Room temperature RF

Part 1: Introduction
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Maxwell’s equations in vacuum

wﬁ_gogézo V.u B=0

Maxwell’s equations: N o - R
VxE+,an—H:O V.g, E=0
t

We know that homogeneous plane waves are solutions, let’s demonstrate this!

* We chose the Cartesian coordinate z to be in the direction of propagation.

* We chose the Cartesian coordinate y to be in the direction of the electric field vector
(called also the polarization). The magnetic field vector will thus be in x-direction.

e With these two condition we can say that the fields are TEM.

* We look at a special solution with sinusoidal time dependence.

e With this knowledge of the expected solution we can write

E=ii,Re{E (z)e’ |

H=ii_Re{H,(z)e"" |
Let’s pretend not to know the z-dependence and derive it here to verify the solution.
We have equally introduced here the notation of complex amplitudes which are

convenient for a simple notation for w-domain analysis. It allows d
to replace the time derivative operator by a multiplication: E =Jjo
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Time domain vs. frequency domain

e The Fourier transform allows to analyze in either w- or t~-domain (and to
transform in the respective other) as long as the equations are linear (LTI:
linear time-invariant).

FT: IFT:
g(l) o—e G(CO) = \/%_Tg(f)em’df G(a)) oo g(t) = \/;7 _TG(C())ejmd(()

* One would prefer to use w-domain:
— with single frequency operation,
— with systems that take a long time to reach a steady state oscillation,
— for beam impedance calculations.
* One would prefer to use r-domain:
— for transient responses (wide spectrum),
— for wakefield calculations,
— whenever things become nonlinear ...

* Inthe following, | will use primarily the w-domain (steady state)!
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Homogeneous plane wave (1)

VxH-g,—E=0 V-u,H=0

ot

Maxwell’s equations: R o - R
VxE+,an—H:O Vg, E=0
t

With only E, and H : u,—H +u goagE =0
¢

2" and 4th equations are automatically satisfied.

With dizja) we get i]_]
t

dZ y:_ja)gOEx

d
—FE =—jouH
dZ X J IUO y
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Homogeneous plane wave (2)

d .
% ,=—J0EE,

Let us write in matrix form:

d
S E =—jouH
dZ X J IUO y

i Ex — O __]C(),Llo . Ex
dz\ H, — joe, 0 H,

Even though there are simpler methods to solve this, let’s introduce eigenvectors here!
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|

Reminder of some calculus

The equation A-X = y with the quadratic (non-singular) matrix
A maps a vector space on itself.

The eigenvectors v of A are mapped by A without rotation:
A-v=v A. A iscalled eigenvalue.

Only the direction of eigenvectors is given, their length is not
determined and can be chosen.

Writing the n eigenvectors of the n x n matrix as columns of a
matrix V, one obtains

A 0 0
M- - v ]= o B0 0
0 0 4
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Eigensystem of a matrix

The system of eigenvalues 4. and eigenvectors v, is the
eigensystem of A.

4 0 0
Writing [, -~ v,]J=Vand |0 . 0 |=A,
0 0 4

the eigensystem satisfies A-V=V-A.

This allows to transform A to a diagonal matrix:
VA V=A
A=V-A-V?
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Eigensystem, number example:

= Mathematica example:

infi;= A=4{{4, 4}, {1, 73}; A // TraditionalForm

Out{1)#TraditionalF orm=
(i)
17
In[2)= Eigensystem[A]
ouz= {18, 3}, {{1, 1}, {-4, 1}}}

Inj3]= A = DiagonalMatrix[Eigensystem[A] [1]]; A // TraditionalForm

Out{3)#TraditionalF orm=

(o 3)

Inig= V = Eigensystem[A] [2]17; V // TraditionalForm 4 4

Out{4)#TraditionalF orm=
(1 —4) 17
11 4 4] |-

n5l= A.V = V.A //FullSimplify 1 7 1 3 1

'hl i
o

Out[a]= True l J
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Eigensystem for the homogeneous plane wave (1)

E. 0 —-jo E,
Apply this method to a4 = J O |,
dz\ H — jwe, 0 H,

= Eigensystemn homogeneous plane wave

niip= A= {{0, -Jwpu}, {-fwe, 0}}; A // TraditionalForm

Out{1}/TraditionalForm=
( 0 -3 ;rw]
-iew 0

In[2]= A& = DiagonalMatrix [Eigensystem[A] [1]]:
Simplify[A, Assumptions - {u >0, € > 0}] // TraditionalForm

Out{2)iTraditionalF orm=

(—f\r‘(;t @ 0 ]
0 iVep w

@)= V= Eigensystem[A][2]"; Simplify [V, Assumptions - {u >0, e > 0}] // TraditionalForm

Out[3fTraditionalF arm=
£ &
3 3
1 1
)= Simplify [Inverse[V], Assumptions = {u >0, € > 0}] // TraditionalForm

Out[d)i/TraditionalF orm=
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Eigensystem for the homogeneous plane wave (2)
i Ex _ 0 Ja)/’lo . Ex
dz\H,| \jos, 0 H,
LR |
\/g F (fw ey 0 ].1 t (E
lO 1 O 0 2 — 1 "

J O 1&g

SN

7 N\

T

= =

N—
[l

£

Hy d B [ oy e, 0 1 Vi _ E,

_\/5_70 1 dz[HyJ_£ 0 jo ,uOgOJ ( )
Hy
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Eigensystem for the homogeneous plane wave (3)

H+ [ E, _ H+ |2 E
¢ Thesystem < s —(_Jw Fao 0 J s

z & g 0 J O 1&g

Hy— x Hy_ &Ex
Ho \ 4o

now consists of two independent, uncoupled ODE’s!

e With abbreviations 7z, = o k = w\ 1ye, and introducing the new
&

0
variables a, =H +E, /Z; anda_=H ~E /Z, (the eigenvectors), this
system can conveniently be rewritten as:

e —Jjka,
d .
—a_=jka_
dz
. . _ —jkz
The solutions are now simple: a =a.,e
ik
a_=a_, +jkz

Fifth International Accelerator School for Linear Colliders, Villars 2010




Interpretation of these solutions

_ —jkz
a+ —a+oe

j ke
a =a, e’’’

e With the above assumptions on polarization and time dependence:

— We find independent forward and backward waves with amplitudes a, and a_.

— These are the eigenvectors of the matrix of the governing differential equation.

— For the forward wave we find that the transverse electric and magnetic fields components
have the constant ratio Z, =,/ 1, /&, - This ratio is called the wave impedance of free
space.

— The forward wave has z-dependencee

— The propagation constant isjkzja)%:(o/co .

— The phase velocity is a)/k :]/\/E =c¢, ,i.e. the speed of light.

Jkz

~/%2the backward wave e¢/**.
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Homogeneous plane wave

forward wave: backward wave:
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From free space to transmission lines

The above was made more complicated than necessary, why?

* The same form of equation applies to voltages and currents (or electric and
magnetic field amplitudes) on transmission lines.
... but also:

e This method can be generalized.

* Eigenvectors and eigenvalues are very important throughout waveguides
and cavities and they will keep coming back!

* Eigenvalues for waveguides are propagation constants, the corresponding
eigenvectors are waveguide modes (German: Eigenwellen)

e Eigenvalues for cavities (resonators) are frequencies, the corresponding
eigenvectors are cavity modes (German: Eigenschwingungen).

* Inthe general case, eigenvalues are complex, but the system of
eigenvectors can in general be renormalized such that the eigenvector
matrix is unitary.
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Differential equation of a transmission line (TL)

7'dz It Z'dz Iedl Z'dz Z'dz
"""" (s

[

V+dVv

Kirchhoff’s current IawO :

Ydz

I+dl =1-(V+dV)Y'dz

Kirchhoff’s voltage IawO :

V4+dV=V-1Z7"dz
dz

—_——————— e ———— —— —— —— —

|
|
|
|
|
|
|
|
|
|
|
|
|
|
Py
®
|
|
|
|
|
|
|
1
|
|
|
|
|

Z' is the series impedance per unit length,

Y'is the shunt ddmittance per unit length. | d 4 = 0 -2 ) 4
dz\ 1 -Y 0 I
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Transmission line equations

d(V 0 -Z")(V
Now this equation —- = , : has the same form as
dz\ 1 -Y" 0 I

d Ex O _.]a)/’lo Ex .
d_ e = _ 0 | g that we have just solved.
z y _.]a)go

y

This allows to apply the same method; we get eigenvalues {— Y, 7/} wherey =+ Z'Y".

_ V.=V+Z7Z,1
The eigenvectors are with Z, = Z’/Y’ .
V=V-Z,1
d
le+_ 7/V+ V+:V+0 e_yl
The transformed equations are , the solutions are r
d V=V,e”

—V_ =+yV T
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Characteristics of the TL

* Z,=+/Z'/Y"is called the characteristic I Z'dz T+dI
impedance.

* y=+Z'Y" is called propagation constant. V+dv
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Solutions of the TL equation:

The solution can again be interpreted:

d
The solution of EK ==y V., V.=V, e”" describes a forward wave,

d
the solution of EV_ =+yV, V.=V, e'”! describes a backward wave.

Assuming arbitrary Z' and Y’ leads in general to a complex propagation
constant y=a+j/[.

The voltage and current on the line according to the solution
V.+V. I_K—V

2 27,
backward travelling waves.

are V= , i.e. superpositions of forward and

If there is only a forward (backward) wave, the voltage to current ratio
is Zy(—Z,).
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Normalized wave amplitudes

The power transported on a transmission lineis P=V 1.

Written with eigenvectors 7, and V_ of the forward and backward waves

this becomes 2 2
_n -

4z, 4z,

Since the length of the eigenvectors can be chosen, it could be used here
to normalize them to directly describe the power flow; e.g. choosing

p Vv i)

V V
a=—>— and b=——=— as amplitudes of forward and backward waves
2\/Z, 2\/Z, P

. . . 2 2
results in a simple expression for the power flow: P =|a|" —|p|

Wave amplitudes are a convenient means to describe reflections and
transmissions in a microwave network.

The S-matrix (see below) describes the relations between wave
amplitudes.
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Voltage and current along the line

. -yz . +yz
Vig-e”"+V,-e

’ EC Viz)- 2 |
| — | VA
Vy - Zy, 7,1l E]

@

| :V+0-e7“—V_0-e”z |

i A i

: S

0

This can be solved for v.(¢)/V.(¢) :

v z-z,
= = Vend
v.() z+2z,

+

ris called the reflection
coefficient
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Short circuit

(OERACEACH: A0Ya0
ZL-Z, _
short Z+ZO -
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Open circuit

s =
V, Zy, vl I=0
®
()= ] INAGYAG
27,
open = Z _ZO = +1
7+ Z,
NANNNN \ [\
N - 0
Re{r} | |
N
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Matched load (termination)
A Z=17,
Vo Zy,y !t :E]
®

\
/ 1
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General mismatch

1
— Z
Vo Zy, 7t
@
- v.(e)v.(¢)
Z-Z,
V=
Z+Z,

—j30°
example: r=0.4¢™/

1 Y.
\\/passive: ‘r‘ <1 v )
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S-matrix

The S-matrix describes the scattering off a general microwave network
n-port):
(n-port) ) Sy Spo Sy (@

b ”1” ”2II
2 ) S21 S22 - Szn | az ::“::

b)) \s, s, S )la

The elements of the S-matrix (the S-parameters) are the quantities
measured by network analysers (NWA).

Each port may have its own Z,!
A transmission line is a simple case (a 2-port), its S-matrix is

The termination is a 1-port, its S-matrix is just the reflection coefficient.
Z-7,
=
Z+7Z,
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Signal Flow Chart

E IIZII
When working with

to work with the

“signal flow chart” rather
than an equivalent circuit
with voltages and currents.

S12

Signal flow chart
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T-matrix

* The T-matrix (Transmission) is more convenient than the S-matrix when
cascading 2-ports.

b I, T,
e The T-matrix is defined as ( 1] :[ . 12}(“2) .
a, T, T,)\b

* The conversion from S-matrix to T-matrix and inverse is given by

oL (—det(S) Snj o L (le det(T))

S21 _S22 1 Tzz 1 _T21
“@ @ o & Q a,
Tl T2 T3
b @ b,
e The T-matrix for the network consisting of these 3 2-ports is now simply.
T=T, T, T,

Fifth International Accelerator School for Linear Colliders, Villars 2010

S-parameters, it can be useful




Periodic structures

* An example where many 2-ports are cascaded are periodic structures.
* |fone cell is described by T, the n-cell periodic structures is described by
Tl’l

e To calculate the power of a matrix, one again needs to calculate
eigenvectors (see above!)

e With the eigensystem of T written againas T-V=V-A
onefinds T"=V-A-V'V.-A-V'.V.A.-V*. .V.A. V"

0
& V7,

which is very simply T" =V -
0 A4

* The eigenvectors of periodic structures are also known as Bloch-waves.

|

Fifth International Accelerator School for Linear Colliders, Villars 2010

VSWR

-yz
max

| Voltage maximum: | V. OC‘e +‘re“

ARV R\ \
N J _ ‘ _‘_.. ;‘U'J_ _\'_-_ ..':."‘.,-’_! \ / \ ,.f -..\

= | Voltage minimum: | Vminm‘e_yz‘—‘re”

The VSWR is the “Voltage Standing Wave Ratio”:

‘ S +‘re
VSWR =
‘—‘re
For a lossless TL: VSWR:1+‘F‘ and ‘r‘:%
—|r| VSWR+1
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Special case: lossless TEM TL

Z'dz=jol'dz

1 I+dI
Propagation constant: Ti/m,iT
= JZ'Y = joJL'C | s
4 Jo Vi Y'dz = jorCldz i V+dv
I —— |
y = j B is purely imaginary. | |
| |
Characteristic impedance: T T
r | |
Z,=+Z'lY' = |— . dz !
o=NZ]Y =7 i i
Z, is purely real. i i
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Mismatch examples Zo1!
(lossless case) | |
_9
[r] in dB VSWR
0 -oo dB 1
NNV
.01 -40 dB 1.02 JRVARY N VERVERY, \ .\
1 -20dB 1.22 ¢ N N O R
2 -14 dB 1.5
NANANNANN
.5 -6 dB 3 v | / '||I / llll \
1 0dB oo |
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Measurement line

* Note the envelope of the standing wave pattern on the line!
* This pattern follows the equation |e‘7z +re’”

. Lo

* The minima are spaced 1/2. e
* The first minimum occurs when the < P —

backward wave subtracts from the L NSNS \/

forward wave, i.e. when the local :

is negative real. L mb)

aror)
& T o
2 Bl
| —

e Before the advent of NWA’s, this technique
was used to determine the complex
reflection coefficient using a probe in a
slotted line.  (hp ad from 1950)

UTMOST ELECTRICAL STABILITY ﬁ
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TEM TL example: Coaxial line

Inner diameter: 2 a

Outer diameter: 2 b Fieldsare TEM: E =i E

P p
H= ﬁwHw
A/ From Maxwell’s equations:
2b
g -1
VN Y 2mp
%
b )
Define:

I: current through inner conductor,

b
V: Voltage between inner and outer conductor, ' = IEpdp )
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Characteristics of a coaxial line:

pT V Vi-i-dV ;
T: ET 1. Integrate around the dashed line
—— a and apply §E~d§:—jw”1§~d2 :
N = = - )
[idz | I+dl - dVZ—J'CUdZIB(de
_Jjou
dV =—"——dz|—dp I
2 -[ p
av =—12% 4 |n(bj
2z a
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Characteristics of a coaxial line:

2. Integrate on the dashed closed
surface around the inner conductor
and apply ﬁ(j+ja)gl?)-d;1 =0

Ide |I+dl

2z
dI:—ja)gdzIEpd(p
0
2
dl =—josdz———V
/ Zln(b/a)
Result:
dv @ b
_:_u.n(_j[ LMY (0 -z (v
dz 27 a compareto —- = , :
dz\ 1 -y 0 1
dl . 2r
—=—jos—F——V
dz In(b/a)
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Characteristics of a coaxial line:

d_V = _]C()_ﬂln(é)]

dz 27 a
dl 2
—= —ja)g—”V
E ; dZ In(b a)
[ dz ' I+dl
. Result:
R 10)) b
Z = / 'u|n(—) Propagation constant: = jw./u¢&
2w a
. 27
V=joe In(b/a) Characteristic impedance Z, :iln(éj\/Z
27 \a)\ e
Note: | = 4c=376.73Q HC 600
& 2r
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Impedance transformation
I 1, I
— Z
Voi ZO’I&E i
! .
%o i: gzzend_ZO =iZ

What is the input impedance ¥, /1, ?

Easier: What is the input reflection coefficient » ?

_.jﬂ(z_zend )

=) (l)=r, el

V.=V, ,e

+

Vv = V70 e+jﬂ(z—zend)

2j B¢
Z, 1+r, e

1 2jp0
Z, 1-r, e
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Impedance transformation (2)

2j B¢
Z-Z, into Z, :1+rende

Z, Zy l-r,e

results in

* Insertingr, 6 = 575t

Z, Z+jZ tan(p0)

mn

Z, jZtan(f/)+Z,

* Inthe general case with a complex propagation constant:

Z, Z+Zytanh(y )

mn

Z, Ztanh(y/)+Z,
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Smith Chart

] 1-r z-1
The transformations z=—— and r =
1+r z+1

with complex » and z

are “conformal maps” that map generalized circles into generalized circles:

..... J ! ! ] ! 10

| inductive

u3r inductive

Eoae———————— |

=05k

capacitive

complex r plane

“H[ capacitive T | complex z plane ]

- | I ] [ L [ | 1.0 FR— FR— L L R P
0 2 4 Fifth hternationakAcceleratoitSchool f&F Linear Collidéfs, Villars 20102 0.5 Lo




- | | | l
| | WY |
I I I I I
-— : : :
I A I A | A I A I
I 4 I 4 | 4 I 4 I
short olpen short oplen short
(series resonance) (parallel resonance) (series resonance) (parallel resonance)
capacitive inductive capacitive inductive
towardlsugenerator —
; / - |
1 - | /f:ll
-2k .’"/ I
:: I.'I ,"I towards generator
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Quarter-wave transformer
VA
Special case: 4 Py
BL=90° .
I A I
| 4
Z Z+jZtan(p/ Z 7
o JZtan(4 1) now becomes ==,
Z, jztan(Bl)+2, zZ, Z
e This can be used to transform an impedance Z to an
impedance z2/z |
(opposite in the Smith chart) =N
e Example from other fields: W F“B
{ S |
— Coating on optical lenses to minimize | \_‘5;
reflection. A\ SRS




Free space as transmission line(1)

* The similarity between the TL equations

LA 0

and the equations of a homogeneous plane wave

i Ex — O _]a):uo . Ex
dz\ H, — jowe, 0 H,

allows us to write the “transmission line of free space” and draw an
equivalent circuit: I L =p,dz I+dl

%
1

e The voltages and currents can be
understood as local quantities

C = £y07 mmmtm
V=E dx and I=H dy .

V+dVv

@ —————————
-

A

dz

v
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Free space as transmission line(2)

Imagine the Cartesian mesh on the transverse
plane of a homogeneous plane wave:

H

Note: in spite of this illustration, free space has no
preferred direction. The equations are the same in all
directions — I've chosen the orientation in order to fit
to the polarization and direction of propagation.

y The voltages and currents are the amplitudes of the
transverse electric and magnetic fields.
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Parallel plate TL

* This brings us naturally to the parallel plate transmission line:

V+dVv

dz

R
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WAVEGUIDES
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Homogeneous plane wave

NNy

the direction of  is the direction of
propagation,
- o . the length of kis the phase shift per
k-7 —?(COS(([))Z+SIn(¢)x) unit length,
k behaves like a vector.
/ !

: ; Wave vector k:

k, = ksin(p)

L=

T
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Wave length, phase velocity

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

2 . w
componentas A, = r etc., to the phase velocity as V,. = k_ =fA

kZ z
f k=2
C
TEZ )
z k, =2
C
kz
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Superposition of 2 homogeneous plane waves

Metallic walls may be inserted where Ey =0

without perturbing the fields.

Note the standing wave in x-direction!

This way one gets a hollow rectangular waveguide

Fifth International Accelerator School for Linear Colliders, Villars 2010

Rectangular waveguide

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

Example: “S-band” : 2.6 GHz ... 3.95 GHz,
Waveguide type WR284 (2.84” wide),
dimensions: 72.14 mm x 34.04 mm.
Operated at f = 3 GHz.

1 Lo
power flow: ERG ”ExH -d A4

cross
section

magnetic field

power flow
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From parallel plate TL to waveguide

* The confinement by the sidewalls leads to a parallel inductivity in the TL
equation (and equivalent circuit) for TE modes of a rectangular waveguide:

I pdz I+dI

d m I +
—V+joul =0 ! !

dz ! £ !

2 Vo —_— —ZdZ v V+HdV

d , 1) i o, |
—I+joe|l-| —<| (V=0 ! gdz |
dz W ! !
“« dz >
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Cutoff frequency (TE)

J Hdz I+dI

| |
i edz i
V! = !
i i parallel resonance,
L [ i resonant at @, .
| |
< dz >
Below cutoff: parallel L dominates Above cutoff: parallel C dominates
I+dl I+dl
L {im g
p—©
1% ——— N Sy

[ ]
[ ]
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Waveguide dispersion

What happens with different waveguide

dimensions (different width a)? 1:
a=52mm,
f/f.=1.04

T k :g 4 2:
k. C// a=72.14 mm,
| % f/f.=1.44
3
/// 2
) /kz=2”=9 1_(600]
. € w
1 0?2 3:
a=144.3 mm,
ol @ f/f.=2.88

Fifth International Accelerator School for Linear Coll

Phase velocity

The phase velocity is the speed with

which the crest or a zero-crossing travels 1

in z-direction. a=52mm,
Note on the three animations on the f/f.=1.04
right that, at constant f, it is oc 4, .

Note thatat/ = /., v, =oo!

With f — o, v, . —> ¢!

M
it
gk

4

k :Q 4 2:
k. C// a=72.14 mm,
| / f/f.=1.44
©3
/// 2
2 ////kz:27l':9 1_(a)cj
P / o C w
i ) / 3:
a=144.3 mm,
0 01 o f/f.=2.88
w
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Rectangular waveguide modes

s ] ‘
it EEEEE S = =
™ ™
1 = 221
SEHARHILH 1 HHISHHS i i ;
TE;, T™;;
[ O T :
i ST s ]
c TE My, ™y
—~ P E 2 & %
: : e _iibbRbedRbed:. d - s .
Tlf:zz ,W.TMZZM TE32
: = 2 i g i = = i
= st e T e I )
Fifth International Accelerator School for Linear Colliders, Villars 201(P|Otted: E-field
il k
R
k=g\\r\
T C,
b
k)(
_z z |z mz
] a a a a
A simple geometrical
interpretation suggests: i
@ 2 pe 2 T 2 L a
-2
c a a N
The rectangular waveguide boundary allows
only special values for k, (see drawing).

Only modes inside the circle k =— can Note: This can be extended to 3 dimensions to give
propagate. ¢ the resonance frequencies of a box resonator!
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Radial waves

Also radial waves may be interpreted as superpositions of plane
waves.

The superposition of an outward and an inward radial wave can result
in the field of a round hollow waveguide.

At the location of the black line, metallic walls do not perturb these

E, < HOk,ploslng)  E, < HO(k,plos(ng)

Fifth International Accelerator School for Linear Colliders, Villars 2010

Round waveguide  sr-14

TE,, — fundamental TM,, — axial field TEy;, — low loss

f f. _ 879 7 [ 1148 ¢ £ 1829

GHz a/mm GHz a/mm
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Circular waveguide modes

TE,, fﬁ,Ax:nh | TEy

Wiy
R 3 N
Frreee ot TE
TyEENE sassan 21
Py
J P Py
] v - \
| L4 |
| \
’u !
| y |
\ L 4 i/
\ e Japas
rrvey S
TAATEY sasaaas’
A ARARAAK
. LaRA
S
b 2

/...-"?iﬁ‘ ., :?} . A L
/ Vi b4 '\_I_ TE31 ; ;:“; ._‘
\ == i._\
plotted: E-field
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General waveguide equations:
2
o,
Transverse wave equation (membrane equation): AT +|—<| T =0
w
TE (or H) modes TM (or E) modes
boundary condition: n-VI =0 T=0
longitudinal wave equations
(transmission line equations):
propagation constant:
@
characteristic impedance: Z, =JI2F Z,= _7
Y Jo&
ortho-normal eigenvectors: e=u,xVT e=-VT
E=Veé
transverse fields: 7 Iii,x&
2 2
w TV w T1
longitudinal field: H =|—| — E =|—| —
o) jou w) josg
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Rectangular waveguide: transverse eigenfunctions

1 abe &, A nm
TE (H) modes: T;,(,,,’ ( ) s( )
(H) modes \/(mb)2 +(m:)2 c0 b ’

&y _2

TM (E) modes: Ton —\/(mb)er(m)z (mx)sin[%yj
(=%

Round waveguide: transverse eigenfunctlons

T _ " ( {OOS(M'?’)}

TE (H) modes:

) L) Lsintne)
e il

1 for i=0 f
where 81':{2 for i#0
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CAVITIES
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Waveguide perturbed by notches

“notches”

)
Slgnal flow chart X
p————— ]

Reflections from notches lead to a superimposed standing wave pattern.

IIl

“Trapped mode”!
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Short-circuited waveguide

TMy,, (no axial dependence)

SR
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Single WG mode between two shorts

k.
s_hort. a e short
circult . .
QO ) Q Iy, /Ut
-1 Signal flow chart -1
0 e Q)
e 1kt
This again is an eigenvalue equation for field amplitude a:
—jk.2¢
a=e a

Non-vanishing solutions exist for 2sz =27m:

2 2
4 m
Cj , this becomes f02 = fc2 + (C 26)
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Simple pillbox fonly 1/2 shown)

N

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

o(=2) = —
1 Yoo = 2.40483...

i g 2a

a

T(p, )= N Y
Aot Jl(mj

The only non-vanishing field components :

Jg Auf wo‘pillbox:ch 77:1/&:3779
E = 1 Xo1 i a a €o

Jog, a \rx a‘]l(lmj Q‘ _ N2anoyy

a pillbox - a
2 (l+ )
] Xo1P h
1 N g4
By =ty — —7

R 4n
Xo1 —
al,| ==
(%) 0

. Yoo h
sin? (4% =
( ) a)

pillbox ( )
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Pillbox with beam pipe iy

o10-Mode (only 1/4 shown)

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

=

electric field magnetic field
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A more practical pillbox cavity

Round of sharp edges
(field enhancement!)

B

electric field

Fifth International Accelerator School for Linear Colliders, Villars 2010

TMy;o-mode

Z\

—

(only 1/4 shown)

|~

|/
magnetic field

Stored energy .

7\
"L /) AR

The energy stored in the electric field is I”%‘E‘ZdV 1 \\/

The energy stored in the magnetic field is j”%‘ljlrdl/ \

<z R
N/

cavity

10 p,

5 6

/

/ =~
H

Since E and H are 90° out of phase, the stored energy continuously swaps
from electric energy to magnetic energy. On average, electric and magnetic

energy must be equal.

The (imaginary part of the) Poynting vector describes this energy flux.

In steady state, the total stored energy W = ”j

constant in time.

cavity

[g\gﬁg\ﬁrjm
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Stored energy & Poynting vector

2\

™~

L/

electric field energy Poynting vector magnetic field energy
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Losses & Q factor

The losses B, are proportional to the stored energy .

o, W
The cavity quality factor Q is defined as the ratio O = 0o

loss

In a vacuum cavity, losses are dominated by the ohmic losses due to the finite
conductivity of the cavity walls.
If the losses are small, one can calculate them with a perturbation method:

. The tangential magnetic field at the surface leads to a surface current.
/a)

. This current will see a wall resistance R, = 2—'”

e { R,isrelated to the skin deptho by 0o R, =1 .}

e  The cavity losses are givenby P, = ”RA‘HI‘ZdA
wall
. If other loss mechanisms are present, losses must be added.
Consequently, the inverses of the QO ‘s must be added!
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Small boundary perturbation — tuning

Another application of the perturbation method is to analyse the sensitivity to
(small) surface geometry perturbations.

. This is relevant to understand the effect of fabrication tolerances.

. Intentional surface perturbation can be used to tune the cavity.

The basic idea of the perturbation theory is use a known solution (in this case the
unperturbed cavity) and assume that the deviation from it is only small. We just
used this to calculate the losses (assuming H, would be that without losses).

The result of this calculation leads to a convenient expression for the detuning:

oo Tl el Jav

_ AV
o, m(ﬂ\Ho\ng\Eof)dV
|4

unperturbed perturbed
W “Slater-theorem” @
0
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Interaction integral (1)

e Particle dynamics e EM Fields
B _ (Fivxi 18- - _
dt_q( +VXB) VXB_C_ZEE:'UOJ V-B=0
y="L VxE+—B=0 V-E=u,c’p

my ot
Energy exchange field — particle:
wdw =c*p-dp=qc’p- (E+17><§) dt= gc?p- Edt
dw = gv - Edt
For a particle density this becomes a volume integral

Pﬁeld—>parzicles = QIIIn(X, s Z)\_; CEdV

For a particle beam moving in z-direction with constant speed v, the transverse
density can be separated out and replaced by a current

IB(z,t)zﬂj-ﬁsz =qvn_(vt-z)
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Interaction integral (2)

Pﬁeld—)particles = QJUH(X, Y, Z)\j : E dv
Pﬁdd—)particles = QVInZ (Vt - Z)EZdZ = J.]B (Z, l‘)Ede

With the FT of the current IIB (z, t)e‘-’“” =qv Inz (z —vt)e‘-’m = Io(a))e v

—00

we get for the power exchange field - particle in w-domain:

P=1,(0) [Ee " dz

gap

Fifth International Accelerator School for Linear Colliders, Villars 2010

Acceleration voltage & R-upon-Q

| define V

acc

= IEZ ejﬁzdz . The exponential factor accounts for the
variation of the field while particles with velocity ¢ are traversing the gap
(see next page).

With this definition, V. is generally complex — this becomes important

%

acc| *

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

From the previous page one concludes that P =V, IO*(a)) .

Attention, different definitions are used!

The square of the acceleration voltage is proportional to the stored energy .
The proportionality constant defines the quantity called R-upon-Q:

2

R_ I{zvcc
Q_ZwoW

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

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

. J‘Ezejﬁ"z d

acc

e e

The transit time factor of an ideal pillbox cavity (no axial field dependence) of
height (gap length) /4 is:
T Field rotates by 360°

TT =sin Xl Xoh LS during particle passage.
2a 2a ro

08k
IN: 33
04t

02t

. by . . e i
0s 1.0 1.5 20 25 30
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Shunt impedance

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

loss *

The proportionality constant defines the quantity “shunt impedance”

2

acc

2P

loss

|

Attention, also here different definitions are used!

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

Simplification: single mode
]G V ]B

—_ acc

P
Generator @ —1 & @ Beam

,1; C L R L=R/(Qw,)
[ : coupling factor — C=0/(Rw,)
Cavity

R: Shunt impedance \/% : R-upon-Q

Fifth International Accelerator School for Linear Colliders, Villars 2010

Resonance

A high Q cavity allows to use a resonance phenomenon to create high voltage
with lower power — at the expense of reduced bandwidth!

100.0
|
50.0 - 0=100
|
i
|| |I
fii
I
| H
10.0 [k
[FARY
FAR\
/A
gk 50 1/ W
5| g Y 0=10

0.5

0.2 0.5

wfug
Fifth International Accelerator School for Linear Colliders, Villars 2010




Reentrant cavity

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

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

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

nose cone

Fifth International Accelerator School for Linear Colliders, Villars 2010

I—OSS fa Cto r Impedance seen by the beam

Iy

uced)

@ Beam

Energy deposited by a single
2 L=R/(Qw,)
chargeq: k, q
v C=0/(Rw,)
Cavity
Voltage induced by a single
charge qg: By ,
Vo,
2 klo.ss q
* 0 5 10 15 20

tfo
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Summary: relations between V.

acc’

VV’ P loss

R-upon-Q gap voltage
2
acc
5 = ‘V““’ ‘ Shunt impedance
Q Z2a,W 2
2 _ 1" ace
o, RV -

k _ 70 ~* — | acc 2 })loss

Energy stored inside the
cavity

Power lost in the cavity

. W walls
W 0="" P
B loss
Q factor
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Beam loading — RF to beam efficiency

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

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

The power absorbed by the beam is —ERe{V 1;} )

acc
2

acc

the powerloss P, =
© 2R

For high efficiency, beam loading should be high.

" SR S 1
e RF to beam efficiency is 77 = 7 .
1+ acc ‘IG‘
R

Much more on beam loading in A. Grudiev’s lecture!
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Characterizing cavities

* Resonance frequency

¢ Transit time factor

field varies while particle is traversing the gap

e Shunt impedance

gap voltage — power relation

e Qfactor

. RO

independent of losses — only geometry!

e |oss factor

Fifth International Accelerator School for Linear Colliders, Villars 201

1

*~Jc

|[E.2

Circuit definition Linac definition
v.=2rRB,_, | W.[=RE,
oW =0QF,_
£=|Vw|’=F R_[uf
g 20,W \C 0 aW

_oR_. i k. _% R

= 2Q AW |™ 490

IE, e".'j"’%"z dz‘

Higher order modes

external dampers

R, %1’ @, R, %2’ W, R;, Q|3’ W3
I | |
—YYYY ¢ —YYYY 4§ —YYYY 4§
— T+ ¢+—1TT1+4¢ ¢T3
n, n, ns;

— NAAAANAY T ANAAAANAY — AVAAAANY

Iy
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Higher order modes (measured spectrum)

S=3 log MAG 12 dB~-

without dampe/‘ :':'

Fifth International Accelerator School for Linear Colliders, Villars 2010

Pillbox: dipole mode

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

Y/

___j_ >

electric field magnetic field
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CERN/PS 80 MHz cavity (for LHC)

| pumps
pump [P -
[ah 4
=t —
o -1
Ll
=, vacuum
_— joint
electric
tuner i
-
[ 1] i
— .l =8 — —
Tt
J7lccllzil}icztl p S— ‘
short-circuit 7; grooves for
-J# water cooling
I
= = e
: -
o f T T
| 3| =]
=
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Higher
order
modes

Example shown:
80 MHz cavity PS
for LHC.

Color-coded:

E

80 MHiz, m=0 220.5 MHz, ma1 2556 MHz, m=0

4376 MHz, m=0

3579 MHz, m=3 3768 MHz, m=2 387.8 MHz, m=]

colour co

481.0 MHz, m=1

479.2 MHz, m=4

4761 MHz, m=5

462.2 MHz, m=2 4735 MHz, m=2

439.2 MHz, mel
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MULTICELL ACCELERATORS

Fifth International Accelerator School for Linear Colliders, Villars 2010

What do you gain with many gaps?

e The R/Q of a single gap cavity is limited to some 200 Q (Linac).
Now consider to distribute the available power to » identical
cavities: each will receive P/n, thus produce an accelerating
voltage of \2RP/n .

The total accelerating voltage thus increased, equivalent to a
total equivalent shunt impedance of nR.

=n\2R P/ n =/2(nR) P

Vacc

P/n P/n P/n P/n

PIPIPIRAP
OO ©
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Standing wave multicell cavity

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

Coupled cavity accelerating structure (side coupled)

The phase relation between gaps is important!

Fifth International Accelerator School for Linear Colliders, Villars 2010

Travelling wave structures
e Periodic structures — simple model:

periodic loading

EREREEE

‘

l l /
" cell length
I I,
—> —
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Ansatz .

I VY Y, I,

* Floquet’s theorem: e —
Fields at “2” are equal to fields v, v,
at “1” except for a complex
factor: :

V,=V,e
I,=Ie"’

(here for simplicity assumed lossless meaning pure phase advance)
e Equations (this is again the search of an eigenvector!)

V,=V,e

_ 4 \Y
I,=1¢" 0=V, (1_e]¢)2YS_(1+eJ¢)?P
Vi=V+V,
I, = Vl?p_i_VY; As an example, | took Yp to be a parallel

y resonance and Y, to be an inductivity:
I,=-V, ?” +VY,

Fifth International Accelerator School for Linear Colliders, Villars 2010

Solution for this simple case

.
v = Equivalent circuit: 7-type. Parallel %both at input and at output, series y; between those. Below, the series y; consists of only an

inductivity, whereas y is a parallel resonance (determining the lower cut-off).

In(36)= OfE£[Solve::ifun];
wr? - w0? 1 w w0 vp -vp
eqns = {ys: —_——, Vyp =3 — (—- —], vi=ve+vie!, —vliiysva= —v1+ysve'g};
7 4wrgldwd rg0 \w0 w

solution = Solve[egns, {g, vl, vs, yp}l;

rinao)= Bleck[{wnr =1.5, rq0 =1, w0 =1.}, Plot[Im[g /. solutien[1]], {«, 0, 2}, PlotRange » All]]

30f : * In the stop bands, the real part of
stop band stop band g is non-vanishing — it describes

[ 5 /o (strong) damping (like a
2 waveguide below cutoff!)

outag= 15F , * Imaginary g means propagation!

1_05 Epas{band * This is the Brillouin diagram —

y &/ normally p=Im{g} is ploted vs. w.
05 v/ i

0.3 l:.lll] l: 20
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Brillouin diagram,

Travelling wave structure

S speed of light line,
w=p/

~.

w2

Fifth International Accelerator School for Linear Colliders, Villars 2010

Brillouin diagram

| was only plotting the range 0 to mt, but the Brillouin diagram is itself periodic in ¢!

BL

T
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Examples of cavities

PEP Il cavity LEP normal-conducting Cu RF cavities,
476 MHz, single cell, 350 MHz. 5 cell standing wave + spherical cavity
1 MV gap with 150 kW, for energy storage, 3 MV
strong HOM damping, R input b o]

rosren

dgl &

Tuners
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CERN PS 200 MHz cavities
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PS 19 MHz cavity (prototype, photo: 1966)
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CERN PS 80 MHz Cavity (1997)
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CERN SPS 200 MHz TW cavity
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Travelling wave cavities

Filth International Acceleralor School for Linear Colliders, Villars 2010

Side-coupled cavity (JHF, 972 MHz)
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KLYSTRONS

Fifth International Accelerator School for Linear Colliders, Villars 2010

Principle of a klystron

An un-modulated electron beam passes L
through a cavity resonator with RF input, _

Electrons accelerated or retarded according Electron 1 |

Beam

to the phase of the gap voltage: the beam is

- I,? Electron Callectar
velocity modulated, l_' u
As the beam drifts downstream bunches of
electrons are formed as shown in the | RF in RF out
Applegate diagram, -

An output cavity placed downstream Applegate diagram
extracts RF power (by its impedance)

This is a simple 2-cavity klystron.

3

=

In the following animation, | simulate the
output cavity as a simple RLC-circuit.

If possible, | will present the simulation in
Mathematica directly.

Normalised position (degrees)

0 180 360 540 720

Normalised time (degrees)
Thanks: Richard Carter/U Lancaster
Fifth International Accelerator School for Linear Colliders, Villars 2010




R too small

-

Some simple simulation

* The simple example shown here 1o
shows the electron momenta vs. . <l
time of arrival (in rad).

* The beam enters the 1%t cavity with

constant momentum (0.663).

* The input voltage modulation leads .} ROK
to the magenta momentum
distribution. 1of
e After time 8, the beam arrives at = e o

the output cavity (green) —the
velocity modulation has lead to

density modulation.

* The beam then is slowed down in . Rtoo large
the output cavity; for the animation
on the right the phase of the output Lot
cavity impedance is varied. | o

Electrons reflected

Fifth International Accelerator School for Linear Colliders, Villars 2010

Multi-cavity klystron

l Output window
* Additional cavities are used to increase [ o —
gain, efficiency and bandwidth,
* Bunches are formed by the first (N-1) >
cavities, IIJ E]; B EEE
* Power is extracted by the N-th cavity tnput cavity | - [ Output caviry | - [ Electron beam |
* Electron gun is a space-charge limited
diode with perveance k given by Thanks: Richard Carter/U Lancaster
k=1 'VDC_SI2 SCIENTIFIC KLYSTRON - =
e kistypically in the range 0.3---2:10° Vf,z.

e Beam is confined by an axial magnetic
field, either with solenoids or with
periodic permanent magnets (PPM)

Fifth International Accelerator School folr'Erﬁ:a]F'C?c’)IMe\r,s\,/V(l;Mé %I%st ron




PHABE (W1 -[352 )

A real Applegate diagram

15t cawile Znd cavite  3rd cavile

.......

628318 —— :

3.14159

-] L] 1m0 1% E

Distance ([ e2)

Distance and time axes
exchanged,

Average beam velocity
subtracted,
Intermediate cavities
detuned to maximise
bunching,

Cavity #3 is a second
harmonic cavity,
Space-charge repulsion
in last drift section limits
bunching and efficiency.
Electrons enter output
gap .

Fifth International Accelerator School for Linear Colliders, Villars 2010

Output saturation, efficiency limits

Non-linear effects limit the power at high drive
levels and the output power saturates,

Electrons must have residual energy > 0.1V, to
drift clear of the output gap and avoid reflection,

RF beam current ( /, ) increases as bunch length
decreases.

— Theoretical maximum [, =2/, . (Dirac &) when space-
charge is low,

— Maximum [, decreases with increasing space charge.
Higher harmonic cavities used to inprove
bunching,

Maximum possible efficiency with harmonic
cavity is approximatelyr, ~0.85-0.2.10°k .

Efficiency decreases with increasing frequency
because of increased losses and design trade-
offs.

Pout ','-
(dB) y < Gain
- compression
3-54B
|
1
Saturation
1
1
1
FPin (dB)
Thanks: Richard Carter/U Lancaster
Efficiency vs perveance
80 \\ approx. formula
X 75 ® exp. data
<= .
3 70 e
*.
é 65 \0%\
= 00.
E 60 0\
55
50 f
0.5 1 1.5

Micro-perveance

Thanks: Shigeki Fukuda/KEK
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Effect of output (mis-)match

Reflected power changes the Rieke diagram
effective impedance of the output '
cavity and thus the amplitude
and/or phase of the output gap
voltage,

The Rieke diagram shows output
power as a function of match at the
output flange,

Shaded regions forbidden because
of voltage breakdown and/or
electron reflection,

Output mismatch can also cause: ' ®

Image courtesy of Thales Electron Devices,

=10

— Output window failure

— Output waveguide arcs
A Circulator is needed to protect
against reflected power

Thanks to Richard Carter/U Lancaster.
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Depressed collector

To increase electronic efficiency, one can send the unspent

Thanks: Richard Carter/U Lancaster

Efficiency increases with number of stages: realistic maximum is 4 -5
stages

Adds to the complexity and cost of the tube!
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Multi-beam klystron

e For high efficiency and high power,
high voltage is desirable; very high
voltages are difficult to handle!
(Say < 150 kV is OK)

* High efficiency requires small
perveance, which means (with given
beam voltage) low current - this limits
the power!

* Splitting the beam in many beamlets,
the effect of space charge forces can
be kept small.

6x6 beam MMBK idea by
Shigeki Fukuda/KEK

* With n beamlets, the effective
perveance is k,, =k/n .

Thales 7 beam MBK,
e The idea can be extended to multi- 1.3 GHz, 10 MW, 1.4 ms,

) n=65%, 115 kV
multi beam klystrons.

Fifth International Accelerator School for Linear Colliders, Villars 2010

The state of the art — ILC/X-FEL MBKs

Measured data:

e CPI: VKL-8301B (6 beam): 1.3 GHz, 10.2 MW,
1.4 ms, 10 Hz, 66.3 %, 49.3 dB gain

e Thales: TH 1801 (7 beam): 1.3 GHz, 10.1 MW,
1.4 ms, 10 Hz, 63 %, 48 dB gain

e Toshiba: E3736 (6 beam): 1.3 GHz, 10.4 MW,
1.4 ms, 10 Hz, 66 %, 49 dB gain
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PULSE COMPRESSION

Fifth International Accelerator School for Linear Colliders, Villars 2010

Pulse Compression

Often one needs very short RF pulses of very high peak power.

This is particularly true for normal-conducting RF, where
energy cannot be stored economically over a long time.

To obtain short RF pulses, many different techniques of
compression have been developed — many of them are used
simultaneously.

Different methods of compression:

— Before the RF: Klystron supply: the modulator

— RF pulse compression

— compression methods involving the (drive) beam
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Classic modulator

Charger: Classical resonant topology for charging the capacitor.

Storage capacitor: The pulsed power is collected by an intermediate storage
capacitor before being transmitted through the switch.

Bouncer — voltage droop compensation: Voltage compensator for the droop
occurring in the storage capacitor during the pulse discharge.

Switch: High voltage, high current solid state switch.

Pulse transformer: The pulse is generated at high current lower voltage at the
primary side of the pulse transformer. 150 kV is reached at the secondary side.

Storage and  Switch Pulse
bouncer and dump transformer

N E A

Compression: The charger supply charges the capacitor slowly — the klystron
extracts the stored energy rapidly.

Charger Klystron Thanks: David Nisbet/CERN
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Modular modulator

H bridge Resonant Rectifier Pulse Pulse
based link (LC and switch transformer
charger or MF-T) storage and dump | |

LR

30kV

-

Modular approach based on a ‘classic’ modulator with
charger, intermediate storage capacitor, pulse switch and
pulse transformer.

Lo
]

Need to design a fast enough pulse transformer

o)

E 15MW
L Klystron

Dimensioning of pulse transformer must take insulation
voltage into account -> transformer volume ...

-

Thanks: David Nisbet/CERN

Lo | L
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The perfect pulse

A

Modulators in real life:

[ pppy B
\
\
\
N 20ms >
The real world
A
Rise time -
(losses) T
’ NN,
D 20ms -

/
A

Thanks: David Nisbet/CERN
/\ Beam (140us)
Set-up Droop 1.25kV
time

(3
Phase reproducibility*
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A modern modulator
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RF Pulse compression

Why and when do we need RF pulse compression?

For the same average power it is easier to build RF power amplifier
(klystron) with moderate peak power and long RF pulses than the device
with short pulses and high peak power. The same is true for the klystron
modulator. On the other hand, NC accelerating structures normally need
relatively short RF pulses, much shorter (factor 3-10) shorter than a

convenient klystron pulse.

RF amplifier

L

Il

RF energy storage
element

RF pulse compression is a technique which allows to increase the peak RF
power at the expense of RF pulse length reduction. The method has a
limited efficiency. First due to the ohmic losses in the RF storage element
and second, if the system parameters are kept constant during the pulse
(passive method), because of the transient processes in a system which
leads to some reflection.
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The “Zoo” of different RF pulse compression schemes

Classified by RF energy storage element(s):

-

Cavity(ies)

\

(o0

elay line(s)

Classified by operational regime:

e Active: The properties of the RF storage
network (coupling/phase) is controlled
externally. It allows to increase
efficiency.

* Passive: The RF network is LTI —
compression by phase/amplitude
modulation of the RF power source

The compressed pulse length is

SLED-II, BPC and DLDS become

Remarks:

Concerning active systems: After decade
of development, the powerful enough
active elements are still not available.

Concerning delay lines:

proportional to the length of the delay
line. At low frequencies/long pulses,

impractically long.
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Pulse compression history (1)

SLAC-TN-73-15 SLED uxl‘n u.vgr
P. B. Wil?on i PHASE
December 1373 SLED: SHFTR OPER
KLYSTRON, ACCELERATOR
A Method for Doubling SLAC's Energy \ \
3

In the course of making
measurements on superconducting cavities, it is a common
observation that the power radiated from a cavity that is
heavily overcoupled approaches four times the incident gen-
erator power immediately after the generator has been
switched off. :

Normally this radiated power travels as a
reverse wave back toward the generator. There are,
however, several microwave networks which can direct this
radiated power into an external load; for instance, two
identical cavities attached to a 3-db coupler, as shown in

=Fig. 1. =~ : )

CAVITY |—p—= ~-—4— CAVITY 2

=12 ¢B COUPLER David Farkas (left) and Perry Wilson received a 1991 Institute of

Electrical and Electronics Engineers (IEEE) Particle Accelerator
Technology prize for their invention and implementation of the

E ' EL SLAC Energy Devel t (SLED) radio-f I
FROM T gy Developmen radio-frequency pulse
KL\%?RON _/I \_=. AOCEL%RMOR compression system. SLED boosts klystron peak power,
yad

increasing the accelerator gradient.
Fifth International Accelerator School for Linear Colliders, Villars 2010

1985

Pulse compression history (2)

: CERN/PS 87-45 {RF)
7
Diameter 44 .35 cm March 148
Length : S8.5 cm
piameter of tuning piston : 16.7 cm
Displacement F ] ]
Diameter of coupling holes : 26.5 mEm DESIGN CONSIDERATIONS. CONSTRUCTION AND PERFORMANCE
Distance from cylinder axis: 39.7 =m OF A SLED-TYPE RADIOFREQUENCY PULSE COMPRESSOR
Working frequency ; 2998.55 MHz
Resonance type : HO 38 USING VERY HIGH Q CYLINDRICAL CAVITIES
Cavity ¢ - theoretical . 207000
measured ;o 1BGO00
Coupling factor @ : 8.1 A. Fiebig. R. Hohbach. P. Marchand and J.0. Pearce

w -
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1992

Pulse compression history (3)

KEK, ATF&KEKB, Japan 1992.

\

Pghang Accelerator Lab., Korea, ”1994_

Over the last 35 year,s hundreds of S-band SLED
type pulse compressors are successfully built
worldwide — many are still in operation today.
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The limit of SLED type pulse compressors

SLED power gain/efficiency plot

16 ; T T T ; T
b3 C: temporal compression,
| ; P,: power gain

12t \ n: target efficiency (specified),

P, =Cn
o 8l , X: damping time in units of the

|, Qm3a6GHg klystron pulse length — a measure for
[ the necessary Q,

4 -
| C= Tﬁ
: Tout

95

Exercise:

F=6 GHz, T,,=2500 ns, T, = 500 ns (C=5), target efficiency 70% (Pg=3.5)
X=6.7. To satisfy, the cavity unloaded Q-factor should be: 3.2x10°
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SLED type PC — the next generation: BOC

Barrel
Open '
Cavity RF pulse compressor \ |

Fifth International Accelerator School for Linear Colliders, Villars 2010

p=p Barrel cavity: some theory

------
-----
.. .
. te.

The eigenfrequency of the barrel cavity with TM,, .. oscillation is
the solution of:

v

(¢-Y2)a

ka=v_+-—
i sin@

V., is a root of the Bessel function; for large m it can be
approximated as:

annzm—,uts (n=12..),

A
v

m ]/3
2a 40 =[(n-025157F", ﬂ=(5j '

The optimal radius 7, is reached when the external caustic has the
smallest height, it is given by : 7= 2asin? 6
where o and fare derived from:

i 2 sino cosf="
sina=_|—sin =—
Whispering gallery mode: “ ) Vi

Finally the height of the external caustic and Q-factor
of the cavity are:

Cavity profile: z=

for Copper:

asing :i
z,, =2m O o, |la= Qoﬁ 4x10°°
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BOC operating mode (TM, , ,)

Electric field, logarithmic scz Magnetic field

BOC exploits the properties of the cavity operating mode and in particular operates in the
regime of a resonant rotating wave. This is implemented by exciting the mode through
many coupling holes in the common wall between the cavity and waveguide feeder. The
waveguide width is chosen so that the angular phase velocities in both the waveguide and
the cavity are equal. To provide best matching, the distance between coupling holes is a

quarter of a wavelength.
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The concept of the BOC (originally VPM — VLEPP Power Multiplier) was proposed in 1990
(Balakin, Syratchev). In 1994 the fist X-band VPM was tested at KEK.

Tk Stopped: 122 Acquisitions
S = )

R L e e ———

S lr.. ‘
; |

' input i reflected

bl

st g |

A\

21

|/
1soMw 5

THI F0.0mve Ch 100mva W 100ms Chi Ly -
@ 100mva

L * k‘ - -
Open cavity Qg = 1.9x10°
Test cavity (TMys ; ;)
Diameter 0.263 m i




3 GHz BOC RF pulse compressor for CTF3 (2000)

Internal view
of coupling holes
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BOC detuning and HOM damping
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BOC characteristics

BOC spectra (span 100 MHz) CTF3 BOC parameters:
B — T Operating mode: rotating TM, ;4
- No d L Cavity diameter: 502 mm
- ° amplntg H Cavity wall curvature: 239 mm
w} Waveguide width: 62 mm
i Coupling holes: 39+1, $#13.8 mm
A - T : i Cavity frequency: 2.99855 GHz
} (at temperature 24.2 °C)
B EEELE |n ""1“1@ s Unloaded Q- factor: 185 000
—-‘H:ﬂ (~ 95% theoretical value)
CEWTEM & mm7 7mn non seie SPAR  400.000 000 MM Coupling faCtOFZ 6.5

I T
With damper |

NPwes
. "

Vi

EENTER 2 0D7.TED 000 Mz BPAH 100,000 GO0 Mz
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Variations of BOC

Microwave Pulses Compressed in a Barrel-Shaped Resonator
with Screw Corrugation

Yu. Yu. Danilov, S. V. Kuzikov, V. G. Pavel’ev, and Yu. I. Koshurinov d eve | fo) ped W|t h GYCO M
Institute of Applied Physics, Russian Academy of Sciences, Nizimi Novgorod, Russia ’
e-mail: danilov@applsci-nnovau 1 1
darion@erpl st Nizhny Novgorod, Russia

Whispering Gallery Pulse Compressor

B J Hirshfield", S.V Kuzikov’, M.LPetelin’, V.G.Pave:lye:v3
A
Fig. 1. Schematic diagram of the compressor: (4) mode converter: (B) circular resonator (see the text for explanations) !Omega-P, New Haven, *Institute of Applied Physics, ’Z;'niver:i.ty of Nizhmy Nevgorod, Russia, *Institute
of Applied Physics, Nizhny Novgorod, Russia, *University of Nizhny Novgorod, Russia
L
.
s
(1] o
‘ i
2
. \
.
T T T tlre]
a0 o = - -
FIGURE 1. Tunnel-feed whispering-gallery pulse compressor. 2
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3rd generation of the SLED type pulse compressor
with beating modes in a cavity (BMC). 2008 (GYCOM, Russia).

absorber

This approach allows for the very high O-factor values
(big volume), while the spurious modes are sufficiently
damped. It uses a controlled mixture of modes.

Hoo — Mode mixing taper

T, x0.8+Hy,x0.2

-

Q, ~ 2x10°

3-db hybrid H10->HO01 d Mod ixi . B
[ 3donybrid | | 10501 mode converter || Medemisingtaper | 1o Yoliders, Villars 2010

Coupled cavities for pulse flattening

Proceedings of APAC 2004, Gyeongju. Korea

THE C-BAND (5712-MHZ) RF SYSTEM FOR ¢'¢’ LINEAR COLLIDER

Syratchev, VLEPP 199

H. Matsumoto', Shigeru Takeda, S. S. Win, M. Yoshida, KEK, Tsukuba Japan
H. Baba, T. Shintake, SCSS Group, RIKEN, Harima Japan

4 '.,..--’
el
.‘. .
4 >
il el -
s Compressed Pulse Magnified View
5 ] RN T i)
4 VEM 2 output —Flattop = 230 nsec
k& ! | t
52 -
n' ' -
2 i i
Input JEIE N N -1 1
0 - i ]
100 200 400 500 i
Time ?ﬁas) [
0.5 ps/div
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Chain of cavities

Pulse Shape Correction for RF Pulse Compression System

S Kazakov
142284, Braneh INP. Protvine. Russia

EPAC 92

Storzge covity

Correction covilies

wavequide

RF

power input Rl power output

The chain of individual cavities coupled to the common
waveguide can mimic the portion of the spectrum of the
long delay line! The advantage is that the Q factor/size
of the Corrector Cavities (CC) can be ~10 times smaller
than that of Storage Cavity (SC).

MomHuocTE

MonHocTs

e 5 P

[ Ng=4 a) ] 4 N=8 6) 1
a ]

3f 183 1
E ]

2 182 1
=

1 ] 1 — ]

O\,’V.\ L e w i P ] 0 RIS, o7 JEOT e

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 8OO

5 Bpeus (ncex) 4 Bpewmst (meex)
4L Nip=16 B 1 4L Ne=16 r) ]
] E ]
i 18 3¢ ]
| 15, |
A =
1 L 7 b 1 qu (_ L ]

0 I T
0 100 200 300 400 500 800 700 8OO
Bpeus (ncex)

o s :
0 100 200 300 400 500 &00 700 800
Bpema (mcex)
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240 ns, 16 Cells SLED 1l

~2.5m

2

w

= — Aol

28 —— Fouar

24 |
2z

m

= ki aanal
i3 i '[
" | |
iz | |
m |
.53 |
05— | |
L (P et

[F3 .. }

[EN—

T T T
m s em

T T T T
B0 100 1200 0

T
%00 e

Even more...(S. Kazakov)

X-band Single multi-moded delay cell

\tceynt)
YN O yf
L v
H: Wil
LR R R
(G

400 ns, 32 cells (21.33 ns/m)

12 —_T
! ) S —
5] / ;
s |
o7
s
B
S
[
03
-3 t t —— nput
| || — s
o i T msfiected |
0oL 4 3 jmme

-0 o 00 230 300 &0 500 SO0 TOO B0 300

ng

The length of the delay line build of these cells
will be 6.4 times shorter compared to the
circular waveguide!
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How to make SLED pulses flat? (1)

Method one: RF phase modulation

25

Cavity: Q, =1.85x10°, $=6.5

Simulations:

Power gain

BOC high power tests:

&0

000 000

Time, ns

40

Power MW

20

Power gain=2.18

RF phase, degree

3 4 3 L3 7
Time, migro;
F|¥t

The linear part of the phase slop will be
compensated with the frequency shift:
TA0T,, = TAQ

out

250 [~ 1

200 [~

150 —

Ag

100 [~

50—

Input
phase

| |
5000 6000

|
3000

|
4000

0 1000 2000

Time, ns
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Phase modulation at work

Standard “SLED”

RF phase
Pulse modulation
6 00— 11—
A i
' 100 — =
L i
o J
0 2000 4000 6000 8000 5000 6000
s 200
Al i O\Ld
100 — =
‘ New
L _
0 | N | |
0 2000 4000 6000 8000 5000 6000
Flat pulse RF phase
modulation

Flat pulse

37
1— _
AN

0 2000 4000 6000 800¢

-10 kHz
.

3 I 1
N J
e J
0 | |

0 2000 4000 6000 8000

Distorted pulse
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CTF3 BOC pulse compressor

Full beam loading operation (3.5 A) with phase modulation.

QYN QF oF

d =

Witheut \

1
beam\, n |

35 MW

N N

RF power

|

— \

AJ \\5(4//11\- \WtN

"'. /'! S T e %q" /y

RF phase

b

«T

Currently ten 3 GHz RF stations at CTF3 reliably operate in this regime.
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Metho

AC POWER LINE

How to make SLED pulses flat? (2)

d two: RF amplitude modulation

GLC 500-G eV C.M. Energy (two linacs)

SMART MODULATOR RF-SYSTEM: 2000 units
MODULATORS: 4000
3 . KLYSTRONS: 4000
N i ACC, STRUCTURES: 8000
p ACTIVE LENGTH: 14 km
WALL-PLUG POWER: 200 MW

HV INVERTER POWER SUPPLY-

50 MW KLYSTRON

RF-PULSE

WAVEGUIDE

MCELE

% oo )
commssson4=%: osm P Tosmictnes ; :’""‘"“-':.

yCOMPRESS  russs cournesson st

g
-

H‘N 1l7 Rectangular
5%
B8 MW, 0.5 s
Ea=35 (44) MVIm it

u...u=q_ﬂ...hp=u.,.tu§l=

OUTPUT RE-POWER  PHASE B

4o e,
f OB

IR, D127, e, e M, THGM e, TR ACTIVE MCVER TME
ALIGMWENT TORELAMCE | - 30 jon 1 BTRUCTURE

Compressed Pulse Magnified View

| - | 6,33 |
1 —Flattop .=

+ 230 nsec

0.5 psidiy . 0.1 gsmlv .
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Single cavities

amplitude

-1 |

From klystrons
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|

0 1000

2000
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3000

Power

2000
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3000

This method is used in BEPC, Beijing
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Pulse compression involving beams

The (passive) RF pulse compression schemes (SLED & delay
lines) have limited efficiency.

For large compression ratios these schemes can be discarded.

Particle beams can store energy — in principle without any loss
(cf. storage rings)

Acceleration increases beam energy, deceleration decreases
it.

If acceleration and deceleration can be obtained with high
efficiency, this scheme becomes attractive.

This leads to the “Two-beam scheme”, used e.g. in CLIC.
CLIC compresses pulses with the drive beam by a factor 600!
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Beam Compression in return lines

Different path lengths allow compression

beam line kicker

© S
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Principle of a combiner ring

beam line RF kicker

Combiner
ring
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Compression via dispersive element

W, f no kicker

Different path lengths due

t to different energies!
W f| —>
4 Ve ) '
Dispersive element:
t .
beam: dipole,
In RF, this f{?) is referred to as “chirp” RF: prism, grating)
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The CLIC 2-beam scheme

CLIC general layout

326 klystrons

. 326 klystrons
33MW,139ps | | | circumferences | | | 33MW,139ps
delay loop 73.0m
drive beam accelerator 11461 m drive beam accelerator
- CR1146.1 i -
! - LR24383m %
— -
1 km ( W 1 km
delay looH b cR2 cRa < Helay loop
Fad
+ deceleralor, 24 seclors ol 676 m
/i

e~ main linac, 12 GHz, 100 MV/m, 21.02 km

e* main linac TA radius =120 m

A Fa
48.3 km .
CR combiner ring | Return lines: factor 24 |
TA  turnaround
DR damping ring { Combiner rings: factor 24 )
PDR predamping ring " - -
BC bunch compressor booster linac, 6.14 GeV

BDS beam delivery system
IP  interaction point
= dump

| Dispersive elements (BC) |

e~ injector, e* injector,
2.86 GeV

2.86 GeV
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Drive Beam Combination Steps

fheam =4 * 3% 2* finiia the first factor 24

o Buncher
© Delay Loop 12 GHz
Combiner Ring #2—1{ ° Combiner R?ng #lio e e i B e e p- - —
©  Combiner Ring #2
p—
3 GHz
Combiner Ring #1—----------f----- -~ - - -- e e . Bl Rt B T -
1GHz
Delay Loop—-- --- 9 --- --- --- --- -- --- -- --- -- -
0.5 GHz
Buncher 0 : X X X x ol - -
0 50 100 150 200 250

Thanks to
Oleksiy Kononenko
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Delay loop and combiner ring animation

Animation by
Alexandra
Andersson/CERN
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Demonstration of frequency multiplication

Combination factor 5

CTF3 - PRELIMINARY PHASE ,
Streak camera image of

afh
3% farn ... A5 (2 e 2001/2002 beam time structure evolution
Lof S (2

T, .
. > Successful low-charge demonstration of
an;:"c“d R S electron pulse combination and bunch

M o frequency multiplication by up to factor 5

0'/'\[:! {.\Q 5‘& ﬁ(— streak camera RF deflectors
s s s ap measurement ) N

>
Ao =1% cm

e

Beam time structure

in linac Bunch spacing
333 ps

420 ns Beam Current 0.3 A
(ring revolution time) . 5th furn

Bunch spacing
5 Beam structure
Beam Current 1.5 A after combination time
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Drive beam recombination tested in CTF3

combined operation of Delay Loop and Combiner Ring (factor 8 combination)
* ~26 A combination reached, nominal 140 ns pulse length

* => Full drive beam generation, main goal of 2009, achieved

—+ CR.SVBPMU1S5S
. CT.SVBPIO7S8S
- CL . SVEPMIS02S

Current from
A Linac

Current after

-20.0 Delay Loop /
g Current in the ring \J

-28.0
5600 5800 6000 6200 6400 6600 6800 7000
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