operation.

Summary of FPC
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ÅWhat are HOMs?

ÅHow are HOM excited? 

ÅHOM damping. Why do we need them?

ÅHOM damper types and examples.

Part 2: HOM Coupler Outline
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What are HOMs?

ÅHOMs are intrinsic resonating modes in a cavity, except for fundamental mode.

ÅAccording to the field distribution, there are monopole mode, dipole mode, quadrupoleé

ÅHOMs will be excited when beam is  passing through a cavity.
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Examples of HOMs

TM01 

accelerating mode

TM11 

Dipole  mode

TE11 

Dipole  mode

TE21 

Quadrupole  mode

TE31 

Sextuple  mode
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HOMs excited by single bunch

Á Wakefield, induction voltage by one bunch
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HOMs excited by structured bunches

Energy 10 GeV

Bunch intensity 17.2E10

Beam current 2.5A

Rms bunch length 7 mm

No. of bunch 1160

No. of RF bucket 1260


