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Engineering for Particle Accelerators

Instructors: Vyacheslav Yakovlev, Timergali Khabiboulline,
Thomas Nicol, and Miao Yu, Fermilab, Batavia

One-week course at USPAS 2024, Rohnert Park, July 15-19, 2024

Purpose and Audience:

The purpose of this course is to give an engineering foundation to the development
of modern particle accelerators. This course is suitable for graduate students, senior
undergraduate students, and engineers interested in particle accelerator design and
development. The course will focus on large-scale proton superconducting linear
particle accelerators.

Prerequisites

Undergraduate-level electromagnetism, classical mechanics, RF and mechanical
engineering courses.

It is the responsibility of the student to ensure that he or she meets the course
prerequisites or has equivalent experience.

{& Fermilab
2 7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



Engineering for Particle Accelerators

Objectives

Students will learn basic principles of the engineering design of large-
scale proton superconductinglinear particle accelerators. Upon
completing this course, students will be familiar with the principles,
approach, and basic technique of the design of the main components
in superconductinglinear accelerators and be able to perform basic
analysis on their performance.

Instructional Method

The course will consist of lectures and daily homework assignments
on the fundamentals of engineering of superconductinglinear
particle accelerators.
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Engineering for Particle Accelerators

Course Content

* The course will cover the fundamentals of

superconducting accelerator engineering and provide

examples and exercises in the practical design of the main

accelerator components.

* Topics will include:

- general accelerator layout and parameter optimization;
operational regime dependent technology selection;

- general cryomodule design issues, challenges,
principles, and approaches;

- RF optimization and design of superconducting RF
cavities and components;
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Engineering for Particle Accelerators

- cavity processing recipes and procedures; engineering
issues and challenges of SRF cavity mechanical design
and fabrication;

- problems and techniques for design of focusing
elements for superconducting accelerator applications
(room-temperature and superconducting);

- diagnostics and alignment;

- cavity and cryomodule testing and commissioning.
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Engineering for Particle Accelerators

Reading Requirements

It is recommended that students re-familiarize themselves with the
fundamentals of electrodynamics at the level of

“Classical Electrodynamics” (Chapters 1 through 8) by J. D. Jackson,
John Wiley & Sons, 3rd edition (1999).

Additional suggested reference material:

“Handbook of Accelerator Physics and Engineering”, edited by
A. W. Chao and M. Tigner, World Scientific, 3rd print (2006);

“RF Superconductivity: Science, Technology, and Applications,” by H.
Padamsee, Wiley-VCH (2009).
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Engineering for Particle Accelerators
Daily Schedule (continuation)

Monday Tuesday

9:00-11:30 Vyacheslav (Slava) Yakovley, Timergali Khabiboulline,
The fundamentalsof large-scale SRF cavity EM and mechanical
linear accelerator engineering  design, RF measurements and

11:30-13:00 tuning
Lunch Lunch
13:00-17:30 Vyacheslav (Slava) Yakovley, Timergali Khabiboulline,

The fundamentals of large-scale SRF cavity EM and mechanical
linear accelerator engineering  design, RF measurements and
(continuation) tuning (continuation)

19:00-21:00 Study Study
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Engineering for Particle Accelerators

Daily Schedule
Wednesday Thusday
9:00-11:30 Thomas Nicol, Miao Yu,
Mechanical Engineeringin Engineering for Particle

SuperconductingMagnetand RF  Accelerators - Magnets
Cryomodule Design

11:30-13:00
e Lunch

13:00-17:30 Thomas Nicol, Miao Yu,
Mechanical Engineeringin Engineering for Particle
SuperconductingMagnetand RF  Accelerators— Magnets
Cryomodule Design (continuation)
(continuation)

19:00-21:00 Study Study
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Engineering for Particle Accelerators
Daily Schedule (continuation)

Friday 7/19
9:00-12:00 Wrap-up
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USPAS 2024 Students:
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1Angelo, Joseph LBNL and Indiana University
2Chen, Jing SLAC
3 Fletcher, Ethan Michigan State University
4 Geelhoed, Michael Fermilab
9 Helsper, Josh Fermilab
6Hlavenka, Joshua Argonne National Lab and Indiana University
7/ Intwala, Nishi Indiana University and LBNL
8 Kim, Kuktae SLAC
9Li, Guangjiang Brookhaven National Lab
10 Loftin, Evan Los Alamos National Lab
11 Martinic, Kean Indiana University and Idaho State University
12 Mclintyre, Megan Argonne National Lab and DePaul University
13 Mujica-Schwahn, Natalie Honeywell Internationallinc.
14 Olander, Michael Fermilab and Indiana University
15Tutt, Patrick Michigan State University
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Wacheslav (Slava) P. Yakovlev received MS degree in accelerator physics from Novosibirsk State University
(NSU), Russia, in 1977, and PhD in accelerator physics from Budker Institute for Nuclear Physics (Budker INP),
Novosibirsk, Russia, in 1988, where he worked as a Research scientist and since 1988 as a Senior Scientist.
From 1994 to 1996 he was an Associate Professor at Novosibirsk State Technical University. Since 1996 he
worked at Yale Beam Lab, Physics Department, Yale University, and Omega-P Inc as a Senior Scientist. Since
2007 he works at Fermilab as a Senior Scientist. Since 2011 to 2021 he was the Head of SRF Development
Department at Application Science and Technology Division of Fermilab. Since 2021 to present he is the Head of
Quantum Microwave System Department, Superconducting Quantum Materials and Systems Division of
Fermilab. From 2017 to present he is an Adjunct Professor of Accelerator Science, Facility for Rare Isotope
Beams, Michigan State University, Lansing, USA.

The scope of his professional interest includes physics and techniques of particle accelerators, namely: theory and
simulations of the fields and beam dynamics in linear and circular accelerators; physics and technique of RF
accelerator structures including room temperature cavities and structures, superconducting cavities and ferrite-
tuned cavities; high power RF systems and RF sources for accelerators; tuning systems and cryo-module design,
SRF for Quantum Computers. Over 400 publications.
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RF accelerating structures

Outline:

1. Introduction;
2. Accelerating, focusing and bunching properties of RF field;

3. RF Cavities for Accelerators
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Chapter 1.

Introduction.
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Accelerators for scientific applications.

High — Energy Electron accelerators: High Energy Physics, Nuclear
Physics, Free-Electron Lasers

High — Energy Proton accelerators: High Energy Physics, Nuclear
Physics, source of secondary particles (neutrons, pions, muons,
neutrinos), material science, Accelerator-Driven Subcritical reactors
(ADS).

Specifics of proton accelerators: protons are non- or weakly
relativistic up to high energies: rest mass for protons is 0.938 GeV
(compared to 0.511 MeV for electrons).

{& Fermilab
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Types of the accelerators

] Electrostatic accelerators — acceleration in DC field

- Van de Graaff (moving belt to charge the high —voltage electrode)
- Cockcroft-Walton (diode-capacitor voltage multiplier).

1 Electrodynamic accelerators — acceleration in changing EM field.
*** Induction accelerators — acceleration in pulsed eddy electric field
o  Linear induction accelerator—__, _ &
o  Cyclic induction accelerator ~
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Types of the accelerators

(] RF accelerators — acceleration in RF field

Bunched beam (no particles when the field is decelerating);

* Accelerating RF field is excited in an accelerating gap;
Bunches

Accelerating gap
/I RF field: E =E, cos(wt)
A_, e  Particle energy gain AU ™ E,
RF field
; -Linear Accelerators:
L' = nvT=2nnv/w, vis th

e bunch velocity, T is RF period and w is RF cyclic frequency; n is integer, n=1,2...

V(x)_\\ # Ay //
— — — Rl — + = +
= = — CUt=2nm, m=0,1/2--- %":.U ) ]. ] ).
= F—[ 1 e = [® N [
G@lgﬂ(va)
= = = Animation from Wikipedia
= wt=2miln, m=0,1,2.. "

(https://en.wikipedia.org/wiki/Particle_accelerator)
16
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RF linear accelerators
* Travelling wave accelerators.

metal inses

The wave propagates left to right.

e Standing wave accelerators.

radio-frequency
f/ power source

proton
source

* Room Temperature linear accelerators

e Superconductinglinear accelerators

{& Fermilab
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Types of the accelerators

» An accelerated particle passes the same gap many times (cyclic
accelerator).

RF fields in the gap(s): E(t) =E, cos(wt)
.~ Accelerating gap

w = ONg;

w is RF frequency,

Q is the bunch revolution frequency,
N is number of bunches

qg=1,2,3...

wt=2rtm, m=0,1,2...

{& Fermilab
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Cyclic accelerators

19

Cyclotron

Vacuum
chamber

Proton
synchrotron

Injector Magnet
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Microtron
B= const, f: = const

Racetrack

Proton synchrotron:

B=B(t)r frfzfrf(t)
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RF cavities for accelerators
To achieve high accelerating field in the gap resonant RF cavities are used. In all
modern RF accelerators, the beam acceleration takes place in a resonance wave
(standing or travelling) electromagnetic field excited in an RF cavities.

R LT
=i

iV o

CW 50.6 MHz cavity of Superconducting 805 MHz Tunable cavity for FNAL Booster
PSI cyclotron.V =1.2 MV multi-cell cavities of SNS Synchrotron
linac. V=10-15 MV, DF = 6%. F=37.8-52.8 MHz. V=60 kV, DF =50%

{& Fermilab
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Acceleration principles:
If the charged particle reaches the center of the accelerating gap in arbitrary
phase ¢, its energy gain is /\ /\

V(p) = Vcos(p) /\
Acceleration: -n/2< ¢ < /2 / \/ \/ \/ \
* Synchronism:the bunches should reach

the center of the acceleration gapsin the same accelerating phase.

e Autophasing: longitudinal dynamics should be stable (no bunch
lengthening). For linear accelerator -n/2 < ¢, < 0 (¢, is the phase of the
bunch center) 1

V()

LAY 1
W /).51[ 0
V. Veksler

(linear accelerator)

{& Fermilab
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lllustration of synchronism :
1.3 GHz ILC cavity (animation by Sam Posen, FNAL)

l Input RF power Slowed down by factor of approximately 4x10°

'?m :

Sy

ii

~1m

{& Fermilab
22 V. Yakoviev | Engineering in Particle Accelerators 7/15/2024



“I do not think that the radio waves I have discovered
will have any practical application.”
— Heinrich Hertz

Chapter 2.

Accelerating and focusing properties of RF field.

a. Acceleration of charged particlesin electromagnetic field;
b. Focusing properties of RF field,;

c. Bunching properties of RF field,

d. Summary.

{& Fermilab
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Acceleration and focusing of charged particlesin

electromagnetic field

Electromagnetic fields in RF cavities are described by Maxwell

equations:

curlE = _G_B curlﬁ=a—D+f @+divf=0
ot ’ ot ’ ot

divB =0, divD = p.

Linear media:

D = ¢E, B=uH,  [=0E

Harmonic oscillations:

E =E(r)-elwt curlE = —iwuﬁ, curlH = iweE.

For vacuum:

= 4 10-7H = 0 0.884 10-11F
Ho = =1 m’ 07 3er T m’
Vacuum impedance Z:
Zo = %0 =120 Ohm: —— = c| ci d of light.
0 . T m m C| C IS Sspeea orllg

24 7/15/2024 V. Yakovlev | Engineering in Particle Accelerators

curlA=rot A= VXA

E - electric field strength, V/m
D - electric filed induction, C/m?
B- magnetic field induction, T

H -magnetic field strength, A/m
g- permittivity, F/m
u — permeability, H/m

o —conductivity, S/m

oD . :
T displacement current density

f— current density, A/m?2
p — charge density, C/m3

Z=Fermilab
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Acceleration and focusing of charged particlesin
electromagnetic field

From Maxwell equations: —curlcurlE = —w?euE + iop]
For /=0 curlcurlE = w?euE  or
AE + k2E =0,

Here k? = w?su, A= grad div — curl curl
Same for magnetic field:

AH + k*2H =0

A= + + Cartesian (X,Y,2)

2
A= %i(r—) +——+a— Cylindrical (r,¢,z)

{& Fermilab
7/15/2024 V. Yakoviev | Engineering in Particle Accelerators



Acceleration and focusing of charged particlesin
electromagnetic field

 Boundary conditions on a conductive wall: B
Surface current

E.=Z (k)[H, x 7], H

where Z.(k) is a surface impedance, 7 is directed to the metal.

“Ideal metal”: Z;, = O or E‘t=0.

 Wall power loss:

1 I 1 ,
P =§Ref(ExH)ndS=EjRSIHItdS,

R, is the surface resistance,
R, = Re(Z.(k))

{& Fermilab
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Acceleration and focusing of charged particlesin

electromagnetic field
1. Normal-conducting metal, classical skin effect (CSE).

curlE = —iw§, curlH = }&é+7 ~ oE (in metal wD <<]Q= al:f),

27
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o is the wall material conductivity. T vacuum
R Ohm’s law — 2
= . - d*H,, . .

curlcurlH = —iwpuygoH — el —iwpooH, = —ikZy,oH,
N2

_ oy .-(1-Dz/8 5 _ | 2 _ X|E
H,(2) = Hye~(70%/8, § = /700 H¢=H,(0) X
¥ z<0 vacuum | z>0 metal

__1any@ _ o NHs _(1-Dz/5
Ex(Z) ¢ dz (1 l)Sae

= dH,@ = Z
(curlH = o~ oE) y Hy
N

kZ
E,(0) 1 _ . 0
R0~ AW =0-0g — Z,()=(1-1) [
$&Fermitat



Acceleration and focusing of charged particlesin
electromagnetic field

* Surface impedance

kZ
Zs(k) = |5 >(1—0)

where o is the wall material conductivity.
For copper at room temperature (20°C) o = 59 MS/m.

e Surface resistivity:

kZ wZ
R.= Re[Z (k)] = /2—0"= /7;’

 The RF field H(z) and E(Z) decays into the metal exponentially with the distance
from the surface z:

H(z) _ E@) _ e~ (1-0z/8 5§ — /RZZ i classical skin depth.
0

Hy Es

{& Fermilab
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Acceleration and focusing of charged particlesin
electromagnetic field
« For pure metals, the conductivity decreases with the temperature.

Copper resistivity p = o7 versus temperature for different sample purity:

T T 1111 1
=== e e o S o 22 —
e - ARR l-,o(z?:a K}f:o{tl Ki) = t
: +
s EEHH
© RRR = 10
o [ L]T! PR A
L = 20 -
> = =
- 150 '
> T1 i
- 100 R —
g 102 Al AR |
w 200 . P11 ! —
« a8 F===H !
- 0°
- 500 1R c; 1545 x 108 Q.m
%) L 1000 +—— 11— 1 ‘ | I T |
| R a ]
o RAR = 2000 - T —=L0°C) = 6.7 x 10" Q.m/K
w —1 ot
— 1 ‘ - M — — s
w ¢ o/ i b +—4— e cnnm—
(I { i b"l.. 1. . - { I :
2x10*L L L] =1 ; 1T [
4 10 100 300

TEMPERATURE, K

A commonly used measure of purity is
the residual resistivity ratio (RRR),

defined as the ratio of the resistivity at
273 K or 0°Cover the resistivity at 4K*:

p(273 K)
p(4K)

RRR =

p(293 K)
p(4K)

2= Fermilab

*In some papers they use RRR =
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Acceleration and focusing of charged particlesin

electromagnetic field
2. Normal-conducting metal, anomalous skin effect (ASE)*:

e At low temperature of metal skin depth 0 may -
be smaller than the mean-free path | of conducting

T)Z . .
electrons, | = % (1) itis anomalous skin effect.

Trajectory of

. p . . . an effective Trajectory of an
Here V_is the Fermi velocity and w,_is the plasma electron iraHettiiaalbction
- . - *R. Chambers, Anomalous Skin Effect in Metals.
frequency of conducting electrons. Nature 165, 239-240 (1950).

Surface impedance frequency dependence can be estimated using simple consideration, so called

“ineffectiveness concept” for extreme ASE, when §/1 < 1 (A.B. Pippard,1947).
- Solid angle of all the trajectories of electrons started in a thin layer, it is ~27 in the casewhen § /1 «< 1.
- Solid angle for the effective electrons is 2t X §/1, and the portion of effective electrons, therefore, is 6 /1.

N : . ~( g = z - k%o
Effective conductance: gepp~0-- (2) — 6 /kzoo'eff (3), Rs lz%ﬁ

k 2 cv 1/3 Effective
* From (1-4) it follows that Ry=Z, - ( ZF) (5). electron
4wy s | S0——0)]

Ineffective
electron

(4)

* Exact formula for_extreme ASE based on kinetic equations

together with Maxwell equations (G.E. Reuter, E.H. Sondheimer, 1948)

1

_ V3kZcv,\3
Rs=2,- ( l6nw?

J3\ " 1/3
which differs from simple estimation (5) by factor of (—) ~ 2 only! ]
i & Fermilab
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Acceleration and focusing of charged particlesin
electromagnetic field

* For extreme anomalous skin effect (I >> 0 ) the complex surface resistance Z; may be
estimated as

2 21/3
7= ZO(‘/_CTZ;:") (1—\/§i), R,= Re(ZS)—ZO(\/_CVFk> .

2
16w ar;

2
For copper Ve = 1.58e6 m/sec, w, = 1.64e16 rad/sec; 2 (i) > 1, w < wy. Note that

o)
z NJ(T)B/ 2
D 030: LN DL L L DL L AL I DL L LA DL AL LI DL 0.030 '
0.025E = 0.0z
HD'DQD: E 0.020
= ; 2
) 0.015¢ g 0015
DD‘lD: T f — ASE formula
MIVE ] & 0.010 ' — Classical skin—depth
— IACS 95% Copper RRR=400 1 t P
0.005F - ® ooost—/ | e TTK
DODD: PR S S NS T U S N S T S T N SR T S SN SN SR S S N S N ] 0.0001. ) i ) . . . .
0 50 100 150 200 250 300 . T R e —rs
T K] Temperature (K)
Calculated pure copper surface resistance (orange) A plot of the surface resistance for copper with
versus measured (blue) for the frequency of 11424 MHz. RRR =400 versus temperature at 11424 MHz.
£& Fermilab
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Acceleration and focusing of charged particlesin

electromagnetic field

2. Superconducting wall:
e Superconductivity - the infinitely high conductivity (or zero
resistivity) below a ‘critical temperature’T..

0 A _/Sn

|

ju .| Al [ Hg | Sn |Pb ﬁNb Ti | NbTi | Nb3Sn
TC(K)' 9.2

1.14 14151 3.72 ] 7.9 04] 94 18

0 T

| - T
10K

* Penetration depth A, : B(2)~exp(-z/ 4,)

material | In Pb Sn Nb

Ap nm| | 24 32 =30 32

|
|

AL

2= Fermilab
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Acceleration and focusing of charged particlesin

electromagnetic field
 Two-fluid model: currentin a superconductoris carried by

- the superfluid component (Cooper pairs) - J;

- the normal component (unpaired electrons) - J,.
o At DC— no resistance.
o At AC-resistance caused by electron inertia.
For normal component:
Jn= onEqexp(—iwt),
For superfluid component:

J=Ih+ts H=Hp vacuum

mv = —eEyexp(—iwt) » | = —en,v = l EO exp(—iwt) =
2
=0, Ejexp(—iwt) > 0, =i mi .
. 1 1 On 2 ( A )
= ~—- x ——
R, = Re (AL(%MS)) 2 Todl?? off R; X w*exp - because

2

A —
0y, X exp (— &) and |O'S| 2 x wW* .Here 4~ T,is the energy gap and kg is the Boltzmann

constant.
Phenomenological law for Nb:
C _1 92TC
|Rs BCS ~ 1.643 x 107° (f(GHZ))Z (Q). Rs = Rs,BCS + Rresidual

{& Fermilab
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Acceleration and focusing of charged particlesin

_ electromagnetic field
Examples:

1. Surface resistance of a copper wall at room temperature for 1.3 GHz.
Mean-free path | is 38 nm compared to classical skin depth 6 of 1.9 um.
<< — classical skin effect (CSE). Therefore,

R, = |2%=9.3 mOhm;
2co

0=59 MS/m; w=2n-1.3e9 Hz, Z,=1201t Ohm, c=3e8 m/sec.
2. Surfaceresistance of a pure copper (RRR=2500) wall at 2 K for 1.3 GHz.
Mean-free path | is 95 um compared to classical skin depth of 37 hm .
|>> 0 — anomalous skin effect (ASE). Therefore,
2\1/3
Rs = Z, (ﬁw’”k ) = 1.3 mOhm.

161 w3
Ve = 1.58e6 m/sec, w, = 1.64e16 rad/sec, k= w/c=2r-1.3e9/cC.
Classical skin formula gives 0.19 mOhm!
3. BCS resistance of the Nb at 2 K for 1.3 GHz.

1.92T

Rspcs ~ 1.643 X 10752 (f(GHz))2e™ T =19 nOhm
f=1.3 GHz, T,=9.2 K, T=2K.

{& Fermilab
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Acceleration and focusing of charged particlesin
electromagnetic field

[ Dynamics of a charged particle accelerated in a RF field is described
by Lorenz equation,

‘;’Z = F = e[E,(F.0)+D X By (7, 1)], (1)

where U is the particle velocity, E,(#t) and B,(7,t) are RF electric
and magnetic field oscillating at the cavity resonance frequency w:

B, (7.t) =E (7) eiot p=ym®¥ - particle momentum;
1 e e e
B (7t)\=D it y = ——- relativistic factor

A Particle energy W changes is caused by interaction with electric field

only. Magnetic field does not change the particle energy:
dw  d(ymc?) dp

= ﬁdt—e(ﬁ-§0+wigﬁ-ﬁo

aw _ d mc? L, dymv - dp
(W =ymc?; (yme?) _ 5, 4l )zv._p)
dt dt dt dt

3F Fermilab
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Acceleration and focusing of charged particlesin
electromagnetic field

RF electric field has a longitudinal component next to the beam axis. In cylindrical
coordinate it may be expanded over azimuthal harmonics, i.e.,

E, (T‘, P, Z) — Z?E:—oo eim(pEm,Z(r! Z)
To understand general properties of the acceleration field, the amplitudes may be
expanded into Fourier integral for r <a, a is the beam aperture :

1 (o :
Ems(1,2) = [_  Em(k,m) e¥2dk, (1)
or over the travelling waves existing from z=-co to z=o0.

The RF field Eo (7,1) satisfies the wave equation:

, 02E,(7,1)

AE(7,t) — = 2
o7 c20t? (2)

o AAAANRANAD

T T

|£002)| =B
O e
| PR LK N AR A
XFEL9-cell 1.3 GHz SW cavity D_Oig/ LK ! ! \M‘
2% Fermilab

36 V. Yakovlev | Engineering in Particle Accelerators 7/15/2024



Acceleration of charged particles in electromagnetic field

Substituting expansion (1) to the wave equation (2),
we can find, that E,,, ,(k,,7) satisfies Bessel equation, 1f;

and therefore is proportional to the Bessel function -
Jm 20 i
ma=a 0.5 0 e d2®)

Enmz(k,7r)=Ey (k)Jm(k,7) A 0O A
where k, is transverse wavenumber, which it turn  0F— /A A
satisfies dispersion equation: \ VY e

2 N,
2 2 _ W _ .2 -0.5|

ki+k; = = = k~,

here C is speed of light. ” | | x|
0 5 10 15 20

If the particle velocity v = fC and particle transverse
coordinates do not change significantly in the cavity, Bessel functions J,,(x).
the energy AW particle gains in the cavity is equal to

AW(r, @) = eRe[f_oooo dzE,(r, p,z) eiwt|t=z ]

3F Fermilab
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Acceleration of charged particles in electromagnetic field

Performing integration over Z one has:

AW(T'¢):BR8[Z:=_mEm' ( ) (k'r/ ) img

L, (x) = i_m]m (ix)

where I, (x) is modified Bessel function and y is the particle relativistic factor
(note that k, = ik/By); i.e., the particle gains the energy interacting with
synchronous cylindrical wave having the phase velocity equal to the particle
velocity (synchronism: V,,ie=fC = Vppase=w/k ,— k,=k /B and k; = (k®-k2)¥?=

1k/By.

If the cavity and RF field of the operating mode have perfect azimuthal symmetry,

one has:

AW (r) = eRe [E,, (%) IO("”/B.V)] = e|Ey, (g) |10(kr/3y)cosqb
where ¢ is the RF phase.
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Acceleration of charged particles in electromagnetic field

L)

L)

L)

L)

39

For a very slow particle, i.e., when f<<1, if kr/gy >> 1
one has*

k N 1
Io( T/ﬁy) ~ \/anr/ﬂ}/

k
e r/ﬁl’.

It means that for low-beta particle the energy gain
increases with the radius r.

For the ultra-relativistic particle k;, — 0 and one has
V(r,¢) = eRe[Ym=—oo Em (k) rmelme ],
For the RF field having perfect azimuthal symmetry

V(r) = e|Ey,(k)|cos¢

and the particle energy gain does not depend on the
transverse coordinate.

*Io(x) = e—;xforx > 1

NorT:
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Focusing properties of RF field

In addition to acceleration, the RF field provides deflection of the beam.
Let’s consider the particle transverse momentum change causes by the
cavity RF field. The particle moves on the trajectory z=vt parallelto the
axis but has off-set 7, .

According to Panofsky— Wenzel theorem change of transverse W. Panofsky
momentum caused by RF field is related to change of the longitudinal
momentum: | | output
~ IV = INput lens
Ap, == V. (Ap,). P lens
The differential operator V _ acts on the transverse i ” “
coordinates7, only; longitudinal and transverse " Y - ; > w_ Beam
momentum changes are (Appendix 2): axis
FL(7)= TP = E. )+ x (7)) = E. (7)+ (5 x L cuwrlE (7))
drt - @ -
Ap =e[ E.(F)ed],.. _¢ [ E.(Me"a-
| L
Ap, = E"[ E (r)+(v><—mrf£‘(? ))} .,y = er {E/(/)+ Eﬁ’_E__ [F)—iﬁ 4G )_l “rdt ...,
@ ~o0 @ -
No acceleration - no deflection! :ergﬁ,_ﬂf) et = gﬁ-_w ).
el )
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Focusing properties of RF field

Therefore,

® k >
ReAp, = _gzmz_w |Em,z (E) |-V [Im(kr/'[))y) ’ cos(m(go - (Pm))] -sin ¢

where @,,, is polarization of the azimuthal harmonics. The maximum of transverse
momentum change is shifted in RF phase versus the maximum the energy gain by -
90°: for the particle accelerated on crest of the RF field, transverse momentum
change is zero. In order to get longitudinal stability in low-energy accelerator one
needs to accelerate the particle at ¢ < 0. One can see that for the field having
perfect azimuthal symmetry

k -
RelAp, = —g |Eo,2 <E>| -Vl (kr/’gy)] - sing = _#Vmax(o) 1 (kr/ﬁ)/) +sing

Near the axis, where "T/ﬁy « 1 one has for the trajectory angle r'in the end of

Ap, () ~ — KT Vingx(0)
Dy 2B3y3 myc?/e

where m, is the particle rest mass.

accelerationr’ = - sing ,

3F Fermilab
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Focusing properties of RF field

L]
. . . ) L . r—
% In thin lens approximation the focusing L Cavity | r'=dr/dz
x

distancel, is

. = _r_ 233y3 mocz/e. Focal point ~ T = -w— o _ —,__.E__,‘______M
1 T ®W/C Vimax(0)-sing *
* Focusing distance L | is inversed proportional to the RF frequency and proportional to
(3 . Because of this, at low energies the cavity provides strong defocusing (¢ < 0!),

and this defocusing should be compensated by external magnetic focusing system.

* To mitigate this defocusing, one should use lower RF frequency w in low energy parts
of the linac (L |, ~1/ w).

** For an ultra-relativistic particle in this case one has:

ReAp, = — =Yoo |Em (k) | - mr™ " - sing
and in the case of perfect azimuthal symmetry of the field 4p, = 0. However, the RF
field provides transfer momentum change for ultra-relativistic particle, i.e., focusing. The

reason is that the particle transverse coordinate and energy change during acceleration
because of the initial trajectory angle and influence of the RF field.

In this case the transverse momentum change is proportional to the RF amplitude
squared.

L)

3F Fermilab
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Focusing properties of RF field

The transport matrix (thick lens) which determines relationship between the input
and output transverse coordinates and angles (X and x’ respectively) of the
relativistic particle is calculated, for example, in [*]. For the RF cavity operating at -
mode (slide ) for the particle accelerated on crest, the transport matrix is the
following:

x1 x
[x’]f - : [cos(a) + V2 sin(a)] xl]in:

\/8_]/f

where (X,X’); initial coordinate and angle, (X,x’); are final parameters, y;and y; are
initial and final relativistic factors, v’ is the acceleration gradient over the rest mass

in electron-Volts (y’'=4W,,/L.m.c? (L, is the cavity length ) and a = \%ln%.

* Note, that the angle x; at the cavity output for x; =0 is proportional to the gain
over the particle energy squared:

Xy = 2t 3 (Ve )zﬁ and L. =i~ 8] (Vmocz)z
f || 8 \ymyc2/ L, 1 xtp 37\ Vinax

*J. Rosenzweig and L. Serafini, “Transverse Particle Motion in Radio-Frequency Linear Accelerators,”
Phys. Rev. E, vol. 49, Number 2 (1994).

sin(a)

lcos(a) — /2 sin(a) V8 %sin(a)

Yi
Yr

3F Fermilab
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Focusing properties of RF field

RF acceleration elements (cavities, acceleration structures) typically have no perfect axial
symmetry because of design features, coupling elements or manufacturing errors.

* Elliptical SRF cavities have the input couplers, which introduce dipole field components.

* Low-beta cavities like Half-Wave Resonators or Spoke Resonators have quadrupole RF
field perturbations cause by spokes, which influence the beam and should be
compensated by correctors. = f

Downstream HOM coupler Main coupler

\ e
(

The angle x]'c at the cavity output for x; =0 caused "bywmultipole perturbation of mth order
(m>0) is linear with respect to the ratio of the gain over the particle energy (ultra-relativistic
case):
X' = Ap,y ~ m (Vmax(a)) (ﬁi)m_l

f p| ka \ ymc? a

.\‘

Upstream HOM coupler

* It may strongly influence the beam dynamics leading to the beam emittance dilution or result in
strong quadrupole beam defocusing .

* Onthe other hand, the octupole perturbations may be used for the cavity alignment. 3t Fermilab
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Bunching of charged particles in electromagnetic field

Because the particle velocity depends on the energy, the cavity RF field provides
the beam bunching (Appendix 2).

- >
Focal point z

In thin lens approximation the longitudinal “focusing” distancelL, is:

Lo BV mecte 1
” B ®W/C Vipax (0)-singg o277

For the bunch longitudinal stability L, should be >0, or ¢ <0. In this case, one has
transverse defocusing.

Note that for small energy (and therefore small ) the bunching may
be too strong, and low RF frequency is to be used for acceleration.

3F Fermilab
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Example:

SSR1 cavity (PIP Il H™ accelerator):

f=325 MHz; V., = 1 MV, @, =-34°;

myc?=E,=938 MeV, E= 10 MeV —>B=(2E/E,)*/?=0.146, y = 1.

“*The focusing distance L, is

3,,3 2
[ =2 __mecT/e  _ 1855m

L w/C Vinax(0)-sing
% Longitudinal “focusing” distance L
__BYR mecPle 1 _
L” - ®W/C Vinax(0)-singg 2 LJ_ 78 cm

{& Fermilab
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Summary:
* Acceleration of a charged particle moving in axisymmetric RF field

parallel to the axis at the radius r is proportional to l(kr/fy);

- for non-relativistic particle it increases with the radius — for low-

energy particles one should use low frequency;

- for ultra-relativistic particle it does not depend on the radius.
* Focusingof the accelerating particle is related to acceleration;

- the maximum of transverse momentum change of the non-

relativistic particle is shifted in RF phase versus the maximum the

energy gain by -90°

- The focusing distance of the non-relativistic particle is

propositional to f3y3/(wV,,,, )~ for low-energy particles one should
use low frequency.

{& Fermilab
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Summary (continuation):

48

- The focusing distance for ultra-relativistic particles is guadratic
versus the ratio of particle energy over the voltage.

- The focusing distance for ultra-relativistic particles in multipole
fields is linear versus the ratio of particle energy over the voltage;
multipole perturbations may strongly affect the beam dynamics.

- The bunching “focusing” distance of the non-relativistic particle is
propositional to 5%y /(wV,,.. )— for low-energy particles one should use low
frequency.

- Thesignis opposite to the focusing: if the bunch is stable in longitudinal
direction, it is defocusedin transverse direction, and vice versa.

- Inlow-energy accelerators external focusing is necessary!

7 I > Cavity
Cavity v, | - —
— _______J___—-.—Jﬁ't'_
> . = - : >
¢stdep |bs ps—de Focal point J Focal point — B z _r'=dr/dz
. '
Bunchin mmm—) Defocusin
& ' & 3% Fermilab
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Chapter 3.

RF Cavities for Accelerators.

a. Resonance modes — operation mode, High-Order Modes;

b. Pillbox cavity
c. Cavity parameters:
- Acceleration gradient;
- R/Q;
- Qo and G-factor;
- Shunt Impedance;
- Field enhancement factors (electric and magnetic);
d. Cavity excitation by the input port;
e. Cavity excitation by the beam,;
f. High-Order Modes (HOMSs);
g. Types of the cavities and their application;
h. Tools for cavity simulations.

{& Fermilab
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RF cavity: wo=(LC) /2

[ An LC circuit, the simplest form of RF resonator: H“ \

This circuit and a resonant cavity share common aspects:

* Energyisstored in the electricand magnetic fields

* Energy is periodically exchanged between electric and o
magnetic field

* Without any external input, the stored energy will turn into
heat.

1 To use such a circuit for particle acceleration, it must have
opening for beam passage in the area of high electric field
(capacitor).

O As particles are accelerated in vacuum, the structure must
provide vacuum space. A ceramic vacuum break (between the
two electrode of the capacitor) can be used to separate the
beam line vacuum from the rest of the resonator. Or the
resonant structure can be enclosed in a vacuum vessel.

{& Fermilab
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From LC circuitto an accelerating cavity:

= Alternatively, we can use “cavity resonators”.
= Metamorphosis of the LC circuit into an accelerating cavity:

1. Increase resonant frequency by lowering L, eventually have a solid
wall.

2. Further frequency increase by lowering C - arriving at cylindrical, or
“pillbox” cavity geometry, which can be solved analytically.

3. Add beam tubes to let particle pass through.

- — — 9 4

- - -

A/

Ll

_—a

q . o O
Q O Q9
— iy B Pillbox geometry:
- ey — == e Electric field used for
i ® @ M accelerationis concentrated near
the axis

al b) c)

d) el « Magneticfield is concentrated
near the cavity outer wall

it
¥

1
¥iniH]

m¥ VY
| 1]
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Cavity resonators:

A cavity resonator is a closed metal structure that confines electromagnetic
fields in the RF or microwave region of the spectrum.

= Such cavities act as resonant circuits with extremely low losses. The RF loss for

cavities made of copper is typically 3-4 orders lower than for resonant circuits made
with inductors and capacitors at the same frequency.

= Resonant cavities can be made from closed (or short-circuited) sections of a
waveguide or coaxial line. Ferrite-loaded cavities are used at low frequencies to
make cavities compact and allow very wide frequency tuning range.

= The cavity wall structure can be made stiff to allow its evacuation.

= Electromagnetic energy is stored in the cavity and the only losses are due to
finite conductivity of cavity walls and dielectric/ferromagnetic losses of material filling the
cavity.

{& Fermilab
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Modes in an RF cavity:
AE + K2E = 0. AH + k2H = 0.
where L = w, /s

Boundary conditions
ixE =0
i-H = 0

 There are an infinite number of orthogonal solutions (eigen

modes) with different field structure H,,(#) and E,, (#) and

resonant frequencies w,, (eigen frequencies). Here m is the
eigenmode number.

* For acceleration in longitudinal direction the lowest frequency
mode having longitudinal electric field componentis used.

{& Fermilab
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Properties of resonance modes:
* Relation between eigenvalue k,, and eigenfunction H,, :

km _2m

Jy |curtHy,|"dv
== ; a)m Ckm - ) m —_ T .
VEU km

k2 = —
g |Hl av

 The eigen functions are orthogonal

j E,-E,dV =0, f H,-H,dV =0, if k2, = k2
|74 V
 The average energies storedin electric and magnetic fields are equal:

1 2 1 S 2 W 1 2 1 S .2
—j w|Hp| dV=—f e|Ey| dV =— - W, =—j | Hp| dV:—] e|Ep| dv
. 4 2 2 ), 2 ),

%4

* The eigenmode variation property: for small cavity deformation one

W, us stored energy, w,is the mode circular resonance frequency.

2= Fermilab
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Properties of resonance modes

Cavity mechanical tuning is based on the eigenmode variation property:

ﬂ't;'? 0 A<0, o
ifﬁ% x ] AW, \l_/ AWy<0
....... < . Af>0 A0
—_— |
Q @
7] H
A - mechanical work (field) 1
A
Y77y
= N
7 T A [
|
2= Fermilab
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Resonance modes and pillbox cavity:

* For pillbox cavities there are two families of the eigen modes:
- TM -modes, which have no longitudinal magnetic fields;
- TE-modes, which have no longitudinal electric fields.
* The modes are classified as TM,,, (TE,,,), Where integer indices m,

n, and p correspond to the number of variations E, (H,) hasin ¢, 1,
and z directions respectively.

* For “monopole” modes in the axisymmetric cavity of arbitrary shape
- TM-modes have only azimuthal magnetic field component;
- TE -modes have only azimuthal electric field component.

For acceleration, lowest TM-mode is used, which has longitudinal
electric filed on the axis.

{& Fermilab
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Resonance modes and pillbox cavity:

57

oL
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Modes with m=1 (dipole modes)
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Resonance modes and pillbox cavity:

 Most of acceleration cavities have axial symmetry (slightly violated by
perturbations — coupling units, manufacturing errors, etc).
d The modes in the axisymmetric cavity of arbitrary shape have azimuthal
variations, E, ﬁ~exp(imgo):
-For acceleration TM-modes with m=0 (“monopole”) are used,;
-Dipole (m=1) TM-modes are used for the beam deflection.
 The simplest cavity is a pillbox with TM010 mode (m=0, n=1, p=0):
(m- number of azimuthal variations, n — number of radial variations, p — number of

~

\

\

\H'
E z
ol
g
/

longitudinal variations)

2= Fermilab
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Modes in a pillbox RF cavity:

* While TM,;, mode is used for acceleration and usually is the lowest
frequency mode, all other modes are “parasitic” as they may cause various
unwanted effects. Those modes are referred to as High-Order Modes
(HOMs). Modes with m=0 — “monopole”. with m=1 — “dipole”, etc.

E" - EOJO [WJBW """" ]
i b
L E, (24057 .
o= IZOJI[ b ]e
2.405¢ I,
a) = 75 = —_
010 2 0 e
Ao=2616 AN /[
(]

Electric field is concentrated near the axis, itis
responsible for acceleration.

Magnetic field is concentrated near the cylindrical

wall, it is responsible for RF losses.

Next to the cavity axis
E,(r)~const;
H,(r)~r

Note that electric and magnetic fields are shifted in phase by 90 deg.
For vacuum Zy,=1201 Ohms; b is the pillbox radius, d is its length.
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Accelerating voltage and transit time factor:

Assuming charged particles moving along the
cavity axis, and the particle velocity change is | d —
small, one can calculate maximal accelerating

voltage V as
- —r t |

o0 |
IEZ (_r=0,:)e£mﬂ 7 Pe g,

—a0

V=

For the pillbox cavity one can integrate this analytically:

d sin[ﬁj
_ io,z/Be ;| c) |
V= E{]E[E di| = Eod — 7 = Eod T
2pc
where T is the transit time factor, T(¥) = sin(y/2) Y= wod
W2 pe

{& Fermilab
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Acceleration gradient

1

——

T~
o L AN
\ E,(t) R
o 2 \antra nce—»/\« exit /
| \ / \
0.4 AN _ \/ | a)lyﬂ'
\\
0.2 \\ Cavity center

0 0.25 0.5 0.75 1 1.25 15 1.75 2

Y/

Note that maximal acceleration takes place when the RF field reaches
maximum when the particle is the cavity center.

In order to “use” all the field for acceleration, ¢y=m (ord =pA/2)and T = 2/x
for the pill box cavity. A = 2m ¢/w,— wavelength.

* Acceleration gradient Eis defined as E=V/d=E,T

Unfortunately, the cavity length is not easy to specify for shapes other than pillbox so usually it is assumed

to be d = BA/2. This works OK for multi-cell cavities, but poorly for single-cell cavities or cavities for slow
particle acceleration. 2= Fermilab
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RF cavity parameters:
e Storedenergy U:

Co 1 2 1 2
U = o J‘V‘H‘ dv =0 fV‘E‘ dv

* Lossesin the cavity. There are the losses P, in a cavity caused by
finite surface resistanceR.:

1 2
P. = 5 Rﬁfs‘H‘ ds

For normal conducting metal at room temperature (no anomalous
skin effect)

R, = 1 whereqis conductivity and 9 is skin depth, ¢ =

<

1

00 NE T

Example:
For copper at room temperature 0=59.6 MS/m; R.= 9.3 mOhm@1.3 GHz

Simple formula for estimation: = 0.38- (30/f(GHz))Y2 [u]

{& Fermilab
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RF cavity parameters:
Unloaded quality factor Qy:

2
On = wy -(stored energy) _wyU wp U JV‘H‘ v
=7 averagepower loss P R \H‘ng
S

Quality factor Q, roughly equals to the number or RF cycles times
21 necessary for the stored energy dissipation.
One can see that
G
Doy = —
o R,
where G is so-called geometrical factor (same for geometrically

similar cavities),

2
) a)o_u{]fV‘H‘ dv

G 3
IS‘H“'HS

2= Fermilab
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RF cavity parameters: oo fV‘H‘Z T
For a pillbox cavity: G=— "

Ooo  2.405 J /Bl s
Hy = Jikr), k=g =252

f\ﬁmFdV — ndb>J3(kb), 5£|Em\‘2ds — 27b( b+ d) J2(kb)
v S

and G, Ohm
| — | ﬁ:]
300 p=0.75
250 /// /__‘___..- £=0.5
[
G:f2Zg 1‘|‘£)/d - 200 //,//a/
150 ///
100 ////
50 %/
Y/

{& Fermilab
64 7/15/2024 V. Yakoviev | Engineering in Particle Accelerators



RF cavity parameters:
For a room-temperature pillbox cavity

bd fUOa“OfV‘H‘ZdV

b+d ‘ =0~ Rng‘H‘zdS

1
O — =

* For pillbox having w=n and =1 (d = 4/2 = mb/2.405), G =257 Ohm:s.
* Therefore, 1.3 GHz RT copper pillbox cavity has Q, = 2.6e4.
* For 1.3 GHz SRF Nb cavity at 2K one has Q, = 3e10 (Rs= 8.5 nOhm).

For geometrically similar RT cavities Q, scales as f/2 or A1/?|

{& Fermilab
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RF cavity parameters:

Estimation of the unloaded Q, for an arbitrary room-temperature cavity:

wotio [ H|? dV 1
0o - Uﬁﬁfvt| | RS:Tcﬁ:
B R, [ |H[*dS ) €
> 2
Taking into account that woo = 5% 1 - one has:
, [1H2av ’
v
Q= =
5 fiHEds
S
One may introduce the average surface and volume fields:
2 VI|H|? ' ~
Oy = . ‘12/ 9 HZ = A|H% for accelerating mode A~1
6 S|H |%

For convex figures V/S ~a, /6 (cube: V/S=al6. sphere: V/S=2R/6) and

Note, that a,, ~ A O ~ \/X and @, ~ P

{& Fermilab
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RF cavity parameters:

 Animportant parameter is the cavity shunt impedance R, which determines

relation between the cavity accelerating voltage V and power dissipation:
2
|
R=—
P

. Anotherfimportant parameter is (R/Q), which determines relation between the
cavity voltage V and stored energy U. Itis necessary to estimate the mode
excitation by the accelerated beam. It does not depend on the surface
resistance and is the same for geometrically similar cavities:

. 2
fE_. (p=0. :)efm"' e g

R 7V _
QO  wU awp U fV‘H‘zdv

R . [} . V2 V2 .RS
Note that R = —- J, and power dissipation|P, = — = —
Q —-Qo =G
Q Q
: RS S
*Sometimes they use a “circuit” definition: 5~ %,
It :
3¢ Fermilab
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RF cavity parameters:

For

V=

a pillbox cavity: R/O, Ohm
Eod TW) 250 =
150 //’"\\
1(kb):J1 (2.405)=-0.519 // £=0.5 A\
— | \

wo o =Zy2.405/b

/2
4

N\
AN

50 \ \\
and
0 SN
R._ — O.QSZ'Dd/b'IQ(W) 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
0 ks

* For pillbox having w=m and =1 (d=4/2=mb/2.405), R/Q =196 Ohm:s.
* R/Q is maximal for for w~3r/4.

68
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RF cavity parameters:
The power loss in the cavity walls is
P V2R,
G-(R/0)
Therefore, the losses are determined by G-R/Q.
For pillbox:  G-r/Q kOhm®

0 p

1 ,ﬁﬂi\\\

L N

10 //// m\\\&
%7 \Q&

G-R/Q is maximal for w~0.9x
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RF cavity parameters:

Gradient limitations are determined by surface fields:
** RT cavities:

-breakdown (determined mainly by E ;)

-metal fatigue caused by pulsed heating (determined by B q,)
** SRF cavities:

-quench (determined by B,)

Field enhancement factors:
* Surface electric field enhancement: K, = E ., /E, E 5 is maximal
surface electric field. K, is dimensionless parameter.

* Surface magnetic field enhancement: K, = B, /E, Byea is
maximal surface magnetic field. K. is in mT/(MV/m)

Here E is acceleration gradient.

{& Fermilab
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electric field magnetic field

RF cavity parameters: DN A

------ TR KR ]
. o - 1 ;'IIDBBEII-I.
Field enhancement factors — example: LTTIIIvEN diriiiiing

L I I e e B B

B e e b e S Sl L]

..... z
..........
..........
T e e e e - u-aﬁmaa-f{"—

'T._....__.---.Ij, f‘aﬁmﬂmmmq

e -

******* BPEE @6 §
A »\_.,,/ @mu_z:-ec-:-:-:'
. - o= n e
3
FREQUENCY (MHz) = 1500.0199
profile line H (A/m) r r . . v ' T ———= E (MV/m)
Magn. field ﬁ
9-cell TESLA Hpk ™ - Hpk
0.48
structure
4
B EL field 0.16
) 2 B
0 1.8 36 54 12 L(CH)

NORMALIZATION: W=10.001 JOULE

. 2 4 (cm)

Ke = EpeaE =2;  Kpy = Bpea/E=4.16 mT/MV/m
Geometry of an inner half-cell of a multi-cell cavity and field

distribution along the profile line.
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RF cavity parameters:

For a pillbox cavity:

* Surface electric field enhancement: K, = Epo /E =1/T ()
(Epeak=Eo0, E= E( T(y), see slide 47)

* Surface magnetic field enhancement: K, = Bp/E =
= 1.94/T(y) [mT/(MV/m)]
(Bpeak = E¢'J1(2.4051/b) qy /c = 0.582E, /c, see slide 59)

K. Kn:MT/(MV/m)
3 4 / /
, // /
_________._.---""/ 2 __-_—__-—f/
| i 0 Wi
0 0.25 05 075 1 1.25 15 af Fermilab
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Example:

Let's consider a pillbox cavity for high-energy electrons (f=1),
f=500 MHz, or wavelength A=c/f=0.6 m. The mode is TM;;,. The

cavity voltage V is 3 MV.

1. The cavity radius b (Slide 59):
b= 2.405¢/(2xf) = 230 mm.

2. The cavity transit time factor for y=x (Slide 60):
T=sin(z/2)/(n/2) = 2/7 =0.64.

3. The cavity length d (Slide 61):
d = p4/2 =300 mm.

4. The cavity G- factor (Slide 64):
G=1.2Z,/(1+b/d) = 256 Ohm

5. The cavity R/Q (Slide 68):
R/Q=0.98Z,(d/b)T°=196 Ohm
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Pillbox vs. “real life” SC cavity

Quantity Cornell SC 500 MHz Pillbox
G 270 Q 257 )
R/Q 88 O/cell 196 Q/cell
Epk/Eac:c: 2.5 1.6
Bpk/ Eace 5.2mT/(MV/m) 3.05mT/(MV /m)

Cornell SC 500 MHz

" I[n “real life” cavities, sometimes it is necessary to damp higher-order modes
(HOMs) to avoid beam instabilities.

= The beam pipes are made large to allow HOMs propagation toward microwave
absorbers.

= This enhances B, and £, and reduces R/Q. 2% Fermilab
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Example:
6. Surface resistance R, for room-temperature copper (Slide28):

R, = /w—z": 5.8 mOhm
2co

7. Surface resistance R, for superconducting Nb at 2 K (Slide 33):

1.92T

Rspes ~ 1.643 x 1075 = (f(GHz))?¢™ 1 = 2.8 nOhm

8. Copper cavity unloaded quality factor Q, (Slide 63):
Qy,=G/R .= 44e3

9. Nb cavity unloaded quality factor Q, at 2 K (Slide 63):
Qo =G/R.=9e10 (compared to 44e3 for a copper cavity!)

{& Fermilab
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Example:
10. Copper cavity wall power dissipation (Slide 67):

Pyics = % =1 MW — unacceptable!
Q%
11. Nb cavity wall power dissipation (Slide 67):
Pie =2 =05W!
5'Q0
12. Acceleration gradient (Slide 61):
E=V/d = 3 MeV/0.3m =9 MV/m
13. Peak surface electric and magnetic fields (Slide 72):
Epeak=Ke'£ = E/T = 14.1 MV/m = 141 kV/cm — OK for SC
Bpeak=Kn'E = 1.94-E/T mT =27 mT — OK for SC

SC cavities allow much higher acceleration gradient at CW!

{& Fermilab
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| Port | Port
: : : ) 1
The cavity coupling to the line: o
e > = >
Let’s consider the cavity coupled I g
i i all loss and
tothe feedmg line. Wall loss: Port radiation: Tk‘:jart radiation:

QOZO)O U/P 0 Qext:mOU/P ext QL:(DOU/{ (Po +Pext )

1 1 1
= +

QL QO Qext

If the incident wave is zero (i.e., if the RF source is off), the loss in the cavity is a

sum of the wall P, loss and the loss coasted by the radiation to the line P:
‘F}GI = PU tPﬂTr 5
V; F‘"_
F = ? Pexr =
0 R/IO-0O, R/VQ+Q€IT
where we have defined an external quality factor associated with an input coupler.
Such Q factors can be identified with all external ports on the cavity: input coupler,

RF probe, HOM couplers, beam pipes, etc. The total power loss can be associated

with the loaded Q factor, which is
111 1 2

=—+ + +...  because P,y =Py +P. 1 +Peoyir... =
Or Y9 Oan Gar ot =70 Textl T T ext2 R/Q-qL

£& Fermilab
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Coupling parameter:

For each port a coupling parameter g can be defined as

=2 and therefore, - _*F
Oexr QL QG

It tells us how strongly the couplers interact with the cavity. Large implies that the
power leaking out of the coupler is large compared to the power dissipated in the
cavity walls:

2 72
" R/O-Om:  R/OO

B = bRy

ext

In order to maintain the cavity voltage, the RF source should compensate both wall
loss and radiation to the line. Therefore, the RF source should deliver the power to
the cavity which is

Fot =Pﬁm1.= + R ={16+])Pﬂ

{& Fermilab
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The cavity coupling to the line
 Antennatip squareis S;

Antenna:  The line has impedance Z;
Line * Electric field on thetipis E,
anematip ®  Antennatip has a charge Q:

q=EqeeS — [=wQg= a) EocoS=KkSEy/Z);
* Radiated power P,,= ZI2
VZ
R/Q-Qq ,
P A v

* Qext = Qo7 =277 ( )

Pext Z'R/Q kSEj

Structure of 650 MHz coupler, new design

* Lossin the cavity Py =

Cryomodule

Antenna tip and coupling. flange

4” x 6mm
ceramic window 3" EM shields

Input waveguide 4” PP
11.5” x 0.7 outer ¢

Thermal

\\\\\\\\\\

Inn
s bel || ows el IIows
nnnnn

Arc detector

Qext =1.e7/
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The cavity coupling to the line _
 LoopsquareissS;

Loop: * The line has impedance Z;
* Magnetic field on the loop is H,
* Voltage induced on the loop U:

U= o Hy,S; ®= curlE = —iwu,H

: U~
e Radiated power Pext=zi
. . V2
* Lossin the cavity P, = R/0Q
0]
2
P, Z ( v )
50 Ohm ® — —_— = - ° -
Input " P Qext QO Peoxt 2 R/Q kSHOZO

Capacitor

HV input
window

insert
Bellows

Air inlet

Loop Capacitive gap PIP ” RFQ Coupler

{& Fermilab
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The cavity coupling to the line

Waveguide:
Waveguide
\- — _"—/ e —
_E' ‘\_beam

aeguide on Cavity String

i 2 HOM wareguide couple

Input wavepuide conpler r

CEBAF couplers

{& Fermilab
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Cavity excited by the beam

If the cavity is excited by the beam with the average current | havingthe bunches
separated by the length equal to integer number of RF periods, i.e., in resonance, the
excited cavity voltage provides maximal deceleration. The beam power loss is equal to

the cavity loss, i.e., radiation and wall loss:

2
VI =7 (1) RN B ULV
(5)QL QL QQo Qext Qo Input line |Qext Coupling
or g = 0 -coupling parameter element
R Qext Qg
V=-I (a) QL — _IRSh (See Slide 78) Beam Ib_
The cavity excited by the beam off the resonance, the Cavity
1(%)o
voltageis V ~ — (_Q) ZLAf
1+lQLT ! e
where Af is the distance between the beam spectrum *
line and the cavity resonance freauencv f.
Cavity bandwidth: . bVl V Lg ; R =—=c
of =HQ, ; o "

82

L=R/Q)/2w,
C=2/w(R/Q);
- i R=(R/Q)Q./2;

of w =2mf

&

{& Fermilab
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Acceleration cavity operating in CW regime: Power from RE

Energy conservation law: source Py
I:)0 - I:)backward + I:)diss + I:)beam i
Ppackward Input line
PO — E02 /(ZZ), c '
oupling
- - - - - - \h
Here Z is the transmission line impedance; E, is the element

incident wave amplitude in the transmission line. _— —

Beam I, | cavity

I:)backward — (EO - Erad)zl(zz)’
E,.q IS the amplitude of wave radiated from the
cavity to the transmission line.

= Prag/Pdiss:

I:)rad = Erad2 /(ZZ) = IB I:)diss :ﬂVZ/(QO'R/Q): Vz/(Qext'RlQ);

Ppeam=V"1.
& Fermilab
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Acceleration cavity operating in CW regime:

Power from RF

o |fthe Iir_1e i:f, matc_hed to the transmission line, source Po
- coupling is optimal, = j,,; then
Ppackward =0, Eo=Eag Phackward | \ Input line
and therefore, Coupling
v\~
element

IDrad — I:)O — I:)diss + I:)beam , OF -

PoptV2(QoR/Q)=V2I(Qy:R/Q)+ VI Beam I, | cavity

and fop= 1"Qo'R/Q/V+1.

For Bop>>1, Popi= 1-Qo'R/Q/V and

QL= QO /(1+180pt) ~ V/(R/Q ’ I)

(see Slide 78)
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Acceleration cavity operating in pulsed regime:

Energy conservation law: Power from RF
dW/dt = I:)O _Pbackward_ I:)diss - I:)beam (1) source PO
F)0 :E02/ZZ; F)backward :(EO - Erad)Z/ZZ,
ﬂ:Pra /P iss Pra :Era 212Z2= V(t)zl[(R/Q)Qext] P I
Pbeam=(</(t;I d =Erag () | backward | \ Input line
W=V (t)%/(R/IQ)w; C I
7=2Q_/w — time constant. oupling
Vo —o;;erating voltage, \- element
If p>>1, Q=Vy/(R/O1). Here Vo =[Po(R/IQ)Qed > __ |
Substituting (2) to (1) we have:
Beam |, Cavity
dV/dt=(2V,-V()-I-(R/0)-O )z
D RF on: A V() Acceh‘atiqn,RF
* Cavity filling, no beam: 1=0, V(t)=2V, (1-exp(-t/7)); Vo[ A e
If the filling time t;=zIn2. V(t)=V, Filling, RF on,

* Acceleration, the beamis on, V, = I-(R/Q)-O,,
dV/dt=(V,-V(t))/==0and V(t)=V,;
A RFis off:

yno beam

Discharge, Rf off,
beam off

dV/dt=-V(t)/z, the cavity discharge, V(t)=Vy-exp(-t/r). °
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Example:
Let’s consider a SC Nb pillbox cavity for high-energy electrons
(p=1), =500 MHz, or wavelength A=c/f=0.6 m. The mode is
TMy10.- The cavity voltage Vis 3 MV. The beam current | is 1 A.
1. The cavity R/Q ( Slide 68):
R/Q=0.98Z,(d/b)T?=196 Ohm
2. Nb cavity unloaded quality factor Q, at 2 K (Slides 73-76):
Q,=G/R:=9¢e10
3. The cavity loaded quality factor (Slide 84):
Q. ~VI/(R/Q)I =1.5e3
3. The optimal coupling (Slide 84):
p=00/QL-1= 0y/Q =6e7
4. The power necessary for acceleration (Slide 84 ):
Po=P; + Ppeam ™= Pream = VI =3 MW (comparedto P, =0.5 W!)

{& Fermilab
86 7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



High-Order Modes in cavities:

1 Possible issues:

* Trapped modes;

e Resonance excitation of HOMs;

e Collective effects:

O Transverse (BBU) and longitudinal (klystron-type instability) in linear
accelerators;

 Additional losses;
 Emittance dilution (longitudinal and transverse)

e Beam current limitation.
E

d Longitudinal modes;
d Transverse modes.
d HOM dampers;

B

' Beam

Dipole (transverse) mode

Near axis: E,~X, E, ~ const, H, ~ const
{& Fermilab
87 7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



High-Order Modes in cavities:

[ Longitudinal modes:

Viom = lpeam'Rioms  Longitudinal impedance: Ryom=(R/Q)nom Qioad

* Design of the cavities with small R/Q (poor beam-cavity interaction)
* HOM dampers —special coupling elements connected to the load (low Q|44q) -

LHC main cavity LHC HOM coupler, Q,,; <200
Long wide waveguides between the cavity cells: for most “dangerous” modes
HOMs propagate in the WGs and interact with the beam;

No synchronism in the WGs (phase velocity >speed of light) > reduced R/Qygy for
HOMs

{& Fermilab
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High-Order Modes in cavities

U Transverse modes:

The beam interacts with the longitudinal component of the HOM electric field and
provides transverse kick. For axisymmetric cavity for dipole TM-mode longitudinal
field is proportional to the transverse coordinate next to the cavity axis.

Let’s consider a cavity excited by a beam current /, having offset x,. The kick caused
by the dipole mode excited by the beam:

2

= (0E,(x,0, z)) ikz
e'edz

Q
& —s,2
is transverse impedance, k= wg/Cand W = ?UJ |E| dV - stored energy.
Compare to “longitudinal” (R/Q):

2

Ukice = ixDIDQm (%l) where ("_l) _

[=1 is considered.

j_:cf EZ{D-J UJ z) E!kzdz

(%) = - - Ww,
Note that (EL) is measuredin Ohm/m.

*Note that sometimes they use other transverse impedance, that is determined as:
("’”_l) — Wkickl® _ ”_l) X % In this case, Uyjcx = i(kxO)IOQex,(%)l , (%)1 is measured in Ohm.
1

Q woWp ( Q

{& Fermilab
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RF cavity types

Pillbox RT cavities:

_J |2b L L i

DY

Pillbox with the Drift tubes
: T improvement
beam pipes

2bS 3 /42
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Tools for RF cavity simulations:

91

. Mechanical simulations:

Field calculations:
-Spectrum, (r/Q), G, B (coupling)
-Field enhancement factors

. HFSS (3D); 1BORORORORORORONOR ]

« CST (3D);
« Comsol (3D)
« Omega-3P (3D);
* Analyst (3D);
« Superfish (2D)
« SLANS (2D, high precision of the field calculation).
Multipactoring (2D, 3D)
* Analyst;
« CST (3D);
« Omega-3P
Wakefield simulations (2D, 3D):
« GdfidL;
 PBCI;
« ECHO.

Lorenz force and Lorenz factor,
Vibrations,
Thermal deformations.

ANSYS
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Summary:

1 To create acceleration RF field, resonance RF cavities are used;

1 The cavities typically have axisymmetric field distribution near the
beam axis. Most of cavities have geometry close to axisymmetric.

d There are infinite number of resonance modes in an RF cavity
having different radial, azimuthal and longitudinal variations. The
modes are orthogonal,

 In axisymmetric cavities there are two types of modes, TM and TE;

U For acceleration, TM,,, mode is used, which has axial electric field
on the axis.

d Other modes, HOMs, are parasitic, which may caused undesirable
effects.

{& Fermilab
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Summary (continuation):

 The cavity mode is characterized by the following parameters:

* Resonance frequency;

» Acceleration gradient (energy gain/cavity length);

* Unloaded Q, Q,, which characterize the losses in the cavity;

* G-factor, which relates Q, and surface resistance;

* (R/Q), which relates the energy gain and the energy stored in the cavity;

* Shunt impedance R, which relates the gain and total losses in the cavity;

* Electric and magnetic field enhanced factors, which relate maximal surface fields
and the acceleration gradient;

{& Fermilab
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Summary (continuation):

 The cavity coupled to the input port is characterized by the following
parameters:

* Coupling to the feeding line, B (do not mix with the relative particle velocity©)

* External Q, Q.
* Loaded Q, Q4

J The beam excites the cavity creating decelerating voltage, which is
proportional at resonance to the shunt impedance and the beam
current. This voltage should be compensated by the RF source to
provide acceleration.

1 High-Order Modes excited by the beam may influence the beam
dynamics and lead to additional losses in the cavity.

* Dipole modes are characterized by transverse impedance, (r,/Q), which relates

transverse kick and stored energy.
 Both monopole and dipole HOMs should be taken into account during the cavity

design process, and damped if necessary.

{& Fermilab
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RF accelerating structures

Outline:

4. Periodic acceleration structures;
5. Standing —Wave acceleration structures;

6. Why SRF cavities?

{& Fermilab
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Chapter 4.

Periodic acceleration structures.

a. Coupled cavities and periodic structure;

b. Travelling waves in a periodic structure;

c. Dispersion curve,

d. Phase and group velocities;

e. Parameters of the TW structures;

f. Equivalent circuitfor a travelling— wave structure;
g. Losses in the TW structure;

h. Types of the TW structures;

I. Examples of modern TW structures.

{& Fermilab
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Periodic acceleration structures:

* Single — cell cavities are not convenient to achieve high acceleration: a lot
of couplers, tuners, etc.

e Especially it is important for electron
acceleration:

Ry, = R/Q-Q,~ w!?, low Ohmic losses at high frequency;
v=c, focusing is quadratic and does not depend on frequency.

high frequencies are preferable (typically up to few tens of GHz). cells

U U

beam
>

small cavity size, ~ 1 cm for RT, ~20 cm for SRF

-

S -

periodic structure of coupled cells. -
couplingholes
* To provide synchronism with the accelerated particle, the particle

velocity v,=fc=v, =w,/ K, and the structure period d = ¢/K,= pAl(275), ¢

is phase advance per period, o= K.,d.
2 et . 2% Fermilab
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Periodic acceleration structures:
e Each previous cell excites EM filed in a current cell, which in turn excr%es the

98

field in the next cell. —

Cavity excitation by surface tangential
electric field:

Ei=Y.2,X;E;- field in the jth cell; a%
Ei - eigen functions of cells.

Single-mode approximation: i3 g2 [ | 5 [+ [ +2 |j+3
E}-z Xj EO - field in the jt" cell . Works everywhere except the hole
E, - eigen function of the operation TMy;, mode of a cell. R por
Excitation of a cavity by the field of a similar neighboring cavity cavity ety (——
. S
through a small hole: . B
Boundary conditions for the excited cavity field E : E; = 0 on S; s,
— . z
E, = E; onS; (hole). For eigenfunction Ey; = 0 on S+ S, O SR
From Maxwell equations for eigenfunction and excited field:
fg. ExHyds .
X=— AN here H, is eigen magnetic field, W -stored energy
2wW<1—j21> wy- eigen frequency, w- drive frequency. , _§‘R——|—
7 C
Amplitude X is the same as for a parallel oscillator
2= Fermilab
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Periodic acceleration structures: j
In the j cell E'] = XjE'O

E.! |E
S S.

Excitation of a cavity by surface electric field: 1] j

fsj_lEj_leodS ijijHodS

X] — 2 + 2 (1)
— 2(1)W<1—Z%> 2wW<1—;(21>

On the coupling holes tangential electric is superposition of
the fields of the current cell and the neighboring cell:

fS Ej—l X ﬁo ds = K(i)oW(X] _Xj—l)’ ij Ej X ﬁo ds = K(,()()W(X] — Xt]'-l'l)’ (2)

j—1

1 — : : : :
here K = — X Hy dS- dimensionless constant depending on the cavity shape.
0

R

Therefore, from (1) and (2) one has:

w? w§ w?
3 (1-2) - (k% -2, -2k hx) =0
or

Xj(l—(1+K)Z—§)+%K$—§(Xj_1+)(j+1) =0 3)

{& Fermilab
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Periodic acceleration structures:

100

For a pillbox K depends on the aperture as as:

In paraxial approximation E,,for TM,;, modes in a pillbox cavity does not depend
on 7 in cylindrical coordinates 7, @, Z, see Lecture 1, slide 49.

In presence of a small hole radial electric field E,.o~7r nextto the hole.

. = 10(UE OE T OE TE
On the other hand, divE = - CE) L %8 — o 5 E.o(r) = 2 ~ 2,
r or 0z 2 0z 4a
— 3
Hyo(r) = 2la)af E, ordr ~r, and f EroHpodS ~a
For pillbox cells having thin walls and a hoIe
with the radius a one has cavity hole
K 2E§a® 2 R/Q ko a> 4 _% E,(20). ,NEr@zD)
= —— 0 —
3ZWoc 3 Zo d2TZ ¢ D ﬁ __:_& .
] 0 d z
hole—"
THE ol
_’____\
PHYSICAL REVIEW D Axial and radial filed
oA journal of experimental and theoretical physics established by E. L. Nichols in 1893 d iStri bUti On a |0 ng th e
Seconp Semtes, Vor. 66, Nos. 7 anp 8 OCTOBER 1 axp 15, 1944 Axis. Scales for E, and
Theory of Diffraction by Small Holes Er are different'
e e illox caviy
with a hole
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Travelling—Wave acceleration structures:

In the infinite chain of cavities equation x; (1- 1 + %) +2k % (X, +X;14) =0 (1)
has solution (travelling wave):
X; = XeU? (2)

*  From (1) and(2) it follows w ()
1= (1+K)2—§+%KZ—§(€"‘P+ e %)

or wo[1 + 2K]Y/?
w(p) = wol[1 + K(1 — cosg)]*/? /
e For small K we have: wg /

w(p) ® well + %H(l — cos)]

e One can see that

0 /2

_w(m) —w(0)
B w(0)

Af = f(@) — f(0) - a passband width

- a coupling coefficient; here w() = wy(1+K), w(0) = w,

{& Fermilab
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Travelling—Wave acceleration structures:

1 In the arbitrary infinitely long periodic structure, or in the finite
structure matched on the ends, there are travelling waves (TW)
having arbitrary phase shift per cell ¢. Longitudinal wavenumber,
therefore, is k,= ¢/d. Dispersion equation is the same:

K K
w(k;) = Wy /7 (1 — Ecos(cp)) = Wr/2 (1 -5 cos(kzd))
Therefore, the phase velocity V() is:

() w(k,) 27md
v,,(@) = =Cc———
ph k, @A
* Foracceleration of the particle having velocity v,=fCc, the cavity cell

length d should be equal to

A
g P
2T
because for synchronism we need v,= v,

For example, for ¢ = 7 the cell should have the length of pA/2.

{& Fermilab
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Travelling—Wave acceleration structures:

 The group velocity* vy (¢) is

dw nKd .
vgr(‘ﬁ) - dk, ~ CTSln(QD)

For p=0and ¢=mgroup velocity is zero!
For p=n/2 group velocity is maximal:

ntKd

Vr(/2) = c——

W. W. Hansen

* Forsmall K group velocity is small compared to the speed of light.

* In contrast to a waveguide, Vy Vg, # ¢2.

: P . . . .
*In homogeneous media vy, = - P is power flow density, W is energy density.
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Travelling—Wave acceleration structures :

1 For TW in a periodic structure:
John Stewart Bell

* Average stored energy per unit length for electric field wg is equal to
the average stored energy per unit length for magnetic field wy (the
15t Bell Theorem™):

Wg = Wy = W/2

 The power P flow is a product of the average stored energy per unit
length and the group velocity (the 29 Bell Theorem*):

P=vW.

*J.S. Bell, “Group velocity and energy velocity in periodic
waveguides,” Harwell, AERE-T-R-858 (1952). See proof in Ap_EendiX 11

3¢ Fermilab
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Travelling—Wave acceleration structures

Equivalent circuit:
Note that the electrodynamics in the periodic structureis described by
the equivalent circuit i1

MWT’MT

For jt cell we have from Kirchhoff theorem:

( 1)I+(. ;1) U ;+1)=

L+—
o iwC lwC, iwC,

: [; :
For the capacity voltage X; = ﬁ we have the same equation as for EM
model:

[1—(1+f{)—‘+f{ >|Xj—1 + X414 =0
1 2C 2 R
Here wfi=— K=—~C=_"775 ,L_ﬂ.
LC C, woR/Q 2w, 2% Fermilab
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Travelling—Wave acceleration structures

Loss in the cells:

Ohmic loss on the metallic surface: _, _, i
I E, H~el®ot—t/T_ elwot(1+2Q0)
{UD—:*(UH(l-FZ—QD) _2Q0
L.
0
and
2 mZ 1 mz
[1—(1+K)—+IQ wz‘ + Hw—g[xj_lﬂgﬂ] =0
Equivalent circuit is the following:
L1 L Ij+1
e mE A AAT | Er mmn TAS A AT | Bt mmm TASS AT |
R L CI_ R L CI_ R L CI_
(on— i1 oN— ; oN— j+l oN—
where 5
R R
A mg=i,H:EC:—rL=£.
2Q0 LC c..  woR/CQ 2wy
£& Fermilab

106  7/15/2024 V. Yakoviev | Engineering in Particle Accelerators



Travelling—Wave acceleration structures

However, in a long periodic TW structure Ohmic losses change

acceleration field distribution along the structure.
Energy conservation law in the j cell:

dWOU,- _ wOWO,j
a - i
. . W
Taking into accountthat w = ;" and P=w-vy, we have
ow _ (wvgrlj—wvgrlj-1) _wow _ O0(Wugr)  wow
at d Qo 0z Qo

dw w [dv W
In steady-state case we have 45 =" ( T+ “)
Z vgr dz Qﬂ

 Constantimpedance structure:

Zwg Z 2Qy

Vg

 Constant gradient structure:

Vgr(2) = v4,-(0) — zg—z - w(z) =w(0) - E(z) = E(0) = const

Aperture a should decrease with z.
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Travelling—Wave acceleration structures

Tolerances:

If the cell frequencies have resonant frequency deviation ow,, it
changes the longitudinal wave number Kk, and violates synchronism.

Sk —dk‘?’a _ )
2~ dwg wo—vgr Wo

It means that it is necessary to operate in the middle of dispersion
curve, when group velocity is maximal, ¢ ~ 7/2 - 27/3.

If ¢ close to , the structure is unstable.

{& Fermilab
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Travelling—Wave acceleration structures

TW structure parameters:

For TW stricture R and R/Q are calculated per unit length of the
structure.

** Shunt impedance R is measured in MOhm/m. For geometrically
similar cells R scales as w, *.

¢ R/Q is measured in Ohm/m. For geometrically similar cells R/Q
scales as w

{& Fermilab
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Travelling—Wave acceleration structures

TW structure parameters: (R/Q) for pillbox, f=10 GHz (here b is the

cavity radius)

R _ 0.98201’(1;;)2’ j, _ 2:405¢ (See Slide 68)

R/Q, Ohm/m @ b 2nf

35000

30000 E.() qk/ﬁi
H\\irnrance—h//ﬁ\\*-exh ///,
25000 /| \
- -1 0.5 0.k 1 C‘;Jt ?)T
50000 \/ \\/ /'
Cavity center
15000
10000
5000
0

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

P/m
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Travelling—Wave acceleration structures

TW structure parameters: Q,for pillbox at 10 GHz (see Slide 63)
Q,

14000
12000
10000
8000
6000
4000
2000

0
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

P/m
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Travelling—Wave acceleration structures

TW structure parameters: Shunt impedance R=(R/Q)-Q,for pillbox at 10
GHz

250

R, MOhm/m

200

150

100

50

0 o o o o o O o O
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

R is maximal at {y ~ 0.6 Typically, they use ¢ =2m/3. Y/m

{& Fermilab
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Travelling—Wave acceleration structures
- - = - Pin =P +Pout+ I:)Ioss +Pbeam

Pt H P,,, from RFsource Pyt to RF load \ Pin >> Pout

ref

Aperture has elliptical
shape to minimize
surface electric field

Input coupler

Input waveguid\ = :
Tuning (

channelsy

HOM dampers

Acceleration cell
Acceleration cells Beam pipe Acceleration cells NLC structure with

HOM damping
{5 Fermilab
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Travelling—Wave acceleration structures

TW structures for acceleration of electrons are widely
used is different fields.

¢ High — energy physics:

e SLAC (1968): 3 km, 47 GeV (max), 2rt/3 2.856 GHz (S-band), 3 m
structures.

e SLC(1987) —first e*e” linear collider based on the SLAC linac.

e CLIC collider (R&D): up to 50 km, up to 3 TeV c.m., 2rt/3 12 GHz

** FELS:

e SwissFEL (PSI) 5.7 GHz linac (2017), 0.74 km, 5.8 GeV, 2nt/3 6 GHz

¢ Industrial and medical accelerators

* Varian S-band (2.856 GHz) and X-band (11.424 GHz) linacs for
medical applications

* |Industrial linacs

{& Fermilab
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Travelling—Wave acceleration structures

Modern TW structures: 12 GHz CLIC structure*
Accelerating structure parameters

Loaded gradient* [MV/m] 100
Working frequency [GHz] 11.994
Phase advance per cell 21/3
Active structure length [mm] 217
Input/output radii [mm] 3.15/2.35
Input/output iris thickness [mm] 1.67/1.00
Q factor [Cu] 7112/7445
Group velocity [%c] 1.99/1.06
Shunt impendence [MQ/m] 107/137
Peak input power [MW] 60.9
Filling time [ns] 49.5
Maximum E-field [MV/m] 313
Maximum modified Poynting vector[MW/mm?] 7.09
Maximum pluse heating temperature rise [K] 35

*V. Dolgashev, SLAC, EAAC 2015
{& Fermilab
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Travelling—Wave acceleration structures

Modern TW structures: 12 GHz CLIC structure* .
Traveling Wave accelerator structures, CLIC prototy

T18 ->TD18->T24->TD24

s

5

TD18_Disk_#2 TD24_Disk_#4

{& Fermilab
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Travelling—Wave acceleration structures

Modern TW structures: 12 GHz CLIC structure

S CC RN-.."'E Fermilab
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Travelling—Wave acceleration structures

Final beadpull of tuned CLIC-G-OPEN

CLIC-G-Open BeadPull Amplitude

10 Beadpull Raw: Real vs. Imaginary

100,

|

i nnﬂw ]
i M i
i S
£

e i'l 3 --:—_‘-_L%E'.' -
,r
- 50 == -
1 - -
W ' H ] G l l l
| 1 1 N 100

Position (cm) Re[S11]*1000
On-axis field amplitude. Polar plot of beadpull data.

{& Fermilab
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Travelling—Wave acceleration structures

1 A®
B AN

Output Part of the Open 100 GHz Coppér

(flp

electrofi®-am

ARG NG IR 1N (R N LWL LU LU L

ey PP
T e

SIAC-INFN _
$& Fermilab
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Summary:

* Single — cell cavities are not convenient in order to achieve high acceleration: a
lot of couplers, tuners, etc. Especially it is important for acceleration of
electrons.

* Periodic structures are used for acceleration, where travelling wave is excited.

* Phase velocity depend on the phase advance per cell. The accelerating wave
has the same phase velocity as the accelerated particles (synchronism).

* Average energy of magneticfield is equal to average energy of electric field
(the 1%t Bell theorem); Power flaw is equal to the product of the group velocity
to the average stored energy per unit length (the 29 Bell theorem).

* The passband depends on the value of coupling between the cells K ; it
depends on the coupling hole radius a as ~ a3-a%; it depends also on the wall
thickness.

* Group velocity is maximal if phase advance per cell is ~7/2;

* Maximalshunt impedance per unit length is at the phase shift of ~27/3;

* Loss may change the field distribution. To achieve field flatness along the
structure, group velocity (coupling) should decrease from the structure
beginning to the end.

2= Fermilab
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Chapter 5.

Standing —Wave acceleration structures.
a. Standing - wave structures;

b. Equivalent circuit for a SW structure;

c. Dispersion curve,

d. Normal modes;

e. Perturbation theory for SW structures;

e. Parameters of SW structures;

f. Bi-periodic SW structures;

g. Inductive coupling;

h. Types of the SW structures;

{& Fermilab
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Standing—Wave acceleration structures

TW structures work very good for RT electron accelerators:

High frequency - lower power (R~ f12);

A lot of cells (many tens) = high efficiency (all the power is consumed in the

structure, and small fraction is radiated through the output port).

TW structures are not good for RT proton accelerators:

High frequency is not practical (defocusing is proportional to f)

Low beam loading — large number of cells (impractical from the point of view

of focusing and manufacturing, especially if the cell diameter is large because of

low frequency);

TW structures are not good for SRF accelerators:

High frequency is not practical (BCS surface resistance is proportional to 2

Small decay in the cavities
Very large number of cells + large cell size (|mpract|cal from the point of
view of manufacturing and processing); |
Feedback waveguide - still under R&D

Fermilab & Euclid 3-cell SRF TW structure prototype = k *

Travelling wave is demonstrated in 2023!

122
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Standing—Wave acceleration structures

Standing Wave structures:

/ CondUCtive Wa”S \
VIV VY VYL VTV

0

Backward
—

TPin coupling
Input port ~ holes
Putting reflective conductive walls in the middle of the end cells, we do not violate

boundary conditionsfor EM field for TM,o-like modes. ]
Forward and backward traveillng waves form standing wave.

N may be small, even N=2;

* Frequency may be small, up to hundreds
of MHz— proton acceleration

e Suitable for SRF

in orward backward 2 Fermilab
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Standing—Wave acceleration structures

Equivalent circuit of the SW structure containing half-cells on the ends

Iy

. []JJz CCJ-
L. T

IJ1

]3+1

:If"m—ll—

| T

2 2
mﬂ W
X|11——+i + k%%, =0
D_ w2 Qﬂwz_ w2 1
2 2
mn Wy 1,, Wo
Xj _1— E-FIQG(UE_ +EKF[XJ_
2 2
f”n Wq Wy _
XNl——‘FIsz +HFXN-1_O

THE REVIEW OF SCIENTIFIC INSTRUMENTS

Coupled Resonator Model for Standing Wave Accelerator Tanks*

D. E. Nacte,

University of California, Los Alamos
(Received 22 June

Here w, corresponds to the center of dispersion curve.
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VOLUME 38, NUMEER 11

E. A, Eware, anp B. C, Kxarp
Scientific Laboralory, Los Alamos, New Mesico 87544
1967 ; and in final form, 24 July 1967)

1+%H]=0(ﬂ

NOVEMEBER 1967

In matr|x form:

AT
MX ——2X =
w
here Mj} = 1; j = 0,1, . N;
K
ijj+1 =m;] = 0,1,...N— 1.
and w()=1 j =12,..N—-1
w(j) = } =0,N
£& Fermilab



Standing —Wave acceleration structures

Eigenvectors and eigenvalues: 3-cell cavitv (N=2)
. 2
~ T w
Xf=605%; wg = 0 jrrq,q=0,1,...1‘\l
1+ Kcos W 0-mode (q=0): —UF ! = 2
Wy —
Phase advance per cell: ¢ = %,q =0,1,..N *=° *=g-g=[ ">
Wy
%‘2 0 jlk 2
[1- K] n/2-mode (q=1): — Rl
wWo — —
< Q=12 = w, \[
(O] |
[1+K]Y? Even cell is empty!
¢ .
0 ﬁ s 71’_ n-mode (q=2): o —Ob 1]_ _2.‘
- P =" w:(1+H)1;r2_h*__b
Orthogonality:
N
va.Pr = N GApr _ Ngqr 5. = ds.. = .
X1-X" = W) X; X; =W (g’ qq = Land 6, = 0,if q#7
=0
£& Fermilab
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Standing —Wave acceleration structures

e Perturbation of the cell resonance frequencies causes perturbation

of the mode resonance frequencies dw,;

* the field distribution oX "
Wi = w§ + dwi; — XU =X1+6X1, X1-5X19 o2
Variation of the equation (1) in matrix form mX —w—X =0, see Slide 31

. ~ 0)2 50}2
gives MéX1 = —2 5X9 + X9 — . X‘?] -5@%1 ;
ar wz — 0
0
(here Q= : :
Swiy
Sw? 0 >
_q — vanvq. w
L = [2W(q)/N] - R90R; - 2
q
nyYaoya _
590 Z 2W (g )2X 0xe .., 521~ l&“f’ilav
w
qr#q N(wg—l) |wq_wqil|
q.f
$& Fermilab

126  7/15/2024 V. Yakoviev | Engineering in Particle Accelerators



Standing —Wave acceleration structures

/2-mode (g=N/2): N-even, N is the number of cells in the cavity

|5)?N/2|~ | |5w0j|av | - |6w0jf|;v/w0 Wy
WN/p2 — WN/2-1
(Oh) m
11 — 1 11/2 :
m-mode (g=N): 1 -k w.
Wy )
. i w
|lwy — wy_1] K
. 7
SW mt-mode is much less stable
0 2 T
than t/2-mode!
For m-mode problems with W2 — g g=01,.N
* Tuning T 14 Kcos%
* Temperature stability at RT
£& Fermilab
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Standing —Wave acceleration structures

Solutions: odd even

¢ Operate at 7/2 mode;

¢ Operate at 7 mode: 1-' l[ JJ
* Small number of cells W,
* Increase K. Il II Il

|,b’/l/4 \ Periodic
1. Operating at 7/2mode:

Accelerating cells (odd) Couplingcells (even)

. mj

X; = cos >
Even cells are empty!
Solution — biperiodic structures:
* Narrow even cells (coupling cells)
e Long odd cells (acceleration cells) - pA/2 | Biperiodic
* Same length of the period containing 2 cells, I‘B}\/Z L

e The structure is “z/2 for RF” and “x for the beam”

{& Fermilab
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Standing —Wave acceleration structures

2. Increase K:

Coupling through the aperture holes does not provide high KD)gv ~a
oAperture is limited by surface electric field ——

oAt B<c acceleration gain on the axis drops as ~exp (ka/ﬂ)"‘j\

In this case, Ry, is modest (the drift tubes cannot be used)
Solution: inductive coupling through the side slots. \gl
Aperture may be small in this case, which provides

- Small field enhancement factors; Coupling slots
- H|gh R/Q and RSh' < —I{J/ Z. /u/ 77 P /lé 77

’
? beam R
/] 7

)
N
\
N
\

T 0
3 4
7 / ) 7
e //2///// yrr L

*See slide38 Accelerating cells

[ N [

A | EE £

SRS | =N B
NN INNAY

2= Fermilab
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Standing—Wave acceleration structures

TEM wave in the slot = high electric field - high coupling

Induction coupling gives negative K Slot E
. -
-2 | .
w | 2L, 0
g K=- L e
[1+K]'7? ¢
¢ Slot resonance: h =A/2. Typically, h <A/2

0 ) w2 us

ljrl

lo fj-1 I IN
> R R ; I_
R2 L/2 2¢ R L C R L C R L C R2 Li2 2C
0 Le Lc i1 Le j Le it Le Le N

Equivalent circuit below the slot resonance

£& Fermilab
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Standing—Wave acceleration structures

Combination:
* Inductive coupling
* Biperiodic structure

Biperiodic structures with induction coupling
* Coupling cells between accelerating cells J&KI»I

e Side coupling cells

’/ ANNULAR COUPLED SIDE COUPLED

‘o =
iy " B, e . el A .
. D 7 Y ¢ XY
] vl ) " ) o P, L
—_— — ===

{

- ———
L XX X
# ,
’II- & -‘\'h\\-.- - "‘- a .tm\. n

‘ N
I+ &Y
[ gt

CAVITIES
2= Fermilab
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Standing—Wave acceleration structures

Inductive coupling slots cause multipole perturbation of the acceleration
field, which may influence the beam dynamics:

X' = Ap, _m Vmax(@) (_)m—l
! p| ka\ ymgc? J\a

Accelerating cell. Coupling cell. Coupling slot orientation:

AN /A /A A Wrong! Strong
S 000 0 000 o 000 0 quadrupole defocusing
O L

= in one of transverse
directions.

Coupling slots

beam
=) Right! Strong quadrupole
—_ ° {0 focusing in both
- . .
directions.

2= Fermilab
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Standing—Wave acceleration structures

Different types of the RT SW acceleration structures:
| |

J \\. HEN N

a | frr——— -;
| | ; T
m%mw‘ b J
b
-
‘| | I[ ll R
=4 - |
C | ]
F N g |
| i 1R L gj o
d ‘ & | I 4 i
j I! k
~ 7 l
aF Fermilab
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Summary:

134

TW structures are not practical for RT proton accelerators (low beam loading.
TW structures are not practical for SRF accelerators, proton and electron.
The cure is a standing — wave structure.
In the SW structure the operating mode is split, the number of resulting modes
is equal to the number of cells.
/2 - mode is the most stable versus cell frequency perturbation, field
distribution perturbation is proportional to the number of cells.
0- mode and - mode are less stable versus cell frequency perturbation, field
distribution perturbation is proportional to the number of cells squared, wich
does not allow large number of cells.
Remedy:

- biperiodic structures;

- inductive coupling.

{& Fermilab
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Chapter 6.

Why SRF cavities?

{& Fermilab
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Why SRF?

136

The surface resistance : £ 3

% i RUT) = Ryee 0”47 :

The radio-frequency surface resistance can be £ e
described in terms of three different contributions: °"5_ 3

Where:

BCS resistanceis caused by electron inertia;
Rr1(B, 1) = trapped flux surface resistance
R, = intrinsic residual resistance, due to:

i.

ii.
ii.
iv.

L

|

|RS(T, C(),B,l) = RBCS(T'CUJ l) + Rfl(B' l) + RO ! 1 ] l ] |

RBCS (T; w, l) =

Sub-gap states
Niobium hydrides
Damaged layer

ADw? _A_

1.6 20 24 28 32 36 4.0.?.

45 36 30 257 225 20 I.8
TEMPERATURE, *K

J. R. Delayen, SRF1987

Type-ll superconductors

AF ML

[
[l
® /1N 1N e N

Main thermodynamic parameters of type-ll superconductors:

1. Critical temperature, T,
2. Lower critical field H,,
3. Upper critical field H,,
V. Yakoviev | Engineering in Particle Accelerators
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Why SRF?

* For copper cavity at RT (o = 5.96e7 S/m) for f=1.3 GHz one has R, =
9.5 mOhm.

* For SRF Nb cavity at 2K on has R, = 8.5 nOhm (ILC —type cavity,
electropolishing),

It is 1.e6 times less!

Therefore, CW and high Duty Factor are possible at high gradient,
even taking into account “conversion factor” for heat removal at 2K
(~1000-1200W/W)

{& Fermilab
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Why SRF?
RT: Q, ~1e4

SRF: Q, ~1e10

He pumping port —
\\
Copper cavity N
QLIS | Thermal
] shield
Pumping m
>\ lm mla
Beam
u - - — - - ——
[H |
Cooling
channels
\ﬂ_
‘He fill
Tuning /:/ ’/ port
plunger Vacuum e Magnetic Insulating
vessel shield vacuum
SRF cavity needs:
* Liquid He bath (2K);
e Coarse and fine tuners
* Magneticshield
* Thermalinsulation
* Insulatingvacuum
e Cryo plant for liquid He suppl i
el < b {& Fermilab
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Why SRF?
Refrigeration efficiency (W,;s/W,,,):

Refrigerator’s Coefficients of Performance (COP):

temperatures:

Pyc = 2 COPTX(denamic T PstatiC)T
T

COPreai=1/( K * n CARNOT)

n CARNOT = T/(300 -T)
Refrigerator’s Coefficients of Performance (COP) for different

Refrigeration
Temperature

Carnot 1/n
IDEAL
WORLD

XFEL-Spec
REAL
WORLD

% Carnot

2K 1149 870 17
5K 79 220 36
40 K 7 20 33

In many cases SRF is more efficient than normal conducting RF!

Low and medium beam loading

CW and long-pulseoperation

139
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Why SRF?

Thus, SC provides the following benefits for electron, ion and proton
linacs:

1. Power consumptionis much less

- operating cost savings, better conversion of AC power to beam
power

- less RF power sources

2. CW operation at higher gradient possible

- shorter building, capital cost saving

- need fewer cavities for high DF or CW operation

- less beam disruption

3. Freedom to adapt better design for specific accelerator
requirements

- large cavity aperture size

- less beam loss, therefore less activation

- HOMs are removed more easily, therefore better beam quality
2% Fermilab
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Why SRF?
“Practical” gradient limitations for SC cavities:

eSurface magnetic field ~ 200 mT (absolute limit?) — “hard” limit
eField emission, X-ray, starts at ~ 40 MeV/m surface field — “soft”
limit

eThermal breakdown (limits max surface field for f>2GHz for typical
thickness of material, can be relaxed for thinner niobium) - “hard”
limit

SRF allows significantly higher acceleration gradient than RT at high
Duty Factor and CW!

{& Fermilab
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Why SRF?

Different mechanisms limiting acceleration gradient:
Room Temperature:

*\/acuum Breakdown;

*Metal fatigue caused by pulse heating;

*Cooling problems.

Breakdown limit:

1/6 __
E, -t~ =const

Ea~ 20 MV/m (Epk~40 MV/m) @ 1ms or

Ea~ 7 MV/m (Epk™~14 MV/m) @ 1sec (CW)
Superconducting:

* Breakdown usually is not considered for SC cavity;
 Thermal breakdown (quench)—for >2 GHz

{& Fermilab
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Why SRF?

Achieved Limit of SRF electric field

e No known theoretical limit

e 1990: Peak surface field ~130 MV/m in CW and 210 MV/m in 1ms pulse.
J.Delayen, K.Shepard,”Test a SC rf quadrupole device”, Appl.Phys.Lett,57 (1990)
e 2007: Re-entrant cavity: E,..= 59 MV/m (E,,=125 MV/m,B,,=206.5mT).

(R.L. Geng et. al., PACO7_WEPMS006)— World record in accelerating gradient

107 TR0 1O O O O OO O OO IO OO 5. . ) .20 O B BN N TN RN SR TR
2K I :; ....... s e o I CW 42K 3
5 -
-
& 107 — ]
E
:
: - e
10° b PP PR PERPU S ST PR . 140
0 10 20 30 40 S0 60 En (MV/m)
Eacc [MV/m]
S i
3 Fermilab
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Why SRF?

Introducing Q, vs. E,_. plot:
Typical ILC-prepared TESLA cavity at T = 2 K (state of the art until recent
breakthroughs)

10" T T

Increase Q — decrease required power

Increase max E .. —

P\.\ﬁ- decrease accelerator length
-l“
o 10" | |:>'

guench

Surface magnetic field B

Bpeq ™ 160 mT
10° L a 1 a 1 a 1 & 1 |
10 20 30 40

E__ (MV/m)

= It is customary to represent performance of an SRF cavity using Q, vs. E,.. or

Q,(E,..) plot.
= Peak surface electric and magnetic fields in the cavity are proportional to E,..

Sometimes Q, is plotted vs. peak fields.

{& Fermilab
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Why SRF?

SC cavity performance limitations

= Ideal performance: Q, is constant until
the maximal surface magnetic field is Q

reached: I Ideal performance
- fundamental limitation, limits

accelerating gradient to ~60 MV/m for

typical Nb elliptical cavity shapes.

= Why is Q,(E,..) differentin real life?
Here are some limitations that historically
plagued the SRF cavity performance:

* High surface electric field - field emission
— can be cured by applying proper
preparation techniques: clean room
(particulate-free) assembly, high-pressure

DI water rinsing (HPR), mechanical

polishing of the inner cavity surface.
* Thermal quench = use of high-purity material (RRR) to improve thermal conductivity*,

material quality control to avoid mechanically damaged surfaces, particulate free assembly.
e Multipacting - use of elliptical cell shapes.

Q-disease due to lossy niobium hydrides - perform acid etch at T < 15°C, rapid cooldown,
degassing at 600 — 800°C.

*Wiedemann-Franz law states that the ratio of the electronic contribution of the thermal conductivity (x) to the electrical conductivity (o)
of a metal is proportional to the temperature (T), or x =¢LT, L is Lorentz number.

Field emission

{& Fermilab
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Why SRF?
Qo(E4ce) With numbers

1011 1 1 1 T T - T ~ T
091010_ 4

E-E’ E 2 ®

S5 3 c ch:l &

=1 3 g8 ES E9

i3 8 38 E%\ 25
222 LW o

af =& 8= 8¢
109 ] ] 1 ] 1 1 1 ] ]
0O 5 10 15 20 25 30 35 40

E__(MV/m)

Three parts of the curve limiting performance of different applications:
1. Low field Q slope — SRF for quantum computing: need as high Q as possible to increase

qubit coherence time;

2. Medium field Q slope — CW operation: cryogenics vs. linac cost optimization determines

2.0x10"" F

1.5%10""

Q slopes

CW operation |

U

Medium field
Q slope

Lo w field
Qslope

S 1.0x10"" I:

Quantum computing

5.0x10" F

0.0

operating gradient (15-20 MV/m, LCLS-II);

3. High field Q slope — Long-pulse operation tends to favor the highest reliably achievable

High held\
Q slope

e Eifect of 120C bake
.
. >

¥

Long-pulse operation

0 20 40 60 80 100 120
Bpeak (mT)

gradient (23.6 MV/m for XFEL, 31.5 MV/m for ILC)
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Why SRF?

a
4

147

Standard SRF cavity surface treatments

Electron-Beam Welding - EBW
Buffered Chemical Polishing =BCP: HNO,;+HF+H;PO,
H;PO, (phosphoric acid) is necessary to stabilize (buffer) the etching reaction

between Nb and HNOs(nitric acid) +HF (hydrofluoric acid), which is exothermic
and rapid.

The mixture is used for Nb cavities contains HF(48%), HNO; (65%), H3P04(98%) in proportion 1:1:X,
X=1-4.
Still in use for low-frequency, medium gradient cavities;

Electro-Polishing —EP: H,SO,+HF+ 10-12V-> smooth surface, lower surface fields,
lower FE, higher E_.. and Q.

A cathode made of pure Al and a Nb cavity as an anode in mixture of sulfuric acid H,SO, (93%) and
hydrofluoric acid HF (50%) at 10:1 volume ratio.

Nb is oxidized by sulfuric acid to niobioum-pentoxide, which is dissolves simultaneously by
hydrofluoric acid.

Used for high-gradient cavities in pulsed regime and for medium-gradient cavities in CW.
High-Temperature Treatment

800C -900C backing in vacuum is used to relieve the stresses, remove defects and dislocations and
degas of hydrogen.

High-Pressure Rinsing (HPR)

100 bar rinsing before assembly in a clean room e ]
3¢ Fermilab
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Why SRF?

BCP processing for a 325 MHz spoke cavity.  EP processing of 650 MHz elliptical cavity

2= Fermilab
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Why SRF?

* Qg Improvement:
-Improvement of cavity processing recipes;
-High Q, preservation in CM.

« The goal is to achieve Q,>4el10in CM @2 K

{& Fermilab
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Recent breakthrough in Qg increase: N-doping.
e “Standard” XFEL technology provides ~1.4e10@2K, 20-23 MeV/m (CM);
* N-doping: discovered in the frame of R&D on the Project-X SC CW linac

(A. Grassellino).
Cavity Treatment:

Pressure [Torr]

Bulk EP

800 C anneal for 3 hours in vacuum
2 minutes @ 800C nitrogen diffusion
800 C for 6 minutes in vacuum
Vacuum cooling

5 microns EP

High Q recipe

o PR - - - AL ST B R o T Ty Iy
31IHH 12200 3ifdar 1424 Aihdar 1648 Ji/Mdar 18012 3lar 2138 Qe 0000 Dishpr 02 24 lJ'll'.fl.prI'D-l 48

Ship to DESY

t

HOM Tuning

\Tl

1200ake

Leak Check

t

Final Assembly

t

Long HPR

t

VT Assembly

t

Helium Tank
Welding
Procedure

4

Long HPR

1

Ethanol Rinse

Cavity after
Equator Welding

EP 140 um

Short HPR

Y

External 20 um
BCP

|

Ethanol Rinse

A A

800C HT Bake

RF Tuning

————

A. Grassellino, N-doping: progress in development and understanding, SRF15
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N-doping

Origin of the anti-Q-slope for N-doping

RS(Z K) =

Rgrs (2 K)[+ Ry + Rf

1011 T T T T T T T

v""ygbg“n‘t'itwd-sIope
O 10“} \ _

T=2K
109 1 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40
E,.. (MV/m)
Anti-Q-slope emerges

from the BCS surface
resistance decreasing with

(nQ)

2K
BCS

R

10F

—@— standard treatment
—V - standard treatment
—® - nitrogen treatment
—4@— nitrogen treatment

<

1

4 6 8 10 12 14
E_ (MV/m)

acc

f|e|d A. Grassellino et al, Supercond. Sci. Technol. 26 102001 (2013) - Rapid Communications
A. Romanenko and A. Grassellino, Appl. Phys. Lett. 102, 252603 (2013)

M. Martinello, M. Checchin

V. Yakovlev | Engineering in Particle Accelerators
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N-doping:

* Provides Q, 2.5-3 times higher than “standard” processing.

O
O

A. Grassellino, N-doping: progress in development and understanding, SRF15

152 7/15/2024

Trade-off:

Lower acceleration gradient, 20-22 MeV/m — not an issue for ion and proton linacs;
Higher sensitivity to the residual magnetic field.

Remedy:

Magnetic hygiene and shielding improvement
Fast cooldown

1

____________________________________________________________________________________________________________

* AES019 - FNAL

® AES021 - FNAL
® AES024 - FNAL
AES026 - FNAL

== e AESD27 - FNAL

+ AES028 - FNAL
+ AES029 - JLAB
+ AES030 - JLAB
AES032 - JLAB
¢ AES033 - JLAB
= AES034 - JLAB
AES035 - JLAB
AES036 - JLAB

#CLS-II nominal .

25 30

V. Yakovlev | Engineering in Particle Accelerators

VTS test results of dressed
prototype cavities
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Fast cooldown

* Q,=G/R,; R.=10 nOhm for Q,=2.7¢e10

Rs=Ro*RgcstRre

R;=s*n*B,.., s is sensitivity to residual magnetic field B,,,, n is flux expulsion efficiency.
n is material-dependent!

* For pCM Nb (Wah Chang):
Rgcs=4.5 nOhm, R,=1-2 nOhm, R=1 Ohm for 5mG - Q,=3.5e10
* For production material:

Change heat treatment temperature from 800 C to 900 C+ deeper EP (S. Posen):
Rgcs=4.5 nOhm, R, = 2 nOhm, R;-=2 Ohm for B,., = 5mG - Q, >3e10

A. Grassellino, N-doping: progress in development and understanding, SRF15
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Dressed N, doped 9 cell Sensitivity Test at 2K

4 0x10™
3.8010™ |
3.6x10™
3.4x10™ |
3.2:10™ |
2.0:10™ |
2810™ [
o 2axin™
24x10™ [
2.2:10" |
20:10™ [
10" |
1.8x10™ |
1.4x10" |
1.2610" |
1.0010™

V. Yakovlev | Engineering in Particle Accelerators

m  #1: First fast from 300K
m #2: Slow from 15K
m  #3: Fast from 15K

--“’.fI [ | Illlllll-l..‘

1
Ll

1 1 1 1 1
10 15 20
E, . (MVim)

25

“Fast”: 2 —3 K/minute ,“slow”: < 0.5 K/minute

2= Fermilab



Impact of Modified LCLS-1l Recipe on Q

41010 2.0K, Compensated Field

Z .
Cavities 17,18, 19: ;
modified recipe - 900 | A %#w&fw |
C degas, ~200 um EP, | M‘: o n.qﬁi. o © W% omp oy A CAV19
2min/6min N doping 3F wf..' e CAVIS
at 800 C —> {9 s CAVLT
- v CAV16
o ¢ CAV13
. o o > CAV11
Cavities (?3...16. First < CAVOB
production tests at : « CAVO7
Fermilab, baseline oL « CAVO06
LCLS-II recipe - 800 C - x CAVO3
degas, 130 um EP,
2min/6min N doping %
at800C 0 5 10 5 20 25 30
Studies leadi ifi .
S. Posen, M. Checchin, A. C. Crawford, A. Grassellino, M. Martinello, O.S. Melnychuk, A. Romanenko, D. A. Se%ggkov andY. Trenikhina, Efficient expulsion of
magnetic flux in superconducting radiofrequency cavities for high Qo applications, ). Appl. Phys.119, 213903 (2016), dx.doi.org/10.1063/1.4953087 .

A. Romanenko, A. Grassellino, A. C. Crawford, D. A. Sergatskov and O. Melnychuk, Ultra-high quality factors in superconducting niobium cavities in ambient magnetic

fields up to 190 mG, Appl. Phys. Lett. 105, 234103 (2014); http://dx.doi.org/10.1063/1.4903808 .

A. Grassellino, A. Romanenko, S Posen, Y. Trenikhina, O. Melnychuk, D.A. Sergatskov, M. Merio, N-doping: progress in development and understanding, Proceedings

of SRF15, http://srf2015proc.triumf.ca/prepress/papers/moba06.pdf . .
£& Fermilab
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Ambient Magnetic Field Management Methods
« 2-layer passive magnetic shielding

— Manufactured from Cryoperm 10
« Strict magnetic hygiene program

— Material choices

— Inspection & demagnetization of components near cavities

— Demagnetization of vacuum vessel

— Demagnetization of assembled cryomodule / vessel

« Active longitudinal magnetic field cancellation
Magnetic field diagnostics:

* 4 cavitiesinstrumented with fluxgates inside helium vessel (2 fluxgates/cavity)
e 5 fluxgates outside the cavities mounted between the two layers of magnetic shields

PYPYPYPRY P\ Fluxgates monitored during cryomodule

RO -

s ® L ] : o | J :
st AL L aoe 2 LML LILI LI L o 2 LU Ll Ll Ll g 2 L U L g 2 2 UL L L L L U L e 2 LI LI LI LR L L e Il Ll b L L et

..i. — ?. X ,

A. Crawford, arXiv:1507.06582v1, July 2015; S. Chandrasekaran, TTC Meeting, Saclay 2016
2= Fermilab
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Amblent Magnetlc F|eId Management Methods

50 ¢ T T T T T T T T

—_ [ m Cavity top W Work station 5 start ]

@] 40 @ Cavity bottom B Work station 5 end -

g E A Outside He vessel W After demagnetization :

g 30F .

& 20F ]
= E 2
S 10F ]
o o | | 1=
= 0F & @ 12
.2 o ‘ l 12
T -I0F —;
%D [ :g
g -20F 1=
gl L :‘:i
5 S0f
S E I=
g o} . i
E °® 1=
50 C ] 1 1 1 ] 1 1 1 1=

2-layer magnetic shields t2 3 4 5 6 7 8

Cavity number

manufactured from Cryoperm 10

S. Chandrasekaran, Linac 2016, TUPLR027 - ]
3¢ Fermilab
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Prototype Cryomodule Latest Preliminary Results

* Cryomodule remnant field = 1 mG

« Fast cool down in a cryomodule demonstrated

« Q0=2.7e10in a CW cryomodule

Max
Cavity Gradient
[MV/m]

Qo
@16MV/m

Max

Gradient***
[MV/m]

pCM after RF_Conditioning

Usable Gradient*
[MV/m]

FE onset
[MV/m]

ZK**

Q0 @16MV/m

extrapolated

TB9AESO021 23 3.1E+10 19.6 18.2 14.6 2.6E+10
TB9AES019 195 2.8E+10 19 18.8 15.6 2.6E+10
TBO9AES026 214 2.6E+10 17.3 17.2 17.4 2.7E+10
TB9AES024 224 3.0E+10 21 20.5 21 2.5E+10
TB9AES028 284 2.8E+10 14.9 14.2 13.9 2.4E+10
TB9AESO016 18 2.8E+10 17.1 16.9 14.5 2.9E+10
TB9AES022 21.2 2.8E+10 20 194 12.7 3.2E+10
TB9AES027 225 2.8E+10 20 17.5 20 2.5E+10
Average 22.1 2.8e+10 18.6 17.8 16.2 2.7E+10
Total Voltage 183.1 MV 154.6 148.1

*Usable Gradient: demonstrated to stably run
CW, FE <50 mR/h, no dark current

**Fast cooldown from 45K, >40 g/sec, extrapolated from 2.11K

G. Wu, FNAL SRF Department meeting, 24 October 2016, https://indico.fnal.gov/conferenceDisplay.py?confld=13185
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Further Improving cavity performance via surface treatment
= Breakthrough caused by invention of nitrogen doping (N-doping) triggered
Investigations of other surface treatment methods:
* Mid-T backing and
Cold EP & 2-step baking.

New surface treatments
Nitrogen doping Mid-T baking Cold EP & 2-step low-temperature baking
10" e 10" _
+v anan s ','_.,‘."-.MH"? LT 3x10%° m
e [ ] " e ‘,_-1’" < X ) - ‘d-lﬁ. :%ybbbbb»
¥ |00 folate's .1 0] . %
StandardILCt o N o ey w“b il
(=] aseline
& 107 eatmeneee | N & s y | S REE LN
10 « TE1PAVOO5 10 min air S 1  Arscan 1120 48nr Q-___ o
TE1PAV008 El? t_:ase;\ne b » 1DE3
EREZIE:  Higher Q0 Ay
TE1PAVDDSZHF:§ o ngher EaCC
TE1AES012 EP baseline ¢ noo
T=2¢ LCLS-Il, LCLS-II-HE, PIP-II " TEIACSD1? postondaton | ‘o
9 L L ' L L L L L L % 10° ¥ : T T r -
0 5 10 15 20 25 30 35 40 °o 5 10 s 20 25 30 g 10 20 50 0 50
E oo (MV/m) Eacc(MV/m)
E... (MV/m) PIP-II, CEPC, FCC-ee, ERLC, ReLiC

ILC, HELEN, 8-GeV lmacatFNAL

= There are active studies to push performance of bulk niobium cavities, improve
our understanding of SRF losses and ultimate quench fields via experimental and
theoretical investigations

= The ultimate goal is on developing methods for nano-engineering the niobium
surface layer and tailoring SRF cavity performance to a specific application

{& Fermilab
158  7/15/2024 V. Yakoviev | Engineering in Particle Accelerators



Mid-T baking: Initial results

Medium temperature baking in vacuum (Mid-T, 300°C to 400°C) was
developed to improve cryogenic performance of SRF cavities at medium
accelerating gradients (E .. = 20 — 30 MV/m), extending beyond N-doping in
E ... while maintaining high Q,
This is a new, simpler alternative to nitrogen doping

Mid-T baking

11
10 : T=2K
- . sunm EEpESEEEEEE -
T L e sl L P
HRIOBEY T S0 K0
_hll-l EEE g Sacs
2% X o, -
O co o' g e i g 00 4 T,
o
e} ©  TE1PAV005 EP baseline

10 "™ TE1PAVOOS5 mid-T bake 2.5 h kol
10" . » TE1PAV00S5 10 min air 9
TE1PAV008 EP baseline
= TE1PAV008 mid-T bake 2.5 h
TE1PAV008 post oxidation
TE1PAV008 1 HF rinse
TE1PAV008 2 HF rinse
TE1AES012 EP baseline
= TE1AES012 mid-T bake 2.5 h
TE1AES012 post oxidation

0 5 10 15 20 o5 30 Note:Ou.rsta.ndard vehicle
E (MV/m) forR&D is asingle-cell 1.3 GHz
acc elliptical TESLA shape cavity

S. Posen et al. Phys. Rev. Applied 13, 014024 (2020)

{& Fermilab
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Mid-T baking at 650 MHz (5-cell cavities)

= After initial R&D efforts at 1.3 GHz, this recipe was successfully tested on the low-beta
650 MHz (LB650) PIP-II cavities and was accepted as a baseline treatment

PLB650 Bare Cavity mid-T furnace Bake

1.00E+11 | .
r M ‘ \ “. iy
2 K Data ! i R i
I ' nl ‘M“lmlﬁi
b X o e
KL M, & ﬁ W
[ * » ‘ y ]
§ 0"3&00.""'0’0:’: I‘t“‘}l‘ "‘ I‘,‘ y
et e, . tts
*
‘; "ooo.,... ,.0..
o te ., *
— *
3 * T
(of
ST LB650 SRF (B = 0.§1) caylty test
+  B61C-£2-102900C, 300C results demonstrating mid-T
¢ BoLCEZI039006, 300¢ cavities exceeding specifications
+ B61C-EZ-101 800C 350C
100E+10 Lo v e e e !
0 5 10 15 20 25

Acceleratinggradient, E, .. [MV/m]

Note: Need to multiply Q bya factorof 1.4

Courtesy of Genfa Wu (FNAL)
to compare with TESLA shape cavities

= Mid-T baking is relevant to ERL-based liner colliders (as well as circular
colliders)

{& Fermilab
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Pushingtoward 50 MV/m

Application of a combination of cold electropolishing (EP) and
2-step low-temperature baking to single-cell TESLA cavities
demonstrated accelerating gradients ~ 50 MV/m

The recipe is transferred to 9-cell cavities: average 40.4 MV/m! | . Y
A High-Gradient Cryomodule (HGC) is being prepared at iy
Ex%

Fermilab for testing

2-step low-temperature baking (single-cell cavities) —
f=1.3GHz <101 Grassellinoetal. https://arxiv.org/abs/1806.09824
4x 101 5 4. ;
T=2K 55 O TB9AESO11 June 2020
3x 100 ¢ 9 ceII cavitiesforHGC 2 TBIACCO11 June 2020
-y TBYAESO003 Apr 2021
AT T O TBIACCO13 July 2021
" Mrg.-;’g + TBIACCO06 Sep 2021
o 2Xe di: % TB9AES018 Oct 2021
o .. * TBYRI021 Dec 2021
%o
75C 2hr/120C 48hr
> 1DE3
75C 4hr/120C 48hr
o0 | m AEsoos
@® PAVDL1
& RO001
AESOL1
+ RI0O0Z
<« AESD22
6x 107 T T T T T T
o] 10 20 30 40 50
Eacc(MVIm) 0 10 20 30 40 50
ace E._[MV/m]
acc
Jt :
3¢ Fermilab
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https://arxiv.org/abs/1806.09824

Cold EP or 2-step baking?

= |tis not clear yet, whether cold EP, 2-step baking (as opposed to standard low-
temperature baking) or a combination of both is responsible for improving
accelerating gradient

= Cold EP provides much smoother surface than EP at higher temperatures

= Recently, a 9-cell cavity subjectedto cold EP and 120°C baking reached 46 MV/m
= Systematic studies are under way

102
* EP1:28°C_40um (2K) Initial EP Modified EP
®  EP2: 24°C_30um (2K) . " : ,
o EP2: 24°C_30um (1.5K) ' : '
. e EP3:12°C_10um (2K)
107 o EP3:12°C_10um (1.5K)
o &
(€] €
(@)
10 l

10°

0 é 1'0 115 210 215 3'0 3'5 410 4'5 50 V. Chouhan et al., Nucl. Instrum. Methods Phys. Res. A 1051 (2023) 168234
E,.. (MV/m)

Courtesy of V. Chouhan (FNAL)
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Recentresults on single-cell 650 MHz cavities

= Recently, cold EP and 120°C backing applied to single-cell 650 MHz
cavities produced excellent results at IHEP (China)

= Similar performance was demonstrated at Fermilab

Q Radiation (uSv/h)

10" == T 3 10°
@ O“““ 3
““."‘2” 110
i 2000009, 3
[ LA, “’O‘.‘ {10°
650S4-Q,: ® 1stEP, ® 2nd EP ‘AAAAA‘@. ,
| 650S5-Q); A 1stEP, A 2nd EP 110
107 F l65084-Rad: © 1stEP, O 2nd EP :
650S5-Rad: A 1stEP, A 2nd EP T T
' Y% CEPC VT spec o ZA s 100
o) o aAd A 3
L oaRB8368086868686808500803500844000000 @ {10
109 1 1 1 1 1 1 1 1 10-2
0 5 10 15 20 25 30 35 40 45
E,ec (MV/m)
0 1 2 3 4 5 6 7 8 9 10
Ve (MV)
L 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Byea (MT)

P.Sha et al. Nucl. Sci. Tech. (2022)33:125

{& Fermilab
163  7/15/2024 V. Yakoviev | Engineering in Particle Accelerators



New materials: Nb;Sn

= High T, material — low losses at 4 K, a candidate for cryocooler-based
applications
= Potential for high gradients, ~ 90 MV/m

= So far, the best progress with vapor diffusion technique

» Best performance of a single-cell
NbsSn cavity so far is only ~ 24 MV/m

Snvaporarrives
atsurface

Coating

chamber Nb cavity o " Performance improvement overthe years
inHV substrate ) . 2
furnace

Furnace temperature

Ty~ 1100°C
Sn source temPi"at“fe . O U. Wuppertal & JLab, 1996, |
Ts ~1200°C & Cornell U., 2014 1-cell 1.3 GHz &
' Cornell U., 2015 1.5 GHz Cavities
Technique development: O Fermilab, 2019 T=44K
Saurand Wurm, Die Naturwissenchaften (1962) 108 x :
Hillenbrandetal., IEEE Transactions on Magnetics (1977) 0 5 10 15 20 25
Peinigeretal., Proceedings of SRF’88 Eacc [MV/m]
JE H
3¢ Fermilab
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Multi-cell Nb;Sn cavities

= The best multi-cell cavities reached 15 MV/m
Nb;Sn-coated 1.5 GHz 5-cell cavities
10" 10"
m  5C75-RI-NbSn1, qualification test, 4.4K
o 5C75-RI-NbSn1, qualification test, 2K
® 5C75-RI-NbSn2, qualification test, 4.4K
o 5C75-RI-NbSn2, qualification test, 2K
OG 1 010 o 1004 E
TB9ACC014 Coating 1
4 TB9ACCO014 Coating 2
0O/ TB9AESO005 Coating 1 T=4.4 K
109 r / / / / ‘ ‘ 109 T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 012345867 8 910111213141516 17 181920
Eacc [MV/m] Eace IMV/M]

Courtesy of S. Posen (FNAL) G. Eremeev and U. Pudasaini, presentation
at the TTC meeting, October 2022
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Conduction-cooled cavities

= Conduction cooling of Nb;Sn SRF cavities via a cryocooler was demonstrated
recently

= Thisis promising for new compact accelerator applications for industry

Fermilab Cornell University Jefferson Lab

T

R.C. Dhuley et al, Supercond. Sci. Technol. N. Stilinet al,arXiv:2002.11755v1 (2020) G. Ciovati et al, Supercond. Sci. Technol. 33,
33, 06LT01 (2020) 07LT01 (2020)

{& Fermilab
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Multipacting (MP) in SRF cavities

ot=0—-T7

U=

e

! [ \!econdary

O] Electrons
O

ot=n-2n
OOe_
C O D)
QOQ

ot=2n—-3xn

m I

E (o]
o
L
g | Jot=7 ot=2x ||
Clot=0 ot=m ot=2n ot =31
IS
<
Multipactor discharge with an electric field
oscillating between two metal electrodes.
1st Order 2nd Order 3rd Order
|1ij V V 2
% B lﬁ'\ LN N N N X
[T K [T

Typical one-point multipactor trajectories for orders 1, 2 and 3.
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Secondary emission coefficient for Nb

3 T .
C —e— 5 after wet treatment ]
25 |-l - —-8— § baked out at 300° C ]
N —o — § after gas discharge 7
r cleaned with Ar b
I N A T ]
1 e
R S -
I s ST TTTTIT TR ST TPRRPPPRPPRRPRRRES 4 -------------------- -
0.5 i .
0 500 1000 1500 2000
eV
Eacc =21 MVim
8‘0 100
z axis [mm]
Eacc =21 MVim
1035 P 1
T S NS T
Erozsh RN AU O S _
N E . S TRV S —— |
" 015- .
]SS S VA S R
-4 -3 -2 -1 0 1 2 3 4
z axis [mm]
Two point MP in 1.3GHz TESLA cavity. 2D
simulations
JE :
3¢ Fermilab



Multlpactlng in SRF cavities

Comparison to MP

Strong MP in SSR1 at 5, 6.5 and 7 MV/m. 120 C bake for 48 h

helps to reduce MP conditioning time
PP IETNAR-EO1E €313

' Cawtyf'eld (Leff = 0.135 m) ‘

_—- |

‘; Power loss ulﬂll”l ll
=‘ ;; ea il
LT

20000 simulation

= |
-1 *  QWR, HWR and
et | L SSR are prone to
@ MPneedupto

R 10-15 hours to

o process;

o : '+ Elliptical cavities
feitrp,  have much better

168

Eaos . MV/M

Good agreement between MP conditioning data (Pmp performance
weighted histogram) and MP simulation (growth rate) *
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3.9 GHz HOM coupler failure due to overheating
caused by MP: redesigned to shift MP barriers
above operating gradients
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Field emission (FE) and dark currents in SRF cavities

0

0

cavity surface, chemical residuals, and geometrical flaws.

cleaning and high pressure water rising.

* FE in SRF cavitiesis originated from /ocalized sites on the inner cavity surface.
* The predominantsource emitters are microscopic particulatesadheringto the inner

Field emitters introduced by the necessary chemical surface processing — post chemistry ultrasonic

Field emitters introduced through the cavity opening ports onto the cavity surface, at a time beyond

the completion of final cleaning, from external sources — SRF cavities are assembled in large-sized
high-quality Class 10 cleanliness clean rooms into cavity strings; critical assembly steps are done
with the opening port facing down; cavity strings are evacuated slowly etc.

»* Diagnostics:

mapping
o Electron detecting
o Optical imaging:

$4700 15.0kV 12.6mm x2.00k SE(V)

X-ray monitoring/mapping
Temperature monitoring/

T Potential

D « barrier

g .
N \_/ A
Metal Vacuum

Field enhancement
factor 3 :

Fora spherical
protrusion in a metal
wall g =3

The tunneling current density, j(E)

J(E) =k

P BE

J — current density in A/m?,

E — surface electric field m MV/m,

@ — work function in €V,

B — field enhancement factor (10-100)

k — effective emittina surface area.

-——

,/ S enhanced e-field
I \ o
enhanced e-field E = B1Eq V E" = B1BaEo
/I
Cd
-\

Protrusion

Surface E applied e-field

1.54x107(BE)%/? (6.83x109¢3/2
exp| ———————

)
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Field emission (FE) and dark currents in SRF cavities

Effect of dark current

* heat and RF loading of the cavity
e production of avalanches of secondary electrons
 accelerating to hundreds of MeV before being kicked out by down stream

* originating electromagnetic cascade showers in the surrounding materials

170

quadrupoles

8 : : , : 10 310
= So=—-7275cm ; & :
g ’
~ \\((((// L “‘Qﬁi.m (Y ee e oga‘” 1 e
§ i \\\ ‘ / eo E e o © ey ‘ﬂv:: ooooo gbg? ........ E
- ’ 077 ’ : Q, - solid marker, X-ray - empty marker o Da% .~.~. ﬂﬂﬁ_ -é»
= gb s 51H-NR-107: July 30, 2012 °u°°q‘e #°° %
-— -1 o ° _| -1 @©
5 ‘\\\\\~ | 107 5 1H-NR-110: April 26, 2013 0 e . 107
o . BN, B © o m
g \\ > \ Voo ODDM%
z}i i \ N 10720 . :""-13;:-':.:3'“!652.2" g égé’ﬂlwg 8|°:10°|°°|%0|0:|;Ei°?°F”1’|40.‘70F°|eci °P 1 1|8 T |2|0 L |221 0*2
4N I o L & E,.=V. J/Br, MV/m
74' -2022 0461 2843 5.425 79807 10389 12871 15354 | [ | | [ | | [ | | [ I | | L1111 | L1 1 | [ | | L 111 | [
z (cm) 0 10 20 30 T y 60 70 80
Ep , MV/m
I 1 1 1 | 1 | 1 1 1 1 1 1 I 1 1 1 | 1 1 1 | 1
0 20 40 0 80 100 120
pk?,
The emitter is located at the cell entrance (high surface E-field).
Significant number of FE electrons bend back in the H-field and FE onset
strike the wall
£& Fermilab
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In situ field emission mitigation via plasma processing

While procedures of the cryomodule cavity string assembly are being
improved continuously (e.g., R&D on using robotic manipulators), field
emission (FE) remains a problem

Plasma processing was first developed at Oak Ridge National Laboratory

Gas flow of Ne-O mixture (mostly Ne with a few % of O,) at pressure Energy ’ Exhaust
~ 75-150 mTorr. Argonis used 7 B
Once plasmai is ignited, oxygen reacts with hydrocarbons " HO |
Reaction products (mostly CO, CO,, H,0) are pumped out [ 2 E “a <O:
Work function increases, reducing FE \ @&
This method was adaptedto LCLS-Iland LCLS-II-HE and being / Y 4 ’
investigated for other applications including International Linear Collider m * Q
Recently it was demonstrated that plasma processing helps mitigating (CH)),
multipacting as well M. Doleans, et al., Nucl. Instrum. Methods Phys.
Res. A 812, 50-59 (2016)
Gas IN E— - Gas OUT
RF excitation
P. Berrutti, et al., J. Appl. Phys. 126, 023302 (2019); B. Giaccone et al., Phys. Rev. Accel. Beams 24, 022002 (2021)
{& Fermilab
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Microphonics and Lorentz Force Detune:

Narrow bandwidth of the cavities caused by low beam loading:
- Quoaq = U/(R/Q)/leam - Very high for small beam current of few maA,

Qload Nle7-168,‘
- Cavity bandwidth: f/ Q,,,4 ~tens of Hz.

Repulsive magnetic
forces

Shape for
zero field

Deformed
shape

*Pressure variation in the surrounding He bath:
Af . = df/dP%x6P, 6P~0.05-0.1 mbarat 2 K.

Attractive electric forces

df/dP =30-130 Hz/mbar (ILC) —
*Internal and external vibration sources P,= 5 (ulH P& |EP)
(microphonics); A fo=(for—(foh=—K EL,

*Radiation pressure from the RF field, Lorentz Force Detuning:

)

J sFermilab
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Af, ep = k E?, k- Lorentz coefficient,
For typical elliptical cavities k;~ -1 Hz/(MeV/m)2.

%plitude (Norm




Microphonics.

Detuned cavities require more
RF power to maintain constant
gradient

Providing sufficient reserve
Increases both the capital cost of
the RF plant and the operating
cost of the machine

PEAK detuning drives the RF
COSts

Beam will be lost if RF reserve is
Insufficient to overcome PEAK
detuning

173

Cost [M$]

100

90~

80

70+

PIP-Il RF Plant Cost vs. RMS Detuning Levels
T T T T T

Assumptions:
SSA Cost
Control

$15/W
20%
Losses 10%

8 fPeak 6 SfRM S

equirement(afpeﬂk<20 Hz)

FNAL/CM2/Cavities 4 and 5
HoBiCat (Active Compensation)

30+
B VEHL4+3)? . Le(r/Q)Qo s Qo 20f .4
20 Fgenerater = 743@0(?’_;’@)[(1 + ) )+ (1 n 37) ]
10F  Gopima = [(1 + ITE(T{?)QO )2 i (QﬁfP;akQO )2]1/2
% 1 2z 3 4 5 6 7 8 9 10
RMS Detuning [Hz]
& Fermilab
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Microphonics Control Strategies

*Providing sufficient reserve RF power to compensate for the expected peak detuning
levels.

eImproving the regulation of the bath pressure to minimize the magnitude of cyclic
variations and transients.

eReducing the sensitivity of the cavity resonant frequency to variationsin the helium bath
pressure (df/dP).

eMinimizing the acoustic energy transmitted to the cavity by external vibration sources.
*Actively damping cavity vibrations using a fast mechanical or electromagnetic tuner driven
by feedback from measurements of the cavity resonantfrequency.

The optimal combination of measures may differ for different cavity types.

{& Fermilab
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Thermal breakdown
« If thereis a localized heating, the hot area will grow with field. At a certain field there

Is a thermal runaway and the field collapses (loss of superconductivity or quench).
 Thermal breakdown occurs when the heat generated at the hot spot is larger than
that can be evacuated via Nb wall to the helium bath.

» Both the thermal conductivity and
the surface resistivity of Nb are

IR M % Bin highly temperature dependent
................ e || W * between 2 and 9 K. | rewpenause
Tbal.h
Te m p e r.a t ure Defect Defect AT.
mapping . I ,
X X % __Superconductor

- T

Deposited Heat Flux Q

e T2 ( k-h )
® 2.R/(T,)-(A-T.-T,) \k+h-d

- T,- He bath temperature,
T.— critical temperature,
A —energy gap,

wa T h(T,) — Kapitsa resistance,
k(T,) —thermal conductivity,

R.(T) =R, |: f (GHZ):l '(T—Cj-e_A.TTC

13 T
R,=105[¢2]; A=1.8;T=9.2°K
2= Fermilab

175  7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



Summary:

* SRF technology allows 1.e6 less surface losses than RT technology and
consequently, much high acceleration gradient at high duty cycle or in CW
regime;

e Losses at SRF are determined mainly by BCS resistance (inertia). flux trapping
and intrinsic residual resistance;

 The acceleration gradient is limited mainly by thermal breakdown, field
emission, etc., but not by breakdown.

* Modern cavity processing techniques (N-doping, etc.) allow very high Q,,.

* To achieve high Q, small residual magnetic field may be required, and therefore,
good shielding and degaussing. The cryo-system should allow fast cooling for
flux expulsion.

* Resonance discharge (multipacting) may be an issue; cavity processing is
required; the cavity shape should be optimized.

* Field emission may limit the gradient; large-scale clean rooms are necessary
among other means.

{& Fermilab
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RF accelerating structures

Outline:

7. Multi-cell SRF cavities;
8. SRF Cavities for Low 3 Accelerators;
9. Beam-cavity Interaction

{& Fermilab
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Chapter 7.

Multi-cell SRF cavities.

a. Multi-cell SRF cavities;

b. Why mr-mode?

c. Equivalent circuitand normal modes;

d. Parameters of the SRF SW cavity;

c. Cavity efficiency at different particle velocity versus the
number of cells;

d. Why elliptical multi-cell cavity does not work at low

particle velocity.

{& Fermilab
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I\/Iultl cell SRF cavity:
* Single — cell cavities are not convenient to achieve high

acceleration: a lot of couplers, tuners, etc.

coupling
iris hole

* Multi-cell cavities are used in both RT -
and SRF accelerators. fm\“/f\\ /\/ \
* Multi-cell SRF cavity is a standing—wave -
periodic acceleration structure, operating Uj\\j\ Jf\ j
at the phase advance per period equal ton cell#a-1 cell#n ~cell #a+1
(i.e, the fields in neighboring cells have the same distribution,
but opposite sign).
* To provide synchronism with the accelerated particle, period is
P12 (in general case it is pfA/2m; ¢ is phase advance per period).
* The end cells have special design (full length, not half ) to

provide field flatness along the structure for operation mode
with the phase advance .

{& Fermilab
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Why SW m - mode?

 The SW modes except it have small acceleration efficiency because
most of the cavities have small field (in ideal case X,,; ~ cos (zqj/N), q —
mode number, | - cell number).

 Bi-periodic structure t/2-mode does not work becausei it is prone to
multipacting in the empty coupling cells and difficult for
manufacturing (different cells) and processing (narrow coupling cells).

e 1 -mode structure is simple, easy for manufacturing and processing.

* Drawback:
-Big aperture to provide big coupling;
-Considerably small number of cells N (5-9).

1 Elliptical cavity is not prone to multipacting in contrast to a pillbox.

MP in the corners /J /_ MP electrons drift from equator to
. the axis
10 \ S
a
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Why SW m - mode?

Schematic of the SRF multi-cell cavity

Coupler port  Accelerating cells Coupling holes

|

0 ! J N-1 N Beam pipe

VUVUUUVUUUU

* The cells have elliptical shape to get rid of multipacting;
 The end cells have full length, but the shape is different;
* The coupleris placed in the beam pipe.

{& Fermilab
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Why SW m - mode?
Equivalent circuit of the SRF multi-cell cavity

Iy -1 Ij Ij+1 In

e—- | A :|.NYY\_"_

r L2 L L L ’ ; L2
R/2 2C R C R C R C R2 20
T TYT - T T T T T

* C,representsthe fringing , - 2 2

fields in the beam pipe. X, |1 - Zg + I-Q“’;z + K%Xﬁ le_g;;ﬂ: 0
0 i
* The shape of the 0" and Nt w2 w2 ], w?
, Xi|l—- = +i—=|+K—[Xj_1 + Xj+1] =0
cell are selected to achieve | W Qow*| %2 w
flat field distribution for - : , 5 X 2
Wo . Wy Wo Wy ., _ 0
mode only. N ozt ig | T KXt K A=
| 0 i
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Multi-cell RF cavity:

An example of calculated eigen modes
amplitudes in a 9-cell TESLA cavity

compared to the measured amplitude

profiles. Also shown are the calculated
and measured eigen frequencies.

The cavity has full size end cells especially

tuned to get field flatness for the

operating mode.

cell &

cell &

L]

L=

T T T
p— H ool
k3 / 5
J I Y -l B o
g3l 7 1f
Sl T o B R =5 IS —— o
Eamg——r——-™ [Esg-|Ior—— r~
! | e
. NI PP P~ I e @
1| | * | | *
—_—— g |t —— g
.ﬂl ] m ] ] m
N N I N
A - I % =
] L
XTI N
T T .
1Y
——te = e -
Y S
__I._ f=] w2 [N} (=] ) w2
= = = = =

T8 9

5 B
TMO10 mode #

4

1 2 2

cell &
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Normal modes In a standlng -wave elliptical cavity:
i, - PIP Il 650 MHz cavity

Mode 1
o “Brillouin diagram”:
650 l
&
N 649
Mode 2 :
IIT[/4II ‘:;648 .
E 647 P
Mode 3 646
”T[/2”
645T
1 2 3 4 5
Mode number
k n(qg —1)
Mode 4 f(q) ~ f (1__COS )
“3m/4” 0 (N—1)
g-the mode number;
N- the number of cells;
- ina: k=0 70
Mode 5 k- coupling: k=0.7%
“n” Operation mode “m”

3F Fermilab
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Axlal acceleration field distribution

At the aperture, E,(a,z) ~ const over the cell, /= = = — =
E,(a.2) ~J,'Ascos(2nkyz/p); i _

E,(0,2) ~ Z A,.cos(2nk, z/ )/ [ak,a(4n?/52-1)12] :A\:'Bchos(anO z1B)

BZn = AZnIO[akOa(AfnZ/IBZ'l)l/Z] ;
for exampleforp =1 By= A, and B,,~ 4,.exp(-2nk,a) << B,

E,(0,2) ~ Aycos(k, z) — sinusoidal distribution on the axis! Valid for f<1.

10 10

Geometry of an iris of a CEBAF multi-sell cavity
(gray line). Longitudinal electric field at a different
radial position: r=0cm (green line), r =2.5 cm
(blue line), r =3.45 cm (red line). Fields are
normalized to 4 MeV/m accelerating gradient.

Ez [MV/m]
&o & IS o o o IS [ o

* Field at the aperture close to rectangular
Field on the axis is close to sinusoidal

by : : : : : :
o - r w B (4] [s2) ~ w w
R [em]

Z(cm)

'
-
o

£& Fermilab
185 7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



PIP Il B;=0.61, 650 MHz
elliptical cavity:

el

Ya Tt

281
%W

It

186

0.6456
0.6468

0.6483
0.6495

0.6500

—9.500x10°,

7/15/2024

6

110

8x10

Ex10°

4x10

210

—2x10

—4x10

—6x10

—8x10°

—1x10

—-0.2 -0.1

7

0.4

32.1
241.0

375.5

>0.75
0.69

>0.75
>0.75

0.65

R/Qvs B
375533,
i 300
RQuk R/Qs are equal!
RQy,
¥ 20l Samye-Order Modes
RQy
— OM) may be an issue.
‘Q1,k 100
0 ___'___'__‘.-""FF‘
0
05 06 065 07 0.75
0.5 B 0.75

Z_min

0.1

0.3

0.4 0.5

dz-m+z_min
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0.7 0.8 0.9
z max—0.005
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Parameters of a multi-cell cavity:

“Geometrical beta”: S5 =2l/4,
| is the length of a regular cell,
A IS wavelength.

< >
L"'\-\ _'.-:
—— l
= ==
i —
A T —
= ey
— B e
LE‘_: L:_:_-| '__Jl;_:—:;'ll_——j
:—T-\__-j —— — — I,.'-'_T—_ __'-'.,' '-'_T__'-'.'
r _'\-'_"_-_.' \:.."' —_—— Ce—— Ty \:--_ —n) ]
q_.- .} ‘_:, ';\I 1'{:. -'."I .:'u__. '}." 1-1_. -.._\__l'l

R/Q= V?/wU, V is the energy gain per cavity (in optirﬁal ac;celer_étion
phase) , V=V(f); o — cyclic operation frequency; U is EM energy

stored in a cavity; R/Q is a function of g, as well as V. R/Q is the
same for geometrically similar cavities. Decreases when the cavity

aperture a InCreases.

“Optimal f”: value of £, where V (and R/Q) i1s maximal.

Acceleration gradient:

E=V/Ly, Lo = NBg AI2|— effective length, nis

the number of cells.

1877/15/2024
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Parameters of a multi-cell cavity (cont)

» Surface electric field enhancement: K, = Epea/E, Epeay 1S maximal surface
electric field.

* Surface magnetic field enhancement: Ky, = Bpea/E, Bpeay is maximal
surface magnetic field.

« Unloaded quality factor: Qy = wW/P,., Poss — SUrface power dissipation.

« G-factor: G=Qy*R,, Rq Is the surface resistance. G is the same for
geometrically similar cavities. At fixed gain the losses are proportional to
G*(R/Q).

» Loaded quality factor: Qoqq = @W/P, P= Ppss +Pioad 3 Ploag— pPOWer
radiated through the coupling port.

o Coupling: K=2(f,-f))/(f +Tf),

{& Fermilab
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Multi-cell cavity

A multi-cell SRF elliptical cavityis designed for particular f = S5, but acceleratesin a wide
range of particle velocities; the range depends on the number of cells in the cavity N. Field
distribution for the tuned cavity has equal amplitudes for each cell; longitudinal field
distribution for considerablylarge aperture is close to sinusoidal (see slide 10):

1.0 [\
o8 | | Lbe‘taol,,i,]]a,
0.5 !
s 03 - A \\ \-\3
E . 55(-" 08 s \ \ ~
5 S . /// | \\\ N
o 03 £)
05 / s .. / / // \\ \\5
|\ / 2\
-0.8 U U . \ P \
/]
e 0 20 40 60 80 100 120 140 0 §\660! | 11\/ g
. N — . N ‘—n=3 —n=5 =7 =—n=9 —n=11 |
V(,B) Zﬁ Sln(n (BZ,B ‘8 )) Sln(T[ (,82;[3 ))
VBopma) TN\ BB OO pB . 6
optimal G G Boptimar = Bg| 1+ a2
Vis the energy gain per cavity. The cavity containing more cells provides

effective accelerationin more narrow

article velocity range! .
E L=t 2= Fermilab
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Why SW m - mode?

Cavity tuning:

 Compensation of the errors caused by manufacturing
* Compensation of the errors caused by cool-down.

* Field flatness

* Tuning the operating mode frequency to resonance.

« smode frequency 1298.774 MHz = *mode frequency 1298.547 MHz

P e
A [des el

98 %

Field flatness in ILC — type cavity before and after pre-tuning.
& Fermilab
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Elliptical cavities:

INFN Milano, 700 MHz, fig = 0.5 PIP 11, 650 MHz, B = 0.9

P2 hoboboiol =

‘l:" . | < 4 i'h"
.~

. -l o Vi BT TET 'R ¢ -..b
“"‘“"'""'“"““""’h“‘!“ ——
! ! I ' | -
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Multi-cell cavity is not effective for low f3:
U Forsmall

Io(kr/ﬁ)/) ~ Jl—ekr/ﬁy
2rkr/ By

Synchronous EM is concentrated on the cavity periphery, not on the
axis! Consequences:

* Small (R/Q):

(R/Q) ~ exp(-4zalip), a is the cavity aperture radius;
* High K,

K. ~ exp(2mal1p);
* HighK,.

K, ~ exp(2malAp).

% v / % 7 2 7

% 7| 1 . 4 2 2
) —= | e
= =N

3 N N 3 N N

N N N A & 5

A R RN { NN N A e A S
V=>C V=C V<C
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Multi-cell cavity is not effective for low B:

J RF cavity provides the beam focusing,

1 mn V1
L : output
F B3y3U, A sin(¢s) input lens Iensp
* For @, < 0 (necessary for longitudinal ! > g
—

stability) the cavity provides defocusing! !

 Defocusing:
~1/B°;
~1/ 1.

Defocusing should be compensated by external focusing elements,
-solenoids (low energy);

-quads (high energy).

For small 5 longer RF wavelength (lower frequency) should be used.
But axisymmetric cavity has very big size, D~3/4 A

For small 5 other types of cavities should be used!

{& Fermilab
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Parameters of an elliptical cavity (cont)

194

2389.9

@83

929 mm

LB650 (B¢=0.61)

—

1302 mm

HB650 (B¢=0.9)

Parameter LH650 HB650
Be 0.61 0.9
Bootimal 0.65 0.94
Cavity Length = ngg-BgeomA /2 mm

R/Q Ohm

G-factor Ohm

Ke

K, mT/(MeV/

Max. Gain/cavity (on crest) MeV

Acc. Gradient MV/m 17
Max surf. electric field MV/m 37.5 34
Max surf. magnetic field, mT 70 61.5
Q, @ 2K x 1010 2 3
P,k max W 24 24
oK [W] b

7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



Summary:
1 Single — cell cavities are not convenient in order to achieve high

acceleration: a lot of couplers, tuners, etc; multi-cell T—=mode
elliptical cavities are used in SRF accelerators;
J Why m—mode?

* The SW modes except t have small acceleration efficiency because most of
cavities have small field;

* Bi-periodic structure r/2-mode does not work because it is prone to multipacting
in the empty coupling cells and difficult for manufacturing (different cells) and
processing (narrow coupling cells).

* 1 -mode structure is simple, easy for manufacturing and processing.

[ Elliptical cavities are used to mitigate multipacting;

J End cells have the same length as regular ones, but a bit different
shape to keep field flatness for operation mT—mode.

J Range of acceleration efficiency strongly depends on the number of
cells: cavities with smaller number of cells operate in wider 3 range.

[ Elliptical cavities are not effective for low particle velocity.

{& Fermilab
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Chapter 8.

SRF Cavities for Low 8 Accelerators.

a. Why TEM-type cavities work at low particle
velocities;

b. Types of TEM cavities;

c. Velocity range of TEM-type cavities.

{& Fermilab
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RF cavity types

Quarter-wave resonator (QWR)

concept:

Resonance:

LwC

Z. here is the coaxial impedance

wl CZ.c

c l

—+lZ tan( ) 0

— =X, =A —>C0t(x)—Ax

197 7/15/2024

X \"‘3 \

Y [—

e
//f R N P R
e-ga p o
I l s
Vo
s
R
A
L
o

" beam

FIj o
\.'\.‘
o
-

e

wl

or cot (T) = wCZ,.

Compact (L< A/4) compared to plllbox
(D= 3/4M0).

[©° beam

£l

beam

Two -gap QWR Half-wave resonator(HWR)
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RF cavities for low f:

TEM-like cavities:
eSplit-ring resonator;
eQuarter-wave resonator;
eHalf-wave resonator;
eSpoke resonator.

Split-ring QWR HWR SSR
(single-spoke)

eNarrow acceleration gap (~BA) allows concentrate electric field near

the axis;

eAperture ~ 0.02-0.03A allows acceptable field enhancement;

eNumber of gaps in modern cavities is 2 for small beta which allows

operation in acceptably wide beta domain. For B > 0.4 multi-gap

cavities are used —double- and triple-spoke resonators;

eFocusing elements (typically, solenoids) are placed between the

cavities. _
& Fermilab
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RF cavities for low f:

Quarter-wave resonator:

*Allows operate at very low frequency ~50
MHz, (and thus, low beta) having acceptable
size; |
*Has a good (R/Q);

*Low cost and easy access.

But:

*Special means needed to get rid of dipole
and quadrupole steering, and

*Provide mechanical stability

beta=0.14,109.125 MHz QWR(Peter N. Ostroumov)

{& Fermilab
199 7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



RF cavities for low 8
Beam Steering in Quarter-wave Cavities*

 Beam steering due to unavoidable magnetic field on the beam axis.
* One remedy: The vertical field E,, normally small, may be modified by the cavity

geometry to cancel magnetic steering due to H,.

v ~L/2

1
Ap},»uﬁf E, cos(kz + @) + fic - B, sin(kz + ¢)dz

Zz —
] L/2
x h o
4 =4
T
’g‘ ~ =
) z ] o E
1 — uuj 1 z% 1 .-/-\\
5l B AN
J a a4 4 - fi &ﬂ
£ 05 R
£ L
Lo 2 g
?e-"' F DA,
E O T H T T LT T L
) g
’ =] _"__,_...-—-"""
, 2 .05 =
. = s / O Total, simulation
= o = | " & Electric, simulation
o : — Electric, simplified
w” [~ — Magnetic, simplified
= 15 — Total, simplified
. - 1 L] T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

L) 1 L) L] 1 L] v ¥ L]
0 b n 15 0 25 an k1] A0
Distance (em)

M. Kelly, 2013
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RF cavities for low f:

Half-wave resonator (HWR):
*No dipole steering;
°Lower electric field enhancement;

°H |gh pe rfo rmance, i = 4.3 K, 14 February 2017 Test
I + 4.3 K, 27 February 2017 Test
*Low cost; eeto 1 + 4.3K, 24 April 2017
*Best at ~200 MHz. I
1 Jhae
1E+09 2 e
But: oo .

* Special means needed in some
cases to get rid of quadrupole
effects;

 Two times lower R/Q

PIP Il HWR cavity, 162.5 MHz
(M.Kelli, Z. Conway, P. Ostroumov)

2= Fermilab
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Cavity axis
7 Zz

ldeal HWR

I Ol . E.(r,z) = = cos(kz), a<r < b;

E.(r,z) =0, r<a;
E.(r,z)=0,r>a,k =%)

Magnetic field:

E, From Maxwell equations:
i OE ic

H(p(r,z) = —L =
Wy 0z  Zyr

| L=2/2

Beam °

sin(kz) =

Hﬁ ~ sinfkz)

=27rZCr
* Resonance frequency:
kL=n—>k=%—>w=%—>

E, ~ cos(kz)

l e Stored energy:

Ko T U
W =2 [|H[?dv = v

Mf"i/” o Ohmlc loss:
-b -a _1 2
’\J pa b r-P_ZSﬁRSH dS_8 ZZ[L(

Qo =

Unloaded quality factor:
L4
P

202  7/15/2024 V. Yakovlev | Engineering in Particle Accelerators

* The cavityisa TEM coaxial line shortened at z=*L/2
Electric field in a coaxial line:

E.(r,z) = g cos(kz),

b b
U= J Er(r,O)dr=C-ln<—>
a a

— _U_
_>C_ln(

23
o

s

E(r,z) = . % cos(kz),

v sin(kz) ; Z, =%TZOln (Z) - the line impedance; Z, = \/E = 120mOhm

€o

f= z_CL’ C is speed of light.

)+ an(2)

2= Fermilab



Cavity axis
iz
A‘L
120
o™~
S~
rﬁ .
Beam axis
Eg s
|
E.S
_a+b R
Ec~1/s
b | -a
\b 0 a b
“sinfks/B)

ldeal HWR

* Accelerationfield on the beam axis: E,(s) = (b)-

[

e Accelerationvoltage:

[ o))

where Si(x) = fox sin()

dx. We have two gaps =»factor “2” in the nominator.

Optimal acceleration:

av_ (@)_ n(5) = 2 (k(b—a)) <k<a+b)>_0
dﬂ_ sin B sin B = 4Sln Z,B cos 2,8 =
Lklath) _m fatb _fA

B 2 4

s
2

2p

* “Effective cavity length”: L.sr = A

(compare to multi-cell elliptical cavity: Lorr = %n, n is number of gaps)

Tt

Si(x) calculator:
https://keisan.casio.com/exec/system/1180573420

AT~

T
F—

01 2 3 4 5 6 7 8 910
— 50 —Gitxn #

2= Fermilab
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Loss reduction in HWR: conical HWR*

Cavity axis Cavity axis
z *Z ‘z
a ZL(Z) .
A’ - Increase the cavity
b(z)/a(z)=const .
» zLJ - 2b(2) transverse size at the ends

| keeping about the same

& o ratio b(z)/a(z) helps to
~ .

j Beam axis ~ Beam axis decrease loss without
] A . s change of the R/Q, which

| is determined in high
degree by Z,

Hfj ~sinfkz)

E, ~ cos(kz)

U

I )

H,(r,z) = Z—Wsin(kz) = oz sin(kz);

_Zy b(2)\ _ _ b(L/2)-b(0) . . a(L/2)—a(0)
Ze=2m( (Z)) = const. b(z) = b(0) + 227 a(z) = a(0) + DK
P—1 RHZdS—RSUZ 4 7 k i+i dz + 4l bL/2))| _RsU* L ! + ! + 41 b(L/2)

2)s - 8nZ b(z) a(z a(L/))| snz b(L/2)  a(L/2 a(L/2

i zfos‘”(z)()UZ"() 2|"\bc/n tawrn) F a2

Pidea Gcon a(L/Z)_ Kncon a(0) . Kgcon a(L/2
Pjonl_ Gideal S a(O) ! Kl\,llv:deal S a(L/Z))’ KEE;deal ~1 If % ~ 3, one may eXpeCt reduce |OSS and Surface

*P, Ostroumov, E. Zaplatin magnetic field 2 — 3 times.

3¢ Fermilab
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L oss reduction in HWR: conical HWR*

Inner Conductor
Quter Conductor

Reentrant Nose

(b)
HWR with enlarged outer (a) and central
conductor (b) dome diameters.

—
o

o
(=]

P cone/P cyl
o o
- o

o
n

o
o

1 12 14 16 18 2 22
Beam Port Slow Tuner Toroid Port Rout_cone / Rout_cy

Power dissipation in conical HWR relative to

PI P I I HWR cylindrical shape.
(P. Ostroumov)

{& Fermilab
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RF cavities for low f:

Spoke resonator

Mechanical coupling of the cavity to the He
vessel in order to improve mechanical stability.

FNAL 325 MHz SSR1 cavity layout and photo. $=0.22

{& Fermilab
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RF cavities for low f:

Multi-spoke resonators

Triple-spoke cavity

207 7/15/2024

V. Yakovlev | Engineering in Particle Accelerators

345 MHz, 3=0.4,

3-gap spoke cavity

for ion beam acceleration
ANL

2= Fermilab



RF cavities for low B:

 TEM-type cavities are prone to multipacting;
* Elliptical cavities have much better performance (MP electrons

drift towards the axis)
* Idea (R. Laxdal): combine SR and elliptical cavity —balloon

cavity.

--- Initial Model
—— Balloon Model
—— 1st order

2ud order
—— 4th order
— 6th order

SE Growth Rate [per Impact

Cavity Voltage [0V

e Balloon cavity is successfully tested (R. Laxdal and colleagues):
condition time reduced from ~10 hours to ~30 mins!

{& Fermilab
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Why not multi-spoke for $>0.5?

Comparison of RF properties (elliptical cavity versus spoke cavity)*

Spoke cavities (402.5 MHz) and elliptical cavities (805 MHz) are optimally designed under the same criteria:

Epeak 40 MV/m and B, = 85 mT. Here EoT is gradient, and r*Rs is R/Q*G per unit length.

2.4E+01
—o—b=0.17 2-gap Spoke (402.5 MHz) —=— b=0.35 3-gap Spoke (402.5 MHz
—=—b=0.48 4-gap Spoke (402.5 MHz) ====h=0.35 5-cell Elliptical (805 MHz
= ,=0.48 6-cell Elliptical (805 MHz) =====0.61 6-cell Elliptical (805 MHz —
1.8E+01 == =0.81 6-cell Elliptical (805 MHz) \
E
>
2 1.2E+01
(-
=]
w
8.0E+00
0.0E+00 ‘ T T ‘ T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Beta
1.4E+05
——b=0.17 2-gap Spoke (402.5 MHz) —=— 3-ga S oke (402.5 MHz

5 b=0'48 4-gap Spoke (4022 bz
1.28405 b=0.48 6l Ellptical (605 Mz
—b=0 81 6-cell Elllptlcal 805 MHz

o) A JA—
g 6-0E+04 f f %ﬁﬂ%\%’(—\ /
€, oms0s ! 7 f ~/ AN
) 2.0E+04 j j] i\/ )\‘ / \
0.0E+00 J j—’/d/\ / : / :

0 0.1 0.6 0.7 0.8 0.9 1

b=0.35
b=0.35 5-cell Elliptical (805 MHz
b=0.61 6-cell Elliptical (805 MHz

Norrnalized shunt impedancelL,

Beta

For 3>0.5-0.6 elliptical cavity is preferable!
*Sang-Ho Kim, Mark Doleans, USPAS, January 2013, Duke University
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SRF Cavity types depending on particle velocity

@L{Imﬁ

1000

N
E _Lbe‘ta ptimal
> Nk T~
e 100 Half-wave g /,/ \\\ =
% % /7 / // \\\\ \\
E 8 / / \ M
7
: /Y }\\ SN
D;\m. ] \/ |
Quaner-wave 0s 0625 075 0875 beta‘-"IbEtaG 1125 125

|—n:S —n=5 N=7 ==——n=g ——n=11 |

n-number of gaps

10

[(=0.1

Particle Velocity [[3=v/c] p=1

{& Fermilab
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Summary:

 For acceleration of the particles having low velocity, QWR, HWR
and spoke cavities are used in modern RT and SRF accelerators,
which have high R/Q at low 3.

] Double and triple-spoke resonators are also used up to 3 =0.5.

J QWR, HWR and SR are prone to MP; Balloon cavity has no MP.

] TEM-type cavities are used up to 3 =0.5. For higher 3 elliptical
cavities are used in SRF accelerators.

{& Fermilab
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Chapter 9.

Beam-cavity Interaction
a. Beam loading;

b. Optimal coupling;

c. Wake potential,;

d. HOM excitation effects.

{& Fermilab
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Beam Loading

Wilson’s Theorems:

Q

1.The bunch exiting the empty cavity, Perry B. Wilson

1927-2013
decelerates by Vi/2, where V; is the voltage
left in the cavity.

Two bunches with the distance between them

of A/2 excite total zero voltage.

If on bunches “sees” fraction a of V, one has: fumhes

o
-,

qy (Vi- aVi)= qpaV;, = a=1/2. /2

{& Fermilab
213 7/15/2024 V. Yakovilev | Engineering in Particle Accelerators



Beam Loading
Wilson’s theorems:

2. The voltage V exited by the bunch with the charge gy is

Energy conservation law:
1/2 - V;-q, = Vi¥/(RIQ-w) — Vi= 1/2-RIQ-w-q,
The energy loss of the bunch is equal to
U=1/2 - Vi-q, = 1/4-R/Q-»-q,*= k-q,?
here K is loss factor,
k= 1/4-R/Q-w.
If the beam pulse is short compared to time constant t (field decay
time),
V, = 1/2.R/IQ-wq
is a total voltage induced by the beam pulse in the cavity,

q is a total charge, Q= 20, =I-t,eqm-
{& Fermilab
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Beam Loading

* RF source and beam wg=w,= w;

e Cavity: wg

e Cavity voltage : V,

* Shunt impedance: R,

. * Losses: P, = V2IRy, = V2/(QyR/Q)
Input line « Radiation to the line: V 4/(Qq'R/Q)
* Coupling: = Qqo/ Qext

Power from RF
source Pg

 Coupling Loaded Q: Q.= Qy/(1+ p)
| element Average beam current: |
—_— * Synchronous phase: ¢
Beam I, Cavity  Power consumed by the beam: P, =

— IbVCCOS(D
* Input power Py
* Reflected power: P, =P, - P, - P,

Details are in Appendix 8

{& Fermilab
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Beam Loading

Equivalent circuit for the beam-loaded cavity transformed to the resonance circuit:

- n C=2/(R/IQ: w)
E R./B L ==C Rel b R.=R/Q -Q,/2
I | =2l

From this equivalent circuit we have:

A ([, R0, [ 0 (0 -07) 1,RIQ0, )
“apo,RIQ| T V.axp) ) kB @ V(AP

where Iz = Ircose and Ip=Ipsing

{& Fermilab
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Beam Loading

If the cavity is detuned by Af versus the RF source frequency and r.m.s.
microphonics amplitude is Jf, the required power is the following :
V2(1+ By ( IRB<R/Q)QOJ ( 0, 20 |0 2, Lm<r/Q)Qo|]
T 4p0,(R1 Q) f =B 1 Va+p |

Typically, the cavity has “static detune”:
A}/p fmem/Q) Y

In this case.

7+ [ IRe(R/@QOT{&ﬂT
“Tapo,RION T V.a+p) ) I+ S

V.(1+ /)

1/2
I..(R/ OO, 280,
The optimal coupling providing minimal power: ﬁop,=[[1+ ( VQ)Q +(%j }
000 \ /] P,(0f) for
200.00 5 -
= 150.00 /// LB 650 (PIP II)
o 100.00
Qo
50.00 Qroad = 1+ 8
U.Utll.EmE 1.E+06 1.E+07 1.E+08 1.E+09 df — z f ,
load
Qoac Here df-cavity bandwidth
——df=0Hz ——df=10Hz df=20 Hz df=30 Hz ——df=40Hz ——df=50Hz ——df=60Hz

{& Fermilab
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Beam Loading

* Inresonance for a SRF cavity ,,,>> 1 and S, =1,-R/Q -Qy/V, and
Q. =V/ (I,;R/Q) The cavity bandwidth Af ={/Q =fI,:(R/Q)/V.

* for optimal coupling for the SRF cavity V, = -V and P, = |V, - |, |
Note that in this case V; = 2V, and reflection is zero, i.e., P, =0.
V, V. V,
- .
 Without the beam in order to maintain the same voltage in the SRF
cavity at the same coupling Py, = 1/4- P,. For SRF cavity reflection
in this case is ~100%.

RF source
UO../

 Phase shift between the bunch and
the cavity voltage

Beam loading

& Fermilab
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Beam Loading, Travelling Wave

In presence of a beam (see Lecture 8, slide 14):

aWp,;

wOWOj
=P +P_, ——
dt AT,

(1)

Beam loading changes the field distribution along the structure.

219 7/15/2024

CLIC 12 GHz structure
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E [MV/m]

130

120 | o cr@0©

110 -

100 -

90

80

70 -

60

O numerical unloaded

ahalytical unloaded
analytical loaded

0.05 0.1

z [m]

0.15 0.2
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Wake potentials

1. Fields of a moving charge in free apace:

S

E = 7
dnegriy?(l — p* sinz\b)?”rz

qd(z — ct) Locgd(z — ct)
o0 E,=1227 -
For Y—®© 2negr Be 2ntr

q v=0 q V=C

'y
"

A J

q'qd(z —ct) _q'qpoc?d(z—ct) _
2negr 2nr

F, = q’(Er - CBFJ) =

{& Fermilab
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Wake potentials

1. Fields in the smooth waveguide with ideally conducting walls:
No radiation (lack of synchronism: v,,>C)
Coulomb forces (including image):
F, :q(Er'VB¢)~1/y2
F, ~1/y? (staticfield is compensated by eddy field).

2. In presence of obstacle radiation takes place
echange of cross section,
finite conductivity
edielectric wall

{& Fermilab
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Wake potentials
T AVARETEWAVA Radiation fields in the

f777 ‘ .
ﬁ@?‘%——“ _A R TW acceleration structure
U VARV,
L A [ test chélrge drive charge
\ Acceleration = —— T z
7 cells w
| | ,
bunch 1 7
f Wer7s) = = ] dzE:(T 2 Dlem e >
Blue — deceleration, green —acceleration 7
* Energy lost by the bunch: _ . 7 B .
W = qu W‘L('F, 7'-'”3) = E / dz [E.L +c(2 X B)L:(z-i-s)/c .
k is the loss factor. “
« Transverse momentum Kick: W,=0, W, =0 for s<0
Apic=rq’k, Z
K. Is a kick factor More details: Appendix 13 _
2= Fermilab
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Electromagnetic field excited by bunch

time

{1 T'Yw'x -
N $ S e

Cotai0at Y

The bunched beam excites electromagnetic field inside an originally empty cavity.

{& Fermilab
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Short- and long-range wakefields

= Short range wake-field — Fields along
the bunch and just behind it:

o Cause bunchenergy loss and energy
spread along the bunch

o Single bunch break up instability

o~
BVV aaan v ©
cx=wRB8R3F I 3

o Cooper pair breaking in the case of
extremely short bunches

» |Long range wakes (HOMSs):

o Monopole modes: Longitudinal coupled

bunch instabilities; RF heating; i e e csT
LongitUdinaI emittance di|Ution e EEZ{E?:Z 3'::.012 U/m at §79.910 / 0 / 1.45893

o Dipole modes: Transverse transverse
coupled bunch instabilities; Emittance
dilution; beam break-up instabilities ...

{& Fermilab
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Wake potentials
Pillbox with the holes:

VA weo\ 1/2 — |
ko) = 20 f2 raaa- (52 | — 7

1

Zoc
k1(0) = (4.36.) 75 \/go
Loss and kick factors depend on For Gaussian bunch, I'(1/4)/4 =0.908..
the cavity geometry and the bunch omaen o flr
Length. - —*
Catch-up problem: "P N I

O |
“]Cl - |
}/obsmcle

A \ )
3 (\ Incident Monochromatic

Flane Wave

¥

L. o

il
el

el

Diffraction model:
(L2+a?)? =L +0  L=a%/20

{& Fermilab
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Wake potentials
Transition of the wakefield in semi-infinite periodic structure:

= Calculations of the loos distribution for a chain of

TESLA cells. The loss factor and wake amplitude
decrease with the cell number. The shape of the §
wake does not change significantly after the bunch = B
exceeds the catch-up distance, which is ~3 m (27 g ——
TESLA cells) for this case (=0.2 mm, a = 35 mm) ot
; -10 \ —E—m r
\ ]
ot T N
g 250 | ST 05 sz_:w 05 FX Y B T ;z_‘:a";)' s 10
Q ’ ' ’
. a? - B} \. E
_— o . * ]
- 0 . ] ]
ZO-Z "3 I %‘-’9‘ 10 - ]
§ g ) \ Jas L ' ]
15.0 - \ 7 \ =]
4 NS\
100 I 1 R R L ‘ ] L _25—1.0 —r‘:i.S sz:::w 0_‘5 )‘.0_25—1_0I - I—cli_;'l - ;ii}:} - I{J.ISI = I)‘-.{J
1 10 100
number of cell e .
3¢ Fermilab
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Wake potentials

Semi-Infinite periodic structure (steady-statewake): Y » Y &
—wakes per unit length. I .
* Karl Bane model (KB) : — L
— L
_ Zyc . al.Sgl.f} -
WL(s, L‘*U)—mexp(—\/ﬁ/ﬁn)a where s,=0.41 e
Z .
when g—0, k; :%
T

Steady-state wake — when the structure length > catch-up distance.

*** Wake potentials limit the cavity aperture and therefore,
determine the cavity design, especially for SRF electron linacs for
FELs, where the bunch length is small.

{& Fermilab
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Wake potentials
Wakefiled for non-relativistic bunch:

Ofield ™ Obunch Oficld ™ @

2a

y>>1 v~ 1
HE electron linac Proton linac
(ILC, XFEL or LCLS 1)
fmax ~ ¢f Obunch 1:maxm c/a

for a,ypen = SOM, ey < 6 THz fora =50mm,f ., <6 GHz

Diffraction losses are determined by ojigy P ~ (Gfieia) 2

2= Fermilab
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Wake potentials
Wakefield for non-relativistic bunch™®:

The 650 MHz, =0.9 elliptical
accelerating cavity for PIP II

21—
6
1.8
bunch profil
v - = beta=1 F
4 B : m== beta=09 16 4 —&— g=200mm,c’h=16
- . r —¥— o=200mm,ch=6

Z, [mm] | 076 077 | U.IS | o.lg 1.0
*S. Kurennoy Beta

{& Fermilab
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High-Order Modes in elliptical SRF cavities (long-range wakes)

 Possible issues:

* Trapped modes;

e Resonance excitation of HOMs;

 Collective effects — transverse (BBU) and longitudinal (klystron-type
instability);

 Additional cryo-losses;
 Emittance dilution (longitudinal and transverse).

 HOM damper is a vulnerable, expensive and
complicated part of SC acceleration cavity (problems —
heating, multipacting, etc; additional hardware —
cables, feed-through, connectors, loads). HOM dampers
may limit a cavity performance and reduce operation
reliability;

"To damp, or not to damp?”

{& Fermilab
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High-Order Modes in elliptical SRF cavities

« HOM energy gain dependence on frequency (see Lecture 7, slide 25)
kr/ —ka/ R V(0)? —zka/
V(ir)~ e /Bv;orV(0)/V(a)~ e /Bv. It means that for HOMSE = ~e By
Example: B =0.9, 650 MHz, 5-cell cavity.

137.7 - 31.89 [

1.425 = 0.1515 }...._.

max(R/Q), 2

25 3 35 4 45 5 55
Frequency, GHz

In proton linacs the HOM spectrum is limited in contrast to SRF cavities for
electron linacs;

R/Q of propagating modes having high frequencies is considerably small.

* A. Sukhanov, et al., “Higher Order Modes in Project-X Linac”, Nuclear Instruments and Methods in Physics
Research, Vol. 734, Part A, January 2014 i
& Fermilab
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High-Order Modes in elliptical SRF cavities
(long-range wakes)

d Specifics of Higher Order Mode effects in the elliptical
cavities of proton linacs:

* Non-relativistic beam;

* Small current and small bunch population;

* No feedback (linac);

e Complicated beam timing structure (dense frequency
spectrum).

{& Fermilab
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Trapped Modes in elliptical SRF cavities

For some modes k (coupling) may be very small (electric coupling is compensated by magnetic
coupling). Because of manufacturing errors, the field distribution may change, the mode will
not be coupled to the FC or beam pipe and have high Q,,,, — so called trapped modes.

An example of a bad cavity design containing a trapped mode:

P O 0 e owm| /AT

'- - -'u

HOMs in an ideal cavity. HOMs in a “realistic” cavity, i.e., in
presence of misalignments.
In both cases the operating mode is tuned to correct frequency and field flatness. 2% Fermilab
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Resonance excitation of HOMs in elliptical SRF cavities

: e | E
:‘; ~—— Nuclear
?é' 1=
g - F A
§ I N RN N
107 i P ety e e | 'H H ! o | [T e rereets Eereeer Ferer) e | A E5 H HH" =
| B 11| e e | B
| 1 1 1 e o o A )
| W1 0 0 0 0 0O 0 0 A R
T e § S AL a0 A ER LAY ol
me, ns 0 40 60 80 100 120 140 160 180 200
Frequency, MHz
Example of the beam structure for multi-experimental The beam current spectrum may be
proton driver (PIP II) dense: for PIP Il it contains
: : +» @ harmonics of the bunch sequence
Bo_pgﬁnlg mode io_ O'? . ) frequency of 10.15 MHz and
Eum E w0 PeIEnY et % e sidebands of the harmonics of
2., 9, 81.25 MHz separated by 1 MHz.
g g
I
<«<— R/Q spectrum of the cavities
””””””””””””””””””””””””””””””” FMHz "F Mhz
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Resonance excitation of HOMs in elllptlcal SRF cawtles

140 bt i AT S R S S S R SRS e SR 1238 62 MHZ
124114 MHz
. 1826.42 MHz

HOM have frequency spread caused by
manufacturing errors:

“*For 1.3 GHz ILC cavity r.m.s. spread o; of
the resonance frequencies is 6-9 MHz
depending on the pass band;

“*Cornell: 0;= 10.9-10*X(f,,op-To),

120
o T A — — % I :

R/Q (Ohm)

’:’SNS: Gf ~ (9.6'10_4' 13410_4 )x(fHOM'fo); T T a—— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -

Af =|f f o - " I S, S =
max |HOM,caIcuIated HOM,measuredl f o 0.8 pp 0.9 —

Beta
(R/Q) for HOM modes depends on the
40 particle velocity B (650 MHz, B=0.9 cavity)

50

30

20

Variation of Q4 for 5" passband
(650 MHz, f=0.9 cavity)

10

13

1x10

1x10° 1x10 " Qg 19

{& Fermilab
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

I (R/
* Longitudinal emittancedilution does not take place if &f >> f%
gZ

For typical parameters for protonlinacs 0f>> 10-100 Hz.

cxol(R
* Transverse emittancedilution does not take place if §f « ol(R/Q), Not an issue!
For typical parameters for proton linacs §/>> 1-10 Hz. 8V2nByUoy/e/Bs
R 5 mA

1) e e = X
“‘*B‘E‘k.-ﬂ“ha. o 5 I I IA
. Y

—0— R=59mm, § =092
—— R=50mm, § =090

2

o.m
Y

=
&
1

Elue — old design
1107 Red — new design

Probability
Cumulative Losses Probabilty
=]

2

- 10°

10 107 10° 10° 10+ 102 102 101 10° 10! 10°
Monopole HOMs Losses, [W/CM]

w10
0.01 0.1 1

Relative emittance growth, Az,

Cryo load caused by HOMS
PIP Il SRF linac
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

J Regenerative instability, transverse (BBU):

* Regenerative BBU develops in one cavity and requires feedback; in SRF multi-cell cavities this
feedback is caused by dipole partial travelling waves reflections from the cavity ends, which compose
a HOM standing wave.

* The excitation mechanism :
oTransverse kick in the beginning of the cavity; the Uyiec ~ Viom, Viowm is the HOM amplitude.
oDeflecting in the cavity; deflection X ~Vyom
oPhase slippage - deceleration in the cavity end, Ppeam ~X lpeamVrom ~lpeam (Vom)?
olnstability condition: average power lost by the beam is equal or less to the loss power P, in the

cavity: Pog ~(VHOM)2/(rl/Q'QIoad):
<F)beam > = F)Ioss (1)
olt gives the critical beam current: lg =« /(r /Q-QOjoag)- k depends on the beam velocity and HOM

field distribution, it is determined numerically. It does not depend on the relationship between the
HOM frequency and bunch spectrum line! “Instability selects its own frequency”

Acceleratng cll For ultra-relativisticbeam™:
I 3
mwepc/e
o (3)
Bunches— ¢ Defrection = [ . Deceleration z ZkHOML Q Qload
fg:elr;‘ W *R.L. Gluckstern and H.S. Butler, “Transverse Beam Blow-
! - - Up in a Standing Wave Linac Cavity,” IEEE Transactions on
Phase slippage Nuclear Science, vol. 12N, No3, 1965, pp. 605 — 612.

{& Fermilab
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

U Regenerative instability, longitudinal (monotronic):

* The excitation mechanism :
oVelocity modulation in the beginning of the cavity; 46~ Vyom, Vhowm is the HOM
amplitude.
oBunching in the cavity at the HOM frequency; the current harmonic lyom~ 48lpeam
~Vhomlbeam
oPhase slippage - deceleration in the cavity end, Ppeam ~lhomViom ~lbeam (Viaom)?
olnstability condition: average power lost by the beam is less or equal to the loss power

Ploss in the cavity: P)og ~(VHOM)2/(R/Q'QIoad):
<I:)beam > = I:)Ioss (2)

olt gives the critical beam current: g =% /(R/IQQ\oag)- | depends on the beam velocity
and HOM field distribution, it is determined numerically from (2).
* Similar to BBU, it does not depend on the relationship between the HOM frequency and
bunch spectrum line! “Instability selects its own frequency”

» Typically, in proton accelrators | is > 1 A._But it should be always checked!
Accelerating cells

Beam pipe Beam pipe
Velocity modulation Bunc

E

Bunches— Deceleration
Power
coupler

Phase slippage
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

U Cumulative BBU
* In contrast to regenerative BBU, cumulative BBU develops in the chain of the cavities.

Cavities

NSNINSNSNAIVIVIVVYVNLIVIVVVY VYN

Bunches

 Mechanism:
oBecause of the initial transverse modulation on the beam, a dipole HOM is excited in
the first accelerator cavity, which in turn provides transverse momentum modulation of
the later bunches.
oAs a result, transverse momentum modulation converts in the downstream cavities to
displacement modulation exciting there the dipole HOM, which in turn lead to further
transverse displacement modulation, and therefore to the beam transverse emittance
dilution, or even to the beam lost.
* The effect is coherent and cumulative as a function of length and time. As well as the
regenerative instability, the cumulative instability is determined by the beam current |4,
and the cavity HOM parameters: resonance frequency fyoy, transverse impedance rl/Q

and Qjoag-

{& Fermilab
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Resonance excitation of HOMs in elliptical SRF cavities (cont)

Why collective effects is not an issue for SRF proton linacs with elliptical cavities:

* No feedback as in ERLs (or CEBAF);

e Different cavity types with different frequencies and different HOM spectrum are
used;

* Frequency spread of HOMs in each cavity type, caused by manufacturing errors;

* Velocity dependence of the (R/Q);

* Small — compared to electron linacs -beam current.

* No HOM dampers in SNS upgrade cavities (I, .., =26 mA);
* No HOM dampers in ESS cavities (I, .., =50 mA);
* No HOM dampers in PIP Il cavities (l, .., Up to 5 mA);
* Probably, HOM dampers will be necessary for future high — current
drivers for ADS. ry
«(2)

* Alignment!
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Summary:

(J Accelerated beam excites RF field in the cavity, which should be
compensated by the RF source’

 The required power is determined by the beam current, voltage, cavities
R/Q, loaded Q, cavity detune and the synchronous phase. There is the
optimal coupling which provides minimal input power.

d Ultra-relativistic bunch radiates the field in the cavity, which may cause
energy spread and transverse instability. Short-range wake changes the
beam dynamics in the same bunch.

[ Loss factor and kick factor limit the cavity aperture, that should be taken
into account during the cavity design.

 Long-range wakes (= HOMs) may affect the beam dynamics (cumulative
instabilities). The cavity should be optimized to get rid of trapped
modes, and modes with high R/Q and Q,,.4. For proton linacs (pulsed
and CW) HOMs typically are not the issue; for electron SRF linacs HOMs
should be damped.

 Proper cavity alignment should be provided to mitigate or get rid of
cumulative instabilities.

{& Fermilab
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RF Accelerating Structures

Outline:

10. Architecture of SRF accelerators;
11. SRF around the world.

{& Fermilab
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Chapter 10.

Architecture of SRF accelerators.
a. proton/ion SRF linacs:

- RT or SRF front end?

- choice of beamline elements;

- lattice design.

b. electron SRF linacs.

{& Fermilab
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Architecture of a GeV-range proton SRF accelerator:
Layout of typical modern proton SRF accelerator.

RFQ

¢t 1 t &

402.5 MH
2T et >  SNS (ORNL): H,1 GeV, 6% DF,
SRF, ﬁ=0_814 ve | 1.44 MW to accumulator ring
2.5 86.8 186 387 1000 MeV In operation
< 259 m -

}' SourceH"EBT i HMEBT orL |/ spoke i o I T ] Are— - ESS (Lund): p+’ 2.5 GeV,
L

1 6m 19m 52m 57,5m . 215m HEBT 100m
J : “ 1" 4% DF, 5 MW to target
75keV 3MeV SOMeV 200MeV 500MeV 2500MeV .
=N 27m < 325m <ES 100m Cat Under Constructlon

It e [ wear [ wr [SsRi T ssR2] o6 [ p0s|| FIP I (FNAL): H-,800 MeV,
L RT("15m) < > upto100% DF, upto 1.6 MW

" 0-2.1MeV 2.1-177 MeV 177-800 MeV Desi
esign

£ Fermitab—
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Linac Design Philosophy:
dRT or SRF frontend?

* For low duty factor RT frontend (up to ~200
MeV) may be used

* For high DF or CW SRF is necessary from the
beginning

d Choice of beam line elements
» Accelerating RF Cauvities
* Focusing Magnets
 Lattice Design
* Focusing Period
* Transition Energy between Sections

{& Fermilab
245 7/15/2024 V. Yakovlev | Engineering in Particle Accelerators



RF cavities:

Radio Frequency Cavity

f<0.5 ] — p0.5
| l Multi-cell elliptical shape cavity
Quarter wave resonator Single spoke
(QWR), Half wave (SSR),Double, Triple...|
Resonators (HWR)

« Lower RF frequency provides better interaction with beam.

* RF defocusing factor is inversely proportional to frequency.

« Lower frequency implies larger RF bucket and hence larger longitudinal
acceptance.

{& Fermilab
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RF cavities:

1 The frequency choices for multi-cell:
* Cavity length is about the same for the same £, (the same number of couplers,
tuners, etc). Typical length ~0.8-1 m depending on S, (from iris to iris)
* Lower frequencies — bigger size, higher cost, more difficult handling, microphonics
but: lower losses per unit length (smaller R/Q, but lower R,);
larger aperture (current interception), smaller beam
defocusing; smaller number of cells and therefore, smaller
a/A, smaller K..and K, and smaller numbers of cavity types.
* Typically, they use 650—- 800 MHz, and 5-7 cells/cavity:
SNS: 804 MHz, 6 cells/cavity (in operation)
ESS: 704 MHZ, 5 cells/cavity (under construction)
PIP Il: 650 MHz, 5 cells/cavity (under development)

 The frequency choices for the front end:
e Subharmonics of the main frequency.

 Acceleration gradient choice (high DF, CW):
* Quench, B, <70-80 mT
* Field emission, E ., < 40 MV/m

 Thermal breakdown typically is not anissue for proton linacs.

{& Fermilab
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RF cavities:

« Selection of the maximum accelerating gradients in cavities are
made on the basis of :

— Peak surface magnetic field
— Peak surface Electrical field

« Choices of peak magnetic fields are derived from:
— Dynamics heat load due to accelerating mode
— Cavity quenching.
« Choices of peak surface field is made to avoid field emission

CW Linac assumptions: Accelerating Gradient in PIP-II Linac

* 1625 MHz: H, <50mT
* 325 MHz: H, <60mT .
* 650 MHz: H, <70mT Gradient 9.7 10 11.4 15.9 17.8

* Ep<40 MV/m. (MV/m)

{& Fermilab
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Focusing elements:

% Normal conducting magnets are cheaper but superconducting magnets

are.
» Compactin size
» Provide intense magneticfield with low power consumption.

s Low energy part of SRF linac typically has solenoidal focusing:
¢ Provide radial focusing

*» Intermediate and high energy section of linac use normal conducting
doublet focusing.
¢ Simplify cavity magnetic shielding requirements
» Correctors are built in each magnets.
» Solenoidal and doublet focussing keeps the beam round in transverse
planes.

4

L)

(R )

L)

L)

* Focusing magnets in each section

Section HWR SSR1 SSR2 LB650 HB650

Magnet S S S FD FD
S —solenoid, FD —doublet (F : focusing and D: Defocusing quadrupole).
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Focusing elements:
d Solenoid:

7

Solenoid focal length f:

(non-relativistic case, T is a particle

kinetic energy, T=mv?/2.)

- 000 0000

y,

Fhg reburmn oore

1
f 8Tm
* Focal length is proportional to %

* Focal length is inversed proportional to B,°L, L is the solenoid length;

f"ﬁfmﬁ" %

_[ B dz o o

* Therefore, solenoid can be used for low £ (£<0.5). For higher f quad is used.

 Quadrupole lens:
Quad focal length f:

1 _ 9B'L
fypmc
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Focusing elements:

For low section SC solenoids are used.

- Simple and inexpensive;

- Filed upto 6-8T;

- SRF cavity should have < 10 mT on the SRF cavity surface:
remnant solenoid field should be compensated

- Solenoid contains correction coils (steering dipoles)

- Alignment (typically <0.3- 0.5 mm, <5 mrad tilt);

- Quench protection;

- Leads

Magnetic Shield-

LHe Vessel -

Flux Return-
Bondoge-i\\\
Main Coil-
Steering Dipoles-

Beam Pipe-
Bucking Coil-
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Lattice Design: Focusing Periods

« Length of the focusing period is kept short, especially in the low energy
section where beam is non-relativistic and non-linear force may be

significant. Cryomodule Arrangement
HWR Section: [ Solenoid | Drift IHWRCavityI Drift ] SC-SC-SC-SC-SC-SC-SC-SC
0.3m 0.0806 m 0.25m 0.0552m
< 0.6858 m >

o

SSR1Section: (sspy cavity | [ Solenoid j [ssracaviey | [ssracaviey | CSC-CSC-CSC-CSC

' 1
1 0.4m

0.3m 0.3m
>

1 1
i ! ]
E e 4:: 0.45m ’i
L‘ 125 m o
0.32m 0.4767 m

0.75m i 075m-

-.

2.25m
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Lattice Design: Focusing Period in High Energy Section

* Frequency jump from 325 MHz to 650 MHz at LB650 MHz section
« Solenoidal focusing is replaced with quadrupole doublet.
« Same family of doublet is used in both LB650 and HB650 sections.

4.45 m

- 3 |
- >

1 1
' :
! SC Crvomodule !
i i
] 1
i 0.9 m '
A — i
. 1 1
LB Section : ! Cavity Cavity Cavity '
! Field Map Field Map || Field Map '
v
n ]
n ]
0.6 m 0.975m 1 0.95m 0.2m
< >'e >le— i >
NC Doublet NC Doublet
10.6 m
1€ >
] 1
i |
HB Section: | SC Cryomodule |
1 1
] 1
i 1.44 m i
E —> p i
! Cavity Cavity Cavity Cavity Cavity Cavity !
: Field Map || Field Map || Field Map || Field Map || Field Map || Field Map ;
v L] L)
1
i
10.6m! 1.25m! 15 m 0.2m
le—>'€ >le > >
NC Doublet NC Doublet
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Transition Energy between Sections :

* Transition Energy between Sections (type cavity change). Optimizationin order to
minimize the number of cavities.

 Beam matching between sections and cryomodules are achieved using elements of each
side of transitions. Avoiding abrupt changes in beam envelopes to reduce possibility of
halo formations.

* Adiabaticvariationin phase advance alonglinac. Reduces possibility of beam mismatch.

Energy gain per cavity vs. Energy

12 —
-
16 /
14 /
o 12 /
ANV
.
6
/ \\""h_.
4 f —‘-—-_H"""'—H_
2
/
00 20 a0 60 300 1000 1200 1400 1600 1800 2000
Energy, MeV

Number of cavities required for acceleration from 185 to 800 MeV versus cavity beta in the LB650
and HB650 sections (left) and the energy gain per cavity versus particle energy (right) for LB650 (red
curve) and HB650 (blue curve) cavities.
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Architecture of a GeV-range proton SRF accelerator:

Correct selections of transitional energy provide better optimization of
real estate gradient and reduction in total number of beam line

elements.

Transition time factor v/s beta

HWR SSR1 SSR2 LB650 HB650
1 , e e
A TN
S
& )R HWR
= o3 i / j / '\\ SSR1
f1 N SSR2
: LB 650
HB 650

0.2 04 0.6 0.8
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2.1
10.3
35
185
500

0.094
0.186
0.398
0.61
0.92

0.067 -0.147
0.147-0.266
0.266-0.55
0.55-0.758
0.758-0.842
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Acceleration voltage distribution
Voltage Amplltude in CaV|t|es Voltage gain by beam

MEBT —— MEBT

HWR
HWR
f SSR] —— SSR1
LB650 LB650
HB650 HB650
~ 20F i _
Z > 15 F
S =
$ s 5
£ = 10r
< 10 F
5
0 - “IMI'I“” . 0
100

0 20 40 60 80 100 120 140 160 180 0
Position of the Center (m)

120 140 160 180
Position of the Center (m)

— —= Linac
*  Maximum Energy gain in PIP-Il SC cavities £ 2] pfsl iTITe R

faof 7

§-50—:
Max. Egain 2 2.05 5 11.9 199 &
(MeV) g ]

m—mo_......‘.......,...

50 100 150
Position ( m )
35 Fermilab
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Summary:

 Architecture of a big SRF linac is determined by:

e accelerated particles — electrons, protons or ions;

e accelerator operation regime — pulsed or CW;

e accelerator parameters — energy and power.

d For a proton accelerator the choice of the front end — RT or SRF — depends on
the operation regime, pulsed or CW.

1 The frequencies and cavity types for a proton or an ion accelerator should be
determined;

L The types of the focusing elements should be selected.

 The lattice should be designed, which provides

* acceleration

* focusing

* bunching.

 Break points between the section with different cavity types should be
optimized,

d The sections should be matched to each other to provide required beam
quality.
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Chapter 11.

SRF around the world

{& Fermilab
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SRF around the world

ESS

FRIB \
ARIEL / m
MYRR /\DERLinpro
® o CBETA ESA .

LCLSHI S ‘ay
TSA E C':é@ S Al /iléAARAF

Operation
00

Construction
electron
A proton/deuteron

A\ heavy ion

Future plan
E QN

Global view Distribution of superconducting particle accelerators using SRF structures for
electrons (orange), protons (purple) and heavy ions (pink). More than 30 SRF accelerators are
in operation (circles), approximately 15 are presently under construction (triangles) and more
than 10 future projects are under consideration (squares). Credit: CERN
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Big SRF Accelerator Facilities:

Linac Laboratory Application Acc. Particle | Operation Status

SNS ORNL, USA Neutron Source |H- pulsed Operation
ESS ESS, Sweden Neutron Source |p pulsed Construction
CIADS IMP, China ADS p Cw R&D

ISNS Indore, India Neutron Source |p pulsed R&D

ADSS BARC, India ADS p CwW R&D

PIPII FNAL, USA Neutrino/Muons | H CW/pulsed Construction
FRIB MSU, USA Nucellar physics | lons cw Operation
RAON RISP, S.Korea Nucellar physics | lons cw Construction
CEBAF JLAB, USA Nucellar physics |e- cw Operation
XFEL DESY, Germany | FEL e pulsed Operation
SHINE SINAP, China FEL e cw Construction
LCLS 1l SLAC, USA FEL e cw Construction

$& Fermilab
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New large SRF accelerator installations

CEB}AF Upgrade - JLAB 80 cavities Electrons
Upgrade 6.5 GeV => 12 GeV electrons

XFEL - Hamburg, Germany 840 cavities

17.5 GeV electrons — Pulsed X-ray FEL

LCLS-Il (+ LCLS-II-HE) - SLAC 296 (+184) cavities

4 GeV electrons — CW X-ray FEL

SPIRAL-Il - France 28 cavities lons

30 MeV, 5 mA protons -> Heavy lons

FRIB - MSU 340 cavities

400 kW, heavy ion beams for nuclear astrophysics

RISP - Daejeon, South Korea 340 cavities

400 kW, heavy ion beams for nuclear astrophysics

ESS - Sweden 150 cavities Protons
1 -2 GeV, 5 MW Pulsed spallation source

PIP-ll - Fermilab 115 cavities

800 MV High intensity proton linac for neutrino beams

Coming up: SHINE in China, EIC at BNL, ILC in Japan, FCC-ee/FCC-hh at CERN, CEPC-SPPC in China,
Accelerator complex upgrade to 2.4 MW at Fermilab

{& Fermilab
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SRF gradient achievements and applications

60 _
)
3
ILC TDR EE ILC 1 TeV upgrade
1TeV R&D goal g‘-g‘- high-gradient R&D
50 O
)
2 3
352
40 - - oA
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S =939
= : S
g E &= 2 ILC construction
ICgoal g O st 2X 125 GeV linac
O mk HgE

Eacc [MV/m]
w
o
|
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single-cell cavity

CEBAF 12 GeV upgrade
2X 1.1 GeV linac

8] L |
CEBAF 12 GeV upgrade goal  LCLS-II goal

E-XFEL construction :
TTF SASE FEL run 17.5 GeV linac E-XFEL ptloton science

CEBAF 12 GeV nuclear physics

LCLS}

STF

C g

| photon science

SHINE
nac photon
science
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Credit: Source: R Geng/ORNL
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Gradient growth SRF linac accelerating gradient
achievements and application specifications since
1970.

CW SRF Linacs — SCA: Stanford Superconducting
Accelerator; MUSL: llinois Microtron Using a
Superconducting Linac; CEBAF: Continuous Electron
Beam Accelerator Facility; JLab FEL: JLab Free
Electron Laser; ELBE: HZDR Electron Linear
accelerator with high Brillance and Low Emittance;
ALICE: STFC Accelerators and Lasers In Combined
Experiments; ARIEL: TRIUMF Advanced Rare IsotopE
Laboratory; LCLS-II:

Linac Coherence Light Source extension; SHINE:
Shanghai High Brightness Photon Facility.

Pulsed SRF Linacs — FAST: Fermilab Accelerator
Science and Technology Facility; STF: KEK
Superconducting RF Test Facility; E-XFEL: European
Xray Free Electron Laser; ILC: International Linear
Collider.

50
.......................................................... Superheating field of Niobium
40
30 ILC
@European XFEL

N
(=]

@ Spallation
Neutron Source

=
(=]

@ CEBAF

Operating Gradient [MV/m]

0
1990 2000 2010 2020 2030 2040

Year of First Operations
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Fermilab PIP-II

S LEBT RFQ ‘ 22 B=0.51 B=0.61 P=0.9

SC

325 MHz 650 MHz
1-177 MeV 177-800 MeV

b,

Medium-Beta Elliptical
Cavities High-Beta Elliptical Cavities
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Architecture of Facility for Rare Isotope Beams (FRIB, MSU)

Beam Delivery
System To Target

f=0.085 Matching [=0.29 Matching [=0.29 Matching B=0.53 Matching  Superconducting
Cryomodule Cry;mochh Cryomodule Cryomodule Folding Segment
= 7 7 ' _
f.—. i b i i 1 -
"'ﬁsﬁ" 11 #=0.085 Cryomodules 3 =0.041 Cryomodules 500 keV/u RFQ

Room-Temperature  (=0.085 Matching 10 m Vertical Drop from

12 p=0.29 Cryomodules 18 p=0.53 Cryomodules

Folding Segment Cryomodule lon Sources (above ground)
K. Saito, September 2014 LINAC14 THIOAD2 ,
. FRIB cavities
il Cavity Type QWR | QWR | HWR | HWR
0041 | 0085 | 0285 | 053
805 805 322 322
_ 0.810 180 | 2090 | 370
- E,.. [MV/m] 529 568 | 789 | 751
E,/Ep. 582 589 | 422 | 353
B, /Eqee [MT/(MV/m)] 103 121 755 | 841
R/Q [Q] 402 455 224 230
¢ ] G[Q] 15.3 223 | 779 107
H Aperture [m] 0036 | 0036 | 0.040 | 0.040
g et ) Lg = B2 [M] 0153 | 0317 | 0265 | 0493
B,=0.041 B,=0085 PB,=0.29 B, =0.53 Lorenz detuning
N=12 88 72 144 [HZ/(MV/m)’} b = = s
b o BT Specific Qu@VT 14E+9 | 20E+9 | 55e+9 | 9. 2E+9
total 347 inc|udin'g matching module, spares Q 65C10 [ 1.9640 | 50810 [ 9100
$= Fermilab
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FRIB linac is successfully commissioned in May 2021!

|

=4 'i:"h"h"h*%f‘wﬁ :

4 ] ':"/rc'vlﬂ“?h‘m“'%;*a;.w

5-cell 644 MHz cavitiesfor FRIB upgrade
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Architecture of LCLS Il (electron SRF Linac for FEL)

Lo L1 L2 L3
p= o=-21° o=-21" =0
Vp =94 MV Vo =223 MV HL Vo =1447 MV Vo =2409 MV
e =12 A Ix=12A @=-165 lox =50 A Ioi = 1.0 kA
L,=2.0mm L, =2.0 mm Vo=55MV Ly=0.56 mm L, =0.024 mm
son b’ N cmos }o-[ emis B N cmie )| emss )-—-/m,c
LH BC1 BC2 E=4.0GeV
GUN E =95 MeV E = 250 MeV 12 CMs E = 1600 MeV 20 CMs Rsg =0
0.75 MeV  Rse = -14.5 mm Rsg = -55 mm Rss = -60 mm o;~ 0.016%
o; = 0.05 % 0;=1.4% 0;=0.46 % 2-km
100-pC machine layout: Oct. 8, 2013; v21 ASTRA run; Bunch length L, is FWHM
Line F (high temperature shield return)
v Line B (helium gas return pipe) Support post cover

JT and cool-down
7 valves
TE Ay A g

tercept supply) Tuner access port

pe ure shield supply)

e G (2-phase pipe, closed ends) and liquid level tube

Will be closed at each end)

Line D (low temperaﬂjre intercept return)
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European XFEL\

View Along the 1 km Lon%
Superconducting Accelerator

t] /’

| NE = EXFEL is the world largest SRF application at 17.5 GeV
i ' i /(800 cavities).

s 'k Operatjng gradient is 23.5 MV/m.

‘j‘“* Co st@tlon is complete commissioning has started.

t las‘gjg in® May /zqn 7!

' E‘Eﬁi\ "

2= Fermilab
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SRF Liner Accelerator is self-consistent system, parts of it strongly
depend on each other. Deep understanding and careful analysis of
subsystems and components as well as their interaction are necessary
to achieve required beam parameters and facility reliability at minimal
capital and operation cost.

The design process will never be reduced to just a few simple rules or
recipes. Using an existing design as a base for developing a new system
IS OK and can shorten the new system development time, but the
system designers should be aware that even seemingly small changes
could bring big consequences.

As accelerator application demands continue to increase (higher energy,
higher luminosity, brighter beams, more efficient accelerators, ...) there
will be no shortage of new challenges to tackle in the future.

The field of RF superconductivity is very active. The SRF technology is
the technology of choice for many types of accelerators.

{& Fermilab
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There will always be ample
opportunities for imagination,
originality, and common sense.
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Appendix 1, Vector calculus

V-(vA)=A -Vy+¢yV-A div(¥A) = A - grady + ¢ divA
Vx(YA)=Viyx A+yV x A curl()A) = grady x A + ycurlA
V(A-B)=(A-V)B+ (B-V)A+ grad(A-B)=(A-V)B+ (B:-V)A+ P\
+A x (VxB)+Bx(VxA) +A x curl B + B x curl A S
%VA? —Ax(VxA)+(A-V)A % gradA? = A x (curlA) + (A - V)A

V.- (AxB)=B-VxA-A-VxB |div(AxB)=B:-curl A—-A- curlB *

Vx(AxB)=A(V-B)-B(V-A)+ | curl(A x B) = A (div B) — B (div A)+
+(B-V)A—(A-V)B +(B-V)A-(A-V)B

{& Fermilab
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Appendix 1. Vector calculus

Vx(Vy)=0 curl(grad ¥) =0
V¢ = grad ¢
V-A =divA V- (VxA)=0 div (curl A) =0
V x A =curlA = rotA ) '
A=V2—-V.V AYp=V-(Vy)=V A ¢ = div (grad v)

VxVxA=V(V-A)—V>A | curl(curl A) = grad (div A) — AA

V=—it+ —j+ —k, e ) ; — .
8mt-|- ay.?-l-az . /curlF dS—ﬁF dil , fdldeV /F dS

Stokes theorem Gauss theorem

{& Fermilab
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Appendix 1. Vector calculus
Differential operators in different coordinates:

Cartesian Cylindrical Spherical
A A x+ Ay + A2 Ap+A,p+ A2 A1 +A3§ + A, @
of . of. Of. of . 10f . Of . of . 10f 4 1 of .
—X+ ¥+ -z — —— — 7 —r+——0 —
Vi Oz " c')yy 0z 3pp+pﬁcplp+ 0z or + r 00 +rsin6’ Ba,o(P
0A 0(pA 0A d(r* A, 0A,
V- A 6A¢+ y+6Az l (o p)-l-l {'0+6Az i (T )+ L i(Agsinl?)—k 1 z
oz Oy 0z p Op p Op 0z 72 or rsinf 00 rsin@ Oy
2 04y \ . 1 94 04, \ 4 1 9 A9\ A
(E_ Oz )X (;B_tp_ 0z )p + rsin @ (% (AHOS}.HH) (':)—)(‘ra +
DAL BA.\ - 94 04:\ - 1 1 04, il A
VXA (32 _g)y —I_ (azp_ ap)‘p + ;(Sina S _g(TAQO) 9 +
94, 94, \ - 1 { 9(pAy) A, N\ . 1 (8 04, \ -
o)) (Eow-3)
9> 02 92 1 s, 1 9? fl1 s, 1 s, 1 0
Ap—vp O OF O _i(p_f) 19F 9F _E(T.z_f)+ _ E(Sing_f) s
dx2 Oy | 922 pOp \" dp p? 8p2 022 | r2 Or or r2sin @ 00 o0 r2sin® § Op?
A AL\ . 24, 9 3(Aysinf) B 9 04, )\ .
(AAP - ?P - p% 8y )P + (AAT r2 72 gin @ i risin@ Op )’P +
- - 5 A 8A . Ag 2 04, 2cosf 40\ 4
AA AAZ+AMT+ALE| (a4, to g 100), | (a4 - o0+ 20 - 2ot 20Ny
~ Ay 2 a4, 2cos g 94y -
(AAZ)Z (AASO - r2 sin? 6 + r? sin 8 E + r2 sinzﬂa_ﬁf’) ¥
3¢ Fermilab
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Appendix 2

1 Focusing. Panofsky-Wenzel theorem
Let’s consider the particle transverse momentum change causes by the cavity RF
field. The particle moves on the trajectory z=vt parallel to the axis, but is displaced

fromit by 7, .
Force acting on the particle is
E(F) =e[E(F) +Vx B(F) B
From Maxwell equation curlE(¥)= —iwB(7*) one has:
F(r)= {E(F) +V % _"CH?»JE(F)]EM*’ = {E(F) + i*‘v’(a EF)—-(F-V)- E(F)]e“"”.
(0} 0]
If V=iyv then
F,(F) = eE, (F)e™

F, (F)= e{EL (F)+ vi(ﬁlEz (F)- %, (F)He‘a’t
40

0z

The differential operator v, acts on the transverse coordinates 7, only.
$& Fermilab
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Appendix 2

If the particle velocity and particle transverse coordinates do not change
significantly in the cavity, longitudinal and transverse momentum changes are:

ap, =ef  E,(Fedt],_,,= % [ E, (e dz
P ola o Ve oo IVOE (F) |,
A, =ef |E. M)+ TVLE, () =0 = et

However,

iV = OE , (F) OB (F) vy, L paitivg, [P E (i
v e, - [ E e L E e - [ E el

and
A_pL - eHJ‘OO ﬁl Ez (F)elwtdt |t=z/v = eLJ‘OO ﬁLEz ('—:)eia)z/vdz
() R ) Rt
Finally, we have:
I |V
Ap, :_VJ_(Ap")'
@

This relation between transverse and longitudinal momentum changes in an RF
field is known as Panofsky — Wenzel theorem.

3F Fermilab
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Appendix 2.
1 Bunching

Because a particle velocity depends on its energy, the cavity RF field provides the beam
bunching. If the particle in the bunch center has the RF phase of ¢ (¢, is a so-called
synchronous phase), the particles next to the bunch center will have the same
longitudinal coordinate at the same time at the distance L, from the cavity (see Figure
below), if

d(v(¢) - t(¢))/d|lp=¢, = 0. (1)

pst+dg Ps ¢s—d¢- Focal p;)int 4

Here v(¢@) is the particle velocity after it leaves the cavity, and t(¢) is time necessary for
the particle to reach the distance L, — “longitudinal focusing distance”:

(@)= L/v(¢s)-(¢- @) w. (2)
On the other hand, one has (Lecture 11, Slide 28):
AW(r)—e|VOZ( )|Io(ﬁy)cos¢ (3)

{& Fermilab
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Appendix 2.

From (1), (2) and (3) it follows for the particle next to the axis (kr/fy <<1) that

L. = [v(qb)z . dw /dv _ v(@;)? . dW/dv| =g ()
171 o dw/de bbb, © AW, (0)-SiN '

For a linear accelerator one has

aw _ d(mc?y)

— 3
dv dv =mvy-, (5)

where m is the particle mass, and therefore

_ (mc?/e)B(@s)° v(@s)® _ _ (mc?/e)B(hs)°y(ds)° (6)

kAWmax (0) -SI'Hng kaax (O)'Sjn¢s .
For bunching one needs L”>O, and therefore, ¢,<0. Note that L” ~1/K. Note that for small
energy (and therefore small /) the bunching may be too strong, and low RF frequency is to
be used for acceleration.

L=

{& Fermilab
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Appendix 3. Eigen modes properties:
Eigenmodes in a cavity.

curlE = —iwuoﬁ, curlH = iweOE),
curlcurlE — k2E = 0, curlcurlH — k%H = 0, (1)

2 _ 2
Here k“ = w*¢y U

Boundary conditions: Et = (, ﬁn —0 orixE = 0,71 - H=0.
Equations (1) has non-trivial solutions only for defined k2, eigenvalues.
Corresponding solutions E,,(x,y,z) and H,,,(x, y, z) -eigenfunctions. There are

infinite number of eigenvalues.
Eigenvalues are real and positive. From (1) and vector theorem (App.1)

div(/f X §) =B-curlA— A - curlB (2)
one has:

div(ﬁ;"n X curlﬁm) = curlH,,curlH;,- H};, - curlcurl H,, = |curlﬁm| g k,%l|1?1)m|2

0
- |2
2 — 2 B — 2 o — = 2 fV |CuTle| av
kd, Jy |Hm| aV = [, |curlH,,| av — . (Hy, xAurlH,,) Ads. ki = i Far
IFFermilab
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Appendix 3. Eigen modes properties

Eigenmodes are orthogonal:

curlcurlE,, — k2E, =0, (3)

curlcurlﬁn k,%En =0, k2, # k2

Let’s calculate using (2)

dw(E X curlEm) dw(E X curlEn) = curlEm curlE — E curlcurlE -

curlEn curlE +EmcurlcurlE —EmcurlcurlE E curlcurlE
Using (3) we have:

div(E, x curlE,,)- div(E,, x curlE,) = (k2- k2) E,, - En._,0
(kZ-k2) [, Em- EnaV = §; (div(E, x cm curlE,)) fds.

(k2-kZ) [, Ep- EndV =0, k2,# k2

{& Fermilab
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Appendix 3. Eigen modes properties

Let’s consider again the equation we got

k,%lj |H,y,| dvzj |curlH,,| av
V vV

Taking intoaccount curlH,, = iw,,&oF,,, and  kZ= w2olp,

we have:

— 2 - 2
= [, tolHy|" aV == [, &]|Ep| dv

The time-average electrical stored energy is equal to the time-
average magnetic stored energy.

{& Fermilab
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Appendix 3. Eigen modes properties:
Variation properties of the eigenmvodes:

Let’s consider expression for k?:

_ky |curlﬁ|2dV

k2

(1)

f, |H| av
Variation of (1) gives:
— 2 — — — —
Sk? [, |H| dV +2k? [, H-8HAV =2 [, curlH - curlSHdV
Using the and vector theorem (2)
div(Sﬁ X curlﬁ)= curlH - curl §H — 5H - curlcurlﬁ, we have

— 2 — — — — —
sk2 [, |H| dv =2 [, (curlcurlH — k*H) - §HdV + 2 [, div(6H x curlH)dV.
Using Gauss theorem, we get

— 2 — — — — — -
Sk2 [, |H| dv =2, (curlcurlH — k*H) - §HdV + 2 §. (6H X curlH) - 1idS.
Taking into account that curl curl H— k?H = 0 and boundary condition
n X curlH = 0 on S, and we finally get

| 5k2=0 |

{& Fermilab
282 7/24/2024 V. Yakovlev | Cavity design. Linac archeticture, Lecture 14



Appendix 3.
Small perturbations of the cavity geometry:

[lad H@2av  [lad DAV [leadADPaV — [leulHD [ dV
Vi Vi 1% Vo

[A®@2Zav — [IHOPRAV JIHORAV — [|[HOD|2dV
V. Vi Va

| %

[IH®]2dv [|eutlHM 2 av
Vo

Va Ty e AWgp — AWy
[IHOZav — [|ewlH® 2 dV Wo
v Vv
2 — k2 AWg — AW WNw  (wg — wg)- AV
7 = o S = . «Slater theorem
k 1 144 0 w1 W 0

1 , AT/ — AT
On the otherhand, 5(wH —we)AV=pAV =-AWo 444

Aw AW,

Wwo Wo

Wo

— = const | (compareto E:Vh)

wo
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Appendix 4: Accelerating voltage and transit time factor:

For arbitrary axial distribution of the axisymmetric accelerating filed the voltage
V(p) at arbitrary phase ¢ is the following:
V(p) = Ref E,(p =0,z)el%zZ+@)dz =

— oo

= [7 Re[E,(p = 0,2)]cos(k,z + @)dz — [ Im[E,(p = 0,2)]sin(k,z + ¢) dz=

o1l

= J’OORB[EZ(,O =0,z)]cos(k,z + @) dz —I Im[E,(p =0,z)]sin(k,z+ @) dz =

— 00

oo

= cos(¢g) (Lm Re[E,(p =0,z)] cos(k,z) dz — J

— D

Im[E,;(p =0,2)] sin(k,z) dz) -

oo

—sin(¢) (fm Re[E,(p =0,2)]sin(k,z) dz — J’
Maximal voltage Vis, therefore,

V= KJ’W Re[F,(p = 0,z)] cos(k,z) dz — f

— Q0

Im[E,(p = 0,z)] cos(k,z) dz)

oo

Im[E,(p = 0,z)]sin(k,z) dz)

o 1/2

+ (J’m Re[E,(p =0,z)]sin(k,z) dz — J’

— 0

Im[E;(p = 0,2)]cos(k,z) dz) ‘

o 271/2
+ (J’ E,(p = 0,z)sin(k,z) dz) ‘

2= Fermilab
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If EZ(,O;Z) N reall V = \(J’m E,(p =0,z)cos(k,z) dZ)
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Appendix 5. Modes in a pillbox cavity:

In a pillbox cavities resonance field satisfies wave equations:
AE +k*E =0,AH + k* H =0, where k = % - wavenumber.

For an ideally conductive wall components of electric field tangential to the surface is
zero. The pillbox cavity may be considered as a part of a waveguide having circular cross
section, shortened at both ends. The fields in this waveguide may be described in
cylindrical coordinates, (I,¢,z). In cylindrical coordinates longitudinal field components
satisfy scalar wave equations:
AE, + k*E, = 0,AH, + k*H, = 0 (1)

For the waveguide, the fields have translation symmetry along Z, i.e., in two points having
the same transverse coordinate, but different z, the fields differ by phase v =K,z i.e.,
E H ~et*zZ_ |n this case:
 Equations(1) have solution

E,(r,0,2),H,(r,,2) = J,,(k,r)e™PekzZ; | (k1) are Bessel functions;
o kZ+EkZ=k?
* All transverse components (E, E, H-and H, )may be expressed through the

longitudinal field components, E, and H, ;
oH,

o = 0.7 is normal to the waveguide

At r=b (b is the waveguide radius) E,=0 and
surface.
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Appendix 5.

1 ' ' ' 1
JO(X)
“ J;00)
J1(X)
0.57 o 0.5 P/ J5 (x)

: O 00
NN AN NN

| | | _1 | | |

0 5 10 15 20 0 5 10 15 20
(a) . . . . (b)

Bessel functions and their derivatives
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Appendix 5.

E, and H, satisfy the same equation, but have different boundary conditions, and
therefore, different k, :

Electricfield:
Equation: AE, + k*E, =0
Boundary condition: E,(r,¢,z) = 0,r = a;
or Jim (k. b) = 0;
and k, = MTH; Jn (Vi) = 0;

Magnetic field:

AH, + k*H, =0
0H,(r,p,z)/0r =0,r =a
];n(krb) =0,

k= %; ]rln(.umn) = 0.

For the pillbox cavity having end waIIs_at z=0 and z=d; therefore k,d = mp and
E,=C],, (k. r)e™Pcos(npz/d); H,= J,,(k,r)e™Psin(npz/d),

and resonant frequencies are:

287 7/24/2024

2= () (2)'
m=20,1,..,c0;

n=1,2,..,00;
p — 011}")w;

TM | ,np-modes
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Appendix 5.

Roots of Jy,(x) = 0.

m Hm1 Hm?2 Hm3 HUm1

0 | 3.832 7.016 | 10.174 13.324\

1 | 1.841 5.331 8.536 | 11.706

2 | 3.054 6.706 9.970 | 13.170

3 | 4.201 8.015 | 11.346 | 14.586

4 | 5.318 0.282 | 12.682 | 15.964

5 | 6.416 | 10520 | 13.987 | 17.313

= V|
Roots of J,(x) = 0. MOTL In

m Vm1 Vm2 Vm3 Vi1

0 | 2.405 5.520 8.654 | 11.792

1| 3832 | 7016 | 10174 | 13.320¢] TM,,,and TE,,,

2 |"5.135 SA17T | 11.620 | 14.796 |
3 | 6.380 0.761 | 13.015 | 16.223 are degenerated!
4 | 7588 | 11.065 | 14.373 | 17.616 n=1,2,...,co;

5 | 8771 | 12339 | 15.700 | 18.980 p=1,2,... co*

*Note that TE,,, does not exist because of boundary conditions for magnetic field on the end
walls.
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Appendix 5.

Field plots for the
pillbox modes

(7)) Thay (8) TE4, {9 TE= (10 ThMgs {(11) ThMz

(13} TEa= {14} TEgz (15) Mz {16) TEs {173 TM. (18) TEzz

{ |1.'|:| I\]'_'_ {200y 'I.[':|_';

I_J_Jl |[~<| l_”)l |‘|];_ l_’TI |‘|]| I_J"':l |[__3 I:‘_JH:I TM 13 ')'Ul I[:;
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Appendix 6: RF cavity excitation by the beam:

RF cavity having eigenmodes: eigen fields satisfy
Maxwell equations:

curl E. = -iosuH;, curlH,= io.eE.. (1) »J,

* The field excited by the beam:
curlE = -iouH, (2)

curlH =ioweE + J,

J. —the beam current

* The excited field may be expanded over the density spectrum
eigenmodes: component oscillating at
E — ZASES ~ gradg,, H = ZBSHS (3) the frequency

Here @, is space charge potential, typically its impact is small.
From (1) and (2) one has:

div(E; xH) = H- (jo;uH;) — E;:(ioeE + J,) =

= io,uH-H, — ioeE-E, — J,-E_, (4)
div(ExH;) = H,-(—iopuH) — E-(—-insgE)) =

= —iouH -H; + ioeE-E_.

All the fields have zero tangential electric field components on the wall.
3¢ Fermilab
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Appendix 6:
Substituting (3) to (4) one has:

[1.E av [3.E v
» v o v

A = — - X : ‘ B, = — - . £ ,
’ i(w — ) “JHS,H;JV i(0 — o) pJHsvH;dV

> v

Note that
ufHS-Ht;dV: W,
V

If there are wall losses,  w? — w? (1 + QL)
0
and for thin beam having the average current |, on the axis one has:
1 iw JIEdv_ iw Io| [~ Esz(z)e'?dz| W,
T wos < Taw @w. * T K== (5)

mz—mz—l—QS— s mz—mz—LT
From (5) and (3) one has for the cavity voltage on the axis for the st mode:

. 2 ikz
V_ﬂp”f.‘ _ J”E eikzdy =~ LW IDU ESZ(Z)E dzl Ems I (R)
s— = sz ~ ' oA )?
e - w2 — @? — |25 wsW, mz—mf—imms Qs
5 5
£& Fermilab
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here

(R) _ L E.,(2)e™*#dz|’

Q ws W

At the resonance one has

where

r=()

Appendix 6:

is a shunt impedance of the st" mode.
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Appendix 6:

* This coincides to the voltage excited by the AC current | =-21, ina
parallel resonance circuit.
* Note that for a short bunch the beam current spectrum is
() = Ig+215). 5(ws),
@ is the bunch sequence frequency; the equivalent circuit describes
the cavity excitation by imaginary current, it gives the sign “-”.
* From Kirchhoff theorem one has
lc+1 +Iz=IVoC+V/R+V/ioL = -21,,
and taking into account that ws=(LC)2, we get

iw?
V.= - -y (E), [
m?_ws?_iTmms Qs &

5

if ws = w. Here are the equivalent circuit
parameters:

L=(R/Q)./2w;

C=2/w(R/Q);

R= (R/Q)Q./2.
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Appendix 7: The cavity coupled to the line.

Let’s consider the cavity coupled to the feeding line:
Couplingslot

Consider another problem — the cavity coupled to the line shortened by a perfectly
conducting plane S, placed such a way, that the electric field at the coupling slot
has no tangential component:

Coupling slot S,
Cavity \ / line Cav line

(1) (2) E,=0
* The eigenfrequency of the new problem will be the same as *or uncoupled cavity;
 Thefieldsinside the cavity will be the same as for uncoupled cavity;
* The magnetic field on will be proportional to WG magnetic transverse eigenfunctionh,

H,=ikh(x,y); k is coefficient (real for convenience). Tangential electric field is zero.
& Fermilab
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Appendix 7:
For the cavity excited by the line (problem 1) one has on S, for transverse fields:
E=U-e(xy), H=Ih(xy), (1)
where e(X,y) and h(x,y) are the electric and magnetic WG transverse
eigenfunction, fsl (e x h)dS = 1.

The field in the cavity H is proportional to the eigenfunction H; of the cavity
coupled to the shortened line (see previous slide):

H =B- H, = ikBh(x,y) (2)
From (1) and (2) one can find that
I=1kB (3)

Following the procedure from Appendix 11, we have, see Formulas 1,2 and 3 from
this Appendix 11 and (1-3):

iw, Js(ExH; )-ds o Uk

5= w? —w? 2W, - -tuz-mf 2W,

i &

and
(@)
iwg  Uk?
wz—wg.ZM@

[ =—
{& Fermilab
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Appendix 7:

If there is wall loss in the cavity, w? - w? (1 +Q—i) and
0

lwg Uk?

The cavity impedance at§, is therefore

2
U w2—w2 -2 _
Z1 =7 =—RQo < 2 Q°> ~ R (1 +iQpx), (5) . i~
1

The impedance (5) coincides to the impedance

of a serial resonance circuit . At the distance of

A/4 (A is wavelength in the WG) the cavity impedance is

___ 2 R QK 2

Z, T RA+iQn)  A+iQ0 2~ 20w, ) LEc g,

It is the impedance of a parallel resonance CIrCUIt

(Z, is the WG impedance). —
$& Fermilab
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Appendix 7:

If the line is matched, the equivalent circuit is
3 %

; Cj]}e Hz

& )z{
* Power Py dissipated in R corresponds to the Ohmic losses in the cavity walls;

* Power P, dissipated in Zycorresponds to radiation in the line.

One can see:
PZo R . Qo

PR B Z_o B Qext’
External quality factor, Q,,; describes radiation to the line:

ws Wi
ext — PZO
W, : : :
Note that Q, = =55 The total loss is described by the loaded quality factor, Qload
1 PZO+PR 1 1
— = — 7
Qioad wsWs Qext T Qo ( )
Ratio of Qg to Q. is called coupling, S :
Qo _ R _
Qext ZO B ﬁ (8)

{& Fermilab
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Appendix 7:

Let’s estimate the reflection coefficientI” of the parallel resonance circuit connected to the line:

_Z—1Zy
747
According to (6)
, R
(1 +iQyx)
At resonance (X=0)
R 1
ro R—-2Zy Z, f—1
" R+Z, R, B+1
YA
0
For x#0 one has
F_R—Zo(1+iQOx)_ Ip+1 . [h+1
R+ Z,(14+i0px)  1+iQux/(A+B) —  1+iQ,00a4%

(from (7) and (8) it follows that Qy /(1 + £)= Qipqa)-
The power P dissipatedin the cavity exited by the input power P;, is the following:

P=P,(1—-1T?) = P;,

{& Fermilab
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Appendix 8: Beam Loading

Power from RF
source Pg

Input line

| Coupling
element

Beam |

Cavity .

299 7/24/2024

RF source and beam wy=w,= w;
Cavity: wg

Cavity voltage : V,

Shunt impedance: R,

Losses: P, = V2/Ry, = V.2/(QyR/Q)
Radiation to the line: V 2/(Qq'R/Q)
Coupling: = Qo/ Qext

Loaded Q: Q.= Qy/(1+ p)

Average beam current: |,
Synchronous phase: ¢

Power consumed by the beam: P, =
= |,V.Ccosp

Input power Py

Reflected power: P, =Py - P, - Py,

2= Fermilab
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Appendix 8:
Equivalent circuit for the cavity excited by a WG and loaded by the beam
(transformed to the cavity):

| | L=R/Q/(2w,)
~ ~ C=2/(R/IQ- wy)
] | ks ML ==c | |r. [l__b R =R/IQ Q2
Tb:_ZIb
I ) I B = 0o/ Qext
WG Cavity Beam

2

R¢/B”
in parallel to the

The WG impedance transformed to the cavity is Z,,c=R./p (radiated power is

—);

The WG is terminated by the cavity impedance* Z, = - lQ

@ is the beam phase versus the voltage V...

H - C
beam impedance Z,, = ot

-1 . i\~ 1
The total load impedance is Z = (1 + 1) — (“‘Qox 4+ e )
Z Zb RC VC

Z
Vrer _ Z—Zwg _ 1=""5/,
Vforw Z+Zwe 1+ZWG/ .

The caV|ty voltageis V. = Vier+ Veorw = Vegrw(1 +T) = Vegryy,

Vrorw = (1+I‘) 2( +ZWG/Z)

Reflection for this load is I’ =

2

TG/Z and

*See Formulas (5-6), Appendix 7 ]
>:6), App £& Fermilab
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Appendix 8:

Therefore, the input power is:

2
P _ |VfOT‘W| — I/Cz |1+ZWG/Z|2:

Zwg s YA
2
- Vc2(1+.8)2 1 + IbCOSQO(g)QO n Qo . 20f n IbSl"n(p(%)Qo
4(%)3@0 (1+B)V, 4B f 1+B

)

2

The formula works next to resonance: approximation is used for X:

w? 2w=wo) _2(f=fo) 2(f=fo) _28f

x=-——-1=

W Wo fo f f

2
114 . ) i
Note that Pg = |’;’¢' does not contain factor of 2 in the denominator

wa
because of the cavity impedance (g) definition.

301 7/24/2024 V. Yakovilev | Cavity design. Linac archeticture, Lecture 14

2= Fermilab



Appendix 9: Transverse impedance:

Let’s consider a cavity excited by a beam current |, having offset x,,. IfE is a dipole
eigenmode, the field E in the cavity in one-mode approximation may be expressed

asE ~ A(w, wO)E, where w is the bunch sequence harmonic frequency, w, is the
resonant frequency, and

iw [7- EdV 1) IGU_D; E,(x,y, Z)Eikzdz|

A=-— X = — X
w? —mﬂ—zngﬂ 2W w2 —mﬂ—tméu‘] w

ED — 2 .
where W = = |E| av and I, is an average current

{& Fermilab
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Appendix 10:

RF-kick at x=x, and y=0 may be obtained using Panofsky-Wenzel theorem:

o . 2
Ap,c ic L c I|J__ E.(x0,0,z)e*?dz]|
Ukick = == V, | E,e*dz| = —am % T
_.,3 2 _ 02 _ i
Xo (m w5 — 1= )
2
xUID f_oo (aEZ(gl 0: Z)) EERZdz )
N cwg y * X x=x, _ Wo < (-‘70) I (TII)
~ — 9 (2
((uz — Wi — i_wéﬂn) Waw, (mz —wi—i mg“) k Q
2
J‘_"D (aEz(gr Or Z)) Eikzdz
(’*‘”u) _ X X=Xg
where [—| =
Q Wwq

is dipole longitudinal impedance. and k= wg/c. Dipole (%) is measuredin Ohm/m?.
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Appendix 10:

RF-kick may be expressed through the transverse impedance:

2
Wy

ry
Ukick = X Xolg (—),
RCETEE

2

= 5EZ(JC, U,Z)) ikz
e dZ
-r—:c ( dx .

) _ m) 1_
where (Q) = (Q %= KW
Note that (%) is measuredin Ohm/m.

At resonance

Ukick = i(:;{_ﬂ) IhQ (%) = ixoloQ (%)
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Appendix 10:

Sometimes they use other transverse impedance, that is determined as:

(r_l) Ui |?
Q 1 wo Wy ’

where W, is the energy, stored in the cavity at the RF field amplitude which provides
given transverse kick U, Wo=|A[?W. At the resonance one has

2
xofoofi(aEZ(x’U’z)) etkzdyz
X=X

dx

0

_ (m) (x010Q)*

A2 =

(Ww,g)?
and

r 1 - 2
woWo = woWIA|* = (g) (%Io@)*. On the other hand, Ukickl® =15 (xofoQ (g))

and
(T_J_) _ \Ukick|® — (ﬂ) v 1
Q/4q woWo Q k%

r—l) is measured in Ohm. Note that Ugick = 1(kxo)I,Q (T—l)l
Q/4 Q

VD

{& Fermilab
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Pillbox cells with thin walls - AN

Appendix 11: Travelling—Wave acceleration structures:

Each previous cell exits EM filed . |
in a current cell, which in turn a .
excites the field in the next cell.

‘ 2a$— : \

j-3 -2 | j-1 j j+1 j+2 | j+3

Siis the cell metallic surface, S/ andS;” are the
coupling holes; V is the cell volume.

E} ,H’} - fields in the j* pillbox cell oscillate at frequency w;
E} Py ﬁj,n - eigenmodes in the | pillbox cell oscillate at frequency wy;

All the fields satisfy Maxwell Equations. Boundary conditions:

%

E} Xn=0onS;E;;, Xn=0on5+5+5".

2= Fermilab
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Appendix 11: Travelling—Wave acceleration structures.

We consider the following:
J;_ v (Ej X ﬁjn) dv = J‘V' [ﬁ;n : (Tf' X E ) ~E; - (ﬁ X ﬁ;n)]dv

= | [—lwu,H; - H;

jm
Vi

— iwney Ejp - E;1dV
Using Gauss theorem and boundary conditionswe have

onto | Eju-Byav—opo [ By -Haav =t[  (F xH,)-as

Vy Vi SiFS; (1)
Similarly, by considering

vj

we have

msgj E‘*t -E; dV — w, f H,H. dv =0
v; jin j nrtQ . ] in (2)

The eigenmode expansion:

{& Fermilab
307 7/24/2024 V. Yakovlev | Cavity design. Linac archeticture, Lecture 14



Appendix 11: Travelling—Wave acceleration structures:
By using (1) and (2) we obtain

LWy, fs}+s}'(Ef X H}ln) -dS (3)

w? — wj 2W; 5,

v - iw _IS}+5}’(EJ' X Hj,ﬂ) ~dsS
I w? — wf 2W,

The eigenmode amplitudes are determined by tangential electric field on the holes, E,;

How to find E; for small holes?
1. Quasi-staticapproximation:

2

We have: aE; +k%E; =0, k2 =% 2 2

Fora small hole, a<</,. It means that AE~—;> kE; = (%) E, and AE; =0
i.e., it means that Ei, = Vb , AD =0 orelectric field is quasi-static.
Far from the holes electric field has only longitudinal (accelerating)

component!

{& Fermilab
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Appendix 11: Travelling—Wave acceleration structures:

Ju
A B
3. Electrostatic problem: conducting sheet at z=0 with a circular
hole of the radius a, at z=-co the field is homogeneous, E,=E; at
z=0o the field E=0: problem A above. The problem has analytical

solution.*
We need to define the radial electric field at the hole, or at z=0 .

2. Superposition:

+

* W.R. Smythe, Static and Dynamic Electricity, 1939, p. 159
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Appendix 11: Travelling—Wave acceleration structures:

Oblate spheroidal coordinates: e
E=const,.\ N\ // y
~ 7~
2 2 . o ) -
Z . __, spheroids 1
(2 l_l_Cz
{=const
72 72 : e g el
_§_2+1—52=a2 hyperboloids HE i
r=al(1+>)(—é&)]V/? i
z=af§ Wl > SRS g
AD =0 A = = N
E=0, |
z/a

1
O(§,0) = akot | — = (Geot ™7 ~ 1)

(122 r

1
E.(r,0) = h—lvg(q)(‘f: O|{=0 = Ey e =k (a2 — r2)1/2

1 1
E,(r,0) = h_zvz(cb(‘fa O|(=-:] = EE:]

310 7/24/2024 V. Yakovilev | Cavity design. Linac archeticture, Lecture 14
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Appendix 11: Travelling—Wave acceleration structures:

For TMy,, mode in a pillbox near the axis (see slide 110):

Ej,r(r)lsj = EU Tf(ﬂz _ T‘z)lffz [‘Yj—'l _Xj] TH E

T
E. (| = E X - X, PHYSICAL REVIEW
j’T(r)ls}r Dﬂ'(ﬂz 2)1;2 [ +1] nal of experimental and theoretical physics established by E. L. Nichols in 1893

(ﬂ Seconp Sermss, Vor. 66, Nos. 7 axp 8 OCTOBER 1 ano 15, 1944

Theory of Diffraction by Small Holes

ZZD H. A. BETHE

Department of Physics, Cornell University, Ithaca, New York
(Received January 26, 1942)

and from (3), slide 108, we have:

where K'is the coupling. dimensionless parameter:
_ 2E§a® 2 R/Q kea’ ke = Wo
" 3ZWoc 3 Z, d?T? ¢

311 7/24/2024 V. Yakovilev | Cavity design. Linac archeticture, Lecture 14



Appendix 11: Travelling—Wave acceleration structures:

In the infinite chain of cavities equation (4) has solution (travelling
wave):

X; = Xell® w(p)

and

wo[1 + 2K]Y/?
(@) = w1+ K(1 — cos)]*/? /
For small K we have: w /
0

w(p) ® wy[l+ %K(l — cos)]

One can see that

_ () —w(0)
B w(0)

{& Fermilab
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Appendix 11: Travelling—Wave acceleration structures.
The 2d Bell theorem, illustration:

For a pillbox structure:

The fields on the hole are equal to

Ej,?‘(r)lsj = Ey 7(a? — r2)1/2 [Xj—1 — Xj]

Wo
Mﬁ;.(’r')lﬂ. LED(4 )T[X 1+ Xj]

(E;and H,on the hole are two times smaller than in the cell center,

see slides 110-111).
Therefore, we have

P “Re[E;Hpds  woEZa’d |
Vgr = = = Reli(X;-1 — X;))(X; .+ X7)] =
gar |X-|2WD |X'|2Wﬂ 6ZUWUC ] ] J J
J J
d d
woEZa’d wod Kd dw
= 3}{'}0 sin(p) = TKsm(qo) = cTsm(fp) ar.

{& Fermilab
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Bell theorems for periodic acceleration structures, proof

I. Floquet Theorem

| | “For a given mode of propagation in a periodic system
| | at given steady-state frequency the fields at one cross
section differ from that one period away only by

;S
S E ' "z~ complex constant”.
., E(x,y,2,) = E(x,y, z2) e
H(x,y,z,) = H(x,y,z;)e” " (1)
Zy = 721 + L

Il. 1t Bell Theorem

“The time-average electrical stored energy per period is equal to the time-average magnetic stored
energy per period in the passband”.

Consider the periodic structure to be divided by a series of surfaces perpendicular to the axis spaced by
the periodic distance L. One cell of the structure having the volume V is surrounded by these surfaces S;
and S, and the ideal metal boundary S;. Let’s consider the integral over the surface surrounding the cell,
which equals to zero:

gﬁﬁxﬁ*-d§=fsoﬁxﬁ*-d§+fsl Exﬁ*-d§+f52 ExH*-d§ =0 2)
This is because we have

fso E x H* - dS = 0 because E; = 0 on S,

ande1 ExH*- d§+fs2 E x H* - d3 = 0because of (1) and ds, = —ds;

{& Fermilab
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Bell theorems for periodic acceleration structures, proof

From Maxwell equations

curlE = —ia),uoﬁ (3)
curlE* = iw,uoﬁ*

and (2) we have

$E X curlE* - d§ =0

Applying Gauss’s theorem, we get:

J, div(E') X curlE'*)dv =0. (4)
Using the vector theorem (see Appendix 1)

div(/f X §) =B - curlA — A - curlB, (5)
we get:

f, (curlE*) - (curlE)dv — [, E - (curl(curlE*))dv =0.

Using Maxwell’s equations (3) and the homogenous wave equation derived therefrom (see Lecture 10)
curl(curlE®)) = w? puoeoE” (6)

we get

J, (—iwpoH) - (iwpoH)dv — I, E- (wz,uoeoﬁ*)dv =0

Dividing through 4w? i, yields:

— 2
ifv to|H| dv =ifv gl E|?dv=W/2,

quod erat demonstrandum.
Here W is total energy of electromagnetic field per period,

1 = 2. 1 = o
Wzgfv eoE - E dvzgfv UuoH - H*dv

{& Fermilab
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Bell theorems for periodic acceleration structures, proof

I1l. 29 Bell Theorem
“The time-average power flow in the pass band is equal to the group velocity times time-average
electro-magnetic stored energy per period divided by the period.”

Consider (4) wherein E and E* are functions of frequency w. Differentiate with respect to frequency:
0 . - = _

ﬁfv div(E X curlE*)dv = 0.

It gives:

J, div (Z—i X curlﬁ*) dv + [, div (E' X curl
Using the vector identity equation (5), we get

I, (curlﬁ*) : (curl g) dv — |, g : (curl(curll:f*))dv + .

))dv = 0(7)

OE*
dw

)dsz.

E*

w

+f, (curlE) - (curl%) dv— |, E- (curl(curl
Differentiation (6) with respect to w gives
ox ) = 2wpogoE”" + w?pogg o

dw ow
Using this in the second and fourth integrals of (7)

j (curlE*) (curlﬁ>dv—w2 € @ E*dv +
. dw Hofo | 3w

- a_)* - = a_)* -
+J, (curlE) - (curl %) dv — 2wpogg [, E - E*dv — 0’ o |, %E -dv=20

which is

5}
d

curl(curl

-

= OF OE = S
2Re {fv (curlE*) - (curl 5) dv — [, —=- (curl(curlE ))dv} — 2wlo&o J, E-E*dv = 0.

{& Fermilab
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Bell theorems for periodic acceleration structures, proof
Using (5) in reverse,
2Re {fv div (g X curlﬁ*) dv} — 2wpg& J, E-E*dv =0.
and using Gauss’s theorem on the first term,

2Re {gﬁg—ix curlE* - d§} — 2wHo&o J,, E-E*dv = 0. (8)

aE _)* - o, . .
Integral fS o0 X curlE™ - ds = 0 because of boundary conditions on the ideal metal surface.
0

From Floquet theorem (1) the following relation hold:
E(x,v,2,) = E(x,y,2 )e k!
curlE*(x,y, Z) =z, = curlE*(x,y, Z)|z=zleikZL (9)

E*(x,y,2,) = E*(x,y,2,) ekt

0bxyzy) _ 0BGy Z) ikl _ iL&E"(x,y,zl)e‘ikzL
Jw Jw dw
Separating the surface integral of (8)

2Re {fs %x curll:f*(x,y,Z)|Z=Z1 -ds + |,

1 S,

0BGy .z) o curlE*(x,y, Z)|Z=Z2 -d§} —

2(1)‘[1080 fV E . E)*dv =0
and substituting equations (9)

AE (x,y,21) = >
2Re {fsl Tl X curlE*(x,y, z) 7=z, - dS +

ky

9E (x,v,21) = > .. d
fs ——="Lx curlE*(x,y, z)|Z:Z1 -ds —iL ¥

2 ow

20Ho€ J,, E-E'dv=0

sz E(x, y,Z1) X curl E*(x, Y, 2) | z=z, * d§} —

w

{& Fermilab
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Bell theorems for periodic acceleration structures, proof

Since ds, = —d§; the first two integrals cancel. Using Maxwell equation (3) and condition s (9) we get
2Re {w,uOL %fsz E(x,v,2,) X H (x,y, z,) -d§} — 2wo& J,, E-E*dv=0
Multiplying by 4w20L S:Z we finally have
%Re {fsz E(x,y,2,) x H*(x,y,2,) - d§} = Z?Z'%'%IV goE - E*dv =0
or
P = VgrW,
here

P = %Re {fsz E(x,y, Zy) X H* (x, Y, 2Z) d§}is the time averaged power flaw in the passbands;

_dw . locity:
Vgr = d_kz IS a group velocity;

—

w = % : %fv o - E*dv = %%fv uoH - H*dv = %is the time-averaged stored electromagnetic energy
per unit length.

[1] J.S. Bell, “Group velocity and energy velocity in periodic waveguides,” Harwell, AERE-T-R-858 (1952)
[2] D.A. Watkins, Topics in Electromagnetic Theory, John Willey & Sons, Inc. London, 1958

[3] E. A. Burshtein, and G. B. Voskresensky, The Intensive Beam Electron Linear Accelerators, Atomizdat,
Moscow, 1970.
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Appendix 12: Standing —Wave acceleration structures.

Perturbation theory.
In matrix form Eq(1), see Lecture 8, Slide 31:

. w§
MX - —X =
w
here M;;=1; j=0,1,..N;
K
Mj)—l =W(j); j=1’2, N; ij-l_l_ZW(])Jj_U’l,."N_l

and wW()=1j=12,..N—-1 W()) =%,j=0,N

Eigenvectors and eigenvalues:

: 2
~ nq)j Wo
X!'=cos—; wi = Hq,qzo,l,...N

J N 1+Kcosw

Orthogonality:

N
X“q-)??*:ZW(,-)Mr:% 5. =1lands, = 0,if g %1
pt J Jj zw(q),l qq ’ qr ’ q
=0

{& Fermilab
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Appendix 12: Standing —Wave acceleration structures.
Perturbation theory
e Perturbation of the cell resonance frequencies causes perturbation

of the mode resonance frequencies dw,;
e the field distribution oX ...

21

wo; = w§ + 5000;

N XU =X14 5}?(}}

Variation of the equation (1), see previous

. . ~ w
slide, gives Mé&X%? = w—”

2 2

6(0
[6Xq + 0X7 — — Xq
w

q q

w2

2
‘”q

q

= [2W(q)/N]- 29029

320 7/24/2024

Xa.5x1 , )
W YOL
> 0
Wy
where Q=|[ : 52
Ow
0 =
w§ |
|Swo|
|5Xq|~ av
|wq wqi1|
2% Fermilab
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Appendix 13: Wake potentials

Acceleration cells

=)l L
— | / f,;a,,.,,;,:',.,l,{|”{.:|l','l{f:'f-:i!""- Radiation fields in the
I 7\ :
i{'i;,?///’” TW acceleration structure
| test ch;u'ge ___ drive charge
___ r — I"—?——— bl

g . 1 B
Wz(f‘,r', S] = —E / dz [Ez(r, Z?t)]t=(z+s)/c ,
51

22

- s 1 ~ ,
Wi(rr,s) = — /dz Ej 4+ ¢(2 x B) .

A. Novokhatski 1 z1 [ }t=(z+8)/c

Blue — deceleration b h

Green - acceleration unc WZ:O, Wl =0 for s<0

{& Fermilab
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Appendix 13: Wake potentials
Loss and kick distribution along the bunch V,(s) and V ,(S):

V:(s) = / ds' A(s —s") W,(s') = / ds' Ms') W,(s—s"),
0 —00

oC 8

Vi(s) = f ds' Ms —s') W_L(s'] = /ds' A(s") W_L(.s —s').

——>

— o0

A(S) is the charge distribution along the bunch.
Total losses and kick:

o0

AU = / ds }x(.‘i) Vz(s), ke = é_ = _12_ /ds A(s — loss factor
0 q° q .
knom = ki — Z R/Q - w|qce. mode‘

Y -

i = q_lz. f ds \s) V1(s) K, - kick factor

2= Fermilab
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Appendix 13: Wake potentials

Panofsky-Wenzel theorem for wakes:

_ . L
ow | _ i@i—_ — mlfdz _V+J_ E.(z,t)
as eq 83 q

t=(s+z)/c

Relation between wake and impedance:

Z(w) = / W.(1) exp{—iwr} dr = W.(r),
0

2(t) = [ Wils) expl-ika} ds = Wals) = e[Z(@)omu.
0
and
AU 1 [
ky = = i 0/ Zp(w) I*(w) dw .
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