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SUMMARY 

For the free electron laser project TEUFEL, a racetrack mierotton is onder construction at the 
Eindhoven University of Technology. The mierotton will be injected with a 6 Me V photo
cathode linac. The accelerating structure of the mierotton is a 1.3 GHzstanding wave cavity. 
Only one RF power klystron is available for both the injector linac and the mierotton cavity. 
In order to be able to adjust the RF phase and amplitude in the mierotton cavity 
independently of the RF phase and amplitude in the injector linac, a special control device 
must be designed which will be inserted in the RF branche which feeds power to the 
mierotton cavity. 

In this report a study is presented of the feasibility of such a control device. In order to adjust 
phase and amplitude independently, the control unit must consist of two coupled cavities. 
Phase and amplitude of the transmitted RF signa! are adjusted by changing the resonant 
frequency of each control cavity. These changes must be achieved in a microsecond timescale. 
Three different ways to change the resonant frequency of a control cell are investigated. 

The first is by using ferrite material in the cavity of which the permeability is changed by a 
magnetic field bias. This method turned out not to be feasible, because of too low 
permeability and too high ohmic losses of the ferrite at 1.3 GHz. 

A second way of changing the cavity resonant frequency is by mechanica! detuning using 
piezoelectric material. It turned out that, to achieve sufficient detuning in a timescale of a 
microsecond, the power supply feeding the piezoelectric ceramic would require a voltage in 
the order of 10 kV and a current of 100 A. Therefore, it will be very difficult to apply this 
method in practice. 

The third way to change the resonant frequency of a cavity is by loading it with a low energy 
DC electron beam. When this beam passes the cavity, it becomes bunched and therefore 
changes the impedance of the cavity, as seen by the RF power generator. This process is 
modelled analytically with an equivalent LC-circuit. Calculations show that a beam in the 
order of 20 mA and 10 ke V would be sufficient to achieve our goals. This method is 
therefore proposed for forther investigation. 



SAMENVATTING 

Voor het vrije electtonen laser project TEUFEL wordt aan de Technische Universiteit 
Eindhoven een racetrack mierotton gebouwd. Dit mierotton wordt geïnjecteerd met een 6 
Me V foto kathode lineaire versneller. De versnelstructuur van het mierotton is een 1.3 GHz 
staande golf trilholte. Slechts één RF vermogen klystron is beschikbaar voor zowel de lineaire 
versneller als voor de mierotton trilholte. Om RF fase en amplitude in de microtron trilholte 
onafhankelijk van de RF fase en amplitude in de lineaire versneller te kunnen bepalen, is het 
nodig om een controle apparaat te ontwerpen, dat in de vermogensstructuur tussen het 
klystron en het mierotton zal worden geplaatst. 

In dit verslag wordt een afstudeerproject besproken waarin onderzoek is gedaan naar de 
mogelijkheid van het maken van zo'n controle eenheid. Om fase en amplitude onafhankelijk 
te kunnen bepalen, zal het apparaat uit twee gekoppelde RF trilholtes bestaan. De fase en 
amplitude van het doorgelaten vermogen kunnen dan worden veranderd door de resonantie 
frequentie van deze trilholtes te veranderen. Deze veranderingen moeten worden 
bewerkstelligd binnen een microseconde. 
Drie verschillende methoden om de resonantie frequentie van de trilholtes te veranderen zijn 
onderzocht. 

De eerste manier is het inbrengen van een ferriet in de trilholte. Door de permeabiliteit van 
het ferriet te veranderen met een magnetisch veld kan de resonantie frequentie worden 
veranderd. Uit het onderzoek blijkt dat deze methode niet te gebruiken is vanwege de te lage 
permeabiliteit en de te hoge Ohmse verliezen van het ferriet bij 1.3 GHz. 

De tweede manier is het mechanisch verstemmen van een cavity m.b.v. piezoelectrisch 
materiaal. Om binnen één microseconde te verstemmen, is het nodig om het ceramisch 
materiaal aan te sturen met een spanning in de orde van 10kVen een stroom van 100 A. Het 
zal daarom zeer moeilijk zijn om piezoelectrisch materiaal in de praktijk te gebruiken. 

De derde manier om een trilholte te verstemmen is door in de trilholte een lage energie DC 
electtonenbundel te versnellen. Als deze bundel de trilholte passeert, wordt zij gebunched, 
waardoor de impedantie, gezien door de RF vermogensgenerator, verandert. Dit proces is 
analytisch gemodelleerd met een equivalent LC-circuit. Berekeningen tonen aan dat een 
bundel in de orde van 20 mA en 10 ke V voldoende is voor onze doelstelling. Deze methode 
wordt dan ook voorgesteld voor verder onderzoek. 
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Chapter 1: INTRODUCTION 

1.1 The TEUFEL project 

This report presents the results of a graduate study, perfonned in the Accelerator Laboratory 
of the Eindhoven University of Technology (TUE). This study is part of the TEUFEL-project 
(Twente Eindhoven University Ultra Centrifuge Nederland Free Electron Laser), [BOT 90]. 
The aim of the TEUFEL-project is to contribute to the technological and scientific 
development of free electron lasers. 

The FEL will be stationed at the Twente University. The project will be carried out in two 
stages. In the first stage a FEL will be built with a 6 MeV injector only. The wavelengthof 
the produced FEL radiation will be approximately 200 pm. In the second stage the electron 
beam will be post-accelerated with a racetrack mierotton to 25 MeV. The wavelength then 
decreases to 10 pm. The Eindhoven University is mainly involved in the second phase. 
Figure 1.1 gives a schematic lay-out of the second stage of the TEUFEL-project. 

4 

1. photo-kathode laser 6. RTN extraction magnet 
2. injector linac 7. achromatic bending magnetsystem 
3. bending magnets 8. undulator 
4. racetrack microtron 9. mirror 
5. RTN cavity 10. beam dump 

Fig. 1.1 Schematic lay out of the TEUFEL project. 
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The injector linac is a photo-cathode injector which has been constructed at the Los Alamos 
National Laboratories. It is able to accelerate pulses of up to 400 A peak current to an energy 
of 6 Me V (note ho wever that the microtron, in the second stage of the project, will not be 
able to handle currents higher than 100 A). 

~4QTQ~ATt-t::OE 
sunrAcE 

Fig. 1.2 

BELLOW'S 

The injector linac 

1.2 The racetrack mierotrou 

sPt I T 8"N0 HF.: A Tf"S 
12000 WATTS I 

..._....,,,..-: SLOTS 
116 ~F.R CAVI TVI 

The racetrack mierotton (RTM) is being constructed at the accelerator laboratory of the TUE. 
It will accelerate electron-bunches up to an energy of approximately 25 Me V. lts accelerating 
cavity operates at 1.3 GHz. 

The racetrack mierotton differs from the classical circular mierotton by the fact that the orbits 
have the shape of a racecourse, consisting of two 180° bends which are connected by two 
straight sections, see figure 1.3. Fora description of the magnets, see [D&W 92]. 

Fig. 1.3 Schematic lay-out of the TEUFEL microtron. 
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The time structure of the injected beam is given in figure 1.4. The beam has a macrostructure 
and a rnicrostructure. The macropoises have a duration of 10 psec and a repetition frequency 
of 10Hz, resulting in a macro duty cycle of 104

• Note however that the duration of the RF 
macroputse is a bit longer, because a few rnicroseconds are needed in order to flll the cavity 
with RF energy. 

macro -structure I (macropuls): 250 mA 
ave 

250 

-1--' 

c 
(!) 
L 
L 
:J 
() 

duty-factor: 10-4 

I 25 pJ\ 
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10 fLSec 
~----7 

-E-------

0.1 sec (10 Hz) 

micro -structure peak current 100 A 

100 A __ 

30 

pulse selection 
1 : 16 

-" ,--- -

' ' ' ~ 
r" 
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psec 
~ - - -

12.5 nsec 

Fig. 1.4 Time structure of the electron beam 
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Each macroputse consists of micropoises which have a duration of 30 psec and a repetition 
frequency of 81.25 MHz. This frequency is 1/16 of the cavity resonant frequency, i.e. only 
1 out of 16 RF micropoises is filled with electronbunches (1:16 pulse selection). This has 
been chosen such, in order to avoid that two or more bunches are in the RTM cavity 
simultaneously. The maximum peak current will be 100 A, resulting in an average macroputse 
current of 250 mA. 

Some parameters of the RTM, injector and FEL radiation are shown in tables 1.1-1.3 . 
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Table 1.1 General data for the FEL laser light and undulator. 

Wavelength first stage 200 f..Lm 

Wavelength second stage 10 f..Lm 

Wavelength undulator 25 mm 

Number of undulator periods 40 

Table 1.2 General data for the Racetrack Microtron Twente. 
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Average dipole field 

Dipole width 

Dipole depth 

Injection energy 

Extraction energy 

General data 

RTM 

Energy gain per orbit 

Synchronous phase 

Harmonie number 

Wavelengths in first orbit 

Number of orbits 

Dipole separation (at cavity side) 

Orbit separation 

Magnet tilt angle 

Angle between plate and beam 

Valley gap 

Thickness of steel plate 

Ratio between high and low field 

0.2 T 

120 cm 

50 cm 

6 MeV 

25 MeV 

2. 18 MeV 

15° 

1 

11 

9 

80 cm 

7.34 cm 

6 deg 

60 deg 

5 cm 

0.6 cm 

1.3 



Table 1.3 General data for the injector linac and RTM cavity 

General data 

injector linac and RTM cavity 

RF frequency 

Micropulse length 

Micropulse frequency 

Micro dutyfactor 

Macropulse repetition frequency 

Macropulse length 

Macro dutyfactor 

RF pulse length 

Maximum peak micropulse current 

Average macropulse current 

Overall average current 

Power requirements Linac 6 MeV 

Macropuls beam power 1. 5 MW 

Average bea.m power 150 w 
Peak RF structure power 1. 8 MW 

Total peak power 3.3 MW 

Beam loading 45 % 

Average RF power 420 w 

1. 3 GHz 

30 ps 

81.25 MHz 

2.4 10- 3 

10 Hz 

10 Jl.S 

10- 4 

15 Jl.S 

100 A 

250 mA 

25 JJ.A 

RTM 6-25 MeV 

4.6 MW 

460 w 
0.3 MW 

4.9 MW 

94 % 

505 w 

An important component of the microtron is the accelerating cavity. In this cavity the 
electrons are accelerated by standing electromagnetic waves. Details of this cavity will be 
given in chapter 7. The cavity will be made of copper and constructed by the Technica! 
Workshop of the TUE. 

1.3 RF power for the linac and RTM cavities 

The RTM cavity has to be filled with RF power. To do this, a RF control system is necessary, 
consistent with the RF system proposed by Theeuwen [THE 91], shown in Fig.1.5. The actual 
lay-out of the complete RF system has not been finalized. The RF system in Fig.l.5 is a 
scheme which may be studied more carefully in the future. 
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Fig. 1.5 
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A block diagram of the proposed RF system 

The klystron in Fig.1.5 is a Thomson type TH2022C which can deliver 20 MW output power 
fora duration of 15-20 psec. Importantfora good operation of the RF system is the exact 
synchronization of the photo-cathode laser pulses (81.25 MHz) and the 1.3 GHz RF power 
for the injector cavity and the RTM-cavity. Therefore, the 40.625 MHz quartz crystal will be 
used as a stabie RF reference signal. lts phase and amplitude will be regulated by a feedback 
signal from the injector cavity in order to stabilize the RF fields in the linac. 

The circulator between the power splitter and the linac prevents that power reflected from the 
linac flows back towards the power splitter. In this way you make sure that the power flows 
can be adjusted indepently. 
For the same reason a circulator is placed between the RTM-cavity and the control system. 
The feed forward signal on the control system will be used to switch the power flow in a few 
psec. 
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The main problem in the design of the RF system is the fact that there is only one RF power 
souree available (a klystron) for two RF structures, namely the injector linac and the RTM 
cavity. It may be expected that at low beam loading, this would not be a problem because 
then the power splitring ratio between the two cavities would be constant during the duration 
of the macropulse. At high beam loading this is no longer true. 

During the frrst psec, when there is no beam, both cavities have to be tilled with RF power 
(see tigure 1.6a). Then the injector cavity needs a power flow of 1.8 MW and the RTM cavity 
0.3 MW (see also Table 1.3). After that, when the beam is turned on (see tigure 1.6b), the 
power dissipated in the injector cavity increases to 3.3 MW (assuming an average macroputse 
current of 250 mA; i.e. a beam power of 0.25 A * 6 Me V = 1.5 MW) and the power in the 
RTM cavity increases with (0.25 A * 19 MeV =) 4.75 MW to 5.05 MW. This means that, 
after the beam is turned on, the power ratio between the two branches must be adjusted very 
fast (during a few psec). 

a 

"' " ... 
" 

Klystron 
Power Splitter Control Unit 

4.64 MW 2.84 MW 
1.9 : 3 

.... 
"' .r 

' 

1.8MW Injector linac cavity 

b "" , 

' r 

..=... 
r-· 

.... , 

-/ 

...... 

RT 

2.5 

re 

0.3MW 

M cavity 

4MW 

flected 

, M . RT cavt ty 

Klystron 8 .51MW 
Power Splitter 5.21 MW Control Unit 5.05 MW 

1.9 : 3 

' , 

Fig. 1.6 

' 

'~.3 Mwrlnjector linac cavity 

RF power without and with beamloading. 

_ ....... , 

~ 

r 

0.16 

reflected 

MW 

a) during filling of the cavities with RF power (no beam loading) 
b) during acceleration of the electronbunches (with beam loading) 

The width of the powerflows corresponds with the magnitude of the 
powerflow 
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The fast adjustment of the power ratio must be taken care of by the control unit 
The control unit must obey the following requirements: 

1) Fast and reproducible centrolling 
2) Independent adjustment of phase and amplitude of transmitted RF power 
3) Sufficient detuning 
4) Low power losses 
5) Maximum power transmission in beam loaded situation 

Fig.l.5 shows already the most practical solution. By using cavities at aresonant frequency 
of 1.3 GHz, maximum power will be transmitted by the control system. If such a cavity is 
slightly detuned, some power will be reflected. Such a control system, using two cavities and 
a circulator (the circulator because of the reasons mentioned above), could solve the problem. 
It is necessary to find out if such a system obeys the demands above. 

1.4 Fast and reprodoeibie controlling 

The macro beam pulseis only present for 10 psec, so we want the accelerating field only to 
be present in the accelerating cavity forthese 10 psec. During the time the accelerating field 
is present in the cavity, 4.8 MW is send into the cavity. The accelerated beam will take up 
most of this energy, so that only a small fraction of this power will be dissipated in the 
accelerator cavity walls. 

The powerpulses from the klystron come at a frequency of 10Hz and last 15 microseconds. 
In these 15 psec, the RF structures have to be filled with power and then, a few psecs later, 
the power level in the cavities must be raised in order to accelerate the beam (see Fig.l.7). 

5.05 

· f-( ---·15 psec----j 

~10 psec---) 
time 

t----------- 1.0.1 sec ---------t 
Fig. 1.7 Power demand by the RTM-cavity in one macropulse 
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This means that the transition between the filling situation and the acceleration period must 
take place in a very short time, as shown in Fig. 1.7. 
Furthermore, because every 0.1 second a new cycle starts, the effects must reproduce 
adequately. Every electron bunch must be handled in the same way, so the transmitted power 
by the control system must have the same shape every 0.1 second. 

1.5 Independent adjustment of phase and amplitude of transmitted RF power 

The control device is placed between the klystron and the mierotton accelerating cavity in 
order to change amplitude and phase of the transmitted RF power. It is very important to be 
able to adjust both these quantities, in order to assure longitudinal stability of the orbits in the 
microtron. 
To adjust phase and amplitude independently, at least two independent variables are needed. 
With one control cavity, only one parameter is available. Therefore, two cavities will be used. 
A calculation of the changes in amplitude and phase by such a double cell control device, 
based on an equivalent LC model, is made in chapter 2. 

1.6 Suflident detuning 

The resonant frequency of a cavity can be determined by coupling someRF power into the 
cavity and measuring the transmitted power in another place in the cavity. The resonant 
frequency is determined by sweeping the input frequency over a certain range, with the 
expected resonant frequency somewhere in the middle of this range. Resonance occurs if the 
amplitude of the measuring signal is maximum. 

The power of the measuring signal as a function of the input frequency has the shape as in 
figure 1.8. Wedefine the bandwidth of this curve as the width of the curve at half maximum. 
In electrical engineering this is called the -3 dB point. 

Fig. 1.8 Resonance curve of a controling cavity 

lf we demand sufficient detuning, we want the frequency-shift due to detuning to be of the 
order of the band width of the resonant frequency curve. This demand becomes very impor
tant if the bandwidth is large, because then large detuning is required. Of course, the 
maximum frequency shift is determined by the reflection/transmission ratio during the filling 
time. 
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1. 7 Low power losses 

Because of the RF currents flowing in the walls of the cavity, a part of the RF power is lost 
inside the cavity due to therrnal heating of the walls. The magnitude of these losses depends 
on the design of the cavity. The quality factor Q0 is defined as 

( 1.1 ) 

with W51 the stored energy in the cavity, Pdis the power dissipated in the cavity walls and 
ro = 21tf with f the resonant frequency of the cavity. 
We want the power losses to be as small as possible, because heating of the walls is 
undesirable and also may give rise to detuning of the cavity in an uncontrolled manner. 
Because of this, Q0 needs to be as large as possible. 

From classica! electrodynamics [Jac 75], it is found that the bandwidth of the resonant curve 
and the qualityfactor are related as 

( 1.2) 

So, from the resonant curve we can find experimentally the quality factor of the cavity. 

For two reasons, it is important to have a large Q0• With a large Q0 we have low power losses 
and only small changes in frequency are needed for sufficient detuning. 

1.8 Aim of the study 

This study has two goals. The most important aim, is to investigate the feasability of the 
described control system, i.e. if it is possible to meet all the stated demands. After showing 
in chapter 2 that it is possible to adjust phase and amplitude independently by such a two 
cavity control system, it is investigated if the detuning of cavities can be done by piezoelectric 
ceramics (chapter 3), ferrites (chapter 4) of a low energy DC electron beam (chapter 5). 
Furthermore, some investigations have been performed on the mierotton accelerating cavity. 
A test cell has been constructed and some experiments have been done on this cell. The 
present status of the mierotton accelerating cavity will he discussed in chapter 7. 
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CHAPTER 2: LC CIRCUIT SIMULATIONS OF PHASE 
AND AMPLITUDE ADJUSTMENTS FOR 
A DOUBLE CELL CONTROL DEVICE 

We have shown in paragraph 1.5 that the control device will exist of two cells that can be 
detuned independently. In this chapter we will calculate what phase and amplitude adjust
ments of transmitted power are achievable with such a double cell control device. To do this, 
the properties of RF cavities will be described by equivalent LC circuits. 
The denvation given here uses an equivalent circuit model and is an extension of the analysis 
made by Wilson [WIL 81] and by Kieeven and van der Heide [K&H 91]. 

2.1 Equivalent LRC scheme for RF cavities 

An accelerating cavity, isolated from its surroundings, can be represented by an equivalent 
RLC scheme as in figure 2.1. The gap between the nose-cones of the cavity determines 
mostly the value of the capacitance C (the smaller the gap, the higher the capacity), the 
magnetic field around the axis gives rise to the self-inductance L and the resistance 
experienced by the current, flowing on the surface of the cavitywalls, determines the value 
of R. 

c:J 
------------ ·- R L c 

c 

w 
Fig. 2.1 RF cavity and its LRC equivalent 

An accelerating cavity coupled with a power souree can be represented by Fig. 2.2. The 
power source, in our case a klystron, is represented by an ideal current souree 1

8 
parallel to 

the characteristic impedance Ro of the waveguide. This is only valid if no power, reflected 
from the cavity, enters the klystron, i.e. there must be a circulator between the klystron and 
the cavity. 
lf an electron beam is accelerated, and the electroos are relativistic, the beam can be 
represented by an ideal current souree Ib. (An equivalent circuit for the acceleration of non
relativistic electroos is given in chapter 5.) A combination of klystron, circulator, waveguide, 
cavity and accelerated electron beam leads to the following equivalent circuit (figure 2.2). 
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I 
g 

klystron 

Fig. 2.2 

c R 
c 

wave guide cavity electron beam 

Equivalent circuit for a klystron, waveguide, cavity and accelerated 
relativistic electron beam. 

The coupling between the cavity and the waveguide is represented by the mutual induction 
M, which can be written as: 

( 2.1 ) 

where ~ is the coupling constant. For simplicity, we choose this coupling constant equal to 
1. It turns out that this does not restriet the description of the physics obtained with the 
equivalent circuit. Kieeven and van der Heide [K&H 91] have proven that if ~=1, the scheme 
can be simplified to that in figure 2.3 . 

. 
I 
g 

Fig. 2.3 
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c R L V 
c c 

Equivalent circuit for kc = 1. 



The parameter~ in Fig.2.3 is the cavity coupling coefficient and is defined by 

( 2.2 ) 

Several parameters in figure 2.3 can be identified with properties of the cavity, the power 
souree or the beam. 

The power dissipated in the cavity is 

V2 
c 

p = 
c -- ( 2.3) 

2R.: 

where Vc represents the integral over the electric field over the gap. 
The shunt impedance ~ is 

( 2.4) 

Furthermore, the resonant frequenc:>-27t ro0 and the quality factor Q0 of the cavity are defined 
as: 

( 2.5 ) 

( 2.6 ) 

The current souree i
8 

can be related to the available klystron power. This power comes 
available if the cavity is matched to the waveguide. In that case the current through the 
resistor R.:/~ (see figure 2.3) is i/2. The power dissipated in this resistor is the klystron power 
P

8
, so: 

. 2 'D 
lg &'c 

p = 
g --

8~ 
( 2.7 ) 

From [K&H 91] follows the physical meaning of~· It can be described as the ratio of the 
power radiated out of the cavity and the power dissipated in the cavity walls at the moment 
when the klystron is off, there is no electronbeam and the cavity is left to itself. 

lf the structure is off-resonance, we find for the impedance ze of the cavity 

1 1 1 1 ro ro0 

= + _ + jroC = _ (1 + jQo ( _ - _ ) ) ( 2.8 ) 
~ R.: jroL R.: COo ro 

with the definitions of equations (2.5) and (2.6). 
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Defining the relative frequency detuning parameter ö 

0>-CJ>o 
Ö= 

and assuming that Ö<<1, we can write for ~: 

1 1 
- = - ( 1 + 2j<2oö ) 
~ R.: 

( 2.9) 

( 2.10) 

For the total loaded impedance seen by the generator we then have 

1 1 1 1 
- = - + - = - ( 1 + 2jQ.Ö ) ( 2.11 ) 
~ ze Re RL 

Here is Q. the so-called loaded quality factor 

Q. = QJ(1+~) ( 2.12) 

and RL is the loaded impedance at resonance 

( 2.13) 

lf we now define the detuning angle 'I' as 

tan "' = -2 Q.ö ( 2.14) 

then we can write for the loaded impedance: 

( 2.15 ) 
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2.2 Two coupled cavities 

We consider two coupled cavities with power input into one cavity and power output from 
the other cavity. In this case, there is no accelerated electronbeam, but an external matched 
load. This system can be represented by the LRC scheme given below. 

M MI M 
---1 ~ ----1 

....----r--.. ,.-----..---...... ..------, 

L 

Fig. 2.4 Schematic LRC scheme of a double cell tuning cavity. 

Por M 1 and M we take: 

M 1 = ../ (L1L) ( i.e. ~=1 ) ( 2.16) 

( 2.17 ) 

We choose k.: = 1 for the coupling between the klystron and cavity 1, because this simplifies 
the calculations and has no effect on the physics of the model. Por the same reason we choose 
the coupling from cavity 2 to the matched loaded equal to 1. The coupling between the 
cavities is assumed unknown. This coupling can be used to optimize the effects, that will be 
described later. 
The LRC scheme can now be simplified to the scheme given in Fig. 2.5. 

Fig. 2.5 

\/Cl 

r 
+ 
3 

Simplified LRC-scheme of a double cell tuning cavity. 
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It is convenient to normalize the power dissipation in the cavities and the available power 
with respect to the klystron power. 

We find for the normalized power dissipation in the first cavity 

vet2 vet2 4~ vet2 

=_=4~-=-- ( 2.18a) 
21\:Pg i8

2Re2 (1 +~)2 i8
2RL2 

and for the power dissipation in the second cavity 

Vel Vel 4~ Vel 
=_=4~-=- ( 2.18b) 

21\;Pg i8
2Re2 (1 +~)2 i8

2RL2 

The power available at the output is 

Po Vel Vel 4~2 Vel 
Po=-= __ =4~2 __ = __ ( 2.19) 

pg 21\:Pg ig21\:2 (1+~)2 ig2RL2 

The total self-inductance of a cavity is described by 

k+1 
L = L ( 2.20) 

k+2 

2.3 Calculation of the transmitted power 

As for the single cell scheme, we can write for the loaded impedances of each cell: 

j\jll 

zl = RL cos 'l't e 
j'Jf2 

~ = RL cos \jl2 e 

( 2.15a) 

( 2.15b) 

where \jl1 and \jl2 are the detuning angles of cavity 1 resp. cavity 2. 
The total scheme of Fig. 2.5 can now be simplified as follows: 

\{I 

Fig. 2.6 LRC-scheme of tuning cavity with impedances of each cell. 
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with L2-M2 L2-M2 
Zo = j 0> __ = j Olo __ = j RL X ( 2.21 ) 

M M 

Here is x a parameter that detennines the coupling between the two injector cavity-cells. 

(1-k)(2+k) 
x=----- = ---- ( 2.22) 

It can be shown that the voltage V cl is given by 

RL cos~ i~ 
vc2 = ~ig e ( 2.23) 

1 +x tan ~0 

where 

tan ~ = --------- ( 2.24) 
cos a+ + cos a. + x sin a+ 

tan ~o = _____ _ ( 2.25) 
cos a+ + cos a. 

From equation (2.23), it follows that ~ represents the phase shift between the input and output 
signal, because all terms in equation (2.23) are real, except the argument of the exponent. 
We obtain with this equation and (2.18) for the transmitted power: 

11 = = ( 2.26) 

From this equation follows that if it is desired that most of the input power reaches the load, 
~must be large. The second term on the left hand side is always smaller than 1. 
The parameter x depends on the coupling between the cavities, and its value has to be 
optimized in the final design. Por large transmission of RF power, this coupling parameter 
must be small. 
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2.4 How to find the appropriate combination of '1'1 and 'l'z 

With the relations (2.24) and (2.26) we can detennine which values for '1'1 and 'l'z we have 
to choose, i.e. how much we have to detune each cavity. As an example, we take ~=6 and 
x=O.l. With this choice, one can show which values are obtainable for the total phase shift 
~ and the transmitted power P0• With '1'1 and 'l':z running from 0 to 2x, one finds with 
equation (2.24) the results, given in tigure 2.7: 

1\l:: 'Jt/2 

2'1t 

4>: -7t/2 

Fig. 2.7 Total phase shift as a function of detuning parameters '1'1 and '1'2• 

From the tangent in equation (2.24) one could have deduced the singularities at '1'1•2 = 1t/2. 
Because of this, the pattem repeats itself with a period of 1t in each '1'-direction. To reach all 
the possible values of ~. it is sufficiënt to let 'l't and '1'2 run from -x/2 to x/2, as in tigure 2.8. 

1t/2 

1t/2 

1t/2 
-x/2 

Fig. 2.8 Achievable total phase shift in one period of '1'1 and '1'2 
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lf one knows which value is needed for the total phase shift cp, one can fmd the possible 
values for 'V1 and 'V2 by taking the intersection of the plane with cp=cpoeeded and Fig. 2.8. 
lf one takes cl>oeeded = 0, then one obtains Fig. 2.9. 

5.0 I 

'1'2 
4.5 

4.0 

3.5 J 
3.0 J 
2.5 J 
2.0 I 
1.5 ' ' ' I I 

1.5 2.0 2.5 3.0 3.5 
1 I I 

4.0 4.5 5.0 

Fig. 2.9 Cross section of Fig. 2.8 at cp=O. 
'I' I 

Figure 2.9 shows all the combinations of 'V1 and 'V2 that result in a total phase shift cp=O. 
Equation (2.26) gives a relation for all the achievable amplitudes of transmitted RF power 
with all possible combinations of 'V 1 and 'V2, running from -7t/2 to 7t/2. This results in Fig.2.1 0 

Fig. 2.10 

1t/2 

-'lt/2 

Achievable power transmissions as a function of 'V1 and 'V2• 

Tl is defined in equation (2.26) 

With the values for 'V1 and 'V2 given by Fig. 2.9, one can fmd in Fig. 2.10 which values for 
the amplitude of the transmitted power are achievable if the requested total phase shift is zero. 
For other values of cp, one must take another intersection with Fig.2.8 and use the resulting 
values for 'V1 and 'V2 in Fig. 2.10. In the next paragraph we will show this achievable power 
transmission range for every cp. 
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2.5 Maximum and minimum amplitude at given <1> 

There is another way to find the range of the transmitted power at a given cp. 

Po 
As before, we define 11 = _ 

Pg 

We introduce two new variables: 
cos a_ 

z = __ =cos a_.; (l+y2) 

We can now write for tan <1> (with equation (2.24)): 

y-x 
tan <I>= __ _ 

l+z+xy 

For tan <l>o we can write 

1 y tan <1> 

tan <l>o = __ = _____ _ 
l+z y(l-x tan cp)- x 

lf we solve equation (2.29) for z we obtain 

y (1 - x tan cp) - x - tan <1> 

z = ---------
tan <1> 

So, we obtain for 11 (with (2.26)) 

I3Z cos2cp 
11 = __ [y(l -x tan cp)-x]2 

(1 +P)2 (y-x)2 

( 2.27) 

( 2.28) 

( 2.29) 

( 2.30) 

( 2.31 ) 

( 2.32) 

We want to find minimum and maximum 11· This can be found in the points where the first 
derivative w.r.t. y of equation (2.32) is equal to zero or at the points of maximum and 
minimum y. 
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The differentiation leads to 

dll 2~2 [y(1-xtan~)-x] (y-x)(1-xtan~)-y(1-xtan~)+x 

= ~~ = 
dy (1+~)2 y-x (y-x)2 

2~ y(1-xtan~)-x 
= ___ cos2~ ____ _ [ x2 tan ~] ( 2.33) 

(1 +~)2 (y-x)3 

dll ' 
For = 0 we have 

dy 
y(l-xtan~)-x = 0 ( 2.34) 

In that case also 11=0. 

For values of y, obeying equation (2.34), we find minimum transmission. For all values of 
x and ~. the minimum power transmission is zero. The maximum transmission can be found 
in the boundary, i.e. in the points of maximum and minimum y. 

These values can be found with the aid of equations (2.28) and (2.31). 
Fr om 

cos a_ 
z = __ =cos a_..; (l+y2) 

cos a+ 

follows that fora given value of y, z is bounded by ±..; (1+y2). 

See figure 2.11. 

y 

Fig. 2.11 Limits for z, for given values of x and ~. 

( 2.28) 

29 



With equation (2.31) 

y (1 - x tan <!>) - x - tan <I> 

z = --------- ( 2.31 ) 
tan<j) 

we find for given constant values of x and tan <j), that this is a straight line in the yz plane. 
An example of these lines is found in tigure 2.12, combined with figure 2.11. 
lf we take the intersecring points of this line with the curves of figure 2.11, then we obtain 
the limits between which the variabie y can be varied. 

1 

y 

Fig. 2.12 Straight lines of (2.31) combined with curves of (2.28). 

We obtain for the boundary values of y: 

1 
y12 = [(x+tan<j))(l-xtan<j)) ± tan<j) '-..! (x2(1+tan2<j))+1)] 

(1-xtan<j>)2-tan2<j) 

The maxima for 11 are given by 

11t = 11(Yt) 
112 = 11(Y2) 

If we calculate 111 and 112, we find 
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11!2 = -------------------

( 2.36) 

Equation (2.36) describes the maximum transmission by the double cell control cavity for 
every cp. The only remaining variabie that can be chosen freely is the parameter x. 
In the next paragraph we will try to find a suitable value for this x. 

2.6 The optimum value of x in order to obtain maximum amplitude range 

Equation (2.36) gives for any x two graphs. With a random x, for example x=0.1, one finds 
figure 2.13. In this figure and the following figures 11 represents 1112(1 +~)2/~2. 

x=ü.l 

0.6 -: 

~ I 
OA j 'I 
0.2- ~ 
i~ 

C'.J I I I I I I I 

-90 
,...,.., 

-ou -30 0 30 60 90 
~ (deg) 

Fig. 2.13 Amplitude range for x=0.1 at varying cp 

Here the highest of both graphs at any cp gives the maximum achievable amplitude of 
transmitted power. In Fig.2.13 the minimum of these graphs is at 1t/2 where 6% of the input 
power is transmitted. This means that with x=0.1, the worst choice for cp is 1t/2. 

The parameter x can still be chosen freely, x=0.1 is just an example. The value of x can be 
optimized by making the requirement that the optimal x is that one that leads to the highest 
transmission of input power at the worst cp for that x. 
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Fig. 2.14 shows the same graphs as in Fig. 2.13, but for different values of x. 

x=0.02 

x=O.S 

I 10J 
I 0.8 

I ' I I 
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~ 

x=0.8 041 
0.2..; 

0.0 I 

- 90 -60 - 30 0 30 
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I 
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Fig. 2.14 Trial and error method for finding the best x 

From Fig. 2.14 follows that the minima are found at the points where cjl=7t/2 for the small 
values of x and that a minimum is found in cp=O for the larger values of x. The optima! value 
for x can be found in the point where the maximum transmission at cj>=O equals the maximum 
transmission for cp=7t/2. The optimum x is 0.577, as shown in Fig. 2.15. 
This value of x prescribes the coupling between the cells in the control cavity. 
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x=0 .577 

0.8 *-'- _" ______ _ 

0.6 

0.4 

0.2 

0 . 0 4---~~----~~----~----~----~~=---+ 

-90 -60 -30 0 30 60 90 
<1> ( deg ) 

Fig. 2.15 Maximum amplitude range for all~ with x=0.577. 

This does not mean that 0.577 will be the value for x in the final design. This value is only 
suitable if there is no knowledge about the ~oeeded· lf one knows the value of ~oeeded• then it will 
be smarter to use a small value of x with the maximum transmission range around ~oeeded· 
Choosing a small x means (due to equation 2.22) means a larger value of the coupling 
constant k. The higher this coupling constant, the better is the transmission of power from one 
cell to another. So, a smal! value of x is preferred, and if we have knowledge of the value of 
~oeeded• such a small x gives no problems in diminishing the transmission range. 
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CHAPTER 3: CA VITY ADJUSTMENT BY PIEZOELECTRIC CERAMICS 

In this chapter we only discuss the requirements which have to be fullfilled in order to use 
piezoelectric ceramics to adjust the resonant frequency of cavity-cells. We will show that 
piezoelectric ceramics do not offer a suitable solution for our problem of fast detuning. 

For a short introduetion of what piezoelectric ceramics are and the used theory of 
piezoelectrics, we refer to appendix A and [PHI 89]. Some equations used in this chapter are 
derived and/or explained in this appendix. 

3.1 Fast detuning 

Using piezoelectric ceramics to change the geometry of the cavity cells, we need thickness 
changes within 1 microsecond. Therefore, thickness resonant frequency should be at least 3 
MHz. This factor of six times the required frequency is for safety and usual practice in 
designing mechanica! constructions [ROS 92]. For a sample of 1 mm thick, this means 
according to equation (A.10) that a useful ceramic should have a thickness frequency constant 
that fulfils Nd3 > 3000. 
This is a high value. For commercially available piezoelectric ceramics is found that 1800 < 
Nd3 < 2100. So samples of maximum thickness of about 0.7 mm are necessary to get fast 
detuning as demanded. 

3.2 Sufticient detuning 

To determine the size of thickness changes of piezoelectric material to detune a cavity 
sufficiently, according to the third demand, we frrst have to explore the effects of changes in 
geometry of the cavity design on the resonant frequency. 

Theeuwen [THE 91] proposed the following designfora RF control cavity for detuning with 
piezoelectric material. 

Fig. 2.1 

Coupling mechanlsm 

RF-Input RF-output 

Theeuwens proposal fora RF control device for detuning 
by piezoelectric crystals. 
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In its ground state, this cavity will be designed to have a resonant frequency of 1.3 GHz, so 
it will transmit practically all RF power. 

This design implies coating of the piezoelectric elements with a thin copper layer on the 
inside of the cavity to ensure free flowing currents over the surface of the cavity, and copper 
plating on the outside to create an electtic contact to a voltage source. By applying a voltage 
over the piezoelectric elements, the thickness of the elements will change and the gapwidth 
of the injector cavity will also change. 

This change in gapwidth will alter the resonant frequency of the control cavity and in this 
manner it might be possible to detune the cavity sufficiently, in order to reflect the required 
amount of RF power back to a circulator that willabsorb all the reflected energy. 

To use this design, it is important to know: 
1) how the resonant frequency depends on the gapwidth 
2) what the best design is to have maximum profit of changes in gapwidth 
3) what voltage is needed to have a sufficient change in thickness of the 

piezoelectric elements. 

3.3 Cavity design in case of piezoelectric controlling 

With the SUPERFISH computer codes, it is possible to calculate design with a resonant 
frequency of 1.3 GHz. The design has the following parameters: 

Fig. 3.2 

€---- ).,77 cm 
3 

2. I 

·r 
I 

I 

3,75 cm 

j 
1 1 ' 1,25 cm 

-. -~.L. ____ j__ -·-
~ 

0,5 cm 

Parameter input for the SUPERFISH computer code, the parameters that 
determine the design of a control cavity using piezoelectric elements. 

These parameters have been chosen on basis of application of PXE 5 piezoelectric material. 
To make sure that the ceramic can follow changes in voltage within 1 microsecond, the 
thickness of the PXE 5 is chosen as 0.3 mm. The larger the piezoelectric element (in 
diameter), the larger the effect of a change in resonant frequency, so the largest commercially 
obtainable PXE 5 disc is used for the calculation, with diameter of 25 mm. 
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Electrode Electrode 

.v V 

Piezoceramics 

Piezoceramics 

Fig. 3.3 Cavity in perspeelive and 2-dimensional graph of the detuning gap 

With these parameters, the superfish computercode calculates the change in resonant 
frequency if a wall is placed 1 mm to the outside (i.e. the cavity becomes larger). The 
program calculates this for every wall. The wall of interest is wall number 6 in Fig. 3.2 

The changes depend on the chosen parameters. The length of the cavity is not so important 
for the resonant frequency, but the width of the gap and the width of the entire cavity is. 
The quality factor depends on the stored energy in the cavity (see chapter 1) and in this way 
on the volume of the cavity cell. This means that the diameter of the cavity should be large, 
to obtain a large quality factor. 

We have chosen the gap width as 1 cm and the total width as 2.77 cm. This last value makes 
sure that we obtain a cavity cell at resonance at 1.3 GHz. 
A cavity with the parameters as in figure 3.2 has a quality factor in the order of 10,000. To 
have sufficient detuning, one needs frequency changes of 100 kHz. 
lf the contour of the cavity is made a bit smoother (rounding corners etc.), only small changes 
appear in the obtained values. For an estimate of the order of magnitude, the given parameters 
are sufficient. 

3.4 Voltage required for sufficient cantrolling 

From calculations we can find how the resonant frequency shifts as a function of widening 
the gap. With the given structure, the wall needs to be replaced 3 pm to obtain 100 kHz 
frequency shift. From this we find that a piezoelectric crystal must expand at least these 3 pm 
to obtain sufficient detuning. With equation (A.6) and a piezoelectric charge constant of 390 
x 10"12 m/V, it is necessary to apply a voltage of 7500 volts to obtain these 3 pm change in 
length. 
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3.5 Condusion 

This 7500 V will be applied over a ceramic disc of 0.7 mm. According to the manufacturer 
(private communications) this might cause sparks in the ceramic. This is unwanted. 

The piezoelectric cerarnic is placed between two electrodes with a surface of 7t*(0.0125)2 m2• 

This means, we have created a capacitor. The relative permeability of PXE 5 material is 2000 
and with a thickness of 0.7 mm we find a capacitance of 12 nF. For this calculation we used 

( 3.1 ) 

From this equation we can find the necessary current to fill this capacitor within one 
microsecond. 

I= ÖQ/Öt = C ÖV /Öt ( 3.2 ) 

The change in voltage is 7500 V, so the required current is of the order of 90 A (12 * 10-9 

* 7500 I 1 * 10-6
). It will be very difficult to apply such a high current, combined with 

voltages of several kV. 

As a last restraint, the manufacturer mentioned that the samples may not reproduce the 
changes in our application. Usually, piezoelectrics are biassed with AC voltages to create 
continuous vibrations. Weusethem for step-movements, and that might raise probieros after 
longtime application of the piezo's, because of long term depolarization of hysteresis effects. 

Because many aspects, concerned with a solution using piezoelectric ceramics, touch the 
physical limits of what is possible, it will be difficult to use piezoelectric samples in our 
application. 

Supplement 

If the demand of fast switching is changed, this will have large implications for the 
application of piezo-ceramics. lf one wishes to change the frequency within 3 psec, then the 
ceramic may be three times thicker, and so the capicity becomes three times smaller. 
With equation (3.2) one finds that a current of 10 A would be sufficient. The required voltage 
remains the same. 
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CHAPTER 4: CA VITY ADJUSTMENT BY FERRITES 

For our application (detuning a RF cavity) we can use ferrites. Perrites are magnetic oxides 
that contain iron as major metallic component. They show an important phenomenon, ferri
magnetism. The most notabie properties of a ferrimagnetic material are that it can be 
permanently magnetized and that its magnetization may be affected by the application of 
relatively small magnetic fields. Furthermore, ferrites are isolators. Because of this, RF fields 
can penetrate ferrites. 

4.1 The magnetization process 

The behaviour of a ferrimagnetic material in low fields is represented graphically by the 
magnetization curve or hysteresis loop (Fig.4.1), plotting magnetic induction B against applied 
magnetic field H. The important features of this curve are that when a specimen is taken 
through a cycle of magnetization (see for comparison the section on piezoelectric hysteresis 
in the appendix) the changes which occur are irreversible and involve a loss of energy -
hysteresis loss. 15 
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-15 
Fig. 4.1. Hysteresis loop of an annealed 
iron specimen. 

Fig. 4.1 The induction as a function of applied magnetic field. 

lf the applied field H is increased to the value of ~. then the magnetization will not further 
increase. At this point the material has reached magnetic saturation. 
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4.2 Ferrimagnetic relations 

The relation between magnetic induction B, the magnetization M and the applied field H is 

( 4.1 ) 

This equation leads to the definition for the permeability p: 

)J = J.lr)Jo = ( 1 + Xm ) Po = B/H ( 4.2) 

where Xm is the susceptibility 

Xm = M/H ( 4.3 ) 

4.3 The possible usage in a detuning cavity 

From Fig. 4.1 can be concluded that the susceptibility, and thus the permeability, are a 
function of the applied field. The resonant frequency of a cavity depends on the permeability 
of the medium in it, and so ferrites offer an interesting aspect for detuning such a RF-cavity. 
lf it is possible to change the permeability of the medium of the cavity, the frequency will 
change and so the reflection can be manipulated. 
A problem is that the permeability of ferrites is not only a function of the magnitude of the 
DC magnetic field, but also of the frequency of RF fields around and in a ferrite. 
In [S&W 59] we find the following figure, that gives the permeability of different ferrites as 
a function of frequency. 

Fig. 4.2 
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In our control cavities is always RF power present, at a frequency of 1.3 GHz. 
From this figure, we find that the permeability of ferrites at 1.3 GHz is of order 5, so the 
permeability offerrites in our control cavities are relatively small. To have significant changes 
in permeability, large DC magnetic fields will be neccesary to obtain appropriate results. 

To test the ferrimagnetic option for detuning, the following experiment was set up. 

4.4 Experimental setup 

A cavity with a resonant frequency of 1.3 GHz contains a sample of ferrite. A coil is 
wounded around the ferrite, in the way shown in Fig. 4.3. 

double wounded coil 

Fig. 43 Ferrite sample with coil to apply magnetic fields 

A part of the ferrite is not surrounded by the copper coil, because the coil sereens the ferrite 
from the RF-field in the cavity. The coil is wound in a way that the fluxlines pass through 
the entire ferrite, so that if a magnetic field is applied, the permeability of the ferrite in the 
coil as well as outside the coil will be changed. This ferrite sample with coil is placed in the 
cavity and by applying a current to the coil with a currentsource, the permeability of the 
interlor of the cavity can be manipulated. The RF-source is a synthesized sweep oscillator 
(HP 8341), available at the Department of Electrical Engineering of the TUE. 

To construct the accelerating cavity of the RTM-T, Theeuwen has designed an aluminum 
testcavity. This cavity was used for this experiment. This accelerating cavity has three 
accelerating cells. Por our application, only one cell is needed, so the coupling slots of one 
of the outer cells to the middle cell is sealed of with aluminum foil. In this way only one 
resonant cell remains with aresonant frequency of 1.3 GHz. 
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Fig. 4.4 Schematic overview of the experiment 

The aim of the measurement is to detennine the change in resonant frequency as a function 
of the applied magnetic field, in this case as a function of the current, applied to the coil. 
This is done by coupling some RF-power into the cavity on one side of the cell and coupling 
out at the opposite side. The resonant frequency is detennined by sweeping the inputfrequency 
over a certain range. Resonance occurs when the amplitude of the measuring signa! is 
maximum. The input signa! is coupled into the cell in an inductive way, by a small loop, as 
described in [THE 91]. Such a loop is also used to measure the signa!. 
Such a measurement gives a transmission versus frequency graph as in Fig.1.8. 

The bandwidth is a measure for the quality of a cavity. From chapter 1 we can conclude that 
the quality factor and the bandwidth have the relation: 

( 1.2) 

So, with a measurement of the resonant curve of a cavity, conclusions can be drawn about 
the resonant frequency as well as the quality factor. The bandwidth has implications for the 
demand of sufficient detuning. To obtain reproducible and significant results, it is required 
that the difference in resonant frequency between the tuned and detuned situation is of the 
order of the bandwidth. By demanding this, there is small overlap of the resonant curves. 

By measuring the resonance frequency with various applied magnetic fields, it is possible to 
detennine if ferrites are usefull to detune a cavity under the required conditions, at least for 
the requirement of sufficient detuning and quality. 
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The following procedure is foliowed to obtain significant results: 

1) Measuring the resonant frequency without a ferrite sample in the cell 
2) Measuring the RF frequency with ferrite sample and no applied field 
3) Measuring the RF frequency with various applied magnetic fields after 

various periods of time 
4) Measuring the RF frequency with various applied magnetic fields, within the shortest 

possible time 

4.5 Results 

1) Without a ferrite sample, the frrst resonant frequency is at 1.2993 GHz with a 
bandwidth of 1 MHz. 
This gives a quality factor of about 1000. (See Fig. 4.5.1) 
This low value is obtained because the cells were not clamped together. Because this 
situation remained during the entire experiment, it has no meaning for the results. 

2) With a ferrite sample, and no applied field, the resonant frequency becomes 1.2984 
GHz and the bandwidth increases ten times, so the quality factor decreases a factor 
10. (See Fig. 4.5.2) 

3) From these measurements is found that the change in frequency depends on how long 
the magnetic field is biased on the ferrite. This cannot be a ferrimagnetic effect, 
because the magnetic field will penetrate the ferrite almost immedeatly. 
B y measuring the temperature of the coil and the ferrite it was found that it increases 
as a function of time. This explains the observed change in frequency. If the ferrite 
gets heated by the coil, its volume will increase, so a larger part of the cavity will be 
filled with material with permeability different from zero. This will alter the resonant 
frequency. (See Fig. 4.5.3) 
This also sets a limit to the maximum applied field. Temperature effects are unwanted. 
If the ferrite option is usable, we will use the magnetic field often. After a while, the 
temperature of the ferrite will increase, even if the periods of heating are short (10 ps 
with a frequency of 10 Hz). In that case, the detuning will change as a function of the 
time the experiment takes, and forther adjustments have to be made. To avoid these 
adjustments, the magnitude of the magnetic field must have such low values that 
temperature effects are unnoticeable. 

4) Because of the observed dependenee on temperature, a measurement is set-up to see 
what is the sole effect of the ferrite. From these experiments follows that there are 
only small changes in frequency with varying field, and that statistic errors are very 
large. (See Fig. 4.5.4) 
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Fig. 4.5.4 Frequency changes with ferrite with different currents in the coil 



The graph numbers in Fig. 4.5.3 correspond to 

lA 
2A 
3A 
4A 
SA 
6A 
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Curve for cavity containing ferrite 
Curve 
Curve 
Curve 
Curve 
Curve 

without field in coil, ferrite at roomtemperature 
with field in coil, short time after switching on 
with field in coil, after 5 minutes of heating 
without field in coil, after 0 minutes 

after 10 minutes 
after 30 minutes 



4.6 Conclusions 

From measurements 1 and 2, immediately can be concluded that ferrites are not usefull for 
our application. The qualityfactor of the cavity cell is reduced by at least a factor 10 by 
introducing a ferrite into the interlor of the cavity. The demand of a change in resonant 
frequency between the tuned and the detuned situation of twice the bandwidth results with 
such a poor Qo in a required frequency shift of 2 MHz. 

From measurement 3 can be concluded that not only the change in permeability by an 
extemal magnetic field is responsible for changes in the frequency, but that the heating of the 
ferrite by the coil is also responsible for changes. Because of this heating, the ferrite expands 
and in this way the distribution of permeability over the volume changes. Detuning by thermal 
expansion is not wanted, because this tuning can never be exercised within 1 psec. 

Because of this, measurement 4 was necessary. By making fast sweeps, with short times 
during which the field was applied, the influence of heating was minimized. From this 
measurement it appears that different applied fields barely cause a change in resonant 
frequency, certainly not enough to detune the cavity twice the bandwidth. Furthermore, the 
statistic changes were so large, that the effect is only marginally present. 

The use of larger ferrite samples is no usabie option, because if an extrapolation is made to 
see how much ferrite is necessary to achieve significant frequency changes (over 2 MHz), the 
ferrites need to he at least as big as the entire cell. Filling the cavity with such a large amount 
of ferrite will reduce the quality factor enormously. 

Because of the high RF frequency, the permeability of the ferrites is so low, that very large 
changes in magnetic fields are required to obtain the wished changes in frequency. These 
fields are too large for practical application. 

From this, the condusion is justified that ferrites are notpractical to use in our control device, 
under the conditions as presently required. 
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CHAPTER 5: DETUNING BY A LOW ENERGY DC ELECTRON BEAM 

5.1 Introduetion 

The possible solutions in chapters 3 and 4 did not satisfy the requirements. Another solution 
is detuning a resonant cavity by a DC low energy electron beam. Here low energy means that 
the electrons have veloeities of less than 80% of c, the speed of light in vacuum. The 
principle of this detuning method is as follows. 

The control cavities contain RF power that is transmitted to the accelerating cavity of the 
RTM-T. These cavities havearesonant frequency of 1.3 GHz. Such a control cavity can be 
used to accelerate and/or decelerate electrons in a DC electron beam. If this electron beam 
has a net increase of energy, it gained this energy from the RF power in the control cavity. 
If the RF power loses energy to the electron beam, less energy will be transmitted to the 
accelerating cavity of the RTM-T. 

Furthermore, by using such a DC low energy electron beam, it might be possible that the 
cavity gets detuned, so power will be reflected. In this chapter is investigated how the 
properties of a cavity depend on such a beam and what the effects are on the transmitted and 
reflected RF power. 

If a DC electron beam is accelerated or decelerated in an AC voltage gap, the resulting energy 
after passing the gap will be different for electrons that enter the gap at different phases of 
the AC voltage. For low energy electrons, the velocity will also change. A scheme of the 
experimental set-up is presented in figure 5.1. 

j L RF power out 

L.....-----:----"~ ï · -· -· -· -· -:.:_: · · · · -- · -t-- electron dump 

electron gun , 

Fig. 5.1. 

E 

---' 

RF power in 

Schematic set-up of acceleration and deceleration of a DC electron beam 
in a control cavity. 
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5.2 Dependenee of energy gain on voltage phase, when an electron enters the gap. 

Assume we have a low current low energy DC electron beam, in a way that we can separate 
the beam in n single electrons. The first electron of the beam enters the gap, when the phase 
of the AC voltage is <p1• The voltage over the entire gap is then V max sin <p1• 

Here we suppose that the electric field between the edges of the gap is a constant as a 
function of distance travelled since the beginning of the gap. The electric field remains a 
varying function of time. For the sign of V max• see figure 5.1. 

In a time .!\t the electron gains an energy of v .!\t q d-1 V max sin <p1 and the travelled distance 
is v .!\t. Here v is the velocity of the electron, d the gapwidth and q the charge of an electron. 
The velocity can be calculated from the relations 

and 

E2 = IT\?c4 + p2c2 
p = mv 

m= ___ _ 

..; (1 - v2fc2) 

( 5.1 ) 
( 5.2 ) 

( 5.3 ) 

where E is the total energy, Illo the restmass, p the momenturn and m the mass of the electron. 

If the electron is still in the gap, it gets accelerated again, and gains an energy of 
q/d v .!\t V max sin ( <p1 + ro .!\t). Here ro is the resonant frequency times 27t. Again the travelled 
distance can be calculated, and so on. 
When the electron leaves the gap (either on the one side if it was accelerated, and sometimes 
on the other side if the deceleration was so large that the direction of the electron changed), 
the energy remains constant. 
If this calculation is made for all electrons in one AC cycle, and by adding the individual 
changes in energy of all the electrons, one can determine if the RF power in the cavity has 
lost energy to the beam. 

For this, a computerprogram has been written, to be found in appendix B. 
The result of this computerprogram is presented table 5.1. 
In Figure 5.2 more results with gap = 5 cm and f = 1.3 GHz are shown for different voltages. 

Table 5.1 Energy gain per electron (gap = 5 cm, voltage = 2 MV, f = 1.3 GHz) 

startenergy (ke V) 
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0 
50 

100 
500 

1000 

average energy gain per electron 
(in units of restmassenergy) 

0.353 
0.395 
0.396 
0.151 

-0.163 

average energy gain per electron 
(keV) 

180 
202 
202 
77 

-83 
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Figure 5.2 Average energy gain per electron with g=5.0 cm 

From our calculations with varying gapwidths and voltages over the gap, the maximum 
average energy gain per electron was found with g=3 cm and V=5 MV. With an initial energy 
of 100 keV, the average energy gain per electron equals 1.46 MeV. 
From this we see that a low energy DC electron beam absorbs energy from the RF power. 
The amount of power depends on the intensity of the electron current. One can calculate how 
much current is needed to absorb the requested energy. From figure 1.6 follows that in the 
situation when there is no beam in the RTM that a power of 2.4 MW needs to be absorbed. 
With an energy gain 6E per electron in the control cavity, 2.4*106/(1.46*1.6*10-13

) electrons 
per second are needed. This leads to a current of (2.4*106/1.46*106 =) 1.64 Ampere is 
necessary to gain the requested amount of energy. 

This current is too large to achieve with simple means. One has to remember that the subject 
of this work is to design a device to save a klystron, so the detuning device must be much 
cheaper than a klystron. Expensive solutions, as injecting a 1.64 A electron beam, exhaust the 
costs of a second klystron. 
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5.3 Detuning effects 

This does not mean that the DC electron beam is not a good solution. There is a second effect 
due to the introduetion of a DC electron beam. An accelerating cavity can be represented by 
an electrical equivalent circuit As shown in chapter 2, for the accelerating cavity of the 
microtron, the equivalent circuit given in figure 5.3 is found. 

. 
I 
g 

Fig. 5.3 

c R L c 

Equivalent circuit for an accelerating cavity for a relativistic 
electron beam and RF power supply 

V 
c 

This circuit is only valid if the cavity does not change the velocity of the electrons, but only 
their energy. In the accelerating cavity of the RTM the electroos have an initial energy of 
6 Me V. This means that they have nearly the speed of light. 

For our detuning purposes, it is not possible to use relativistic electrons. Another approach 
to this problem can be deduced from Chodorow and Susskind [CHO 64]. These authors have 
given a description for changes in the electrical equivalent circuit in case of non-relativistic 
electrons. 

Following [CHO 64], we present the accelerating gap in a cavity as a capacitor with two 
plates of surface A with different voltages. Because A>>d2, where d is the gapwidth, we can 
take the electtic field between the plates as uniform. (See Fig 5.4) 

Fig. 5.4 
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The current Io is divided over the entire surface, so the current density is 

i0 = IJA ( 5.4) 

Because of conservation of charge we find at any plane parallel to the capacitor plates that 

v·i + àptat = 0 

Here p is the charge density at the plane. 
With the Maxwell equation 

v·E = p/e0 

we find 

v· i + E0 à!àt( v·E) = 0 

( 5.5 ) 

( 5.6 ) 

( 5.7 ) 

Because the fields, currents and charges only change in the direction of x, this becomes 

à!àx (i + Eo àE!àt) = 0 ( 5.8 ) 

or 
i(x,t) + Eo àE/àt = iA ( 5.9 ) 

where the current density iA, the integration constant, is independent of x, but still depending 
on time. Averaging equation (5.9) over the gap and multiplying with the surface of the 
capacitor to obtain total currents one finds 

d d d 
Nd f i(x,t) dx + e0Nd f àE!àt dx = 1/d f iA dx ( 5.10a) 

0 0 0 
With the assumption that the gap is a capacitor we find the equivalent circuit of Fig. 5.5 

With (5.10a) we find (5.10b) with! and IA representing total currents. 

( 5.10b) 

This leads to the equivalent circuit of Fig. 5.5. 

IA 
-,CdV 

dt 

V 

Fig. 5.5 Equivalent circuit with a capacitor as accelerating device 

55 



Here I is the average driving current. This current is not constant in the gap, due to the 
velocity modulation, treated above. 

Furthermore, there is an external admittance defined by 

which leads to the equation 

Cd V 
I= VY + dt 

( 5.11 ) 

( 5.12) 

This is a circuit equation staring how the voltage is determined by the space current, as we 
will show below. The space current in turn depends on the voltage across the gap. 

The problem is to calculate the driving current I. This current exists of two parts, namely a 
part from the direct current from the electron gun and a second part from the velocity 
modulation induced by the RF fields in the gap. To make this calculation, space charge 
effects are neglected. Furthermore, the assumption is made that there is no spread in velocity 
or energy of the electrens from the electron gun, so the electrens have an initia! speed of v0 

and the electron gun gives a current density of io. 

Consider the gap in the cavity as a plane parallel gap with a voltage across it given by 

( 5.13 ) 

The electtic field is given by 

( 5.14) 

From this, the equation of motion (F = m*a) for a charge e with the initia! conditions defined 
above can be calculated, so that one finds the position of the electron as a function of time. 
According to [CHO 64] this leads to the equation: 

V jrot jrot1 jrot1 v0 

x = 11 _ [ e - e -je (rot-rot1)] + _ (rot-rot1) ( 5.15a) 
wd co 

with 11=e/m and t1 the moment the electron enters the accelerating structure. 
For the next paragraph it is usefull to rewrite this equation to 

cox 11 V jrot jro(t-t1) -jro(t-t1) 

ro(t-t1) = _ - __ e [1 - e - je ro(t-t1) ] ( 5.15b ) 
V0 V0COd 
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5.4 Calculation of the driving current 

We want to know the driving current, so we want to knowhow many electrons pass a certain 
surface perpendicular to the flow of electrons in a given period of time. For this, we need an 
inversion of equation (5.15), because then we know at what time an electron passes a certain 
point. By calculating the amount of electrons that pass the chosen surface in the given period 
of time, the driving current is found. 

This inversion is hard to perform, because the exponentials involve the unknown value of t. 
By making certain approximations, it is possible to obtain analytica! results. 
From conservation of charge we can conclude for the current density i(x,t) at any plane 
parallel to the capacitor plates that 

i(x,t) dt = Ïo dt1 ( 5.16) 

An important approximation is taking e * the accelerating voltage small with respect to the 
initia! energy of the electrons. lf the amplitude of the accelerating voltage is small, the 
modifications of the RF voltage on the transit time may be neglected. By doing this, 
Chodorow and Susskind obtain an expression for the transit time as a function of the position 
in the accelerating gap: 

rox V v0 jrot -j<j> -j<j> 
ro(t-t1) = _ - __ e (1 - e - j<j> e ) ( 5.17 ) 

v0 2V0rod 

with <1> defined as rox/v0 and V0 the voltage that corresponds to the initia! energy of the 
electrons, i.e. for an electron of 5 eV, V0 = 5 V. 
From this equation one can find the derivative 

V v0 jrot -j<l> -j<j> 
= 1 + j e (1 - e - j<j> e ) ( 5.18 ) 

dt 2V0rod 

With equation (5.16) this leads to 

V v0 jrot -j<l> -j<l> 
i(x,t) = io [ 1 + j e (1 - e - j<j> e ) ] ( 5.19 ) 

2V0rod 

i(x,t) exists of an average current density i0 and a RF component. This RF component is, 
under the approximations made before, proportional to the gap voltage. The space average of 
this term is given by 

& -jD/2 sin D/2 
<iv> = j _ V e [ COS D/2 - ] ( 5.20) 

D D/2 

57 



&, -jD/2 sin D/2 
<iv> = j _ V e [ cos D/2 - ] ( 5.20) 

D D/2 

with &, = iJV 0 and D = oxl/v0• 

This component is often called the beam loading component It arises from velocity 
modulation of the electroos and bunching of them in the gap. 
With this representation of the RF component of the current density, one finds with equation 
(5.10) that 

<iv> =iA+ C dV/dt 

where <iv> is proportional to the amplitude of the gap voltage. 
So, it is possible to define an admittance per unit area as 

-<Ïy> = Ys V 

( 5.21 ) 

( 5.22) 

The total admittance Y 8 (=A *y8), that is also proportional to the initia! current Jo, has to be 
added to the equivalent circuit of Fig. 5.3 which leads to Fig. 5.6 

. 
I 
g 

Fig. 5.6 

c R 
c L V 

Adjusted equivalent circuit for a control cavity, containing the 
admittance due to the acceleration of non relativistic electrons. 

c 

The current souree ib represents modulations on the initia! energy of the electrons. lf all 
electroos have exactly the same energy, this current is zero. 
The admittance Y 8 exists of a real and an imaginary part. From the above one finds for the 
real part G8 (the conductance) 
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sin D/2 
GB = Y2GO---

sin D/2 
[ -cos D/2] 

D/2 D/2 
( 5.23) 



and for the imaginary part Ba (the susceptance) 

cos D/2 
Ba=~Go---

sin D/2 
[ -cos D/2] 

D/2 D/2 

G0 = A*iJV0 = IJVo 

( 5.24) 

The conductance represents the net power transfer from a d-e beam to the circuit. This power 
can be negative or positive. Via G0, both Ga and Ba depend on the initia! current density Ïo· 
By changing the value of Jo, one manipulates the admittance in the equivalent circuit. 
Translated to the cavity model, this means that the transmission of RF power can be adjusted 
via a DC electron beam. 

We want an estimation for the magnitude of the required current from the electrongun. 
lf we take D<<1, we find in a first approximation that 

( 5.25) 

and 

Ba = G0 D/12 = G0 dro/ 12 v0 ( 5.26) 

Because Ga is assumed zero, the admittance in Fig.5.6 is completely imaginairy, and can be 
replaced by a capacitor ÖC. This leads to the identity 

Y a = jBa = jroöC 

or 
ÖC = d GJ12 v0 ( 5.27) 

Assuming ÖC<<C, we find for the scheme in Fig.5.6 that 

ro = (LC)-~ ( 2.5 ) 

and by differentiation of this equation that 

öro/ro = -~ öC/C ( 5.28 ) 
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We want to calculate the value of the current, needed for sufficient detuning of a cell in the 
control device. This means that the phase shift has to be of the order of 45°. The phase shift 
depends on the quality factor of the cell and the frequency shift as (see chapter 2) 

tan 'V = -2 Q_8ro/ro ( 2.14) 

so (with equation 2.6) 

8ro/ro = -1/2Q. = -(J.../C)"2/2~ ( 5.29) 

With equations (5.28) and (2.5) this leads to 

8C = 1/ro~ ( 5.30) 

that results with (5.27) in 

( 5.31 ) 

The last equation is usefull in finding an estimate for the necessary current to detune a control 
cell. As a reminder, v0 is the initia! velocity and V0 is a voltage that corresponds to the initia! 
kinetic energy of the electrons. The initia! velocity depends on the initia! energy as ../V0, so 
Io depends on the initia! energy as V0

312
• 

For ~we use the value given in [KTB 91], so we find that Re= 4 106 n. Taking an initia! 
energy of 10 keV, a frequency of 1.3 GHz and a gapwidth of 1 cm, we find with ( 5.31) that 
the required current for sufficiënt detuning is of the order of 22 mA. 
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5.5 Conclusions 

By using a DC electron beam, the properties of cavity cells can be altered. By adjusting the 
current from the electrongun into the cavity, the phase and amplitude of the transmission can 
be adjusted. Switching on and off of the electrongun can be done within very short times (less 
than the required 1 microsecond. 

The introduetion of a DC electron beam does not essentially disturb the quality of the cavity. 
When there is no beam, there is nothing where power can be lost, except into the cavity 
walls. This is what we wanted all along, because the control device does not add power losses 
to the entire RF structure. 

An estimate for the driving current has been made, to see if it is possible to have sufficient 
controlling. This current is of the order of 20 mA, a value that is obtainable by simple means. 
This solution needs forther investigation. 
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CHAPTER 6: FINAL CONCLUSIONS 

In this report, results were presented of a graduate study in the accelerator laboratory of the 
Eindhoven University of Technology. The aim of the study was to find a design for a control 
device for RF power flow in the RaceTrack Mierotren Twente. 

The results lead to the following conclusions: 

To obtain maximum transmission of RF power by the control device, a construction with 
resonant cavities is a good solution. Combined with the use of good conducting wall material 
and a vacuum inside these cavities, onely small amounts of RF power will be lost in the 
cavities or be reflected by the cavities when these are on resonance. 

The adjustment of phase and amplitude can be achieved by detuning the cavity cells in the 
control device. Altering the geometrie or electromagnetic properties of a resonant cavity leads 
to reflection of RF power. Independent adjustment of phase and amplitude is possible by 
using two cavity cells that can be detuned independently. This bas been proven in this report. 

The switching between no beam in the RTM-T and the beam loaded situation bas to be 
performed within 1 microsecond. Changing the geometry of a cavity with piezoelectric 
ceramics bas been investigated. The properties of piezoelectrics give rise to problems that 
make it difficult to use them in the proposed detuning device. The difficulties arise from the 
conflicting demands of fast switching and sufficient detuning. 
Changing the electro-magnetic properties of a cavity cell by a ferrite also does not offer a 
good solution. It reduces the quality factor of the cavity cells by a factor ten. The small and 
badly reproducing effects of changing the permeability of the ferrite in relatively large fields 
lead to the condusion that ferrites do not offer a practical solution. 

Finally, detuning with a low energy DC electron beam bas been investigated. Computer 
calculations, only basedon the absorption of RF power by acceleration of electrons, lead to 
the assumption that very large currents are necessary. But the introduetion of such a beam 
into a cavity cellleads to changes in the resonant frequency and in that way to reflection of 
RF power. For electroos with an initia! energy of 10 keV, a current of the order of 20 mA 
is necessary to reflect sufficient RF power. The implementation of a low energy DC electron 
beam needs further investigation. Detuning with a DC low energy electron beam meets all the 
other requirements for the control device. 

In analogy to the investigations done in chapter 5, the introduetion of electron bunches into 
the RTM-T cavity might give rise to detuning effects. These effects may also be used to solve 
a part of the power switching problems as discussed in this report. This may be done by pre
tuning the cavity. Then, during the filling of the cavity with RF power, the main part of the 
power will be reflected because the cavity is used to built up the accelerating field in the 
cavity to the required level. 
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Then, when a high energy beam is injected, the detuning of the cavity suddenly changes and 
the power that initially was reflected, now comes available for the acceeration of the beam. 
Note that the de-tuning effect of the beam is caused by the bunched character of the beam. 

This effect has not been investigated yet. We suggest that investigations are made to check 
the effects of this detuning. It is known that a DC relativistic electron beam doesoot detune 
an accelerating cavity and we have found that a DC non relativistic electron beam detunes 
it. It is important to find out what happens with a relativistic electron beam that comes in 
bunches. 
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CHAPTER 7: PRESENT STATUS OF TUE 
RTM ACCELERATING CA VITY 

In the last year, important progress has been made in the design and construction of the 
accelerating cavity for the TEUFEL racetrack microtron. In this chapter we will discuss this 
progress and motivate the actions taken. 

The design of the accelerating cavity is based on the design of the cavities of the 6 Me V 
linear accelerator that has been built in the Los Alamos National Laboratory [KTB 91]. The 
Los Alamos NL has a large experience in constructing electron accelerators and offered help 
in designing the accelerating cavity of the RTM-T. This help consistsof reviewing drawings 
and commenting on construction stages. 

In close cooperation with the technica! workshop at the Eindhoven University of Technology, 
a few meetings were held to discuss the main problem in the construction of the cavity. This 
problem is the brazing of the cells to each other. 

Fig. 7.1 The accelerating cavity, with three accelerating cells and two 
coupZing cells. 
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Each accelerating cell is constructed in the following manner: 

Make a rough machining of a half accelerating cell 
Add all holes for watercooling, measurements, pumping etc. 

(- Machine a half coupling cell into the half accelerating cell, if necessary) 
Make a computer controlled fme machining of a half accelerating cell 
Measurement of resonant frequency and quality of the half cell 
Braze two half accelerating cells 
Measurement of resonant frequency and quality of the cell 
Test vacuum 
Measurement of resonant frequency and quality of the cell 

After this the main problem arises. The fomace for copperbrazing in the Technica! workshop 
is not large enough to braze the three accelerating cells on top of each other, but it rnight be 
possible to enlarge this fumace. This will mean, however, that the cells cannot be brazed 
horizontally, but on top of each other. The brazing takes place at a temperature of 950° C. 
The melting point of (oxygen free) copper is only 100° C higher. Danger exists that the large 
mass of the opper cells will deform the lowest accelerating cell, because the copper becomes 
very soft. 

Because of this, another solution came up. It is possible to hold the cavity cells together by 
pushing them against eachother, by mounting two plates on the left and the right of the cavity 
and connecting them by bolts. If 0-rings are placed between the accelerating cells, a vacuum 
can be reached within the cavity of at least 104 Pa (See Fig. 7.2). This will be enough for our 
application. Note that only the accelerating cells are clamped to each other, and that the 
halfeelis are brazed together. 

The 0-rings are placed at the planes of the coupling cells. Because of the small fields in the 
coupling cells and the corresponding low currents on the surface of these cells, the introdue
tion of 0-rings into the design will not disturb the free flow of current over the surfaces. 
An argument against the use of 0-rings rnight be the destruction of the rings by the radiation 
from the beam, but based on experience we expect that the lifetime of the 0-rings will be 
larger than the lifetime of the microtron. 

When the decision to use 0-rings was made, the technica! workshop wanted to get some 
experience in constructing the accelerating cells and we liked to know what the effects are 
of brazing, heating and evacoating a cell. To do this, a testcell of oxygenfree copper has been 
constructed. 
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Fig. 7.2 
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After the fine machining, the cavity was tested in the Department of Electrical Engineering 
to find the Quality and Resonant Frequency of the een. After damping the unbrazed half eens 
together, aresonant frequency of 1.2993 ± 0.0001 GHzwas measured and a quality factor of 
19,500 ± 100. Fora description of the measurement, see [THE 91] and chapter 4. 
On basis of [KTB 91] we expected aresonant frequency of 1.3 GHz and a quality factor of 
26,000. The measured frequency is airoost exactly the expected frequency, but the quality 
factor is significantly lower. The reason of this, is not clear yet. 
To test the influence of heating, a stainless steel flange has been brazed on one half cell at 
a temperature of 700° C. The other halfeen was heated to the same temperature. A new 
measurement did not detect any changes. 

The halfeens were then brazed and unfortunately immedeatly evacuated. In stead of 
conducting a measurement between these to actions to determine the effects of brazing at a 
high temperature and the effects of evacuating independently, only the effect of both actions 
has been measured. This meant a reduction in resonant frequency of airoost 2 MHz and a 
barely changing quality factor. 

Because of this, it became important to find out if there are ways to change the resonant 
frequency of the cells after brazing. To do this, the fonowing construction has been made: 

Fig. 7.3 

Detuning screw 

Detuning screw 
Incoupling signa! 

Cavity 

Measuring signa! 
~ Detun· 
'Cl- lllg screw 

Schematic view of the measurement to determine effects on resonant 
frequenCtJ of an accelerating cell by making permanent changes in the 
geometnJ of the cell. 

The tuning screws in Fig. 7.3 are connected to a micrometer. By pushing on the wans of the 
cen via these screws, the geometry of the een will change. By measuring the transmission/ 
frequency diagram, the resulting resonant frequency is found. 
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Changes in the walls were made at three points, two on the circular walls and one on a flat 
side of the cell. The changes of pushing the circular walls inside gave a reduction in 
frequency of 80 kHz at the most, but pushing the flat walls together showed large effects. 
This was to be expected, because the gap shortens by pushing the flat walls together, and in 
this way the electtic capacity of the cellis enlarged. From the equivalent circuit presented in 
[THE 91] then follows that the frequency decreases. A change of 0.5 mm resulted in a 
frequency shift of over 2 MHz, so it will be possible to adjust the resonant frequency of the 
accelerating cavity after brazing. 

Since then, the drawing of the actual cavity cells has started. Later this year, the technica! 
workshop will start with the construction of the cavity. Hopefully by the end of the spring of 
1993 the accelerating cavity of the RTM-T will be ready. 
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APPENDIX A: PIEZOELECTRICITY 

Piezoelectric materials and their electric dipoles 

Piezoelectricity was frrst discovered in naturally occurring crystals as Roehelle salt and quartz. 
Later, industrially developed piezoelectric materials came available, made of ceramics. An 
example of piezoelectric ceramics is PXE, produced by Philips. We use the theory of 
piezoelectrics given by [PHI 89]. Piezoelectric ceramics are polycrystalline ferroelectric 
materials with a tetragonal/rhombohedral structure, close to cubic. 

Ceramic piezoelectric matenals can be considered as a mass of minute crystallites. Above a 
temperature known as the Curie point these crystallites exhibit simple cubic symmetry, the 
elementary cell of which is shown in Fig. A.la. This structure is centrosymmetric with 
positive and negative charge sites coinciding, so there are no dipoles present in the material 
(which is said to exhibit paraelecttic behaviour). 

(a) 

(b) 

0 A2
• (Pb, Bal 

~o~· 
• B4• ITi.Zrl 

Fig. A.l PXE elementary cell. 
(a) cubic lattice (above Curie temperature) 
(b) tetragonal lattice (below Curie temperature) 
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Below the Curie point, however, the crystallites take on tetragonal symmetry in which the 
positive and negative charge sites no longer coincide (Fig.A.lb) so each elementary cell then 
has a built-in electtic dipole which may be reversed, and also switched to eertaio allowed 
directions by the application of an electtic field. Such matenals are termed ferroelecttic, 
because this electtical behaviour presents a physical analogy with the magnetic behaviour of 
ferrimagnetic crystals. 

The dipoles are not randomly oriented throughout the material. Neighbouring dipoles align 
with another to form regions of local alignment known as Weiss domains (as in 
ferrimagnetism). Within a Weiss domain, therefore, all the dipoles are aligned, giving a net 
dipole moment to the domain, and hence a net polarization P (dipole moment per unit 
volume). 

In Fig. A.2a is shown how the Weiss domains in a piezoelecttic cerarnic respond to an 
applied voltage. From Fig. A.2c follows that there is a remanent polarization, because after 
polarization, when the Weiss domains were nearly aligned, the domains will remaio locked 
in approximate alignment. 

Fig. A.2 Electric dipole moments in Weiss domains. 
(a) before polarization 
(b) during polarization 
(c) after polarization 

Dielectric hysteresis 

The electtic field E and polarization P are connected in a dielecttic medium by the relation: 

( A.l) 

in which Eo is the permittivity of free space and D is the electtic displacement For 
ferroelecttic materials, P is itself a function of E, as seen in Fig. A.2 and shown in Fig. 2.3. 
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Fig. A.3 
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Dielectric hysteresis of PXE 52. The electric displacement 
is obtained by addition of eoE to the polarization P(E). 

lf an initially unpolarized (virgin) piezoelecttic crystal is subjected to an increasing electtic 
field at a temperature slightly below the Curie point, the dipoles come increasingly aligned 
with the electtic field. The polarization will follow one of the virginal curves in Fig.3. After 
that hysteresis appears. Further explanation of this hysteresis can be found in [PHI 91]. 

Basic behaviour of a piezoelectric ceramic body 

Fig. A.4 illustrates the behaviour of a PXE cylinder polarized along its axis. For clarity, the 
magnitude of the effect has been exaggerated. Fig. A.4a shows the cylinder under no-load 
conditions. lf an external force produces compressive or tensile strain S in the material, the 
resulting change in dipole moment causes a voltage to appear between the electrodes. 
If the cylinder is compressed so that it resumes its original form, i.e. before poling, the 
voltage will have the same polarity as the poling voltage (Fig. A.4b). lf it is stretched, the 
voltage across the electrodes will have opposite polarity to the poling voltage (Fig. A.4c). 
These are examples of generator action, i.e. the conversion of mechanica! to electtical 
energy. 

Fig. A.4 
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The piezoelectric effect in a cylindrical body of 
piezoelectric ceramic. For the sake of clarity, only one 
dipole has been drawn in each case. 



If a voltage of opposite polarity to the polarity voltage is applied to the electrodes, the 
cylinder will shorten (Fig. A.4d). If the applied voltage has the same polarity as the poling 
voltage, the cylinder willlengthen (Fig. A.4e). Finally, if an alternaring voltage is applied to 
the electrodes, the cylinder will grow and shrink with the same frequency as that of the 
applied voltage (Fig. A.4t). These are examples of motor action, i.e. conversion of electrical 
to mechanical energy. 

Piezoelectric constants 

To describe the features involved with piezoelectricity, characterizing constants will be used. 
Since piezoelectric ceramics are anisotropic, their physical constants are tensor quantities, and 
relate to both the direction of the applied stress, electric field etc., and to the directions 
perpendicular to these. For this reason, the constants are generally given two subscript indices 
which refer to the direction of the two related quantities. A superscript index is used to 
indicate which quantity is kept constant. For the designation of the axes, directions and poling 
axis, see Fig. A.5. 

• i 
3 

poling axis 
6 

x 

Fig. A.5 Designation of the axes and directions of deformation. 

Permittivity E 

The absolute permittivity (dielectric constant) is defined as the dielectric displacement per unit 
electric field. The first subscript index gives the direction of the dielectric displacement and 
the second the direction of the electric field. 

Compliance s 

The compliance s is defined as the strain per unit stress. It' s the redprocal of the modulus 
of elasticity. The frrst subscript refers to the direction of strain, the second to the direction of 
stress. 
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Piezoelectric voltage constant g 

The piezoelecttic voltage constant is defined as the electtic field generated in a material per 
unit mechanica! stress applied to it. Alternatively, it is the mechanica! strain experienced by 
the material per unit electtic displacement applied to it. The fll'St subscript refers to the 
direction of the electtic field generated in the material or to the applied electtic displacement, 
the second refers to the direction of the applied stress or the indoeed strain. 

Piezoelectric charge constant d 

The piezoelecttic charge constant is defmed as the electtic polarization generated in a material 
per unit mechanica! stress applied to it. Alternatively, it is the mechanica! strain experienced 
by the material per unit electtic field applied to it. The frrst subscript refers to the direction 
of polarization generated in the material (at E=O) or to the applied field strength, the second 
refers respectively to the direction of the applied stress or to the direction of the indoeed 
strain. 

With these constants we can derive the following equations: 

E = -gT + D/ET ( A.2) 

S = sor + gD ( A.3) 

These are two independent equations for the piezoelecttic effects in piezoelecttic materials. 
Here the choice is made for stress T and displacement D as independent variables. It is 
possible, however, to use combinations of TorS on the one hand and D or Eon the other 
hand to derive other equivalent equations, for example: 

S = s&r +dE ( A.4) 

( A.5) 

With equation (A.4) we can find a special result. For a piezoelecttic material to which a 
voltage U is applied, the field strength is E = Uil with 1 the length of the sample. Without 
stress (A.4) becomes: 

S = dU/1 ( A.6) 

Since S = .6.1/1 we find ~l=dU, so ~1 is independent of the sample size! 
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Alternating fields, dynamic behaviour of PXE transducers 

Alternating fields will yield different results. In particular, at the mechanica! resonant 
frequency, the amplitude of oscillation can be expected to be much greater than the static 
changes. 

When exposed to an alternaring electtic field, a piezoelectric element periodically changes its 
size in accordance with the frequency of the field. In other words it oscillates and, if the 
frequency lies in the vicinity of its series resonant frequency, its behaviour can bedescribed 
by the equivalent circuit of Fig. A.6. 

Co Ro 

Fig. A.6 Equivalent circuit for a PXE transducer 

The frequency fm at which the impedance becomes minimum lies close to the series resonant 
frequency 

( A.7) 

The frequency fn at which the impedance becomes maximum lies close to the parallel resonant 
frequency 

( A.8) 

These resonant frequencies depend on the dimensions of the PXE sample. For a disc with 
diameter d and hight h (in m) we can find a planar and a thickness resonant frequency. 
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The planar resonant frequency can be expressed by 

NE 
p 

f = s --
d 

Here is NEP the planar (or radial) frequency constant. 
The thickness resonant frequency can be expressed by 

Nd3 is known as the thickness frequency constant. 

( A.9) 

( A.lO) 

The frequency constants are always quoted in data sheets and handhooks of piezoelectric 
materials and are very important for the design of piezoelectric elements. 
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C ACCELERATOR TUNING 120592 

INTEGER 
PARAMETER 
INTEGER 
PARAMETER 
REAL 
INTEGER 
INTEGER 
REAL 
EXTERNAL 
EXTERNAL 
INTRINSIC 
COMMON 
REAL 

NOUT 
(NOUT=6) 

N 
(N=5) 
beg,H,XEND,PI,TOL,X,g,PSI,ALFA,LABDA,GAMMAO,ETAO,tot 
I 
IFAIL,IR,J,k 
X01AAe 
X01AAe 
D02CBE,FCN,OUT 
FLOAT,sqrt 
XEND,H,I,X 
W(21 *N+23) I y (N) 

C MAIN PROGRAM (EXECUTABLE STATEMENTS) 

PI=3.1415926536 
ALFA=4.6154 
g=1.0 
LABDA=l. 9516 

C voltage over gap=1 MV 
do 20 k=O, 20 

beg=511.+50*float(k) 
GAMMAO =beg I 511 . 

C GAMMA=y(2)=relative energy (wrt restenergy) 
ETAO=sqrt(beg*beg-511.*511.)/511 

C ETA=y(3)=relative momenturn 
IR=O 
tot=O. 

c WRITE(NOUT,FMT=997) 
c WRITE(NOUT,FMT=998) 

c 
c 

c 
10 

20 

994 
996 
997 
998 

STOP 

XEND=1. 
TOL=10.0E-4 

DO 10 J=O, 359 

X=O. 
Y(1)=-0.5*g 
Y(2)=GAMMAO 
Y(3)=ETA0 
Y(4)=0. 
Y(5)=PI/180.*FLOAT(J) 
I=499 
H=(XEND-X)/FLOAT(I+1) 
IFAIL=O 
CALL D02CBE(X,XEND,N,Y,TOL,IR,FCN,OUT,W,IFAI1) 
write (nout,fmt=996) y(5), y(2) 
write (nout,fmt=996) y(2), gammaO 
tot=tot+y{2)-gamma0 
write (nout,fmt=994) tot 

CONTINUE 
write (nout,fmt=994) beg, tot 
continue 

format (' 
format (' 
FORMAT (I 
FORMAT (I 
END 

START ENERGY AND TOTAL ENERGY CHANGE: ',f6.1,' ',f8.4) 
',f6.4,' ',f11.8) 

CALCULATION OF ENERGY GAINS ' ) 
PSI TIME X-VALUE ENERGY MOMENTUM') 

C SUBROUTINE FCN 



SUBROUTINE FCN(T,Y,F) 
INTEGER N 
PARAMETER (N=S) 
REAL ALFA,LABDA,PI,G 
REAL T 
REAL Y(N),F(N) 
INTRINSIC COS,ABS 

C MAIN PROGRAM (EXECUTABLE STATEMENTS) 

ALFA=4.6154 
LABDA=1.9516 
PI=3.1415926536 
G=l.O 

F(l)=ALFA*Y(3)/Y(2) 
F(4) =1. 
F(5)=0. 

IF (Y{l) .LT. -G/2) THEN 
F(2)=0. 
F(3)=0. 

ELSE 
IF (-Y(l) .LT. -G/2) THEN 

F(2)=0. 

END IF 

RETURN 
END 

ELSE 

END IF 

C SUBROUTINE OUT 

F(3)=0. 

F(2)=ALFA*LABDA*COS(2*PI*Y(4)+Y(5))*Y(3)/Y(2) 
F(3)=ALFA*LABDA*COS(2*PI*Y(4)+Y(5)) 

SUBROUTINE OUT(X,Y,F) 

INTEGER 
PARAMETER 
INTEGER 
PARAMETER 
REAL 
REAL 
REAL 
INTEGER 
INTEGER 
INTRINSIC 
COMMON 

NOUT 
(NOUT=6) 

N 
(N=3) 
x 
H,XEND 
Y(N) ,F{N) 
I 
J 
FLOAT 
XEND,H,I 

C MAIN PROGRAM (EXECUTABLE STATEMENTS) 

c WRITE (NOUT,FMT=999) X, (Y(J),J=l,N) 
X=XEND-FLOAT{I)*H 
I=I-1 
RETURN 

999 FORMAT(' ',F8.5,' ',F8.5,' ',F8.5,' ',Fl0.6) 
END 
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