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From L and C to a cavity

If you open the beam Creates E-field for

pipe then both ends are put a cavity in there accelerating the particles
at the same potential

.
B |
->

Short circuit,
thus no scalar
potential difference
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Capacitor at high frequencies, Can the short-circuit be avoided?

The Feynman Lectures on Physics Answer: No - but it doesn’t bother us at high frequencies.
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Maxwell’s equations (1)

Ampere's Law :

§H ) dl = I = Iconduction + Idisplacement
| _ 0Dy
displacement at
oD

. VxH=J+—
wheretheelectric flux @, ot
is given by with the current density J

and the magnetic field H
m}‘gcginon ®D=ID-dS:gIE-dS, g
: S S

D designating theelectric flux density.

Faraday's Law :
%, Gt TiMe §E.d| :)jach VxE =—2—?
ot with the electric field E
with the electric flux @ and the magnetic field B

g = [BdS = [ HdS
PATH OF S S
INTEGRATION

scalar vs. vector potential: path
of integration makes a difference
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Maxwell’s equations (2)

Gauss' Law
LD .dS=Q

with the electric
displacement D

5= TOTAL SURFACE
Q=TOTAL CHARGE INSIDE S

Gauss' Law

LB-dS:O

F. Caspers, M. Betz; JUAS 2012 RF Engineering

(Electrici ty) :

(Magnetism )

V-D=p
with the charge
density p

V-B=0

There are no magnetic
charges

Basics



Displacement and conduction
currents in a simple capacitor

end plates = surfaceS
sides planes of
a pillbox cawvity E o~
< >
/ \
/ \ /
L \ |
Iconc I disp | cond
— |- -- - | —> ! .
\ I
\\ /
\ // >
\\-// E
voltageV/ :JfF -dz

distanced

for vacuum and
approximately for air:
U= o =4n*107 =
1.2566 * 106 Vs/(Am)

g = gy = 8.854*1012
As/(Vm)

The conduction current
continues as displacement

@ copd current over the capacitor gap
OE ]
Displacement current in dielectric: 14, = —— = ej —68 ES —
. . _aQ ov S ok oE
- =C—=¢—d—=6S—
Conduction current in conductor: 1.4 = t o d p -
with the electric flux @5 and the charge Q. -
F. Caspers, M. Betz; JUAS 2012 RF Engineering Basics



General Solution for a
Rectangular (brick-type) Cavity

When describing field components in a Cartesian coordinates system
(assuming a homogeneous and isotropic material in a space charge free
volume) with harmonic functions (angular frequency o) then each Cartesian
component needs to fulfill Laplace's equation:

ke = @’ gy 14 k, freespacewavenumber

Ky =271 4, 4, freespacewavelength
As a general solution we can use the product ansatz for ¥

W =X(x)¥(y)z(2)

AY +Kie ¥ =0

From this one obtains the general solution for ¥ (Y may be a vector potential
or field) standing waves

w A-cos(kx_x)+B-si_n(kXx) C-cos(ky_y)+D-si_n(kyy) E-cos(kz_z)+F-si_n(kZz) J
Ale Tox B gtk c.e ™y Dlel El.e el Frelk?

travelling waves
with the separation condition

2 ( )2 ( )2 _ ( )2 see also: G. Dome, RF Theory
(kx) + ky + kz o k0 &y Proceeding Oxford CAS, April 91
CERN Yellow Report 92-03, Vol. |

F. Caspers, M. Betz; JUAS 2012 RF Engineering Basics 8



General Solution in
Cylindrical Coordinates

As a general solution we can use the product ansatz for ¥

¥ =R(p)F(¢)z(2)
From this one obtains the general solution for ¥ (WY may be a vector potential
or field) standing waves

P - A'Jm(kpp)+B'Nm(ka) C-cogme)+ D-sin(me)) (E-cosk,z)+F -sin(k,z) (J
A-HP(k,p)+BHP(k,p)[|  Cre ™4 Do Ere iy Frelk

and the functions travelling waves

J ...cylindrica harmonicsof the Bessel functionof orderm
N _...cylindrica harmonicsof the Neumannfunctionof orderm

m

H® . Hankel functionof thefirstkind of order m (outwardtravelling wave)
H® . Hankel functionof thesecondkind of order m (inwardtravelling wave)

m
_ Hint: the index m indicating the order
H® =] —jN_ of the Bessel and Neumann function

Here the separation condition is shows up again in the argument of the
D I L ! sine and cosine for the azimuthal

(kp)2 + (kz )2 = (kO )2 Er dependency'

F. Caspers, M. Betz; JUAS 2012 RF Engineering Basics 9



Bessel Functions (1)

A nice example of the derivation of a Bessel function is the solution of the
cylinder problem of the capacitor given in the Feynman reference (Bessel

function via a series expansion).

1
05k

1]

first root of the Bessel /

function of 0t order e i
]

10

the term “root”
stands for zero-
crossing

\

second root of the Bessel
function of 1st order

Comment: For the generalized solution of cylinder symmetrical boundary value
problems (e.g. higher order modes on a coaxial resonator) Neumann functions are
required. Standing wave patterns are described by Bessel- and Neumann functions
respectively, radially travelling waves in terms of Hankel functions.

Hint: Sometimes a Bessel function is called Bessel function of first kind, a Neumann
function is Bessel function of second kind, and a Hankel function=Bessel function of

third kind.

F. Caspers, M. Betz; JUAS 2012 RF Engineering
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Bessel Functions (2)

Some practical numerical values:

ko Jylx)  Jy(x)
24048 38317

—

285201 T.Ma6
3 BB53Y 101735
4 117915 133237

5 149309 164706

See: http://mathworld.wolfram.com/BesselFunctionZeros.html

F. Caspers, M. Betz; JUAS 2012 RF Engineering

gy (x)
58.13586
a.4172

11.6198
14,7960

17.95495

g3 (x)
G.3802

59.7610
13.0152
16.2235

19.4094

J.] [l::l
7.5883

11.0647
14,3725
17.6160

20,8269

Basics

Js (x)
87715
12.3386
15,7002
18.9801

222178

11



Neumann Functions

Neumann functions are often also denoted as Y ,(r).

F. Caspers, M. Betz; JUAS 2012 RF Engineering Basics
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Electromagnetic waves

. Propagation of electromagnetic waves inside empty metallic channels is
possible: there exist solutions of Maxwell’s equations describing waves

. These waves are called waveguide modes
. There exist two types of waves,

m Transverse electric (TE) modes:
- the electric field has only transverse components

m Transverse magnetic (TM) modes:
- the magnetic field has only transverse components

. Propagate at above a characteristic cut-off frequency

. In a rectangular waveguide, the first mode that can L i
propagate is the TE;, mode. The condition for A

I A
propagation is that half of a wavelength can “it” into b A

i

A A
. A L
the cross-section => cut-off wavelength A, = 2a O b oa

& The modes are named according to the number of field A A

A

maxima they have along each dimension. The E field of ¢ 4 A A

>
- B - - b b
bbb
- -
B
ol
>

2

the TE,, mode for instance has 1 maximum along x E field of the fundamental TE,,
and 0 maxima along the y axis. mode

. For circular waveguides, the maxima are counted in the
radial and azimuthal direction

F. Caspers, M. Betz; JUAS 2012 RF Engineering Basics



Mode Indices in Resonators (1)

|

[

|

|

|

|

|

P i I I T_\“7
”fT , T

For a structure in rectangular coordinates the mode
indices simply indicate the number of half waves
(standing waves) along the respective axis. Here we
have one maximum along the x-axis, no maximum in
vertical dimension (y-axis), and one maximum along
the z-axis. TE,o, corresponds to TE,,,

F. Caspers, M. Betz; JUAS 2012 RF Engineering Basics

TElOl

=Hjo1
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Mode Indices in Resonators (2)

TMOlO

= Eg10

The number m of maxima along the
azimuth is coupled to the order of the
Bessel function (see slide on theory).

F. Caspers, M. Betz; JUAS 2012 RF Engineering

For a structure in cylindrical
coordinates:

The first index is the order of the
Bessel function or in general
cylindrical function.

The second index indicates “the
root” of the cylindrical function which
Is the number of zero-crossings.

The third index is the number of half
waves (maxima) along the z-axis.

Hint: In an empty pillbox there will be
no Neumann function as it has a
pole in the center (conservation of
energy). However we need Bessel
and Neumann functions for higher
order modes of coaxial structures.

Basics

15



Fields in a pillbox cavity

Cavity height: h
cavity radius: a

TMy;0 Mode resonance

E = Ey;0 mode resonance for
z| . |  |a=0.3831=1531/4
a/ E, TM,,, resonance frequency
independent of h!!!

In the cylindrical geometry the E
and H fields are proportional to

-B, Bessel functions for the radial
dependency.

G r—
z

Capacitor at high frequencies,
The Feynman Lectures on Physics

F. Caspers, M. Betz; JUAS 2012 RF Engineering Cavity structures



Common cavity geometries (1)

Square prism H,,, or TEy; Ay =

[
I
I
I
I
I
L
/{ - '/ / T\
//F T A \8\\ / dimensionkss form factor
! 2
I i
! /y . Skin depths = |——
OO 1L
< ? g JL with @ = 2zf

Comment: For a brick-shaped cavity (the structure is

AT S 0.~ Jo b (a2+(:2)3/2

Gl )7 A "5 2¢%(a+2b)+a’(c+ 2b)
/

/I C

described in Cartesian coordinates) the E and H fields this simplifies in the case a=c:
would be described by sine and cosine distributions. 1 = \/§a
The mode indices indicate the number of half waves 0
along the x-,y-, and z-axis, respectively. _ 1 ab
o a+2b

F. Caspers, M. Betz; JUAS 2012 RF Engineering Cavity structures 17



Common cavity geometries (2)

Circular cylinder: Egy;p, = TMgq,

=2

4, =2.61a

Q= (o.sesﬁj 1+(o.383ﬁﬂ_
5 )| h

- _1
~0.3834, /5| 1+ 3} _ E[“E}
h 5

R/Q ~185h/a for not too big ratios of h/at

Note: h denotes the full height of the cavity
In some cases and also in certain numerical

codes, h stands for the half height

1: formula uses Linac definition and includes time transit factor
F. Caspers, M. Betz; JUAS 2012 RF Engineering

Cavity structures
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R/Q for cavities
The full formula for calculating the R/Q value of a cavity

IS sinz(Xex N
5 _ 477 ( 2 A see lecture: RF cavities, E.
Q T ;(glﬂﬂ 12 (101) h Jensen, Varna CAS 2010
a
with = [*o = [ulc? =4z =107 x3x10° =377O
€o

Yo1 = 2.4048 (First zero of the Bessel function of 0" order)
J,(x,,) =0.5192

This leads to sin2(1.2024h)
R a
= _-128
Q h

a

The sinus can be approximated by sinx = x (for small
values of x) leading to

h>
. (1.2024°) ]

= ~128 a_ _185—
Q h a

F. Caspers, M. Betz; JUAS 2012 RF Engineering a 19



Common cavity geometries (3)

Circular cylinder:

2 3/2

Hon {u 0.17(26‘j }

2 h
Q=0.61" ]
1+ o.17(2aj
h
Hlll
2713/2

1+0.73 251)

Q=0.2067 "

S

F. Caspers, M. Betz; JUAS 2012 RF Engineering Cavity structures



Common cavity geometries (4)

Coaxial TEM
Ay =2horh=/4,/2
<— b —3
short —%_) a I\l_\ o Ao 1
\:;‘_:_‘4/ B o 4+h.l+b/a
| | b In(b/a)
o
. Optimum Q for (b/a)=3.6 (Z, = 779)
<_: | — h
|
. ' E Jo 1
| I Qoptimum = 5 h
! ! 4472
: I b
|
~_ -~ = Coaxial line with minimum loss
) A - slide TEM transmission lines (3)
short

Taken from S. Saad et.al.,
Microwave Engineers‘ Handbook, Volume |, p.180

F. Caspers, M. Betz; JUAS 2012 RF Engineering Cavity structures 21



Common cavity geometries (5)
Sphere

“Energy storage in LEF’-’.’ |

A, =2.28a
Q=0.318(41/5)

F. Caspers, M. Betz; JUAS 2012 RF Engineering

Sphere with cones

“Nose cone cavity”

A=4a—->a=4,/4

OptimumQ for 6 =34°, \/

Quot 32 = 0.1095(2/ 5)

a spherical “A/4-resonator”
Cavity structures

the tips of the
cone don’t touch

22



Mode chart of a
brick-shaped cavity

]

T
i

| 'L o ! v The resonant wavelength of the

!f a ! v Hmnnp resonance calculates as

a4

a6
c/a

ezt WRiED
-z#ii.y;g,«: |, lh_ﬁ_h_,-:'J a b C

a3

4 — 2
N alri | e | | 1 =
f rll T Hf 0 o

E for a E,,or a H,,, wave with p
half waves along the c-direction.

SA
'E.l'.lﬂ‘

a2
a4 a8 ad g 12 s ] i#

A la—

Techniques of Microwave Measurements by Carol G. Montgomery,

Reprinted from Meinke, H. and Gundlach, F. W
Taschenbuch der Hochfrequenztechnik,S.471

Erste Auflage, Springer-Verlag, Berlin (1968) and

1st ed., 1947; by permission, McGraw-Hill Book Co., N. Y.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Cavity structures 23



Mode chart of a Pillbox

cavity — Version 1

&_.3
L=

]
")
=
O +
c
T
mo ®)
=9 <
ynr.v ® .
=5 O.E%
WHAATd ©
O ®c =0 © © ©
Sncys L
rted eahOhh
thMT =
S0 © 9+ S S g o
Oc=TU HuT T
i
\\llﬁ’.‘J .
T [ Nl —
x..V/mw /m..\ 2
NE ot /+ 1
| \ L
1/1/ /nVO/_I _ﬂ,...m_v Oia
>, > ~
ENENAN /// g
z./.v¢7 \\Ww\//..
// // \. RN T gy
. A N 1l
3 L N
N NN
// //A ‘.U,// S
5 ~
S S 3 =)
a

‘AN 0D Y00g |IIH-MeIDI ‘uoissiuiad Aq 26T “pa IST

‘AlBawoBIUoN "9 |0Je) AQ SluswaInseal\ aABMOIDI JO sanbluydal

pue (896T) uliag ‘Belap-1abuuds ‘abejny 81s.3
T/, S™YIuydsslizuanbaiydoH Jap yanquayose]
“M 4 ‘Yyoe|puns pue "H ‘axjuIs|N wolj pawulday
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Mode chart of a Pillbox
cavity — Version 2

/ =

Cylindrical cavity with radius a,
height = h and resonant
wavelength A,

H stands for TE and

E for TM modes.

Example:

Techniques of Microwave Measurements by Carol G. Montgomery,

Reprinted from Meinke, H. and Gundlach, F. W
Taschenbuch der Hochfrequenztechnik,S.471

Erste Auflage, Springer-Verlag, Berlin (1968) and

1st ed., 1947; by permission, McGraw-Hill Book Co., N. Y.

Eoo: (2a/0))?~0.6 > Ay~ 2.6a
Hy;: h =2a
Hy,: h =4a

F. Caspers, M. Betz; JUAS 2012 RF Engineering Cavity structures 25



Skin-effect and scaling
laws for copper

Plotted are the wavelength A in [m], the
skin depth & in [um] and the ratio (1/8) * 108 for copper. c
Conductivity of copper: ¢ = 58*106 S/m

F. Caspers, M. Betz; JUAS 2012 RF Engineering Cavity structures

= ' dinum |
() -6 | .
£ (A8)*10° 7} Skin-effect graph,
2 |——Ain plot for copper
=z 1
o5 S
©
. 28 rfuo
Z 583 #
w oo >m
i) > -g = A= £
o o= T -
S£251 f
T E SEB
3282Q
4+ 35 [8) :
= % 5 § = Examples:
it R DT
=L >0
i‘éé%‘ég 1 GHz 0.3m 2 um
$IE23 100 MHz 3m | 6.6um
=23hsS 2
eSnZa 1 MHz 300m | 66 um
o ol SOOI SO T SN SO OF- - - S-SR S-S -1 SVROTE ST SN SR OO 0-1% I SN ST SO SO S-S N8
£3833 , 50 Hz | 6000 km [ 9.3 mm
Y S i i
% $§I8_: 10 6 7 8 9 10
EE9ET 10 10 10 10 100 07 AN
S8E87 frequency / Hz Mo = 4T

&, = 8.854187 - 102 F/m
= 299 792 458m/s ~ 3 - 108

m/s
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Equivalent circuit (1)

The generator may
P ZShunt deliver power to R,
and to the beam, but
also the beam can

Z =27

input

—

resonator

1 1
1 1
1 1
1 1
1 1
H T < L (
! 'O deliver power to R,
g 9 i | i
' Y
| = C H R, | beam Beam
Generator ! ;
Vo ! L :
| ' The beam is usually
| : v considered as a
| ¢ L : current source with
i Lossless resonator i infinite source
1 1
1 1

impedance.

R, = resistor representing the lossesof the parallel RLC equivalent circuit
1

We have Resonance condition, when ol =——

>R f C W = 2 = —— f .=
esonance frequency — res r

F. Caspers, M. Betz; JUAS 2012 RF Engineering Equivalent circuit 27



Equivalent circuit (2)

. Characteristic impedance “R upon Q” X = B —w. L= L =+L/C

(R/Q) is independent of Q and a pure geometry factor for any cavity or Q res @,
resonator! This formula assumes a HOMOGENEOQUS field in the capacitor !
. Stored energy at resonance W = CV? _ Llf
2 2
e Dissipated power 5_ Ve
2R
. Q-factor - R B a)resW R W ... stored energy
Q= X B P P ... dissipated power
* Shunt impedance (circuit definition) R V&
2P
¢  Tuning sensitivity Af  1AC
f 2¢C
. Coupling parameter (shunt impedance R
over generator or feeder impedance Z) k? = R
input

F. Caspers, M. Betz; JUAS 2012 RF Engineering Equivalent circuit 28



The Quality Factor (1)

The quality (Q) factor of a resonant circuit is defined as the ratio of the
stored energy W over the energy dissipated P in one cycle.

The Q factor can be given as
Qo: Unloaded Q factor of the unperturbed system, e.g. a closed cavity
Q,: Loaded Q factor with measurement circuits etc connected
Q... External Q factor of the measurement circuits etc

These Q factors are related by
1 1 1
=—+
QL QO Qext

F. Caspers, M. Betz; JUAS 2012 RF Engineering Equivalent circuit
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The Quality Factor (2)

¢ Q as defined in a Circuit Theory Textbook:

— a)res L

Q_R

¢ Q as defined in a Field Theory Textbook:

energy stored in the resonator
energy dissipated per cycle

Q=2x

¢ Q as defined in an optoelectronics Textbook:
| 4
Q=
Va2

v, = theresonantfrequency
vy, = full-widthat half powermaximum"(FWHM)

Reprinted from Madhu S. Gupta, Educator’'s Corner, IEEE MicroWave Magazine,

Volume 11, Number 1, p. 48-59, February 2010.
See also: G. Dome, CAS (CERN Accelerator School), Oxford, June 1992

F. Caspers, M. Betz; JUAS 2012 RF Engineering Equivalent circuit 30



Input Impedance: Z-plane

Alm{z}

f= f(:SdB)

f _sqs) = lOwer 3dB point

Z 4| =0.707R=R/+/2

N

f 50

+
f= f(—3dB)

7

Re{z}

TheimpedanceZ for
the equivalent circuitis :

Z(w)= 1

1

+ja)C+_1
R JoL

f 34y = Upper 3dB point

F. Caspers, M. Betz; JUAS 2012 RF Engineering

Equivalent circuit
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Input Admittance: Y-plane

F. Caspers, M. Betz; JUAS 2012 RF Engineering

’ f= f(i3dB) _ _
Evaluating theadmittanceY
Y aam)| = 0/ R)L414 = (1/ R)V/2 for theequivalent circuit weget
f:fres Y=£=£+ja)C+_i
Z R jol
45% ) .
o > Req Y =—+ J(wC ——
{Y} —+j(eC-—)
1 .1 f f
==+ (———)
R 'RIQ f. f
f="1_
) (-3dB)
f=0

Equivalent circuit 32



Example: Measurement of Q with VNA In
Reflection

Coax

poooooo
@]

_|short  ¢But how?
Port 1 Port 2 +This is the recipe:

> Get the resonance
frequency and read out
the 3dB-points

» Calculate Q = f,/Af.

2

3 ES071C Network Analyzer
1 Active ChTrace ZResponse 3 Stemdus 4 MifAnalyss 5 Instr State
PR S11 Log Mag 10.00ds/ Ref -20.00d8 [F1]

+000ps? Not so
straightforward?

F. Caspers, M. Betz; JUAS 2012 RF Engineering 33



oThis is “our” recipe: Determine Q in the Smith-chart!

1. Put your network analyzer in Smith-chart mode.

Print

Abort Printing

Printer Setup...

Invert Image

Tr2 511 Log Mag 5.000dB/ Ref -15.00dE [F1]
10.00

5.000
0. 000 T 2
-5.000 _ﬁ\\ (/ﬂ_
-10.00

15,00

~20.00
-25.00 Return

=-30.,00

=35.00

-40. 00
1 Start 14 MHz IFBW 500 Hz Stop 168 MHz [ded !

F. Caspers, M. Betz; JUAS 2012 RF Engineering Meas || £l ]200[ 201201013 14:06)
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2. Move your graph in the Smith-chart to the so-called “detuned short position”.

3. For this, you display the imaginary part of S11 and change the phase offset
so that the graph is symmetric to the abscissa.
Hint: Put Markers on the plot to make sure that your graph is symmetric

1 Active Ch/Trace 2 Response 3 Stimulus 4 Mirfanalysis 5 Instr State

P s11 smith (Re/Im) Scale 1.000U [F1 Del]

Scale

1 16.065000 MHZ -490.91 mU 496,02 mu o — ;
>2 16.132500 MHZ -484,.82 mU -496.00 mu .~ Smith Chart plot e
3 16.097500 MHZ -8.9985 mUu 33.104 mu AUD SCals
7
/- -._\. Auto Scale aAll
oot \
Short => ) <~ Open Scale/Div
\ j 1.0000 U FS
k\ 2 Match /
---- = axis of symmetry -/
S /__./' !
"\—\___ R
E—
Tr2 s11 Imag 200.0mu/ ref 0.000u [F1 Del]
1. 000 .
R G
> . HX - . mu
BOO.Om |73 76 557500 MHz 104 Im{S,,} plot
500, Om —
400, Om
200. 0m
0.000)_1_ -----------------------------------------
=200, 0m
=400, Om
~600. 0m
-800. Om
1. 000 —x

F. Caspers, M. Betz; JUAS 2012 RF Engineering



PO 511 smith (Res/Im) sScale 1.000u0 [F1 pel]

3. Use markers in the Smith-chart to read out the frequencies at points (1) and (2), in the
upper and lower halves of the circle, this is the minimum and maximum of Im{S,;}.

4. Calculate the difference in frequency Af, this is the 3 dB bandwidth of the loaded cavity.

5. Read-out the resonant frequency f,.. at point (3)
4. Now your formulae will give you the loaded Q: L= fLes/Af.

>1
2

16.065000 MHz -50].08 mu  496.05 mu_—
16.135000 MHz -50.8Q mU -406. 81 m0
16.100000 MHz -6, §1 386 mu

'Caspers, M. Betz; JUAS 2012 RF Engineering-

Here:
Q,=16.1 MHz / 70 kHz
Q. =230

Note:

to determine the unloaded Q,,
the condition for placing the
markers in Step 3 is:

Im{S,,} = Re{S;}

All other steps stay the same.

36



3 dB bandwidth

In the Z-plane (= impedance) |Z| reduces to 0.707 to the value at resonance.

The real part of Z becomes 50% of the real part of that at resonance.
The phase deviates +- 45 degrees from the phase at resonance.
0.707 in voltage = unit voltage — 3dB (decibel)

0.707 in voltage = 50% in power since power ~ V?

The Q factor of a resonance peak or dip can be calculated from the center
frequency f.; and the 3 dB bandwidth Af = f ", ;) — f 545 as Q= f/Af.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Equivalent circuit
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Simulated data

Cavity response vs. frequency Data represented in Smith Chart
Top: logarithmic magnitude -
Bottom: phase f =1 e
+1.0
Py - O+
3 f= f(—&édB) fé— flaom)
N T
o |
ke o
9 0.95 1] 1.05 1.1
: : x10°
%0 B
=) n
& A5l e
Z ol =1 o) TN T
N L\ =1
< 45 B
: | : o .
-90 . . : —f* -j1.0
0.9 0.95 1 1.05 1.1 = flam
frequency / Hz x10° Shown is the model of a Ferrite loaded cavity:

R=200 kQ, Q=50, f..=1 MHz

Decibels and Smith Chart are discussed in detail in Part Il.
F. Caspers, M. Betz; JUAS 2012 RF Engineering Equivalent circuit 38



Transients on an RC-Element (1)
I(t)

10

| O<t<T
1(t)=1 ° .
0 otherwise

A voltage source would not work
here! Explain why.

o 63% of N\
T = ... time constant maximum
- i i \\s
V, =1,R...maximum voltage 2 4 6 \ 8 10
Ut 37% of
maximum

F. Caspers, M. Betz; JUAS 2012 RF Engineering Behaviour in time and in frequency domain 39



0.8

0.6

I/I0

0.4

0.2

0.03

AT

=3r

Vv

10

0.025

0.02

Z 0.015

0.01
0.005
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Transients on an RC-Element (2)

—s|k— AT =0.27

0.8

0.6

I/I0

0.4

0.2

0.03

0.02 N
o P\NW
Z 0.015

0.01 Pl
0.005
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Response of a tuned cavity to
sinusoidal drive current (1)

Drive current |

T

il il
il i

= <Ly

Lot

Ll
E L
ARLRACARCE:

L
Sl

AL L

F. Caspers, M. Betz; JUAS 2012 RF Engin

eering

In the first moment, the
cavity acts like a capacitor,
as seen from the generator
(compare equivalent circuit).
The RF is therefore short-

10 Circuited

In the stationary regime, the
inductive (wlL) and
capacitive reactances
(1/(0C)) cancel (operation at
resonance frequency!).

All the power goes into the
shunt impedance R => no
more power reflected, at
least for a matched

10
generator...

Behaviour in time and in frequency domain 41



Measured time domain response of a
cavity

— ————

¢ Cavity E field (green trace) and electron probe signal (red
trace) with and without multipacting. 200 us RF burst duration.

see: O. Heid, T Hughes, COMPACT SOLID STATE DIRECT DRIVE RF LINAC EXPERIMENTAL PROGRAM, IPAC Kyoto, 2010

F. Caspers, M. Betz; JUAS 2012 RF Engineering 42



Numerically calculated response of a
cavity in the time domain

Excitation signal a5
p 2 4
nuﬁvl'l Uflﬂ Mv.'lu t "§ <
W\ U 510°
v E
o
E Observation pt. g
10" - - '
M 0 0.5 1 1.5 2x10"
;M“A. | | t (89) (178)  (267)  (356)
'-“.'U“r U Time step (number of periods)
o, (1, -1,)
\2 - ,
7 21n|
E=Egsinat-e "’ - 1

see: |. Awali, Y. Zhang, T. Ishida, Unified calculation of microwave resonator parameters, IEEE 2007
F. Caspers, M. Betz; JUAS 2012 RF Engineering
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Response of a tuned cavity to
sinusoidal drive current (2)

Differential equation of the envelope V... envelope amplitude
(shown without derivation)' C... CaVIty CapaCItance
1 ... drive current
V=—=(I ——) ——(IZ -V) Z... cavity impedance
2C 22C R... real part of cavity
. Impedance
V.V, I,Z are complex quantities, evaluated _
at the stimulus (drive) frequency. This t value refers to the 1/e
decay of the field in the cavity.
For a tuned cavity all quantities become real. Sometimes one finds t,,
In particular Z = R, therefore referring to the energy with
2T,~ T.
V :ﬁ(IR -V) The voltage (or current)
decreases to 1/e of the initial
— time constantbecomes value within the time .
R 2 T
Z = ZRC - 2_QC - Q o Qf - Q . see also: H. Klein, Basic concepts |
Q @y 7Z-=V~.,.7Z- ..... ) Proceeding Oxford CAS, April 91
""" "Q over & periods" CERN Yellow Report 92-03, Vol. |

F. Caspers, M. Betz; JUAS 2012 RF Engineering Behaviour in time and in frequency domain 44



Beam-cavity interaction (1)

Cavity response in Bunched beam b(t) with bunch length t,,
time domain c(t) bunch spacing T and beam current I,
from one very short : : :
bunch
! step height oi.5| | 1 15 2 ,2i.5 .3
0.5 AU =¢/C A
' : remnant voltage T
0 : EAAAAAAAI\I\I\I\AI\A‘,@ from previous \
VVVVVVVVVVVVVV bunches ¥
-0.5 At
-1
0 0.5 1 15 2 2.5
< > W
r=2RC

0 O:.S 1 1:.5 2 2%5 3
t/t
Resulting response for bunched beam obtained by convolution of the bunch sequence

with the cavity response r(t) = b(t) ® c(t)
Condition that the induced signals in the cavity add up:
cavity resonant frequency f.. must be an integer multiple of bunch frequency 1/T

F. Caspers, M. Betz; JUAS 2012 RF Engineering Beam-cavity interaction



Beam-cavity interaction (2)

For a quantitative evaluation the worst case is considered with the
induced signals adding up in phase.

Two approaches:

¢ Equilibrium condition: Voltage drop between two bunch
passages compensated by newly induced voltage

-T/z q q 1
UendeT :Ustep:Uend_E — Uend:El—e_T/T

¢ Summing up individual stimuli

q -Tlz 2Tz q l
U,,=—0+e " +e +.o.)=—
end C( ) C 1_e_T/T
Approximation forT/r <<1:
1-e"" =1-(1-T/z+...)=T /7
U -9 L _G2RC_,0aq oo
CT/r C T T

wherel, is themean beam current.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Beam-cavity interaction
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Beam-cavity interaction In
Frequency domain

¢ Frequency domain

beam spectrum B(f)
sin(zt, f)

B(f) =21, =
b

cavity response C(f)

Resulting spectrum
obtained by multiplication
R(f) = B(f) * C(f)

F. Caspers, M. Betz; JUAS 2012 RF Engineering

21,

i

0

0
_alc We see strong central line with two
T~ " sidebands. This is AM modulation.
/ / Where do you find this AM
,"k ! modulation in the time domain?
AZL I
0
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Typical parameters for different
cavity technologies

Cavity type R/Q Q R

Ferrite loaded cavity

. : 4 kO 50| 200 kQ
(low frequency, rapid cycling)

Room temperature copper cavity

* 3
(type 1 with nose cone) 192Q | 30*10° | 5.75 MQ

Superconducting cavity

* 10
(type 2 with large iris) 50| 1*10 500 GQ

F. Caspers, M. Betz; JUAS 2012 RF Engineering Beam-cavity interaction



Different definitions of the
shunt impedance r

Four different parameters
=> confusion can be maximized by
using 24 = 16 different definitions...

Example: Pillbox cavity
r=3.3 MQ

L=0.2m

cos(p) = 0.866

transit-time factor T = 0.756
(defined later, see transit time
factor slides!)

Linac and electrical definition most
often used.

Linac definition:
12

P= UF with the peak voltage U

Electrical (or circuit) definition for
circular machines uses the
effective voltage U => factor 2
sz
P=——

F. Caspers, M. Betz; JUAS 2012 RF Engineering

_ Full correct_shun_t _ cos(o) _ T _ L LI_NA_C Value

impedance designation included included included definition
r (electrical def.) 0 0 0 0 3.3MQ
R (Linac def.) 0 0 0 1 6.6MQ
r/lL 0 0 1 0 16.5 MQ/m
f:é:e(jg]ec‘:iz‘;e shunt 0 0 1 1 33.0 MQ/m
rT2 (electrical def. with T) 0 1 0 0 1.88 MQ
RT?(Linac def. with T) 0 1 0 1 3.77 MQ
rT2/L 0 1 1 0 2.86 MQ/m
RTZ/L 0 1 1 1 5.72 MQ/m
r cos¢) 1 0 0 0 2.47 MQ
R cosZp) 1 0 0 1 4.95 MQ
r cos2p)/L 1 0 1 0 12.37 MQ/m
R cosXp)/L 1 0 1 1 24.75 MQ/m
rT2cos?(e) 1 1 0 0 1.41 MQ
RT2cos¥() 1 1 0 1 2.83 MQ
rT2cos?(¢)/L 1 1 1 0 7.07 MQ/m
RT2cos?()/L 1 1 1 1 14.14 MQ/m

Beam-cavity interaction
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Electromagnetic scaling laws

A cavity of a given geometry can be scaled using three rules:

. The ratio of any cavity dimension to A is constant. To put it
another way, all cavity dimensions are inversely proportional
to frequency

. Characteristic impedance R/Q = const.
* Q*o/A=const.

The skin depth & is given by

2
o= |——
wou
with the conductivity ¢ ,the permeability u, and the angular frequency w=2xf.

1
Note that it is proportional to \/—
fo

For instance, in copper (Ggypper = 5.8*107 S/m) the skin depth is =9 mm at 50 Hz,
while it decreases to = 2 um at 1 GHz.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Scaling laws



Scaling of a pillbox-type cavity

Starting point: SUPERFISH simulation results for a cavity of a given geometry with
copper walls. Parameters: f = 3030 MHz, Q, = 9625 and R = 631 kQ

Question: What are the characteristic parameters (Q, R/Q, 1) of a cavity of similar
shape, that operates at a frequency of 814.5 MHz, built with steel walls?
(Gcopper = 98 MS/m, here we assume Gy~ 2 MS/m)

Answer: For the first cavity we find

Skin depth o, = 1.195 pum,

Resonant wavelength A, = c¢/f; = 98.97 mm,
Q,*oc,/A;=0.1162

For the larger steel cavity all dimensions have to be scaled by the inverse frequency
ratio f,/f,, which gives a factor of 3030/814.5 = 3.72
=> %, =3.72 1, =368 mm

The characteristic impedance remains unchanged.
R,/Q, = R,/Q, =632 * 103/ 9625 = 65.56 O

The skin depth for steel at 814.5 MHz is ¢, =12.5 pum.
Using Q; * 6, /A, =Q, * 5,/ X, we find Q, = 3420

Finally, the shunt impedance gets
R, = (R/Qy) * Q,=65.56 * 3420 = 224 kQ

F. Caspers, M. Betz; JUAS 2012 RF Engineering Scaling laws
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Simulation Tools

¢ Poisson Superfish (poisson equation; poisson = fish in french)

¢ Microwave Studio, Mafia (Maxwell’s finite
Integration algorithm), http://www.cst.com

¢ Ansoft HFSS (High frequency structure simulator),
http://www.ansoft.com

4 GdfidL (“Gitter drauf fertig ist die Laube” — no joke, really truel!)

F. Caspers, M. Betz; JUAS 2012 RF Engineering Simulation techniques

52


http://www.cst.com/
http://www.ansoft.com/

Simulation Techniques (1)

¢ Frequency domain analysis

CST Microwave Studio 2009, HFSS 12.0
Uses a tetrahedral mesh

Maxwell’s equations solved in frequency domain for one
frequency point at a time

Frequency sweeps take very long time, very powerful PC or
computer cluster needed!

Applications: quite universal

¢ Time domain analysis

Microwave Studio
Space is discretized by a rectangular mesh
Excitation of structure with time domain pulse

Transformation to frequency domain by Fourier Transform =>
entire frequency range with only one run => fast!!!

Bad convergence for resonant structures, since pulse does not
decay fast

Applications: Waveguide transitions, connectors, antennas, but
no resonant structures such as cavities!!!

F. Caspers, M. Betz; JUAS 2012 RF Engineering Simulation techniques
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Simulation Techniques (2)

¢ Eigenmode analysis
=  Microwave Studio, Mafia, HFSS, Superfish ...
= Allows to calculate eigenmodes of resonant structures

m Used for instance to determine resonant frequencies of
cavities, including higher order modes

The Mesh

¢ Space discretized by a mesh

¢ Mesh width in the order of a tenth of the wavelength in
the material

¢ Successive mesh refinement to improve precision

¢ EXxpert systems or user determine critical regions
where mesh needs to be denser

¢ Magic T shown below: Roughly 10° mesh cells and a
gew Is:)eé:onds to minutes simulation time on a present-
ay

F. Caspers, M. Betz; JUAS 2012 RF Engineering Simulation techniques 54



3D Simulation examples

¢ A Magic T with
Microwave Studio
4.3
= Arrows show the

E field of the
TE;, mode

m Power goes in at
the front port

= How much power
gets out by the
other ports?

¢ A T-junction with
HFSS 9.0

m Junction with
conducting iris

=  Magnitude of
TE,, electric field

F. Caspers, M. Betz; JUAS 2012 RF Engineering Simulation techniques



Superfish: 2 ¥2 D simulation

Mesh view

¢ Calculate resonant modes using
eigenmode analysis

¢ Use symmetries to reduce the
number of mesh points!!!
m rotational symmetry around axis

m left-right symmetry by defining
metallic boundary (electric field
lines perpendicular to this plane)

F. Caspers, M. Betz; JUAS 2012 RF Engineering Simulation techniques 56



Field pattern

type-1 cavity with all

symmetries exploited entire type-1 cavity
=——————
N
' ) nose cone
=
beam . v equatorial conducting

oS

plane

¢ The electric field lines are plotted

F. Caspers, M. Betz; JUAS 2012 RF Engineering Simulation techniques
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beam

beam

Accelerating modes in a

cavity

RTENE ™O 1 1
f = 160.44MHz f = 211.00MHz
TR
@\\\\c
iy
™O,2 0 ™O, 2 1
f = 230.6MHz f = 296.0MHz

F. Caspers, M. Betz; JUAS 2012 RF Engineering

™0, 2 2
f = 437.0MHz

Rotationally symmetric
modes of type TMyp,s

that is, 0 maxima over the
azimuth (0 to ©), m maxima
in radius and n maxima
along the beam axis.

Why are these modes

= accelerating modes?

- What would deflecting

modes look like?

Higher order modes

58



Higher order modes (HOMS)

126 MHz 288 MHz 406 MHz

m——
x

———

—

e

équatorial conducting
plane

Higher order modes in a 100-MHz cavity.

All these modes are TM type modes. This is due to the boundary condition:
electric wall in equatorial plane.

references: G. Rogner, CERN report SPS/SME/Note 86-65

F. Caspers, M. Betz; JUAS 2012 RF Engineering Higher order modes
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Transit time factor (1)

The “voltage” in a cavity along
E, the particle trajectory (which
—— coincides with the axis of the
S cavity) is given by the integral
-1 @®>-—1T-—-—-— T T T — - along this path for a fixed
E moment in time:
—
1 V =[E,(2) dz
L
const. electrical field, , : : L
e.. Ey.o mode (E, = E,=0) \?zlajrt itnheigetli?nlg the cavity is
. Ef2) ying -
S s M = =€) E,zt)=E,@)1Q)
------------------ =E,(z)cos(wt + @)
""""""""" | > Z Thus, the field seen by the
particle is
T L2
Cavity gap [sielieiniele B V = EO ICOS(O)'[ 4+ ¢) dz
length L < > L/

F. Caspers, M. Betz; JUAS 2012 RF Engineering

Beam-cavity interaction
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Transit time factor (2)

The transit time factor describes the amount of the supplied RF-
energy that is effectively used to accelerate the traversing particle.

T v V ...voltageseen by a particle celative loss in
V V ...referencevoltage accelerating voltage

Usually, as a reference the moment of time is taken when the longitudinal
field strength of the cavity is at its maximum, i.e. cos(¢)=1. A particle with
infinite velocity passing through the cavity at this moment would see

V=EL

Now the particle is sampling this field with a finite velocity. This velocity is
given by v = fc. The resulting transit time factor returns therefore as

ity Jicr3

F. Caspers, M. Betz; JUAS 2012 RF Engineering Beam-cavity interaction 61

Transit time factor, p.565f. ,Alexander Wu Chao,
Handbook of Accelerator Physics and Engineering



Transit time factor (3)

Example: Cavity gap length L= Ay/2
Ao = 1m corresponding to f = 300MHz
particle velocity v=c orf3=1

A Ez(z)
EA0 =1Vim —x— -' """""""""""""""" “pblue area”
=V =15V : |
i ; = r for v— o
\ 4 E E > £
o Aol4 = 0.75m
corresponding to m/2
R (only for v =c)
E,=1V/m i
0 A Field strength seen by
the particle
“green area” |=> 2
2 >t
t =-7/2 t=mn/2

F. Caspers, M. Betz; JUAS 2012 RF Engineering Beam-cavity interaction 62



Acceleration

We have “slow” particles with 3 significantly below 1. They become faster
when they gain energy and in a circular accelerator with fixed radius we
must tune the cavity (increase its resonance frequency).

When already highly relativistic particles become accelerated (gaining
momentum) they cannot become significantly faster as they are already
very close to c, but they become heavier. Here we can see very nicely the
conversion of energy into mass. In this case no or little tuning of the
resonance frequency of the cavity is required. It is sufficient to move the
frequency of the RF generator within the 3dB bandwidth of the cavity.

Fast tuning (fast cycling machines) can only be done electronically and is
implemented in most cases by varying the inductance via the effective u
of a ferrite.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Beam-cavity interaction 63



Tuning of cavities (1)

Slater’s perturbation theorem: At __1AwW

f 2 W

with W designating theenergy
storedin thecavity

¢ Inductive tuner
= Inregions of high magnetic field
m increases resonant frequency (AW < 0)

2 2
aw = —H g o AR gy
2 2
¢ Capacitive tuner
= In regions of high electric field
m decreases resonant frequency (AW > 0)

_CI?

2
AW - dw _ &o&ET

dv

F. Caspers, M. Betz; JUAS 2012 RF Engineering Coupling and Tuning
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Tuning of cavities (2)

. Operational tuning . Initial tuning during manufacture
= paddle tuner = Bumping, dummy tuners
=  bulk tuner = modification of joint sizes or plating
capacitively loaded thickness

M4 coaxial cavity \

“paddle M TO RETAIN mm":T;:o::ou
tuner” %E_Q 1 H, GAS
COUPLING CELL
beam . o _ _ 1 7
I Y
F \ 8
. 7 s, i il . CELL
7] BEING
bulk e[ T s
tuner £ _j Tweo 3 }3
b N
N
, : N
. Tuning by global deformation §
. _ N
= mechanically (SC cavities) AN
= thermally
01234586
Source of right image: G.R Swain et al., "Cavity tuning for = ' MAGNETIC
the LAMPF 805 MHz Linac", 1972 Linac Conference, p. INCHES e oRT END DETAIL - NOSE
242 | _ STRETCHING TOOL

F. Caspers, M. Betz; JUAS 2012 RF Engineering Coupling and Tuning 65



Coupling cavities to the
outside world (1)

. Direct coupling (DC coupling)

Generator (tube) has to "see" a certain
voltage U

GRID
basic A/4 - resonator

“Wideroe” or
A2 structure

Source: M. Puglisi: “Conventional RF cavity design”
CAS "RF engineering for Particle Accelerators”, CERN 92-03, Vol. 1

F. Caspers, M. Betz; JUAS 2012 RF Engineering Coupling and Tuning
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Coupling cavities to the
outside world (2)

. Inductive coupling
Generator requirement:

=+/2PZ

P ... required power
Z ... optimum load resistance

Induced voltage in loop:

d
U:yoades
S

. Capacitive coupling
Generator requirement:

| =+/2P/Z

Induced displacement current

U:go%jEds
S

F. Caspers, M. Betz; JUAS 2012 RF Engineering

sl
3 [

Coupling and Tuning
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General example

A single-cell configuration: 114-MHz room temperature cavity of CERN
PS. Type | profile with nose-cone to optimize shunt impedance

| | ; 1: higher order mode
| (HOM) coupling loop
_ — which serves for

v ‘ eliminating beam-
induced power
2: HOM filter
’ 3: HOM power
, guided towards load
% and dissipated

|

Tbeam l‘

F. Caspers, M. Betz; JUAS 2012 RF Engineering Different forms of cavities
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Different forms of the
pillbox cavity

13 L ” [13 C ]
folllflffllfil‘
v ’ 2,
A

7
A
7
7
:
’
A
/
#
4
/
A
?

’
/
.
]
:
’
¥
’
v
:
4
7
s
H
7
4
%

nose-cone cavities disc-loaded cavities

Cross section of a radial cavity Four different cross sections of
fundamentally similar cavities. In spite of

their similarity they have been given
different names...

Source: M. Puglisi: “Conventional RF cavity design”
CAS "RF engineering for Particle Accelerators", CERN 92-03, Vol. 1

F. Caspers, M. Betz; JUAS 2012 RF Engineering Different forms of cavities 69



The coaxial (TEM-mode)
cavity

L=gA/2

LA AT A

’ . z—‘

747 Yan

.

Z

5%/////////////////////////7///////.//7//‘4//////// WMWWM/I/Y/:WW//W

Z

AN

SONNNNNNAY - CNSNNNNNAN

N

NN

SANN

QAN I DN

NN

/]
/////‘7//////////////Af//.'//y////////?’/////é’//:

DUNNNANNY

) 7
7 /
VP I P I FIFIFFIPIPIFIIIAIIISFIIFTIILF 20 A7 7 ST

E

V/ // / //l/ ” ///7///// // / / // /” / // / / / / / / / / // / //4 ?[Ill (L III/IIII/IIIIIIIIIIIIIIIIIIIIIIIII1{4
¢} v

DRI E 2R

NN

Z
Z
2
)

R

“Wideroe” or A/2 structure

works for $=0.2-0.4
does not work for f=1 as we
are in a quasi-static case

basic A/4 - resonator

A R R T NN I 0

DI TN NN RN I XN

\

ér/ﬂﬂﬂ%ff////ﬂ//ﬁ

modified A/4 - resonator for
acceleration in fA/2-mode

Source: M. Puglisi: “Conventional RF cavity design”
CAS "RF engineering for Particle Accelerators", CERN 92-03, Vol. 1
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Spiral resonators

¢ For small B relatively low RF
frequencies have to be used

¢ Drift tubes are mounted on
A/4 lines acting as \/4
resonators (will be treated in
second part of lectures)

¢ Long A/4 lines coiled up to

make structure smaller S 4 -
A B = 5.4 % power resonator

Spiral resonator. Split-ring resonator.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Different forms of cavities
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Ferrite loaded cavities (1)

* Tuning possible by choosing an appropriate static or slowly varying

magnetic bias field => differential u adjustable. Bias field and RF
field are parallel.

B versus H with added AC field u, versus H
Teslg 1000
4
1 | T
Baz | =
| < 100 —
| 2
Lo =
B l =
oc | ™
4 ll | 10 >
||
L
/ /—I T P Ty WAm
10 100 1000
H [A/m]
A period of the AC field corresponds to one Bias B field parallel to RF magnetic field
round in one of the little hysteresis loops. in above plot

F. Caspers, M. Betz; JUAS 2012 RF Engineering Different forms of cavities 72



Ferrite loaded cavities (2)

This is essentially a A/4 cavity with
magnetically variable length.

Ferrite toroidal discs,
interleaved with copper sheets
on “equipotential lines” for

cooling.

ceramic window

Pictufe: K. Kaspér (GSI)

Bus bars to supply the DC bias, the
DC field is parallel (azimuthally)
to the RF field.

Source: H. Damerau (CERN), private communication
Cavity in the SIS (Schwerlonen Synchrotron)
at GSI, frequency range from 0.8 — 5.4 MHz

F. Caspers, M. Betz; JUAS 2012 RF Engineering Different forms of cavities 73



Ferrite loaded cavities (3)

. Ferrite loading
makes line
electrically longer =>
cavity size can be
reduced

. Bias B field in ferrite
orthogonal to RF
magnetic field

. tunable between 46
and 61 MHz by
variable bias field

In this mode of operation of orthogonal
bias, the DC field is orthogonal to the RF
field. The u of the ferrite can be varied in
a more efficient way as compared to
parallel magnetic bias.

F. Caspers, M. Betz; JUAS 2012 RF Engineering

Tunable cavity for TRIUMF (Three
Universities Meson Facility, Vancouver)
designed by LANL (Los Alamos).

[ IS

XKe i :
:N".uu*.'.*. ceramic window

AAAAAA

y——— ferrite toroidal discs
[

[ & i -
XHIRHILRILHRHRKS

From: ISK Gardner: "Ferrite dominated
cavities" CERN 92-03, Vol. Il [2]

Different forms of cavities
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RF window

1,
/.

/

’T
ﬂ
v

F. Caspers, M. Betz; JUAS 2012 RF Engineering

An RF window for a 114
MHz LEP cavity

On which side is the
vacuum?

How does the structure
continue on the left side?

5: Ceramic disc
6: Coupling loop
7: Vacuum seal

A: Pressurized side (air)
B: Cavity side (vacuum)
C: Cooling water ducts
D: Inner conductor

E: Outer conductor

Different forms of cavities
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“Kilpatrick” voltage breakdown (1)

The maximum E field achievable is limited by a process known as RF breakdown.

The Breakdown voltage is given by
-1.710°

W-E®.e B =18.10"
where W [eV] is the impact energy of the electrons and E the electric field [V/m]
(W = E * gap width for DC, W < E * gap width for RF).
. High power effect
. Destructive!!
. Breakdown voltage proportional to square root of frequency

Ref.: W. D. Kilpatrick, Criterion for vacuum
sparking designed to include both Rf and DC,
The Review of Scientific Instruments, Vol. 28,

100000
—— 10GHz /
5 | —1GHz ]
& 10000 -
; —— 100 MHz —
S . =
< S looo 4 ——10MHz |
Z = .
%, — —air / [
§ 100 Breakdown voltage
/ given in plot for
vacuum (solid lines)
10 _— and in air (dashed
. line)
~
1 =~
0.1 1 10 100 1000

Gap width [mm]
F. Caspers, M. Betz; JUAS 2012 RF Engineering Voltage breakdown & Multipactor 76



“Kilpatrick” voltage breakdown (2)

107 T T T T T T
0% -
10° -
™ Fic. 1. W is the
K o'k - maximum ion energy
) at the cathode, in
_ _ electron volts, For
S 3 Possible Spark Region dc, W corresponds to
g or - the applied voltage,
b and W/E is the gap
] spacing for plane
= 0tk : _ parallel fields. For
z No-Spark Region rf, W is a function of
frequency and gap
! (see text).
T -1.710° ]
2 E _ 14
W-E“-e =1.8-10
10°}- .
10~ 1 L. 1 1 - 1 1 i
10-° 1o 1077 10~8 10°° 1074 10~3 10-2 107! 10° 10' 102 10?
W/E (CENTIMETERS)

F. Caspers, M. Betz; JUAS 2012 RF Engineering

Ref.: W. D. Kilpatrick, Criterion for vacuum
sparking designed to include both Rf and DC,
The Review of Scientific Instruments, Vol. 28,
No. 10, 1957

Voltage breakdown & Multipactor
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Multipactor (1)

A Basically,
l . Electrons get accelerated in
: . an electric field
| EOSZH(COI) * When they hit the wall,
: secondary electrons are
: freed
' . If the electric field changes

sign as it is the case for RF
fields, the secondary
electrons will eventually see
an accelerating field

P & Therefore, at least for some
distinct frequency bands and
accelerating voltages,
resonance effects can be

log(V) |

—

expected
== V ... gap voltage
log( f* w) f ... RF frequency
W ... gap width
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No multipactor for very
small gap width or

very high fq\ Multipactor (2)

Peak Mode order  T-20 [ns]

Voltage s N 5 9434
T . ——t More formally,

Fid
Iy dir%
£

/ Ff’ 4/ & Multipactor is a resonant
pan avalanche discharge,
/i typically a low-power effect.

/ /;f i . The basic "two-point"
AT resonance condition is met if

I
i
P

[l

™

1000

“
[rd

P the time of flight of an

R S electron between electrodes
i equals an odd number of RF
STV half cycles

; . Other necessary condition:

7 7 The coefficient of secondary
/ A electron emission must be
larger than 1. This
corresponds to an energy
range between 50 eV and
™ Fioq Gapwidth (GHam 5000 eV for copper surfaces
frequency gap width f*w [GHz*mm]

=11

(Y%
(4
N
T~

Peak voltage
Ll

(&N
N7
T

100

N
s/\\
\
e

10 n_:1 : 1_;

Multipactor calculator available at

10.00033 0.001 0.033 001 0.33 50.1 0. :
' http://www.estec.esa.nl/multipac/

gap width / wavelength w/i

3
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RF systems

RF systems

L T~

Single cavity

Multiple cavities

/\

Individual RF sources

Common RF source

T

Standing wave cavities

Travelling wave cavities

AL

v—
»
—

F. Caspers, M. Betz; JUAS 2012 RF Engineering

(T T 11 I7
NN

il

RF load

|
]
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Standing wave cavities

. The only possible phase differences between the
SW fields in lossless cells are 0° or 180°.

¢ For N cells there are N possible longitudinal

modes. Practically used modes: t+E t+E t+E
m  0° (zero mode): Gap distance BA with § =
v/c. Structures: Alvarez Drift Tube Line
DTL < > beam axis
(DTL) "
+E +E +E
= 90° (n/2 mode): Distance active cell to 0 0 0
coupling cell BA/4 or BA/2. Structures: Side ¢ ¢ ¢ g ¢
coupled, Disk and Washer 1 l
-E -E
+E +E +E
m 180° (mr mode): Gap distance BA/2. I I I
Structures: Wideroe, superconducting >
cavities (LHC, TESLA), Interdigital (IH) 1 l
—E —E
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Travelling wave cavities

Phase difference between adjacent cells can be chosen arbitrarily to
assure synchronism with beam. Values around 27/3 give best
compromise between structure length, group velocity (filling time)
and overall dissipation.

Without beam loading, almost the full input power is dissipated in
the absorber.

The field decay due to attenuation of the structure can be taken into
account by designing "constant gradient” rather than constant
geometry structures.

There exists a specific amount of beam loading for which all RF
power is transmitted to the beam, resulting in zero power dissipated
in the absorber =>"fully loaded" structure.

Repercussion of beam loading and structure transients on generator
IS minimised.
Structures

Loaded waveguide (generally used in electron linacs, e.g. CERN
LIL, CLIC ...), Parallel bar

F. Caspers, M. Betz; JUAS 2012 RF Engineering Groups of cavities
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Examples (1)

* Standing wave cavity in multicell
configuration

. This superconducting cavity was
used in CERN’s LEP

. "Type II" profile without nose-
cone to avoid multipactor and
reduce r/Q
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Examples (2)

e )
o 3
L SITE,
1 Sy .
S
. x 1417 -
™ 1
. o\i N
/] ; \
] N X =
3 3 ;
/ ‘\.-
/ 2
\! - %
| N \ 4
| .
) |
e

5

. Travelling wave cavity

. Below: An ALVAREZ structure (Drift
tubes with interposed quadrupole
magnets), used in the CERN 50 MeV
Proton LINAC
Frequency: 202.56 MHz

guadrupole
magnet\
Input
250 keV E T = 50 Mev
p = 0.03996 ®® B = 0.31405
B}\, =59.1 mm < - < - -~ % = 464 mm
s F{m}{mpqrumlplflﬁ_)
oo o a8 =2 & e,
®®
©®®
®®
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Side coupled structures

¢  Cavity geometry T 7 //
changes to optimize
shunt impedance — —

. Higher shunt
impedance =>
higher accelerating
gradient

. Side coupled cavity
configuration for
optimum shunt Beam

impedance Channel ' A

Source: E.A. Knapp and W Shlaer: Design
and initial performance of a 20MeV high-
current side-coupled cavity electron
accelerator, 1968 Linac Conference
Proceedings, p. 635 to 649

Accelerating
Cavity
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The IH structure

¢ IH stands for Interdigital H mode

. Interleaved fingers “adapt” the deformed H
(TE) mode that is usually deflecting

¢ Inside the resonator tank cylindrical cavity drift

tubes of varying length (matching the ion
velocity) are mounted alternating on opposite
sides. The magnetic field lines are parallel to
the beam axis and the induced currents flow
azimuthally on the wall, creating electric fields
of alternating direction between the drift tubes.
This field forces the ions forward.

. The big pot is necessary for transverse
focusing.

Properties of the structure on the right:

E,, =300 keV, E,; =1.1-1.2 MeV

Electrode voltage V.; =4.05 MV

Tank lengthL=1.5m

Number of gaps = 20

Peak power consumption W ¢, = 36 kW Source: fy.chalmers.se/subatom/f2bfw/poster97_ps_pic/
ihstructure.ppt
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A disc loaded waveguide structure

CERN LIL (Linear Injector for LEP), operating frequency 2.98 GHz

L
|

il

The cavity resonance frequency can be changed
ol by punch-tuning (dimple tuning) at these spots.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Groups of cavities 87



TEM transmission lines (1)

Transverse electric modes (TEM) can propagate on any structure
with at least two conductors

Given a structure with
C’ ... capacitance per unit length [F/m]
L’ ... inductance per unit length [H/m]

It then follows

charactersticimpedance Z = Vume _ |1 1z]=0

1
wave

velocity of propagation v |=m/s

1 C,
= = Y
NN .

If 1, =¢, =1 (vacuum or approximately air), then the velocity of
propagation is equal to the velocity of light ¢, =2.998 EB m/s

F. Caspers, M. Betz; JUAS 2012 RF Engineering Transmission lines
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TEM transmission lines (2)

Formulae for the characteristic impedance Z can be found in many
textbooks (e.g. “Reference Data for Radio Engineers” or others). From
a known Z the values for C’ and L’ can be deduced by

1 1004/ ¢ F
C=— C'= = [c]=P
YZ L for"normal” cable (u, =1) 3z 4”]
=2 PRL [L]=nH/
v 30 o /cm

Forcoaxialcables: Z = ﬂ60|n(5j
\/ &, r

F. Caspers, M. Betz; JUAS 2012 RF Engineering Transmission lines
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TEM transmission lines (3)

Coaxial cable with minimum loss:

D -
— 1+ — Rs Surface resistance
= Rs e, : d P

RS = — = —
o 00

ag
iy

Reprinted from O.Zinke, H.Brunswig,
Lehrbuch der Hochfrequenztechnik, p.222

F. Caspers, M. Betz; JUAS 2012 RF Engineering

150
2

l
125 \‘ - | ]

| |
1 \ / \ 50

u -
/A | N '
75 : | - 45 T
| .
1
|

2L Yer —n

H . - '-'.__,-d.""’- 4’3
/A\ -
| | #L-:F e e
28 i i 3¢
| |
= [y
! Z J # ] § 77

Abb. 4.6/2, Wellenwiderstand und Diimpfung « 5 Cines _itoaxinl-

kabels in Abhéngigkeit vom Durchmesserverhiilt
: i niz P)d, In d
eingezeichneten Tulem.pzfeld bedeutet eine Linje jewéils 1{';.2 ;}r}n
weichung vom Optimum )

Transmission lines
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TEM transmission lines (4)

Applied to 50-Ohm-lines (the impedance mostly used) one finds

Vacuum or air Polyethylene (PE)
g, 1 2.26
v (m/sec) 3E8 = ¢, 0.665 c,
L’ (nH/m) 166.7 250.6
C’ (pF/m) 66.7 100.2
R/r 2.30 3.50
inner conductor AIR
outer conductor \\/ ‘
/
—{ r k— inner conductor
R
outer conductor
F. Caspers, M. Betz; JUAS 2012 RF Engineering Transmission lines 91



Transmission lines (1)

& Coaxial lines

frequency range: 0...10 GHz

largest practical size: 350 mm for outer conductor, 150 mm for the
inner conductor

power rating: for CW operation at 200 MHz: 1 MW

low-pass line, upper frequency limit given by moding
relatively high attenuation

power limited by inner conductor (high field => thermal load)
in general easier to handle than waveguides

. Waveguides

frequency range 0.32...325 GHz (standard guides)
largest practical size: 590 mm x 298 mm

power rating: 150 MW peak at 310 MHz

low attenuation

bandpass, low frequency cut-off determined by dimension
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Transmission lines (2)

H+5 type hem no. Center conductor [1] Dieleciric [Z] Screen 1 [J Screen 2 [§] Jacket Cable group®

Curves Weight | Operating | Max

e Dim. Dim. Dim. |Cowver | Dim. [Cowver Dim. ka/ voltage operafion

poge | Design Mat. mm Mat.  [mm Mat. |mm % mm |% Mat mim Colow | 100m Jk¥ frequency | oimp | domp
G_03212M 22E10005 Srand]? [Cula 020 FE 295 | Culn 340 25 PURT] 495 | blodk 340 25 1 u7 u7
RG_58_C/U 22510015 Srand]? [CuSa 020 FE 295 | Cusa 340 24 FYC2 L) 495 | blodk jFo 25 1 u7 u7
RG_SE_C/U00 22510350 Srand]? [CuSa 020 FE 295 | Cuda 340 24 FACE (LA 495 | blodk iFo 25 1 u7 u7
RG_SB_C/U05 22511239 Srand]? [CuSa 020 FE 295 | Cusa 340 24 PYC2 L) 495 (bl 7o 25 1 u7 u7
RG_SB_C/U04 2E10m7 Srond]?  [CuSa 020 FE 295 | Culia 340 24 PC 495 blodk 7o 25 1 U7 U7
RG_SB_C/uar 22511244 Srond]?  [CuSa 020 FE 295 | Cula 340 24 FYC L) AR5 | gmy jro 15 1 u7 u7
RG_SB_C/l22 22511607 Srand]? [CuSa 020 FE 295 | Cusa 340 24 FYC2 L) AR5 | red jFo 25 1 u7 u7
RG_SE_C/ULaab 23024284 5 Srond]® [CuAg | 020 FE 295 | Cudg 340 4 FAC{LIL) 495 | blodk jFo 25 1 u7 u7
G_03232 22510128 and | Strand? Cu 095 FE 295 | Cu 340 25 P 500 bl 7o 25 1 u7 u7
G_03262-1 22512108 a Strand? Cufn 020 FE 295 | Culn 340 24 LsFHY 495 | blodk 320 25 1 u7 u7
G_03E72 22511434 Strand? Cu 025 FE 295 | Cu 340 25 rE! 500 |blodk 350 25 2 u7 u7
G_05232 22510175 Serand? Cu 1.50 FE 480 | Cu 540 22 FYCE L) T4 | Block 7o 35 1 ue
RG_213_U 22510052 Strand? Cu 225 FE 725 | Cu B 10 24 PCZILM] | 1030 | blodk 15.30 50 1 uze |Uze
RG_213_Laoie 22510053 Strand? Cu 225 FE Tid | Cu E 10 24 PCZ|LM] | 1030 | blodk 15.30 50 1 uze |Uze
RG_Z13_LL04 22510055 Strand? Cu 225 FE 725 | Cu E10 24 PC 10,30 | blodk 15.30 50 1 Ly |uze
G_O72462 22511835 Strandy? Cu 225 FE T2E | Cu E10 24 LSFHT 10,30 | blodk 15.30 50 1 uze  |Uze
RG_ZIB_U 22510064 Wira Cu 500 FE 17230 | Ca 18.40 24 PYCZILM] | 2200 | blodk &5 20 1.0 1 L4

* for suitable connedtars
al precision fype: impedance 50£1 0
UL recognised [see UL types page 117)

11 Low Smoke Free of Haloagen [LSFH] acc. waste e 1l and elecironic aquipmant [WEEE) and re an of the use of cernain hazarda bhaances [RaHS) diredive

F. Caspers, M. Betz; JUAS 2012 RF Engineering Transmission lines



Anenudtion [dB/ 10 Om)

300

100

50

Transmission lines (3)

Attenuation

Standard RF coax cables, single screen, 50 £2

typical values at +20 °C ambient femperature

F. Caspers, M. Betz; JUAS 2012 RF Engineering

Transmission lines

I L
RG_58_ YU | G_EIHEE% ,..---"'"f
RG_58_C U010 | y
RG_58_C/U-05 -
RG_S58_C/U06 | ,,....--"'""" G_01972
L RG_174_U — ks_sa_ciuoy ‘,,..-q""" — -
T RG_I74_AM T pG 58 C/U22 — Lt
- 1 = = / . | — —
RG_174_AJU-60 RG_58_C/U42 il
| G_02237 LT - I
G_022320% | - - -
G_0223201 ‘L_'__,.- B \\ G_03212:01
— G 02282 :}q:"'" i - | #E-""- G_03232
. J--'""T"Q: » G_0323201
[ —_
- ey
\\\
|
] ‘E_,,.-’""’ —
o e
- ~— 15 >
[ LT __:7J:_|_ S|+ |— — -c0s232
- f | RG_213_U
RG_213_U01
— | P #_.--"""\ | RG_213_1J04
o G_07262
/ RG_218_U
10 50 100 500 1000 2000
Frequency [MHz|




aooo

5000

oS00

Pawear (W)

100

10

Transmission lines (4)

Power

Standard RF coax cables, single screen, 50 €2

typical values at +40 *C ambient femperature

| RG_218_U | I
"""-.._____ I - i ! ! I
_ ————bﬁ_:——-———m_zm_u -—|————-—————
- RG_213_U01
I [ RG_213_U04 I
G_07262
"--..__‘ --'1"‘"-..._- F""-.L-‘. L+
e o]
"--..__‘._--‘.| - | ...____-
I — ——— fi RG_174_A70 T
e - ""“T.._ RG_174_AJU-60 —
_ A ._ RG_174_U I
G_02232
— G_02232.01 .
- | G_022320%
R
— G_02242
""I-._‘
| .
1 T
-ﬂ_ 1
RG_58_C/U S —— [ e
_ | —ke_se cpuom [ __;A‘ _1 = Il — = | ]
RG_58_C/U05 h"""--...___‘ | " G_03272
RG_58_C/U06 / .
RG_58_C/U07  G_03Z12.01 | et
RG_58_C/U22 —G_03232 | h"""--..____‘
RG_58_C/U462  G_0323200 o T —
G_0113206
| | | | | | | | | N |
10 50 100 500 1000 2000
Frequency [MHz|
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Striplines (1)

A stripline is a flat conductor between a top and bottom ground plane. The
space around this conductor is filled with a homogeneous dielectric material.
This line propagates a pure TEM mode. With the static capacity per unit
length, C’, the static inductance per unit length, L’, the relative permittivity of
the dielectric, g, and the speed of light ¢ the characteristic impedance Z, of
the line is given by

220

1 1 | 1 AT | | 1 80
t/b= 0.25
L 0.20 || & i
7 - 200 | 0.15 70
o V¢ 0.05 v

180

160

<
=
I
=]
[l
-
Q)
OHMS

140

N
o
|
™M
VE?ZO -

"C'c 120

100

80
0.1 02 030405 081.0 2.0 3.0 4.0

w/b
Characteristic impedance of striplines
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Striplines (2)

For a mathematical treatment, the effect of the fringing fields may be
described in terms of static capacities. The total capacity is the sum of the
principal and fringe capacities Cp and Cf.

T
Co t[ J-sz ) Cy R ¢,
A w

———=
0 222207

Cot =Cp+C,, +2C;, +2C,,

tot

Cf stands for fringe field capacity,
Cp stands for principal capacity

F. Caspers, M. Betz; JUAS 2012 RF Engineering Striplines, Microstriplines, Slotlines
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Striplines (3)
Coupled striplines (in odd and even mode):

N2 7z
NN /\>>>i r{<€>>>“%<\<<

Axis of even Axis of odd
mode symmetry mode symmetry

1 94.15Q
k \ N | N } \\N o _\/Z \g+|n2+lln(1+tanh(72[;)j
J__ T T

94.15Q

2 s 1
ZO’Odd:,/ ‘w In2 1 s
& N N \\( or b++ln(1+coth(2bj]
T T

side-coupled

broad-coupled This formula for side-coupled

structure only.
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Microstriplines (1)

A microstripline may be visualized as a stripline with the top cover and the top
dielectric layer taken away. It is thus an asymmetric open structure, and only
part of its cross section is filled with a dielectric material. Since there is a
transversely inhomogeneous dielectric, only a quasi-TEM wave exists. This has
several implications such as a frequency-dependent characteristic impedance
and a considerable dispersion.

@ Mechanical construction @ Static field approximation
X ’ T AN
Wave z \\ ¢ . N\
f 8eﬁ‘

Metallic strip: p

h |
} Groundplane: p \\ >
v i
/ V Substrate: et E
/ &tand,x  Tos== A\l /- H

ZL‘?’r eff

Note: Quasi-TEM wave due to different dielectric constants in different
parts of the cross-section. We do get longitudinal field components.

F. Caspers, M. Betz; JUAS 2012 RF Engineering Striplines, Microstriplines, Slotlines
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Microstriplines (2)

Frequency-dependent Effective permittivity
characteristic impedance
, 10
?200 - Uipl)zzpz / 0.1 760
0 I3 //03 * 9 ///;_-—f—-— - _—:5
=~ _ & 7100 _ € / _—1 7
e~ - ‘____—_———*"_ e - eff /
SN0 e | " 8? /,é I e S
flg — — /// /§>; o
—— 3 7'///'/ //‘/
20 — 5 — 11—
6
10 b=—==s 10 5.5
0 002 004 0.06 008 0.1 0.12 0.14
h —
20

t

h=0.635mm (25mil) —=

h=1.27mm (50mil) —==
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Microstriplines (3)

Planar transmission lines used Var_ious transm!ssion _Iines
in MIC (microwave integrated derived from microstrip

circuits) -
{ le. el )

ZZZ r

ZZ21 (277777 [Z777777] (ZZZzZzZzzz7z7777772A ZZzZzzzzrrrrrZra

€ INVERTED MICROSTRIP SUSPENDED MICROSTRIP
i r ;
MICROSTRIP SLOTLINE i ; 8!‘2
[Z 7 7] [Z 7 7] [ 7 77 77271 Z7Z72Z1 8
i‘ € j MICROSTRIP WITH OVERLAY

; [
COPLANAR WAVEGUIDE COPLANAR STRIPS A 1 £l g o

& INVERTED STRIP
DIELECTRIC WAVEGUIDE

STRIP DIELECTRIC WAVEGUIDE
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The slotline may be
considered as the dual
structure of the microstrip.
It is essentially a slot in
the metallization of a
dielectric substrate. The
characteristic impedance
and the effective dielectric
constant exhibit similar
dispersion properties to
those of the microstrip
line.

(a) Mechanical construction

(b) Field pattern
(TE approximation)

(c) Longitudinal and
transverse current
densities

(d) Magnetic line current
model.

F. Caspers, M. Betz; JUAS 2012 RF Engineering

Slotlines (1)

®

E-Feld ¢
———— = H-Fold

i :E:“VESE i - /
| |=—s5/2 \
Substrat:
- =3 g, tan 81

I
r-?|=‘n
~ofen

Striplines, Microstriplines, Slotlines
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Slotlines (2)

A broadband (decade bandwidth) pulse inverter. Assuming the upper microstrip
to be the input, the signal leaving the circuit on the lower microstrip is inverted
since this microstrip ends on the opposite side of the slotline compared to the

input.
l/’—\\
‘. ,’ Microstrip
: T
| ‘
LI
1
I 1
i 1 Slotline
I 1
Microstrip I
I 1
L I Two microstrip-slotline
£ transitions connected back to
\\“,' back for 180° phase change.
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Rectangular waveguide

- 2a ™, ““x :“:::
V1 + (a/b) ' i \ARARE
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1. Cross-sectional view . e |
o ; a. Inside Broad Dimension —F
%; Lengltodinol viww b. Inside Narrow Dimension TTTTH

Modes in a rectangular waveguide 3. Surface view
with dimensions a and b.
solid lines: E field, dotted lines: H field

Reprinted from Saad, T S, Microwave
Engineers’ Handbook, Artech House
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Circular waveguide
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Modes in a circular waveguide with
radius a
solid lines: E field, dotted lines: H field
Please note the similarity to the pillbox
cavity!
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. Cross-sectional view a. Inside Radius
. Llongitudinal view through plane /-/
. Surface view from s-s
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Reprinted from Saad, T S, Microwave
Engineers’ Handbook, Artech House
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Elliptical waveguide (1)

E field lines for TE,, mode E field lines for TE.,;; mode

\ _/// Y

2a
- »

The small index c stands for the
polarization and refers to sine (s)

3 ;

% § or cosine (c).

T 3 : :

£ g The cut-off wavelengths of the various modes that can propagate in
o5 . . . . .

E53 an elliptical waveguide can be found analytically using rather

§§Tg complicated methods or numerically.

Eng

O L =

XX o L
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Elliptical waveguide (2)

Relerence Temperature 20°C

Typical attenuation iy o e
values for flexible 50,0
elliptical waveguides: 4,
" ‘x"'xazsu
- . 30.0 — E o
Rigid rectangular ) 1L
cross-section e NG
waveguides are : e k]|
rather seldom used in : inlt “\M\ £184 FO2
1 g E[9e 1 I —
industry. 8 e N e ——
; £.0
.E 1.0 i \\ i
'E 6.0 x"',‘l L'x \‘x,“m féﬁﬁ
: il \: -
T e 1= \‘ e "Eﬂ 7
5 . =i
% é . ™ da
o S \ i 38
- 2.0 - AN
g 8 g M, Standard Termination
= ﬁ g " \\ Edo Terminations on request
8E3 NI
+~ (O 8
£nQ.-= b
an o e
oL =
X o w
15 2 3 4 5 E 7 B %10 20 30
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Frequeney in Gigahertz

40

EO stands for
overmoded
waveguide
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Elliptical

waveguide (3)

Datasheet
GROUP GROLUP
OPER. CUTOFF MAX, VSWR/ ATTENUATION dB/100rm: (ft) AVG. VELOCITY DELEY
WVG. FREQ. FREQ). RETURN IN THE OPERATING FREQUENCY BAND POWER kW % ns/100m (ft)
TYPE GHz GHz LOSS, dB LOW BAMND MID BAND HIGH BAND MID BAEMND MID BEND MID BAND
E30 27-31 1.8 1.128/24.4 1.61 (0.49) 1.49 (0.45) 1.4 (0.43) 3037 78.4 425.4(129.7)
E38 36-4.2 24 1157231 237 (0.72) 2.20 (0.67) 2.08 (0.63) 16.27 78.8 423.2 (129.0)
EP38 36-4.2 24 1.083/28.0 237 (0.72) 2.20 (0.67) 2.08 (0.63) 16.27 78.8 423.2 (129.0)
Edic 44 -50 2.88 1157231 2.92 (0.84) 2.80 (0.85) 2.73(0.83) 10,93 749.0 4221 {128.7)
EPd& 4.4 -5.0 288 1.083/28.0 2.92 i0.88) 2.80 (0.85) 2.73(0.83) 10,93 79.0 4221 (128.7)
ESd6 4.4 -5.0 3.08 1.15/23.1 3.69101.12) 3.55 (1.08) 3.49 (1.06) 8.39 75.5 4416 (134.8)
ESP46 44-50 3.08 1.073/29.1 .60 (1.12) 3.55(1.08) 3.49 (1.06) 8.39 75.5 A41.6 (134.6)
EPLE 44 -6.2 3.56 1.083/28.0 C.10 (1.55) 2,96 (1.21) 3.60 (1.10) 6.54 741 4503 (137.2)
EGD L.6- 6425 3.65% 1157231 4,15 (1.27) 3.95 (1.20) 3.80 (1.16) 7.24 794 4203 (128.1)
EP&Q E.6- 6425 3.65% 1.062/30.5 4,15 (1.27) 3.95 (1.20) 3.80 (1.16) 7.24 794 4203 (128.1)
E&S 5.9-7.125 4.0 115231 4.9 (1.50) 4.5101.37) 4,25 (1.30) E.26 78,7 423.8(129.2)
EP&L £.9-7.125 4.0 1.062/30.5 4.9 (1,50 4.5101.37) 4.25 (1.30) £.26 T8.7 423.8(129.2)
EPT0 6.4-7.75 4,34 1.062/30.5 5.5 (1.68) 5.0 (1.52) 4.8 (1.46) 4.65 79.1 421.5(128.5)
ETE 7.1-85 472 1157231 6.2 (1.89) 530177 5.6 (1.71) 167 79.6 419.0(127.7)
EPTE 7.1-85 4,72 1.062/30.5 .2 (1.89) LELTT L6 (1.71) 167 79.6 419.0 (127.7)
EP100 G.0-10.0 643 1.106/26.0 9.5 (2.00) 8.9(2.71) 8.4 (2.56) 1.91 73.6 4531 (138.1)
E10% 10.0-11.7 6,49 1.15/23.1 9.5 (2.92) 9,2 (2.79) 8.9 (2.71) 1.77 79.9 M7.3{127.2)
EP105 10.0-11.7 649 1.062/30.5 4.6 (2.92) 9.2 (2.79) 8.0 (2.71) 1.7 79.49 MN7.30127.2)
E130 10.7 - 13.25 743 1157231 12,6 (3.84) 11.5(3.52) 11.1 (3.39) 1.22 785 424.8 (129.5)
= EP120 10.7 - 13.25 743 1.083/28.0 12,6 (3.84) 11.5(3.52) 11.1 (3.39) 1.22 785 424.8 (129.5)
] " E1E0 13.4- 1535 8.64 1157231 14.6 (4.44) 14.0 (4.28) 13.7 (4.16) 0.28 797 NBE(127.6)
E () EP1S0 13.4- 1535 2.64 1.083/28.0 14.6 (4.44) 14.0 (4.28) 13.7 (4.16) 0.28 197 86 (127.6)
@ S E185% 17.3-19.7 11.06 1157231 203 (B.17) 19.4 (5.92) 18.9 (5.75) 0.51 80.2 416.1 (126.8)
L g, EP185 17.3-19.7 11.06 1.083/28.0 203 (B.17) 19.4 (5.92) 18.9 (5.75) 0.51 80.2 416.1 (126.8)
- E g E220 21.2-236 13.36 1.105/26.0 28.8 (8.77) 283 (8.63) 28.1(8.56) 0.3 803 45,6 (126.7)
8 g © E250 24.25 - 26.5 15.06 1157231 33.2010.1) 32.4 (9.88) 32.0 (9.75) 0.3 80.5 414.2 (126.3)
; % ; E300 27.5-334 19,05 1157231 5040 (15.2) 46,0 (14.0) 44.4(13.5) 0.14 78.1 427.1{130.2)
g ?3' < E380 37.0-345 2345 1.15/23.1 61.3 (18.7) 60,7 (18.5) &0.0 (18.3) 0,04 79.1 421.9 (128.8)
£a2
on 2
O LW =
X @@
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Amplifiers (1)

¢ Semiconductors
m Bipolar transistors
m Field effect transistors
= many others

¢ Frequency range: 0...100 GHz
¢ Power range: from close to thermal noise level to many kW

¢ High reliability, but lifetime not infinite (thermal fatigue, metal
migration, etc.)

¢  Often unforgiving, failure is normally definitive

¢ Inherently low-voltage, high current devices compared to
tubes

¢ Low to medium gain
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Amplifiers (2)

¢ Gridded Tubes (electron tubes)
Frequency range: 0...0.5 GHz (tetrodes), 0...3 GHz (triodes)

¢ Power range:
m for CW (continuous wave) up to 30 MHz: 1 MW
= at 300 MHz: 200 kW
m pulsed at 200 MHz: 4 MW

Medium reliability, lifetime cathode limited to 5000...40000
hours

Relatively robust
Inherently medium to high voltage, low current devices
Density modulated

High gain at low frequencies, medium gain at high
frequencies

¢

¢

® & O o
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Amplifiers (3)

. Klystrons
Frequency range: 0.3...10 GHz
Power range:
s CW at 350 MHz: 1 MW
m pulsed at 3 GHz: 30 MW
Medium reliability, lifetime cathode limited
Needs expert care
Inherently very high voltage device
Velocity modulated
Very high gain (=40 to 60 dB, about 10 dB per passive resonator)
Tend to be noisy (acoustically and electrically)

* o

® & 6 6 O o

Others
Travelling wave tubes, magnetrons (Microwave ovens!!), Gyrotrons
. 2-beam accelerators (CLIC)

* o
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Transistors (1)

Example: a field effect transitor (FET)

Structure of an advanced High Power and Low Distortion
pulse-doped MESFET GaAs FET
Depletion
AlGaAs Stop Layer

T UndopedGaAs Buffer (p}
cap layer (xA, n=1E15) Doping layer (80A, h=2.7TE18)
S.. GaAs sub

F. Caspers, M. Betz; JUAS 2012 RF Engineering Active elements
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Transistors (2)

A typical data sheet of a Medium
Power GaAs FET

» Up to 2.5 GHz frequency band
* Beyond 22 dBm output power
» Low distortion characteristics Maximum Available Gain VS. Frequency
* Low power consumption 40
* High power gain

 Low-cost plastic mold package
* Low thermal resistance lead

Vps=6V, Ipg=100 mA
30 -

Applications

* Driver amplifier preceding final 20 |

power amplifier for DECT

Maximum Available Gain (dB)

10

0 1000 2000 3000 4000 560(3

Freq (MHz)
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Transistors (3)

Transistor scattering parameters

They will be covered in detail in the second part of this lecture...

The input and output reflection
S;pand S,,

F. Caspers, M. Betz; JUAS 2012 RF Engineering

The forward transmission S,; and the
backward transmission S,,

+90°

‘ 4GHz

L]
L]

0.1 0.8) \b12

+180° Scale fot | SI12 | 0°
_ 2.4GHz
8
-90°
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Gridded tubes

. Filament burns off electrons
. acceleration in DC field
. density modulation by grid
. => voltage controlled current
source
Anode: [ T

F. Caspers, M. Betz; JUAS 2012 RF Engineering

A medium power external
anode transmitting tube

CERAMIC
ENVELOPE

RADIATOR FOR
FORCED AIR
coovLl NG\

~

)

GRID WIRES/t

EXHAUST TUBULATION

.

XL KA

/

FILAMENT
J TERMINALS
/

GRID
TERMINAL

GRID

SUPPORT

(&

PROTECTIVE CAP

Active elements
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Klystrons (1)

velocity modulation extraction of high

Filament (electron gun) vER _ . . . 9
emits electrons in first cavity intensity RF field in
\( second cavity
drift space
CONTROL GRID EUE;IIEER BUNCHED CATCHER
| i (/\ ELECTRONS GRIDS
CATHODE _ | i /\‘.
illllﬂlllllliI-II -Ir—.'_: L L] .1.- COLLECTOR
{r.t‘i:iiil'llil:i .l r— . . o ls ANODE
-?llilllill-!i s sl e l:t—-r--l-ﬁ l-l II..!l (PLATE)
; — - | &
-l-'-li--=-lll-llll:ll:ll—-—- . . ol e
] i 1 1 . - | -y
Sje s e e s e e b s e— o
ACCELERATOR
GRID
* RESOMANT * RESONANT
S CAVITY YYD CAVITY
INPUT CUTPUT
acceleration in
DC field :
RF input RF output
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Klystrons (2)

RF Field
extraction of high
intensity RF field in
second cavity —>
2nd
Cavity
bunching cavity
—>
1st
accelerating Cavity
DC field —— e
D_C Power
Supply

/_L_\Anode
\t/ b
(§'D
: RF Oui
$
. D RFIn
4
118 | eteaee
] o <
Filament

—> RF output

<—— RF input

F. Caspers, M. Betz; JUAS 2012 RF Engineering

electron source
(heated)
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IOT — Inductive Output Tubes (1)

A Light for Science

~ tetrode ~ klystron
f_%
- Collector o
Anode Tailpipe

Drift Tube

[

) Vi

Grid

3
Focus Electrode - —'+I
Ceramic Windew
= =f

T = 10T

Pole pie&:

[www.cpii.com/eimac/PDF/Theory.PDF]

i

= Often with external in-air cavities allowing easy |OT exchange

TV-1OT from
E2V *1.3 GHz IOT for cw X-FEL Linacs & ERLs
- TV IOT: typically 60 kW at 460 — 860 MHz 1620 kW
‘n=55t065% [Thales, CPI, E2V]
. |OT developed for accelerators [Thales, CPI]: -No adequate klystron on the market
80 kW CW at 470 — 760 MHz -Superiority of IOTs:
n=70% = operationin class B =Higher efficiency
Intrinsic low Gain =20 ... 22dB = P,, = 1 kW ?-Ltless amplitude & phase sensitivity to HV
ripples

Compact, external cavity = easy to handle

BUT: low unit power = power combiners =No collector overheating after loss of drive

=Expected lower costs

turopean Synchrotron Radiation Facility SRF’2009 — 18th Sept. 2009 Tutorial: RF Power Sources J. Jacob, slide 15

History of the IOT:  www.bext.com/iot.htm
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IOT — Inductive Output Tubes (2)

s===:= [OT RF Power Sources
= for Pulsed and CW Linacs

tions & Power Industries

Communications
&mac division
,—— ANODE SUPPLY
()

=\

N =
o
GRID~"" ¢(=)—it¢ |
o _Ha_] | ELECTRON
BEAM
RF///// l \
LF;;;;;;,,T;::;
| “ANODE
] \

SOURCE
I

,//////' * |
CATHODE
= OUTPUT
RESONATOR
SCREEN GRID

CONTROL
GRID

An IOT 1s a simple device
Active elements

@
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|OT — Inductive Output Tubes (3)

IOT RF Power Sources
by

= for Pulsed and CW Linacs

Communications & Power Industries

Eimac division
This computer graph shows the equipotential lines
mnside the collector assembly and the resulting

distribution of the spent electron beam.
Collector1 Collector3
\
Anode\A Drift Tube Tallpipe \
7
Cathod
athode 7/
\j //@{
‘ 1 I // /4
{1 l ! [ I ¢
; MR
K DR A\
Focus Electrode——ﬁ - \\&}\
Ceramic Window \
Pole piece T
' l
Collector2

Cooling Jackets
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IOT — Inductive Output Tubes (4)

s===:= |OT RF Power Sources
s 100 Pulsed and CW Linacs o

Output power vs. drive power
(normalized to point of maximum efficiency)

14 1 1.

0O 02 04 06 08 1 12 14 16

Comparison of amplifier characteristics:
IOT vs. klystron
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Comparison of solid state and vacuum technology for
RF power generation (1986)

Solid state devices move
steadily up in frequency

Abbreviations:

X Field: crossed field,
especially magnetrons

TWT: Travelling wave tubes
CC TWT: coupled cavity TWT

F. Caspers, M. Betz; JUAS 2012 RF Engineering

CW or Average Power (W)

10¢}
105.—
104
103—' v, ‘\Q“A’z’\

SQRSEERIRRR,
102F A\ 3 A’A’A’A “..’

X Solid State
10 Combiners
1 Solid State Single
Dominates Junction
0.01 L

0.1 1 10 102 103
Frequency (GHz)

Ref.: Gilmour, A S, Microwave Tubes, Artech
House, 1986

Active elements 122



Comparison of solid state and vacuum technology for
RF power generation (2009)

A Light for Science

RF power sources for accelerating cavities

100000 === PPM = ge
f i t t t i ] g
10000 & |\/|B||( = Pulsed Klystrons [ 03_
Y‘ Diacrode

= 1000 ——— [ [Tl 4 lbeb Ip
E — N tsxﬁs CW Klystrons & | ©
=, —— Tetrodes N | | 0| o
— @ ” ©
g 100 %’ti I0Ts o
8 | ‘\\ f
T8 10 >O
e x 600 \ =

\
1 =i A o
Transistor amplifiers 3
@071 ~ 300 W / unit
01 | [ 11 } | I I | Il J
10 100 1000 10000 100000
f [MHz]

turopean Synchrotron Radiation Facility SRF'2009 — 18th Sept. 2009 Tutorial: RF Power Sources J. Jacob, slide 4
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