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Boundary

A Copper

A Steel

A Niobium

A Ot hersé

Space

A Vacuum

A Air

A Dielectric

A Ot her sé

NC Copperboundary + Vacuum space In this course!




Typic RF cavities

1. Single-cell RF cavity in electron ring 2. Multi -cell accelerating structure inlinac
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U Look back to basic theory
U NC accelerating structure
U Deflecting cavity

U NC RF cavity for light source



Basic Theory: Maxwell Equations where

J is the current density

E is the electric field intensity -
D is the electric flux density

H is the magnetic intensity field

B is the magnetic flux density

p is the charge density

GaussoO Law (E;/'I.E:cptricity

Gaus s 6Magnetism)( VeB=0

James Clerk Maxwell




Look back to basic theory in RF cavity

0
V x E(r,t) = —gB(r, t) ‘VX taking the curl on both sides
0 . . o
VXV xE((rt)=Vx (_EB(T’ t)) | exchanging curl and time derivative
0
VxVxE(rt)= ~ 5 (V x B(r, 1)) ‘ applying the material laB=¢cH
0
VxVxE(r,t)= ~ 5 (V x pH(r,t)) ‘ constant permeabilityy vacuum
0
VXVXE(I‘J)Z—M§VXH(I‘J) ‘ using Amp reds | aw
o (0
V x V x E(r,t) = —Ha <6tD(r’ t) + J(r,t)) | deriving expression in brackets
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Wave equation

02 0 o
V xV xE(r,t)= —u@D(r, t) — uaJ(r, t) applying the material law=LE
0? 0
—5/“@]3(1'775) - Ha—J(I‘a t)
02 0 .
VxVxE(Qrt)+eu—E(r,t) =—p=J(r,t) curlcurl equation
ot? ot
2 9,

P ——E(r,t) = —uaJ(I‘,t) for chargefreein the vacuum
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Wave equation

Wave equation with excitation
02 0
VQE(I"t) _5/ua QE( ) /,L&J(I‘,t)

Reminding:vacuum in the RF cavityar from the sources, excitation vanishes

2
V2E(r,t) — eu%E( t) = 0 with speed of light ¢ = L

VER
RF field works on the constant frequencyn the RF cavity, then wave equations is:

—

P’E +k°’E & °
s etore D?H +k?’H 8 =i

1 y

)

Wave number k 2
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RF field in rectangular waveqguide
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Cosine and Sine in all directions:
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RF field in rectangular waveguides
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e—field (£=9200) [1] a
Frequency 9200 MHz
Phase 0°

Maximum (Plot) 2278.38 V/m

efield (f=1.91e+4) [1(2)] &

Frequency 19100 MHz
Phase 0°

Maximum (Plot)  2323.13 V/m
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h—field (f=2.5e+4) [1(3)] @
Frequency 25000 MHz
0°

Phase
Maximum (Plot) 17.3689 dB(A/m)
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RF field in Circular waveguides

z Cylindrical coordinate system
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RF field in Circular waveguides
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Acceleration Mode
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Cut-off frequency and dispersion

Wave is reflected many times during cst
propagation in the waveguide. B

wwwwwwwwww
mmmmmmmm

Zis cut- off frequency
_ |[/MPy2 N R
Recz" kc(mn) - \/(?) *(FS

Circ. QD (Q1)

D’E +k°’E 8 DIE, (x,y) +’E, (x,y) ®

- . E, =E, (x,y)e"
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Some types of RF cavity

A Accelerating structures



Accelerating structures forlinac

Input Output
‘ r X Tle A J 7 coupler coupler
O N ¢O A I[GQ) I (X)] ¢U A Disk-loaded accelerating structure
T A Travelling wave for mostlinac "‘

o

E,: Energy gain in the structure

g : Charge of particle

E,: Accelerating gradient

1 : Frequency of RF structure

I :Vplc, phase velocity of RF field.
L: Length of accelerating structure

B |
A Synchronization acceleration
A Cascaded fdinac
AN
SSr

1 1
Z ZLinac
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Why disk-loaded? Not constant circular waveguide?

W,

E,=EJ (kr) @s( tw z) b Vb
p

k(f:(v_v)2 .(_W)2 (5 V. c¢> A Take home

C Vo g A In physics?

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 disladed structure can
slow the phase velocity to match the light speed c.

Periodic structure, Floguet theorem  mmm) B =18 Edognet \/\/\

E = -4 E(;_anl(nc)é(m-m ~ s Pan P

o E . ) i
Ho= - wa 3 St /\/\/‘\

,’n"‘"‘ / \-../
E,=H, =H, & TN TR
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High gradient is key issue on R&D

—0.5
P 452 5

1928 Fowler Nordheim 7, = 1.54%10 % 10 A BE exp (_ 6.53><ﬁ1; @ )

@

1957 W. D. KILPATRICKyg2. " = g DC Low frequency

2

1983 W. Peter Modified Kilpatrick formula f = (62£) '

12 452" 2.5
% 10 ABEY o
e

175
%

2009 A.GrudievModified Poynting vector s, = Re{S}+g - m{S}

1989 Wang,JuwenField- emission; - *7*1°

—E AT RF, Microwave

2011 Z.Insepov Surfacedamage mrsr = BJ"
X/C/S -band

—E, kyT B, AV /k,T

2012 K.Nordlund Dislocation enthalpy #eo =« = &

€AV kT
I

2018 Eliyahuzvi EngelbergFluctuation of moving dislocation =~ exp{r(l - E—)}

o Do Do Do Do Do|| o Io  I»

2022 Zhou LiuyuanModified dislocationg fluctuation ,, - cm{y (1 : \ﬁ) } Rp—
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Typical accelerating structures forlinac

S-band C-band X-band
Structure SLAC/PAL-FEL SPring-8/SXFEL NLC/GLC
RF Frequency 2856 MHz 5712MHz 11424MHz
Structure Length 3m 1.8 m 0.6 m
Filling time 830 ns 286 ns 105 ns
Shunt impedance 53 ~60 MNm 53.1 MWm 48.8 ~ 77.8 NWm
Operational Gradient 20 MV/m 40 MV/m 65-80 MV/m




How to design the accelerating structure

AAperture range a/a1 wakefields Longitudinal SWR W = % T
AOptimization for high RF efficiency 27

Transverse  SWR W %= (1 - geosmm™y

AAttenuation factor pa
ATotal length Shunt e B
AGroup velocity range impedance R
AHigh field suppression

: _ Group velocity vg=%{[1 {4 ") d e}
ABeam loading calculation

Peak field S. = Re{S} + g, - Im{S},

1 .‘
For FEL and light source: . L e
A Good beam quality: large aperture a/ bl = = : —
A Higher impedance: high mode, 3pi/4, 4pi/5, 5pil6 |~ & —7
A Lower field distribution: round cell, elliptical iris aff = \\__J
= ¥ - l - ‘ ‘:1" z




Coupler design

1. Coupler Problem and Resolutions
APulse Heating Reduction
AFat lips
AWaveguide couplers
ASymmetry feed for correction of dipole modes
ARacetrack cavity for correction of quadruple modes

2 R <+——  Surface resistivity
AT =H T, —=

/' T / 7Z'pC K «<—  Thermal conductivity

Magnetic field Pulse width 7 ™ Specific h
pecific heat

2. Some Coupler Types

. . —+—cylindrical cavity
Aris coupling | s
Alode convertor coupling 7 N +:kav“
ACompact coupler LEEN "
Sy Sapae b6 w @ W}m

3. Coupler simulation N
CST NS
HFSS e
Multi-physics simulation Iris coupling Mode launcher

High pulse heating  |ow pulse heating

. More symmetric asymmetric
SE - Low energy (S High energy (C/%

band) hand)

) ¥ B4 3% rsnewan
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Genetic algorithm used for optimization

A Many size and angle parameters as input, and many targets should b@pzimized as well

A Genetic algorithm is used to improve the efficiency of high gradient AC optimization
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Beadpulled RF measurement and tuning
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Pulse Compressor to improve high gradient

A Extremely high RF power is needed for high gradient accelerators
A High peak RF power limitation for pulsed sources

E

SLAC ~ F—25us
, To accelerator
KLYSTRON ﬂ ACCELERATOR
£y 22 0.8 us
I— From power source Energy
SLED  foaymrcavr ! ‘ Storage and ‘
7 PHASE l/ ¥ Switch
SHIFTER 3d8 X /
COUPLER
KLYSTRON ACCELERATOR _ ]
4\(25_D \ Wide lower RF pulses Narrow higher RF
E E
e pulses
s I
4.2us I—O.Sp.s -

O‘.- % .
_
) L% LEEEHER
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SLED

Waveforms for SLED System

-E 5. i ; WATER COOLING
. i - 26 a5 c . e
I
HomoE sk
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s + L1 7 AT LA LR R AL LAY
o 1 12 t "‘172_"' R8s/ 3 . ‘ COUPLING A
oL =73 _ )
- To accelerators
E. Eer p— ol Y S | i
FINE TUNING ;
. MECHANISMS WAVEGUIDE
Ee2 TE,\ field pattern.

Eout
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COPPER J " "
TEgg CAVITIES I R i B WAVEGUIDE DOG-LEG SECTIONS
STAINLESS —-—/
STEEL RINGS 2591410

C-band, SXFEL, Shanghai, 2046w 5
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Barrel Open Cavity (BOC)

Pulsed RF

Compresse
pulsed RF
“Soutput

T

Side view Top view
Amplitude of electric field

Pulsed RF input Magnitude of K_//I :

00 " 05 1 15 2 25 3 35 4 4.5 5
ime

magnetic field i G

Ap.example of Whispering Gallery Mode cavity:
™10,1,1, Q0= 197800, f=2.9985 GHz,
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New spherical Pulse compressor (Flaibp output)

0 50 100 (mm)

E Field[V_per_n
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RF system of high gradient accelerating structure

Accelerating structure Pulse compressor Waveguide system Klystron Low- level RF control
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Linac example: NC RF system at SXFEL

B " — 1 — S ———
- M
Drive laser 1.5 GeV
DS1__DS2 FB  _DS3
M2 Rl M3 FEL@3nm
I
Seed1 Seed2

Reference Signal Distribution System

O O o O O
O
Total:9 Sets Undulato
Total:4 Sets
GUN Lo-1 LO-2 5-TDS L1-1 L1-2 Linearizer C-TDS L2-1 L2-2 sss L2-7 L2-8 L3-1 L3-2 L3-17 L3-18 ¥-TDS

- S-band RF . C-band RF . X-band RF :ll—

&) ¥ 0438 anvwnn
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S-band accelerating structures at SXFEL

C Single port -> dual port, race track

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

->dual -port, dual mode.

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




C-band accelerating structures at SXFEL

SWISSFEL SACLA* SXFELTF | SXFEEUF

35 MV/m 37.1
MV/m

28 MV/m

39.5
MV/m

==Gradient of RF units MV/m 930.5
— - Average Gradient MV/m 809.5 _-:
——Max. Energy Operation MeV 684.5 _ ,:— - — -
—A-Normal Operation MeV 580. 5 _ ,_x - - ’743 864
459.5 _ _:_-_:': -=
---Z= 617
324”,:::’,— 513
202‘___: AR 392
e k- 258 371
37.1
e 36.9 38.2 36.9
C1 c2 Cc3 ca Cc5 cée

No. of RF units in C-band linac

= iR AWV m
= - R ESEEBEWY /m
—— i1 T HE WMV
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Energy Measurement %
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Linac example 2: Compact XFELs based on and technology

U A6-GeV hard XFEL based on X-band photoinjector and linac is proposed by SLAC in 2012.

U 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.

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

- - “ ” T e M

! ! BBl u.sES% u.oaé.s% B2 0‘0?5% 0.014?

RF gun Linac0 Linacl

Smeter  Laser =AM 35 meter L=4m 90 meter
-5 cegree 25Kev RO14MM g degree  RSG=Bmm 0 degree

Total length: 150 meter

|deased on X-band at SLAC
15 (2012): 030703

=
f

I

Gun Solencid Acc lalgStrc"treSM"vuld

CompactLight based on Xband RF gun and
linac

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,‘:; 42@353)523};€0ﬁ§ R
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Linac example 3: Xband linac for VIGAS at Tsinghua University

A Three klystron
A Each 50 MW, 1.5us
A Three pulse compressor (SLED | type)
A Six X band high gradient structures
A Average gradient >= 80 MV/m
A Energy gain per structure > 50 MeV
A Filling time < 150 ns
A 91 MW atXaccw/ PC gain factor as 4.5

) ¥ B4 5 rensman
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Nexto Cryogenic high gradient accelerating structures

106w
C-band P =
hotoinjector g T
P cryosjlat ( \ Main Linac Y
& 36GH: TSR e
linearizer e e
T >~/ Beam e
3mcryo C-Hand ) %) Jezene, RTML Delivery _IP
accelerating section LA L 5 m cryo C-band .
First and sedond * & accelerating section
chicanes L N
IFEL —_— 5m, short period il
modulator . . cryo-undulator
) A Supply
: \ ¢
Final chicane| - N \ Experiment 3 ; § Water sump
@ o hutch A X
2 s & Polarized { DampingRing }
1! - 5m ElectronSource N\ ___ =~ Pre-D ing Ri
Electron spectrometer Sfacal length oW \F're-Uamping Ring
and beam dump 2 =
K-B focusing
mirrors - 3G
Expesiment . T
hot Positron Source st — 2
Cryomodule (-9 m)

hutch
ryomodul
Cry = RF Waveguide

Electron
Beam Out

A C3: Cooled Copper Collider
A total length: 33 km ->8km  250/550GeV

Cryogenic for ultra compact FEL l l l l

Accelerating Structure (-1 m)

Tunable Permanent Magnet

EDDDUUDDDD:DDDDHDDDD:DDDMODOD:DDDD

500
. | M Parameter Value Unit A C-band cryogenic module for C3
i Frequency 5712 MHz Ad46oMt/ m
A 20-80K 27K for UC -XFEL 80K for C3

— 300 | Temperature 20-50 A o0k for, /
E P ri ield: 140MV/m
Shuntimpedanc@20K 0.0037 a eax electrical fie 0

\C:\ —
200 | GradientO 65/80 MV/m
N Meterial Copper
RRR 500
Cooling Helium \ Vf@ﬂ é?i I BEEWRER

0 T T T
19. 6464 30. 1415 40. 9969 50. 9929 79.7209

-d W




Cryogenic RF cavity

———————————————————————————————————————————————————————————————————————————————————————————————————

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

Static thermal load 20W/40K.

A
A
A Plus 50%, total thermal load 150W@40K.
A The number of chillers is 4.
A

For each chiller, the length and thickness of the cooling belt of the structuire
calculated according to 75SW@30K !

brieation of first cryogenic system prototype will carried out recentl;}'.
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