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What’s RF Cavity?

Boundary
O Copper
O Steel

O Niobium
O Others...

Space

OO0 Vacuum

O Air

O Dielectric
O Others...

NC Copper boundary + Vacuum space in this course!




Typic RF cavities

1. Single-cell RF cavity in electron ring 2. Multi-cell accelerating structure in linac
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Deflecting bunch

Focusing and acceleration

Vane

Beam

sm‘i'; cavity in proton and ions injector 4. Multi-cell Deflg@f@&ﬁyﬁ:ﬁi?ﬁ




» Look back to basic theory
»NC accelerating structure

» Deflecting cavity

»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

Faraday‘s Law VxE=—9B

Ampére‘s Law VxH=9D4J

Gauss’ Law (Electricity) VeD= P,

Gauss’ Law (Magnetism) VeB=(

SSr

James Clerk Maxwell




ook back to basic theory in RF cavity

0
V x E(r,t) = —gB(r, t) ‘VX taking the curl on both sides
0 _ . L
V xV XxE(r,t)=V x (_EB(T’ t)) | exchanging curl and time derivative
VxVxE(rt)= —% (V x B(r, 1)) ‘ applying the material law B=pH
0
VxVxE(r,t)= ~ 5 (V x pH(r,t)) ‘ constant permeability in vacuum
0
VxVxE(r,t) = —P«gv x H(r,t) ‘ using Ampeére’s law
g (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
VXV xE(,t)= —u@D(r,t) — ”EJ(r’ t) applying the material law D=¢cE
0? 0
—5/“@]3(1'775) - Ma—J(I‘at)
VXV xE(rt) +e¢ 8—2E(r t) = — 2J(r t) I-curl ti
: HapBlrt) = —puo J(r, curl-curl equation
2 s,

P ——E(r,t) = —uaJ(I‘,t) for charge-free in 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 cavity, far from the sources, excitation vanishes

2
Vv2E(r,t) — eu%E( t) = 0 with speed of light ¢= 1

RF field works on the constant frequency o in the RF cavity, then wave equations is:

« Take-home 2171 221 H,
* Derivation V H + k H — O /f_@ ;
Wave number 2 2
k a & ﬂ Plane Wave propagating in +z- Dlrectlon in free space

:'\; *@ﬂ 1 LB gHRR
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RF field in rectangular waveguide

AN A, A==

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

E(x,vy,z),
H(x,y,2z)

TE,, mode

E:r _ CH ﬂ% S(—T) Sll’l( U) ‘,:I:zic z
E‘U — C'qm_ﬂsin(mlqa) (()S(ﬂ ?,J') (:Ezk 2
a a
E, =0,
o, = iki E, .
- wp Y
ﬂﬂ - k_zE.T
‘ e
k2 k2 m n ,
m, = ¢ - (3()5(—7(.’1'3) (:()S(Tﬂy) ka2
a

Cartesian coordinate system

k2 — Kk o nm .
CcF =2 gin(——x) sin(——y) eTF7
1We a b
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RF field in rectangular waveguides

N ®TE,,
®TE,, ‘
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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

e/

%

L
¥
%
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®TE,

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

p(r.@.z) E(T, (P; Z )'
) H(r,o,z)

/
R
Y RS . - 7 ] Ezzin E, = E,J, (k.r)cos[n(p—¢h)e ™
204 ; . . Wy U, . —jk,z
HOjV) \\ // :-. 0 / ) E, = C20 : Hm‘]n(kcr)SIn[n(¢_¢0)]e x Er =— Jkkz E J (k r)COS[n(¢ ¢0)]e Sp2
i ; N _ A c
Ny EER AN 0-4 E, = Jnf‘)ﬂ “H,J, (k.r)cos[n(g—¢,)]e” " E, = Jknzkz E_J_(k.r)sin[n(¢— ¢,)Je "
L -0.8 ¢ _
IR e 2 4 6 8 1002 (H = H,J,(kn)cosn(g - d)le H, =0
Bassel Functions J,,(k.r)  Derivative functions J; (k.r) H = — Jkkz H_ 3. (k.r)cos[n(¢ — ¢, )Je H = anorgo E 3 (k.r)sin[n(g—g,)Je "
: T : : jnk, z H, =A% g 5 e
O Cosine and Sine in @, z directions H, =y Hads (eD)sinln(g— e ¢ nlreosing -l

O However Bassel in r directions
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RF field in Circular waveguides
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Acceleration Mode

[

=1.2e+4) [1(3)]

e—field (f:
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Deflecting Mode

«

&

1.4e+4) [1(D]

&
]
-
o
&
b

14000 MHz

o

Frequency
Phase

£
>
o
%
0
0
-

Maximum (Plot)




Cut-off frequency and dispersion

Wave is reflected many times during
propagation in the waveguide.

k. = 2nf, is cut-off frequency

kC + kZ RGCt. kc(mn) = \/(%)2 + (n_t;t)z

k2 _ k2 CiI’C. kC in]n(kcr)

ViE, (x,y)+k’E,(x,y)=0
ViH, (x,y)+kiH, (x,y)=0
K2 =K - K-

E,=E,(x,y)e™*
H, =H,(x,y)e™*




Some types of RF cavity

OAccelerating structures



Accelerating structures for linac

Input Output

. coupler coupler
EP = q- EZCOS[(wt B IBZ)] L O Disk-loaded accelerating structure

1 ¥ O Travelling wave for most linac 2
o

E,: Energy gain in the structure

q : Charge of particle

E,: Accelerating gradient

w: Frequency of RF structure

p: Vp/c, phase velocity of RF field.
L: Length of accelerating structure

B |
O Synchronization acceleration
0 Cascaded for linac
A=
SSr

1 1
Z ZLinac

7 A



Why disk-loaded? Not constant circular waveguide?

E,=E_J_ (k.r)-cos(wt—Bz) P =Vﬂ

p

k? = (_[])2 — (_::)2 >0 V. >cC * Take-home
C p .
C V, * 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 disk-loaded structure can
slow the phase velocity to match the light speed c.

PR E, =] > EJo(x,r)e ™
Periodic structure, Floguet theorem - e /\/\/\

< Ean j(ot—B,z
E, =_n§wx—\]l(an)eJ( o /\\4//‘\\//—\\.7/\
. P N Pran
Hy = —8, 3 =23, (x,r)el P /\/\/\
n=—o0 ¥ )

(i g e
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High gradient is key issue on R&D

—0.5
P 452 5

. 15410 " %10 A BE 6.53x10°¢"°
O 1928 Fowler-Nordheim 1, = exp (_ i )

@

O 1957 W. D. KILPATRICK wg2. " =g DC. Low frequency

2

17E

O 1983 W. Peter Modified Kilpatrick formula f = (62/E) e

12 452" 2.5
% 10 ABEY o
e

175
%

5.7 x 10

O 1989 Wang, Juwen Field-emission ;,_ -

O 2009 A. Grudiev Modified Poynting vector S, = Re{S}+g, - m{S}

BT RF, Microwave

O 2011 Z. Insepov Surface damage MI1BF =BJ"
P J X/C/S-band

—E, kyT B, AV /k,T

O 2012 K. Nordlund Dislocation enthalpy e = " &

€AV kT
I

O 2018 Eliyahu Zvi Engelberg Fluctuation of moving dislocation *~ exp{}’(l—,%)}

O 2022 Zhou Liuyuan Modified dislocationg fluctuation RB,chp{y(]\/::i)}« exp(50,)

SS3r




Typical accelerating structures for linac

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




How to design the accelerating structure

- Aperture range a/\ — wakefields Longitudinal  SWR:W (s) :%e‘““s’mm)m
« Optimization for high RF efficiency 2Z,C

- Transverse SWR :W (5) = =22 (1 — g 08(/mm)
« Attenuation factor (s)=—4( )

- Total length Shunt ns E
« Group velocity range impedance R

* High field suppression Group velocity % =g {lL-0-e*)2/ L1/ @-e*)}
« Beam loading calculation
Peak field S. = Re{S} + g, - Im{S},

For FEL and light source: B .

0 :

* Good beam quality: large aperture a/A bl == - — )
* Higher impedance: high mode, 3pi/4, 4pi/5, 5pi/6 = v e |
* Lower field distribution: round cell, elliptical iris i= "'T?i'éI‘i; = |

o

A 3 < ; 1 W T > i — -
r 3d/ “‘ﬁ’ ;) 3 . -
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Coupler design

1. Coupler Problem and Resolutions
 Pulse Heating Reduction
* Fat lips
« Waveguide couplers
« Symmetry feed for correction of dipole modes
» Racetrack 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

0.008

*Iris coupling NN :delyyh
*Mode convertor coupling £/ N +:kav“
«Compact coupler 1111 g T

3. Coupler simulation A\ /
HFSS e
Multi-physics simulation Iris coupling Mode launcher

High pulse heating low pulse heating  Racetrack coupler

12.59) 4
SE r Low energy (S- High energy (C/X- @ FRATH unsann

band) hand)




Genetic algorithm used for optimization

(0! Tacc)

(le yl)

(x2,¥2)

(x3,¥3)

»

‘ START '

eedbac

180

190 4

240 H

250

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

200 -
Eé;zlo—
220

2301
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Bead-pulled RF measurement and tuning

Stepper
Motor

Control ———

F{eadout

2P,(L, — I) = —jwlk EZ — kpyH2] Computer

llF.J
Output ﬂ " =
ik , Coupler e -
AS11=811, —811, =~ 12 E; 1 0 el Fl===
| Measured ; z
Data z
dn-1 \_J a %
—n Control 2
. b aith _py @l 27/ 2 b, {J]
Snej h — n+1 = A+ jB Bead :
a ejl//n g
n Network 2
Analyzer = |
Thread %
Accelerator | \ -
Section | T*— .
N4 -I ; 2
NN 2
Input z
o o Coupler .. .. :
/’_"\ : 4 : 4-85 : | ;
5 3 o e 7922A1 Lead SCFE\! - -2 - 31
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Pulse Compressor to improve high gradient

* Extremely high RF power Is needed for high gradient accelerators
* High peak RF power limitation for pulsed sources

E
SLAC < 25us
, To accelerator
KLYSTRON ﬂ ACCELERATOR
Ey, G2Hus
0.8us
|— From power source Energy
SLED fomfewre] | mmm) | Storage and
i 2 .
7 PHASE l/ t Switch
SHIFTER 3d8 X /
COUPLER
KLYSTRON ACCELERATOR . )
\ \ Wide lower RF pulses Narrow higher RF
E E
. pulses
|~*5,u.s"| ' J '
4.2us I—O.Sp.s -

(o>

&) ¥ AT 1 rmmswms
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SLED

WATER COOLING

Waveforms for SLED System

-Ein ;) ll_-; A —t B ) c _i
o 1, 1 T
o
Ee E.. — —————— O
Ee2
Eout

COUPLING APERTURES

To accelerators

iwavieums

FINE TUNING - SRS
H MECHANISMS bEd
S L B L L L R BENDS § VACUUM
TEqy field pattern. . it D GE B D Mauees

—13
3db HYBRID From klystron

COUPLER
WAVEGUIDE "DOG-LEG" SECTIONS

STAINLESS _/
e

STEEL RINGS

COPPER
TE oy CAVITIES

C-band, SXFEL, Shanghai, 2016% %55

S-band, Pohang, Korea, 1994



Barrel Open Cavity (BOC)

Compressed
pulsed RF
~Foutput

Side view Top view
Amplitude of electric field

a 350
QE I 300
GS 250
gzoo
% 150
. 100 -
Pulsed RF input Magnitude of B |
. . % 05 1 1I5'é‘_2f5'é‘3f5'4 25 5
magnetic field el

Algexample of Whispering Gallery Mode cavity:

I10,1,1, Q0= 197800, f = 2.9985 GHz, =6 ¥ AA5 M remswsnn
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New spherical Pulse compressor (Flat-top output)

6 4
——Output power T ——oOutput power | |nanh
— Input power \ = Input power
Al e e ST S
2 s
o] R SR
| S S S
0 500 1000 1500 0 500 1000 1500
t/ns t/ins
0 0
1 Mo
-2
m ! m 4
T 2
2L .
. -10
o = 20 ey 0 100 200 (mrm) 31796 1198 12 1202 1204 11.96 11.98 12 12.02 12.04
Frequency/GHz Frequency/GHz

E Field[V_per_n

1.2208¢+00%
6. 864964003
3.8604¢4003
2.17096+4003

1.2208¢+003

Sphere Cavity for
Energy Storage

3 sz
6.8643¢4002 Pae .
| 3.860Y¢4002

2.1709¢+002 kt
. 22084002
. sovsencor AL TE B
3. 86044001
2.1709¢+001
1.2208e+001
6. 8649 +000 z
3.8804e.000 TE10 Mode input from
2.1709¢+000
1.2208¢+000

WR90 Waveguide

TE10 Mode output to
Deflectors via WR90

Waveguide / :
o
I A W

<o Integrated
~~~._ 3db Coupler/Mode
Convertor/Polarizer 0 40 80 (mm)

28 § O

50 100 (mm)

34

* Cavity operation mode TEO12
@ ¥ EBAE % rensman
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RF system of high gradient accelerating structure

Accelerating structure Pulse compressor Waveguide system Klystron Low-level RF control

ST E i

ol |
‘r!_i.'

E |

i
iy

. ,. (2
A A - - e

) Youmn T o ) o, e o s N )
Y Y Y Y Y Y Y RF acceleration unit
L 3 A + S/C/X-band

- 2. 2] L2-K3
sband sband |xband =~ Cband |JCband  [Cband Cband
.......

« 20/40/80MV/m
L3-K3 L3-K4 L3-KS L3-K6 L3-K7 TDS3-K
Cband ~ Cband Cband Chband Cband xband o 5
SOMW S0MW S0MW 50MW S0MW S0MW . m
vy = 1 =3
o 23 e
i 5 i . 2otz
.
‘ ¥
. Lk - b 5 -




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

A Single port-> dual port, race track ->dual-port, dual mode.

Single-port, side couplin Dual-port, side coupling Dual feed, one-port
Ou’?er vl\?ate} coolin P9 Racetrack coupler Racetrack coupler
Multi-pole field J Assembling asymmetrically Perfect symmetry
Max gradient: 17MV/m Inner water cooling Inner water cooling

Max gradient: 23MV/m Max gradient: 23MV/m




C-band accelerating structures at SXFEL

SWISSFEL* SACLA** SXFEL-TF | SXFEL-UF

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 __- :X’-— 513
202‘__ - - - 392
136 ; - 258 37.1
37.1
dilo & 36.9 38.2 36.9
Cc1 c2 Cc3 c4 Ccs Ccé6

No. of RF units in C-band linac

= iR AWV m
= - R ESEEBEWY /m
—— i1 T HE WMV

SEFEL] P % B cil Bl o ol o o 6 5

1366

iy

Cc3 Ca4 C5 O o) ca c9 Cl0

Energy Measurement
3
Energy Measurement

2t lnghincton! s LAPSANSSZ - 20000 I Emp 1350.35 we
Showfit  Gaussian ok 300.42 28012 Pl
Uom Profie ABPRFZ6
2 Show stats Sigma 7.64 9467 Pivel e st 0,027 s
Set Canent Stort ?
‘soiap
2021104015 2127:44

) *@ﬂ 3% renswaR
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Linac example 2: Compact XFELSs based on X-band technology

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

» 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.

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

o - " " T e M

5F ELE OEE £

RF gun Linac0 Linacl

G.UEES% BC2 0‘0?5% 0.01%?

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

= HOE E =
Gun Solenoid AI ele a: ng Stru c1t re Sol 'nmd

CompactLight based on X-band 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

HANGHAL ADVANCED RESEARCH [ NESE ACADEMY OF SCIENCE
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Linac example 3: X-band linac for VIGAS at Tsinghua University

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

) ¥ 843 % Lmmsman
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Next: Cryogenic high gradient accelerating structures

oGev
C-band P =
hotoinjector = T
P cryosjlat ( \ Main Linac Y
linearizer e e
T >~/ Beam e
3 meryo C-iand ', «) dZ?:?\?rW:r RTML Delivery . IP -
accelerating section gt P 5 m cryo C-band i W
First and sedond * & accelerating section
chicanes L N
IFEL —_— 5m, short period il
modulator ~3 _cryo-undulator
w > Air Supply,
: ¢
Final chicane| - N \ Experiment 3 ; § Water sump
@ o hutch A X
N e Polarized { DampingRing }
1’ - 5m ElectronSource \____ =~ Pre-D ing Ri
Electron spectrometer Sfacal length oW \F're-Uamping Ring
and beam dump 2 =
K-B focusing ~ - wom =
mirrors - 3G
Experiment y T
mch Positron Source e 3
Cryomodule (-9 m)

ryomodul
Cry = RF Waveguide s

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

| l | l

={00000000—000000000—000000000—0000

Accelerating Structure (~1m) - Elect
1 lectron

Beam Out

Cryogenic for ultra compact FEL

Tunable Permanent Magnet

500
ol I i Parameter Value Unit * C-band cryogenic module for C3
I Frequency 5712 MHz s 460MQ/m

] i Temperature 20-50 K + 20-80K (27K for UC-XFEL; 80K for C3)
£ - * Peak el ical field: 140M
El - Shunt impedance@20K 0.0037 Q eak electrical field OMV/m
£ 2007 Gradient E . 65/80 MV/m

" Meterial Copper

RRR 500
0 . . . Cooling Helium V2 2
)) ¥ 45 % reneman

19. 6464 30. 1415 40. 9969 50. 9929 79.7209
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Cryogenic RF cavity

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

Static thermal load 20W/40K.

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

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

Sﬁhﬂﬂlon of first cryogenic system prototype will carried out recently.

|
:

5B
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Some types of RF cavity

ODeflecting RF cavity



Deflecting RF cavity for beam diaganotics

S

Principal of operation of the TM11 transverse deflecting RF cavity to measure bunch length,
diagnose beam-laser synchronize and real-time lasing spectrum on a profile monitor.

V|, : Deflecting voltage

2 At : time or length resolution
@ EN Emc 1/A: frequecy of cavity

@ ~ N 272@ ﬁd € : Emittance

E :beamenergy
Bq : twiss parameter

X-band deflector,

.
=g B r”‘”»f\;‘,
- 3 R2

M2 DS2 .

0 Beam-laser synchronization: 10fs
O Real-time FEL lasing diagnostics

L X band deflector can diagnose beam

&) ¥ 45 mnswnn
" length in the scale of 10-20fs




RF design of deflecting cavity

HEM11 E-Field HEM11 H-Field

V/m
1866

RF mode in the deflector is mixed with TM11
and TE11, called HEM11. TM11 is located in de
the middle of cell, and TE11 is located on the
iris tip. The structure is constant impedance.

1600
1400
1200
1000
800
600
400
200

e D] &
. 14000 MHz
9 01 @ 0°
14000 MHz (Plot) 498211 A/m
0°
1865.61 V/m

Two holes Two caved-ins Deforming usin
(LOLA Structures) on cell ID surfaces two more tuging h%les
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X-band deflecting cavities in SXFEL

O Dual-coupler design for new deflector
O One power unit for SXFEL
O Two deflector units for SXFEL

11424MHz

Variable power splitter 3
Phase shifter 2
Straight waveguide ...




Beam-laser overlap and lasing feature real-time diagnostics at SXFEL

Dipoje

Seed laser g e, B
. . ap r"i;
— - > l-'-: L
e — R IR
Linac M1 DS1

Second
stage

100 200 300 400 500

x[pixel] s[um]
. .
1o x10 L
Beam- (© (@)
124 1.2
laser
S 08/ = o0s
= =
| : :
overiap 2 0s £ o
< g
0.4 0.44
024 — Simulated 0.24 — Simulated
—— Reconstructed —— Reconstructed
00 : - - - 0.0 " T - - -
100 200 300 400 500 100 200 300 400 500 Rai FJ:‘C
s[um] slum]
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New Dual-mode deflector for variable polarization

HEMO1 on 2856 MHz, HEMO02 on 5712 MHz
6-D (x, X, Yy, Y.z, ) Tomography, FLASH scanning

Neural network and MOGA for optimize the RF structure

1.
2.
3.
4.

Two-port for coupling two modes independently.

e V/m V/n

s 3000 1000

il 900

~te=7 400 800

2000 700

. 600

1600 500

1200 400

800 300

Mode 2 B-Piald 200

eponen £ 400 =

. , 0

efield (f=2.856) [3] efield (f=5.712) [1]
G o @ Frequency 2.856 GHz Frequency 5.712 GHz
oot T Phase 0° Phase 0°

P Maximum (Plot) 7563.12 V.. Maximum (Plot) 6680.01 V... a
Vot ] T W v iy vy 7 v s w il
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Some types of RF cavity

CONC Single-cell RF cavity



Normal conducting single-cell RF cavity for light source

Synchronous
v L Particle
\
&
ID : The insertion device generates BM : The bending magnet g
various characteristic types of SR. bends the beam and < RF Phase
generates SR.
-
beam pipe
G <
2®®®

& g G Ve =V_sin(o, 1+ @)

rf accelerating cavity : The
cavity replenishes the stored
beam with energy lost by the

generation of SR.
QM : The quadrupole magnet

works as a lens to focus the beam.

Vacuum Duct : The pressure in the
duct is kept below 107" Torr in
order to reduce beam decay
caused by collisions with residual
gas.

&R) F B3 i Lamsmsn
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Function of RF cavity in light source

O Delivers the energy to electrons for compensating the energy loss
due to Synchrotron radiation and interactions with beam chamber
Impedance, or ramping the electron beam to higher energy;,

O Establishes RF voltage to capture and focus the electrons into
bunches;

O Controls beam parameters, such as bunch length, beam lifetime,
etc.;

O Provides damping effects to the electron motions by synchrotron
radiation and RF acceleration.

&) ¥ R43 1 canswnn
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Standing wave “Pillbox” model of single-cell RF cavity

TMO010
E-Field

rrrrr
Maximum (Plot) 3.44442e+08 V/m

+

) E,=EyJo(k.r) - cos(wt+ pz) TW-
) [
EZ = E0]0 (kcr) . Sin(wt) L SW

4

. 4c+05
Be+05
45205
e
o

sssss

E T
Y EEE R L]
558885

TMO10 e
H-Field E

50000

? ey
Mode 1 H-Field @ *Lﬁ%%ﬂﬁﬁ

J Frequency 7649.52 MHz STITUTE, CHINESE ACADEMY OF SCIENCES
Phas: 0-

e
Maximum (Plot) 540312 A/m



Some key components of RF cavity

Main cavity, high R/Q

()

Coupler, power input

Coaxial

ad ]

[ S 1} g

am tUbe n:ﬂ':é—u' ‘li‘n ES




Some key parameters of RF cavity

V2 (Eo-L)?

Shunt impedance R

: . 2 T . )2
Effective Shunt lmpedance R, = Ve — (Eo-T-L) — R -T2 T Transition factor

P, P,
Quality factor @, :“I’)U
Normalized impedance R, _ Ve
Q wU

SSr

.,"'“;‘ "."_ : v
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Some typic single-cell RF cavities

BESSY-11 500MHz ESRF 352.2 MHz PEP-11 476MHz  KEK-PF 500MHz

TI0M ABSORBER

SiC DUCT BEAM

PEP-1I RF cavity rft assembly — AEEE
NC Cavities fo Vey R, Qy Pey L fuom 11 Max. fgoml Max.
MHz KV M2 kW m MHz RI| MHz RL
4 kO kO/m
KEK ARES cavity, 509 MHz, 500 kV, 1.7 MQ PEPF 11 4T76. 8B50. 3.8 32400 103. ~1.5 1295, 1.83 1420. 144.
DAPHNE 368.2 250. 2. 33000 16. 1.9 863. 259, - -
Spring-8 TMg,q ARES S09. S00. 1.75 118000  72. ~1.1 696. 1.35 989, 10.
Ceramic window € fld VEPP2000 172.1  120. 0.23 8200 29, 0.95 246.0 0.4 <10.
H-fie
- DUKE-2 178.5 730 3.46 39000 77 3.16 - - - -
Coupling tuner [{E [{-PF 5 |] |:|- TSS 3_45 395*}“ gn_ 1_4 T‘!}l - 1 ““'". ng- 51 ““-
Coupling iris
b ASP/Toshiba 500. 750 3.8 40400 75, 1.0 790. 25. 803.  8500.
BemBIPe i | BESSY S00. 735, 3.4 29600  80. 0.5 670. 11. 1072. S4.
HOM-damping << . ?
slot 2
ot &1 RAsH nennn
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Example on new R&D at SARI: BESSY + PEP-II

Bessy Cavity

two types of coupler

I HOM,

Bessy Cavity + PEP

tapered circular double ridged

m
. “
m_
.w
£
!

) 50Q coaxial line
: ‘\g’(to absorber)

PEP-II RF cavity raft assembly

PEP-11 HOMers

SSr

@ F¥FEHA5 % reneman
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Design of the RF cavity

Multipacting
suppression

RF optimization

Fundamental [l The design of the RF cavity

Beam power coupler

parameters design ' includes the fundamental
| mode optimization, the
HOM damping | multipacting suppression,

i and the HOM-damping and
: many other progress, and is
""""""""""""" an iterative process.

Multiphysics Mechanical

study design

) ¥ 843 % Lmmsman
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Design of the RF cavity —— MOGA

With VT=600kV o — Frequency 499.654MHz 499.654MHz
499.65~0.2MHz Voltage 600kV
‘ R / Q 114 96.79
¢ i Minimize P Cavity Transit time factor 0.746 0.847
Multi-objective adus<30am St impoduace  [437ME 53U
: : Minimize Pden Beam OWEL 1055 : :
eV01Utlonar¥ algorithm b= O Max Power density IW /em? 16W/cm?
for the cavity — MaxE 6.2MV /m 7.5MV/m
optimization Jalniiize E
125 0.34 s

115 0“}; L %\5{ :;“7)5 - ol

5 26 Voo =30 0.32 o €

:B_‘E, N ] %0.1] ;}) B %0‘3[ L g‘

z 105 B "E %, < -

ﬁ; 10f :1:; B 2 3 § i 3,

2 95 % > - - 0.29 - - 029t "%, % =40

e S @S t;‘;g s % o li;:;‘s
9 & =30 028 - Ry 028 % :
8?510 5 4‘I 41‘ 5 cf* 44 5 43 0.27 : 0.27
) Poweriiissipalion_(kW) B ‘ 0 ! vailr.fﬁssipatior;(kW) . b " ’ " . - o

« Positive between power dissipation and power density

SS?FFIEY\ electric field and power density are mutually exclusive.

Power density (W/em®)

) ¥ 843 % Lmmsman
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Design of the coupler

* Rectangular waveguide coupler, with circular ceramic RF window.

* Preserve the possibility of the coaxial coupler (iteration design)

* The function of adjustable coupling is realised by adopting a 3-screw tuner

e Simulation shows that the temperature rises little in the 3-screw tuner.

SSr

Air side
(waveguide)

«— RF window
Vacuum side 2r
(RF cavity)

VSWR

499.654MHz

ol .
E 4996  499.62

499.64  499.66  499.68 499.7
Frequency (MHz)

25444 B
25,389
25.294

2522

25.145

2507

24935

2492

24545
2477 Bih

Zi reRewRE
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Multipacting

RTB RTB

[ L

=
>

RTA
RTLO

R T I Round Ellipse
« Simulation of the multipacting in the CW cavity

- SEY In CST pal'tIC|e StUdIO 0.05 ‘l
* Modify the geometry of the cavity to move the multipact area ™
o . 420-460kV

o ome 25001 100 200 300 400 500 600 700
Voltage (kV)

0.02
0.015

0.01

Total Particles
-
8
8

0.005
(o]

400 500 500 700 500 4

v, } A -
NS ; B
R e ; -
o 100 200 200 i N SRl ] :
T T T T T — '7 T T T
P | 0 20 40 60 80 100 120 140 160 180 200
SE h
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HOM-damping

Z(ohm)

18000

16000

14000 [

12000

10000

8000

6000

4000

2000

16000

14000

12000

pedance (Q)

1

I 0000
8000
6000

4000

2000

0

Y1) BRI ) {4
EDuct=O.5
N=1
\\\\¥
SMA S - - IO s i
0 0.5 1 1.5 2 2.5 3
Frequency(GHz)

—— Threshold.500mA
—— Cavity, with FPC |

| 0.741GHz

e | 1.296Hz

1.4GHz
| 1.744GHz
|2.236Hz 1.749GHz

{ % cmmnn

— A i) BH AT
100 |- '1
ot 1] |
1 il
) b
ob ;\A‘Jv h I"M’ y/ l'n*&. “ ALY ‘!LJM}' /‘d‘i."%’].
© o® ! Frequelc?y(GHz) =° N
Zthreshold 1 QEQS threshold __ 1 2F
longitudinal ~— NfHOM GIQTL transverse Nfre'u elﬁtransTtrans
Mode frequency R/Q Q R(MQ)
754MHz 37.79 32500 0.613
1305MHz 9.14 63700 0.291
1420MHz 20.99 35700 0.375
1768MHz 5.51 41100 0.113
1821MHz 5.48 58600 0.161
2023MHz 3.21 89700 0.144
2127MHz 1.29 60600 0.0392
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Multiphysics analyzation

N
(e

TV

(]

N
N

* Highest temperature rise: 44K, at the corner of the HOM load
 Deformation caused by the temperature rise will result in the frequency shift by 282kHz
* The frequency shift will be corrected by the tuner
a~=
SSr
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Fabrication and high power test

Vacuum 2

28.0 uA
Vacuum 1
37.0uA ERe
2.55e-06

CCG1
1.05e-06




The results of high power test

O Cavity voltage: 600 kV (only 40% duration, 20kW)
O RF stability: better than 0.1%, 0.1 degree (rms)
O Vaccum: 7*101° torr (static), 5*10° torr (power on)

500MHz_160kW amplifier monitoring system

a v T
Vi aw
— bd_status .

Total Output Power Total Reflect Power Total Running Time Set_amp

- Set_phase
# InterLock

System Status 5 7 . 6 kW 8 . 3 kW

24333
0:00:00
L ] L ] 0.0
BRI (ms) mwwas
Amp group n

100  update
Total A (%)
Power group 0.100 | Updat=
Po Pr Po Pr Pr Po Pr EFRAR
& TEMP group oo
0.4kwW 5.6kw 0.5kw 0.4kw 7.4kW 0.4kw 0uh
Collector o1
c2 ca i
SyStem record Amp \nn; ""‘:haﬁ loop
Pr Po Pr Pr Po Pr o |
0.4kW 75kW  0.4kW 0.4kW 7AW  0.4kW seoo f |0t

c5 Ccé c7 c8

57.6kW 8.3kW 0:

""" fotalPo Cabinet load load  Circulato Circulato 45V  Pre-amp D O e G
- wver
»oec

lock r 2 ISW  4SVPowerswitch  Reset  Currentst
Pres.Out

:z A ‘ﬁ\h‘ *‘\‘M‘ﬂlﬂi%d

Form - PyDM

Ampitude [T

A
E Mﬁ Nl ol

ILv ]\‘ | ‘
W\ I'F",f‘lw I;‘ r".‘.‘l‘h

F BT TR 0.0569 |

HI/mMJ.ﬂ%uw‘ﬁ h]r‘ )

RiE0sHIREN ms : INETE

p—r

uww.w

IRIEGOsHAER(+/kHz) : URUY

- @ no® =
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New dual-mode cavity design for compact SR

° Compact ||ght source needs both ma|n == Superposition field of main.RF fi.eld and harmonic RF filed

RF field seen by the bunch for main RF and higher harmonic cavities

. rd . .
cavity and 3" harmonic cavity | b, = oosa sin(at + po) s corGui> sinGnt + )
¢ Dual'mOde On Iy needS One Stralght SECtIOn RF voltage seen by/the bunch for main RE_ad higher harmonic cavities
V(¢p) = Vicos(wt + ¢s) ¥V cos(nwt + ney,)
TMO010 + TMO020 cavity TMO010 500MHz TMO020 1.5GHz
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Thanks for your attention!



