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Reminder
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Waves in Waveqguide

« TEM, TE and TM waves exist in power
transportation systems

 In hollow waveguides only TE and TM modes
are present

 These are characterised by indices nm,
according to the number of half waves In the x
and y direction of the waveguides

* The dimensions of a waveguide are chosen so
that only the TE,, can propagate
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*The mode with lowest frequency
propagating in the waveguide is the
TE,, (Hyg) mode. For a<i<2a only
this mode can propagate.
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Waveguide Elements
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Straight Waveguides
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Bellows

Sometimes it is necessary to use flexible waveguides because
a small misalignment exists or for compensation of
displacements or expansion e.g. because of heating during
operation. This can be done by bellows.

/a®
QW
( DE_SY\,
RF Power Transportation, S. Choroba, DESY, CERN School on RF for Accelerators, 8-17 June 2010, Ebeltoft, Danmark (,\y



E- and H-Bends

E- and H-bends are used to change the direction of a
waveguide. If the x-direction stays constant it is called E-
bend (direction of E of the TE;; mode changes). If the y-
direction stays constant it is called H-bend (direction of H
changes). Both types come as mitred or swept bends.

The VSWR of both types is typically 1.02.
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H-Bends

Swept bend

Mitred bend
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E- and H- Field of TE,, In a H-Bend

E-Field H-Field
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Swept-mitred bend Swept bend
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E- and H- Field of TE,, In a E-bend

Tyae = E-Field (peak)

Honitor = e=field (f=1.3) [1]

Component = fibs

Haximum-3d = 386.366 V/m at B.428%7 7/ 82.55 / Z5.28L7
Frequency = 1.3

Phasae = 2872.5 degrees
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Tyae = H-Field (peak)

Honitor = h=field (f=1.3) [1]

Component = fibs

Haximum-3d = B.74572 A/m at B.4Z857 / 148.59 7 33.7143
Frequency = 1.3

Phasae = 157.5 degrees
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Twisted Waveguide

It is necessary to change the orientation of the of the electric
field. This can be accomplished by twisted waveguides.
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Combiner, Divider, Directional Coupler

Combiners, dividers and directional couplers are waveguide elements
which have several ports. They allow to combine, divide, split or

couple RF power.
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Incoming electromagnetic waves with amplitude a; entering at ports |
are connected to the outgoing waves with amplitude b, leaving at
ports i by the S-matrix with matrix elements S;;.

Due to time and space restrictions only some examples can be
discussed on the next transparencies.
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Shunt Tee

CST

A 3-port shunt tee is a device which allows to divide or
combine power. It is not matched. Therefore reflections
occur. By using additional elements, e.g. inductive posts
one can achieve matching to one port.
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Shunt Tee as Divider

CST

Shunt tee without 3-dB shunt tee with

matching post. Therefore matching post. No

reflections occur. reflections occur. The
power is equally
distributed.
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Shunt Tee as Combiner

1
o= -

Y Y
Type E-Field (peak) \ Type E-Field (peak) \
Honitor e-field (f=1.3;y=40) [2] Honi tor e-field (f=1.3;y=40) [2[0.707,0.0]+3[0.767,0.08],[1.3]]
Conponent  Abs = x Conmponent  Abs - X
Plane at v BOOPREREERE o e e e e B e e e i b e e e L e y uo
Haximum-2d 409.274 U/m at -77.029 / 40 / -83.67 Haximum-2d 279 -B73 U/m at 0 /7 48 /7 21 -1897
Frequency 1.3 equency 3
PPPPP 98 degrees Phase degrees

The shunt tee works only as combiner without reflections
at the input port, if both input ports are used with the right
amplitude.
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WRG650 Asymmetric Shunt Tee Adjustment

Post position 301 dB
70 ] 4.77 dB
60 \\. 6 09 dR WA
| postl v
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Shunt Tee with 1dB (left) and
8dB(right) Coupling Ratio

v
csT /- csT
Cmparer famadaion Compuas Samatarion
Techaciog B Techaciog
. .
g 244 H
286
169
131
93. 7
56.7
18.7
Type = E-Field (peak) Trpe = E-Field (peak)
Monitor = ge-field (f=1.3;y=48) [Z] Monitor = ge-field (f=1.3;y=48) [Z]
Component = fbs Component = Abs
Plane at y = 48 Plane at y = 48
u =1.3 u =1.3
Y = ® degrees o = ® degrees
Haximum=Zd = 793.898 V/m at Z0.6519 /7 48 / =71.7887 Haximum=7d = 309.833 V/m at 41 7 48 7 -50.8775
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Magic Tee

The magic tee is a combination of an E-

tee and and H-tee. It is usally used as 0 1 1 0
power divider from port 1 to ports 2 and 3 111 0 0 -1
or vice versa as combiner from ports 2 S = ﬁ 1 0 0 1

and 3 to port 1. It overcomes the short 0 -1 1

coming of shunt tees.
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Magic Tee

e-field (f=3.6) [1] i‘x

Type E-Field {peak)
Component Abs

Honitor

Maximum-3d  1828.55 U/m at @ / 8.26857 / 76.2387
Frequency 3.6

Phase 8 degrees
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Magic Tee

CST u/m CST u/m
i’ : ; 1731 ﬂ 1746
, 1461 3 1473
1244 1255
1628 10837
811 818
50% 600
379 382
162 164
a a
B bd
Type E-Field {peak) \ Type E-Field {peak) %
HMonitor e—field (f=3.7;y=0) [1] Honitor e-field (f=3.7;x=8) [1]
Component Abs x Component Abs o x
Plane at y a b2 Plane at = ]
Maximum-2d 17477 U/m at 8 7 0 / 72_477% Haximum-2d 1758.29 U/m at 8 / B.26857 7 72.4775
Frequency 3.7 Frequency 3.7
Phase 8 degrees Phase 8 degrees

H part of a Magic Tee E part of a Magic Tee

o
D
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Hybrid (Riblet Coupler)

The hybrid is a 4-port device

which works as divider or coupler. 3 A
By proper choice of the
dimensions of the hole between 1 2

the two waveguides the S-
parameter can be adjusted.

S-matrix of an ideal 3dB hybrid: 0 101
111 0 1 O

. . S=—"F|_ .
The power entering port 1 is J210 i 01
equally divided between port 2 i 01 0

and 4. The phase between port 2
and 4 is 90degree.
0@
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3dB Hybrid

CST Y/m
Computer Smultion o
EEi!I 257

5] 217

178

138

Type = E-Field (peak)

Monitor = e=field (f=1.3;v=48) [11
Component = ¥

Plane at v = 40

Frequency =1.3

Phase = @ degrees

315.7 V/m at -89.4698 / 40 / GO.6658

Maximum-2d
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Two Examples of a Hybrid
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Directional Coupler

Directional coupler can be used to measure signals of waves in
waveguides. They make use of holes or loops in the waveguides.
The coupled signal of the waves between the ports 1 and 2 can be
measured at port 3 and 4 for the reflected and the forward wave,
respectively. Good directivity can be accomplished by proper size,
seperation or orientation of the holes or loops.

This makes use of constructive and deconstructive interference of
the signals in the holes or loops.

The coupling is described by the coupling factor:

Eforw
C =20log dB

Emeasured , forw

The directivity Is described by:

. Emeasured , forw
D =20log = dB

measured , refl B
{«/b’f/\
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2-hole Directional Coupler

One example of a directional coupler is hole coupler which has two
holes between one wall of two waveguides. The separation of the holes
Is A/4. Therefore constructive interference occurs for the forward wave
in the forward direction of the other waveguide at port 4 and
deconstructive interference at port 3. For the reflected wave it is vice
versa. By adding more holes the directivity can be improved.

M4

A
v

reflected wave forward wave
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Directional Loop Coupler

Another example of a directional coupler is a hole coupler with one hole and
a loop in the hole. The coupling and the directivity is adjusted by adjusting
the diameter of the couling, the distance to the loop and the alignment of
the loop. Electrical and magnetic field components are launched in the hole.
Due to orientation of the field components for forward and reflected wave
and choice of the loop orientation one achieves cancellation or summation
for forward and reflected waves.
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Fields in a Directional Coupler

YZ plane Forward Wave YZ plane Reflected Wave
Max Field in Coax ~0 Field in Coax

ange: (Min: 6/ Max: 18)

E-Field (peak) T ’ T E-Field (peak)
e—field (F=1.3;x=8) [1 - or e-field (f=1.3;x=8) [2
fibs

0
d  350.667 U/nat 8/ 8/ 7
1.3
270 degrees
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Fields in a Directional Coupler (2)

YX plane Forward Wave YX plane Reflected Wave
Max Field in Coax ~0 Field in Coax

0.
DESY
RF Power Transportation, S. Choroba, DESY, CERN School on RF for Accelerators, 8-17 June 2010, Ebeltoft, Danmark ’/¢‘



S-Parameter of a Directional Coupler

Result of simulation. Directivity is 97.7 — 61.2 = 36.5 dB

CST S-Parameter Magnitude in dB

a i E ; ISBl s12a1it] | ot
: : : R 53,2

0 A SO U ST 53,2 -97 77616 .

- NS VUSSR SORSENFIS WSS . S———
7| NS WO, SO O R (I S———
L T T, S (L T EREEERERTEE

-25 4

Q0

GG s b s B s e e e B b s b e b s b et e b b e T D e el s nnn s e e s e b B s B s b s b s
97 818 : : : :
1,15 1.2 1.25 1.35 1.4 1.45

Frequency / GHz -
/0@ N
| DESY |
RF Power Transportation, S. Choroba, DESY, CERN School on RF for Accelerators, 8-17 June 2010, Ebeltoft, Danmark (9}



Two Examples of Directional
Coupler
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Phase Shifter

*By adjusting the dimensions of the
waveguide e.g. the width a the
phase constant changes.

e 2 (2]

1651-12.0 5 -
1o O o -
O O
O O
| O O O |
~a=1651mm okt SO

0.
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Waveguides using Ferrites

Ferrites have the chemical formula XOFe,O;where XO is a
metal oxide. These materials have low electrical conductivity and
are anisotropic in magnetic fields. Therefore they can pass
electromagnetic waves with only low loss and with different
velocities, depending on propagation direction and polarisation of
the electromagnetic wave relative to the external magnetic field.
The last property results in different phase advance and different
propagation direction of the wave in the ferrite component. By the
use of ferrites devices with non reciprocal properties can be built.
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Interaction of Electron Spin with B-Field

Static B-Field results in gtatic B-Field plus Static B-Field plus
precession at o, LHCP of frequency - RHCP of frequency o
T —mxB results in forced results in forced
- 0 . .
precession at —® precession at o

@, = B, with y:mi
e e > BL

S _
S S {/‘\‘> \
(| DESY |
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Tensor of Permeability

In a macroscopic material one uses the magnetization M of the material
which is defined as :

1
M = v Z m.
B =1,(M+H)
M behaves like m,
that means differently for LHCP and RHCP
Every LHCP and RHCP can be separated into x and y coordinates with
+ 90degree phase advance between x and y.
Instead of B = uH
B = |uH
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Tensor of the Permeabillity (2)

u ik 0
=) =ik w0
0 0 4
Tensor of permeability for the case B, || e,
M M. .
p=1+ a)oz/u —=  and k= wzﬂ *— without loss
Wy — @ Wy — @
or
( 2 2) 2 2 ( 2 201 2)
14 P00\ — 0" oyon0’a” . ool —o 1+a”)
H ( 2 2 2 )2 2 2 2 2 2 2y P 2 2 2
w, -0 (1+a)) +do;o°a w, -0 (l+a)) +do;o°a
2 2 2 2
- (1+ : 2 .
jo= P (a)o @ 2( “ )) —i @ a)oa;ma with loss
(a)g—a)z(lntaz)) +dojw’a’ (wg—w2(1+a2)) +4wfo’a’
o, = yu,M and « damping constant for precession
e : L
y =—and M saturation magnetization B
m, /@A
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Waves In Ferrite Waveguides

Now the Maxwell equation

VxH=1wcE

VxE = -iolu| 9/, H
V-E=0

V-H=0

could be solved, what will be not done here.

One can distinguish two cases. Propagation of the wave parallel to

the bias magnetic field and propagation perpendicular to the bias
magnetic field. Within the last case one can distinguish polarisation

of the waves H field parallel the bias field (ordinary wave) and
perpendicular to the bias field (extraordinary wave).

A number of waveguide components make use of the anisotropic
properties of ferrites.

/.\6;\\
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3-Port Circulator

« A circulator is a device with ferrite material in the middle of 3
waveguide connections. The bias field is applied perpendicular to the
propagation direction. The circulator has an input port (1), output port
(3) and load port (2). If power is entering (1) it is transfered to port (3),
but if power is entering (3) it is tranfered to (2) and than absorbed in a

load. The S-matrixc%tra lossless circulator Is: W
C‘““T":;h’,,.s.;?“"“ 7513
O 1 O " a
S=/0 0 1 el
7513

1 0 O

E-Field (peak)
e-field (f=15) [11]
N

]
[=]
3
=]
Q
a
m
=]
o+
nmnun

8943.51 V/m at 3.75897 / 45
Frequency = 15
Phase = 282.5 degrees

* The ciculator protects the RF source from reflected power. Usually the
circulator is not ideal and lossless.The isolation is usually more than
25dB. The insertion loss can be less then 0.15dB, but is sometimes
larger. A typical VSWR is 1.1. m

DESY
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Example of a 3-Port Circulator

WR650 400kW circulator

Ferrites Matching elements Magnets

0.
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Loads

 Loads absorb the power
generated by an RF source

e Absorbing material can be
ferrite, SiC or water. T

 The amount of power reflected
by a load is described by the
VSWR defined as

vswr < [EHIE] 1o g

TR Y
2.7 |
p= 7 17 Three WR650 ferrite loads,

200W air cooled, 500kW water cooled
and 5MW water cooled
(from left to right)

with Z impedance of the
waveguide and Z, load
Impedance

0@ .
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Some other Waveguide Elements

S et

WRG650 4-port (phase
shift) isolator weight ca

3-Stub tuner 280kg

WRG650 1MW isolator made o L=
of two 3-port circulators, two e <
E-tees and two ferrite loads

0 (B’/
ESY
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Waveguide Distributions
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Task for a real distribution

1.9 MW
2.2 MW

—

42'm 50m
10% 12%

TUNNEL

| 2.6 MW

’ le=2
! sl

| 2.6 MW

e® -
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Waveguide Distribution Schemes

 Waveguide distributions are combinations of different
waveguide elements

e One can distinguish two basic types :
linear distributions and tree like distributions.

« Combinations of both are possible. The layout depends
on a number of requirements: e.g. power capability,
Isolation between cavities, weight, space availability,
ease of assembly, cost, etc.

/0@ N
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power in

Linear Distribution  »

Hybrids of different
coupling ratio branch of
equal amount

power out circulator

load

0.
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Tree-like Distribution ~

circulator “

phase shifter

shunt tee

power in

0.
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A linear and a combined Distribution

Combined system with asymmetric shunt tees - XFEL like
-212° -212° -212°

o e e el

Linear system with hybrids - FLASH like
115° -40° -25° -13°

ﬂo}
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Combined XFEL-type Distribution
for FLASH

Cavities tests / performance:

PXF E |_ 1 e FLASH 30MV/IM VterFI}s'l (ow )

s XFEL goal

'-t-t-:o:- ori
Z1 CMTE M8 (10H )
- CMTB  (10Hz2)

very long
dditioning

5
bl
b
B
b
i
; =
b
o
@
-
..

I . I l I ! %

0
3
.
-
[
o
o
by
i
oL
b
o
3
o
2
b
[
o
.
.
.-l!

T1-AC129 2-AC123 3-AC125 4-7143 8-Z103  6- 293 7-Z100 8- AC1‘|3
cavity 13.07.2009

AR RN RS RARARA RRRRRRE AR RARASRY

By choosing the coupling ratio of the shunt tees, operation of
the cavities at maximum gradient can be achieved (green

line). In case of the same coupling ratio, the cavities can be
operated only at the gradient of the weakest cavity (red line)

RF Power Transportation, S. Choroba, DESY, CERN School on RF for Accelerators, 8-17 June 2010, Ebeltoft, Danmark
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Accelerator installation

Waveguides near the cavities

Waveuide near to klystro
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Limitations, Problems and
Countermeasures
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Maximum Power In TE,
Pre = 6.63><104a[cm]b[cm]rL A} } E[V /cm]’

*The maximum power which can be transmitted theoretically in a
waveguide of certain size a, b and wavelength A is determined by
the breakdown limit E,,.

In air it is E,,,=30kV/cm. Therefore the theoretical limit is 58MW
at 1.3GHz in WR650.

*But experience shows that in real distributions it is lower, typically
5-10 times lower. One could increase the gas pressure inside the
waveguide, which due to Paschens law would increase the power
capbility. But this requires enforced and gas tight waveguides. In
addition the pressure vessel rules most be observed.

By using SF6 instead of air, which has Emax=89kV/cm (at lbar,
20°C), the power capability can be increased, too

O
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Maximum Power in TE,, (2)

 The problem of SF6 is that although it is chemically very
stable it is a green house gas and if cracked in sparcs
products can form HF, which is a very aggressive acid.
Other chemical poisonous chemicals e.g. S,F;,are being
produced too.

« The practical power limit is lower, because of a variety of
different reasons: smaller size ( e.g. within circulators),
surface effects (roughness, steps at flanges etc.), dust in
waveguides, huminity, reflections (VSWR) or because of
higher order modes TE,/TM,,,,. These HOMSs are also
generated by the power source. If these modes are not
damped, they can be excited resonantly and reach very
high field strength above the breakdown limit.
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Fluorides inside a WR650 Waveguide
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Staff for opening and cleaning Sk filled
waveguide must use protection clothes
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Damaged Waveguide due to bad Connection of
two Waveguide Flanges
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HOMSs

HOMSs can be sometimes damped by installing small antenna which are
than connected to small loads. The exact mode pattern is proberbly not
known, but if these antanna couple to HOMs, the HOMs are damped.
The disadvantage of this solution is that one always couple out part of

the fundamental mode.
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Literature: Textbooks and School Proceedings

A large number of very good books on microwave and waveguide theory exists. Some of them are
listed here. One should use according to personal preference.

R. E. Collin, Foundations For Microwave Engineering, McGraw Hill
1992

 D. M. Pozar, Microwave Engineering, Wiley 2004

* N. Marcuvitz, Waveguide Handbook, MIT Radiation Laboratory
Series, Vol. 10, McGraw Hill 1951

« H.J.Reich, P. F. Ordung, H. L.Krauss, J. G. Skalnik, Microwave
Theory and Techniques, D. van Nostrand 1953

« R. K. Cooper, R. G. Carter, High Power RF Transmission, in
Proceedings of the CERN Accelerator School: Radio Frequency
Engineering, 8-16 May 2000, Seeheim, Germany

 R. K. Cooper, High Power RF Transmission, in Proceedings of the
CERN Accelerator School: RF Engineering for Particle Accelerators,
3-10 April 1991, Oxford, UK

* A. Nassiri, Microwave Physics and Techniques, USPAS, Santa
Barbara, Summer 2003

« Meinke, Gundlach, Taschenbuch der Hochfrequenztechnik /0@
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