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SUMMARY 

Since januari 1982 a 3 MeV Isochronous Low Energy Cyclotron (ILEC) is under 
construction at the Eindhoven University of Technology (EUT). 
This report describes the design and construction of the second harmonie RF 
system of ILEC. A combined second and sixth harmonie acceleration (flat topping 
principle) is envisaged. Therefore a RF system which consists of a low power 
oscillator and two power amplifier channels was chosen. 
The secend harmonie RF system consists of several parts. A digitally programmable 
frequency synthesizer generates a signal with a very stable frequency between 
43.00 and 43.99 MHz. Amplitude control is possible with a ·voltage controlled 
attenuator. With a solid ~tate RF power amplifier the regulated signal is brought 
to a power level of at most 100 W into 50 Ohms. These systems have been constructed 
and tested. With a tube RF power amplifier, which is now under construction, 
finally several kW power will be delivered to the secend harmonie resonator 
and dee system. 
In the secend part of this work orbits of non- accelerated and of accelerated 
particles in the ILEC magnetic field were calculated. For this purpose analytical 
as well as numerical orbit integration programs were used. These programs were 
already available in our group, though some adaptions were necessary. 
We compared the fast analytical methad with the accurate numerical one by 
calculating orbit centre motions and partiele phases. It turned out that the 
analytical methods are suitable for an accurate description of the acceleration 
process in the ILEC magnetic field. 
Finally the effects of the application of flat topping on the energy spread 
in the beam were investigated. We conclude that flat topping has advantages 
but asks fora careful design of the sixth harmonie RF signal channel. 
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I INTRODUCTION 

I.1 THE EINDHOVEN MINICYCLOTRON PROJECT ILEC. 

Ever since the installatîon in 1969 of the Eindhoven variable energy cyclotron 
for 30 MeV protons, a small universtiy group has performed machine research 
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around this accelerator. In recent years the fraction of beam time for applications 
increased considerably and was commited, two days weekly, to routine production 
of short lived isotapes for medical use. This limited the accessibility of the 
cylotron for machine research because many of the experiments would take too 
much beam time. 
In this situation it seemed feasible to start the construction of a new small 
cyclotron in order to assure good prospects for the machine research group in 
future. This project should have to be realized to a large extent by students 
and junior scientists and only ask for a modest investment. Therefore, the 
machine should have the smallest possible dimensions, but such that it still 
would be realistic and comparable with respect to larger cyclotrons. Also, it 
should be simple of construction, give easy access to its inner parts and eensurne 
a small amount of energy. 
More specific the objectives of ILEC (Isochronous Low Energy Cyclotron) are: 
1) To create a facility for an experimental study of the influence of space 

charge on the maximum achievable beam current, beam emittance and energy 
spread. 

2) Extension of the theory of acceleration developed in our group, based on 
the single partiele concept [1) ,with the collective aspect& of space charge. 

3) Production of ion beams with low energy spread. 
4) Application in a mieroprobe facility for element analysis. 

It was decided to build a fixed energy isochronous machine for 3 MeV protons 
according to the azimuthal varying field (AVF) principle. The acceleration will 
be accomplished by a secend harmonie double dee system. 
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In order to create a proper basis for high beam currents with low energy spread 
the machine will also be provided with two sixth harmonie dees to be able to 
apply the so called 11 flat top 11 principle. 
To avoid saturation of the yoke steel, a moderate magnetic field between the 
hills af the pole faces will be employed. Further, to save ampere turns, the 
accelerating dees will be placed in the valleys, so that the gap can be small. 
The two sixth harmonie dees and the sector shaped correction coils will be 
placed on the hills. 
Considering these objectives we kept in mind that space charge has its most 
decisive influence in the first few orbits of the acceleration process where 
proper beam formation must be accomplished. Thus the geometry and fieldstrenghts 
in the region of acceleration of ILEC should not essentially differ from that 
in the central region of larger machines. The knowledge gained with ILEC may 
then be relevant for other machines. 

I.2 SURVEY OF THIS REPORT 

The main parts of a cyclotron are the magnetic system, the accelerating system 
(dees and resonators), the RF (radio frequency) system, the ionsouree and central 
region and the extraction system. 
The aim of this work was to design, construct and test the RF system which 
generates the acceleration voltage for the second harmonie dees. Furthermore 
we were interested in the influence of the ILEC accelerating system on the 
partiele motion. In this report the results of our work on these two subjects 
will be described. 
In chapter 1 a review on the progress of the ILEC project until now is given. 
It deals with the contributions of many students to this project. 
Chapter 2 describes the accelerating system of ILEC; i.e. the dees and resonators. 
This chapter also gives a brief review of the various possibilities to generate 
the RF voltage necessary for acceleration. 
Chapter 3 deals with the ILEC RF system as designed during this work. 
Finally in chapter 4 the results are presented of computer calculations on the 
partiele motion in the ILEC cyclotron with second harmonie acceleration and 
sixth harmonie flat topping. 
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CH 1 ILEC STATUS REPORT 

1.1 INTRODUCTION 

In this chapter we report on the present status of construction of the various 
sytems of ILEC. 
The ILEC project was started januari 1982. 
Fig.1 shows the layout of the cyclotron. The main technical parameters are given 
in table 1. 

4- fold symmetrie field with straight 

sectors, flat valleys and tapered hills. 

Valley angle 

Average magn. field 

Max. filed flutter 

Average pole gap 

Valley pole gap 

Extraction radius 

Pole radius 

Field stability 

Total number of 

ampere turns 

Total current 

Power consumption 

Weight 

Construction material 

Correction coils 

50 degrees 

1.43 T 

0.2 

33 mm 

50 mm 

17 cm 

21 cm 

2*10-4 
(8hr.) 

50,000 

140 A 

6.3 kW 

3 t 

Steel 37 

2*4*2 

Two coupled second harmonie dees 

Dee angle 

Gap voltage 

Dee gap width 

Voltage stability 

Frequency 

Freq. adjust steps 

Freq. stability 

Drive 

Coupling 

Q- value 

50 degrees 

36 kV 

8 mm 

< 10-3 

43.5 ± 0.5 MHz 

10 kHz 

10-7 

< 10 kW classAB 

capaci ti ve 

> 725 

Resonator fine tuning capacitive 

Tuning range ± 300 kHz 

Two separate sixth harmonie dees 

Dee angle 

Dee voltage 

Dee gap width 

< 40 degrees 

(r -dependent) 

3.5 kV 

(provisional) 

6 mm 
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Werking pressure 10-5 
torr Self heated cathode PIG souree 

Oil diffusion pump 

Rotary pump 

Vacuum eh amber length 

Vacuum chamber width 

Vacuum chamber hight 

Construction material 

1500 1/sec 

20 m3 /h 

1200 mm 

720 mm 

125 mm 

Aluminum 

Oparating current 

Power consumption 

Gas flow 

Ion output current 

Anode material 

Kathode material 

Kathode lifetime 

(*) Parameters taken from a souree proposed by J.R.J. Bennet [2]. 

The ILEC souree is a scaled down version of this source. 

Table 1: The. ma.i.n te.c.h.Uc.a.t paJtame.te.M oü ILEC. 

9.5 A 

1.4 kW 

1.5 st cm3 /min 

20 mA (98%H+) 

Copper 

Tantalum 

Several hundred 

hours 



Fig. 1 
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~~~~~-1.r~~~~H-~~~----c 

a: ion-souree 
b: magnet-coil 
c: resonator -tank 
d:extractor 
e: Oee-system 

f: vacuumchamber 
g: hydraulic-lift device 
~: adjustable-support 
1: vacuumpump 
j: beam-exit drawn by P. Magendans 
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1.2 THE MAGNETIC SYSTEM 

A four fold symmetrie AVF field structure has been chosen. The essential feature 
of an Azimuthally Varying Field cyclotron is the possibility to obtain stability 
of the vertical motion, also when the main field on a circle increases with 
the radius. This makes it possible to keep the revolution frequency constant 
during the acceleration by compensating for the relativistic increase of the 
partiele mass with the energy by a corresponding increase of the mean magnetic 
field with the radius, i.e. isochronism. 
For ILEC this AVF field is realized by straight sector shaped tapered hills 
and flat valleys on the pole faces. Spiral shaped edges are not necessary for 
our size. A mild rolled steel was employed for the yoke. This steel, steel 37, 
has a magnetic saturation fieldstrengthof 1.84 Tesla. 
A maximum relative azimuthal field variatien of about 0.2 was adopted with a 

Bmax value of 1.8 Tesla. Saturation of steel 37 should therefore be no problem. 
With these values the average field will be approximately 1.5 Tesla, leading 
to an extraction radius of about 17 cm for 3 MeV protons. As mentioned already 
the second harmonie dees will be placed in the valleys. · 
In order to get maximum acceleration the moment of dee gap passage for an ion 
must be in phase with the peak value of the RF dee voltage. This also offers 
best chances for a stable acceleration process (1]. This requirement asks for 
a dee angle of 90 degrees. 
For the vertical focussing, however, the optimum valley angle is 45 degrees. 
As a campromise the valley angle has been taken 50 degrees, leaving 40 degrees 
for the hills. 
The valley gap height is composed of 15 mm for beam passage, 2x2.5 mm for copper 
dee plates and 2x15 mm isolation distance. 
From the required field variatien of 0.2 it fellows that the gap width between 
the hills becomes approximately 33 mm, apart from a slight radial tapering to 
meet the isochronous field conditions. 
The pole has a radius of 210 mm. The estimated total number of ampere turns 
is about 50,000. 
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Figure 1 shows the main dimensions of the magnet system. The width and depth 
of the yoke could be chosen somewhat arbitrarily, leaving the product constant. 
This has been used to choose the width such that the yoke fits the size of our 
measuring bench in which the magnetic field had to be measured. 
The yoke parts and the poles are massive iron bleeks, having a total weight 
of about 3 tons. 
The pole faces are separate plates into which the hill and valley segments were 
machined. In the centre a circular disk of 30 mm radius is mounted, leaving 
a gapwidth of 40 mm. The magnetic field in the centre can be adjusted to its 
isochronous value by varying the thickness of this disk. 
Vertically a 22 mm hole was drilled through the yoke in which the ion souree 
will be mounted. 
More deta i1 s on the design of the magnet can be found in [3]. 
Correction coils are included for correction of the magnetic field and for 
generation of first harmonie field components, e.g. for extraction. 
On every hill of the upper and the lower segment plates 2 coils of 150-200 A 
turns each are included. 
An electrastatic extraeter will be used. The extracted beam is, by a passive 
magnetic channel for radial focussing, guided to the cyclotron beam exit. 

The magnetic field of ILEC has been measured with the aid of automatic measuring 
equipment with as real active element a Hall probe. The measuring equipment 
exists of a magnetic field measuring machine (MMM), in which the cyclotron 
magnet is placed, and an electronic system that measures the Hall voltage and 
digitizes it. A computer controls the MMM and the electronic system [4]. The 
computer stores the measured magnetic field data on disk and performes a Fourier 
analysis on it. 
Figure 2 shows a schematic lay out of the magnetic field measuring equipment. 
With the aid of this equipment 8

2 
in the (magnetic) median plane was mapped. 

In the median plane 8 = 8
8 

= 0, hence B(r,e) = 8 (r,e). r z 
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MMM 

\ ~ c-§f>~ \ - multi-
cyclotron I / plexer ampl c 

1/ r--magnet .....__ 

~ control data .L..--J. 
I I j_ _l ~ 

me as ure~ 

data 
COMPUTER 

Fig. 2: A ~c.hema,üc. ta.y out o 6 :the ma.gne:Uc. 6-i.e.ld meMU!Ung eqLVi.pmen:t. 

THE MAGNETIC FIELD MEASURING MACHINE 

The MMM has a probe arm with three Hall probes on it, with which B , B , and x y 
Bz (usually in the median plane) can be measured. The probe arm can be positioned 
in cartesian coordinates with steps of 0.1 mm and an accuracy of 0.01 mm. 
Positioning is performed with the computer procedure NEWPOS. The Hall probe 
which measures Bz was calibrated by placing it tagether with a NMR probe in 
the ILEC magnet. For this purpose iron sectors were inserted in the pole valleys 
in order to obtain an homogeneaus field. The relation between the Hall voltage 
and the magnetic induction was fit with a fifth degree polynomial. 
The current through the Hall probe is kept constant by a precision current 
source. With our MMM the magnetic field can be measured with an accuracy better 
than 0.05% . The MMM delivers as output the Hall voltages corresponding to Bx, 
By and Bz and a voltage proportional to the probe current. 
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THE ELECTRONIC SYSTEM 

In the original electronic system the three Hall probes were connected in series. 

A stable current souree was applied to feed a constant current through them. 

Three differential amplifiers amplified the Hall voltages. Each Hall voltage 
has a common mode voltage. Little attention was paid to correct grounding and 

to screening of the output signal cables, leading to all kind of interferences · 
in the Hall voltages. The signals were fed toa 12 bits ADC. 

The accuracy of the original system was limited to 1%, which was good enough 
for the measurements it was originally designed for [4]. 

I 

F i g. 3 : Sc.he.me. o 6 :the. o!Ug.üuû. e..te.c.bw rU.c. ~ lj~:te.m. 

For our measurements we wanted to achieve an accuracy better than 0.05%. Therefore 
a new electronic system was designed paying attention to correct grounding and 
screening of the Hall voltages. 

In the new system the Hall elements are st.ill in series connected. In contrast 

to the original system the Hall voltages are not measured simultaneously. This 

offers the posibility to ground the Hall element of which the voltage is measured. 
Figure 4 shows the new electronic system [5]. 
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Fi g 4: Sc.heme on :the. new el.e.ctltorU.c. ~y~:tem. 

A Burr-Brown PGA 100 AG multiplexer-amplifier with programmable gain was 
applied. The computer selects with the multiplexer one of the output channels 
of the MMM. The selected signal is fed to the amplifier. This amplifier has 
a digitally programmable gain of 2k with k= 0,1, .•. ,7. 
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The output signal of the amplifier is digitized by a 16 bits AOC and then passed 

on to the computer. 
The electronic system is controlled by the computer procedure SADC. 
With this new system an accuracy better than 0.05% is obtained. 

THE COMPUTER SOFTWARE 

The computer controls the measuring process. Ta do this several programs and 
procedures were developed. 
As mentioned already the computer operates the MMM via the procedure NEWPOS 
which determines the position of the probe arm in the magnetic field. The 
procedure SAOC selects an output signal of the MMM and the gain by which this 
signal is amplified. It also reads the output of the 16 bits ADC. 
The total measuring process can be given in a flow chart (fig. 5). 
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ZILEC 

\ ~ 

MILEC 

\ ~ 

TILEC 

\ ~ 

FILEC 

Fig. 5: Ftowch~ o6 the p~og~~ ~ed to me~~e the ILEC m~gnetic 6~etd .. 

The program ZILEC, Which contains NEWPOS and SADC, searches the magnetic centre 
in the median plane. Then the program MILEC, which also contains NEWPOS and 
SADC, measures the magnetic field along circles around this centre. 
To obtain an accuracy better than 0.05% linear interpolation between surrounding 
points in the rectangular coordinate system is applied. The measurement at a 
fixed point is repeated after certain time intervals to correct for drift. 
The program TILEC transfarms the measured Hall voltage to the magnetic field 
component Bz' using the calibration curve of the Hall probe. 
With the program FILEC a Fourier analysis of the measured magnetic field is 
performed. 
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THE ILEC MAGNETIC FIELD 

Important properties of the magnette field can be studied by consirlering non
accelerated particles. In this case the motion of the particles is completely 
determined by the shape of the magnette field B(r) and a flutter profile F(r,e) 
defined as: 

B(r) = <B(r,e)> = (1/2~) x fB(r,e)de 

F(r,e) = {osc B(r,e)}/B(r) = {B(r,e) - B(r)}/B(r) 

Thus B(r,e) = B(r) x{1 + F(r,e)} 

F(r,e) can be expanded in a Fourier series: 

F(r,e) = L{A (r) x cos(ne) + Bn(r) x sin(ne)} 
n n 

( 1. 1) 

( 1. 2) 

( 1. 3) 

( 1. 4) 

In [6] a general equation for the isochronous magnette field is derived yielding: 

B. (r) =Ba x [1 - Ll1/(2x(n 2 -1).) x (A2 +B2 +A A'+B B')] x 1(1-sz) (1.5) 
1 so n n n n n n n 

where A~= r x dAn(r)/dr; B~ = r x dBn(r)/dr; s = (Baqr)/(m 0 c); (1.6) 

Ba= mowo/q : the partiele revolution frequency; 
mo the partiele rest mass; 
c the speed of light in vacuum. 

In case of a cyclotron with a N- fold symmetrie field only terms with n= Nk; 
k= 1,2,3, •.. will be present. For ILEC a four fold symmetrie field was adopted. 
In this case only Fourier terms with n= 4k; k= 1 ,2,3, ... are present. 
In general a partiele will oscillate around a so called equilibrium orbit, which 
is defined as the closed partiele orbit in the median plane with the same rotational 
symmetry as the magnette field. In radial direction the partiele will oscillate 
with a frequency vr' which is the number of radial oscillations per turn, and 
in axial direction with a frequency v . To ensure stable partiele orbits v2 

z r 
and v~ have to be positive for all radji, 



In (6] the relations for vr and v~ in an AVF field are given: 

- \{ 3n 2 

V = 1 + ~]..1 1 + L 
r n 4 ( n2 -1 )( n2 -4) 

4 ( n2 -1 ) 
x (A A11 +B 811

) + n n n n 

4(n2 -1) (n2 -4) 

~· = (r/B(r)) dB(r)/dr the field index. 

vz = -~· + z 

2 ( n2 -1 ) 

x (A2+82) - --
n n 2(n 2 -1) 

x (A A11 +8 811
) + n n n n 2n 2 

x (A A'+B s•) -n n n n 

x (A I 2 +B I 2 ) } 
n n 

x (A A1 +8 B') + n n n n 

( 1. 7) 

( 1. 8) 

( 1 . 9) 

The measured magnetic field B(r,s) can, after Fourier analysis, be compared 

with the isochronous field as calculated with formula (1 .5). A deviation of 

1. 10 

the measured field B(r) from the isochronous field Biso(r) causes a phase shift 
of an accelerated partiele with respect to the RF phase. This affects the energy 
gain per turn. Therefore B(r) should be as good as possible in agreement with 
B. (r). 

lSO 



The median plane field was measured over the area of interest after careful 
* vertical positioning . Preliminary measurements indicated that the magnetic 

field did notmeet the requirements of isochronism. This was corrected by 
milling a thin layer from the valleys and adding larger radii shims to the 
hills. Figure 6 shows the relative deviation of the measured average field 
from the calculated isochronous field as a function of the radius squared. 

1. 11 

The radial and axial oscillation frequencies, as calculated from the analytical 
relations (1.7) and (1.9), are plotted in fig. 7 and 8 respectively. 
The relative deviation of the measured average field from the isochronous field 
and the oscillation frequencies can also be obtained from numerical orbit 
integrations (7]. For comparison we calculated the difference between the 
numerical and analytical (squared) axial oscillation frequency. 
It is shown in figure 9 that they are in good agreement. For the deviation from 
the isochronous field and the radial oscillation frequency the same agreement 
of the results is obtained. 

We are confident that the ILEC field geometry, within the margins affered by 
the harmonie trimming coils, will ensure isochronism and adequate focussing 
for acceleration. 

* We note that originally an average field of 1.5 Tesla was aimed at. From 

these measurements it turned out, however, that only 1.43 Tesla can be 

obtained. With this average field protons can be accelerated up to about 

2.8 MeV. 
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1.3 THE ACCELERATION SYSTEM 

Figure 10 shows a layout of the dees and their resonators. The centre part, 
including the ion puller, is made in such a way that it can be interchanged 
easily after lifting the upper yoke block. 

1. 12 

The segment plates on the pole faces are grounded parts of the high frequency 
circuit. In order to achieve good electric conduction they will be capper plated. 

1.3.1 THE SECOND HARMONIC SYSTEM 

Second harmonie acceleration with two dees was chosen. From the average B value 
it fellows that the second ha:~onic frequency must be close to 43.5 MHz. For 
the dee voltage an amplitude of 36 kV is aimed at. 
A full scale simplified model of the second harmonie acceleration system has 
been constructed to test the electric behaviour at reduced voltages. 
First tests using a variable frequency oscillator showed that the system resonated 
at about 51 MHz. Therefore, in the ultimate system, the resonators will be 

* lengthened from 42 cm to 60 cm (i.e. the lengthof the cylindric part of the 
outer conductor). In order to decrease the resonance frequency of the model 
sliding capacitors were added on the inner conductors of the resonator tanks, 
allowing a rough tuning of about 10 MHz. Two small trimming plates are added 
near the dees, allowing a fine tunning of approximately 300 kHz. They can be 
positioned with stepping motors. 
Coupling to the RF power amplifier will be asymetrically, near the short circuit 
flange at one of the resonators. 
In fig. 11 and 12 the input impedance of the model RF system is shown, respectively 
at resonance as a function of the distance ~x between the coupling point and 
the short circuit flange, and as a function of frequency at a fixed position. 
The impedances were measured using a HP 4815 A RF vector impedance meter. From 
the sharpness of the curve of !zl in figure 11 a system quality of 750 for the 
model follows. For the ultimate system the quality is expected to beat least 
a few thousands, an input impedance between 1000 and 2000 Ohms is aimed at. 

(*) We note that this is not shown in figure 10. 



drawn by P. Magendans 

a: secend-harmonie Oee 
b: sixth-harmonic Oee 
c:dummy-Oee 
d: extract ar 
e:segmentplate (hili-sector) 
f:pufler 
g: Ion-soureehole 
h: out er -conductor 
i: inner-conductor (watercooled) 
:R.F. er-•n••r'""" 

Fig. 10 
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1.3.2. THE SIXTH HARMONIC SYSTEM 

In [1] a relation for the energy gain per turn of an isochronous partiele in 
case of second harmonie acceleration with two dees is derived yielding: 

t.E = 4qV sin(2a) cos(2<P) (1.10) 

where V is the amplitude of the acceleration voltage 
a is half the dee angle (= 25 degrees for ILEC) 
<P is the partiele phase as defined in figure 13. 

Dee 

Dee 

voltage I 
I 

-1T 

~~:h 
t( ) 

h<P-ha 

hwt 

(sealed time) 

h: harmonie 

number 

w: partiele 

revolution 

frequeney 

Fig. 13: The mome~ o6 gap c~~~~g (t7 and t 2J, indicated on the c~ve o6 
the dee voltage, 6o~ hth ~onic accel~on, ~ a &unction o6 time. 

The maximum energy gain per turn (t.Emax) occurs for <P= 0°. This corresponds 
toa crossing of the mid-dee line by the partiele at the moment that the dee 

voltage is zero. 
The energy gain per turn depends on the phase <P of the particle. In order to 
obtain an energy spread smaller than 0.1% in the· beam, the phase spread of the 
particles around q,= 0° should be less than 2.6 degrees(see fig. 14). 
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This phase dependenee is of course caused by the sinusoidal shape of the 
acceleration voltag~. A rectangular shape would be favourable, but is difficult 
to realize in practice. This shape can be approximated,howeve~by adding the 
third harmonie to the acceleration voltage, thus causing flat topping of the 
signal, as demonstrated in figure 15. 

Fig. 15: The. e.üüe.ctive. a.ccûe.Jta.tion volta.ge., compo-6e.d o-6 a. 6~t a.nd a. thiltd 

ha.Jtmonic -6ign.ai., whe.n the. 6la.t top pltinuple. i-6 a.ppüe.d. 



The third harmonie of the acceleration voltage, yielding sixth harmonie 
acceleration, is fed to two additional dees. 
These two dees, with a dee angle of 40 degrees, are placed on the magnet pole 
hills. Their small resonator tanks lie completely within the vacuum chamber 

1. 15 

and are exited separately. Because of lack of space in the centre of the cyclotron 
the flat top dees could only be positioned at larger radii. Therefore the effective 
dee angle is s~aller than 40 degrees depending on the radius, as can be seen 
in figure 10. 
The energy gain per turn for flat top acceleration is given by: 

(1.11) 

where v2 and v6 are the amplitudes of the voltages on the secend and the sixth 
harmonie dees. 

a2 and a6 are half the dee angles of the secend and the sith harmonie dees. 
c represents an additional phase difference between the secend and 

the sixth harmonie acceleration voltages. 

Formula (1.11) can be rewritten as: 

~ 

~E = qV {cos(2~) - R cos{6(~+c)}}/(1-R) 

where V = 4V2sin(2a2) - 4V6sin(6a6) 
R = {V6sin(6a6)}/ {V2sin(2a

2
)} 

(1.12) 

(1.13) 

In ILEC the sixth harmonie dees are postioned only at larger radii. Therefore 
formula (1.10) should be used for the first few turns and formula (1 .13) 
fortheether turns. This effect can also be incorporated in formula (1 .13) 

by replacing Rand V with new 'effective' values Reff and Veff' 
For Reff= 0.1168 and c= 0° the allowable phase width for at most 0.1% energy 
spread in the beam is 18.2 degrees, as demonstrated in figure 16. 
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When Reff or o differs from these (optimal) values, the gain in phase width 
is reduced. An analysis of the effect of different Reff or o learned that 
the amplitude ratio Reff should be stable within 1% and the phase ö should 
be stable within 0.1 degree ([8] and chapter 4). 
The RF system must be provided with an amplitude and phase control system 
which can meet with these conditions. More details on the ILEC RF system 
are given in chapter 2 and 3 and in [8]. 

1. 16 
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1.3.3 ELECTRIC FIELD MEASUREMENTS 

The electric field in the centre of the cyclotron and at several gap crossings 

has been measured in a 2:1 scale magnetic analogon model [4] of the ILEC central 

region. This model was placed in the magnetic field measuring machine. In 

consequence of preliminary measurements [9] the central region geometry was . 
modified in order to imprave the axial focussing properties. After these 

modifications new measurements were carried out [10]. 

pole hill 

-- secend harmonie dee 

ion puller 

ion souree 

Fig. 17: The modió~ed ILEC ce~ ~eg~on and the ó~t p~ oó the p~cte 
-~ck.. 



In figure 18 the measured field along a straight line perpendicular to a dee 
gap is depicted. The position of this gap crossing is indicated by A in figure 
17. The x-coordinate is parallel and the y-coordinate normal to the gap. The 
figure gives the x- and y- component of the field in the median plane and the 
z- component 3 mm above the median plane. 
These results confirm that the y-component of the electric field can, in good 
approximation, be represented by a Gaussian profile. 

Fig. 18: 

1. 18 

The mea6~ed x-, y- and z-compone~ 
o ó the 6.-i.eld a;t dee ga.p A .<.n 6.-i.g~e 

19 a6 a óunct.-i.on oó the y-coo~d.<.na.:te. 

6 á ' :: BJ(: 
~ = 5'1" 
1\ 1< "' 

:: 81 

The electric field near the ionsouree was also measured. The results of these 
measurements are given in figure 19. A good understanding of the effects of 
these fields on.the partiele motion can be obtained from [11]. 
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Fig. 19: 
The. me.MUJte.d 6../..el.d. a.t :the. Á..oYI.-6ouAc.e.. 

8 

It was not possible to obtain a complete map of the electric field in the median 
plane because of the central region construction. At the moment a numerical 
program (RELAX 30) is available which solves the Laplace equation in three 
dimensions for a given geometry. In the near future the complete field will 
be calculated with this program. These results will be used in a numerical orbit 
integration program. 
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1.4. THE VACUUM SYSTEM 

The rectangular vacuum chamber is made of aluminum. It consists of a bottem-
and a top-plate and a single piece side-wall part. In the bottam-plate a circular 
opening is left out for connecting the oil diffusion pump. 
The vacuum chamber will be mounted between the magnet pole faces. Vacuum sealing 
is accomplished with rubber 0-rings. 
The main dimensions of the chamber are given in table 1 and in figure 1. 
The two second harmonie resonator tanks are attached to one of the side-walls 
of the chamber. In order to avoid the need for two high voltage feedthroughs 
to vacuum these tanks are also evacuated. Only one electric feedthrough is 
neededat the RF coupling point. 
For evacuation a 1500 1/sec (for air) oil diffusion pump and a 20 m3 /h rotary 
pump are available. If necessary two additional pumps will be coupled to flanges 
in the resonator tanks. 
The werking pressure is 10-5 torr. First tests show an attainable pressure 
between 10-6 and 10-7 torr. 
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1.5 THE ION SOURCE 

The ILEC ion souree is a self heated cathode PIG source. The abbreviation PIG 
stands for Penning or Philips Ionisation Gauge. In figure 20 the general geometry 
of the electrades producing a PIG discharge is given. 

anode 

power supply 

Fig. 20 : A u.hema.U.c. ta.youX. o 6 the. Jte.Q.te.c.-Uon gM d.Mc.ha.Jtge. -<.n a. PI G -6 oUJtc.e.. 

The axial magnetic field plays an important role in this complex discharge 
process. Little is yet known about this process,· but a generalized description 
can be given. 
The electrons, leaving a cathode, are accelerated by the anode potential. The 
magnetic field prevents the electrens from reaching the anode, so they are 
reflected by the opposite cathode. Thus the electrans will oscillate through 
the gas in the ion source, increasing the propability for ionisation. The gas 
pressure can be as low as 10-3 torr, offering good prospects for use in a 
cyclotron. There are several constructions possible: 

1) Cold Cathode Sources: The cathodes are electrically connected to the same 
potential and kept relatively cold. Electron emission is based on secondary 
emission caused by ion bombardment. This kind of sourees has a high operatien 
voltage. 

2) Hot Cathode Sources: Bath cathodes are connected to the same potential and 
heated by a filament. Electron emission is based on thermal emission. The 
cathodes can. be heated directly or indirectly. Direct heating is usual. 
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3) Floating Cathode Sourees in which only one cathode is heated. Despite some 
practical problems this souree has the advantage of less electrical contacts. 

4) Self (Discharge) Heated Cathode Sources: These sourees have cathodes that 
are heated by the discharge itself. Ignition of the souree is accomplished 
by a voltage between 1 and 3 kV. Under operating conditions the are voltage 
will be several hundred Volts, depending on the souree gas. At higher are 
powers this souree will have the same behaviour as a Hot Cathode Source. 
No filament is needed for these sources. 

The ILEC souree has been designed on basis of a souree (type 4) as constructed 
by J.R.J. Bennet [2]. The technical parameters of this souree are given in table 
1. The ILEC souree is a scaled down model of this design. 
The souree is inserted in the cyclotron through a hole in the upper pole and 
yoke blockof the magnet. The lower cathode is positioned on a stud which is 
inserted through a hole in the lower yoke block and pole. Through this stud 
it is also connected to the are power supply. 
The ILEC souree and its positioning in the magnet·is shown in figure 21. More 
details on the souree are given in [12]. 
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CH 2 RESONATORS AND RF SYSTEMS FOR CYCLOTRONS 

2.1 INTRODUCTION 

The first part of this chapter deals with the design of the dees and resonators. 
It is usual to design dees and resonators such that tagether they farm a quarter 

.wave system. In such a system a standing electromagnetic wave can exist. 
The configuration is such that the voltage wave has an antinode at the dee (the 
open end) and a node at the short circuit flange (the closed end). The current 
wave has a node at the dee and an antinode at the short circuit flange. 
In the ILEC system two quarter wave systems are coupled, forming a ha1ve wave 
system, powered by one RF generator. 
The short circuit flange does nat need to be movable when only one fixed eperating 
frequency is desired, as for ILEC, thus preventing many of the problems connected 
with a movable short. 
In the secend part of this chapter a brief review of the various possible systems 
to generate the RF voltage, which must be supplied to the resonators, is given. 
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2.2 RESONATOR DESIGN 

2.2.1. TRANSMISSION LINE THEORY ------------------------

The dees and resonators consjst of two electrical conductors, i.e. the 
innerconductors and dees, and the outer conductors and dummy dees (see fig. 10). 
This set of conductors can bedescribed as a transmission line, characterised 
by a capacitance C, an inductance L, a resistance R and a conductance G (between 
the conductors) per unit length. These parameters do nat need to be constant 
along the line. 
The voltage and current relations for a line are given by: 

-av;ax = R x i + L x ai;at (2. 1) 

-ai;ax = G x v + c x av;at (2.2) 

where v and i represent voltage and current, which are functions of time t and 
position x. 
First, we examine the behaviour of a line with constant, position independent, 
electrical parameters L,C,R and G. By substituting a travelling wave of frequency 
w for v and i in the line equations (2.1) and (2.2) the wave number k and the 
ratio of voltage to current, the characteristic impedance z0, can be calculated. 
We substitute a forward and a backward travelling wave; 

(2.3) 

From this substitution it follows that: 

k = -j x /{(R + jwL)(G + jwC)} ;the wave number (2.4) 

Z0 = /{(R + jwL)/(G + jwC)} the characteristic (line) impedance. (2.5) 



The line resistance Rand conductance G introduce losses in signal transport. 
In good approximation we can neglect Rand G in the calculation of the line 
impedance and the wave number. The effects of R and G are examined in sectien 
2.2.3. Under these conditions formulas (2.4) and (2.5) simplify to: 

k = wi{LC} (2.6) 

z
0 

= I{L/C} (2. 7) 

From formula (2.6) the propagation speed of the electrical wave on the 
conductors is seen to be 1//{LC}. When the space between the conductors is 
evacuated this equals the speed of light c in vacuum. 
The actual wave on the conductors will be a superposition of a forward and a 
backward travelling wave, thus leading toa standing wave. From the summatien 
of the two travelling waves, with amplitudes A and B, the voltage and current 
expressions of the standing wave follow: 

(2.8) 

(2.9) 
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When the voltage V and the current I are known at a position x = x
1 

of the line 
they can be calculated at any other position using the matrix equation: 

= ( cos(kl) 

- ( j 1 z
0 

) s i n ( k 1 ) 

-jZ0 s~n(kl )] 
cos(kl) 

x (V(x1)] 
I (x 

1 
) 

where 1 is the di stance between the two positions (1 = x2 - x1 ). 

(2.10) 

Dees and resonators can be considered as a series conneetion of several short 
transmission lines, each with its own z0, thus with a well defined transfer 
matrix. Voltage and current at the dees and at the short circuit flanges are 
related by the matrix product of the partial transfer matrices; 



V scf 
= IIM 

I k k,k-1 
scf 

V /ee l 
dee 

(2.11) x 

This matrix equation offers the possibility to calculate voltages and currents 
on the resonator-dee system starting from the open end dee voltage and current 
(which is zero) and ending with zero voltage at the short circuit flange. The 
system is at resonance when these conditions are met. 

V 
t t 
! 

V 
dee 

vin 

x=O RF-coupling x=l 

Fig. 2. 1: VoUa.ge. a.nd c..uM.e.Yl-t a.long :t.he. üne. a.:t. {quaJr:tVt wa.ve.) Jtuon.a.nc..e.. 

Forsome special geometries the characteristic impedance is well known and 
expressed as an analytical function of the dimensions of the cross section. 
From (13] we obtain the formulas for the most important geometries. 
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Consictering the deeldummy deelmagnet pole geometry no such an analytical function 

exists. 

pole 

symmetryl --------------
lines I median plane 

Fig. 2.3: The. de.e.ldummy de.e./magn.e.t pole. ge.om~y. 

For this geometry the Laplace equation has been solved numerically on a computer, 

in the two dimensions perpendicular to k. 
· From the obtained potential distri bution the capacitance per unit length was 
calculated. The characteristic impedance is then also known since the electric 

waves travel at the speed of light (see section 2.2. 1). 



With this methad adapted formulas for special geometries in the resonator-dee 
system, with unknown characteristic impedance, were derived. These formulas 
were applied in the transfer matrices of the partial systems of the line. 
More details are available in [14]. 

The space between the two conductors is evacuated. Except for the laad due to 
the accelerated beam of particles we do not have to consider the conductance 
G. On the contrary we do have to consider the conductor resistance R, caused 
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by the so called skin effect.·The skin effect has a large influence on the 
distribution of RF currents on a conductor. The current is always redistributed 
over the conductor cross sectien in such a way as to make most of the current 
flow where it is encircled by the smallest number of flux lines. The RF current 
is forced to a thin layer on the surface. The depth of this layer, the skin 
depth, is according to [15]; 

0 = 5033 x l(p/~f) [cm] 

where p is the resistivity of the conductor [Ohm cm] 
~ is the magnetic permeability of the material 
f is the frequency of the signal [Hz]. 

(2. 12) 

The conductor resistance per unit lenth is calculated from the skin depth, the 
conductor geometry and the resistivity of the material. 

The total power dissipation in the resonator-dee system amounts to: 

dee 
P = ~ f {I 2 (x)R(x)}dx 

scf 
(2. 13) 

where we use the current distribution as calculated according to sectien 2.2. 1. 



The total energy stared in the resonators amounts to: 

dee 
E = ~ J {C(x)V2 (x)}dx 

scf 
(2.14) 

C(x) is the capacity per unit length and V(x) the calculated voltage (peak 
value) distribution. The resonator quality is defined as: 

(2. 15) 

where w0 is the resonance frequency of the system and E and P are respectively 
the stared energy and the power dissipation according to (2. 14) and (2.13). 

A program was constructed [14] which calculates, for a given dee-resonator 
geometry the system resonance frequency and quality. From the dee voltage the 
voltage and current distributions on the line are calculated. 
It also offers the possibility to calculate the resonator length, to meet a 
desired resonance frequency. 
The program is based on the methad and formulas as described in this chapter. 
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2,3 RF SYSTEMS FOR CYCLOTRONS 

2.3.1 GENERAL APPROACHES ------------------

RF systems for cyclotrons operate at frequencies ranging from several MHz to 
sometensof MHz. Dee voltages normally range between 30 and 100 kV, while RF 
output powers vary from about 10 kW for some machines, to several hundreds of 
kW for others. Though there are many differences between the systems they all 
have in camman that they are equipped with some kind of RF power tube. 
Two alternative principles find braad applications. The first is the use of 
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the tube in a power oscillator. It is used as the amplifying element in a Hartley 
or a Collpits oscillator. The resonator-dee system is part of the oscillator 
circuit. 
The alternative principle is the use of an RF power amplifier. Here the RF 
signal is generated by a low power oscillator and then passed on to an 
amplifier assembly. The endstage camprises the RF power tube. The resonator
dee system is the laad of the amplifier. 
These two principles are discussed shortly and illustrated below. 



An oscillator consists basically of an amplifying element, in our case a tube, 

and a network. In the circuit, as shown in figure 2.4, the network introduces 
a phase shift of 180 degrees, while the total amplification of the tube and 

the network tagether is one. 

tube network 

Fig. 2.4: A ~~ptió~ed o~~on cinc~. 

In a first approximation we assume the impedances ZP, Zd and Zk to be purely 

reactive. The conditions for oscillation are then [16]: 

(2. 15) (phase shift) 

(2.16) 

(2. 17) (amplification) 

where ~ is the tube amplification factor. 

From these formulas it is obvious that Z and Z have the same sign while Zd 
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k p 
has the opposite. When Zk and ZP are inductive the oscillator is called a Hartley 

oscillator. When ZP and Zk .are capacitive it is a Collpits oscillator. 



To start the oscillator ~Zk should be larger than Z . When the oscillation . p 
amplitude increases the tube should adjust its bias point, thus reducing its 

amplification factor and stabilizing the oscillation. Oscillator grounding is 
possible at the control grid or at the cathode in which cases we speak of a 

grounded grid or a grounded cathode arrangement. 
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As an example the oscillator of the EUT 30 MeV AVF cyclotron is discussed below. 

This is a grounded grid Collpits oscillator. 

+ 
HT 

I 
I 

c1k 1 

resonator 

Fig. 2.5: SQheme oó the o~cittato~ oó the EUT 30 MeV AVF Qyclo~n. 

The plate of the tube is coupled to the resonator by a variable vacuum capacitor 

Ckd' The grid-plate circuit is under eperating conditions equivalent to an 
inductance. The two other network impedances are formed by Cak' L1 and Cgk' 
L
2 

which are two variable (Jennings) vacuum capacitors and their lead inductances. 

These two impedances are capacitive under eperating conditions. 
The tube grid is grounded via a plate capacitor Cg' while oscillation amplitude 
stabilisation is ensured by the grid resistors. The oscillation frequency is 
determined by adjusting the resonator. Phase control-stabilisation is not possible. 



The application of a self exiting power oscillator has the advantage that no 
further circuitry is necessary. 
In general oscillator circuits are very sensitive for parasitic oscillations, 
i.e. oscillations at frequencies for which the oscillation criterion is also 
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met. These oscillations can occur due to the presence of some parasitic impedances 
in the circuit. In oscillator design it is necessary to prevent such wild 
oscillations which may cause serious damage in the circuit. 
A second disadvantage of the power oscillator arises from the resonators and 
the vaccum chamber. At a specific dee voltage the so called multipactoring 
effect occurs. This is a resonance effect of electrans in the vacuum chamber. 
When the electron transit time between dee and magnet pole and the period of 
the RF signal are or the same order, a resonant current of secondary emitted 
electrans between pole and dees occurs, initiated by the electrans originating 
from the restgas. This current prevents the dee voltage from further increasing. 
Since an oscillator starts at low amplitude it will, during amplitude rise, 
be 'caught' by the multipactoring. The only possibility to avoid this is to 
supply a de-bias to the dees. The electron drift as ca~sed by this de-voltage 
(several hundred Volts) precludes multipactoring. 
This bias requires a special dc-isolation and RF-bypass construction at the 
resonator short circuit flange. These capacitor systems are, because of the 
high RF current at the short, very complicated of construction. 

Nowadays, in cyclotron RF systems, power amplifiers find most applications for 
several reasons. 
A low power oscillator with an amplifier assembly offers far better possibilities 
for frequency stabilisation and phase control. Moreover, when standard input 
and output impedances are used, it is possible to buy an amplifier, in which 
case it is nat necessary to develop a new system, thus avoiding all its related 
problems. 
In general, in a good design, no parasitic oscillations do occur. Multipactoring 
does nat have to be a problem because it is possible to start the RF system 
at a fairly high power level. 



A disadvantage of the amplifier system is the necessity to tune the resonators 

to the operating frequency befare starting the system, otherwise it is nat 

possible to supply power to the resonators. 
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As an example the RF power amplifier as constructed at the National Accelerator 

Centre (South Africa) is shown (1?] in figure 2.6. 

Fig. 2.6: The NAC 25 kW RF pow~ ampti6~~. (ta~en 6~om [1 ]) 

In this amplifier a tetrode tube is used in grounded cathode arrangement. For 

operation between 8.2 and 27 MHz there ~re only a few tuning controls. For an 

output power of 25 kW into 50 Ohms an input power of 500 W into 50 Ohms is 

necessary, which is delivered by a solid state braadband RF power amplifier. 

The ILEC tube RF power amplifier, as discussed in chapter 3, is quite similar 

to this one, except for the plate circuit. 



Because of the application of the flat top principle, which asks for phase 
control of the signals, an amplifier system was chosen for ILEC. The basic 
harmonie of the acceleration voltage is the second harmonie of the partiele 
revolution frequency. The flat top signal is the sixth harmonie. 
The two second harmonie dees-resonators are coupled in the cyclotron centre 
and powered by one amplifier. 
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The flat top dees-resonators cannot, however, be coupled because of lack of 
space in the cyclotron centre. Therefore two sixth harmonie RF power amplifiers 
are necessary. 
Figure 2.7 shows a block scheme of the complete ILEC RF system. A digitally 
programmable frequency synthesizer generates bath the second and the sixth 
harmonie signal, with a very stable frequency. 
The second harmonie channel consists of a variable attenuator, for amplitude 
control, asolid state RF amplifier and a tube RF power amplifier. This assembly 
amplifies the generator signal to the resonator input voltage level (several 
kV). A control system perfarms three functions: it tunes the accelerating system 
to the eperating frequency, conserves the symmetry between the two dee-resonator 
systems and controls the attenuator such that the dee voltage meets the preset 
value. More details on this are available in [18]. In the presently proposed 
design the two sixth harmonie channels also have a frequency tuning and amplitude 
control system. Symmetry control is nat necessary here. In actdition to the second 
harmonie channel the two sixth harmonie channels are equiped with a phase shifter. 
A phase measurement unit determines the phase relations between the second and 
the sixth harmonie signals. It controls the phase shifters to meet with the 
desired phase lags ar leads. More details are available in [19]. 
The second harmonie system is discussed in more detail in chapter 3, while the 
sixth harmonie system is part of future designs. 
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CH 3 THE SECOND HARMONIC RF SYSTEM 

3,1 INTRODUCTION 

The second harmonie RF system generates the RF voltage for the second harmonie 
acceleration. The system as designed and constructed during this work consists 
of the following parts: 

1) A digitally programmable frequency synthesizer which generates a sine 
wave with a frequency adjustable between 43.00 and 43.99 MHz in steps 
of 10 kHz. 

2) A voltage controlled PIN-diode attenuator. 
3) A three stage transistor RF power amplifier. 
4) A single tube RF power amplifier, capable of delivering several (5-10) kW 

RF output power to the resonators. 
5) A system for amplitude control and for frequency tuning of and symmetry 

control between the two second harmonie resonators-dees. 
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3,2 THE DIGITALLY PROGRAMMABLE FREQUENCY SYNTHESIZER 

In the frequency synthesizer a Phase Locked Loop (PLL) is applied as a 
frequency multiplier. This PLL multiplies the 1kHz reference frequency, 
generated by a quartz oscillator. The multiplication factor is digitally 
programmable.between 43,000 and 43,990 in steps of ten. 
A basic PLL contains four subsystems [20] (see figure 3.2): 

1) A phase detector. 
2) A loop filter or regulator. 
3) A voltage controlled oscillator (VCO), whose frequency is controlled by 

an external voltage. 
4) A frequency divider, dividing its input frequency by a constant (N). 

The phase detector compares the phase of a periodic input signal with the 
phase of the, frequency divided, VCO signal. The output voltage of the phase 
detector is proportional to the phase difference between its input signals. 
lts output voltage is filtered by the loop filter-regulator and then passed 
on to the VCO. This control voltage on the VCO changes its frequency in a 
direction that.reduces the measured phase difference between the input and 
the local oscillator (VCO) signal. 
When the loop is 'locked', the VCO control voltage is such that the divided 
VCO frequency equals the input frequency. For each cycle of the input signal 
there areN, and only N, cycles of the VCO output signal, which is the PLL 
output. 

REFERENCE PLL 

Quartz Phase Loop filtei 
oscillator " detector " or " .vco " .... .... .... 

regulator 
... ... ""ou 

(1 kHz) 
-~~ 

~~ 

ProgrammabJ e 
divider 

+data input 

Fig. 3.2: BR.oc.k. .6c.he.me. o6 a. PLL 6Jte.qu.e.nc.y .6yn:thu.<.ze.Jt. 
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3.2.1 bQQE_QY~~~IÇ~ 

A good description of the PLL loop dynamics can be obtained in the Laplace 
domain. As shown in appendix A1 our PLL is a secend order system. Therefore, 
a natural frequency wn and a damping constant ~ can be defined. 
The open loop transfer function H1(s) is according to appendix A1: 

Nw2 2Nç;w 
H1(s)=-n+ __ n 

s2 s 
( 3. 1 ) 

where N is the division constant of the frequency divider (thus 1/N is the 

feedback constant of the loop). 
The closed loop transfer function of the PLL is: 

(3.2) 

These transfer functions are the ratio of the Laplace transfarm of the output 
phase to the Laplace transfarm of the input phase. 
From the Nyquist diagram of the open loop transfer function it appears that 
the PLL is stable for all w and ~ because the Nyquist criterion is met. 

n 

Im{H
1 

(jw)/N} 

K 

2K Re{H
1

(jw)/N} 

Fig. 3.3: The Nyq~~ ~~ ofi a ~eeond o~d~ PLL. 
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3.4 

The output frequency is changed by providing other data (N) to the programmable 
divider. In our generator ~N/N is relatively small. Therefore we assume that 
this change 6N has the same effect at the PLL output as a stepwise change 
in input frequency. We assume that the natural frequency and the damping 

constant of the loop remain constant. 
We insert ~i(s)= 6w/s 2 as input phase in formula (3.2) and solve for the 
error phase ~ (t)= ~.(t) - ~ (t)/N in the time domain. e 1 o 
In [20] this operatien is performed, resulting in: 

- tlw ( 
1 sirfu/(1-~ 2 )xw dxexp(-~w t) 

wn I( 1-~z) n Î n 

6w 
t,;=1 ~ ( t) -- sin(wnt) exp(-t,;wnt) e 

wn 

6w 

[1(<: -1) 
~ ( t) =- sinh{l(~ 2 -1)xw t}Jxexp(-~w t) e n n w 

t,;>1 

These relations are plotted in figure 3.4. 
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Because the loop is stable for all w and ~we can choose them in such a 
n 

way that we obtain a desired loop settling time with minimal integral error 
response. For the ILEC generator we chose wn~ 22.5 rad/s and ~~0.8 . 

Spurious speetral components in the output signal arise from several not 
ideal loop elements in the synthesizer. Some of these components are: 

1) Speetral componentsin the reference oscillator signal. 
2) Reference signal leakage through the phase detector and the loop filter 

to the VCO control voltage. 
3) Noise produced by loop elements. 

As can be seen from the closed loop transfer function H2(jw) the loop acts 
as a second order low pass filter. Therefore, speetral components with w>wn 
are attenuated with an assymptotic attenuation of 12 dB/octave .. Speetral 
components with ~<w are passed unattenuated to the PLL output. The use of n . 
a quartz reference oscillator assures very low level speetral components 
in the PLL input signal. None of these components are present in the output 
signal of the frequency synthesizer. 

Reference signal leakage to the VCO control voltage leads to frequency 
modulation (FM) at the VCO output. As derived in appendix A2, the sideband1 
to carrier level equals, for small modulations, halve the modulation index. 
The modulation index is the ratio of the maximum change in output frequency 
to the reference frequency. 
The sideband to carrier level can be improved by adding a first order low 
pass filter at the VCO control input. The frequency at the -3 dB point of 
the filter should be at least several times the natural frequency of the 
loop. Then it will not have influence on the loop behaviour. 
A worst case analysis for the ILEC synthesizer, with a first order filter, 
showed a sideband to carrier level of -50dB. Measurements, using the second 
harmonie resonators as a high Q FM detector showed a sideband to carrier 
level better than -60 dB. 

3.5 



Noise produced by the loop elements is found in the VCO output signal as 
phase jitter. As demonstrated in appendix A3, noise components with w<w 

n 
are attenuated by the loop with 12 dB/octave. Noise components with w>w , 

n 
generated in the loop filter ar the phase detector are attenuated by the 
first order low pass filter at the VCO input. Noise components with w>wn 
produced in the VCO are passed unattenuated to the output. 
Therefore, we used a Hartley FET oscillator as VCO, which has a low noise 
level itself. 
Measurements using the secend harmonie resonators showed a noise level below 
-60 dB. A description of the electranies in the synthesizer is given in [22]. 
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3.3 THE PIN-DIODE ATTENUATOR 

We want to be able to adjust the dee (acceleration) voltage to a desired 
level. Therefore we included a voltage controlled PIN-diode attenuator in 
the secend harmonie RF system. With this attenuator we have a dynamic range 
of about 30 dB. 

3.7 

Because of the important phase relations between the secend and the sixth 
harmonie acceleration voltages, the attenuator should nat introduce a frequency 
or amplitude dependent phase shift. 
A forward biased PIN-diode, a special semiconductor device, series or shunt 
connected with a laad, will act as a variable resistor centrolling the RF 
signal level on the laad, without introducing distartion or phase shift. 
A basic PIN diode consists of an intrinsic (I) layer of silicon into which 
a P- and a N-region are diffused. 

I +i 
(] de RF 

Fig. 3.5: A .óc.he.ma;Uc. i.a.you;t on a. bMJ..c. PIN-cüode. 

When the PIN-diode is forward biased, by some dc-current Idc' holes and 
electrans are injected from the N- and P-regions into the I-region. These 
charges do nat immediately completely recombine. Instead, a finite quantity 
of charge always remains stared and effectively results in a decrease of 
the resistivity of the (high resistive) I-region, as affered to an additional 
RF-current iRF" The quantity of stared charge depends on the recombination 
time, commonly called the carrier lifetime, and the level of forward bias 
current. Therefore, we can control the PIN-diodes resistance with the de
forward current. 



At de and very low frequencies, the PIN diode is much similar to a PN-diode; 
the diode resistance is described by the dynamic resistance of the I-V 
characteristic at any quiescent bias point. This dc-dynamic resistance point 
is not, however, valid in PIN diodes at frequencies above which the period 
is shorter than the transit time of the I-region. The frequency at which 
this occurs is called the transit time frequency and may be considered as 
the lower limit for operation. 
Transit time frequencies range from several tens of kHz for some diodes to 
several MHz for ethers. 
We chose a 1N 6263 PIN diode which can be operated at our frequencies. Its 
resistance-bias current characteristic is given in figure 3.5 . 
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Q 

Fig. 3. 5: The. JtU~ta.nc..e.-b-iM c..WtJte.n:t c..ha!ta.c..:t~.üc.. o6 a. 1 N 6 263. 

By inserting the PIN diode between a generator (with output impedance z0) 
and a laad (of impedance z0), the achieved attenuation amounts to [23]: 

(3.4) 

where R is the PIN diode resistance as in figure 3.5 . s 
This kind of attenuator has the disadvantage that it do~s nat meet with the 
characteristic generator and laad impedances. It is therefore called a 
reflective attenuator, as distinct from several ether types of matched 
attenuators. We applied a buffered version of the reflective attenuator. 
The electric scheme of the attenuator in the ILEC secend harmonie RF system 
is given in [22]. 
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3.4 TRANSISTOR RF POWER AMPLIFIERS 

RF power amplifiers can be characterized by several important parameters: 
1) Amplifier input and output impedance. 

Impedance matching to a standard impedance, usually 50 Ohms, allows signal 
transport using standard co~xial cables. It prevents signal reflections 

3.9 

at the amplifier input and output, thus ensuring maximal power transmission. 
Moreover, standard measuring and trimming equipment can be used. 
Impedance matching is usually realized with transformation networks, 
which transfarm the transistor input and output impedances to the 
standard value. 

2) Amplifier bandwidth. 
The amplifier bandwidth is mainly uetermined by the quality of the matching 
networks. In general network quality is a measure of the power loss in 
the resonant circuit relative to the stared energy (see chapter 2). For 
a simple series resonant circuit (an inductor L, a capacitor C and a 
resistor R) the quality equals w0 L/R where wo is the network resonance 
fequency. Network quality can be determined in the design phase as shown 
in appendix 81. The bandwidth equals the resonance frequency divided by 
the quality. The amplifiers we designed for the ILEC main RF system only 
need to operate at frequencies between 43 and 44 MHz. Signals at other 
frequencies are considered as distartion and thus nat wanted. We therefore 
we limited the amplifier bandwidth toabout 2 MHz around 43.5 MHz. 

3) Amplifier gain. 
In general amplifier gain, the ratio of output to input power, depends 
on the specific transistor as chosen and on the operating power. Typical 
values at our frequencies are 10 to 20 dB. 

4) Amplifier linearity. 
The amplifiers in the ILEC RF system should be able to operate at various 
power levels, which must therefore be stable operating points. The relation 
between input and output power should be sufficiently linear to ensure 
stable operation of the amplitude control system at all power levels. 
Amplifier linearity depends on the class of operation. A class A and a 
class B amplifier offer good linearity. A class C amplifier is nat at 
all linear; it should only be operated at high power levels. 
The classes of operation are discussed in appendix 82. 



5) Amplifier efficiency. 
Amplifier efficiency is the ratio of RF output power to de input power 
from the supply. It depends on the class of eperation and varies between 
50% fora class A amplifier and up to 75-80% fora class C amplifier. 
For ILEC we chose a class of operatien in between class A and class B, 
class AB, which combines a good linearity with a reasonable amplifier 
efficiency. 

The ILEC frequency synthesizer delivers an output power uf about 5 mW into 
50 Ohms. After passage of·the voltage controlled attenuator the signal power 
lies in the range from 0.01 to 5 mW. We designed and constructed a three 
stage transistor RF power amplifier which amplifies a 5 mW input signal to 
100 W output into 50 Ohms. The output power of the transistor amplifier is 
delivered to the tube RF power amplifier. 
The three transistor amplifier stages all have the same basic layout as shown 
in figure 3.6 . 

Fig. 3. 6: A :tJr..a.Yl.!J-W:toJt RF poweA ampü6ieA wc.u.i:t. 
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The capacitors c1 and c2 and the inductor L1 farm the input T netwerk as 
discussed in appendix 81. The transistor base bias current is supplied via 
a radio frequency choke (RFC) which effectively bleeks RF signal leakage 
to the bias supply. This bias supply must be stabilized to prevent execessive 
bias currents when the transistor junction temperature rises. 
Special attention has been paid to the grounding of the emittor of the 
transistor. Any emittor impedance will reduce the amplification of·the stage 
and increase the possibilities for parasitic oscillations. 
The capacitors c3 and c4 and the inductors L2 and L3 farm the output Pi 
netwerk, as discussed in appendix Bi. Inductor L2 is grounded for RF signals 
by c5. Especially for the 100 W stage this should be a high quality (with 
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low tano) capacitor. A type with silvered plates and mica islator is favourable. 
The de supply is, via a RF filter c7;RFC, also connected to inductor L2. 
With capacitor c6 and resistor R1 low frequency signals at this point are 
grounded, thus preventing LF oscillations of the amplifier. c6 is a fairly 
large capacitor of several hundred nF to several F. R1, usually a few Ohms, 
should be able to dissipate some power. 
In the first stage we used a CTC A3-12 transistor, which amplifies the input 
power to at most 300-400 mW. 
In the next stage a CTC 812·12 (or a BLY 88c) amplifies this signal to 8-9 W. 
In the third and final stage a BLW 77 (Philips) amplifies the signal ·to at 
most 100 W into 50 Ohms. 
These amplifiers have been constructed and tested and are now available for 
the secend harmonie RF system. 



3.5 THE TUBE RF POWER AMPLIFIER 

A total RF power of several (5-10) kW is needed at the secend harmonie 
acceleration system input. Since it is not possible to generate such a power 
with a transistor amplifier this calls for the application of a RF power 
tube. For RF power applications only triodes and tetrades are available. 
We chose a tetrode because of the advantages it has over a triode. 
A triode has to deal with a not neglectable influence of the plate voltage 
on the plate current which decreases the amplification of the tube. Moreover, 
a capacitive coupling between the plate and control grid circuits is present 
which will, especially for RF signals, be large. 
In a tetrode tube a screen grid is positioned between the control grid and 
the plate. This grid is operated at a relatively large potential positive 
to the cathode. For RF signals it is bypassed to the cathode. It eleminates 
substantially the capacity between the control grid and the plate. It also 
eliminates effectively the influence of the plate voltage on the plate 
current. With tetrades therefore high amplification factors with little 
coupling between the plate and control grid circuits are possible. 
Screen grounding should be very goed because any screen grid circuit 
impedance will strongly influence the amplification factor [15]. 
In a tetrode amplifier the screen grid voltage should always be less than 
the plate voltage. When the screen grid voltage exeeds the plate voltage 
secondary electrons, emitted by the plate, are attracted to the screen. 
The screen grid current then increases as does the screen power dissipation. 
The exess power may overheat the screen, thus destroying the tube. 
This limitation reduces the maximum plate peak RF voltage to a lower level 
than that for a triode. 
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An outline on the various types of tubes and their characteristics is available 
in [ 15] . 
We chose an Eimac 4 CW 10,000 RF power tetrode, capable of delivering 16 kW 
output power in class AB, linear amplifier, operation. 



3.5.2 THE ILEC AMPLIFIER 

In the design of a RF power amplifier extensive use has to be made of the 
tube characteristics as supplied by the manufacturer. 
We wanted to design an amplifier which is able to operate at various power 
levels. This leads to the choice of a class AB linear amplifier. The angle 
of plate current is then typically larger than 180 degrees as stated in 
appendix B2. With a plate de supply voltage of 7 kV and a screen grid de 
voltage of 1.5 kV (characteristic of class AB eperation for our tube) the 
amplifier peak RF output voltage is 5.5 kV. In our main RF system the laad, 
i.e. the second harmonie acceleration system, is directly coupled to the 
tube plate. From the calculated voltage distribution of the line (as discussed 
in chapter 2) the coupling point for 5.5 kV peak RF voltage is found. Tagether 
with the calculated power consumption the laad impedance is also determined. 
The plate circuit is tuned to resonance with the trimming plates that were 
added near the dees. Under normal eperating conditions the estimated laad 
impedance will be about 2kQ which leads to a RF power of 7.5 kW which is 
well within the range of the 4 CW 10,000. 
Multipactoring or dee sparking reduces the effective amplifier laad resistance 
which may damage the tube because of excessive internal power dissipation. 
Therefore a security system will be added which stops amplifier operatien 
under these conditions. Characteristic of class AB operatien with this tube 
is that the control grid voltage is always negative. Therefore no control 
grid current flows, and no input power is required. The tube input resistance 
is very high. In a practical amplifier design the input impedance, however, 
is always kept low with resistors to avoid unwanted oscillations of the 
amplifier. Therefore an input power of about 100 W is needed for the ILEC 
amplifier. 
Screen current will flow, leading to a screen grid dissipation which must 
nat exeed the maximum rating of the tube. 
Characteristic voltage and current relations of a class AB amplifier are 
given in figure 3.7 . 
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Details of the ILEC amplifier are presented in a technical note [25). Here 
we only mention some of the design characteristics (see figure 3.8). 
The amplifier has a grounded cathode configuration. The input impedance is 
50 Ohms. This impedance is transformed to about 400 Ohms at the control grid. 
The tube input capacitance is part of the impedance transformation network. 
A secend network transfarms the impedance back to 50 Ohms where the input 
power of 80-100 W is dissipated in two carborundum resistors. 
The tube screen grid is grounded with a special plate capacitor construction 
which consistsof 3 capper rings with 0.1 mm teflon isolation foil in between. 
The laad, the second harmonie acceleration system, is coupled to the plate 
with a Jennings 300 pF vacuum capacitor, for de blocking, in between. 
A four stage RF filter in the plate de supply line supresses the plate RF 
voltage, thus ensuring undisturbed eperation of the de supply and preventing 
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the leakage of RF signals to the supply cables which may cause radio interferences. 
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3.6 THE CONTROL SYSTEM 

The control system as included in the second harmonie RF system has three 
main functions: 

1) Frequency tuning. 
It tunes the resonators such that the plate circuit of the RF power tube 
is resonant. Then maximal power output is ensured. The acceleration system 
consists of two coupled quarter wave systems and is in fact a half wave 
system (see chapter 2). Bath quarter wave systems can be tuned with 
trimming plates which are, as variable capacitors, added near the dees. 
The frequency tuning system measures the RF phase at the tube RF power 
amplifier input and output and moves bath trimming plates in the same 
direction to obtain a steady 180 degrees phase difference. 

2) Symmetry control. 
Bath resonators should be at resonance themselves to avoid high resonant 
currents at their coupling point. Therefore the voltage distribution on 
bath systems must be symmetrie. With two piek ups, positioned below the 
dees, the dee voltages are measured. From the difference between these 
two voltages the symmetry control system moves the two trimming plates 
in the opposite direction to obtain a symmetrie situation. 

3) Amplitude control. 
The amplitude control system compares half the sum of the measured dee 
voltages with an amplitude reference value. It controls the voltage 
controlled attenuator such that the two are equal. 
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CH 4 PARTICLE ORBlTS IN ILEC 

4.1 INTRODUCTION 

In chapter 1 we discussed the design of the magnetic system and the mapping 
of the electric and magnetic fields. 
The magnetic field was shown to meet the condition for isochronism very good. 
From the calculated radial an axial oscillation frequencies it followed that 
the partiele motion will be stable for small oscillation amplitudes. 

4.1 

Besides these results one is also interested in the properties of the accelerated 
beam such as emittance, energy spread and the actual shape of the partiele orbits. 
Partiele orbits can be calculated bath by numerical and analytical methods. 
Numerical methods use straight forward integration of the equations of motion 
which fellow from the Lorentz and the Coulomb force as acting on the particle. 
To get accurate results it is necessary to keep the integration steps small, 
e.g. 360 steps per turn. Therefore program execution takes very much computer 
((PU) time, which makes the methad less suitable for analysis of partiele motion 
as a function of the cyclotron parameters. In general accurate results are obtained 
but no or less insight in the physical processes is gained. 
Analytical methods as used in our group are based on the application of the 
Hamilton formalism. By applying a series of cannonical transformations a new 
Hamiltonian is obtained which does not depend on its independent variable. The 
equations of motion that are derived from this Hamiltonian can be integrated 
with fairly large integration steps, e.g. one step per turn. This gives an 
enormous reduction in CPU time. Moreover, since the cyclotron parameters are 
directly incorporated in the Hamiltonian, much more insight in the influence 
of these parameters on the orbit properties can be obtained. 



4.2 

A problem connected with the analytical methods is the difficulty to obtain 
a transformed Hamiltonian which describes the partiele motion correctly in such 
a way that it is easy to interpret. Since ILEC has an azimuthally varying field 
(AVF) and a double two dee acceleration system (second and sixth harmonie) the 
problem is very complex. Moreover, the harmonie components of the ILEC magnetic 
field have large gradients due to the small pole gap. 
In the past a theory of accelerated particles in a rotational symmetrie field 
[1] and a theory of non-accelerated particles in an AVF cyclotron [6] were 
developed. The two theoriescan be linked by combining their Hamiltonians [26]. 
Our first aim was to investigate wether this leads to correct results for ILEC. 
Therefore the analytical results had to be compared with the numerical results. 
We also wanted to investigate the influence of the application of the flat top 
principle on the energy spread in the beam for the ILEC magnetic field. 
Sectien 4.2 describes the analytical theory of the motion of non-accelerated 
particles in AVF cyclotrons as developed by Hagedoorn and Verster [6]. 
The analytical theory of the motion of accelerated particles in a rotational 
symmetrie field, as developed by Schulte [1] is described in sectien 4.3. 
In sectien 4.4 the two theories are combined which results in a Hamiltonian for 
the motion of accelerated particles in an AVF cyclotron. 
The numerical approach, as used for comparison, is discussed in 4.5 [27]. 
In 4.6 the results of our studies are presented. 



4,2 THE MOTION OF NON-ACCELERATED PARTICLES IN AN AVF CYCLOTRON 

The results and an interpretation of the theory of non-accelerated particles 
in an AVF cyclotron as developed by Hagedoorn and Verster [6] are discussed 
in this section. In the derivation of the theory extensive use was made of the 
Hamilton formalism. 

4.3 

In a time independent magnetic field the relativistic Hamiltonian reprasenting 
the partiele motion is given by: 

( 4. 1 ) 

wnere mo is the partiele rest mass and c the speed of light in vacuum. The 
magnetic vector potential is given by A. As there is no explicit time dependency 
the energy E= H= constant. From this Hamiltonian the equations of motion follow 
with time as the independent variable. In these cases it is aften convenient 

. to use one of the coordinates as the independent variable and its conjugate 
momenturn as the negative of a new Hamiltonian. The resulting equations of motion 
describe then the geometrical orbit shape. In case of an accelerator we use 
the azimuth e as independent variable and -p

6 
as the new Hamiltonian. Note that 

-p
6 

is found by algebraically solving it from the original Hamiltonian. This 
new Hamiltonian depends on its conjugate variable. This makes it less suitable 
for an analysis of the partiele motion as stated insection 4.1. We introduce 
a number of simplifications because the partiele motion is toa complex to be 
solved completely. The simplifications are: 
1) The magnetic field is perfectly symmetrie with respect to the median plane. 
2) In the major part of the derivation a perfect four-fold rotational symmetry 

of the magnetic field is assumed. The influence of field errors is calculated 
from a perturbation Hamiltonian. 

3) The amplitude of the azimuthal variation of the field strength is small. 
4) For our purpose we do nat consider the axial motion of the partiele and 

neglect any influence from the axial motion on the radial motion. This is 
permitted since z= p

2
=0 is a salution of the problem. 



The magnetic field in the median plane B(r,e) is separated in an average field 
B(r) and a flutter profile F(r,8): 

B(r) = <B(r,8)> = (1/2~)xfB(r,8)d8 

F(r,8) = {osc B(r,8)}/B(r) (4.2) 

B(r,e) = B(r) x {1 + F(r,8)} 

The flutter profile F(r,8) can be expanded in a Fourier series: 

F(r,8) = I{A (r)cos(ne) + B (r)sin(n8)} 
n n n 

(4.3) 

Keeping in mind that the field basically has a four-fold symmetry, only the 
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terms with n= 4k are large (see appendix C for the measured ILEC field components). 

We define the static equilibrium orbit (SEO) of a partiele as a closed orbit 
with the same N- fold symmetry as the magnetic field. In a 8- independent field 
(F=O) the equilibrium orbit of a partiele with momenturn P= er 0 B(r0 ) is a circle 
with radius ro. In an azimuthally varying field we find the SEO by substituting 
a Fourier series in the equations of motion following from the Hamiltonian which 
describes the geometrical orbit shape. We specify this SEO in the dimensionless 
parameters x and p . These are related to the orbit radius and the partiele e e 
momenturn by: 
re ( 8) = r o (1 +xe ( 8)) and p e ( 8) = p e ( e) x P ( 4. 4) 

where ro equals the radius of the SEO in a e- independent field. 
In the lewest significant order of the field modulation F, ene finds for the 
SEO in an AVF cyclotron: 

p = dx /de e e 

3n2 -2 
y =-I{--

n 4( n2 -1 )2 

with A• = [r{dA (r)/dr}] 
n n r=r 

0 

(4.5) 

2 (n2 -1) 

; Bn• = [r{dB (r)/dr}l . 
n r=r 

0 

(4.6) 
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The summations in formula (4.5) only include the terms with n= 4k, k= 1 ,2,3, ... 

With a series of canonical transformations the equilibrium orbit motion is removed 
from the Hamiltonian and all e- dependent (fast oscillating) terms are transformed 
to higher order terms in the field modulation where they are neglected. 
At this point we have obtained a Hamiltonian which describes the partiele 
motion around the SEO in a perfect four fold symmetrie field. 
In practice small errors can nat be avoided in the field shape of an actual 
cyclotron (sometimes they are introduced intentionally to influence the beam 
characteristics). Here we consider only first, second and third harmonie field 
components. These field errors can be taken into account by adding a perturbation 
term to the original Hamiltonian. The same canonical transformations as mentioned 
befare are applied to the perturbation term. 
Finally we obtain a Hamiltonian which describes the partiele motion around the 
SEO in the actual field. This Hamiltonian does not not depend on the independent 
variable. This has important advantages for the integration of the equations 
of motion which follow from this Hamiltonian as discussed in sectien 4.1. 
The Hamiltonian for the, anti-clockwise, partiele motion in an AVF cyclotron 
is up to the fourth degree: 

1 (- -K(I,~) = 2x A 1 cos{~} + B 1 sin{~})xi(2I) + 

{(vr-1) + (~A2 + iA2) cos{2~} + (~B2 + ~B2) sin{2~}}x(I) + 

Ä1 = {A1 + 3~(A;3A4+B3B4)} (4.7) 

s, = { B1 + 3J(A;3B4-BJA4)} 

Al = (r{dA2(r)/dr}]r=r; BI = (r{dB2(r)/dr}]r=r 2 2 
0 0 



3n 2 5n 2 -8 
V : 1 + k~' + r r { 

n=4k 4(n2-1)(n2-4) 
(A2+82) + -----

n n 4 ( n 2 -1 ){ n 2 -4 ) 
(A A I +B BI ) + 

n n n n 

1 
(A A11 +B 811

) + n n n n 
(A I 2 +BI 2)} 

4(nz -4) n n 4(n2 -1) 

the radial oscillation frequency, 

A11 =[r2{d2A (r)ldr2}] n n r=r
0 

B 11 = ( r2 { d 2 B ( r ) I d r2 } ] n n r=r 

w' = ((riB(r))x(dB(r)ldr)J : the field index, r=r0 

EO=~~~+~·~~;~~~ =[{rZIB(r))x(d2B(r)ldrz)]r=r ; ~·~~ 
0 

0 

E1 
1 + 19AI +}Au + 1A'u A'll [r3 {d3 A4 ( r )ldr3

}] r=r = -A = 5 4 8 4 2 4 6 4 4 

E2 
1 + '12s· + 1sn + 1s~~~ 8111 [ r3 

{ d3 B 4 ( r) I d rl } ] r=r = -8 = 5 4 8 4 2 4 6 4 4 

0 

0 

Perturbation terms of the third and the fourth degree were neglected in this 
Hamiltor:tian. 
The I,~ motion of the partiele can be interpreted as the motion of the centre 
of the SEO with respect to the cyclotron centre. The relations between the I,~ 

parameters and the cartesian X,Y coordinates of the orbit centre are given by: 

X= ro 1(21) cos{~} 

Y = ro 1(2I) sin{~} 

\ 

' \ 

(4.8) 

, partiele 

brbit r 
I 
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Fig. 4. 1 : Pcvr.:Uc..le. motion ..i..n a.n AVF c.yc..lo:tJum., .ó e.e.n a..ó a. c.omb..i..n.Gttion o á a. .óta.t..i..c. 

e.qLU.UbJrJ.wn oJtbU (SEO) a.nd a. c.e.n.tJte. motion ofi the. SEO. 



Since the Hamiltonian does not depend on its independent variable it is a 
constant of motion. Therefore we obtain the flowlines of the centre motion 
directly from the Hamiltonian. We give an interpretation of the terms in the 
Hamiltonian by examining their influence on the flow lines. 

RADIAL OSCILLATIONS -------------------

The term which contains the radial oscillation frequency is already present 
in the Hamiltonian of a simple cylindrically symmetrie field. With X and Y as 
canonical variables this part of the Hamiltonian yields: 

( 4. 9) 

This term gives a circular motion of the orbit centre around the cyclotron 
centre with frequency (v -1). 

r 

When a first harmonie perturbation is present the Hamiltonian changes to: 

(4.10) 

After rearrangement of the terms the Hamiltonian yields: 

1 A1ro B1ro 
H(X,Y) = -2 (v -1)x{(X + )2 + (Y + )2} 

r 2(vr-1) 2(vr-1) 
(4.11) 

where constant terms are skipped because they do nat have influence on the 
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partiele motion. From this rearranged Hamiltonian it is obvious that the flow 
lines are still circles, but around a shifted centre point. If vr>1 the centre 
point is shifted away opposite to the direction of the first harmonie perturbation 
(A1 ,B1 ). If vr<1 the centre point is 11 attracted 11 by the first harmonie. The 
size of the shift is given by: 

I(Ai+Bi )xr0 I 11 x I = _....__,_____;; 

21vr-11 
(4.12) 
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With a second harmonie perturbation the Hamiltonian becomes: 

(4.13) 

This Hamiltonian leads to elliptical or hyperbalical flow lines. For stability 
of the centre motion it is necessary that the flow lines are elliptical. 
This results in a condition for stability: vr>1 and (1c2 + ~Cz)<(vr-1) where 
c2(r) = I(Az(r)+Bz(r)) [28]. 

The higher order field harmonies have little influence on the centre motion 
near the origin in the X,Y plane. However, for larger oscillation amplitudes 
their influence becomes overriding and limits the area of stability. In the 
case of a four fold symmetrie field we find four saddle points in the plane 
K(I,~)= constant. This corresponds toa maximum stable amplitude Pmax· 
For vr-1>0 and E= I(E1+E2) >Eo one finds [6]: 

2 = Pmax 
16 r; ( vr -1 ) 

E - E0 

(4.14) 
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4.3 THE MOTION OF ACCELERATED PARTICLES IN ROTATIONAL SYMMETRie FIELDS 

A brief review on the theory as developed by Schulte (1] is given. Part of 
this theory deals with the motion of accelerated particles in cyclotrons 
with a rotational symmetrie magnetic field and a two dee acceleration system. 
This theory is of interest for the ILEC AVF cyclotron, because ILEC has a 
double two dee acceleration system; one for secend and one for sixth harmonie 
acceleration. 
From the previous sectien it appears that it is quite profitable to split 

the total partiele motion into the motion of the orbit centre and the motion 
with respect to this orbit centre, denoted by circle motion. 
The simplest illustration is seen by considering the motion of a non
accelerated partiele in a homogeneaus magnetic field. As sketched in figure 
4.2 the partiele describes a perfect circle, whose centre does nat move. 

y 

Fig. 4.2: The motion oó a non-accel~ed p~cte ~na homogeneo~ magnetic 

áidd. 

The circular partiele track in this homogeneaus field is the static equilibrium 
orbit which belengs to the partiele energy. 
The relations between the partiele position coordi-nates and the circle and 

centre coordinates are given by: 

x = x t + x . 1 pos een re c1rc e 
(4.15) 

ypos = ycentre + ycircle 



In the magnetic field of a classical cyclotron (rotational symmetrie and 
radius dependend) or of an AVF cyclotron it is much harder to define the 
position of the centre of the partiele motion in an appropriate manner. The 
centre of curvature is nat suitable in these magnetic fields, since the 
partiele has a complicated orbit which would lead to an also very complicated 
centre motion. From a useful definition it must follow explicitly that the 
centre of the SEO lies in the centre of the cyclotron. The equations of 
motion provide a methad to define such an orbit centre. We define the centre 
motion as that part of the motion which oscillates much more slowly than 
the main oscillation of the motion and we project this motion around the 
cyclotron centre. (The particles follow the SEO when the slow motion has 
zero coordinates). In the equations of motion this means that we rearrange 
the position and momenturn variables in such a way that, after some appropriate 
transformations, the coefficients of the terms of one set of variables are 
small and do nat contain any fast oscillating parts (with a frequency equal 
to or larger than the revolution frequency). Furthermore all first degree 
terms should be removed from the Hamiltonian by appropriate transformations, 
so that for the centre motion (0,0) is a salution of the problem. This 
salution then represents the SEQ. 
From these definitions we obtain a "circlen motion which describes the 
equilibrium orbit as determined by the magnetic field. The centre motion 
describes the slow oscillations of individual particles in the beam as 
determined by the start conditions and the structure of the magnetic field. 
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We include acceleration in the calculations by inserting the electric potential 
arising from the RF-structure in the Hamiltonian. We assume stepwise acceleration 
at the dee gap, thus the potential function V can be represented by a Heavyside 
function. The new Hamiltonian is given by: 

H = (1/2m)x(p-eÄ) 2 + eV cos{wRFt} (4.16) 

Note that this Hamiltonian is time dependent. 
With some canonical transformations the partiele motion is split into a 
circle and a centre motion. It turns out that, in the case of acceleration, 
the centre motion can best be described in cartesian coordinates. 



For this Hamiltonian it is possible to define an accelerated equilibrium 
orbit abbreviated by AEO. This AEO is a combination of a circle (E-~) motion 
and a centre (X-Y) motion. To obtain the partiele AEO we solve for the circle 
motion while we neglect the centre motion. Next, the centre motion of the 
AEO is determined by substituting the E-~ salution into the Hamiltonian. 
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These motions show some fast oscillating behaviour. Since we are nat interested 
in such fast oscillations we apply some transformations which shift these 
terms to higher order. 
From these transformations we obtain a Hamiltonian which describes the motion 
of an anti-clockwise rnaving partiele as a combination of a smooth centre 
and circle motion. This Hamiltonian does nat depend on its independent 
variable. 
Up to the secend degree in the centre coordinates X and Y and to the first 
order in q~/E this Ham~ltonian is given oy: 

H = -f(E) - ~(v -1)x(X2 +Y2 ) + r 

(2qV/h~)xsin(ha)xsin(h{~-~ 0 }) + Cx(XY/2E)xcos(h{~-~ 0 }) + 

with C = (2qV/~) h cos(ha) cos(a) sin(a) 
0 = -(2qV/~) h sin(ha) 

(4.17) 

The derivate of the funtion f(E) with respect to E, equals the relative 
deviation 
v is the 
r 

~ = V/mw; 

of the magnetic field from its 
* radial oscillation frequency , 

: the peak dee voltage divided 

* isochronous value , 

by the partiele mass and the 
square of the revolution frequency, 

h is the harmonie number of the acceleration voltage, 
a is the halve dee angle, 
sin(~ 0 ) = cos(a) sin(a) (q~/2E) sin(ha). 

* Note that f(E) and v result from the non-accelerated part of the Hamiltonian. 
r 



The variables E and ~ are the action and angle coordinates of the circle 
motion with respect to a co-moving coordinate system, which rotates at the 
isochronous partiele revolution frequency. The variable E represents the 
partiele energy. The variables X and Y are the coordinates of the orbit 

centre with respect to the cyclotron centre. 
Figure 4.3 gives an illustration of these coordinates. 

y 
c 

cycl 
een re 

ref. 
axis 

Fig. 4. 3: Pa!r-Uc..te. motion Jte.pJtu.e.n:te.d ,{_n :the. c..e.nttte. c..ooJtd;.na:tu. X a.nd Y 

a.nd :the. wc..te. c..ooJtd;.na:tu. E a.nd ~ will !te..ópe.c..:t :to a. c..o-mov;.ng 

c..oo!td;.na.:te. .6lj.6:te.m. 

The correction angle ~O in formula 4.16 arises from the influence of the 
AEO centre motion on the partiele phase at the dees [1]. 

We obtain the equations of motion from this Hamiltonian using: 

dx/dt = - aH;ay dy/dt = + aH/ax 

4. 12 

(4.18) 

dE/dt = + aH/a~ ; d~/dt = - aH/aE 

where the variable t equals the product of time and the partiele revolution 

frequency, thus per turn ~t = 2~. 
One clearly observes in equation 4.17 the coupling between the orbit centre 
motion and the circle motion. This coupling becomes large for off centred 
particles, high harmonie numbers and small energies. This coupling may give 

rise to an unstable orbit centre motion. 



4, 4 THE MOTION OF ACCELERATED PARTICLES IN AN AVF CYCLOTRON WITH FLAT TOPPING 

In the two previous sections we have discussed an analytical theory of non
accelerated particles in an AVF cyclotron and an analytical theory of 
accelerated particles in a cyclotron with a rotational symmetrie field and 
a two dee acceleration system. 
For a study of a cyclotron with two small extra dees for flat topping some 
acceleration terms should be added to the Hamiltonian of the accelerated 
partiele motion. 
In ILEC the two sixth ·harmonie dees are positioned at an angle 8 with respect 
to the second harmonie dees. 
From now on we will provide all parameters of the main, second harmonie, 
dee system with an indexmand all parameters of the flat top, sixth harmonie, 
dee system with an index f. 

Fig. 4.4: Sc.hema,ûc. Jte.p!te..óe.YLta.-üon o6 :the. ILEC ~.>e.c.ond a.nd ~.>..i..xth haJtmon..i..c. 

a.c.c.e.leJta..t..i..o n 1.> y ~.>.tem • 

The terms in the Hamiltonian, describing the flat top acceleration, contain 
the coordinates x• ,v• ,E• and ~· in the coordinate system which is aligned 
with these dees. They are transformed to the X,Y and E,~ coordinates by a 
rotatien over an angle e. 

4.13 
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x· = x coss + y sinS 
y• = -x sins + y coss (4.19) 

E• = E 
cp• = ct> - s 

In the calculation of the correction angle of the circle motion, caused by 
the AEO centre motion, we assume that the centre motion mainly arises from 
the secend harmonie acceleration. This is allowed since the secend harmonie 
dee voltage will be much larger than the sixth harmonie dee voltage. We also 
neglect the difference in angular position of the two gaps at a flat top 
dee. From these assumptions we obtain: 

(4.20) 

where am is half the dee angle of the main dees, 
Vm = Vm/mw~ is the peak dee voltage divided by the partiele mass and 

the square of the angular revolution frequency, 
hm is the harmonie number of the main dees, 
s is the angle between the two dee systems. 

To obtain a Hamiltonian which also takes the azimuthally varying field into 
account we combine the two Hamiltonians we discussed before. We make two 
assumptions for this combination: 
1) The circle motion of the partiele is given by the accelerated equilibrium 

orbit. Influences of the AVF terms are neglected. 
2) The motion of the orbit centre is a superposition of the motion because 

of the acceleration and because of the AVF terms. Coupling between the 
two is not considered. 

Finally we obtain a Hamiltonian describing the centre and circle motion of 
an anti-clockwise rnaving partiele in an AVF cyclotron with flat topping. 



H(E,~,X,Y) = -f(E) 

+ (2qVm/~hm) sin(hmam) sin(hm{~-~Om}) 

+ C XY cos(h {~-~ 0 }) m m m 
+ D {(~X2 sin2 (a ) + ~Y2 cos 2 (a )} sin(h {~-~0 }) m m m m m 

+ (2qVf/~hf) sin(hfaf) sin(hf{~-~Of+~~}) 

(isochronism) 

(basic harmonie) 

+Cf (-X2 sin8 coss + Y2 sins coss + XY{cos 2 S- sin2 S}) cos(hf{~-~Of+~~}) 

+ Df{~X2 (cos 2 {af} sin2 S + sin2 {af} cos2 S) + 

XY(-~cos{2af} sin{2S}) +~Y2 (cos 2 {af} cos 2 S + sin2 {af} sin2 S)}x 

sin(hf{~-~Of+~~}) (flat top) 

- Hv -1) (X2 +Y 2 ) 
r 

(main field) 

-
6
1
4{(E

0
!2EXX4 +2X 2 Y2 +Y 4

) - (E 1!2E)(X4 -6X 2 Y2 +Y 4
) - (E2/2E)(4X 3 Y-4XY 3

)} 
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- ~Ä 1 XI(2E) - ~8 1 YI(2E) . (perturbation field) 

- H~A2+àA2) (X2 -Y2
) - OB2+àB2) xv 

With: Cm = (2qV~~) hm cos(hmam) sin(am) cos(~) 

Dm =-(2qVm/~) hm sin(hmam) 

V = V /m w2 
m m o o 

Cf = (2qVf/~) hf cos(hfaf) sin(af) cos(af) Vf = Vf/mow~ 

of =-(2qVf/~) hf sin(hfaf) 

(4.21) 



Eo = ~~~ + ~~~~ 

E 1 = _51 A4 + 1 9 A I + lA 11 + lA I 11 * 
8 4 2 4 6 4 

E2 = i84 + 
1 ~84 + ~84 + i84" * 

A1 = {A1 + 3Ó(A3A4 + 8384)} * 

B1 = {81 + 3J(A384 - 83A4)} * 

sin(~Om) = cos(am) sin(am) (qVm/2E) sin(hmam) 

sin(~Of) = cos(am) sins (qVm/2E) sin(hmam) 

6~ is an additional RF phase of the flat top dee voltage. 
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(4.22) 

A program was developed which calculates the partiele motion resulting from 
this Hamiltonian [26]. A fourth order Runge Kutta methad is used to integrate 
the equations of motion as derived from the Hamiltonian. A set of plot programs 
was developed to get a graphical presentation of the calculated centre and 
circle motion. 8oth the motion of a single partiele and of a grid of particles 
can be calculated and plotted. 
Same of these results are presented in sectien 4.6. 

* We note that we obtained new expressions for these constants. They will 

be discussed in section 4.6. 



4.6. NUMERICAL CALCULATIONS 

For numerical orbit integrations we use the equations of motion which follow 
from the Lorentz and Coulomb force as acting on the particle. These equations, 
which show coupled vertical and radial motions, are rather complex to solve. 
However, since the electric and magnetic fields are symmetrie with respect 
to the median plane, z= p·= 0 is a salution of the problem. Therefore we z 
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only consider the partiele motion in the median plane and neglect any influence 
of the axial motion on the motion in the median plane. 
The equations of motion for an anti-clockwise moving partiele are: 

(4.23) 

with ~=1{1 - w;(x•2 + y•2)} 
m c2 •= wot : the independent variable, 

(4.24) 

In these equations Em represents the electric field as caused by the main 
dees and Ef the electric field of the flat top dees. , 1 and , 3 are the start 
phases of the dee voltages. 
The representation of the electric and magnetic fields in these equations 
deserves some further attention. 



ELECTRIC FIELDS ---------------

We assume that the electric field of a dee gap is directed normal to the 
gap. The field strength in the median plane is approximated by a Gaussian 
profile: 

IE(X,Y,O)I ~ exp{-~(s/cr) 2 } (4.25) 

where s is the distance to the considered dee gap. According to [4] cr can, 
in good approximation be calculated from cr = 0.2H + 0.4W with H as the height 
between the two dee plates and W as the dee gap width. 
Further, we neglect the electric field for s>4cr. 
The total electric field in the median plane is a superposition of the fields 
from all dee gaps. 

We specify the magnetic field at equidistant radial positions by an average 
field and a series of Fourier coefficients. The program determines the 
magnetic field in any point of interest from Fourier synthesis and cubic 
spline interpolation. 

The equations of motion are integrated using a standard Bashforth-Moulton 
procedure with constant integration step. To get accurate results the 
integration step should be very small, e.g. 1 degree. 
Since we want to cernpare the numerical and analytical calculations we derive 
the centre motion from the numerically calculated partiele orbits. For this 
purpose we calculate the static equilibrium orbits numerically for a set 
of energies. These SEo•s serve, after Fourier analysis, as input for the 
numerical partiele orbit integration program. We calculate centre positions 
by comparing. a part of the orbit where the partiele energy remains constant 
with its corresponding SEO. This is demonstrated in figure 4.5. 
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The centre coordinates are calculated from: 

\ = (r-re) cose - (dr/de - dr/de) sine 

4. 19 

( 4. 26) 

When the orbit centre is known the partiele phase ~ can be calculated using 
figure 4.3 in sectien 4.3. 

In 4.6 we discuss the results we obtained from the camparisen between 
the numerical and the analytical calculations in terms of the centre motion 
and the partiele phase. 



4,6 RESULTS OF ANALYTICAL AND NUMERICAL CALCULATIONS 

We calculated centre and circle motions in ILEC bath with the analytical 
and numerical methods as mentioned before. 
Ta obtain a good understanding, we studied non-accelerated as well as 
accelerated particles. Moreover, the numerical and analytical partiele 
phases were compared. 

The centre motion of a non-accelerated partiele is determined by the field 
harmonies. We made a detailed analyisis of the centre motion by starting 
with the perfect four fold symmetrie magnetic field (which contains only 
A4 and B4) and adding the lower (perturbation) harmonies step by step. 
According to formula 4.9 the term descrihing the radial oscillations does 
nat contain the partiele energy. This means that the effects of the radial 
oscillations are of the sameorder at all radii. The terms with the fourth 
harmonie components, on the contrary, are inverseley proportional to the 
partiele energy. Therefore we calculated the centre motion of a partiele 
with E= 200 keV, for which we see bath the radial oscillations and the fourth 
degree terms, and the centre motion of a partiele with E= 1500 keV, where 
only the radial oscillations remain visible. 
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First calculations at E= 200 keV (figure 4.6) showed a difference in radial 
oscillation frequency of the numerical and analytical results. This is rather 
strange since we supply the vr-1 data to the analytical program from a program 
which calculates the equilibrium orbits and their corresponding radial 
oscillation frequencies numerically. 
An analysis of the average field and the harmonie components showed some 
fast fluctuations in the measured values. Since the average field is directly 
coupled to vr via the field index, this might cause serious problems in the 
cubic spline interpolation as used in the numerical program. Since these 
fast fluctuations do nat have any physical meaning we eliminated them 'by 
smoothing the measured field values. 
The results for the smooth field show a good agreement both at 200 keV (figure 
4.7) and at 1500 keV (figure 4.8) between the centre motions due to the radial 
oscillation frequency. 
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It appears from figure 4.7 that the analytically calculated centre positions 
lie on a circle around the cyclotron centre, while the numerical centre 
positions deviate after some turns from this circle. This deviation should 
analytically arise from the (non-linear) fourth degree terms in the Hamiltonian 

(4.21). Apparently these terms are toa small to describe the influence of 

the A4 and s4 components correctly. 
Therefore we re-examined the derivation of the fourth degree term in the 
Hamiltonian. After a new derivation in which some terms, which were previously 

nat considered, were also taken into account, we obtained new expressions 

for the E
1 

and E
2 

coefficients in the Hamiltonian: 

E• = 1 
2A4 + ~A· 4 4 

+ 1Au 
2 4 

+ lA ••• 
6 4 

( 4. 27) 

E• = 28 + 2 4 
l.?s. 
4 4 

+ }gu + 
2 4 

lg•u 
6 4 

Calculations with these new E1 and E2 terms (figure 4.9) show that they 

describe the non-linear behaviour correctly. 
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After we had obtained this good agreement for the non-perturbated field we 
added the first harmonie field component. As discussed befare this component 
causes a shift of the centre of the circle on which the orbit centre moves. 
Since the effect of the first harmonie is proportional to the square root 
of the partiele energy we calculated, in first instance, the centre motion 
fora partiele of 1500 keV (figure 4.10). In camparisen with figure 4.8 we 
clearly see a shift of the centre of the flow lines. Bath numerical and 
analytical results show the same shift. 
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At 200 keV the two flow lines slightly deviate (figure 4.11). From the centre 
positions of these flow lines it appears that the deviation is mainly caused 
by a small difference, of about 5-10%, in v -1. We should note that, as r 
already shown in chapter 1, in ILEC v is nearly one. This means that an · r 
error of about0.02%in v results in the error in v -1 as mentioned above. r r 
Since these errors lie completely within the accuracy of the magnetic field 
measurements we did nat try to compensate for them. They probably result 
from the different interpolation methods as used in the programs (linear 

and cubic spline). 
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In the case of ILEC the secend harmonie components have very little influence 

(figure 4.12). The orderand the direction of this small effect are equal 

for bath the analytical and the numerical calculations. 
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The third harmonie has its most decisive influence on the partiele motion 

via an interaction with the fourth harmonie (main field) components. This 
leads to an effective change of the first harmonie components. Calculations 
with the adapted first harmonies (according to formula 4.7) showed a large 
difference between the analytical and the numerical results (figure 4. 13). 
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8ecause of these deviations we recalculated the perturbation terms in the 
AVF Hamiltonian. 8esides F3F4-terms (where F stands for an A or a 8 component) 
we also took terms of the form F3F4 and F3F4 into account; in the derivation 
of Hagedoorn (6] these were assumed to be neglectable. 

We obtained the following expressions for the first harmonie components: 

Ä1 = A1 + 26(A3A4 + 8384) + 36(AJA4 + 8J84) + 1~(A3A4 + 8384) 

B1 = 81 - 26( 83A4 - A3B4) + 3~(AJB4 - B3A4) + 1~(A3B4 - 83A4) 

(4.28) 

Calculations with these new harmonies show a much better agreement between 

the analytical and numerical results (figure 4. 14). 
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At this stage we have obtained a good analytical description of the motion 

of non-accelerated particles in the ILEC magnetic field. Next, we consider 

accelerated particles. 



·rn our calculations we only took second harmonie acceleration into account. 

The introduetion of the acceleration process causes some problems in camparing 

the numerical and analytical centre motions. At each dee gap passage the 
orbit centre jumps parallel to the gap. With four dee gaps as in the ILEC 
main acceleration system this leads basically to a motion of the orbit centre 
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on a rhomb (i.e. the AEO centre motion). In the analytical theory we transformed 
this stepwise motion to higher order, such that only the smooth terms remained. 
Therefore, we compared the analytical centre positions with the numerical 
ones at 0 and 180 degrees angular position of the particle. As analytical 
start values for X-centre, Y-centre and the partiele phase ~ (see figure 
4.3) we used the average of the numerical values of the first turn at 0 and 
180 degrees. We calculated the centre motion of an accelerated partiele in 
the perfect four fold symmetrie (smooth) magnetic field (figure 4.15). 
A very good agreement between the analytical and numerical methods appears: 
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Even after the introduetion of the first harmonie components (figure 4. 16) 

and of the second and third harmonie components (figure 4. 17) the agreement 

remains very good. 
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From these results we conclude that the analytical theory describes the 

centre motion of accelerated particles in the ILEC AVF cyclotron correctly. 



In an actual accelerated beam some spread in the X-centre and Y-centre 
coordinates of the particles is present. Therefore it is interesting to 
investigate the development of a grid in the centre position phase plane 
during the acceleration process. 
Calculations of the centre motion in the ILEC field displayed a drift of 
the centre up to about 1 cm. We therefore chose a relatively large grid 
(±4mm) since we are, on this scale, able toplot the complete motion, 
relative to the cyclotron centre, in a small figure (figure 4. 18). 
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In figure 4.19 we adopted a more realistic grid and plotted it relative to 
its own·centre point. 
We see from figure 4.18 that the grid rotates in the fringing field over 
an angle of about 90 degrees around the cyclotron centre. This rotatien may 
be of use for extraction of the beam. 
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THE PARTICLE PHASE ------------------

From the numerical and analytical orbit integrations we obtained, besides 
the centre position, also the partiele phase. This is the phase relative 

to a co-moving coordinate system (figure 4.3). It is mainly determined by 

the deviation of the average field from its isochronous value. 
The numerical and analytical phases are in good agreement, only a very small 
error exists (figure 4.20). 
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From figure 4.20 it is clear that the partiele phase shows an oscillatory 
behaviour, combined with a linear drift. This drift is caused by a small 
misfit between the RF signal frequency and the average magnetic field. It 
is eliminated by a small increase, about 0.044%, of the average magnetic 
field (figure 4.21). The oscillatory behaviour is mainly caused by the 
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deviation of the average field from its isochronous value (see figure 6 in ch.1). 
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The energy at extraction depends strongly on the start phase of the particles. 
With the analytical program we calculated the partiele energy as a function 
of this start phase. We included the small increase in the average field 
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as discussed before. At first only second harmonie acceleration was considered. 
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It should be kept in mind that a beam with less than ±0.5 promille energy 
spread is aimed at. From figure 4.22 it is clear that in this case only 
particles withstart phases between +1.3° and -1.3° should be accelerated, 
while the others must be removed from the acceleration process, e.g. with 
diaphragms. This would lead to an enormous reduction in beam current. Therefore 
the flat topping principle was adopted. As already mentioned in chapter 1 
the flat topping can be described by two additional machine parameters: the 
amplitude ratio of the second harmonie to the sixth harmonie dee voltage 
and the RF phase of the flat top signal. 
From a number of calculations we found as optimal values R= 0.1168 and 

* ê= 0.193° for acceleration in the lLEC field. The parametersRand ê have 
been defined in chapter 1. 
Due to the influence of the AEO centre motion on the circle motion, the 
optimal value of ê does not equal zero as was stated in chapter 1. 
Figure 4.23 gives the optimal situation, from which we see that start phases 
between +9. 1° and -9.1° are allowed for ±0.5 promille energy spread in the 
beam. 

* We should remember that ê is a geometrical phase. The RF phase of the sixth 

harmonie dee voltage is 6xê. 
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Fig~ 4.23: 
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We also investigated the influence of a deviation from these optimal values 
on the energy spread in the beam. From the figures 4.24 and 4.25, where we 
took ê= oo and ö= 0.39° respectively, it is clear that we should keep 8 stable 
within ±0.1 degree to have a reasonable profit of the flat topping. 
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From the figures 4.26 and 4.27, where we taak R= 0.11 and R= 0.12 respectively, 
it appears that this ratio should be kept stable within 1% to have a reasonable 
profit of the application of the flat top principle. 
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We conclude from these results that the application of the flat top principle 
offers good possibilities for a high beam current. However, it asks for a 
careful design of the sixth harmonie RF system. 



DISCUSSION ----------

We obtained a good agreement between the numerical and analytical results 
for both non-accelerated and accelerated particles. 
A small residual error was, however, always present. These sma11 errors may 
arise from deviations in the magnetic field values as used by the programs. 
As for v -1 we already stated, that the error in the average field due to 

r 
the measuring accuracy (which is better than 0.02%) might cause an error 
of 5-10% in vr-1. This, of course, limits the accuracy of bath the numerical 
and analytical methods. 
From an investigation of the effects of the measuring accuracy and the 
interpolation techniques as used on the harmonie components, it appeared 
that we should especially pay attention to their higher order derivatives . . 
The third order derivative, as calculated from cubic spline interpolation 
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on the 1measured 1 values, is discontinuous. Therefore, it might become 
significantly larger than the harmonie component itself. Since the coefficients 
of the harmonie components and their derivatives in the Hamiltonian are of 
the same order of magnitude, the effect of the derivatives becomes dominant. 
We conclude that both the numerical and the analytical methods have to deal 
with small errors due to the measuring accuracy and the numerical interpolation. 
Therefore, it is of less importance to try to compensate for small residual 
errors. 
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APPENDIX A1 

A basic PLL consists of a phase detector, a loop filter or regulator, a VCO 

and a frequency divider. 
Each of these elements has its own transfer function in the Laplace domain. 
This transfer function gives the relation between the Laplace transfarm of 
the output signal and the Laplace transfarm of the input signal of the 
element. The output and input signals are in our case phases or voltages. 

- Phase detector response: 

(A1. 1) 

where V
0

(s) is the Laplace transfarm of the output voltage, 
K~ is the phase detector 'gain' factor [V/rad], 
~;(s) and ~d(s) are the Laplace transfarms of the phases of the 

two input signals. 

- Loop filter-regulator 

A PI regulator was chosen as loop filter-regulator. With this type of 
regulator a zero steady state phase error can be obtained, even after 
a stepwise frequency change at the PLL input [20]. 
The PI regulator transfer function contains two characteristic time 
constants r1 and T2: 

V
0

(s) 1+T1s 
Kf(s) = -- = _;._ 

Vi(s) r2s 

- The VCO 

(A1 .2) 

The VCO output frequency is proportional to the control voltage, thus: 

K xV.(s) 
~ (s) = v 1 

0 s 

where Kv is the VCO 'gain' factor [rad/Vs]. 

(A1.3) 

A1.1 



A1. 2 

- The frequency divider 

The output frequency is the input frequency divided by N, or 

(A1 .4) 

From the combination of (A1.1) to (A1.4) we find the open loop transfer function: 

K KfK = K~Kv(1+T 1 s) H1(s)= <P V '~' 
s T 2s2 

(A1.5) 

and the closed loop transfer function 

= (A1.6) 

The natural frequency wn and the damping constant ~ of the loop are defined as: 

(A1. 7) 

(A1.8) 

With these definitions the open and closed loop transfer functions simplify to: 

Nw2 2N~w 
=-n +--n 

s2 s 

2ç;w S+w2 

H
2
(s) = N x __ n __ n_ 

S2 +2~w S+w2 
n n 

as used in chapter 3. 

(A1. 9) 

(A1.10) 

As seen from these formulas a PLL with a PI regulator is a second order 
system with a transfer function similar to that of a second order low pass 
filter. 



APPENDIX A2 FM AT THE VCO OUTPUT 

We consider a VCO control voltage Vc(t) consisting of a de component v0 and 
a spurious reference frequency component V fxcos(w fxt) re re 

(A2. 1) 

The VCO output frequency w(t) is given by 

(A2.2) 

A 

The VCO output signal is V(t) = V sin{e(t)} with 

t 
e(t) = ~w(t•) dt• (A2.3) 

K V 
thus 6(t) = w0t + V ref x Sin(wref t) (A2.4) 

wref 

K V 
V(t) = V sin (w0 t 

+ v ref x sin(wrefxt)} (A2.5) 
wref 

= V sin(w0t + mxsin{w fxt}) re 

The modulation index m is the ratio of the maximum frequency deviation at 
the VCO output to the modulation frequency. 
According to [21] the output signal can be expanded into: 

. A co 

A2. 1 

V(t) =V J0(m) sin(w0t) + Vk~ 1 Jk(m){sin(w0+kwref)t- sin(w0-kwref)t} (A2.6) 

Besides the carrier at w0 an infinite number of sidebands at w0±kwref is 
present. It is seen that each pair of sidebands is preeerled by J coefficients. 
These are Bessel functions of the first kind and of the order denoted by 
the subscript k, with as argument m; the modulation index. 



= (-1 )n (m/2)2n+k 
Jk(m) = L 

n=O n! (n+k)! 

For small modulation indexes (m<0.25) V(t) can be approximated by 

A2.2 

(A2. 7) 

(A2.8) 

Only the sidebands at w= w0±wref are actually present. According to formula 
(A2.8) the sideband 1 to carrier level is: 

sideband1 
carrier 

m 
=- = 

K V v ref 

as stated in chapter 3. 

(A2.9) 

The reference frequency voltage Vref at the VCO input is the reference frequency 
voltage V~ at the phase detector output after passage ~f the loop filter 
(with transfer funtion Kf). Thus: 

sideband 1 = KvKfV~ 
(A2.10) 

carrier 2wref 

For w= w f>>w the loop filter transfer function is nearly proportional: re n 

Combining (A2.10) and (A2.11) results in: 

sideband 1 = ;wnNV~ 

carrier 

It is convenient to specify the sideband to carrier level in dB 

(A2.11) 

(A2. 12) 

(A2.13) 



Insertion of a first order low pass filter at the VCO control voltage input 
impraves the sideband to carrier level by: 

A2.3 

20·log(1{1+(w /w )2 }) ( A2. 14) 
car ref -3 

where w_ 3 is the frequency at the -3 dB point of the low pass filter. It 
should be at least several times wn to avoid any influence on the loop behaviour. 

From the formulas (A2.13) and (A2.14) the actual sideband to carrier level 
of a frequency synthesizer can be calculated. 



APPENDIX A3 

The effects of noise produced by loop elements can be evaluated by considering 
a closed loop situation with an external noise souree en introduced at the 
VCO control line. 

Input K~ K 
V Output 

N 

Fig. A3. 1: The. e.üóe.cA:-6 oó toop c.ompone.nt:6 no-Ue. -6-i.mui..a-te.d btj a.n e.xtVtnal. 

no-Ue. -6oWtc.e. e.YL. 

The resulting error noise signal at the VCO input is solved from: 

e:= e -e: x 
n 

thus: 

(A3 .1) 

- = (A3.2) 

which is the transfer function of a secend order high pass filter. 
The voltage e: is the residu of the noise voltage en after passage through 
a secend order high pass filter. 

A3. 1 



APPENDIX 81 

As discussed in chapter 2, each kind of transmission line has its own 
characteristic impedance z

0
; the peak voltage divided by the peak current 

on the line. 
When a transmission line with characteristic impedance z0 is terminated by 
an unequal impedance z

1
, e.g. an amplifier, part of the electric wave is 

reflected at the load. The reflection coeffiecient P, defined as the ratio 
of the peak voltage of the reflected wave to the peak voltage of the incident 

wave, is accordi ng to [ 15]: 

( 81 . 1) 
p= z1+z0 

where z
1 

is the complex conjugate of z1• 

81.1 

Power loss because of mismatching is proportional to P squared. The reflected 
wave is returned to the source, e.g. a smaller amplifier, which may be damaged 

by it. 

In our amplifiers we used a grounded emittor configuration. 
The transistor input (base-emitter) and output (collector-emitter) impedances 
are in general not equal to the standard 50 Ohms. These impedances depend 
on the power at which the amplifier is being operated. Moreover, mismatch 
at one port also influences the other. 
We designed transformation networks such that the impedances at full power 
are transformed to 50 Ohms. An input T network transfarms the (complex) 
transistor input impedance to the standard impedance. 

~ 
Z.= 50S"l 

l. 

input 

ZL= RL-jXC 
transistor L 

F i g. B 1 • 1 : Sc.he.me. a ó a. T ma;tcJUng ne;twoJtk.. 



The netwerk impedances at the werking frequency are calculated from [24]: 

XL = QRL + Xe ( B1. 2) 

1 L 

xe = AR. ( B1. 3) 

2 
1 

xe = B/(Q-A) (B1 .4) 

1 

where B = RL(1+Q2 ) and A= /{(B/Ri)-1} and Q is the netwerk quality, i.e. 

the ratio of the netwerk quality to the netwerk bandwidth. 
Impedance matching requires the netwerk output impedance to be the complex 

conjugate of the transistor input impedance. 

The transistor laad impedance is usually specified as a parallel resistive 
and reactive component. In our amplifiers the laad impedance is transformed 

to the transistor impedance by a Pi netwerk. 

-jX 
L 

transisto~ 

z
1
= 50Q 

load 

Fig. B1.2: Scheme oó a Pi matching netwo~~. 

The network impedances at werking frequency are calculated from (24]: 

XC = QR 
1 0 

Xe =RL x /{R
0
/(RL-Ri)} 

2 

XL = XG + (R RL/Xe ) 
2 . 1 ° 2 

where Q is the netwerk quality. 

(B1.5) 

(B1.6) 

( B1. 7) 

( B1 . 8) 

B1. 2 



When the amplifier is incorrectly matched to the generator-cable impedance, 
part of the incomming wave is reflected which gives rise to a standing wave 
on the input transmission line. 
The character of the voltage distribution on a transmission line can be 
conveniently described in termsof the ratio of the maximum amplitude to 
the minimum amplitude on the line. This quantity, the standing wave ratio, 
can according to (15] be expressed in terms of the reflection coefficient p: 

* VSWR = ( B1. 9) 

For VSWR measurements we use a bidirectional coupler, inserted in the 
transmission line to the amplifier input. This coupler offers the possiblity 

B1 • 3 

to monitor the level of the forward and the reflected wave on the line separately 
(15]. RF power amplifiers have to be tuned to a VSWR as close as possible 
to one. In practice the input VSWR should nat exeed the range as specified 
for the signal source. 
Output matching is also very important. Only at correct matching the transistor 
can deliver its output power to the laad. The ~SWR ratio at the transistor 
output should therefore be close to one. The manufacturer specifies the range 
for safe operation. 

* This definition of the standing wave ratio is called the voltage standing 

wave ratio because it only deals with the SWR magnitude and not with its 

phase. 



APPENDIX B2 CLASSES OF OPERATION --------------------

Amplifiers can be classified in several modes of operation. An important 
amplifier parameter for this classification is the angle of current flow 
through the amplifying element. This is the fraction of the signal cycle 
during which current flows through the transistor or the tube. 
A class A amplifier is biased in such a way that current flows continuously 
throughout the cycle of the applied signal. The angle of current flow is 
360 degrees. 
A class B amplifier is biased such that current flows only during half the 
cycle. The amplifier is therefore biased at its cut off point. The angle 
of current flow amounts to 180 degrees. 
A class C amplifier is typically biased below cut off. Current only flows 
in peaks with an angle less than 180 degrees. 

i 

I 

J(] 

input signal 

Class A 

360° 

I 

I>' 

i 
Class B 

t 

i 
Class C 

t IQ I 
I I<J <180° I> I I 

I<J I> I 
I 180o I 
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In a class A amplifier a bias current of at least half the peak current must 
flow. This type of amplifier has a linear outputto input power ratio and 
offers good possibilities for braadband amplification with only one element 
(transistor or tube). Its efficiency is typically 50%. 
In a tuned, small band, amplifier design it is possible to reduce the angle 
of current flow. Tuned networks filter a harmonie component out of the current 
peak and deliver it to the amplifier output. 
Decreasing the angle of current flow increases the amplifier efficiency. 
The efficiency of a class 8 amplifier may be up to 70-75%. 
Class 8 amplifiers are linear since they are biased at cut off. When an 
amplifier is biased below cut off the input signal must exeed a certian 
level befare some output signal occurs. Therefore in class C amplifiers the 
linearity is lost. The efficiency of a class C amplifier is better than that 
of a class 8 amplifier. 
The choice of the class of operatien depends on the application for which 
the amplifier is designed. 

82.2 



APPENDIX C THE ILEC MAGNETIC FIELD -----------------------

This appendix gives the measured average field and the harmonie components 
of the ILEC magnetic field, after smoothing, as a function of the radius. 
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