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Whatôs RF Cavity?

Boundary
Å Copper

Å Steel

Å Niobium

Å Othersé

Space
Å Vacuum

Å Air

Å Dielectric

Å Othersé 

NC Copper boundary + Vacuum space in this course!



Typic RF cavities

2. Multi -cell accelerating structure in linac

4. Multi -cell Deflecting cavity

1. Single-cell RF cavity in electron ring

3. RFQ, DTL cavity in proton and ions injector

Focusing and acceleration

Deflecting bunch



üLook back to basic theory

üNC accelerating structure

üDeflecting cavity

üNC RF cavity for light source



Basic Theory: Maxwell Equations

Gaussô Law (Magnetism) 

Faradayós Law 

Amp¯reós Law 

Gaussô Law (Electricity) 



Look back to basic theory in RF cavity

taking the curl on both sides

exchanging curl and time derivative

applying the material law B=ɛH

constant permeability in vacuum

using Amp¯reôs law

deriving expression in brackets



,,,

applying the material law D=ŮE

for charge-free in the vacuum

curl-curl equation 

wave equation (with excitation) 

Wave equation



Wave equation with excitation 

with speed of light

Reminding: vacuum in the RF cavity, far from the sources, excitation vanishes
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RF field works on the constant frequency ɤin the RF cavity, then wave equations is: 

Wave number

Wave vector

Wave equation

Plane Wave propagating in +z-Direction in free space

Å Take- home
Å Derivation



RF field in rectangular waveguide

TMmnp mode TEmnp mode 

Ὁὼȟώȟᾀȟ
Ὄὼȟώȟᾀ

Cartesian coordinate system

Cosine and Sine in all directions: X, Y, Z.



ŢE10

ŢE20

ŢE11

RF field in rectangular waveguides



RF field in Circular waveguides
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TMmnp mode 
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TEmnp mode 
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Cylindrical coordinate system

Å Cosine and Sine in ȟ◑ἬἱἺἭἫἼἱἷἶἻ
Å However Basselin r directions 

Bassel Functions ὐὯὶ Derivative functions ὐὯὶ



ŢM01

ḨEM11

RF field in Circular waveguides

Acceleration Mode

Deflecting Mode



Cut-off frequency and dispersion

Wave is reflected many times during 

propagation in the waveguide.
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Some types of RF cavity

ÅAccelerating structures

ÅDeflecting RF cavity

ÅNC Single-cell RF cavity



Accelerating structures for linac

Ὁ ήɇὉÃÏÓ‫ὸ ‍ᾀɇὒ

Input

coupler

Output

coupler
Å Disk-loaded accelerating structure 

Å Travelling wave for most linac

Ep: Energy gain in the structure
q  : Charge of particle
Ez: Accelerating gradient
Frequency of RF structure :‫
‍: Vp/c, phase velocity of RF field.
L: Length of accelerating structure

=
0

ÅSynchronization acceleration

ÅCascaded for linac



Why disk-loaded? Not constant circular waveguide?
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In order to propagate RF field and synchronize particle and 

RF phase together, constant circular waveguide is not able to 

used for acceleration directly, and disk-loaded structure can 

slow the phase velocity to match the light speed c.

Å Take- home
Å In physics?
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Periodic structure, Floguet theorem



Å 1928 Fowler- Nordheim

Å 1957 W. D. KILPATRICK

Å 1983 W. Peter Modified Kilpatrick formula

Å 1989 Wang, JuwenField- emission

Å 2009 A. GrudievModified Poynting vector

Å 2011 Z. InsepovSurfacedamage

Å 2012 K. Nordlund Dislocation enthalpy

Å 2018 Eliyahu Zvi EngelbergFluctuationof moving dislocation

Å 2022 Zhou LiuyuanModified dislocationg fluctuation

High gradient is key issue on R&D

DC Low frequency

RF, Microwave
X/C/S -band



Typical accelerating structures for linac

S-band C-band X-band

Structure SLAC/PAL-FEL SPring-8/SXFEL NLC/GLC 

RF Frequency 2856MHz 5712MHz 11424MHz

Structure Length 3 m 1.8 m 0.6 m

Filling time 830 ns 286 ns 105 ns

Shunt impedance 53 ~ 60 MW/m 53.1 MW/m 48.8 ~ 77.8 MW/m

Operational Gradient 20 MV/m 40 MV/m 65-80 MV/m



How to design the accelerating structure

ÅAperture range a/ɚïwakefields

ÅOptimization for high RF efficiency

ÅAttenuation factor

ÅTotal length

ÅGroup velocity range

ÅHigh field suppression

ÅBeam loading calculation
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For FEL and light source: 
Å Good beam quality: large aperture a/
Å Higher impedance: high mode, 3pi/4, 4pi/5, 5pi/6
Å Lower field distribution: round cell, elliptical iris

Peak field
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Coupler design

1. Coupler Problem and Resolutions

ÅPulse Heating Reduction

ÅFat lips

ÅWaveguide couplers
ÅSymmetry feed for correction of dipole modes 

ÅRacetrack cavity for correction of quadruple modes 

2. Some Coupler Types

ÅIris coupling

ÅMode convertor coupling

ÅCompact coupler

3. Coupler simulation

CST

HFSS

Multi-physics simulation
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Genetic algorithm used for optimization

ÅMany size and angle parameters as input, and many targets should be opzimized as well
ÅGenetic algorithm is used to improve the efficiency of high gradient AC optimization



Bead-pulled RF measurement and tuning
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Pulse Compressor to improve high gradient

ÅExtremely high RF power is needed for high gradient accelerators

ÅHigh peak RF power limitation for pulsed sources

51.6 GeV e- , e+

Energy 
Storage and 

Switch

From power source

To accelerator

Wide lower RF pulses                               Narrow higher RF 
pulses



SLED

1

3

2

4

From klystron

To accelerators

Waveforms for SLED System

S- band, KEK, ATF&KEKB, Japan 1992. S- band, Pohang, Korea, 1994

TE01N field pattern. 

C- band, SXFEL, Shanghai, 2016



Barrel Open Cavity (BOC)

2

5

An example of Whispering Gallery Mode cavity: 
TM10,1,1, Q0= 197800, f = 2.9985 GHz, 

Magnitude of 
magnetic field

Side view                 Top view 
Amplitude of electric field

Pulsed RF input

Compressed 
pulsed RF 
output

Energy starage
cavity

Pulsed RF 
coupling 

Q
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New spherical Pulse compressor (Flat-top output)

Å Cavity operation mode TE012 

TE11
4



RF system of high gradient accelerating structure

Accelerating structure Pulse compressor KlystronWaveguide system Low- level RF control

RF acceleration unit
Å S/C/X- band
Å 20/40/80MV/m



Linac example: NC RF system at SXFEL



S-band accelerating structures at SXFEL

ÇSingle port -> dual port, race track ->dual -port, dual mode.

Single -port, side coupling
Outer water cooling
Multi -pole field
Max gradient: 17MV/m

Dual -port, side coupling
Racetrack coupler
Assembling asymmetrically
Inner water cooling
Max gradient: 23MV/m

TM02

TM01

Dual feed, one -port
Racetrack coupler
Perfect symmetry
Inner water cooling
Max gradient: 23MV/m



C-band accelerating structures at SXFEL

SWISSFEL* SACLA** SXFEL- TF SXFEL- UF

28 MV/m 35 MV/m 37.1
MV/m

39.5 
MV/m



ü A 6-GeV hard XFEL based on X-band photoinjector and linac is proposed by SLAC in 2012.

ü The CompactLight design study, launched by a team of 22 International Laboratories and two
Industries in January 2018. The main linac is based on very high-gradient X-band accelerating
structures.

ü SXFEL, LCLS, FERMI ELETTRA, Swiss FEL and PAL XFEL used X-band accelerating structrure
and deflecting structure for linerizer and diagnostic.

Linac example 2: Compact XFELs based on X-band technology

X-band accelerating structure and deflecting

structure applied on SXFEL for linerizer and

diagnostic.
X. X. Huang, et al., NIM, A 854 (2017) 45-52.

J. H. Tan, et al., NIM, A 930 (2019) 210-219.CompactLight based on X- band RF gun and 
linac
D. González -Iglesias, et al., NIM, A 1014 (2021) 165709.

A 6 GeV Hard XFEL based on X-band at SLAC

Y. P. Sun, et al. PRAB 15 (2012): 030703

CompactLigh
t



Linac example 3: X-band linac for VIGAS at Tsinghua University

ÅThree klystron

ÅEach 50 MW, 1.5us

ÅThree pulse compressor (SLED I type)

ÅSix X band high gradient structures

ÅAverage gradient >= 80 MV/m

ÅEnergy gain per structure > 50 MeV

ÅFilling time < 150 ns

Å91 MW at Xaccw/ PC gain factor as 4.5 



NextσCryogenic high gradient accelerating structures

Cryogenic for ultra compact FEL

ÅC3: Cooled Copper Collider
Å total length: 33 km ->8 km 250/550GeV

ÅC-band cryogenic module for C3
Å460Mł/m
Å20-80K 27K for UC -XFEL 80K for C3
ÅPeak electrical field: 140MV/m

Parameter Value Unit

Frequency 5712 MHz

Temperature 20-50 K

Shuntimpedance@20K 0.0037 ɋ

Gradient Ὁ 65/80 MV/m

Meterial Copper

RRR 500

Cooling Helium



Cryogenic RF cavity

Å The structure dynamic thermal load is 80W@40K.

Å Static thermal load 20W/40K.

Å Plus 50%, total thermal load 150W@40K.

Å The number of chillers is 4.

Å For each chiller, the length and thickness of the cooling belt of the structure are 

calculated according to 75W@30K

Å The fabrication of first cryogenic system prototype will carried out recently.


