EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Eindhoven University of Technology

MASTER

Design calculations and model measurements for the EUTERPE accelerating cavity

Rubingh, M.J.A.

Award date:
1993

Link to publication

Disclaimer

This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain


https://research.tue.nl/en/studentTheses/68c2ce90-12f6-42c4-8fcc-70a6a24bd782

Design Calculations and Model
Measurements for the
EUTERPE Accelerating Cavity

M.J.A. Rubingh

VDF/NK 93-20

Eindhoven University of Technology
Department of Technical Physics
Accelerator Physics Group

Report on a graduate study

June 1992 - June 1993

Guidance: Dr. Ir. W.J.G.M. Kleeven
Dr. Ir. J.A. van der Heide



Abstract

At the accelerator laboratory of the TUE a 400 MeV electron storage ring EUTERPE is
under construction. As a part of the EUTERPE project, a 45 MHz quarter wave cavity,
operating at a gap voltage of 50 kV was designed to accelerate the electrons. Due to space
limitations in the circumference of the ring, the cavity length should not exceed 0.5 meter.

Therefore, we looked for special geometries, which have an effective length several times
the physical length. Three solutions were found; the first employing radial transmission
line folding, the second longitudinal transmission line folding and the third employing
capacitive loading at the open end of the transmission line.

Transmission line theory was used to predict important cavity parameters like resonance
frequency, quality factor and shunt impedance. These analytical calculations show good
agreement with numerical calculations done with the computer codes SUPERFISH and
URMEL-T. We found that a cavity which employs longitudinal transmission line folding
is superior to a cavity which employs radial transmission line folding, because it is simpler
of construction and because it has a better shunt impedance. An important alternative,
however, is the capacitive loading design because this would result in the far simplest
construction while the rf parameters like shunt impedance and quality factor are still rather
good.

Two different ways of coupling rf power into the cavity are considered.

An LC equivalent circuit is used to model the impedance matching with respect to the rf
generator. From this, the conditions for perfect matching are derived.

In order to verify the analytical and numerical models used, a cold scale 1:1 experimental
model was built of a 2-layer cavity that employs longitudinal transmission line folding.
For convenience this cavity was designed operating at 43 MHz, because at this frequency
measuring equipment was available from the ILEC project.

Furthermore, a part of this report deals with the modeling of the Eimac tetrode which will
be used as a power source for the EUTERPE cavity.
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Chapter 1

Introduction

1.1  Scope of the study

This report presents the results of a graduate study, performed in the Accelerator Laboratory
of the Eindhoven University of Technology (EUT). This study is a part of the EUTERPE
project (Eindhoven University of TEchnology Ring for Protons and Electrons). One of the
devices that will be accommodated in the ring is an rf accelerating cavity. The cavity will
operate according to the principles of a YA-resonator.

The aim of the study is to find a design for the cavity that meets with the requirements of the
storage ring. This means resonant at a rf frequency of 45 MHz, but with a physical length that
is shorter than 50 centimetres. The accelerating frequency is the sixth harmonic of the
revolution frequency of 7.5 MHz. At present, an experimental model cavity has been built,
on which the numerical and analytical model calculations were tested.

In this chapter an overview of the EUTERPE project will be given. Furthermore the basic
principles of a 4\ rf accelerating structure are reviewed.

In chapter 2 the basic parameters of an accelerating structure will be discussed, including the
transit time factor, the shunt impedance and the quality factor. Also a representation of a
cavity by a lumped element circuit will be described.

In chapter 3 transmission line matrix theory is used to model the length, quality factor and
the shunt impedance of a cavity. Furthermore numerical calculations with the computer code
URMEL-T are done to study the effect of slight changes in geometry on the important cavity
properties. _

In chapter 4 the problem of coupling power into the cavity is discussed. Two different
methods are considered, namely direct coupling and inductive coupling.

In chapter 5 the design and construction of a scale 1:1 cold measuring model is presented,
together with results of numerical calculations done on this cavity. For the model a resonance
frequency of 43 MHz was chosen because it is the operating frequency of the ILEC project,
which is also accommodated in the accelerator laboratory. From this project specific
knowledge and measuring equipment could be used.

Results of measurements on the model cavity are discussed in chapter 6.

Chapter 7 gives an alternative design of a cavity which has the advantage that it is much
simpler to construct. This cavity design will only be treated briefly because the underlying
principle of capacitive loading was proposed at the end of this graduate study.

Finally, in chapter 8 the planned power source, a tetrode, will be described, together with
calculations on its current characteristics and determination of an operating line.



1.2 The EUTERPE project

In the Cyclotron Laboratory of the Eindhoven University of Technology research is done on
accelerator technology. At present the 400 MeV electron storage ring EUTERPE is being
constructed. It is a university project set up for studies of charged particle beam dynamics and
applications of synchrotron radiation. EUTERPE is a low energy ring, and it is being built
by the EUT technical workshop. In this section a brief description will be given of the main
characteristics of EUTERPE.

The lattice of EUTERPE consists of four superperiods. The magnetic structure of one
superperiod consists of three 30° dipole magnets and eight quadrupoles for beam focusing.
Moreover, sextupoles and closed orbit distortion correction magnets are added. Fig. 1.1 shows
the proposed layout of the storage ring.

Linac Microtron

Figure 1.1: Layout of the storage ring EUTERPE. For clarity, the synchrotron radiation is
only shown on some of the bending magnets.

The ring has a circumference of 40 meters, and has 2 meter long dispersion free straight
sections to be used for insertion devices. The injector of EUTERPE is a 75 MeV racetrack
microtron. This machine is injected from a 10 MeV (medical) linac. In table 1.1 some main
parameters of the linac and the microtron are given. The pre-accelerators and the storage ring
will be connected with two transfer lines. Transfer line 1 connects the linac and the microtron,
and transfer line 2 connects the microtron and the storage ring. In table 1.2 main parameters
of EUTERPE are given.

Linac Microtron
Injection Energy 10 MeV
Extraction Energy 10 MeV 75 MeV
Average Pulse Current 30 mA 6 mA
Energy Spread 10% 0.15%
Pulse Duration 2.2ps 2.2ps
rf frequency 3000 MHz 3000 MHz

Table 1.1: Main parameters of the linac and microtron.



Circumference 40 m

Electron energy 400 MeV
Injection energy 75 MeV
Beam current 200 mA
Lifetime 2h
No. of superperiods 4
rf frequency 45 MHz
Harmonic number 6
rf voltage 50 kV
Dipoles:

length 0.48 m

gap height 2.5cm

max. field 14T
Quadrupoles:

length 0.25m

aperture radius 2.5cm

max. poletip field 03T
Min. emittance 5.4 nm
Min. hor. beam size 0.07 mm
Bunch length 30cm
Energy spread AE/E 3.5x10*
Energy loss/turn 2.3 keV

Table 1.2: Main parameters of EUTERPE.

As can be seen from table 1.2 the injection energy is 75 MeV. In order to accelerate the
electrons to an energy of 400 MeV, an accelerating structure must be designed. This
accelerating structure also has to compensate the energy loss due to synchrotron radiation.
This loss is about 2.3 keV per turn. The accelerating structure will be placed in one of the
four dispersion free straight sections. There will also be other insertion devices placed in these
sections so there is little space left for this accelerating structure.

The accelerating station will be a cavity operating according to the principles of a Y%A-
resonator. Because of space limitations it is desired that the maximum length should not
exceed 50 cm. This means that the physical length of the cavity must be essentially shorter
than the electrical length, which is 1.67 meter.

1.3 Transmission line theory of a YA cavity.

The basic shape of a coaxial YA cavity is given in Fig. 1.2. It consists of a beam pipe with
a gap in it (the accelerating gap) and an outer conductor connected with the beam pipe by a
shorting plate. In the cavity a standing wave electromagnetic field is generated such that the
voltage is maximum across the accelerating gap.
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Figure 1.2: Basic design of a %A coaxial transmission line cavity.

The electrical features of the cavity can be described with transmission line theory. A general
transmission line can be represented as two parallel conductors, see Fig. 1.3.

iz, 0

Wz )

Ar H

Figure 1.3: Voltage and current definitions of a transmission line.

The short piece of line of length Az of Fig. 1.3 can be modelled as a lumped-element circuit,
shown in Fig. 1.4, where R,L,G and C are per-unit-length quantities defined as follows:

R=resistance due to the finite conductivity of the two conductors.

L=total self-inductance of the two conductors.

G=shunt conductance due to dielectric loss in the material between the conductors.
C=shunt capacitance due to the close proximity of the two conductors

i(z. 0

—_— iz« Az, 1)
— AT —
* Ra: LAz
w0 GA: == CA: wW:+ A
- A

Figure 1.4: Lumped-element equivalent circuit of a short section of a transmission line.

A finite length of transmission line can be viewed as a cascade of sections of the form of Fig.
1.4. Using the symbols as defined in Fig. 1.4 the following equations can be derived by
application of Kirchhoff’s voltage law



v(z+Az,t) -v(z,0)=AV(z,f) =-RAzi(z,t) -LAz 9i(z.1) , (1.1)

ot
and with Kirchhoff’s current law
i(z+Az,0)~i(z,0=Ai(z,£)=-GAzv(z +Az,f) -CAZE’X%';A_zﬁ. (1.2)

Dividing Egs. (1.1) and (1.2) by Az and then letting Az approach to zero leads to the partial
differential equations:

v(z,0) —Ri(z)-L ai(z,t), (1.3)
0z ot

%@ __Gy(z.p-c2V@D. (1.4)
0z ot

These equations are the time-domain form of the transmission line equations.
For the sinusoidal steady-state condition, for which we use the complex representation

v(z,)) -V (2)e’™

i(z,0)—I(z)e’™

Eqs. (1.3) and (1.4) simplify to

VG __(R+jaL)I(2), (15)
Z

di(2)

=—(G+oCO)V(z). (1.6)
dz

The Egs. (1.5) and (1.6) can be solved simultaneously to give wave equations:

dV@) _y2y(;)=0, (17)
dz?

d(z)

21U, (1.8)

where



Y=a+jB=/(R+jaL)(G+aC) , (1.9)

is the complex propagation constant. Travelling wave solutions can be found as

V(z)=V,'e F+V e", (1.10)
1@)=le " +[ e". (1.11)
The voltage and the current on the line are related as

Yo 7% (1.12)

k4

where the characteristic impedance Z, is defined as

7 = R+jwL (1.13)
0 n o
\l G+wC

The solution above is for a general transmission line. In many practical cases the loss of the
line is so small, that it can be neglected. So by setting R=G=0 Eq. (1.9) gives

B=w/LC =k, (1.14)
a=0. (1.15)

So y=jk with k the wave factor. The characteristic impedance reduces to

(1.16)

For a YA-resonator we get a standing wave solution if we short the line at z=0 (V(z=0)=0)
and terminate the line at z=%A (I(z=A/4)=0) as an open circuit

v(z,0)=U sin(kz)sin(wf) , (1.17)

i(z,t)=l cos(kz)cos(r) , (1.18)

with



U=2v, ,  1=2,

and

Uz, . (1.19)

Here U, is the gap voltage, I, the current on the shorting plate and Z, the characteristic

impedance.
|



Chapter 2

Basic Parameters of an Accelerating structure

2.1 Introduction

In this chapter some fundamental properties of an accelerating structure will be explained. The
following paragraphs will treat successively the transit time factor, shunt impedance and
quality factor. Furthermore the general features of a cavity will be explained by representing
it as a lumped element circuit.

2.2 Transit time factor
The transit time factor takes into account the reduction in energy gain when crossing an
accelerating gap due to the finite velocity of the particle. For simplicity we first assume that

the electrical field is independent of the longitudinal coordinate z in the accelerating gap of
a cavity. This is illustrated in Fig. 2.1.

Ez4

— 2z
I | o + >
-8’2 0 g/2 z
Gap Gap

Figure 2.1: The accelerating gap and its approximate field pattern.

Suppose the voltage over the gap is V,, then the accelerating field is given by

1%
E =_%cos(ar) , (2.1)
8

for -g/2<z<g/2, where g is the width of the gap and w the angular rf frequency. When the
particle needs a finite transit time to cross the gap its energy gain will be smaller than eV,.
If we assume that its velocity v is constant then the longitudinal coordinate is

-~y @2)

The total energy gain AE of the electron passing the gap will be



2 eV
AE= f_gcos(ﬁ)dﬁev
g v ¢

-g/2

VT, 2.3)

sin(6/2)
0/2

where O=wg/v is called the transit angle and T the transit time factor.
In reality the shape of the accelerating field will depend on the z coordinate as illustrated in
Fig. 2.2

N

| U\

| i -7 Z
g2 0 g

Figure 2.2: An inhomogeneous accelerating field.

The transit time factor for a inhomogeneous accelerating field is given by
| [EDera|
T=

[E@dz|

24)

2.3 Shunt impedance

When power is coupled into the cavity in order to generate an accelerating voltage over the
gap, power will be dissipated in the cavity walls. This power will be proportional to the gap
voltage squared. Mathematically this can be written as:

z=_% . (2.5)

In this formula Z is a cavity parameter called the shunt impedance, which is a measure for
the necessary power to achieve a certain gap voltage. The higher the shunt impedance the less
power is needed. One can also define a corrected shunt impedance Ry, which relates the actual
energy gain of the particle to the dissipated power. This corrected shunt impedance is related
to the uncorrected shunt impedance by the equation

R,=ZT?, (2.6

where T is the transit time factor.

10



2.4 Quality factor

Every cavity has a certain quality, expressed in the cavity parameter called the quality factor.
The quality factor of a cavity isolated from the surroundings (i.e. the unloaded quality factor)
is given by

w

0= * 2.7)
Pdis

where W, is the stored energy, P, the power dissipated in the cavity walls and w=2n/T,; the
angular rf frequency. In order to couple power into a cavity it must be connected to a rf
generator. When so, some of the stored energy may flow out of the cavity to the generator.
In this case a loaded quality factor is defined as

W
0=, 2.3)
P«lis +Prad

where P_, is the power which flows out of the cavity. The loaded quality factor is related
with the unloaded quality factor by the equation

Qf% , 2.9)

with B=P_ /P, a coupling constant expressing the amount of coupling between the generator |
and the cavity.
2.5 Representation of a cavity by a lumped element circuit.

A cavity can be represented by a parallel RLC-circuit as is shown in Fig. 2.3.

. L :
[T ¥

anv
Figure 2.3: The parallel RLC circuit.

1
—

+ 9

This circuit has a resonance spectrum from which the bandwidth can be determined. From this
bandwidth the quality factor can be calculated.

Figure 2.4: Resonance curve, the cavity impedance magnitude versus frequency.
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In the RLC-circuit the capacitance is related to the total capacitance between the inner and
outer conductor of the cavity. The power dissipation in the cavity walls is represented by the
ohmic losses due to the resistance R. The inductance L relates the currents on the surface of
the cavity with the induced magnetic fields in the cavity.

The cavity impedance is

-1
z =[L: 1 oc) , (2.10)
cav R j [

The power dissipated by the resistor, R, is

2
p.=L VI* 2.11)
2 R

The average electric energy stored in the capacitor C and the average magnetic energy stored
in the inductor L are given by

We=%|V|2C , 2.12)

w =L pe=Lvp L, 2.13)
4 4 WL

where I; is the current through the inductance L. Resonance occurs when W =W,. Then the
cavity impedance is Z_,,=R, which is a purely real impedance. From Egs. (2.13) and (2.14),
W,_=W, implies that the resonance frequency, w,, should be defined as
=L (2.14)
o S—— .

Jic

Assuming that the cavity is on resonance, the quality factor Q, defined in equation (2.7) can
(with W,=W +W_) be written as

2w
0,0, =R _-oRC-R i_c_ , (2.15)
Pdis waL L

Near resonance, letting w=m,+Aw where Aw is very small, the cavity impedance can be
simplified to [POZ 90]

R Aw '
Z « _____ , O0=_—. 2.16
v 1+2j0,0 ) 216)

0

12



The half-power bandwidth edges occur at frequencies

Aw _BW

—_—=___, (2.17)
©, 2
where Aw is determined by
iz, [=R"
2
which, from Eq. (2.17), implies that
Bw=_1 . 2.18)
0
We can define a detuning angle y which is defined as
tany=-209 , (2.19)
so that Z_,, can be written as
Z_ =Rcosye’v . (2.20)
In fig. 2.5 Z,, is drawn in the complex plane as a function of .
im(2)
*
9~°°ﬂc
¥
R | Re(2)

Figure 2.5: The complex cavity impedance as a function of the detuning angle.

When the cavity is on resonance then 8=0, which gives y=0, and a purely real cavity
impedance.

13






Chapter 3

The EUTERPE Cavity

3.1 Radial transmission line folding.

Due to space limitations in the storage ring, the physical length of a cavity must be much
smaller than its electrical length. The first design of an accelerating cavity for the EUTERPE
storage ring was based on the principles of radial transmission line folding. A study was done
in order to describe the cavity parameters, such as the resonance frequency, the quality factor
and the shunt impedance, and to find a optimum design. Also the problem of coupling power
into the cavity was analyzed. This work is described in appendix A, since this cavity will not
actually be built. We only give here the final results. Fig. 3.1 gives a layout for the cavity and

in table 3.1 the main parameters are given. The geometrical dimensions of this design are
given in table A.1 of appendix A.2

TEXT: ZUTERPL 45 MMz ZawiTy ; K/N/PC= CLCTC5 AT M= 0.000C Taamg= 3
ALOT: E~FIELD AT PHi=C B 2 0r TNNDRIAN  3-0UL32 11:20:55 ; MODE:TMC- £5- 1 ; 7/MKZ=  45.33C L F/7C= 28
]

: \ \ 7

]

1

|

1 ~ - b AN r's -2 - - N -
; 1 ] 1 g

]

: - - = e - - - b of - — -y <
1

t

]

: - < + - < - - -3 5 — ~— <
1

i

: - - P -4 < - - - R o e p— <
1

!

]

: -4 - a = -3 - a ] - & L] -~ p— -
]

]

1

1 t \ s 4 7 L - / L4 Q — o
] . I | B | .
—— —

]

] - < -
1

e e e e e o o e e e e e e e e e e e o o o o o

Figure 3.1: An URMEL-T plot of the electric fields in the initially proposed EUTERPE
accelerating cavity, employing radial transmission line folding.
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These main parameters were calculated analytically as well as numerically using the computer
code URMEL-T [URM 87].

Parameters Analytical URMEL-T
f, (MHz) 45.00 45.68
Qo 2573 2744
R,, (kQ) 145.2 135.0
Py (kW) (V=50 kV) 17.2 18.5
P, (kW) (V=100 kV) 68.9 74.1

Table 3.1: Main parameters of the initial design of the EUTERPE cavity.

As can be seen in Fig. 3.1 the construction of this cavity would become rather complicated.
Furthermore the quality factor and the shunt impedance are low. This means that the
dissipated power in the walls of the cavity is high. Therefore we looked for different designs
of the cavity, with a higher quality factor and, which is more important, a higher shunt
impedance.

The solution was found by employing longitudinal transmission line folding. This new design
is easier to construct and, as we will see, the quality factor and the shunt impedance are
essentially higher than in the first design. In the subsequent paragraphs of this chapter,
analytical equations are derived, using transmission line theory for the cavity length, the
dissipated power, the shunt impedance, the stored energy and the quality factor. Finally results
of numerical and analytical calculations are given and compared. Furthermore conclusions are
given.

3.2 Transmission line matrix theory.

The properties of a %4A cavity can be conveniently described by using matrix multiplication.
In this method, a general cavity is decomposed into separate sections with each section
characterised by a matrix A, which relates the voltage and the current at the exit of the
section to the voltage and current at the entrance of the section, i.e

Vv 1%
=A . 31
(1 )exi t (l )cntr. G

The total transformation of the voltage/current vector from the shorting plate to an arbitrary
point along the cavity is then obtained by multiplication of all the matrices involved. If we
take the transformation matrix from the shorting plate to the accelerating gap then the
resonance condition is simply obtained by putting the right/under element of this matrix to
zero. The reason for this is that at the shorting plate the voltage must be zero and at the
accelerating gap the current must be zero.

16



In Fig. 3.2 a general design of the EUTERPE cavity is drawn. This simple two layer cavity
consists of cylinders positioned concentric around the beam axis, which is the symmetry axis,
a shorting plate and a return section plate. So the cavity consists of coaxial layers and a return
section.

1
I'max < >
4\ // L Ll L i il L
7
/ -
/] return 7z shorting
/| section plate
é
é
g

N

Figure 3.2: A general layout of a 2-layer coaxial cavity.

So for the EUTERPE cavity the separate elements are coaxial transmission line sections
connected by a return section. The transformation matrix for a lossless transmission line
section is calculated from Egs.(1.5) and (1.6) (by putting R=G=0) and is given by [GRI
70],[SAN 86],[GEN 87].

cosPz  -jZsinpz
A=| j

—_J_.sinBz cospz

0

(3.2)

where Z, is the characteristic impedance and P=k the wave factor.

We model a return section by a lumped element circuit consisting of a series inductance and
a shunt capacitance as given in Fig. 3.3. This will be a good approximation as long as the
dimensions of the return section are small compared to the wavelength.

I L In
O—>— 7YY Y\ o
Vi —c V2
O— -0

Figure 3.3: Lumped-element circuit representation of a return section.
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The transfer matrix for this circuit is given by:

g 1 TeL | (3.3)
—joC 1-wLC

3.2.1 Analytical calculations of the cavity length.

The cavity can be described by using the transmission line matrix formalism. In order to
illustrate the method, we assume a two cell cavity. In the simplest approximation one just can
ignore the return section, and the equation for the length is given by Eq.(E.16) in appendix

E, which is
yA
1=_1_arctan 2, 3.4)
p VA

where Z, and Z, are the characteristic impedances of the two transmission line parts.
If we take the return section into account then the transmission line configuration of Fig. 3.4
can be used.

To:Vo=0 1, L 1, I,
O Yt YV, >—0- >— )
shortin
o o o
< ) return section ¢ >

Figure 3.4: Transmission line configuration of a two layer cavity.

This network can be decomposed into three components: two lines with length / and a return
section. The total network then is represented by three transfer matrices. The transformation
for the total system is

coskl  —jZ,sinkl . coskl  -jZ sinkl
il_| . 1 el . Vol (35)
I, -J sinkl  cosk! —joC 1-w2LC - I sinkl  coskt |1, ]’

Z, Z,

where Z, and Z, are the characteristic impedances of the outer layer and inner layer
respectively. For the overall transfer matrix we have the following matrix equation

18



V a, a, V0 (3.6)

The cavity is a Y4A-resonator and so we have the " boundary conditions" V=0 and L,;=0.
Therefore the matrix component a,, must be zero. This then gives the resonance condition:

z
(1-0*LC) costki- .2“‘£+mczl sinklcoski-~—Lsinfki=0 . 37

2 2

When divided by cos?, the equation becomes

z
Tltanzkh(%[‘. +CZ)tankl~(1-?LC)=0 , (3.8)

2 2

which gives the solution for the physical length / of the cavity as

Z z
tankl/= _lw_L —io)CZZ+_1__2_ 4_1+o( L _Czl)z , (3.9)
22 2 2Z, Z

1 2 2

where -Y20L/Z,-40CZ, and w*(L/Z,-CZ,)* are perturbation terms which take the return
section into account. If L=C=0 (no return section) we get Eq.(3.4).
The inductance L of the return section is easily calculated with

.
L=toginlem (3.10)
2% r

where g the gap, and r,,, the outer radius of the outer layer and r,,, the inner radius of the
inner layer. The capacitance C can be calculated in three ways, namely by using the fringing
field capacity formulas in appendix A.1, the conformal mapping formulas in appendix C or
the computer code RELAX3D [REL 88] calculations in appendix B.

3.2.2 Dissipated power and shunt impedance.

The shunt impedance is defined by Eq.(2.5). In order to calculate it we need an analytical
expression for the dissipated power. For this we use a model of a 2-layer cavity as given in
Fig 3.5: the middle cylinder has zero thickness and the current on the shorting plate and in
the return section are assumed constant. There are four contributions to the dissipated power,
namely from the shorting plate, the outer coaxial layer, the return section and the inner
coaxial layer.
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Figure 3.5: Assumed cavity geometry for calculating the shunt impedance. The middle
cylinder has zero thickness.

We first consider the shorting plate. The infinitesimal resistance dR of a radial layer with
thickness dr at radius r is given by

- pdr (3.11)
21tr8

where p is the specific resistance of the wall material and 8 is the skin depth:

2
5= | 2P (3.12)
P,

with p, the magnetic permeability of vacuum and o the angular rf frequency.
So assuming constant current along the shorting plate, the total dissipated power is

ISTREI
Pshort 22 af Iloldr

2

(3.13)

where 1, and r, are the inner and outer radii of the outer coaxial layer respectively and I, is
the shorting plate current.
Next we consider the outer coaxial layer. From the transformation matrix Eq.(3.2) we obtain
the voltage and current profile along the outer layer by putting the voltage V, at the shorting
plate equal to zero. Then

V (2)=Z I sinkz , (3.14)

1,(z)=I coskz , (3.15)

with Z, the characteristic impedance of the outer layer.
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Now consider a small section dz of the outer layer at position z. The infinitesimal resistance
of this layer is:

dr=Pd|1 1 (3.16)

— T — N

2nd r, I,

where the first contribution comes from the inner cylinder and the second contribution from
the outer cylinder respectively. So, the total power dissipated in the outer coaxial layer is

coaxl

! [}
12 _1op 1 1 2
P Eofl,(z)dR ___f e LA
(3.17)
o1 1|1
= —+
4nd | r, r

3

where [ is the length of the outer coaxial layer.
Next we consider the return section. For simplicity we ignore the thickness of this section and
only take into account its radial plate. The current in the return section is

1=l coskl , (3.18)

and so the dissipated power is

% Il (3.19)

where r, is the inner radius of the inner coaxial layer.

To determine the current for the second coaxial layer we take the return section into account.
This because the current profile is not exactly a cosine, but due to the return section, there
is some deviation from it. After multiplying three matrices (coax1 transfer matrix with z=/,
simple return section matrix and coax2 transformation matrix) we get for the voltage and the
current profiles on the inner layer

V,=~jI [ (Z,sinkl +Lcosklcoskz +Z,((1-@*LC )eosk!-wCZ,sinkl )sinkz] ,  (3.20)

z
I,=1,[((1-0*LC )coskl~wCZ,sinkl)coskz - Tlsinkh_ozl[_'.coskl inkz) . 32D

2 2

And thus for the dissipated power in the second coaxial layer
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1
P et [ | |1,
3.22)

12
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with

A=((1-w’LC)coskl-wCZ,sinkl)? ,
2

Z . oL
B= _Z.._smkl+7coskl , (3.23)

2 2
. Z . oL
D=2((1 —co’LC)coskl—mClemkl) Tsmkl +7cosk1 .

2 2

The total dissipated power in the cavity is
P =P, +P

short

+P (3.24)

+
coax] * plate Pmu.r] °

To find the shunt impedance we need the relation between the shorting plate current I, and
the gap voltage V,. This equation has already been derived in Eq.(3.20), namely
V=V,(z=)), so

V =l [0Lcos’kl-0CZ,Z sin*kI+(Z,+Z,(1-w’LC)) coskl sinkl] . (3.25)

The analytical shunt impedance of the cavity is then (assuming a transit time factor equal to
one):

V., I*
R,=—*%_ .

= (3.26)
sh P

tot

The length / in these equations is given by equation (3.9). For convenience we assume that:

woczel , LLe. 327
2

The Eq.(3.9) can be simplified by making a Taylor expansion up to first order. If we further
assume that Z,=Z,=Z we get the following expression for the length /.

’J% (cocz “’_LJ] (3.28)
4 T Z
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When we would ignore the effect of the return section on the voltage and current profiles
completely (L=C=0) then the length of the cavity would simply become
1= (3.29)
4

?

x| -

which equals /=VeA.
Furthermore the approximation for the shunt impedance would simplify to:

-1
2
Rm___41t52 n£+l ._l..+.l l+l _1_.lni3.+l ._1_+i l-l . (3.30)
p r, r2r321t2rl,rlr221t

All these calculations can be done in the same way for a multi-layer cavity.

3.2.3 Stored energy and quality factor.

The quality factor is given by Eq. (2.7). In order to calculate Q analytically for the two layer
cavity shown in Fig. 3.5, we first have to calculate the stored energy in the cavity. We
assume that the stored energy of the entire cavity can be calculated by separating it into two
coaxial parts with length 1 as defined previously. There are two contributions to the stored
energy namely from the magnetic field and from the electric field.

Wﬂ:W +W (33 1)

magn elec *

If we once more consider a small section dz at position z, then the energy stored in this
section is

WJ,=.%_L12(2) dz+_;_CV2(z)dz , (3.32)

where L is the inductance per unit length, C the capacitance per unit length, I(z) the wall
current at position z and V(z) the voltage at position z. The inductance and capacitance for
a coaxial transmission line are given by '
L=rom’
2n -,
(3.33)

where 1, and r, are the inner and outer radii of the coax respectively.
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For the outer coaxial layer we find

magn coaxl

{
llel |2dz- polo 1n2 (coszdz
"20 (3.34)
(L e
A% 3

8t 1,

For the stored magnetic energy of the second coaxial layer we get

lllo

magn coax2 Z

%2\1 Pz
0 T "y (3.35)

Pl Tl o L e - L sinonrn d -p L sin?u ],
— kb 7 [ 7% 7 | 5%

in which A,B and D are given by Eqgs.(3.23), 1, is the current in the second coaxial layer,
where in this case the influence of the return section on the current profile is not yet ignored.
The total stored magnetic energy is

Wmag’l =Wmagn coaxl +Wmagn coax? ° (3.36)
Similarly we can calculate the stored electrical energy in the outer coaxial layer as
_1 2.1 .
elec coaxl fClV | dz=— f VV dz
*o I
r, (3.37)
r
}1010 -Lsin2tr+ L n 22 ,
8m | 4k 2 r,
where we used Eq.(3.14) for V, and
z=21 ”° E , (3.38)
2r r

2

for the characteristic impedance of the line.
Furthermore,

24



1 ' 27,

elec coax? -Z' |V3 |2d2
®n2
§ (3.39)
252
ne l,Z.
0% 4 1 Goote L ) Lsinznre L e p Lsintut|,
Ty 4k 2 4k 2 2k
2ln_Z
-

1

where A,B and D are given by Eqgs.(3.23).
The total stored electric energy is

Welcz::Wclcc coaxl +W¢l¢'c coax? * (3.40)
After some calculation we find for the total stored energy
A or r
w =25 aeByn2 . (341)
8n r, r
Then the quality factor is, with 8=(2p/p,0,)*,
In_2 +(A+B)In_2
0- / r, r, (3.42)
5 X ’
with X
r r
X=1n2 4 Lo L ([ Lsinorr L binDcosth
r, |r, r, {4k 2 r,
(3.43)

41 lAl Lsinonr+ L VB[ -_Lsinoer+l V-p L sintut |
r, o, 4k 2 4k 2 2k

where A,B and D are given in Eqgs.(3.23).

If we now also ignore the influence of the return section on the current and voltage profiles
in the second layer, as we have done with the approximation of the shunt impedance, then
we obtain for the approximation of the quality factor

-1
Q=2..I_ln £ ln.r_3+l l+_1- .l+_1. llnh# _}.+i l—_l- ) (3.44)
o nl r, \rpu,\2 )2 r |r, |2 n

where we have used k/=n/4 and L=C=0.
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3.3 Analytical and numerical calculations; conclusions.

The analytical results for the length, the quality factor and the shunt impedance are compared
with numerical results that are obtained by the computer code SUPERFISH [POI 87]. We
therefore choose once more a simple geometry for a two layer longitudinally folded cavity,
for which the middle cylinder has zero thickness as used in the analytical calculations. The
radial dimensions are r,=2.6 cm, ,=5.9 cm and r,=13.4 cm . They are chosen in such a way
that the characteristic impedances of the first and the second layer are equal. The inductance
of the return section was calculated with Eq.(3.10), where r,,,,=T;, r,,,=r, and g=5 cm for the
gap of the return section, which results in L=16.4 nH. The capacitance C=3.6 pF was
calculated with RELAX3D. This is a numerical program which solves the 3-dimensional
Laplace equation (see appendix C). In Fig. 3.6 the comparison between analytical and
numerical results is shown.
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Figure 3.6: Comparison between analytical and SUPERFISH results as a function of the
frequency, for a 2-layer cavity employing longitudinal transmission line folding.
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Curve a represents the SUPERFISH calculations. Curve b is calculated by using the simple
equations (3.28), (3.44), and (3.30), respectively. These curves show already quite good
agreement. A further improvement of the analytical results is obtained if the influence of the
return section on the current and voltage profiles in the inner layer is taken into account.
Curve c is obtained when using Eqs. (3.9), (3.42), and (3.26), respectively. As expected the
analytical results give even better agreement with the numerical SUPERFISH results. The
quality factor approximation can even be more improved when / is taken as Yal=c/8f. The
results are represented by curve d. This occurs because now we take the entire volume of the
cavity into account, instead of only the parts defined by the length / used in the transmission
line matrix theory, without the return section. This means that the calculated stored energy
increases, and thus the quality factor.

We can therefore conclude that the transmission line matrix formalism is a valuable method
for analytically estimating the length, the quality factor and shunt impedance.

The calculations shown in this chapter have been done for a two layer cavity employing
longitudinal transmission line folding, but the theory can be also used be used for multi-layer
cavities.

We now look at some construction parameters of the cavity employing longitudinal
transmission line folding. In Fig. 3.7 a general layout of the cavity is drawn. This cavity
consists of three layers. The more layers a cavity has the smaller the physical length will be.
The cavity consists of coaxial parts and return sections. For the coaxial parts the characteristic
impedance is only a function of the outer and inner radii,respectively r, and r,, given by
Eq.(3.38). In the cavity of Fig. 3.7 the radii are chosen in such a way, that the characteristic
impedances of the coaxial layers are equal.

The cavity has three gaps, two gaps between layers and one accelerating gap. By using the
computer code URMEL-T we calculated the effect on the length, the quality factor and the
shunt impedance of the cavity when changing the width of the gaps. The gaps are chosen
such that they are equal to the distances between the cylinders of a layer, denoted by s,, s,,
s;. In these calculations the frequency was kept constant at about 45 MHz, and the outer
radius at 31.14 cm.
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Figure 3.7: A general layout of a 3-layer coaxial cavity.
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The results of the numeral calculations are listed in table 3.2.

gap 1 gap2 | gap3 | f, (MHz) Q, R,, k) | 1(cm)
S3 S3 S; 45.2 8355 1406.8 52.0
S, S3 S; 45.6 8362 1448.4 52.5
S S, S; 45.5 8380 1611.0 55.0

Table 3.2: Numerical calculations of the effect of changing the distances of the gaps.
The outer radius is kept constant at R ,,=31.14 cm

By going down in the table the total surface of the cavity becomes smaller. The quality factor
doesn’t change much, but the shunt impedance does, and becomes larger. This is the result
of the decrease of the dissipated power in the cavity walls, while the volume and therefore

the stored energy remains the same.

We now look at the effect of changing the outer radius. For these calculations we use a
simpler model consisting of two cells (see Fig 3.8). In order to keep the characteristic
impedance the same for the two layers, the outer radius of the outer layer must also be
increased, when the outer radius of the inner layer is increased.

Rmax
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Z
/
4
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/ 1= Zchar 181
V]
[
4
f Z IS 2
7 YT, YISV SS SIS IS
beam axis

Figure 3.8: A 2-layer cavity.

In table 3.3 the results of the URMEL-T calculations are given when changing s,, while
keeping the frequency more or less constant.

s, cm) [ s, (cm) | f, (MHz) Q R, kQ) | 1(cm) | R,, (cm) | Z,. ()
1.5 2.7 45.8 2451 165.4 83.7 8.2 28.2
3.0 7.2 44.5 5087 664 83.0 14.2 47.3
5.0 16.0 44.0 9356 1590 81.3 25.0 65.9

Table 3.3: URMEL-T calculations of the effect of changing the width of the layers and
thereby the characteristic impedance.
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If we increase the radial dimensions, the length of the cavity must be decreased slightly. The
quality factor and the shunt impedance become much larger. If we would apply this to a
cavity consisting of three layers, R, would increase considerably when increasing s,. For
$,=3.0 cm, R,, would become 30.6 cm.

In the calculations above we kept the characteristic impedances of the different layers
constant. Now the effect of different characteristic impedances of the layers is determined.
The results are given in table 3.4. We again use a two cell geometry as in Fig. 3.8, with a
characteristic impedance of the inner layer of Z,=47.3 Q as a reference. Again we must adjust
the length in order to keep the resonance frequency constant at 45 MHz.

Z, () f, (MHz) Q R, kQ) | l(m) | R, (cm)
30.8 Z,<Z, 48.3 3692 324 88.3 10.5
47.3 Z=Z, 44.5 5087 664 81.6 13.7
58.9 Z>Z, 44.5 6220 962 75.3 16.5
69.2 Z>Z, 449 7254 1236 71.0 19.5

Table 3.4: URMELT-T calculations of the effect of varying the characteristic impedance
of the outer layer.

The result is that if the characteristic impedance of the outer layer increases, the cavity
becomes shorter (see resonance condition described in appendix E), while the quality factor
and the shunt impedance increase. This is a desired effect, because less power is needed to
build up an accelerating voltage of 50 kV. We can therefore conclude that it is favourable to
choose s, and s; as large as possible (large R,,,,). In reality this will be limited because of
practical construction limitations.
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Chapter 4

Coupling rf Power into the Cavity

4.1 Introduction,

To generate an accelerating voltage at the gap power has to be coupled into the cavity. This
can be done in different ways. One solution is by directly connecting the inner conductor of
the input transmission line to the inner conductor of the cavity. This is shown in Fig. 4.1a and
is described in detail in appendix B. There it is shown that in order to have matched coupling,
the coupling point must be very close to the shorting plate. A disadvantage of this is that the
VSWR (Voltage Standing Wave Ratio, described in paragraph 4.4) is sensitive to changes of
the coupling position. This leads to the necessity of a movable connection with the inner
conductor. The current on the inner conductor is high near the shorting plate, so losses can
occur which lead to undesired heating.

A second solution is based on inductive coupling with a loop. This is described in paragraph
4.2, where the matching conditions are derived. In paragraph 4.3 these conditions are used
to find the required properties of the loop like area, number of windings, position and rotation
angle.

4.2 Inductive coupling.
We have seen that direct coupling is not so convenient for a cavity employing longitudinal

transmission line folding. The best solution is found in inductive coupling with a small loop.
This is shown in Fig. 4.1b.

shorting ]
SIS NI NI T IS IINF)
plate
a b

Figure 4.1: a: Direct coupling to the inner conductor. b: Inductive coupling with a little
loop. :

The complete rf system can be simulated by the equivalent circuit, given in Fig. 4.2. The rf
generator is represented by an ideal rf voltage V, in series with the characteristic impedance
R, of the input transmission line. The resonator is represented by a series resonant RLC
lumped-element circuit. The quantity I; is chosen to represent the current at the shorting plate.
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The coupling between the input line and the resonator is represented by the mutual inductance

M. First we calculate the input impedance seen by the generator.

Figure 4.2: Equivalent circuit for the complete rf system.

For the primary circuit we get the following equation

V,sjaL I, +joMI,

and for the secundary circuit

V,=joMI +jaL,l, .

Also
10
joC

ASEE

where R is the series resistance in the circuit. Elimination of V, gives

. : 1
JoMI,| +Io(j(l)L2+ij +Rs)=0 .

Next, elimination of I, gives
2242
V.=l joL,+— M ,

) 1
@l + +R
S joC ¢

and with substitution of the angular resonance frequency
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Eq. (4.5) becomes

wM?

L
R:[I + ({JRZ (w? -moz)J

V=l |jol,+

Now the impedance as seen from the generator can, with the use of

1 | L -,
=122 | §2 A0
RN C ®,
be written as (assuming 8<<1)
2A02
Z =joL + M
P R (1+2jQ,0)

In Fig. 4.3 Z,, is drawn in the complex plane.
Im (Z)

0 = too

wL1I

Figure 4.3: The complex input impedance seen by the generator.

(4.6)

4.7

4.8)

(4.9)

The diameter of the circle is @?M%R,. The quantity &@?M¥R (1 + 2jQ,d) is the impedance of
the cavity transformed to the primary circuit. The primary impedance is a complex quantity,
having resistive and reactive components. If we compare this with the input impedance for
an isolated resonator given in Eq. 2.16 and drawn in Fig. 2.5 we see that the circle has a

vertical displacement due to the reactance wL, of the coupling loop.

To obtain impedance matching of the cavity seen from the transmission line, the voltage
reflection coefficient I' as measured on the transmission line I'=(Z,-R,)/(Z,+R,) must be zero.

Thus Z_=R,=50 Q.
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From Eq. (4.9) two conditions for zero reflection can be derived. The imaginary part of Z,
must be equal to zero, and the real part of Z, must be equal to R, This leads to a
requirement for the detuning factor

L, (4.10)

d=— L,
20k,

and for the mutual induction

1

RR ( oL, | @.11)
M=Y_7 " f1+] 2 .

ka

0

The first condition can be satisfied if the resonator is detunable. The second condition can be
satisfied for example if the loop is rotatable, such that the mutual induction M can be varied
from zero to a maximum. This maximum must be larger than M given in Eq. (4.11)

4.3 Requirements for the coupling loop.

The power dissipated in the lumped element circuit of Fig. 4.2 is

P._=_IR |, 4.12)

which must be equal to the power dissipated in the cavity
AR R,=2R; 4.13)
diss-_=—_7 ’ .\'h= sh - °
R-‘h 2 Rsh

From these two equations and with the use of Eq. (4.11) we get

123
2 /)
el o T (A @19

I R, R,

The mutual induction M is determined by the equation

d=MI, , (4.15)

where @ is the magnetic flux enclosed by the coupling loop. If we assume that the loop is
not too large, then the magnetic field can be taken constant across the loop. This gives us
another equation for the flux
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®=B A=pH A , (4.16)

with A the area of the loop and B, the magnetic induction at the position of the loop at a
distance z from the shorting plate. The magnetic field strength is determined by

§H, ds=2mrH =, , (4.17)

where I is the current on the inner conductor at a distance z from the shorting plate, where
the loop is located, and r the radial distance from the cavity axis to the middle of the loop.
Together with Egs. (4.15) and (4.16) we get for M
p=PA Ll (4.18)
2nr 1,

For the matching condition we get by using Eq. (4.14)

173
PofoA I | Ry+(@L))? 4.19)

r VB R .\‘;‘R 0

Suppose we rotate the loop over an angle 0, and the loop consists of N windings, Eq. (4.16)
becomes

®=B_AN cosf , (4.20)

and the matching condition becomes

n
B,f,ANcos® I, | Ry +(aL,)? (4.21)

r VB R s;rR 0

In order to be able to produce always matched coupling the area of the loop must be larger
than A given by Eq. (4.21) with 0=0.

The ratio I/V, can again be calculated with the transmission line matrix theory treated in
chapter 3. When coupling close to the shorting plate I =L, If we approximate the cavity by
an ideal "4A-system with a characteristic impedance Z,, the ratio 1/V, is 1/Z,

4.4 Voltage standing wave ratio.

The quantity V.,/Vai=luo/Ino=VYSWR is called the voltage standing wave ratio and is a
measure of the mismatch between a line and its terminating impedance. It is related to the

35



voltage reflection coefficient by

vswr=1*1T1 (4.22)
1-|I|

The VSWR is a real quantity and since 0<I[I<1, 1<SVSWR<eo, where VSWR=1 implies a
matched load. The magnitude of the reflection coefficient on the line is found from the
standing wave ratio as
IC|=YSWR-1 (4.23)
VSWR +1
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Chapter $

Design and Construction of a Cold Model

5.1 Introduction.

A "cold" model was built in order to test the analytical equations derived in chapter 3 and 4
involving the cavity parameters and the coupling of power into the cavity, and the numerically
calculated parameters. These numerical calculations have been carried out using the computer
codes SUPERFISH and URMEL-T. The aim of these calculations was to obtain information
about the resonance frequency, electric and magnetic fields, shunt impedance and quality
factor. Both programs calculate azimuthally symmetric modes in a three-dimensional geometry
with cylindrical symmetry [URM 85], [POI 87]. URMEL-T is the most complex program of
the two, since it can also calculate azimuthally asymmetric modes. In the next sections the
results of numerical calculations are presented which lead to the building of a 1:1 “cold"
copper model of the EUTERPE accelerating cavity employing longitudinal transmission line
folding. Cold means that it will only operate at low voltages and currents. The cavity consists
of two layers.

5.2 URMEL-T calculations.

A scale 1:1 two layer model cavity employing longitudinal transmission line folding was built.
The radial dimensions were determined by the commercially available copper pipe, with the
requirement that the characteristic impedances of the two layers were more or less equal. In
Fig. 5.1 the final layout of the model cavity is drawn, and in table 5.1 the dimensions are
given.

r4r5
l/ I//I/IIIfff/
4 s
T 2(—)(1[[1[////// ///1% 7 r3
R 3 0"}
R Thoamppe ] 1| ||
Ldo
—d1
'[ »&
—d3
| 3d4

Figure 5.1: Lay-out of the scale 1:1 cavity measuring model.
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Radial Longitudinal
r,= 23.0 mm dy= 10.0 mm
r,=25.0 mm d,= 76.5 mm
;= 52.5 mm d,=836.5 mm
r;= 55.5 mm d;=864.0 mm
r,=122.0 mm d,=934.0 mm
rs=125.0 mm $=66.5 mm

g£=27.5 mm

Table 5.1: Dimensions of the 1:1 model cavity.

An example of the input file for URMEL-T is given in appendix G. In order to calculate this
very long geometry with thin cylinder walls it was necessary to use the maximum number of
mesh points. URMEL-T needs about 30 min CPU time on a VAX-station (Digital 3100 M38)
for this geometry. The cavity parameters calculated by URMEL-T are listed in table 5.2. The
results obtained with SUPERFISH are also included as a comparison.

Parameter URMEL-T SUPERFISH
Frequency f; 43.0 MHz 44.0 MHz
Quality factor Q, 4590 4746
Shunt impedance R, 552 kQ 573 kQ
Dissipated power P 4.5 kW 4.4 kW
(V=50 kV)

Table 5.2: Parameters of the cavity in Fig. 5.1 obtained from URMEL-T and SUPER-
FISH.

There is good agreement between both calculations. In Fig. 5.2 a plot of the electric and
magnetic field of the ground mode is shown. This is a TM mode, which means that the
magnetic field is transverse to the propagation direction of the wave, (B,=0 everywhere).
URMEL-T has the possibility to calculate higher order modes of a cavity. With this a possible
frequency spectrum of the model cavity can be predicted. These frequencies are also
calculated analytically. The results of the first ten modes are listed in table 5.3.
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TEXT: EUTIRPC 43,5 MHz CAVITY 2 PRODUCTIEONTWERP :K/V/PC= 0.00814 AT R/M= 0.0000 FRAME= 4
PLOT: H=FiELD AT PHI=Q ¢ ID: TNNDRIAN 26~0CT9213:15:06 ; MCDZ:TMO- E5-1 ; F/MHZ= 43.038 . F/FC= 0.0
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Figure 5.2: Top: The electric field. Bottom: The magnetic field of the ground mode,
calculated by URMEL-T.

Freq. (MHz) Freq. (MHz)
URMEL-T Analytical
43.083 43.083
133.09 129.25
217.16 215.42
309.01 301.58
391.09 387.75
485.63 473.91
564.49 560.08
662.69 646.25
737.36 732.41
839.93 818.58

Table 5.3: Resonance frequencies calculated by URMEL-T and analytical.
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In chapter 4 a matching condition was derived, described by Eq. (4.10). This condition can
be satisfied if the cavity is detunable. From Eq. (4.10) we find that the cavity must be
detunable by about 0.01 MHz. The cavity is detunable by moving the beam pipe into the
cavity such that the capacitance of the accelerating gap is changed. When shifting the beam
pipe into the cavity the capacitance is increased. The resonance frequency is related to the
total capacitance of the cavity by w,=1/N(LC), thus the frequency will be decreased. In Fig.
5.3 the results of the URMEL-T calculations are shown with a gap decreased by 10 mm. In
table 5.4 results are given for various gap sizes between 27.5 mm and 7.5 mm.

TEXT; EUTERPE 43,5 MHz CAVITY 2 PRODUCTIEONTWERP ; K/V/PC=  0.01153 AT R/M= 0.0000 ; FRAME= 3
PLOT: E~FIELD AT PHI=0 ; ID:  TNNDRIAN 28-0CT79209:27:08 ; MODE:TMO- EE- 1 ; F/MHZ= 40.578 ; F/FC= 0.0
!
1! [ 1 . . i . 1 s & . i
1
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Figure 5.3: The effect on the electrical field when decreasing the gap with 10 mm, by a
movable beam pipe.

gap (mm) freq. (MHz) Q, R, (k)
27.5 43.04 4590 552
22.5 42.93 4582 555
17.5 40.58 4707 852
12.5 41.45 4642 856
7.5 42.81 4552 - 524

Table 5.4: URMEL-T results of the effect of decreasing the gap with a movable tube to
detune the cavity.

Instead of a continuous decrease of the frequency when decreasing the gap, it rises again
when the gap becomes 12.5 mm. Furthermore we see a modulation in the electrical field in
Fig. 5.3. This modulation is better seen in Fig. 5.4 where we have taken the value of the
electrical field given by URMEL-T in the middle of the outer layer of the cavity at a radius
of 8.4 cm from the symmetry axis. The shorting plate is at 86.3 cm, and at 0 cm the return
section plate is situated.
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Curve a represents the situation when the gap is maximum, while curve b is calculated when
the gap is decreased with 10 mm (situation in Fig. 5.3). Suspecting that this modulation could
be due to the machine inaccuracy of the computer we altered URMEL-T in such a way that
we could calculate with double precision. The cavity parameters, when the beam pipe is
moved inward by 10 mm, are shown in table 5.5.

URMEL-T URMEL-T double
freq. (MHz) 40.58 39.95
Q 4707 4746
R,, (k) 852 904

Table 5.5: Cavity parameters calculated with URMEL-T and the adjusted URMEL-T
employing double precision. The gap is decreased by 10 mm.

There is not much difference between the results of the calculations with or without double
precision. If we look at the electrical field calculated with URMEL-T employing double
precision, we see from curve c in Fig. 5.4 that the modulation is still present. As a result of
these calculations we can conclude that URMEL-T isn’t the optimal program to be used for
this particular geometry of a cavity. Therefore we will use the computer code SUPERFISH
in the next paragraph.

i 1 |
MHet detuning effect R=8.40 cm

100

Z (cm)

Figure 5.4: a: URMEL-T calculations of the electric field at a radial distance of 8.4 cm
from the symmetry axis, with the complete gap distance of 27.5 mm.
b: URMEL-T calculations with a gap of 17.5 mm showing modulation.
c: URMEL-T double precision calculations with a gap of 17.5 mm.

The same calculations have been done with URMEL. This program also gave a modula-
tion in the electric fields, and is therefore also not suitable for this geometry.
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5.3 SUPERFISH calculations.

The same geometry of the cavity as used for the URMEL-T calculations, shown in Fig. 5.1,
is used for SUPERFISH. A SUPERFISH input file is given in appendix G. The following step
sizes were used: Az=3.11 mm and Ar=2.03 mm. This makes a total of about 18000 mesh
points. The plots of electrical field lines of a cavity with the full gap of 27.5 mm, and of a
detuned cavity with a gap of 17.5 mm are shown in Fig. 5.5, and in table 5.5 the main

parameters of the cavity are given.

i -
superfish productie cavity 43 MHFREQ= 43.974
a
A\l
AT O T T T LT T |
b

Figure 5.5: Plot of the electric field lines of a: cavity with a gap of 27.5 mm, b: detuned

cavity with a gap of 17.5 mm.

SUPERFISH gap gap
calculations 27.5 mm 17.5 mm

freq. (MHz) 43.97 43.94

Q, 4746 4742

R, kQ) 573 573

Table 5.6: SUPERFISH calculations of the effect of a change in the width of the gap.
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The frequency is lower when the capacitance is increased by shifting the tube inwards, as
expected. If we compare the SUPERFISH and URMEL-T results in table 5.2 for the geometry
with a complete gap of 27.5 mm we see good agreement. In the data given by SUPERFISH
no modulation of the electric fields can be seen. We conclude that for these geometries
SUPERFISH is superior to URMEL-T.

In Fig. 5.6 the electric field profiles on the symmetry axis of the cavity are given for a gap
of 27.5 mm and a gap of 17.5 mm.

Superfish calcutation for the electric fields at r=0.1045 cm
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Figure 5.6: Electric field profile along the axis of a cavity with a: a gap of 27.5 mm and
b: the tube shifted inward resulting in a gap of 17.5 mm.

The definition of the transit time factor used in SUPERFISH is

[ Ear=0ycoskz dz
T=_—" : (5.1

f E(z,r=0)d:

Here it is assumed that z=0 corresponds with the middle of the gap.
The electric field profiles in Fig. 5.6 can be approximated by a Gauss function

f2)=he ) : ¢

where h is the height of the function and ¢ the FWHM (full width at half maximum). If we
use this function for E, we get
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To solve the integral we used a table of integrands [GRA 71].
This can be compared with the approximation of the electric field by a step used in chapter
2. Here the transit time factor was given by

. 0
sin—.

T=_ 2 .~.1-l($j . (5.4)

| @

Because o>g

lwozlwg (5.5)
4 v | 3|y |

With v=c the velocity of light, f=43 MHz, g=2.75 cm, and 06=3.9 cm the transit time factor
for the cavity is T=1 ( the deviation from unity is less than 107).

5.4 Construction of the model cavity.

The cold model cavity employing longitudinal transmission line folding was constructed out
of copper. The construction consists of three coaxial cylinders brazed on two flanges. The
wall thickness of the outer and middle cylinders is 3 mm, that of the inner cylinder 2 mm.
Because of the weight and the length of the middle cylinder and because it is brazed at one
end to the flange it is necessary to calculate the deformation of this cylinder due to its own
weight. In Fig. 5.7 the situation is schematically drawn. The parameters are: D the outer
diameter and d the inner diameter of the middle cylinder, G the centre of mass, | the distance
of the flange to G (half length of the cylinder), and x the deviation from the symmetry axis
at a distance 2/ from the flange. For this deviation the following equation holds [MAG 93]

3
PL emy, 56
3EI

X

with P the mass of the éylinder (kg), E the modulus of elasticity (kg/cm?), and I the moment
of inertia

D*-d*
) ) .7
20 (cm)
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Figure 5.7: Deformation of the middle cylinder.

Using the data given in table 5.6 we get for the deformation x=1-10" mm.

D=11.1 cm
'd=10.5 cm
1=42.0 cm
P=10 kg
E.=1.210° kg/cm?

Table 5.7: Data of the copper middle cylinder.

‘rhis means that there will be no deviation from the axis of symmetry that will be larger than
the construction inaccuracy. The largest cylinder doesn’t have this problem because it is
brazed on two sides to the flanges. The smallest cylinder is light compared with the middle
cylinder, so the deviation from the symmetry axis will even be smaller than that of the middle
cylinder. Because this is a "cold" model, it is not necessary to braze it with silver. The
dimensions of the cavity are given in table 5.1. The complete drawing of the cavity is given
in Fig. 5.8.

For the decreasing of the gap in order to be able to detune the cavity the criterion of
Kilpatrick [SCH 81] holds. The Kilpatrick field limit for any frequency is

_85
f=164E%e F | (58)

where f is the frequency in MHz below which sparking is possible for surface peak electric
field E in MV/m. Suppose the gap voltage V,=50 kV over a gap of 1 cm, then E,;=50 kV/cm
so E;=5 MV/m. The frequency limit is then f=7.49 MHz. Because the cavity will operate at
a frequency of =45 MHz there will be no sparking when employing 50 kV over 1 cm, even
when there are peak electrical fields.

In order to couple power into the cavity three openings were made into the cavity: one at the
shorting plate, one at the middle of the outer cylinder and one at the return section plate.
Power will be coupled in at one of the locations at a time. The other two unused couple
points will be closed with two little flanges. For the one used, a special flange is constructed
with a BNC with a reading on it for the orientation angle. To this BNC the coupling loop will
be soldered. The entire flange can be rotated 360 °, in order to adjust the amount of power
coupled into the cavity. On the other side of the BNC the generator will be connected.
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Figure 5.8: Construction drawing of the complete cavity.
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Chapter 6

Measurements on the Model Cavity

6.1 Introduction.

A scale 1:1 copper "cold" model of a two layer accelerating cavity employing longitudinal
transmission line folding has been built. A photograph of the cavity with its measuring
equipment is shown in Fig. 6.1.

Measurements on the cavity were done in order to obtain the resonance frequency, frequency
spectrum, quality factor and the shunt impedance. Also impedance matching was investigated
and the VSWR on the input line was measured. In paragraph 6.2 the experiments done to
measure the quality factor are presented. The results are compared with analytical predictions
and with the numerical calculations done with URMEL-T and SUPERFISH. In paragraph 6.3
the measured cavity impedance is presented and compared with curves obtained by the
analytical model derived in chapter 4. Paragraph 6.4 describes the determination of the shunt
impedance of the cavity, from the data obtained in paragraph 6.3. These results will also be
compared with the numerically and analytically obtained results. In paragraph 6.5 the detuning
effects due to changes of the accelerating gap are presented. The measured VSWR curve will
be presented in paragraph 6.6. Finally in paragraph 6.7 some conclusions will be given.

6.2 The quality factor.

To measure the unloaded quality factor Q,, power has to be coupled into the cavity at one
side, and a measuring signal must be coupled out of the cavity at the other side. The quality
factor Q, is determined by Eqs. (2.17) and (2.18). Therefore the resonance curve of the cavity
has to be determined. The resonance frequency is determined by sweeping the input frequency
over a certain range. Resonance occurs when the amplitude of the measuring signal reaches
a maximum.

The power will be coupled into the cavity by an inductive loop, as shown in Fig. 6.2. The
loop can be mounted at three different places: at the shorting plate, at the return section plate,
and at the middle of the outer cylinder. For strong coupling, the position of the loop should
be at a place where the magnetic field is high. This will be at the shorting plate. Also for
strong coupling the loop must be oriented perpendicularly to the magnetic field. Then the
mutual induction M will be high.

The cavity signal is measured with a stripped piece of coaxial cable, acting as an antenna that
is placed on the symmetry axis near the accelerating gap.
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Figure 6.1: Photographs of the "cold" cavity model. a: The cavity with the measuring
equipment. b: The disassembled cavity. Clearly seen are the different cylinders.
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a b

Figure 6.2: a) Coupling of rf-power into the cavity with an inductive loop. b) Some
different coupling loops: one made of copper wire and the other one made of
copper strip.

In Fig 6.3 a layout of the experimental setup is given. The output of the rf generator is
amplified by a 27 dB amplifier. This amplifier was necessary to obtain a high enough cavity
signal even when the major part of the input power is reflected due to cavity detuning or loop
mismatch.

Figure 6.3: Schematic layout of the experimental setup, to measure the frequency
spectrum, resonance curve and the quality factor of the cavity.
1: rf signal generator (HP 8654 A), 2: frequency counter (PM 6680),
3: 27 dB amplifier, 4: cavity, 5: oscilloscope (Tektr.2445).

We measured the frequency spectrum from 10 to 320 MHz. This range is limited to 320 MHz
by the operational frequency range of the oscilloscope. In this range we found 14 resonances.
They are listed in table 6.1. The measured results are compared with frequencies of the first
4 modes numerically calculated with URMEL-T and also with the analytical frequency
predictions of these modes. The signal coupled out of the cavity has a strong maximum for
the resonance frequencies corresponding with the 1* harmonic. These measured resonance
frequencies agree well with the calculated frequencies.
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Resonance” Signal® Harmonic | Mode URMEL-T analytical
freq. (MHz) freq. (MHz) number | number freq.(MHz) freq. (MHz)
14.61 45 1/3 1
21.91 40 172 1
43.83 44 1 1 43.08 43.83
55.69 222 1/4 3
62.59 320 1/5 4
67.39 133 12 2
74.25 222 1/3 3
104.34 222 1/3 3
111.38 314 12 4
134.77 133 1 2 133.1 131.5
156.51 314 12 4
200.91 400 1/2 5
22275 222 1 3 217.2 219.2
313.03 314 1 4 309.0 306.8

Table 6.1: Frequency spectrum of the cavity compared with the numerically and analytically
calculated frequencies. V rf generator frequency 2 frequency as established
from the oscilloscope signal.

In Fig. 6.4 the measured resonance curves of the ground mode are shown. Curve a is obtained
when the loop is placed at the shorting plate perpendicular to the magnetic field. In curve b
the loop rotated 90 °.

Resonance curve, §-0" Resonance curve, §=90"
10
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Figure 6.4: Resonance curve of the ground mode. a: Loop perpendicular to the magnetic
field. b: Loop rotated 90°. The area of the loop is 15 cm?.

51



From these curves the quality factor can be determined, if the bandwidth BW is measured.
The quality factor is the reciprocal of the bandwidth, as was shown in chapter 2. This means
that if the curve is narrow, Q is high. In Fig. 6.4 curve b is narrower than curve a. For a good
measurement of Q, as little power as possible should be coupled in and out of the cavity by
the loop. This can be achieved by introducing a mismatch between the power source and the
cavity, in such a way that almost all power is reflected. When the loop is positioned
perpendicularly to the magnetic field much power is coupled into the cavity because of the
large dimensions of the loop and therefore much power is coupled out by the loop. This
means that the measured quality factor is low. Therefore, the best estimate of Q, is obtained
when the loop is rotated 90°. In table 6.2 the measured Q-values are given as a function of
the rotation angle 6.

Rotation angle Resonance Quality

0+ 5 (Degr.) frequency f, (MHz) factor Q,
0 43.864 1954
15 43.861 2130
30 43.858 2475
45 43.855 3043
60 43.853 3810
75 43.851 4075
85 43.852 4274
90 43.854 4217

Table 6.2: The measured quality factor as a function of the rotation angle of the loop.

In Fig. 6.5 the quality factor is drawn as a function of the rotation angle. If the loop is placed

at the return section plate, the curve of the quality factor as a function of the rotation angle
is more or less the same.

Quality foctor as g function of the rotation angle of the op

4500 o —

4C00

3500

[ P e

ad

~n
w
[
[e)

Quality factor Q
(¥
S
S
o

20CC

faasalasgalass

Al n | i

1500

E
Min. enciosea
E 'qu flux -
a 1
t
v
ok
L
0

O 40 60 a0 100
Angle of loop 8 (degree)

Figure 6.5: The quality factor as a function of the rotation angle.
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From table 6.2 and Fig. 6.5 it can be seen that the maximum value doesn’t occur at a rotation
angle of 90° but at 85°. This is the result of a slight deformation of the loop.
In table 6.3 the quality factors obtained by measurement and by analytical and numerical

calculations are compared.

Method Q,
Measured 4274
URMEL-T 4590
SUPERFISH 4746
Analytical without 4399
return section

Analytical with 4625
return section

Table 6.3: Comparison of Q, obtained by different methods.

The measured and calculated Q,-values differ from each other by about 8%, so there is good

agreement.

Also the normalized amplitude of the signal coupled out the cavity as a function of the
rotation angle 8 was measured. In all cases the frequency was adjusted so that the signal was
maximal. The results are shown in table 6.4 and Fig. 6.6.
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Figure 6.6: The normalized signal coupled out of the cavity as a function of the rotation

angle of the loop.
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0 AVIV,,, f,
+5 (degr.) (MHz)
0 0.95 43.860
8 0.97 43.361
15 0.98 43.860
22 0.99 43.859
30 1.00 43.858
38 1.00 43.857
45 0.98 43.855
53 0.90 43.854
60 0.80 43.853
68 0.57 43.852
75 0.32 43.852
83 2.02:10° 43.851
90 0.29 43.852

Table 6.4: The normalized output signal as a function of the rotation angle of the loop.

As expected, the signal coupled out of the cavity decreases if less signal is coupled into the
cavity. This occurs when the rotation angle of the loop increases. From the table it is seen
that the resonance frequency decreases when less power is coupled into the cavity. The
inductance and the capacitance of the cavity are slightly changed when the loop is rotated.

6.3 Measurements of the cavity input impedance.

With the vector impedance meter HP 4815A the absolute value of the complex input
impedance of a cavity seen by the generator can be measured as a function of the frequency
and the argument . The frequency of the measuring signal generated by the impedance meter
is obtained with the frequency counter. The probe of the impedance meter has a BNC
connector which can be attached directly to the BNC connector of the coupling loop. The
coupling loop was positioned perpendicularly to the magnetic field.

In Fig. 6.7 the results are shown when the power is coupled into the cavity at the shorting
plate and at the return section plate for the same thin loop with an area of A=15 cm?.

From the data obtained by the vector impedance meter the complex impedance circles are
simply constructed with the equations
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ReZ=|Z|cosy , (6.1)
ImZ=|Z|siny ,

with -90<y<90 the angle between |Z! and the real impedance axis.

Vector impedance curves, 8=0°, different coupling positions
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Figure 6.7: Complex cavity impedance curves for a thin coupling loop with an area of
15 cm?.
Circle a: power coupled in at the shorting plate.
Circle b: power coupled in at the return section plate.

From the intersection of the two curves with the imaginary axis the reactance of the loop can
be determined: wL,=4113 Q. Furthermore by measuring the diameter of the circles the factor
w*M?/R; in Eq. (4.9) of the input impedance can be determined.

Circle a) intersects with the real impedance axes at 10611 €. There is matched coupling when
Im Z=0 and |ZI=Z=R,. The generator and the coaxial cables all have a characteristic
impedance of 50 . This means that for a matched circuit the impedance circle should
intersect the real impedance axis at 50 €. It is possible to obtain perfect matching for the loop
placed at the shorting plate. The loop then needs to be rotated over approximately 35°. An
other possibility is by exchanging the loop for a smaller one (radius of the circle decreases)
and/or a thicker one (the reactance of the loop decreases).

For circle b, representing the loop placed at the return section plate, no perfect matching can
be accomplished by rotating the loop. The circle will never intersect the real axis for the loop
used in this situation. A solution is a larger and/or thicker loop.

In Fig. 6.8 the results of choosing a different loop to couple power into the cavity at the
shorting plate are shown. The larger circle is the same as seen in Fig. 6.7.a. The smaller circle
is obtained with a coupling loop with an area of 11 cm? made of a strip of 1 cm width .
These different dimensions have the result that the diameter of the circle in the impedance
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plot is smaller as well as the offset in the vertical direction. This because the reactance wL,

has become smaller.
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Figure 6.8: Cavity impedance curves. Large circle: large thin loop.

From Fig. 6.8 we find that for the small loop wL,=2113 €, and that the circle intersects the
real axis at almost 50 Q, namely 53 Q. Thus for the small thick loop almost perfect matching
has been accomplished. For perfect matching the loop only has to be rotated by a few
degrees. We can conclude that it is possible to achieve matched coupling with a correctly
chosen loop. From the data supplied by the vector impedance meter it is possible to deduce
the resonance frequency, the quality factor and the reactance of the loop. For this we have
fitted the curves in Fig. 6.9, representing the absolute value of the cavity impedance as a

Small circle: small thick loop.

function of the frequency.
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Fit of the mecsured values of the vectar impedance resondte curve
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Figure 6.9: The measured vector impedance as a function of the frequency.

The primary impedance seen by the generator is given by Eq. (4.9)

2 2
Z oL +SM__
P R (1+2jQ,0)

We can define a detuning angle y (as in chapter 2)

tany=-20,8 , (6.3)

so that Z, can be written as, with R.= @’M?R,,
Z =R cosy+j(wL, +R cosysiny) , 6.4)

pr

with the absolute value equal to

1

1Z,.| "'{RzZCOS“I/ +L, +choswsin\|1)2}’ . (6.5)

and

y=arctan{2 f"T.-fQo . (6.6)

0
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By using Egs. (6.5) and (6.6) to fit the data points in Fig. 6.9 with the computer code

PLOTDATA [PLO 92] using the least squares method, we get the following results

Parameter Thin loop Error Thick loop Error
f, (MHz) 43.851 5.9-10° 43.900 1.3.10*
Qo 4175 39 4245 79
oL, (Q) 39.5 0.6 20.7 0.8
R, () 120.5 0.7 60.0 0.8

Table 6.5: Results of fitting the vector impedance curves in Fig. 6.9.

The values of the resonance frequencies and the quality factor are in good agreement with the
values measured in the previous paragraph.

6.4 Shunt impedance.

From the data obtained in the previous paragraph we now can calculate the shunt impedance

of the cavity. With R, the series impedance in the equivalent circuit of paragraph 4.2, and I,
the current at the shorting plate, we have for the dissipated power

p,LygVer 6.7)
S5 2 5 Rs"
SO
2V}
R,=—% . 6.8)
RJ
With
2802
R=2 1;” , (6.9)

s

and if we approximate the cavity by a ideal Y4A-resonator (V,, =I,Z, with Z, the characteristic

. gap
impedance) we get

' 2
_2RZ, (6.10)

sh~_ °
wM?
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For the mutual inductance we found in chapter 4

YL (6.11)
2rrl, 2nr

where we have used I =], because the location where the power is coupled into the cavity is
close to the shorting plate. Together with Eq. (6.10) we get an expression for the shunt
impedance

2.2
~2RzZor

i M 6.12
phfyA? N

sh

When we substitute the data for f;, A, and R, obtained in the previous paragraph for the thin
and the thick loop, and use Z=50 Q, r=8.85 cm and compare these results with those
calculated numerically and analytically, we get

Method R,, k)
Measured (thin loop) 579180
URMEL-T 552
SUPERFISH 573
Analytical without 509
return section

Analytical with 556
return section

Table 6.6: Measured shunt impedance compared with calculated values.

For the thick loop we get a measured shunt impedance R,=537 k€ with an error of 80 Q due
to the inaccuracy in determining the area of the loops. The shunt impedances measured for
the two types of loops agree well. Furthermore there is a good agreement between the
numerical and analytical values and the measured value of the shunt impedance of the thin
loop.

6.5 Detuning.

The cavity can be detuned by shifting inward a beam pipe at the accelerating gap, decreasing
the gap. With this action the total capacity of the cavity is increased and therefore the
frequency decreased. In chapter S URMEL-T calculations have been performed yielding the
results shown in table 5.4.

Now the detuning of the cavity is measured using the same setup used to measure the quality
factor. The large thin coupling loop is placed near the shorting plate, perpendicular to the
magnetic field in order to get a strong output signal on the oscilloscope. Gradually the gap
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distance is decreased. The results are shown in table 6.7.

gap Resonance
(mm) freq. (MHz)
27.5 43.88
25.0 43.87
22.5 43.85
20.0 43.83
17.5 43.80
15.0 43.76
12.5 43.71
10.0 43.62
7.5 43.53
5.0 43.31
25 42.81

Table 6.7: Detuning of the cavity by decreasing the accelerating gap.

With a quality factor of 4500 the necessary detuning is about 0.01 MHz in order to obtain
impedance matching. But due to small inaccuracies in the construction of the cavity the
minimal detuning must be about 0.1 MHz. From the results given in table 6.7 it is seen that
with detuning by capacitive loading this can be reached on signal level. Detuning of the
cavity is limited by sparking. This occurs when the gap is less than 1 cm with a gap voltage
of 50 kV and a frequency of =45 MHz. If we compare these results with the SUPERFISH
results in table 5.5 we see good agreement.

6.6 Voltage standing wave ratio.

A measure for the mismatch of a line is the VSWR. From Eq. (4.22) it is seen that the
VSWR is a real quantity such that 1ISVSWR<ee. The VSWR on the input line of the cavity
can be measured by placing a VSWR-meter between the generator and the cavity, as is shown
in the experimental setup in Fig. 6.10.
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generator amplifier VSWR cavity
dB meter

frequency oscilloscope
counter

Figure 6.10: Schematic layout of the experimental setup to measure the VSWR.

First the VSWR-meter was tested with loads having a known real impedance. The
characteristic impedance of the generator and the coaxial cables is 50 €. We therefore made
one load 50  and one (consisting of two parallel 50 2 impedances) 25 € load. The results
of the test are shown in table 6.8.

Load VSWR VSWR
expected measured
50 Q " 1 1.2

2350 | 2 1.8

Table 6.8: Test of the VSWR-meter. The expected and the measured VSWR as a function
of a known load.

For the actual measurements we rotated the loop 1715° in order to obtain a maximum output
signal on the oscilloscope. In Fig. 6.11 the results of the measurements are shown. Also the
resonance curve is shown, in Fig. 6.11. Due to the limit of the VSWR-meter only a small
range of the resonance curve can be scanned. The resonance frequency measured with the
oscilloscope is off the frequency scale. The minimum in the VSWR occurs at a frequency of
43.854 MHz, while the resonance frequency lies at 43.861 MHz. At this minimum the
VSWR=1.9 with an expected error derived from table 6.8 of 0.2. There isn’t perfect matching
due to the fact that the power is coupled into the cavity by the thin loop, without being
rotated 35° as discussed in paragraph 6.3. From this value of the VSWR we can calculate the
absolute value of the load (cavity plus loop) with Eq.(4.23). The load is 1ZI=9519 Q. At a
frequency of 43.854 MHz where this minimum of the VSWR occurs the measurements of the
vector impedance in paragraph 6.3 gave IZI=10611 Q with 8=0°. These two results give good
agreement.
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Figure 6.11: The voltage standing wave ratio.

6.7 Conclusions.

The frequency spectrum of the cavity showed more resonance frequencies than predicted by
URMEL-T and analytical calculations. This is due to higher harmonics in the rf signal.
Resonance curves were measured from which the quality factor was calculated. The quality
factor is dependent on the place where power is coupled into the cavity and the rotation angle
of the loop. The less power is coupled into and out of the cavity the more accurate the
unloaded quality factor can be determined. The measured Q, is about 8% lower than the
numerically and analytically calculated values. They all show good agreement.

It is possible to obtain matched coupling with a loop. Good results for the resonance
frequency and the quality factor were obtained from fits of the cavity impedance curves. The
small difference in resonance frequency that occurs when power is coupled in with two
different loops is due to the inductance of the loops. In order to create matched coupling the
loops can be rotated, which changes the mutual inductance, and/or the inductance of the loop
can be lowered by using thick wire.

From the cavity impedance measurements the shunt impedance can be determined
experimentally. The analytical and numerical calculations are in good agreement with the
experimentally obtained values.

The cavity must be 0.1 MHz detunable. By pushing the beam pipe into the accelerating gap,
decreasing the distance of the gap to 1 cm, a detuning was reached of =0.3 MHz.

The absolute cavity impedance can be obtained from a VSWR measurement although this
method is not so accurate due to the inaccuracy of the VSWR meter.

We have seen that all the important parameters of a cavity, resonance frequency, quality facor
and shunt impedance can be determined experimentally, analytically and numerically.
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Chapter 7

An Alternative Design of an Accelerating Cavity

7.1 Introduction.

The construction of the cavity treated in the previous chapters becomes rather complicated
because more than two coaxial layers are needed to reduce its length to 0.5 m. In the search
for a simple design of a cavity with a physical length several times shorter than its electrical
length, we found at the end of this graduate study a third design which is described in this
chapter. In paragraph 7.2 analytical calculations are performed on this new cavity, using the
transmission line matrix theory described in chapter 3. These calculations will be compared

with numerical calculations performed by SUPERFISH. In paragraph 7.3 conclusions will be
drawn.

7.2 Analytical calculations.

The latest design of an accelerating cavity for the EUTERPE storage ring is depicted in Fig.
7.1. It consists of an inner cylinder serving as beam pipe, an outer cylinder, two flanges and
a large plate acting as a large capacitor. Due to the large capacitance of the total cavity, the
length is small.
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Figure 7.1: A YA transmission line cavity employing capacitive loading.

This cavity can be represented by a transmission line terminated with a capacitance, see Fig.
7.2. : ‘ ‘
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Figure 7.2: The cavity represented by a transmission line terminated with a capacitance.
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The current and voltage profiles are determined by the matrix description in Eq. (3.2). The
capacitive loading is taken into account with a matrix as in Eq. (3.3), but with the inductance
L put to zero, because the currents are almost zero this close to the accelerating gap. The
matrix equation for the entire cavity then becomes

coskl  -jZsinkl

V. 1 0

2

L | | qwc 1 —%sinkl coskl

7.1)

with Z the characteristic impedance, C the loading capacitance, and I the total length of the
coaxial line. This equation gives (when using V,=0 and I,=0) the following two equations

V2=_jZIOSinkl 3 (7‘2)
I (coskl-wCZsinkl)=0 .

From the second equation we get the resonance condition

tankl=__1 _ . (1.3)
owCZ

If we assume that the inner radius r; is much smaller than the outer radius r, (r,<<r,) then in
good approximation the capacitance C is

2
0.5 z

- ’

d d

where d is the accelerating gap. As in chapter 3 the shunt impedance and the quality factor
can be calculated by first calculating the dissipated power and the stored energy. The
analytical shunt impedance and the unloaded quality factor are

R 2 4md Z %sin%l
sh_ 9
P RN sin2kl) (7.5)
) i ) DY S D
ro\ron 2 4k
_2kl+sin2kl R, (1.6)
® " 8sinkl Z

where / is determined by Eq. (7.3).

These analytical results are compared with numerical results obtained by SUPERFISH
calculations for a cavity with r;=2.5 cm, r,=15 cm and d=1 cm. These results are shown in
Fig. 7.3. There is good agreement. As can be seen from Fig. 7.3 for a cavity operating at 45
MHz the length would be 45 cm. Furthermore a quality factor of 6600 and a shunt impedance
of 580 k2 can be achieved. For a gap voltage of 50 kV, the required rf power would be 4.3
kW, compared to 1.8 kW for a 3-layer cavity employing longitudinal transmission line folding
with a length of 350 cm.
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Figure 7.3: Analytical calculations of the length, the quality factor and the shunt
impedance compared with the numerical calculations of SUPERFISH [HEI 93].
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7.3 Conclusions.

The alternative cavity, employing capacitive loading is much simpler of construction than a
3-layer cavity employing longitudinal transmission line folding. The important parameters of
the cavity (such as length, quality factor and shunt impedance) can be calculated analytically.
They agree well with numerical calculations done with SUPERFISH.

If we compare the quality factor and the shunt impedance with a cavity employing
longitudinal transmission line folding with a length of about 50 cm and a characteristic
impedance of the layers of 50 Q (table 3.2) large differences can be seen. The quality factor
of a 3-layer cavity is =8300, the shunt impedance =1400 k€2 and the power 1.8 kW, compared
to Q,=6600, R,=580 kQ and P, =4.3 kW of the alternative cavity. The larger R, the less
power is needed to obtain an accelerating voltage of 50 kV.

The design of a cavity employing capacitive loading came up late in this graduate study, so
more research has to be done on this subject.
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Chapter 8

The Tetrode Power Source

8.1 The tetrode.

Tetrode vacuum tubes are well established as high power rf sources in the VHF (30-300
MHz) band. The tetrode consists of an evacuated tube containing four electrodes: a cathode,
a control grid, a screen grid and an anode. It is also known as a screen-grid tube.

The tetrode that is going to be used as the power source for the EUTERPE accelerating cavity
will be the Eimac 4 CW 10,000 A power tetrode, shown in Fig. 8.1. The electrodes in this
tube are positioned as coaxial spirals. The thoriated tungsten cathode is placed at the centre.
The cathode is surrounded by the control grid and the screen grid. The anode is forming the
outside of the tube.

OUTLINE

- =0 mrsmecos
| ]
- Ref Inches Millimetres

e - g

— ! A 8.375 + 0.250 2127+ 6.4
Co 4.656 max 118.3 max

: (' 8 4.524 min 114.9 min

L e | - c 1.625+0.125 41.2843.18
. ; D 2.562 + 0.250 65.07 + 6.35
- 3 2.062+0.125 52.37+3.18
o F 4.903+0.122 1245+ 3.1
bt C I G 3.500 + 0.150 88.90 + 3.8
. . 4.156 max 105.6 max
€ : H 4.000 min 101.6 min
LQ : [ ] f Millimetre dimensions have been derived from inches.

—
o

Figure 8.1: Outline of the Eimac 4 CW 10,000 A power tetrode with in the table its
dimensions.

In order to understand the operation of the tube the behaviour of the anode and the cathode
is considered first, and the effects of the grid and the screen are added later. Suppose the
cathode, grid and screen are grounded and the anode is held at a positive voltage, then the
tube behaves as a diode. By passing a current (75 A) through the cathode, it emits electrons.
The anode collects the electrons when its voltage V, is positive, and repels them when it is
negative. The current flow in the diode for V,>0 is limited by space charge of the electrons
moving between the cathode and anode. The result is a current I, which is space-charge
limited and is given by Child’s law [ZIE 74]

1=kV>"*, 8.1)

where the coefficient k is expressed in amperes per volt*? and is called the perveance, and
is determined by the geometry of the tube. For very low anode voltages, V, has to be
corrected [TER 55]. For very high anode voltages the anode collects all the electrons emitted
by the cathode and the diode is said to be saturated, see Fig. 8.2.
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Figure 8.2: Characteristic showing space-charge limited and saturated regime.

Now the control grid is added between the cathode and the anode. The function of this helix
wire is to control the current flowing from the cathode to the anode independent of the
voltage between the two. The control grid voltage is negative, so no electrons can arrive at
the grid. Thus the grid current I, is zero. The number of electrons that reach the anode in a
triode tube under space-charge limited conditions is therefore almost solely determined by the
electrical field in the cathode-grid space; once the electrons have passed the grid, they travel
so rapidly to the anode plate that space-charge effects in the grid-plate space can be neglected.
The negative voltage applied to the grid causes an electric field at the cathode which will
lower the overall attractive field at the cathode, reducing the anode current. Beyond some
critical value of the grid voltage, called the cut-off point, no anode current will flow. If the
grid voltage is positive the anode current is increased but also electrons are attracted to the
grid, leading to a grid current. Excessive grid current can overheat the grid.

The electrical field in the vicinity of the cathode is proportional to the quantity (V,+V /),
where V, is the grid voltage. The quantity p is the ratio of the effectiveness of the grid and
the anode in producing electric fields at the cathode and is called the amplification factor,
[TER 43].

v,

- —a-‘-/: ]a . (82)

p=

The amplification factor p is determined by the geometry of the tube. If the grid has a regular
geometrical construction, then p depends only weakly on the adjustment of the tube i.e. the
grid voltage and can be seen as a constant.

The anode current depends upon an effective voltage (V,+V,/p) and equals

n

1%
1=k Vg+_" ,
i}

(8.3)

where k is about the same as in Eq. (8.1). This is a good approximation if in Fig. 8.3 the ratio
w/d is relatively small (not larger than 5), and if w/d g, is less than unity. In that case the field
distribution near the cathode is more or less uniform. However, if w/d is relatively large and
w is relatively large in comparison with d,,, the field distribution near the cathode is very
inhomogeneous and the anode current comes mostly from the cathode regions near the middle
of the spaces between the grid wires. It is found that the anode current can then be
represented as [ZIE 74]

68



I= / Vg+£ (8.4)

PN

Figure 8.3: Cross section of a triode.

Eq. (8.3) doesn’t hold for small I,. The characteristic of I, as a function of V, is somewhat
more curved than expected from Eq. (8.3) due to the fact that the field distribution near the
cathode becomes inhomogeneous. This can mean that the grid voltage needed to completely
cut off the anode current is more negative than predicted by Eq.(8.4).

Also when [, is small, especially when also V, is strongly negative, p decreases with 10 to
20%. This is also due to the inhomogeneous field distribution. Davidse [DAV 70] calls this
“eilandvorming”.

Next we consider the behaviour of the complete tetrode. The grid added to a triode is called
screen-grid or screen, as a result of its screening or shielding action. It acts as an electrostatic
shield between the grid and the anode. The screen grid is maintained at a positive voltage
with respect to the cathode, and maintained at ground potential with respect to rf by means
of a capacitor. It serves to increase or accelerate the flow of electrons to the anode. Because
there are large openings in the screen mesh, most of the electrons pass through it and arrive
on the anode. Due also to the screen, the anode current is largely independent of the anode
voltage over the usual operating range. This increases the amplification factor p.

There is a disadvantage in using a screen grid. When electrons from the cathode approach the
anode with sufficient velocity, they dislodge electrons on striking the anode. This gives rise
to the condition of secondary emission. The screen is close to the anode and maintained at
a positive potential, thus the screen will attract these electrons, particularly when the anode
voltage falls to a lower value than the screen voltage. The result is that the anode current is
lowered and the amplification is decreased. It is therefore necessary to operate the anode at
a high voltage in relation to the screen in order to overcome these effects of secondary
emission. In Fig. 8.4 some anode current characteristics are drawn for a tetrode. The ratio of
the effectiveness of the grid and the screen in producing electric fields at the cathode is
known as the screen grid amplification factor p,.
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(8.5)

Ugy= 140V

Figure 8.4: 1,-V, characteristics of a tetrode.

The relation between the anode, grid and screen voltages and the total cathode current of the
tetrode is now [ORR 75]

(8.6)

1% vV,
I fl,,"l,“lg =k|V +| 2 | — ,
e )R

where I,=0 if the control grid is negative with respect to the cathode.

It is generally assumed that the cathode current is independent of the anode voltage. Below
the normal operating range of the anode voltage, the anode current and the screen current are
not constant. This equation also has to be corrected for very low anode voltages [TER 55].

8.2 Fits of the Eimac tube current characteristics.

The manufacturers supplied constant current characteristics of the tetrode, shown in appendix
F. The total cathode current I, can be obtained from these curves as a function of V,, V, and
V.. The equation chosen to model I, is an adaptation of Eq. (8.6)

1% vV 8.7
1=k Vg+ 2l —
|} B,

The exponent */, is now replaced by the variable . This because some of the problems
mentioned in connection with this equation can be taken into account if a higher value than
%/, is chosen for the exponent o. Consider the cross section of the tetrode in Fig. 8.5. The
exponent is about */, for w/d relatively small and where w/d,, is not too large. The exponent
can become 2 (k changes too) if w/d and w/d., are both large [ZIE 74].
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Figure 8.5: Cross section of a tetrode.

So, letting . be variable as a fit parameter, a better fit of the current characteristics can be
obtained even more because p and p, are not really constant. The cathode current I is
calculated by adding the anode current and the screen current. The grid current is zero over
the entire operating range.

The operating screen voltage will be 1500 V. This means that the operating range of the
anode must be chosen higher than 1500 V in order to prevent secondary electron emission.
The cathode current curves that will be fitted with Eq. 8.7 are chosen in such a way that the
anode voltage is constant. This results in one variable namely V, and four parameters, k, p,
B, and o. A command file was written for the VAX software package PLOTDATA, to fit I,
curves with different constant V, using a least squares fitting method. The command file also
produces graphs of the actual and calculated values of I, as a function of V, for different
values of V,.

First it was assumed that p and p, were constants. This resulted in values for a calculated
between 2.1 and 2.5. Next we assumed p a function of I, and thus of V,. This resulted in
2.120<2.8. Finally we assumed that p and p, are a function of V,. This resulted in the
expected values of a distributed around 1.5. The complete results of the calculations of k, p,
j, and o are shown in table 8.1. The input values of p and p, when they are taken constant
are the average values of the p’s and p’s calculated with Egs. (8.2) and (8.5) from the current
characteristics in appendix F. The amplification factor p calculated with I =constant is
constant over the entire range of the anode voltage, but is a function of the grid voltage. This
is shown in Fig. 8.6.
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Figure 8.6: The amplification factor p as a function of the grid voltage (V,=7 kV and
V.=1500 V).
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V, V) 2 3 4 5 6 7
pen p fit param.
k 2.9-10° 2.3:10° 9.6:10° 1.5-10° 3.2:10° 4.3-10°°
p 182.3 182.0 181.8 170.0 155.5 161.4
B, 4.1 4.0 3.9 3.8 3.8 3.7
o 22 2.2 24 23 2.1 2.5
function of I,
5.6°107 4.9-10° 1.1-10° 1.8-10°° 3.0-10° 7.4-107
By 4.3 4.2 4.0 3.9 39 3.7
o 2.1 2.1 24 2.3 22 2.8
pen pg functions of I,
k ” 3.4:10° 3.4-10° 1.3-10° 6.1-10* 1.3-10° 6.5-10°
o “ 14 1.4 1.6 1.8 1.7 2.3

Table 8.1: Results of fitting I, with Eq. 8.7.

The screen grid amplification factor p, is a function of V, and I,, and therefore a function of
V, and V,. In table 8.2 the results are given.

L\V, 2 3 4 5 6 7
(A) kV)
14 4.3 4.6 4.9 5.2 5.4 5.7
12 4.6 4.8 5.1 5.3 5.6 5.9
10 5.1 4.9 5.3 5.6 5.7 59
8 5.2 5.5 5.6 5.7 5.8 59
6 5.1 5.5 5.4 5.5 5.6 5.7
4 5.2 5.2 5.3 5.3 54 5.4
3 5.2 5.2 5.2 5.3 53 53
2 5.0 5.0 5.0 5.0 5.0 5.0
1 4.7 4.7 4.7 4.7 4.7 47
0.5 4.5 4.4 4.5 4.4 4.4 44
0 33 34 34 34 34 34
able 8.2: Screen grid amplification factors p, as a function of V, and I, (V).
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In Fig. 8.7 the results in table 8.2 are shown in a three dimensional plot.

Screen—~grid amplification factor K,

Figure 8.7: Three dimensional plot of p, as a function of V, and L.
As an example the actual and the calculated values of I, with V,=4 kV are shown in Figs.

8.8, 8.9 and 8.10.
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Figure 8.8: Fit of cathode current with p and p, constants. The contributions of I, and I,
are split up, and the fitted curve of I, with V=7 kV is plotted for comparison.
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Figure 8.10: Fit of the cathode current with p and p, functions of L,

The fit in Fig. 8.10 isn’t accurate for low cathode currents. This is due to the fact that Eq.
(8.7) doesn’t hold for small values of I,. Also inaccuracy in the determination of p and p; is

a cause of the fit being not perfect.

74




8.3 The operating line.

For our purpose the tetrode will operate in class C. The tube is then biased so that it is cut-off
for more than half of the rf cycle as shown in Fig. 8.11. The slope of the operating line is
determined by the maximum admissible anode dissipation. The maximum ratings for the
tetrode operating in this mode are given in table 8.3 [EIM 69].
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Figure 8.11: Class C amplification.

30-60 MHz
Anode voltage 7.0 kV max
Anode current 2.8 A max
Anode dissipation 10 kW max
Screen voltage 1.5 kV max
Screen dissipation 250 W max
Grid dissipation 75 W max

Table 8.3: Maximum ratings of the Eimac 4 CW 10,000 power tetrode.

Because the anode circuit of the tetrode will be tuned to the signal frequency, the voltages
on the operating line in Fig. 8.11 vary sinusoidally in antiphase with each other. The
operation throughout the rf cycle is therefore represented by points on the straight load-line
or operating line shown. The anode current is not quite a part of a pure sinusoid because of
the non-linearity of the tube characteristics. The so called Q (quiescent) point shown by the
little circle in Fig. 8.11 is found when the tube is biased so that in absence of rf drive it sits
at this point.

The operating line is determined by two points, the Q-point which represents the cut-off end
of the line and the peak anode current end of the line. The selection of an operating line can
be a process of successive approximation since the peak anode current end of the line may
require several test calculations to be carried out before the optimal position is selected.
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The dc anode current should not exceed the maximum value of I; ,,,,=2.8 A. The maximum
dc input power is determined by this value. The bias dc anode voltage determines the Q-point.
The Q-point must lay beneath the I,=0 A current characteristic so that the tetrode is a class
C amplifier. The maximum dc input power needed is therefore

P =VI (8.8)

in(max) ~ 0" O(max) *

and the maximum output power

P (8.9)

out{max) = n Pin(max) 4

where n is the efficiency.
By choosing the Q-point, one end of the operating line is determined. The other end is
determined by the peak anode current. The value of the peak anode current is estimated by

I . =al (8.10)

pk 0

where a is a factor which determines the ratio of peak to dc anode current, with

3.5<a<4.5. Next the operating line is constructed on the characteristic curves in appendix F
by choosing the minimum anode voltage. We must ensure that the anode voltage is always
greater than the screen grid voltage, and that the peak positive grid voltage is minimized for
a low grid current. It is even better to construct the operating line in such way that the peak
grid voltage is always negative. The left-hand end of the operating line is then fixed by this
voltage and the peak anode current.

To find the anode current waveform we carry out the construction shown in the lower part
of Fig. 8.12. (Here class A amplification is shown, but the method is the same for class C
amplification.) From the anode current waveform we can calculate the dc anode current and
the peak current value of the first harmonic component. The radius of the arc is equal to the
length of the load line from the Q-point to the other end. From the arc we construct lines
from which the anode current can be found at 15° phase intervals of the anode voltage. The
15° interval points are called A (0°) to F (75°). The dc and rf anode currents can be found
by Fourier analysis of the current wave form using numerical formulas given by [PRE 70]
and [CAS 92].

1,=(0.5A+B+C +D +E +F)/12 , (8.11)

and

1,=(A+1.93B +1.73C +1.41D +E +0.52F )/12 . 8.12)

I, can be compared with the value of I, assumed at the beginning. The result may differ
appreciably and if it is not satisfactory another test calculation is carried out with a different
minimum anode voltage. It may be necessary, if variations in the minimum anode voltage do
not give the desired result, to modify the assumed value of the peak anode current, by
modifying the factor in Eq. (8.10).
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Figure 8.12: Current characteristics with an operating line (class A), plus the arc construc-
tion to calculate the anode current waveform.

The amplitude of the rf anode voltage is
V.=V, 1% (8.13)

Q-poinl_ a(min) °

Thus the dc input power and the rf output power are then

P, . =V, (8.14)

de input

P oupa=0-5V 1, (8.15)

From these two equations the efficiency can be calculated.

The input and output resistances of the tube can be calculated. The output resistance is

Vi (8.16)

— g

1

out
1

which is often called the load resistance. Because of the high Q, value of the resonant circuit
(cavity), only the fundamental frequency component of the signal of the power supply will
be dissipated in the accelerating system itself. The rest of the supplied power will be
dissipated at the anode of the tube.

In order to find the input resistance of the tetrode, the amplitude of the rf control grid voltage
must be determined
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V.=V (8.17)

m--l 8 Q-poinll_lvg peakl s

and the rf input current is

L=+, . 8.18)
&

I, is the control grid current obtained by reading the control grid currents off Fig. 8.12 at 15°
intervals and employing Eq. (8.12). Then the rf input resistance is

= Via (8.19)

and the needed input power is

P. =05V, I. (8.20)

in"in °

From this it can be calculated that the power gain of the amplifier is

P
Gain=10 log ;"“’ . 3.21)

in

From the values of the dc anode current I,, the peak anode current I, the amplitude of the
first harmonic current component I;, and the current opening angle we can find values for the
exponent ¢ in Eq. (8.7). This is done with the use of Fig. 8.13 [TER 43].

Q60
- [
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040 ! y/’y/’/ — (00
Yde :‘// % % = t:g
T
" a0 /AQ el S
m S
‘i‘L /// % /¢/
m Y/ /‘ //
@20 7/
alo
0
) 120 160 200 240

40 8o
@-Angle of Current Flow -Degrees
Figure 8.13: Curves giving the relation of direct-current I;=I, and the fundamental

frequency I, components as a function of the opening angle and the peak
amplitude L,=I,.
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An example of these calculations is shown below.

Estimated efficiency n=0.65.

dc anode voltage V,=7 kV.

dc anode current [;=1.2 A.

Min. anode voltage V, i,=1.8 kV.

Gives: P =8.4 kW and P, (.=5.5 kW.

in (max)
After trial and error we found; a=4.5 thus L,=54 A

The results of the arc construction with the characteristic curves are

point degrees L (A)
A 0 5.410.1
B 15 5.010.1
C 30 3.910.1
D 45 1.940.1
E 60 0.5510.02 ’
F 75 0.04910.002

Table 8.4: Anode currents at 15° phase intervals.

With Eqs. (8.11) and (8.12) we get: [,=1.1810.05 A and I;=2.0910.06 A. The dc anode
current gives good agreement with the previously assumed value.

For the dc input power and the rf output power we get: Py, ,,~8.240.4 kW and
Pyt qupu=3.410.2 kW with 11=0.6610.01. This also gives good agreement.

The output resistance is: R ,=2.5 kQ

The amplitude of the rf control grid voltage is V,=500-130=370 V, and I,;=0 because
A=B=C=D=E=F=G=0. Thus the rf input current is [,=I,=2.09 A.

Then the input resistance is: R;;=177 .

The input power is then P,;=386 W.

From this it follows that the power gain is: Gain=11.5 dB.

The opening angle is calculated from Fig. 8.14, showing the rf voltage and current

characteristics: 8=173°. Together with the calculated values of I, I, and I, the approximation
for the exponent in Eq. (8.7) is: 0=2.310.1
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R.F. Voltage and Current Relations of ths 4CW10.000A Amplifier, Operating in the C—mode
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Figure 8.14: rf voltage and current characteristics of the operating line.
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Final Conclusions and Recommendations

The aim of the graduate study was to find a design for an accelerating cavity resonant at 45
MHz and with a limited physical length of 50 cm. Three different designs have been
considered, one employing radial transmission line folding, one employing longitudinal
transmission line folding and finally one employing capacitive loading. For all the three
cavities the physical length can be reduced to 50 cm.

The cavity employing radial transmission line folding has low values for its unloaded quality
factor and shunt impedance and is complicated of construction. This design was therefore
rejected.

Extensive research has been done on the cavity design employing longitudinal transmission
line folding. Analytical equations have been derived to calculate all the important cavity
parameters. In chapter 3 equations have been derived for the length, the dissipated power, the
shunt impedance, the stored energy and the quality factor of a cavity consisting of two layers.
To obtain these equations, matrix transmission line theory was used.

The analytically calculated cavity parameters showed good agreement with numerical
calculations performed by the computer code SUPERFISH.

In order to check the analytical and numerical results a 1:1 "cold" copper model cavity was
built of a two layer cavity. URMEL-T calculations of the resonance frequency differed about
2% from the measured frequency. For SUPERFISH this was less than 0.2%. The measured
quality factor was only 8% lower than expected. Also the shunt impedance showed very good
agreement with the measurements.

In order to establish matched coupling, the cavity must be detunable by 0.01 MHz.
However, it will be very difficult to construct the cavity such that its resonance frequency is
within this small band, and therefore it is advisable to have more detuning available (in the
order of +().1 MHz). Detuning by changing the accelerating gap from 27.5 mm to 10 mm
allowed for a measured frequency band of 250 kHz.

Comparison between URMEL-T and SUPERFISH showed that the latter is the most reliable
in predicting the cavity detuning from changing the accelerating gap.

Another way to detune the cavity is by changing the permeability of ferrites placed near the
shorting plate of the cavity. The permeability of the ferrite is a function of the applied
magnetic biasing field. The resonant frequency of a cavity depends on the permeability of the
medium in it. Ferrites could also be used as a fourth alternative to shorten the cavity to less
than 50 cm.

Power can be coupled into the cavity by a loop placed at a position where the magnetic fields
are large. The coupling problem can be simulated with an equivalent LC-circuit. From an
expression for the complex cavity input impedance, two conditions for matched coupling have
been derived. This complex cavity impedance has been compared with measured values. They
show good agreement. From the circuit model and also from the measurements we can
conclude that perfect matching can always be achieved if the cavity is detunable and if the
coupling locp can be rotated (for this, however, the loop should be large enough).
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An alternative design of the accelerating cavity is based on capacitive loading. The main
advantage of this cavity is, that it is very simple of construction. Also here transmission line
matrix theory was used to calculate the cavity parameters. Once more these calculations
showed good agreement with numerical calculations done with SUPERFISH. The quality
factor is of the same order as that of a three layer cavity. However, the shunt impedance is
a factor two lower. Nevertheless this design seems to be the best of the three types considered
in this report.

The power source for the cavity will be a tetrode. An empirical equation is used which
describes the total cathode current as a function of the anode voltage, control grid voltage and
screen grid voltage. This equation contains parameters which have been obtained by fitting
the cathode current characteristics of the tube as supplied by the manufacturer. There is good
agreement between the fitted empirical equation and the actual current characteristics. The
amplification factor p and the screen grid amplification factor p, are no constants, but are a
function of the anode current. The quantity p, is also a function of the anode voltage.

An operating line has been determined, and analytical calculations have been performed
determining the dc anode current, the amplitude of the first harmonic of the anode current,
the dc input power, the rf output power and the rf input power.

A solution has to be found in order to transport an output power of 5.4 kW to the resonator.
A coaxial cable heats up due to the damping of the rf wave. Furthermore, impedance
transformation will be necessary due to the difference of the characteristic impedance of the
cable (which is 50 ) and the output impedance of the tetrode (which is =2.5 kQ).
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Appendix A: The EUTERPE cavity; the initial design.
Appendix Al: Analytical calculations.

In the cavity there is an electric field and a magnetic field which, by using E=Ee/™ and
H=He™, satisfy the Maxwell equations.

VxE=-jop H |, | (A1)
VxH=jweE . (A2)

Only E_E, and H, are different from zero. If we transform these equations to equations for
a two dimensional rotationally symmetric system in z and r coordinates, we get

’H, (1
327 ar(f aa (rH")}-wzepHe ' 2
And for the electrical field
a213 82E E
=-w’
190 ( oE, OE, | |,
z E .
rark dz i or WERE,

These equations are difficult to solve analytically in order to get an expression for the
capacitance of the cavity drawn in Fig. 3.1. We therefore use approximation methods.
One cell of the cavity is drawn in detail in Fig. A.1.

Al Al Aly
Jr Y
Ry
ACI
2
L

Figure A.1: One cell of the cavity in detail.
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The inductance of this cell is the sum of the inductances of three parts of the cell

R R ,
AL=AL1"'AL2+AL3=& ld In_2+s ln_l+ld In_L 1. (A.5) |

2r | 2 r, R, .

Because the E-field rotates twice over an angle of 90° in one cell, the capacitance is split up
in seven contributing parts. The "coaxial” contributions are

-1 1

R r A6
AC,+AC,=2me,) Ld [n=2 | +1d |12t (A.6)
2 r, .
Between the vertical plates, supposing the current is constant over this short distance
ri-r? %)
AC,=rg,

There will be a concentration of the field lines near the corners of the inner conductor. This
effect is taken into account by calculating the capacitances in the comers with fringing field
capacitance formulas, given by [GEN 87]

R, -r, ) +s? -r
AC,=¢,]1 e + B arctan_?_? (R,+1,) ,
s? 2
R,-r)+s* 2(R,-r
AC,=¢, lr\( B + R, 2)m-cta_n s R,+1,)
4R,-T 2)2 § R,-r,

(r,-R)*+s* 25
n
452 r,-R,

AC =¢

6 ¢

1

r-R)?+s* 2(r,-R )
AC,=g,] In Rs” 200RD tan S (r+R) . (A.8)
4(r,-R,)? ) r,-R,
The total capacitance of one cell is
AC=AC,+AC,+AC,+AC +AC+AC+AC, . (A.9)
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The speed of a travelling wave is

pe | G2 dz _ | dsdss (A.10)
dLdC N\ AL AC ’

and with %4A=N(d+s), the resonance frequency is with f,=v/A |

f—— (A.11)

where N is the number of cells.
To calculate the higher modes of a cavity we use transmission line theory and represent the
cavity by a network of lumped-circuit elements

in1 Vo1 iy Vn ip+g Vn+1
L L L

CTtn-l C ln Cijn+1

cel n-1 celn cel n+1

! Figure A.2: Electrical circuit representing the cavity.
The expression for the frequency becomes [KOP 92]
|
\

£.=%, sin(;’\’,‘ll %n) , (A.12)
+

with p=1,2,...N. For large N and p=1 we get Eq. (A.11) again.

The resistance Q of a circular plate with skin depth §=1/mpof is

Q= __dr-_ln__ , (A.13)
J2mrd 218 v,

where r, is the inner and r, the outer radius of a vertically placed plate. The quantity p is the
specific resistance. The resistance of a coaxial cylinder is

p i 1 (A.14)
with 1 the length of the conductors.
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For one cell the resistance AQ is

1/2d r +s+1/2d_'_s+1/2d

ol 12} (A.15)
R, R R

r

AQ=_P_

2md | r,

l._

r

1 2 1

The quality factor is given by Eq. (2.7) with for the stored energy and the dissipated power

2
I
-2 frav=22 (| = v, (4.16)
2 2 2nr

n (A.17)
P, = _|H%dS=_ das ,
dis 206f 2087 | 2nr

with dV the volume of the cell, dS an infinitesimal surface part, I, the current in a cell which
is supposed to be constant, and ¢ the conductivity. The total stored energy and dissipated
power summated over N cells become

l R r A.18
Wttty B B 1 n laysz, A18)
U e i i I
2 A.19
= 1 Z ln_+S+1/2d+i+ln_i s+1/2d lAQEl ( )
* 2060 2m |2r, R, R, 2r, r R

The equation for the quality factor becomes then (using Eq. (A.11))

0=_" ,AL (A.20)
2NAQN AC

The shunt impedance is given by Eq. (2.5) where V, is the gap voltage. So V,=U,. For one
cell we have

AL (A.21)
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I, has a cosine character so

which results by using Eq. (A.19) in
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Appendix A.2: Results of numerical calculations.

The aim is to find a cavity design with the highest values for the quality factor and the shunt
impedance, and that has a resonance frequency of 45.0 MHz. The cavity variables are

N = Number of cells

d = Thickness of plates

s = Distance between two plates
R, = Outer radius beam pipe
R, = Inner radius outer tube

rp, = Ry+s

r, = Rys

A Turbo PASCAL program has been written that calculates the inner radius of the outer tube,
the inductance, the capacitance, the resistance, the quality factor and the shunt impedance of
a cavity as a function of the number of cells, the distance between plates and the outer radius
of the beam pipe. Variation of d didn’t have much effect on these calculated values. The
frequency was kept constant at a value of 45.0010.01 MHz. The results are given in Figs.
A3-AS8.
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The radius R, depends linearly on the outer radius of the beam pipe. Q differs only a little
bit on increasing R,, but changes dramatically if we increase the distance between the plates.
This occurs because Q is a function of the stored energy, and the stored energy increases
when the volume of the cavity increases. Increasing R, has the opposite effect on the shunt
impedance R, as it has on Q. From Fig. A.5 we can see that R, increases when s increases.
Furthermore, the fewer cells, the higher Q and R,,, when maintaining a constant length of the
cavity. In choosing the best cavity design we prefer a high shunt impedance because it is
directly related to the dissipated power in the cavity walls. As a result the design will be a
10 cell cavity with dimensions given below.

r, = 23cm
R, = 25cm
rr = 55cm
r, = 149cm
R, = 179cm
r, = 184cm
s = 30cm
d = 05cm |
1 = 370cm
n = 10

Table A.1: Dimensions of a 10 cell cavity.

This leads to f,=45.00 MHz, Q,=2573 and R,,=145.2 kQ. This means that 17.2 kW is nesded
to build up an accelerating voltage of 50 kV.
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Appendix A.3: Coupling of rf power.

The power will be coupled into the cavity by a loop, see Fig. A.9. The equivalent circuit for
the complete rf system is given by Fig. 4.2. The primary input impedance is

2842
Z oL+ 9M__ (A24)
O R T 00)

When there is matched coupling the imaginary part of Z,, is zero and the real part is equal
to Ry=50 Q. If the circuit is tuned, 6=0. So the condition for matched coupling is

2A42
w*'M
Z = =500 . (A.25)
pr R
L ]
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Figure A.9: Cavity with coupling loop near the shorting plate.

The mutual induction is

p=de Po 0 (A.26)

where ¢,, is the flux enclosed by the loop, generated by the current L, in the cavity.
R, is calculated by equalizing the dissipated power in the equivalent circuit and the cavity,
using Eq. (A.22)

Lig =1y 1iaq, (A.27)
2 2
RJ=.;_NAQ= 6.7510°Q , (A.28)

when we use the data of the cavity chosen in the previous paragraph.
For optimal coupling it is necessary that wL,<<R,. So for the mutual induction we get, when

94



the real part of Z,=50 Q,

/R
m=YRRe o o5 | (A.29)

0]

This can be obtained by using s,=0.70 cm, b,;=7.75 cm and b,=16.25 cm for the dimensions
of the coupling loop in Fig. A.9.
The inductance of this loop can be calculated by [TER 47]

ds,s,
L=0.004[(s, +s,)In -

s,In(s,+g)+p &' (s, +s,) +2(g +§) “2(s,+s)] ,  (A30)

where 0° is the skin effect correction factor, and p=1. In Fig. A.10 the loop with its
parameters is drawn.

Figure A.10: Thin coupling loop with a thickness d.

Using the dimensions given above (s,=12.51 cm, 5,=0.70 cm, g=12.53 cm, d=0.10 cm,
8’=0.003), the inductance is L=0.136 pH, and the impedance of the loop is ®L,=38.48 Q. To
obtain matched coupling wL, must be smaller then 25 Q. A solution is found by taking a
metal strip with width c, see Fig. A.11.

Figure A.11: Thick coupling loop with width c.
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The inductance of this loop is given by [TER 50]

25,5, (A.31)

b+c

5t

L=0.004[(s,+s)In +0.447(b+c)] .

}slln(sl +8)-s,In(s,+g)+2¢

Taking now c=2.50 cm and d=0.30 cm we get for the inductance 26.21 nH and wL,=10.23
Q. By taking a thicker wire and keeping all the other dimensions the same, the mutual
inductance is not changed. Only the self inductance of the loop is changed.
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Appendix B: Direct rf coupling.

When we employ direct coupling, the power is coupled directly to the inner conductor of the
cavity. This is shown schematically below.

Vl \Y% \53
1 2

/i\
&/
o

N\

Figure B.1: Direct coupling of power.

The shorting plate is located at the left (position 1), while the gap is located at the right hand
side of the figure (position 3). Power is coupled in at position 2. The cavity is represented by
2 wansmission line sections, which can be described by two matrices A and B.

Suppose we have a lossless line. The voltage and the current at position 2 are related to the
voltage and the current at the shorting plate by the transmission matrix A, which is of the
form given in Eq. (3.2). So

V,| [%n % ||V, (B.1)
A similar relation holds for the voltage and current at position 3 related to the voltage and

current at position 2 by transmission matrix B

v, _ by by, Vv, (B.2)
I b, b, A

For the entire system we get

G &

3 1

Because of the short circuit (V,=0) and due to the open circuit (I,=0), this leads to the
requirement that the right under element of matrix (B)(A) from Eq. (B.3) is zero. The
resonance condition is then
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b,a, +b a,=0 . (B.4)

21712 Y222

The impedance Z at position 2 can be seen as a parallel circuit of the impedances Z, and Z,,
drawn in Fig. B.2. Z, is the impedance seen when looking toward the shorting plate, while
Z, is the impedance seen when looking to the open end.

Z, Z,

Figure B.2: Impedances seen by the generator for a lossless line.

For the impedances we find

7020 e (B.5)
12 a221l a22
-1
7o Vo BuVy by (B.6)

because Det(B)=1. The minus sign takes into account the direction of the current. Seen from
position 2 the current left from position 2 flows toward the generator, while at the right it
flows away from the generator to the open end of the circuit. The total impedance seen by
the generator is

1 1+1___09 (B.7)

777

when we use the resonance condition. This means that the impedance seen by the generator
is infinite, and no power can be coupled into the resonator.

We now assume that there is a lossy line, but that the losses are that small that the voltage
and current distributions along the line remain the same as in the lossless case. These losses
are depicted as extra parallel ohmic resistors in Fig. B.3, where the total impedance seen by
the generator is drawn.

R{1Zy[] [[Z2[Ry

I

Figure B.3: Impedance seen by the generator for a lossy line.
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The relation 1/Z,+1/Z,=0 is still valid because we assumed that the voltage and current
profiles remained the same. The total impedance is therefore

(B.8)

where V, is the voltage at the coupling position. The resistance is then

%=_2-(P1+P2) , (B.10)

2
2

and is with the total dissipated power of the cavity

v v}

P=P+P=_>=_"° | (B.11)
RSh 2RS/‘I
equal to
2
1% (B.12)
R V22 Rs;

To obtain perfect matching the resistance seen by the generator must be equal to the
characteristic impedance R, of the coupling line, R=R,. Thus the relation for matched
coupling becomes, with V,=V_ the voltage at the coupling position and V,=V ., the maximum
voltage at the gap

r”
Ve (B ] (B.13)
Vmax Rs;

Suppose the cavity can be approximated by ideal %A-system. Then V=71, with Z; the
characteristic impedance, and V =V, sin kx, where x is the distance from the gap to the
position where power is coupled into the system. Filling these expressions into Eq. (B.13) we
get

R \*? 2n
arccos| 2 , k= %o
2n f0 Rs;. c

Y= (B.14)

14

where c is the speed of light. Using the data for the model cavity, R,,"=R/2=286.7 kQ,
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R,=50 Q, and £;=43.974 Mhz we get for the distance from the gap to the coupling position
x=1.69 m. A %A is 1.71 m. So the power must be coupled into the resonator at 2 cm from
the shorting plate.
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Appendix C: RELAX3D calculations of the capacitance of a return
section.

The capacitance of a system consisting of two conductors is defined by the ratio of the
magnitude of the electric charge on one of the conductors and the magnitude of the potential
difference between the conductors,

ca 2l # . (C.1)
Vol

Written in terms of surface charge density p, and the electric field E the equation becomes

fp,dS
c=13 L. (C2)

b
- fE-dY

It is difficult to find an analytical description for the electric field of the return section,
because the two dimensional Poisson equation for the potential
2 2
o’V oV __1dV (C.3)
or?* 9z ror

is difficult to solve for this section.

¢ 1 N
<

rd

I'br prrzzzzzzzzzzZzzzZzZzZzZzZzz2 outer conductor

2
return
2@&0

n
% ezzzzzzZzzZzZZZZ3 inner conductor
] LC

T a{ outer conductor

Figure C.1: The return section.

The computer code RELAX3D is an interactive FORTRAN-program [REL 88], that is able
to solve numerically general three dimensional Laplace and Poisson problems. The return
section geometry must be fitted on a three dimensional grid, determined by the variables
IMAX, JMAX and KMAX. The product of these variables should not exceed 500.000. The
geometry can be defined by three boundary conditions: the Neumann-condition, the Dirichlet-
condition, and a dielectric transition between two media having a different permittivity. The
latter one will not be used in our problem. The Neumann-condition implies that the gradients
of the charge-density, permittivity and the potential perpendicular to the boundary are zero.
The Dirichlet-condition implies that the points that satisfy the former condition, have a fixed
value for the potential.
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The solution of a potential problem is found by solving finite differential equations in these
points by using point-iteration, with regard of the conditions. Before starting an iteration, a
FORTRAN subroutine must have been written and compiled in which the geometry and
starting conditions are defined. The name of this subroutine must start with the letters ’SBND’.
In this subroutine a starting value of the potential and when needed the condition of the points
are given. A Dirichlet boundary is defined by a negative value of the potential. The
magnitude of this negative value is the value of the potential held constant. Every point that
is on a boundary for which the potential isn’t defined by a Dirichlet-condition, satisfies
automatically the Neumann-condition. An example of an input file for RELAX3D is given
below.

SUBRCUTINE BND2CEL1(I,J,K,V,F,LL)

RELAX3D PROEF1.0BJ

LAPLACE IN CYLINDERCOORDINATEN

ONDERZOEK NAAR DE CAPACITEIT VAN HET OMKEERPUNT
VAN EEN TESTCAVITY BESTAANDE UIT TWEE CELLEN
Rl= 2.5 CM Zl= 3.0 CM

R2= 5.5 CM 22=15.0 CM

R3= 6.0 CM

R4=13.2 CM

IMAX=31 JMAX=133 KMAX=1 OPT=2 HX¥=0.5 HY=0.1

DIRICHLET BOUNDARY

nonN oonaononoaoaonanonooaononn

IF (I.EQ.1)V=-1.

IF (J.EQ.133)V=-1.

IF (J.LE.26)V=-1.

IF (I.GE.7.AND.J.GE.56.AND.J.LE.51);V=-1.E-20

NEUMANN EQUNDARY

ann
Gy
—
<
W<
=31
n

IF (I.EQ.31.AND.J.GT.
IF (I.EQ.31.AND.J.GT.

R

(SR
[l
Ul p

.AND.
.AND.

In order to calculate the capacitance of the return section we use a potential difference
between the inner and outer condition of 1 volt. This simplifies Eq. (C.2), using Gauss’s law,
to

C=l0l=| [p.ds|=, | [(E:1ds] <o . (C4)
s s

So the capacitance of the return section is numerically equal to the charge on one of the
conductors.

One conductor of the return section consists of the outer cylinder, the return section plate and

the inner cylinder. For these three sections we can write down expressions for the charges as
a function of the potential calculated by RELAX3D.
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For the outer cylinder we have

o,=¢,| f fE-fdzrdq) |=2me, 1| fE-f-dz |

oV, aV, 19V,
=2 f 2 f
1
=2me,r| E.Kdz| .
. or
For the return section plate we have
G,=2me, | f E4rdr|=2me,| f %‘zfrdr| . (C.6)
And for the inner cylinder we have
!
03=21tsor|fE -fdz|=21teorlf%dz| : (C7)
0

The capacitance of the return section with length 1 is thus

C,=0,+0,+0, . (C.8)

The capacitance can also be calculated from the charge on the inner conductor, consisting of
the middle cylinder. The resulting value of the capacitance would be the same. The length /,
defined in Fig. C.1 should be chosen long enough, so that the equipotential lines are situated
parallel to each other at the right hand side of the figure. This is necessary in order to take
the effect of the fringing fields near the inner conductor entirely into account.

Command files have been written for the Vax software package PLOTDATA, calculating the
charge of a conductor from the potential given in every grid-point by RELAX3D. In Fig. C.2
the results of a RELAX3D calculation are shown.

The capacitance C, calculated in Eq. (C.8) is not the capacitance used in the equations in
chapter 4. It must be reduced with the capacitance of the two coaxial parts of the inner and
outer layer. The equation for the capacitance of a coaxial structure is given by Eq. (3.33)
times the length (/-g), where g is the gap. The result is a useful approximation for the return
section capacitance which can be used in the equations derived in chapter 3.

Using the dimensions of the model cavity to calculate the capacitance C of the return section,
the results are
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Method C, pP C (pF)
RELAX3D 15.8 3.7

Fringing field capacitance 16.4 44
equations (Appendix A.1)

Equations derived by conformal 15.3 3.2
mapping (Appendix D)

Table C.1: Comparison of capacities C calculated in three different ways for the return
section of the model cavity.

The third method in the table using conformal mapping equations is discussed in appendix
D. As we will see it is a very useful tool to calculate the return section capacitance because
it has better results than the method using the fringing field capacitance equations.

&
é’b Qo{§
| ] | ! | ] | - -
14 iy
3= 3.00E-01
4= 4 00E-0
8 & 00E-01
12 - | g LN
. 9~ 9. 00E-01
10 ] 2 3 B
T 8- | T
O 2
S’ 4
4 - |
2 [
0 i I I |

I { |
O 2 4 6 8 10 12 14 16
z (cm)
Figure C.2: Results of RELAX3D calculations on the return section of the model cavity.

Note that the length / is chosen long enough, because the equipotential lines are parallel to
each other in the right hand side of the figure.
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Appendix D: Conformal mapping, calculation of the capacitance of a
return section.

A schematic layout in the z-plane of a cross section of the return section of the cylinder
symmetrical EUTERPE cavity employing longitudinal transmission line folding is given in
Fig. D.1. The longitudinal z-component is replaced by the x component while the radial
component is replaced by the y component. Because of cylinder symmetry, there is no angular
¢ component. In order to calculate the capacitance of the return section, the potential
distribution in a 2D cross section is calculated using the analytical tool of conformal mapping.
The middle cylinder is for convenience approximated by a infinitely thin cylinder.

The outer boundary is set at a potential of 0 while the inner plate is at a potential of V. This
plate is situated at a vertical distance P from the lower boundary y=0, a vertical distance Q
from the upper boundary y=P+Q, and a horizontal distance G from the return section plate.
In order to solve the potential distribution in this polygon, the problem can be simplified by
transforming it to the so called t-plane. The points on the corners of the polygon in the z-
plane are transformed to points on the real t-axis of the t-plane. Here t=-a corresponds to z=0
while t=-b is given by z=j(P+Q).

To describe the transformation of the z-plane into the t-plane the Schwarz-Christoffel
transformation is used, ‘

B

dz _ 1+ =1 (D.1)
—=K[J ¢-a)™ .
dt n=l

Here B, is the angle at a point A, in the z-plane which is transformed to the point a, in the
t-plane. K is a complex constant and N is the number of angles in the polygon. Using the
nomenclature in Fig. D.1 we get for the Schwarz-Christoffel transformation

dz_p 1 (D.2)
dt t/t+ayt+b
K is found by integration near t=0 where z varies from Im(z)=0 to Im(z)=P [WEB 92]:
0 .
[ = kL, (D.3)
T

xyab

iP= [ Lar
@

using t=Re’®, where 0<8<r is an angle in the t-plane, and R a small radius.
Integrating Eq. (D.2), using z(-a)=0 to determine the constant of integration, gives

2)=K |In 2(/t+ayt+b +2t+(a+b) 1 In 2ab+(a+b)t+2y/ab Jt+a¢t+b (D.4)
b-a Jab H(a-b) '
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z-plone W ~—plane

Figure D.1: Schematic layout of a cross section of the return section in three planes.
Transforming the t-plane into the w-plane, the potential distribution describes a homogeneous

field. This w(t) transformation is given by:

d0_4 o wa@®=Aln@)+C . (D.5)
dar ¢

The constant C is determined by the choice of the origin in the ®- plane.
The complex constant A is found by integration near t=0 where @ varies from Im(w)=0 to
Im(w)=1,

. 1
(99 (adomna = A==l (D.6)
== ﬁ 5 -

=g
using again t=Re®.

The electrical field E is given by E=VV, with V the potential distribution. The non-zero
component E is given by

g=90 .7
dz
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The capacitance between two conducting planes with a potential difference V,, is given by
Eq. (C.1). The total amount of charge on a conducting plate can be expressed in terms of
electrical field at some enclosed area, using Gauss’s law

Q=€0f(E'i1')dS , (D.8)

where # the normal vector on the surface, shown in Fig. D.2. Considering the real situation
of the return section, it is seen that it is displaced at a distance R, with respect to the cavity
axis. So the radial position is given by r=Rg+y.

)
~N
e ¥
!
.'_1:.'_.51
1
1
————
ol

Figure D.2: Schematic layout of the return section.

The capacitance C, of the outer cylinder at a distance r=R,=R,+(P+Q), is equal to the total
charge on the outer cylinder when the potential difference is 1 V between the two conductors,
which is

1(x=l)

1 ]
C,=21R,| fE(x)dx|=21cR2 | f (%%}k[ =21R, 0@ | . (D.9)
0 0

1=-b

The contribution of the charge at the return section plate to the total capacitance is

R, -b
C,=2x| f E(r)rdr|=2x| %wt_)r(t)dtl : (D.10)
R, -a

This integral must be evaluated numerically, using a second order integration routine, because
the first order integration method, having a convergence factor of =1 doesn’t converge well.
The second order integration method has a convergence factor of =2.
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The contribution of the charge at the lower boundary to the capacitance is

t(x=l)

! !
C,=27R, | f E(x)dx|=2nR | f (%x“i}m 2mRw@® | . (D.11)
0 0

I1==-q

The total capacitance of the return section with a length / is

C.=C,+C,+C, . (D.12)

The capacitance C of the return section that is used in chapter 3 is C, minus the capacitance
contribution of the coaxial parts with a length /-G.

The length / is chosen large enough so that the electrical field has only a radial component
at the right hand side of Fig. D.2.

For a general EUTERPE cavity R, is fixed at 25 mm, with a plate thickness of the middle
cylinder of S mm. To describe the integration path along the outer cylinder, Q must be
increased by 5 mm, because the model we used for conformal mapping can only handle an
infinitely thin middle cylinder. This implies that the electrical field far away from the
symmetry axis is systematically too small by the amount (Q-5 mm)/Q. To compensate for
this, the electrical fields at the outer cylinder and at the return section plate are multiplied by
the fraction Q/(Q-5 mm). This results in an electrical field near r=R that is too high. But due
to the radius dependence of the integral in C,, this effect can be neglected. In Fig. D.3 the
capacitances (in pF) are plotted as a function of P and Q (in mm) with different gaps, G=20,
30 and 40 mm. A special case occurs if the characteristic impedances of the two layers are
equal. Q and P are then related by (P+Q+R,)/(P+R,)=(P+R,)/R,. This relation is plotted by
the dashed curve. We see an increase of area with low capacitance, when G is increased. This
occurs because the electrical field at the return section plate is decreased, and therefore the
capacitance. Furthermore we see that the capacitance along the dashed line doesn’t decrease
monotonically.

To verify the shape of the curves in Fig. D.3, the same calculations have been done using the
model of fringing field capacitances described in appendix A.1. The results are shown in Fig.
D.4. Comparing Fig. D.4 with Fig. D.3 we see that the general shape is the same, but that the
values of the capacitances calculated using the fringing fields capacitance model are higher,
especially for larger Q.

This is probably caused by the fact that the fringing fields capacitance equations only hold
when the fringing fields at the different corners do not interact with the other corners. When
increasing Q these interactions become larger. For small Q values the two methods agree
well.
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Figure D.3: Equi-capacitance contours versus P and Q with =150 mm and a: G=20 mm,
b: G=30 mm and ¢: G=40 mm, using conformal mapping.
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Figure D.4: Equi-capacitance contours calculated by using the fringing fields capacitance
model in appendix A.1, with the same data as in Fig. D.3
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Keeping P=30 mm and G=30 mm constant and letting Q increase we see in Fig. D.3 that for
one value of P there are two equal values for C with different Q. To verify this we used the
numerical program RELAX3D. Also, for the same geometries, we calculated the capacitances
using the fringing fields capacitance equations. The results are shown in table D.1.

Method Q=72 mm Q=320 mm
RELAX3D_ - 21.7 pF 20.3 pF__
Conformal mapping =22 pF =22 pF
Fringing field equations 22.4 pF 30.6 pF

Table D.1: Capacitances calculated using three different methods.

The results is that calculating the capacitance of a return section with the conformal mapping
method is superior to the method using fringing fields capacitance equations, especially when

Q becomes large.
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Appendix E: The resonance condition.

Suppose a two cell cavity can be described by two lossless transmission line sections. For
simplicity we, for the moment, consider a 2-layer cavity and ignore the effect of the return
section as well as the losses. This is the simplest model to describe the cavity. This is shown
schematically in Fig. E.1.

]
Q

sorting | Z) Z, gap
plate

~

Figure E.1: Simplified representation of a 2-layer cavity by two transmission line sections.

In order to find the resonance condition the problem is split into two sections. Each section
can be represented by a lossless transmission line terminated in a load impedance Z;. Z; =0
for section 1 (short circuit) and Z; =~ for section 2 (open end). See Fig. E.2.

V(2). I(2)

- - ﬁl[_

Zo. B VL Z L
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I

|
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Figure E.2: A transmission line terminated in a load impedance Z;.

The total voltage on the line can then be written as a sum of incident and reflected waves:

V(2)=V,'e #+V e/ | (E.I)

Similar, the total current on the line is described by:

v V-~
@)=L e-_2 g ' (E2)
ZO Zo
At z=0 we have
z-YO_ Y%V, E3)

LYTO) vy
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and when solving for V

So the voltage reflection coefficient, I, is

r-lo b E.5)
V' Z,+Z,

The total voltage and current waves on the line can then be written as

V(2)=V,"[e #:+Te®] | (E.6)

1(z)= *[e B W2 I (E. 7

U

Thus the voltage and the current on the line consist of a superposition of an incident and a
reflected wave. When Z, =Z, then I'=0 and there is no reflected wave. Such a load is then said
to be matched to the line.

Now the two sections are considered. First we look at the line that is terminated in a short
circuit, Z; =0, and Z,=Z,. From Eq.(E.5) it is seen that the reflection coefficient is I'=-1. From
Eqs.(E.6) and (E.7) the voltage and the current on the line are

V(2)=V, e 7 -e#]=-2jV *sinPz , (E.8)

V. * 2V ¢
1(2)=—2[e P24 B)=__2 cosP:z . (E.9)
¢9) > [ ] = B

1 1

These formulas show that for a short circuit V=0 and the current is at a maximum. With /=-/,,
the transformed impedance as seen from the transition point is:

trans = ,(( —1)) =jZ tanPl, . (E.10)

Next we consider the line terminated by the open circuit where Z;=co. Then the reflection
coefficient becomes
Z-Z,

=lim 2=1, (E.11)

ZL—MZL"’
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The voltage and the current on this line are

V(2)=V,'[e P +e#]=2V *cosPz , (E.12)
V + . - . +
I(2)=—[e P -e]=_2 " sinpz . (E.13)
Z, A

These formulas show that for an open circuit I=0 and the voltage is at a maximum. With
[=-1,, the transformed impedance as seen from the transition point is:

V(-,
trans = ( )‘JZC tBl,=Z, ! (E.14)
I(-T) tanpl,

Since the impedances transformed from the short circuit and the open end to the transition
point must be equal, the resonance condition can immediately be written as:

V4
tanp/,tanfl, =.Z_2. ) (E.15)

The cavity length should be as small as possible, so /,+/, should be minimal. Suppose /,=/,=,
then we get a condition for the characteristic impedances

L (E.16)

/ =larctan

This means that the cavity length decreases when Z,/Z, increases, as we have also seen with
the numerical calculations in paragraph 3.3.
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Appendix F: Tetrode current characteristics.

TYPICAL CONSTANT CURRENT CHARACTERISTICS
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TYPICAL CONSTANT CURRENT CHARACTERISTICS
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Appendix G: Input files for the computercodes URMEL-T and
SUPERFISH.

SFILE ITEST=0, LPLO=.T. $END
EUTERPE 43,5 MHz CAVITY 2 PRODUCTIEONTWERP

SBOUN $END

SMESH NPMAX=7000 SEND

$#MATDIS

1

.0000 .9340

.0000 .0000

.1250 .0000

.1250 .9340

.0000 .9340
0.0000 0.0000
0.0230 0.0000
0.0230 0.8455
0.0250 0.8455
0.0250 0.0100
0.1220 0.0100
0.1220 0.8730
0.0555 0.8730
0.0555 0.0765
0.0525 0.0765
0.0525 0.8730
0.0230 0.8730
0.0230 0.9340
0.0000 0.9340
0.0000 0.0000
8888 8888
9999 9999

SMODE MROT=0, NMODE=10, FUP=838, DVLIM=2, PFAC0=0.001, PFAC2=1 $END
SPLOT MODPL=1 $SEND
$PRIN MODPR=1, LER=.T., LEZ=.T., LHFI=.T., LMATPR=.F. $END

ssuperfish productie cavity 43 MHz
$reg nreg=2, dx=0.467, dy=0.203, xmax=93.400, ymax=12.200,

Spo x= 0.
$po x= 0.
Spo x=84.
Spo x=84.
$po x= 1.

$po x= 1.
$po x=87
Spo x=87
$po x= 7

Spo x= 7.

Spo x=87
Spo x=87
Spo x=93
Spo x=93

x= 0.

ndrive=1, npoint=15 $

0 y= 0.0 $
0 y= 2.3 $
550 y= 2.3 $
S50 y= 2.5 $
0 y= 2.5 $
0 y=12.2 S
L300 y=12.2 $
.300 y= 5.55 S
.65 y= 5.55 $
65 y= 5.25 $
.300 y=5.25 $
L300 y= 2.3 5
.400 y= 2.3 $
.400 y= 0.0 $
0 y= 0.0 $

$reg cur=1l, ibound=-1, npoint=1l $§
Spo x=87.300 y= 5.55 $
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