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*33 l“ Lorentz force
‘ Assuming® © 'O ando © 0

Lorentz Force— O M 6

By developing in the coordlnate system:

Q?buaﬁ_’ la e o

Then, by identification on unit vectors:
SUgS

Q0
r]_ 116
Q

In conventional particle accelerators, we need
1. Magnetic fields to bend the trajectory (magnets)
2. Electric fields to accelerate and decelerate the beam (cavities)
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W*D Y How to accelerate

El ectronds r e
in the natural unit

G(@w) v pkeV

1V

Kinetic energy of a charge +e (p& p 1 C) accelerated by 1V
O peVv
Modern science | MeV (Neutrons>1GeV, hard X-rays>10GeV, Higgs boson>125+90 GeV)




m% ® Example of DC accel

Spray 14.8 MV

Points

Terminal +

+ Upper Pulley

Collector (insulated)
" n
Insulating - >
Belt (D w

Lower

Spray Points
Pulley

hatar-Driven
/ ___Controllable
| Spray “oltage

https://alto.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/

https:/Aww.eag.com/app-

renmeroeoncecatenns A, - Rubber belt transport charges A very high voltage
A 1t accelerate negative ions A charge stripped A re-accelerate position ions
A One can reach > 10 MV charged particles
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LN lb ALTO Tandem: reality

Schematic Old belt New belt

I L'ACCELERATEUR TANDEM :

Le laddertron est
tension d'accélé

LE LADDERTRON =

le dispositif qui g i
Ppermet d'obtenir |
ration du Tandem : 14 800 000 V’:lr&: Pl

ALTO Tandem has been operated since 1973 for physics with

heavy ions A excellent user facility at Orsay

(cf. A friend of mine in University of Tokyo wrote PhD thesis out of the nuclear
physics result of the ALTO Tandem 12 years ago)
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NI Limitation of DC accelerator
@ o

| Corona
Breakdown

A HV is limited to O(10 MV) A break down even in insulating gas (SFy)
A One cannot study GeV physics with a DC accelerator
A Breakthrough is necessary at this point



Maxwell equation Boundary condition
.. 20
([t o e buneh e
'|' ” Am— .
. v s 0 :
1t m -t||r 3
|| BT_F ol '
W Courtesy: F. Bouly 2001 02 03 04 05 08 07 08 09
Z position (m)
125
124
= 1] |
=
5122
E121
1209
119

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Z position (m)

Cascade of field A >> GeV in total



WGB ® Example of RF acceler

19.7 fb™ (8 TeV) + 5.1 1b™ (7 TeV)

a5k CMS S/(S+B) weighted sum
& Data
—— S+B fits (weighted sum)

Foi =114
05[ i, =124.70 = 0.34 GeV

A 8 superconducting RF cavities for each ring (in total16 cavities)

S/(S+B) weighted events / GeV

A 2 MV per each A +16 MV per turn for protons T T T T

A 11245 lap/s A 0.18 TeV/s A 7 TeV within 20 minutes

A Center mass energy 14 TeV A accessible to TeV physics L ]
A ggHA ggat 125 GeV << 14 TeV due to parton distribution function m,, (GeV)
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E-field vector
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Mode 9 E-Field

Frequency 130111 GHz

Phase 1*

Cross section A .
Cutplane at Y 0.000 mm TE S LA -type CaVIty
Maximum on Plane (Plot) 5.56369e+06 V/im

Maxamum (Plot) 5.83024e+06 Vi/m

E-field contour B-field contour

s
130111 GHz
0°

Abs
130111 GHz
90°

Cross section A Cross section A

Cutpk: it Y 0.000 Cutplane at Y 0.000 mm
it 63600+ Maximum on Plane (Plot) 10846.9 A/m

Maxim n Plane (Plot) 5.56369+06 V/m i it et

Maximum (Plot) 5.83024e+06 V/m laximum (Plot) .1 A/m

A For better understandings, a bit of mathematics is helpful J



With charges and current In vacuum
Gauss Law q&f) — _)EI_)) Tt
No monopole & Y m
S TO | S o 1O
Ampere law o ‘& ‘ - — o ' - —
" O 10
- = T 0] - o T 6
Faraday law O —, O —
O (@)
—) Wave equation ‘- T— {?} Tt G -
ro)le v

U The boundary condition is necessary to solve these partial differential equatidlns




0“ A solution i

( ‘ T%){% no B O () AdR 600

e-field (f=fctr) [1] o
Crientation Qutside
Component Normal
Frequency 9GHz

Phase 1%

Cross section A

Cutplane at Y 0.000 mm
Maximum on Plane (Plot) 2473.61V/m
Maximum (Plot) 3811.18 V/m

A We need to confine fields for accelerator applications

15



A solution i
( ‘ T%){% no B O () AdR 600

A disappear

metal

A modified ‘ O O

metal

e-field (f=fctr) [1] &
Crientation Qutside g

Component Normal A d I Sa p p ear
Frequency 9GHz

Phase 1%

Cross section A

Cutplane at Y 0.000 mm
Maximum on Plane (Plot) 2473.61V/m
Maximum (Plot) 3811.18 V/m

A Recalculate Maxwell equations

16



Difference from free space: propagation constant b

O@o) O)Q Cut-off wave number  Relation in transverse fields
1qm) nqn )'Q 3 ) @ 6)

s " Q — 6 m 0 .
\ (- A
(fl 5 I 0) {g L Wave impedance @

E-field of TE10 H-field of TE10

w

h-field (f=7) [1] @
e-field (f=7) [1] @ Orientation Qutside
Orientation Outside Component Abs
Compaonent Normal Frequency 7 GHz
Frequency 7 GHz Phase 1°
Phase 1 . Cross section A "
Cross section A Cutplane at ¥ 6.096 mm
Cul;{lane aty 6,096 mm Maximum on Plane (Plot) 8.22528 A/m
Maximum on Plane (Plot) 313843 W/m = Maximum (Plot) 8.25014 A/m *
Madmum (Plot) 3153.92 W/m

2 sets of modes
A transverse magnetic (TM) modes }
A transverse electric (TE) modes W

1 O o—
- |
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A The propagating constant is

1= Cfee o () &)

. —t Y
Lol A Each mode has a cutoff frequency
A Boundaries conditions o 0 D (d ) (e_)
(@ T o6 T o@D o N S "
TE: {'Q(df!b) nod i M e noo » ..
. . . N — N -
A Cutoff wave number: Q@ Q@ 0 with 5 N R
A Solution of the forme” Zdlsregarded) .
Co BE RimwoEde 0 o6 OEdGAI

Q0
TE O b ATG00ERG o0 —2.95 oEdeAI®H © —= "8 AIBROEMG
-pd(’f“ o | 0" No Tho, TMyo, TMy; and TM,
TV: O & AT®0OEdG O o OEWATGR 0 —aeb AT@WMORAG  The owest modes are TETMy,
RE L AIGuOEds O —nid OEGA| DN
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Field lines for some of the lower order modes of a rectangular waveguide (from D.M. Pozar)
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é e-field (f=7) [1]
Orientation
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X

ws  1he most commonly used mode
! reasenty ran .
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Field lines for some of the lower order modes of a rectangular waveguide (from D.M. Pozar)
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e-field (f=7) [1]

Crientation Cutside
Component Abs
Frequency 7GHz

Phase 1*

Cross section A

Cutplane at Y 6.096 mm
Maximum on Plane (Plot) 3138.44 V/m
Maximum (Plot) 3153.96 V/m

CCCCC

mmmmmmmmm

However, TE10 in rectangular cavity cannot accelerate charged particles
A One need a strong electric field at the center of the resonator
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Pill-box cavity TM010

The simplest cavity is cylindrical  Transverse magnetic modes with longitudinal electric field
geometrywith radiusRandlengthL are used for acceleration (TgV})

Boundaries conditions:
-On cavity wall =$80 1t
-Optionally atd  manda 0=>£80 mandO T

 LILJ @Ay3d alEgStfQa SldzZ (A2
yield to Helmholtz equation:

« Pill-box » cavity : TM 010 molae —E, --> Hq ( —| ‘ T) ( T

U There is infinity of Tikysolutions (modes)
U All modes are defined by frequenicy and the EM fields:

OGhy [riOR (i Fofrg
O(GFf) [Of ifxhtOR ifo]
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mj» Performance of ca
¢

Good cavity: higher accelerating voltage ¢  with lower power loss 0 on the cavity wall
A Shuntimpedance Y to be maximized

d)
Y kS
U
The field level is related to stored energy of the useful mode (TM010) inside the cavity

- O O . .
Yk ¢ T’Qo’o C - TA 6( llww ) Il (geometrical factor)

The loss is given by surface integral of RF magnetic field on the cavity wall with surface

resistance 'Y vy
0 ? QY

A Unloaded quality factor is defined _ — ,
- 1Y pl . @ Qw
L K vl _k "O(geometrical factor)

0 Y 0QNY




The shunt impedance can be written

| W Y 0 p['Qp
Y k 6 " 6 " —| -| W'Y A Surface resistance
A given by material
(Y j 0 is also geometrical) geometry

The cavities can be optimized by better geometry and material (normal conducting vs
superconducting)

Other figures of merit (geometrical):

o peak electric field is on the cavity wall NOT the accelerating field A breakdown

0 P L : .
o . peak magnetic field is also crucial in superconducting cavities A gquench



Soso’Y jU butreduced jO

Maximize'Y j 0

Example: KEK Photon Factory 500 MHz
- R probably as good as it gets -
this cavity optimized
pillbox
R/0Q: 111 Q 107.5Q
Q: 44270 41630
R: 4.9 MQ 4.47 MQ

= nose cone

R;

-

D. Proch http:/&Accelconf.web.cern.éiccelcoddfSRF93paperssrfo3g01.pdf

A Depending on the project demand, frequency, priority, etc, the best structure is different
A Alot of phenomena (ultimate performance, risk of discharge, quench etc) A compromise
A Lessons learned: over-optimization in one figure of merit may overlook a showstopper!
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W*D Y Equivalent circuit

A resonating cavity can be modeled by a lumped
capacitanceC,resistanceRandinductancelL

The input impedance is: ® < b 2 6)

Y 00
Assuming 1 ¥ M L1 )and —
& S with I ves L
™) Rl | L —cC P CU— d [
Remark 1: Y Y

Remark 2: 'Y conventionally used in general
circuit theory differs by factor 2

CNRY GKS 1Y 2g0aRR/QofthadRFstiusture, one get the equivalent resonant ci“cuit
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¢

Benefit of equivalent circ

5 S
8 E

5 8 8 8 B
B 58 8 8

Resonantavity is fed by couplingport in order to provide EM wave
Asintrinsicquality factor, one candefinethe externalquality factor:

~ port

From RLC equivalent circuit, the external coupling yields at
additionallossedo anexternalload R _in parallel

0 Y with 'y A
1 0 Y Y
. Y
Then, external coupling is) — — 7p .,p - P
17 U b v U
Generalization of this concept leads at: p  p o)
6 0 0



wxg% 1Y Coupling facto

0 ‘6 P f) Without beam, the intrinsicquality factor is
F -l A - 6 0 p 1 T with —and —
When the RF generator is turned off, the EM field is solutior
(EeErs 3 the equation:
-y = ~ o O o O :
Oo 18 8 mwith T — o=
0 B<05 Bl B> 2

over

e : Under critical
| P ‘ coupling coupling | coupling

i
cavity Fr P\~f4\¥ k¥ ﬁ\
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mxg\ ® Resonance be
Q:

L 5
maximum ofd)] ) It
I\
] k P — 0.1
e N / \
= . Afn .
N oo01f
Sharpnessf resonancez
- Q Y - \
U <. A 0.001[
YQ Y'Y
0.0001 ’
0.99995 1 1.00005

o/,
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yg*b ® A lonely empty ca

CENTER FREQUENCY

Example in analog circuit ADJUSTMENT
« ' « . . 4 A «
i — : RF - _IF I ' __| yveo | BdB | PHASE .
_ LPF — 7 o L ADJUST b —

LOW NOISE LO LOOP RF

OR LIMITING AMPLIFIER AMPLIFIER
AMPLIFIER

|

- 4 |

A A low-power RF circuit locks frequency, phase, and amplitude of the superconducting cavity
A An RF amplifier generates useful power level

A A power coupler feeds RF to the cavity

A Tuner controls resonant frequency of the cavity




miea 1Y LLRFdigital system

M. Elias master thesis

Antenna /* ADC+ [—>11 g’__n:ar Limiter RF out
dem:)Qd %Qg §Q' /_ — A Y (- el g SRAM;( bus drivers
._ll\ ?:“f = PROMs .
_I § E Indicators ‘;. - VME
SEL offset oo o . I Bypassed b FPGA 4
ZERE Courtesy of Daniel Valuch e Bl oo
GD phase sle Iilr?nai:::r N g = :': g’\ = frorzt-ends ADCs | oo
Cav phase, Lo ﬁem 3 Q ° REN sk Clock e
. 1 : : : : distrib.
| £ | External perturbation
g| CDmag g o 0 VME
Cav voltage | § g -1 :i:mz £
5
Reference/ ADC+ [—>{1 o 5I'[ ]| 2 |"|J —— -2y
— 1 s 3 2
demod Q3 gQ>Q © ¢ —_ _3 | | | |
.02 .04 . . A . .
A FB to keep cavity field constant
A Design analog and digital circuit to cope with various — £1s -z —
phenomena to keep cavity field stable = 100
. . . - 50
A Control theory and implementation in FPGA L

875 90.0 925 950 97.5 100.0 1025 105.0

A Directly handled power: 1 mW A needs amplifier Time (sec)

o]
EJ'IA
o

34




G RF power amplifiers
PHEEGNIICS@ M p p

Vacuum tubes / klystrons Transistor-based solid-state amplifiers

Amplification via the RF
& DC beam interaction
2 ‘

Amplification via
the tunneling effect

Anode de controle
Wehnelt

J
fpe=
= |
g =
% 1

Par Julien Hillairet 3 Travail personnel, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=3165202

Courtesy: Eric Montesinos




ng ® RF powecoupler to

po rt i Antenna

[
|

- - e b ok mh o m owr A
- - = ke e = o COOllng
- - L e system
i W b e b b o ]
Pty T I R o e P L 3 I Y
------------- B e e e B L S I I
R T T T e e L P
R e T e e T e e i s s i A i e e
e e e R e e e e e e e o
T € pICk'up ALO
N e b b b b U, 2~3
R R e ot S S A N NN Ceramlc
P B b A L A T i ] disk
AN I I e O «
R B e T L S T
e R S N
P { Wa.tef
@ T 3 COOlIng
0.595 MHz system
) Vacuum X
1,000 mm gauge 7 E
70.48 V/m Outerconductor

62,35 V/m

Power flow (Poynting vector) through the port gives coupler Q
- 1Y 1Y
U it — —>
° 2 o Tov
Total Q of the cavity is thus shifted from unloaded Q,




frequency [MHZ]

352,22
352,21

352,2
352,19
352,18
352,17
352,16
352,15
352,14
352,13

352,12

- Cavity body | Example in ESS spoke cavities
\ \

=

Y M Courtesy: N. Gandolfo
% L He vessel\l sy

Flange Bellow  Cavity

frame flange
Cavity vacuum \ \
N

. LHe bath

= Fast tuning
o Mlu:% e |
?: 600 L ) = L
= o~ '

o // y

0 T T
0 100 200
Voltage (V)

Slow tuning
with motor

-~-motor foward

-motor backward

Lever arm

0 500 1000 1500 2000 2500 3000 3500 Ba” ScreW (p - 2 mm) (D/d - 10)

motor turn
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G3 B Electrodynamics is not simply cause and effect
" R

( U | >| Trajectory of charged particles A Induce RF fields
|| A Influence to accelerating mode (beam loading)
Ir T_C) A Compensation with amplifier
A Influence to other modes
A kick following bunches

Tt
‘ PT It .
|| | )} N——‘ A Needs to be damped (Higher Order Mode damper)
o




No beam

|f -"- -"-JL .
3:)?&'9? Cavity resonant ’_+l Acceler’a fing ™ T
T frequency phase
|> / \ Cavity voltage with beam . Modified amplitude and
 —

q | . phase of amplifier to

uen compensate w
Beam \ / %o LLEs 0 T T T
voltage 1y

All at RF frequency

0 © |l
T 60 ChOAT®

A One needs power higher than without beam to compensate the beam effect
A Further optimization: cavity detuning to save power (beyond the level of this lecture)

40




mg*b ® Higher Order Modes (H

Woake impedance [WakeSpectrum] Z [Magnitude]

ol | TMO10P | ¥ TMo10

10000

100 ---

( 0.8014619, 164940,

Z (filter rall-off 0.5) / Ohm

10;7; - % ( 1.396414, 9078.54 ) -

1t TTle (1418943, 34907.61 ) | L~ - . .

Lo R e doig) P (‘Yril )i0 Accelerating mode in another
e U 7 cp B (J1 1 J1)] phase A beam loading

TMO020 TMO012

A Beam charge and current generate additional RF
A Some modes disturb beam A Beam instability



&mmg+ © = OB ;
N 1Y Eliminate HOMs: H

HOM couplers HOM absorbers
P

Extract HOMSs outside the cavities Absorbs HOMs in the beam pipe

Key teCh nOIOQy in high-CUI‘l‘ent accelel‘a'[Ol‘S https://indico.fnal.gov/event/10102/contributions/813/
(LHC FCC SuperKEKB PERLE. EIC etc) attachments/436/508/Solyak_HOM_Absorber.pdf
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Half-wave

Frequency (MHz)
=
o
|

Quarter-wave

10 L ] 1 I 1 I | I 1
p=0.1 Particle Velocity [p=v/c] =1




- Nt PV .0 AT (pf)na—

TMgp10 Mmodes in an

TEMy, modes in a

quarter-wave or half- 0-82— - 10 @[ — elliptical cavity
wave cavity 0.7¢ =
f 0.65 E
0.5§ E
0.3;‘ E

0.2€_ { --4*4»¢¢¢»++*»

01 E T %
OM -

e
P by b b p ok

0.10.20.30.4050.6 0.70.80.9 1
B=v/c

»»»»»»»»

sssssss

aaaaa

TEM modes in
a spoke cavity

1GeV)
A p+ upstream (<1GeV) A p+ (<1GeV) >
A Heavy ion A e-, e+ (>0.5MeV)

A p+ downstream



Wideroestructure:
ion source drift tubes (act as Faraday cage!)
.11.12.13. l“ , /\ . Zi . li+l
lT 2| 3 ‘_4 +/‘ _\ [ i { i+1 beam
T@Q__)-El_}e a8 8 Jav)
RF generator

1928: wideroe 1MHz, 25kV => K @ 50 keV ' A e Ay
1931: Lawrence 7MHz => Hg @ 1.26 MeV OXO) (6)) O El | 0]

For nonrelativistic particles =3 ¢ 1 O Eel) Ea 0 O
G

For constant in all gaps, the distance between each at tifednift tube length:

_ _g% ] ‘/E r]ooOI,E-I Not efficient { mode)
¢ G Q ca

a v
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M% Drift tubeinsidea cavi
e

Alvarez structure:
Workingon2” mode] 1@ T 6Q p 1L OTON

LA

Surface current allows removing
cavity wall

S g B A B R A R R AT T A

T I ‘ o

Fermilab DTL, 425 MHz




b B —

Efficientfor verylow beta particlesandlightionsacceleration
Bestforf m@tmu @t E p T MO

ELECTRODES

Spiral2 RFQ section, 88 MHz, 240kW
20 kev/u => 0.75 MeV/u, 5 mA

2 types: 4-rod (low f), 4-vane (high 1)
High acceptance, low operational cost
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QWR structures:
Lowfrequency,largeacceleratinggaps,suitablefor heavyionsv <0.15¢c

E field H field

Why not high beta QWR?
U Physically large
U Strong magnetic steering on beam axis




Low frequency,large acceleratinggaps,suitablefor heavy
lonsv<0.5c
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Suitableof proton with 0.15c<v<0.7¢c
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ESS2spoke cavity, b=0.5, f=352 RMEFspoke cavity, b=0.63,

15t SC spoke 1991
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Forrelativisticparticles(f>1GHzfor electrons,f 700 MHzfor proton).

ILC Ichiro shape 9-cell cavity, f=1.3 GHz ESS5-c el | cavity, b=0.86, f=704 |



HOM = H-field

Phys. Rev. Accel. Beams 24, 062001 2021 FO r b Ette r I u m I n OS Ity
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U Introduction: from DC to RF accelerator (15 min)
U Fundamental of RF (15 min)

U A simple example of an RF cavity (15 min)

U Break (10 min)

U Wake field (10 min)

U Various shapes of RF cavities (10 min)

U RF around cavities (10 min)

U Conclusion
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U DC accelerator is excellent for low energy heavy ions but with limited energy level
U RF is a way to go beyond GeV

URFisin shortljust a solution of Maxwell equations but contains rich physics and
technical challenges behind it

U Free spacéy, waveguideA resonant cavities
U Pill box cavity, optimized cavities, figures of merits
U equivalent circuit, quality factor

U RF cavities are operated with ancillaries
U control system, amplifier, coupler, tuner

U RF cavities suffer from baektion of beamwakefield
U Beam loading, higher order modes, handed by HOM couplers & absorbers

U Various RF cavity shape for different purpose
U TEM type: QWR, HWR, spoke for slow particles
U TM type: elliptical cavities for fast particles (electrons, protons in down stream)
U Deflecting cavities: crab cavity for crabbing

U Excellent interplay of physics and engineering to enable particle acceleration!
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U Introduction: thermodynamics and benefit of cooling (10 min)
U Basics of cryogenics (15 min)

U BCS superconductivity (15 min)

U NonBCS superconductivity (5 min)

U Break (10 min)

U Superconducting magnet (10 min)

U Superconducting RF cavities (20 min)

U Conclusion
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U Introduction: thermodynamics and benefit of cooling (10 min)
U Basics of cryogenics (15 min)

U BCS superconductivity (15 min)

U NonBCS superconductivity (5 min)

U Break (10 min)

U Superconducting magnet (10 min)

U Superconducting RF cavities (20 min)

U Conclusion
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Niobium Copper

Superconducting (HQ)
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https://nvipubs.nist.gov/nistpubs/Leg
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ng ® Cost of ideal cryogen

Cooling power 1 W depends on temperature
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A We may need >150 W to evacuate 1 W from 2 K
A Cryogenics is an option if the resistance is improved better than this factor
A Or some applications (eg superconductors) are not feasible at warm



