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Charged particle acceleration
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E(t) vs. E (Radio Frequency (RF) E vs. Static E)

am

efor circular accelerators

oW, =q<ﬁE-d§=qL(€xE>-d2

«for static E field E=-V¢, W, = —qu(ﬁxW).d}i =0
«for RF E field ﬁxE:—a@—f, W,=—q Ai—f-dﬁz(y—l)mcz

emultipass acceleration

eclectrical breakdown

oRF E field preferable for high energy accelerators
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Electric fields in cavities

No net charge, no battery (generator),

no electrodes - no potential

9-cell Superconducting RF (SRF) cavity, Nb (niobium)
- accelerating cavity with accelerating electric field

whose frequency is 1.3 GHz

— ( 1 1 j
radiation energy | & = hv +—

hV/kB cavity _1 2
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Electromagnetic wave according to J. C. Maxwell

——— —> constant

\ Hoé

RF electric fields in a cavityevenat 7. . =0 K

cavity
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EM profiles in cylindrical cavities

 cylindrical RF cavities & exact solutions by the Maxwell’s egs. and the relevant boundary conditions

Transverse Magnetic field only

standing wave
TMy19 mode

Longitudinal Electric field only
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EM profiles in cylindrical cavities

 cylindrical RF cavities & exact solutions by the Maxwell’s egs. and the relevant boundary conditions

Transverse Magnetic field only

particle beam

standing wave
TMy1, mode - acceleration mode

Longitudinal Electric field only

accelerating field
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EM profiles in cylindrical cavities
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Cavity modes
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EM profiles in the TESLA (TeV Superconducting Linear Accelerator) cavity

coupled harmonic oscillator
9 masses attached with springs

highest normal mode

* TMyo(-like) mode - acceleration mode
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=~ (.3846 ns
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Hat o f, 1.3 GHz
A
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=0.7692 ns
cell — —> Lcell =115.304 mm
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Accelerating cavities in the International Linear Collider (ILC)

e+ bunch

Damping Rings IR & detectors compressor

e- source

e- bunch e+ source |
compressor pqsnron
main linac

11 km

central region

5 km
electron
main linac
11 km Not to scale

‘,2km ’

9-cell Superconducting Radio Frequency (SRF) cavity, Nb (niobium)
- accelerating cavity with electric field whose frequency is 1.3 GHz

~8000 9-cell cavities for the ILC

2km

300mm Gas Return Pipe

Vacuum vessel

Helium tank
(sectioned)

gas-cooled
sc quadrupole
(not shown)

1.3 GHz cavity

lateral cross section of the ILC cryomodule
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Accelerating cavities in the Circular Electron Paositron Collider (CEPC]

Baseline Power Upgrade Energy Upgrade
Higgs ‘ W l Z Higgs ‘ A\4 | Z t
P1 Collider SR power / beam [MW] 30 50 30 50
Detector Beam energy [GeV] 120 80 455 120 80 455 180
Positron Rin Luminosity / IP [10% cnr?s™] 5 16 115 83 26.7 192 0.5 0.8
il Collider 650 MH cavities 2-cell 1-cell 2 cell paell | 294 | Bxistng | Add | Exishing
S-cell 2-cell S-cell 2-cell
RF voltage [GV] 22 0.7 0.12 2.2 0.7 0.1 10 (6.1 +3.9) 10(6.1+3.9)
Electron Rin Beam current / ring [mA] 16.7 84 801 27.8 140 1345 34 5.6
Cavity number 192 | 96x2 | 30x2 336 168x2 | 50x2 192 336 192 336
Cryomodule number 32 32 60 56 56 100 48 56 48 56
. . Klystron number 96 96 60 168 168 100 48 168 96 168
P4 RF Station RF Station P2
Klystron power [kW] 800 800 1200 800 800 1200 800 800 800 800
Collider 4.5 K equiv. heat load [kW] 444 28.1 152 41.9 20 20.1 128.3 128.3
Damping rin { Booster 1.3 GHz cavities 9-cell 91§ ;le(:l E;fztelllllg £ :1:1 E;fitelllllg
Booster Extraction RF voltage [GV] 207 0.87 0.46 2.17 0.87 0.46 9.7(7:58~+ 2.17) 9.7 (7-53+ 2.1.7)
Beam current [mA] 1 3.1 16 14 5.3 30 0.12 0.19
. Bump line [Cavity number 9% | 96 32 96 96 30 | 256 96 256 9
Cryomodule number 12 12 4 12 12 4 32 12 32 12
Detackss SSA number 96 96 32 96 96 32 256 96 256 96
IP3 SSA power [kW] 25 25 25 30 30 40 10 10 10 10
Booster 4.5 K equiv. heat load [kW] 7.8 3.1 3.5 8.1 32 3.7 114 114
Total RF length [m] 704 704 384 1088 1088 608 2368 2368
Total 4.5 K equiv. heat load [kW] 522 312 18.7 50.0 2312 23.8 13957 139.7

circumference of 100 km

? > accelerating cavity
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RF accelerating cavities
Practical Superconducting Cavity Geometrles

Spanning the Full Range of R S

1000 |- ILC, CEPC > 1000 | i
Spoke - i —
, | ]z
R H CEPC, LHC, KEK © 800 |4 &
N = i | e,
s . / i
= 55600 / 3 8
3 g . 13 =
£ l Half-wave g - / ] ﬁ
3 IRIS 5 400 | ’ 13 B
= o ' ] 3
: SRF2013 tutorial A a proton // electron /: 3

Quarter-wave by M. Kelly (ANL) 200 I P 11

10 — ] ] ] ] ] | ] ] . P PO N cou ——-'"'"'"""ﬂ

f=0.1 Particle Velocity [p=v/c] p=1 0 0.2 0. 4 0.6 0.8 1
p=vlc

ofor ILC, electron with energy 5 GeV to the TESLA-like multi-cell cavity — safe to put § ~ 1
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Equivalent circuit of RF cavities

R L edamped simple harmonic oscillator why?
’\N\/\, b S B cEn
y d’q ,dq, q_d’q , dg 1 R
= L—-+R— +2a—++w'qg=0, where @, =,|— and o =—
I ! -~ “ dr’ i C a1 ““NLC oI

q(t) =g, cos(w't +q,), where 0" =@, —a’
input
power =qe “cos(ot+q,) o=, -a’ =w]

2 -2at 2 _2at

estored electric energy W, (1) = ,;_]C quC cos’(wyt +q,) > W(t) = %2C — total EM energy stored in the circuit/cavity,
o 2a0+T)
then after a period 7 = 2—”, W(t+T)= 611—
@, 2C
eenergy loss after 7 or energy loss per cycle, W(t)-W(t+T)
qlz o 2a+T)
,cnergy loss per cycle _ W@)-w+T) 1 W(t+T) - 26; C1—e™ =1—(1-2aT) = 2aT = 2a—
stored energy W(t) W(t) qe @,
2C
stored energy @, w, 21 stored energy o W 0, = o= ,
energy loss per cycle 2a27 2o T energy loss percycle/T P, per cycle - 20,
1
0, = W ZIL—a)L—a) !
0 0 0 1 0 R 0 za

loss per cycle _ ] R
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Equivalent circuit of RF cavities —— Q, in the time domain

edamped simple harmonic oscillator Why?

d’ d d’ d 1 R o

R L 89 g 409,559 | 2g=0, where @, = ,|— and o = —— = 0

of A ac dr c ar a1V "“\1Lc 2L 20,
o

~
|
D

-2t

q(t)=g,e ™ cos(wt +q,)=CV () >V (t)= %e'“’ cos(ayt +q,)=V,e 200 cos(wyt +q,)

-y ~ %y _@
ecnvelope Vye % — Ve *@ att, and Ve *® att,

[2)
_®

Jueh A 0 A
,&tl Al Al
% Voe 20,
' » A 4 1 ot
UV < __2a)0 (t,—t) :ln(éj <0, _oL=h) oiff =0 and ¢, =¢, and j :5, 0, = 210 5
‘;75 M \*V(t) =V,, cos(a)ot+ QZ) 0 ! 2In [jj 1 n
* Time [us] : of = NT and 0)0:2772- —> a)ot = 2N7Z' ’

_2N7z_7zN~

= =22 = 453N
2In2  In(2)

9

N =3 for %=%—) 0, ~13.6 for the time data V' (¢)

1

2

w, =" (1 +
0

J:1.001350)'2 = @' with such alow O, — @'* = w, —a” = m,
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Equivalent circuit of RF cavity and input power —— Cavity excitation

AN N eforced damped simple harmonic oscillator

+
d d. d’ d. : / 1 R
é) 7 1) ==c £9,r4M 4 —q+2a—q+a)§q=l/,.”s1na),.”t, where @, = Eanda=—=&

a’2 d C dri* dt

q.(t) =g,e ™ cos(@t + g,) ——=—0, complementary solution

input F
power 20:—
eparticular solution ol
Vi : : -

q,(t)= - sin (a)l.nt — ¢) — steady-state solution 10—
\/(a)g —(o;) +4a’w,, :

i

maximum g, () with @;, = @; —2a”

einput power , 2 =V, I 07’HOEZHAULIHO.EH‘D‘LE"':‘H12“'741“1.5“‘13';{;2
dq () w, . .
L—=] (t)=1, x — maximum / (¢) with @, = @ =
Cl’t P in V4 in 0 L
\/ a) - +4a w, ol
o, -
]p (t) = Iin oC P i
2 \/Rza)z +L2 : ) £
(a)O - m in m ;
2

Q. Ve

n

R} + L (0} -} )2

mn

. 1
epower to the load (cavity), P, , = 5 I’R o

m

(IS o o e o O S Jd NLOr [ CO J  s  O L
0 0.2 04 0.6 08 1 12 14 1.6 18 2
ofoy,
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Equivalent circuit of RF cavity, input power, coupler

20—

epower to the cavity, £ Q=20
N 0~
@, o Q=10
2 2 2( 2 2\? - Qo=
R a)in +L (a)O B a)in) st

L 1 1 il il L 1 L L L
02 04 06 08 1 12 14 16 18
wa,

Circulator
load

r !B fFinput
RN TR

cryomodule

coaxial

circulator

e
,14.-‘« o
— . g | e
source 28 | L e s e st
wi: = = e C X
e i A > N ama ~ ,’
Superconducting @ e e
cavity and beam E 7

ecavity mode frequencies o, = oy, =271, .,
-RF input power frequency o, = @y, ~—> power to the TM,,, mode — TM,, mode excited — typical resonant behavior

ealso can probe the cavity parameters
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Q, in the frequency domain

A
i3 I }3 dB
o =¥} BER— difference
: ) ’ ) ’ ’ mfmD ‘ ‘;
0 1 w/w
ol Qy=20
E QO:10
B Qp=T1 .Q — 0)0 — —a)o
] 0
BW 2Aw
"E , ,
e, =27x1.3 GHzand 0, ~10" = —2 =
o 0z o4 05 08 1 12 14 16 18 2 BW 2Aa)
1.3 GHz : :
BW = o0 < 1 Hz — can't be done in the frequency domain

— O, 1n the time domain with an oscilloscope
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dB and dBm

OdelOloglo[%j

0dB& P =F

3dB& P, =2P, -3dB& P =R/2
10dB< P, =10R, -10dB< P, =F /10
20dB < P, =100R, -20dB< P, =F /100
30 dB < P, =1000F, -30dB < P, = F /1000

«dBm =10log,, (%)
¢30 dB-20dB=10dB 10

0dBm <1 mW,

10 dBm <> 10 mW, ~10 dBm <> 100 uW
20 dBm <> 100 mW, ~20 dBm <> 10 4W
30 dBm <1 W, ~30 dBm < 1 uW

¢30 dBm—-20 dBm =10 dB

20
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Cavity parameters

equality factor of the cavity mode, TM

010

: . 1 - 1 —
stored energy in the cavity mode U = 56‘0 _fV E.,dV = E,Llo IV H;,dV

electric field magnetic field
TM010: monopole mode

1 = :
P ..=F= ERS IS H.,,dS, R, :surface resistance of the metal -,--::«.\
W
%

cavity

ry2
@y, U Poioto _[V HodV ke ‘
= = — ‘SRR |
2 D I § LN . /
________________ Wty
5 R _L Hy,,dS e w;:,,;;;’ ?

)

TM110: dipole mode

I, poeeeeaaa

T< ;-‘\
< -
- ”

3

-

21



M KOREA UNIVERSITY

a
v rabTatniy! 2025 17| L KOl DIZHOI 24 DRE 025D KU T4 frortiare—
eshunt impedance
2
R ,=—*< : how much acceleration a particle can get for a given power dissipation in a cavity
0
eR over 0
2
KICC
R P V: 2F; L 2L
sh 0 _ acc acc™c

= . = “— for 6A — independent of the R,

O @l @y U &0yE, LA  &wy,04 1

—~independent of Q,, *- Q, s
S

Ry, ~114 Q from simulation

0

TEE ] 2210390

bbb e [ et

22
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Accelerating gradient, E,..

KMF/{%E' {/”vf’f“vﬂ’q._d

2 R P /—
.Po = I/acc — Eacc -

Rsh

c C

power to the cavity F,

Circulator
load

cryomodule

circulator

RF generator i
| source

Superconducting
cavity and beam

23
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What you are doing today

* TMgy0 mode Q, measurement at the frequency and time domains,

and compare the two Qs

» Four Q, values should be measured

24
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TM,,, mode Q, measurement at the frequency domain

h
@ @
¢, =——=—"—"unloaded Q
BW 2Aw
}SdB
i @ @
difference .QL __“ = 0 ’ :loaded O
BW' 2Aw
this 1s Q, from
. L > the two-port measurement (transmission measurement)
(1)0 T
':fsdBMBg 5dB/7|&-55dB Calint B — 18861;;

power out

power in and out by a network analyzer

25

&2 -10dBm Bw 10kHz UOSMP1,P2
. 82 03.072028
- BHIB. e b 07:24:00
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TM,,, mode Q, measurement at the frequency domain

Kl/f ~‘T7b {Cvr*f‘ Uhe

external ports etotal power loss P, =P, + P, +P_, and 3, QQ0
| ext
U oU
total ~— a)OU and P + })extl + })extz Q)OU + a)() + 0)0
QL QO Qextl Qext2
= + +
QL QO Qextl Qext2
- 1 " ,Bem + ﬂeth - 1 (1 + ﬂextl + ext2)
QO Qo QO QO

— Qo = QL (1 + ﬂextl + IBext2)

eloaded quality factor O, from the transmission line or S, ,,

where the external portl is input and the external port2 output

26
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TM,,, mode Q, measurement at the frequency domain

0, =0, (1 + P + ext2)

(1+]T]

,1f B,_>1 or overcoupled

‘IBext = =9

Q 1= , where |F|:reﬂection coefficient
- 0l uill ,if ., <1 or undercoupled

ercflection coeffients from §,, and §,, =

1

. and B, respectively

1

0.8~
06-

_BH
o
o0

0.4

o
[9))

0.2

Imag

0

|Refl. coeff.|
(]
n

-0.2

-l
a2
s
| |
[
||
a
-
||
=
L
[

0.4-

o
1S}

06+

o

o
al
o
o

14 [kHz]

Real
res
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TM,,, mode Q, measurement at the time domain

decay time and amplitude by an oscilloscope
with help from an RF detector

—— UUQVUUVU;DUVVVVlust\, J
\V(t) =V,

075 N N eny

cos(ayt +q,)

Time [us]

w, (1, —1t
QL: 0(2A1)

2In| L

2

input power from an signal generator

28
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TM,,, mode Q, measurement at the time domain

075 —%
05 /I/env = VOe

e
2
= UUUUUVVV'VVWV" |
2] [} 5 10 15 20
=

-0.25

05 J

\V(t) =V, cos(wt+g

0.75 1 N

w,(t, —t
QL: O(ZAI)
2In| —-

2

oscilloscope up to 0.5 GHz cavity mode frequency > 1 GHz
29
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TM,,, mode Q, measurement at the time domain

w1, —1
.QL: 0(2A1)
1

B\ m ™ Tk h
R = . 28mv 6.58MSa/s 965.428608ms  High Res. ’ " 2 ln
Gl < § ! =

T —

.ﬁextl and IBext2
from the frequency domain

measurement

d °0,=0, (1+IBext1 + ext2)

B il

30
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Equipment

B cavity

B network analyzer, signal generator, oscilloscope, and RF detector
® torque wrench

B coaxial cables

31
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