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Overview
e DCversus RF

— Basic equations: Lorentz & Maxwell, RF breakdown

* Some theory: from waveguide to pillbox

— rectangular waveguide, waveguide dispersion, group and phase velocity, standing waves ...
waveguide resonators, round waveguides, Pillbox cavity

* Accelerating gap
— Principle, ferrite cavity, drift tube linac
e Characterizing a cavity
— Accelerating voltage, transit time factor
— Resonance frequency, shunt impedance,
— Beam loading, loss factor, RF to beam efficiency,
— Transverse effects, Panofsky-Wenzel, higher order modes, PS 80 MHz cavity (magnetic coupling)
* More examples of cavities
— PEP I, LEP cavities, PS 40 MHz cavity (electric coupling),
* RF Power sources
*  Many gaps
—  Why?
— Example: side coupled linac, LIBO
e Travelling wave structures
— Brillouin diagram, iris loaded structure, waveguide coupling
e Superconducting Accelerating Structures
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DC VERSUS RF
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DC versus RF
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Lorentz force
17

A charged particle moving with velocity Y = —— through an
i . my
electromagnetic field experiences a force

dp - o=
L — g(E+vxB)
dr

~

2 2 2
The total energy of this particleis W = \/(mc ) cn (pc) = ymc~, the

kinetic energy is ka = m02 (j/ — 1) .

The role of acceleration is to increase the particle energy!

Change of Wby differentiation:

—

WdW =c*p-dp=qc*p-(E+vxB)dt=qc*p- Edt
dW = gv - Edt

Note: Only the electric field can change the particle energy!
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Maxwell’s equations (in vacuum)

VxB-—92F=puJ V.-B=0
c* ot
vxE+ZB=0 V-E=puyc’p
ot
why not DC?
P ) B}
1) DC (5_ =(): VxE =0 which is solved by E=-VO
1

Limit: If you want to gain 1 MeV, you need a potential of 1 MV!

2) Circular machine: DC acceleration impossible since fE -ds =0

With time-varying fields:

5 §Bds=—([%B.a7
VxE=-—5 E-ds = ‘”6[ dA
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Maxwell’s equation in vacuum (contd.)

0
curl of 3" and " of 1stequation:

vector identity:

with 4th equation:

20-Sep-2011

VXB—%QJ“:O V-B=0
ot
VxE+—-B=0 V-E=0
ot
2
VxVxE+ %8—F=0
ot
VxVxE=VV-E-AE
Aﬁ—la—"],_o
c? or?

i.e. Laplace in 4 dimensions.
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Another reason for RF: breakdown limit

surface field, in vacuum ,Cu surface, room temperature

1000 |- —
- Approximate limit
I for CLIC parameters
500 | - 14 | ! P11l - e (12 GHz, 140 ns,
L - .27 |breakdown rate: 107 m-):
Wang & Loew, LI Lot UL 260 MV/m
SLAC-PUB-7684, +
200 + 1997 ‘.'...',... /..
:E_ 100 || L
% i
CHEE ' | S
Kilpatrick 1957, 425
20 E,
24.67.[f =E. e
stk finGHz, E,in MV/m
Dllill IJJl I . — [l I I 0 lJD I ‘ I - I]Cll[l
£[GHz]
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FROM WAVEGUIDE TO PILLBOX
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Homogeneous plane wave

Eii COS(C{)I _E.p) Wave vector k: _
B ’ ~ the direction of k is the direction of
Boecu, Cos(a)t—k -F) propagation, _
' the length of k is the phase shift per
unit length.

k behaves like a vector.
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Wave length, phase velocity

* The components of k are related to the wavelength in the direction of

that component as 4. :i—x etc. , to the phase velocity as v, =k3=f/12.

@, ®
k, =< k=2
C c
@ k=—
j— ¢
k, =—¢ ¢
C
@ 2
k=2 fl- De.
c\ o
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Superposition of 2 homogeneous plane waves

Metallic walls may be inserted where E)_ =0
without perturbing the fields.

Note the standing wave in x-direction!

This way one gets a hollow rectangular waveguide
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Rectangular waveguide

Fundamental (TE,, or H,,) mode o power flow
in a standard rectangular waveguide. electric field

Example: “S-band” : 2.6 GHz ... 3.95 GHz,

Waveguide type WR284 (2.84” wide),
dimensions: 72.14 mm x 34.04 mm.

Operated at f = 3 GHz.

| o ey =
power flow: — Re ExH -dA
el |

Cross
sechon

magnetic field

power flow
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Waveguide dispersion

What happens with different waveguide

dimensions (different width a)? 1:
a=52mm,
/f.=1.04
; 2:
k. k=2 a=72.14 mm,
; f/f.=1.44
o3
. 2n_o | _’(ol.“:
T r{"_/"._‘f-cﬂ\lll LKUJ
Az 02 3:
/ a =144.3 mm,
o1 o f/f.=2.88
[] ; 2 1 4 a)(‘
cutoff r =,i
=0
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Phase velocity

The phase velocity is the speed with which f=3GHz
the crest or a zero-crossing travels in z- 1:
direction. '
. . . a=52mm,
Note on the three animations on the right £/f.=1.04
that, at constant f, itis oc 4, ¢
Note thatat f = f,, v, . = ool
With f— o0, v, . — ¢!
T 2:
k. k=2 a=72.14 mm,
i f/f.=1.44
.3"7 r)' (0. o
k.= Z ¢ ‘l.'l_l\ ﬁ:‘ ) =1'0
k,_ 1
4 (ol - !
£l @
L] 1 3 4 a)(
cutoff . _ ¢
T 2a
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Summary waveguide dispersion and phase velocity:
In a general cylindrical waveguide:
| @ 2 R
F=] ( ] —k,”
We
j L e.g.: TE,;-wave in
Zy =1% for TE, Z,=-L forT™™ W
y jwe rectangular
waveguide:
2z (o) (zY
AT
,=Imiy}=" r=iyz) |5
g .
Z7; = jou
Y
Acutol‘f =2a
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Rectangular waveguide modes

TEqq
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plotted: E-field
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Radial waves

Also radial waves may be interpreted as superposition of plane waves.
The superposition of an outward and an inward radial wave can result

in the field of a round hollow waveguide.

E .o H }f’(k ' ,o)cos(nqo) E.ocH f,')(k A p)cos(nqa)
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E, cJ, (kpp)cos(n(o)
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f/f.=1.44

Round waveguide

TM,, — axial field TEy, — low loss

TE,, — fundamental

S

GHz a/mm

182.9

4

19
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ircular waveguide modes
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General waveguide equations:

2
Transverse wave equation (membrane equation): AT +(w") I'=0
C
TE (or H) modes TM (or E) modes
boundary condition: n-VI'=0 7'=0
dU(z) 3
longitudinal wave equations dz +7Zyl(z)=0
(transmission line equations): d 1(:_)_ LU(.‘:) ~0
dz 20
propagation constant: Y= ja) .:l —(w" ]
' c\ @
,
characteristic impedance: ZO = 1% Zo = L
y joe
ortho-normal eigenvectors: €= i N e=-VT
E=U(z)e
transverse fields: j f(z)z?, %3
0, TU(z) o (0, TI(2)
longitudinal field: H,=|—"%| —— E,=|—<%| —=
c jou c) joe
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Rectangular waveguide: transverse eigenfunctions
(H) 1 abg, ¢, mrn nmw
TE (H) modes: 1, =— 5 5 COS| ——X |COS| ——
7\ (mb)” +(na) a b
TM (E) mod T — 2 ab 5in[m;z-x)sin(mr )
modes: Shor— — —
"o (mb)2 +(na)2 a b “
2 2 a

9, _ .[fﬂ]‘
. - - ¥ _\ o
Round waveguide: transverse eigenfunctions

Jm [Zr;m pj
TE (H) modes: T - | Sm 5 {Cos(m(ﬁ’)}
" \alg-m*) 1, () |sin(me)

P
J (z -—J .
TM (E) modes: y'(h')=\/§ "™ a {Sm(m(p)}
T Zmnjm—l(xmn) COS(mQJ) w”
h 1 for i=0 c
E. =
. "l2 for i#0
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Waveguide perturbed by notches

“notches”

7 —j
Signal flow chart ! S
— —

Reflections from notches lead to a superimposed standing wave pattern.
“Trapped mode”
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Short-circuited waveguide

TMy; (no axial dependence)

e v e iy ] et

v ttststutstatatetetetd W
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Single WG mode between two shorts

_jkzg
short. A € short
circult . .
O ) Q iy /et
L Signal flow chart -1
0 e Q)
e 1k, 0
Eigenvalue equation for field amplitude a:
— _‘ik:z'r'
a=e a

Non-vanishing solutions exist for Zk: (=2xrm:

2 2
. m

1- (‘] , this becomes 02 — ff - [C —)
0] 2/
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@
with k. =—

Simple Di”bOX (only 1/2 shown)
f /‘/ TMj,o-mode /

electric field (purely axial) magnetic field (purely azimuthal)
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Pillbox cavity field (w/o beam tube

1 J()[Jtoam) N S R
T(p,w)=\/; L 2408 L
/1’01-]1( 01)

i g 2a

The only non-vanishing field components :

] [Zmpj
0
E- e 1 Zﬂl ||l a

z . — o1 € — -".#U.=377Q
Jog, d 7 aJ][ZU]) a)olpiﬂbo.\' = T \ &

a
] Jl[ﬁ‘folp)
d

4 _+2anoy,,
Q‘ pillbox — [\

EE

ZO] .2 Kol
mn
aJl( p R _ 4}? S ( ) U)
Q pillbox Z{][- T -]f (ZUI ) ha
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Pillbox with beam pipe

TMy,-mode (only 1/4 shown)

One needs a hole for the beam pipe — circular waveguide below cutoff

[

electric field magnetic field
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A more practical pillbox cavity

TMg,-mode (only 1/4 shown)
Round of sharp edges (to reduce field enhancement!)

?\

|1

¥ /.'x .' ¥
-

-
|/
electric field magnetic field
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ACCELERATING GAP
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Accelerating gap

20-Sep-2011

gap voltage

We want a voltage across the gap!

It cannot be DC, since we want the
beam tube on ground potential.

Use §E-d§ =—Hc(lf-d/4

The “shield” imposes a

— upper limit of the voltage pulse duration or
— equivalently —

— alower limit to the usable frequency.

The limit can be extended with a
material which acts as “open circuit”!
Materials typically used:

— ferrites (depending on f-range)

— magnetic alloys (MA) like Metglas®,

Finemet®, Vitrovac®...

resonantly driven with RF (ferrite
loaded cavities) — or with pulses

(induction cell)
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Gap of PS cavity (prototype)

|
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Drift Tube Linac (DTL) — how it works

For slow particles !
E.g. protons @ few MeV i N\ il ————————\ﬂ i pouy | PR
e | ’ nr | ~ . - : | :
saurce ') 'ﬂ;“’- r R +:¥ et
The drift tube lengths \ _ / /

can easily be adapted. S

electric field
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Drift tube linac — practical implementations
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CHARACTERIZING A CAVITY
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Acceleration voltage & R-upon-Q

| define Vmc = I E_, e.lﬁ "_dz. The exponential factor accounts for the
variation of the field while particles with veIocity,BC are traversing the gap
(see next page).

With this definition, Vm, is generally complex — this becomes important

with more than one gap. For the time being we are only interested in ‘Vm,‘.

Attention, different definitions are used!

The square of the acceleration voltage is proportional to the stored energy W'.

The proportionality constant defines the quantity called R-upon-Q:

R .|

é 2 w, W

Attention, also here different definitions are used!
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Transit time factor

The transit time factor is the ratio of the acceleration voltage to the (non-physical)
voltage a particle with infinite velocity would see.

.

v [E, e’ dz

ace

= [E.dz } [ E.dz

The transit time factor of an ideal pillbox cavity (no axial field dependence) of
height (gap length) h is:

Field rotates by 360° during

TT — Sin( Z()]h j/( Z()[h) particle passage.
2a 2a

h/A
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Shunt impedance

The square of the acceleration voltage is proportional to the power loss

P

The proportionality constant defines the quantity “shunt impedance”
2
R _ |V(€CC|

2B

[PANY

Attention, also here different definitions are used!

Traditionally, the shunt impedance is the quantity to optimize in order to
minimize the power required for a given gap voltage.
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Cavity resonator - equivalent circuit

Simplification: single mode

I, I
—_— acc —
P
Generator —_ = Beam
R C L R _
p L=R/(Qa,)
P : coupling factor e C=0/(Rw,)
Cavity
R: Shunt impedance wl/(w : R-upon-Q
20-Sep-2011
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Resonance

10-100
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Reentrant cavity

Nose cones increase transit time factor, round outer shape minimizes losses.

Example: KEK photon factory 500 MHz
- R probably as good as it gets -

this cavity optimized
pillbox
R/Q: 111 Q 107.5 Q2
Q: 44270 41630
R: 4.9 MQ) 4.47 MS2

nose cone
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LOSS fa CtO r Impedance seen by the beam

5 uced) (Ii
k _ CUO R _ V:gap — 1
@ Beam
EEergy deposited l;v asingle L=R/(Qw,)
charge q: |
k loss q C:Q/ (R a)O)

Voltage induced by a single

charge q:
1
gap 0
2 kio.s's q
-1
0 5 10 15 20
tfo
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Summary: relations V,,, W, P,

R-upon-Q gap voltage
Voo
” 2 gap Shunt impedance

R gap

_ e 3
0 2w,W 5 _ ‘Vg(w

|14 2 shunt — 2 P

_ Oy R _ Ve | loss

loss 2 Q 4W

Power lost in the cavity

Energy stored inside the

cavity
/4

walls

i loss

oW
P

loss

Q factor

0
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Beam loading — RF to beam efficiency

* The beam current “loads” the generator, in the equivalent
circuit this appears as a resistance in parallel to the shunt
impedance.

e |f the generator is matched to the unloaded cavity, beam
loading will cause the accelerating voltage to decrease.

* The power absorbed by the beam is —%Re{ V [;}, the

rap
) gar

power loss P:‘ =

* For high efficiency, beam loading shall be high.

- . 1 {
* The RF to beam efficiency is 7= - /sl :
1 4 gap ‘[(_F
R\l
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Characterizing cavities
1

* Resonance frequency Wy = ———
NL-C
j{UE

* Transit time factor II;‘_,e ¢ dz

field varies while particle is traversing the gap

fra

Circuit definition

Shunt impedance

2

gap voltage — power relation Vgup =2 R.S'hm.l.‘ Pe’o.s'.s' .:‘ Pl R shunt [)h.:,s'.v
. factor —
Q a)() W - Qf)fn.\'.\'
2 I ra :
° R/ Q R V L R Iu p

gap

0 2 @, s \'C o oW

independent of losses — only geometry!

2 ]

loss factor Wy R Vew 0y R Vew|
s T Ny S R Yioss — N r
CEY RVY A 4O 4
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Example Pillbox:

c
tv“‘p.f’ﬂbo.r = Z[; XOI = 24048
.)uo
= =377Q
- m T \ &
Q‘ pillbox — _—a ,
2(l+ ) O, =5.8:10"S/m
.2 X h
Sin
E - 41 ( 2 a)
Q pillbox /1’{)[37r ‘}‘12 (Z[]l ) hja
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Higher order modes
external dampers >v‘
R]; %]J a)] RZ, %2, a)2 R3’ QI3’ 0)3
i | |
—YYYY g ($YYYYY 4 (T YYYY 4
—— +— —1 1+ +—1 1—
n n, n;
AAAAS T TAVAAANT \AAANAS
Iag‘\_ ]B
48
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Pillbox: dipole mode

TM,,,-mode (only 1/4 shown)

gh

\J/

——] =

L/ L/

electric field magnetic field
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Panofsky-Wenzel theorem

For particles moving virtually at v=c, the integrated transverse
force (kick) can be determined from the transverse variation of
the integrated longitudinal force!

Pure TE modes: No net transverse force !

Transverse modes are characterized by
e the transverse impedance in w-domain
e the transverse loss factor (kick factor) in t-domain !

W.K.H. Panofsky, W.A. Wenzel: “Some Considerations Concerning the Transverse Deflection of Charged
Particles in Radio-Frequency Fields”, RSI 27, 1957]
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umps
PHImDS ] -
™ [ds)
= vacuum
=t Jjoint
electric
tuner \k |
i
I
—_— -~ SIS —

Jmechanical p i

short-circuit 75 ) grooves for

| water cooling
|
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Higher
order
modes

Example shown:
80 MHz cavity PS | muks 203 e et
for LHC.

Color-coded:

)
A 4

'

AT6| MHz, 5 4810 MMz =l
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Higher order modes (measured spectrum)

S>3 log MAG

without dampers —|————f——f—

STOFP 1 88080. 88 V800 MH=z

REF —130 d4dB
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MORE EXAMPLES OF CAVITIES
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PS 19 MHz cavity (prototype, photo: 1966)
F i ﬁ
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PEP Il cavity LEP normal-conducting Cu RF cavities,
476 MHz, single cell, 350 MHz. 5 cell standing wave + spherical cavity
1 MV gap with 150 kW, for energy storage, 3 MV

strong HOM damping,
RF input [- —h[}—.—l :

Mol Hel T ‘~
%‘\ P o e

Tuners

-
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CERN/PS 40 MHz caV|ty (for LHC)

example for
capacitive coupling

coupling C

gap.

— cavity
20-Sep-2011 CAS Chios 2011 — RF Cavity Design 57

RF POWER SOURCES
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RF Power sources

> 200 MHz: Klystrons

Thales TH1801, Multi-Beam Klystron (MBK), 1.3 GHz,
117 kV. Achieved:

48 dB gain, 10 MW peak, 150 kW average, N = 65 %

output power
48 dB: i =10**
input power

< 1000 MHz: grid tubes

pictures from http://www.thales-electrondevices.com Tetrode 10T UHF Diacrode®
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RF power sources

Typical ranges (commercially available)

i ubes a8

B olid state (x32)

—_—

S
< -
o
=
(o]
o
)]
()]
©
(]
>
<
=
O

f[MHz] 10000
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Example of a tetrode amplifier (80 MHz, CERN/PS)

400 kW, with fast RF feedback

18 Q) coaxial output (towards cavity)

22 kV DC anode voltage feed-through with A/4
stub

tetrode cooling water feed-throughs
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MANY GAPS
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What do you gain with many gaps?
e The R/Q of a single gap cavity is limited to some 100 Q.
Now consider to distribute the available power to n identical
cavities: each will receive P/n, thus produce an accelerating
voltage of \/2R P/n.
The total accelerating voltage thus increased, equivalent to a
total equivalent shunt impedance of nR.

P/n P/n P/n P/n S IQRE - Q(nR )P
— — — 2
OOO O
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Standing wave multicell cavity

¢ Instead of distributing the power from the amplifier, one might
as well couple the cavities, such that the power automatically
distributes, or have a cavity with many gaps (e.g. drift tube
linac).

e Coupled cavity accelerating structure (side coupled)

e The phase relation between gaps is important!
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Example of Side Coupled Structure

A 3 GHz Side Coupled
Structure to accelerate
protons out of cyclotrons
from 62 MeV to 200 MeV

Medical application:
treatment of tumours (proton
therapy)

Prototype of Module 1 built at
CERN (2000)

Collaboration
CERN/INFN/TERA Foundation
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LIBO prototype

&

This Picture made it to the title page of CERN Courier vol. 41 No. 1 (Jan./Feb. 2001)
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TRAVELLING WAVE STRUCTURES
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Brillouin diagram
Travelling wave
structure

RNy speed of light line,
\\\ w :ﬁ/c

~.

w2
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Disc loaded structure with strong HOM damping
“choke mode cavity”

Microwave Absorber Water Vessel
SIC Ring Cooling Water
s
Choke Filter
w4
; il 4 i Trapped
w4 ' Accelerating
Mode
— 5712 MHz
e e
= s
Choke Mode
Cavity
W
19.7
Dimensions in mm \E""‘-'""‘P"“dc"-‘l’lm"
70
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Power coupling with waveguides
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3_GHz Acceleratmg structure (CTF3)
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SUPERCONDUCTING ACCELERATING
STRUCTURES
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LEP Superconducting cavities

SUPERCONDUCTING CAVITY WITH ITS CRYOSTAT

Helium S.C. Cavil
gas vy

Liquid Tuni
haium Bars"'g

10.2 MV/ per cavity
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ILC high gradient SC structures at 1.3 GHz
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Sma” ,BSUperCOndUCtlng CaV|t|eS (example RIA, Argonne)

115 MHz split-ring cavity, 172.5 MHz 8 = 0.19 “lollipop” cavity

57.5 MHz cavities:

8=0.06 QWR
(quarter wave resonator)

B =0.03 fork cavity " |

0 S—

345 MHz B = 0.4 spoke cavity
gﬂg g
) =
6 =0.021 fork cavity .

12 IN.

[ -

pictures from Shepard et al.: “Superconducting accelerating structures for a multi-beam driver linac for RIA”, Linac 2000, Monterey
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