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1. INTRODUCTION 

1.1. General introdnction 

The cyclotron invented by E. 0. Lawrence 1) in 1929 is based on the fact 
that charged particles move in a homogeneous magnetic field along circular 
orbits with a period of revolution which is independent of their energy but 
dependent on the magnetic induction, charge and mass. An increase of the 
energy is obtained by accelerating the particle with the aid of an R.F. alter
nating electric field applied across one or several slits between hollow elec
trode structures. Because of the resemblance of these structures to the capital 
letter D in the earliest cyclotron models they were called dees, a name which 
is still used even though the resemblance may have disappeared with con
structional changes. 

The frequency of the electric field must be equal to the revolution frequency 
of the particle or to a higher harmonic of this frequency, depending on the 
geometrical configuration of the accelerating slits. 

However, due to the relativistic mass increase during acceleration, the 
revolution frequency will gradually diminish in a homogeneous magnetic field 
and eventually the phase shift between the period of the electric field and the 
period of revolution will result in deceleration. This limits the number of 
revolutions and, therefore, the final energy of the particle. Techniques are 
available to overcome this difficulty. They can be explained by looking in 
more detail into the effects of the electric and magnetic field on the motion 
of the particle. We shall discuss this in the next sections of this introductory 
chapter where we shall introduce a number of phenomena and parameters 
describing these phenomena, which are of basic importance to the main object 
of this study: the extraction of the particles. 

When the particles have reached their final energy in the cyclotron they can 
be extracted from the cyclotron so that they are guided externally to the place 
where the experiments with the accelerated particles are performed. This is a 
very complicated and interesting process and is a subject which has already 
been studied both theoretically and experimentally by a number of cyclotron 
designers. We will give a general treatment of the problem in which the typical 
effects described by other authors can be recognized. A new element in the 
extraction mechanism (the "second harmonic" extraction) is calculated and 
compared with experimental results. 

Since the main part of this study was applied to the Compact Isochronous 
Cyclotron, developed at the Philips Research Laboratories, we shall devote 
some attention to the construction and performance of this machine. This is 
described in chapter 2. 

Chapter 3 gives a description of the extraction system and the constructional 
details of the extraction mechanism of the Compact Cyclotron. 
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A general analytical theory on the extraction process, together with a de
scription of the numerical calculations, is presented in chapter 4. 

Some examples of calculations applied to the Compact Cyclotron are pre
sented in chapter 5 together with the experimental verification. 

1.2. The particle motion in the classical cyclotron 

The particle motion in a combined electric (E) and magnetic (B) field is 
described in vector notation by 

d 
-(mv) = eE + evxB. 
dt 

(1.1) 

Here e is the electric charge, m the mass and v the velocity vector of the par
ticle. 

In cylindrical coordinates, which we choose so that 8, r, z give a right
handed system in this sequence, eq. ( 1.1) becomes : 

d 

dt 
(m r')- m r 8'2 e E, e r ()' Bz + e z' B 0, 

1 d 
(m r2 ()') 

r dt 

d 
-(mz') 
dt 

= eE0 - ez' B, + er' Bn 

e Ez e r' B8 + e r ()' B., 

where the primes indicate differentiation with respect to time. 

(1.2) 

In a cyclotron, where the main component of the magnetic field is parallel 
to the z coordinate, the particles travel in or close to the plane z 0 (called 
the median plane, being the symmetry plane of the magnetic field where 
B, =Be= 0). 

The horizontal particle motion is expressed in the radial and azimuthal 
coordinates r and 8. 

It is dear from the first of eqs (1.2) that the angular velocity of a particle 
moving along a circle in a homogeneous magnetic field (Bz) is given by the 
well-known equation: 

(1.3) 

In a magnetic field pointing in the positive z direction a particle with a posi
tive electric charge travels in the direction of increasing e. 

As regards the axial (z) motion of the particle the last of eqs (1.2) shows 
that in a homogeneous magnetic field (B0 = B, 0) no vertical magnetic 
forces are present and a particle with an initial vertical velocity component 
will leave the median plane and is lost for further acceleration. 
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In a nonhomogeneous field one finds, taking into account that z = 0 is a 
symmetry plane of the magnet and that v x B 0, 

B, z - O(z3), [bB"] 
br z=O 

(1.4) 

Be = - -- + O(z3
). 

z [bB.J 
r ()8 z=O 

This demonstrates that an axial restoring magnetic force (axial focusing) can 
only be obtained when radial and/or azimuthal magnetic-field variations are 
present. 

In a rotationally symmetric field (Be 0) the axial magnetic forces are 
described by · 

d 
- (m z') = e r 8' B, 
dt 

er 8' z - + O(z3). [bB"] 
br z= o 

(1.5) 

This means that for 8' > 0 axial focusing is obtained when [bBz/<>r]z=o < 0, 
i.e. the magnitude of the magnetic induction should decrease towards larger 
radii. 

Equation (1.3) shows that the relativistic increase of the particle mass can 
only be compensated when the magnetic induction increases. However, this 
introduces an axial defocusing (cf. eq. (1.5)). 

These contradictory requirements limit the final energy of the particles in 
the classical cyclotron where the magnetic induction decreases with radius. 
Since the shift between the phase of the particle motion and the phase of the 
R.F. electric field increases linearly with the number of revolutions it is obvious 
that the maximum energy attainable in a classical cyclotron depends on the 
accelerating voltage. The higher the voltage the higher the final energy. 

A more complete analysis of this problem 2
) gives the energy limit in terms 

of the accelerating voltages for protons. Figure l.l illustrates the accelerating
voltage requirements in a two-dee system for different linear magnetic-field fall
off rates (h). In this figure h is given by 

r 
h 

Ymax 

Bz(O) - B,(r) 

Bz(O) 

In a cyclotron with a dee voltage of 100 kV the maximum proton energy in a 
homogeneous field is about 20 MeV. This is roughly the upper limit of the 
proton energy in classical cyclotrons. A radial decrease of the magnetic in
duction (axial focusing) diminishes, for a given dee voltage, the energy which 
can be obtained. 
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- Proton energy (MeV) 

Fig. l.l. Accelerating-voltage requirements in a fixed-frequency cyclotron with a two-dee 
system for different magnetic-field fall-off rates (from Cohen, ref. 2). 

1.3. The isochronous cyclotrou 

The major advantage of the fixed-frequency cyclotrons compared to the 
synchrocyclotrons, in which the frequency of the electric field decreases during 
the total period of acceleration, is that the time average yield of particles is 
much larger. 

That is why the invention of an extra magnetic axial focusing by Thomas 3
) 

in 1938 is of such great importance. The introduction of an extra axial focusing 
makes it possible to overcome the difficulty of defocusing due to a radially 
increasing magnetic field. The configuration of the field can then be made so 
that ro in eq. (1.3) remains constant when the mass increases with radius. Such 
a magnetic field is called an isochronous field. 

The second component on the right-hand side of the third of eqs (1.2) 
( -e r' B8) shows that an azimuthal magnetic-field component (B0) together 
with a radial velocity (r') oftheparticledeliversanaxial magnetic force. Thomas 
suggested a realisation of this axial force by using sector-shaped iron hills on 
the pole faces which produce an azimuthal variation of the magnetic induction. 
The second of eqs (1.4) shows that an azimuthal field component is thus ob
tained. The difference in the radius of curvature of the particle orbit in regions 
with high and low magnetic induction forces the orbit to deviate slightly from 
the circular shape. This yields a radial velocity (r') of the particle. 

Omitting the electric-field and the radial magnetic-field component in eqs (1.2) 
we obtain for the vertical motion: 

(m z') = -e r' B 8 ~ -e r'- - . d Z [()Bz] 
dt r ()(J z~o 

(1.6) 

Axial focusing is only obtained when r' [()Bz/M] > 0. Since, in the region 
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with high magnetic induction, the radius of curvature R of the particle orbit 
is smaller than in the region with low induction, r' > 0 when entering the hill 
region and r' < 0 when leaving this region. On the other hand, [i:lBzfM] > 0 
at the entrance and [bBzfi:lO] < 0 at the exit. The result is an axial focusing 
both at the entrance and the exit of the particle trajectory across the "Thomas 
hill". 

It is interesting to notice that this powerful method which eliminates the 
phase-slip limits of the maximum energy was not appreciated at the time of 
its discovery. The complexity of the magnetic field, which requires computers 
to calculate the particle orbits, was the main reason why this method was not 
applied before 1950 4

). 

Additional axial forces were discovered by Kerst and Laslett sa,b) and, at the 
same time, by Christophilos sd). These forces are obtained when the contours 
of the Thomas sectors follow a spiral rather than a radius. In this case the 
fringing field between hill and valley has a radial component B, pointing inwards 
at one edge and outwards at the other. The third of eqs (1.2) shows that 
together with the azimuthal velocity 8' an alternating axial force is obtained 
resulting in a net focusing force. Furthermore, the orbit configuration is such 
that the passage through the defocusing region is shorter than the passage 
through the focusing region and this gives rise to an additional net focusing 
force (Laslett effect). 

1.4. Tbe electric axial focusing 

The electric forces are represented in eqs (1.2) by the components e E., 
e E6 and e Ez· The first two act on the horizontal motion (acceleration), the 
third one gives rise to axial focusing in addition to the magnetic focusing 
explained above. 

The hollow structures of the electrodes cause the electric-field lines to bend 
so that during acceleration particles outside the median plane experience 
focusing in the first half gap and defocusing in the second half 6). Different 
effects add up to a net focusing: the alternating focusing and defocusing, the 
change of the electric-field strength during the gap-crossing time and the increase 
in particle velocity due to acceleration causing the particle to pass the defocusing 
region faster than the focusing region. The total ion-optical effect can be de
scribed by an equivalent scheme of three lenses 7

) which we shall not discuss 
here. 

It is clear that the effect of these electrical forces, which are not proportional 
to the particle velocity like the magnetic forces, decrease with the particle 
energy. They play an important role only during the first few turns of the 
particles, that is in the cyclotron centre. Since the azimuthal field variations 
vanish in the cyclotron centre the only axial focusing comes from the electric 
effect and from the radial gradients of the magnetic field. It can be shown 8

) 
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that a magnetic gradient, giving magnetic focusing but also an R.F. phase shift 
which is unfavourable for the electric focusing, may diminish the total effect 
of axial focusing. The electric effect, therefore, mainly determines the vertical 
particle acceptance of the cyclotron. A great deal of effort has been put into 
optimizing this process. Calculations of the particle motion in the cyclotron 
centre require a detailed knowledge of the electric-field configuration. Analytical 
approximations of the field distributions are not accurate enough and a com
plete map of the electric field is required in order to perform the numerical 
calculations. Different methods of field mapping by analogue measurements 
are discussed in the literature 7

•
9
). 

The optimization of the cyclotron centre is of utmost importance since it is 
here that the initial quality of the beam is determined and this affects every
thing that will follow during the total acceleration and extraction processes. 
Illustrative in this respect are the experiments in which the performance of the 
extraction is studied as a function of variation of the cyclotron-centre con
figuration 10).' We will not treat this subject here in further detail. 

1.5. The extraction 

The extraction is the process by which the ions with maximum energy are 
removed from the cyclotron. 

For several purposes it is adequate to mount a target, which has to be irra
diated by the high-energetic particles, inside the gap of the cyclotron (e.g. for 
isotope production). The necessary energy of the accelerated particles can then 
be varied. by changing the radial position of the target. 

However, many experiments or applications require a beam outside the cyclo
tron for irradiations (e.g. scattering-chamber experiments, irradiation of powder 
or gaseous targets, experiments with a very precise energy definition, neutron 
production outside the cyclotron for medical purposes, etc.). For this reason 
the aim is to deflect the ion beam from the cyclotron and transmit the particles 
through an evacuated pipe to distant experimental areafi. 

The deflection can be accomplished in several ways ( cf. sec. 3.1 ). All methods 
are based on the same principle: the inward force of the magnetic field must be 
compensated in such a way that the radius of curvature is augmented during 
the last turn, forcing the particle to leave the magnetic field of the cyclotron. 

The treatment of the particle beam before it enters the deflection mechanism 
is of importance for the efficiency with which the extraction can take place. 
A distinguished separation of the last orbits before extraction is necessary and 
this may be obtained by a small disturbance of the particle motion. This will 
be discussed in chapter 4. 

It must be emphasized that the acceleration, orbit-separation and extraction 
processes occur with a minimum loss of beam intensity when the geometrical 
quality of the beam, both in vertical and horizontal directions, stays within 



7-

certain limits. Thus, adequate attention must be paid to the focusing properties 
of the accelerating and beam-guiding mechanism inside the cyclotron. 

1.6. Oscillation frequencies 

We have already mentioned the vertical-focusing properties of the Azimuth
,ally Varying Field (A.V.F.) cyclotrons which are required to prevent the beam 
from getting lost in the vertical direction in an isochronous magnetic field. 

The accelerated particle beam should not flare out too much in the horizontal 
plane either, especially in conjunction with the extraction. 

The focusing properties are described by the frequencies of the oscillations 
which the particles perform with respect to an ideal (equilibrium) orbit. The 
higher these frequencies the better the focusing of the beam. 

The oscillation frequencies are determined (at least in the region where the 
electric focusing is negligible) by the shape of the magnetic field and can, there
fore, be expressed in terms of magnetic-field parameters. 

Let us consider for the moment a rotationally symmetric magnetic field. This 
enables us to obtain a great deal of insight into the meaning of the oscillation 
frequencies and this also holds for more-complicated field shapes such as those 
we used for the Compact Cyclotron (cf. sec. 2.2). 

The first of eqs (1.2) shows that the horizontal motion is then given by 

v2 
mr"=m- evB.(r) 

r 
(1.7) 

for a particle with constant mass and in a region free of electric field. Here 
v = r 8' is the azimuthal velocity of the particle. 

The radius r0 of a circular (equilibrium) orbit is defined by 

mv 

e B.(r0) 
(1.8) 

When we consider a particle with the same momentum mv, but not located 
on this equilibrium orbit, its radial position r(t) = r0 + x(t) (with x « r0 ) is 
described (in the first order of xfr0) by 

(1.9) 

or 

e v (()Bz) } X = 0. 
()r ro 

(1.10) 

With t = 8fw this equation becomes 

+ 1+-- -- x=O d
2
x { r0 (()B,.) } 

d82 Bz(ro) ()r ro 
(1.11) 
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or 

(1.12) 

in which vR represents the ratio of the horizontal oscillation frequency and the 
revolution frequency. 

It should be noted that horizontal focusing is only obtained (in a rotational 
symmetric field) when 

This quantity is called the field index. 
A similar frequency ratio can be defined for the vertical motion. From eq. 

(1.5) it follows that 

(l.13) 

or 

(1.14) 

This requires that 

for stable axial motion, as seen before. 
Horizontal and vertical focusing is only obtained when the value of the field 

index is between 0 and l. This is a rather severe requirement on the shape of 
the magnetic field. 

The azimuthally varying field, however, affects the values of vR and 'Vz 11) 

very strongly, making the requirements on the radial derivatives of the average 
magnetic induction less stringent. The expressions for the oscillation frequencies 
in A.V.F. cyclotrons are more complicated than those given in eqs (1.11) and 
(1.13). A thorough discussion of this subject is given in ref~ 11. 

We would like to make some general remarks about the horizontal- and 
vertical-focusing properties. 

It is rather difficult to give minimum values of the quantities vR and 'Vz 

tolerable in an isochronous cyclotron since this depends on the specific design 
of the machine. 

In most isochronous cyclotrons vR2 is somewhat greater than 1 in the accel
eration region (cf. sec. 2.2 for the Compact Cyclotron) and drops below 1 in 
the extraction region, which is rather important for the extraction process as 
we shall see in chapter 4. 
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As vz2 « 1 the requirements on its value are crucial since the beam can 
easily be lost in the vertical direction on the dee. As soon as Vz 2 becomes 
negative beam loss will certainly occur. Practice proves that values of 
v z2 ~ w- 2 are sufficient in most cyclotrons. 

The radial dependence of Vz2 determines the behaviour of the vertical oscilla
tion amplitude. A small value of Vz

2 gives a large vertical envelope of the beam 
and a large value gives a small envelope. This effect is described by a mechan
ism called "adiabatic damping" 12). In an isochronous cyclotron Pz2 changes 
from small values in the cyclotron centre to larger values in the extraction 
region. Therefore the vertical envelope of the beam diminishes towards larger 
radii. It should be noted that the values of the vertical oscillation frequency, 
together with the height of the aperture of the dee, determine the vertical 
acceptance of the cyclotron. 

1.7. Representation of the particle oscillations 

The representation in Liouville's phase space is a very adequate method to 
describe the horizontal and vertical behaviour of the total particle beam with 
respect to the equilibrium orbit. In this space the transverse (radial or axial) 
momentum deviation is plotted as ordinate and the displacement from the 
equilibrium orbit as abscissa. 

The vertical and horizontal motions can be described in separate phase planes 
if they are not coupled 13

). This is generally the case in the larger part of the 
cyclotron. 

A particle performing a harmonic oscillation around the equilibrium orbit 
is represented by a phase point moving along an ellipse in the corresponding 
phase plane. This ellipse is called the eigenellipse. The frequency with which 
the phase point moves along the ellipse is equal to the oscillation frequency of 
the particle. 

A whole beam of particles is then represented by a cloud of points distributed 
over a certain area in each phase plane. The particles with a large oscillation 
amplitude move along large ellipses and the particles with a small amplitude 
move along small ellipses. However, all ellipses are congruent. 

According to the theorem of Liouville the density of points representing the 
particles in phase space remains constant. This means that the surfaces of the 
phase-plane areas remain constant, though they may change in shape during 
acceleration, provided no particles are lost and no coupling between the trans
verse motions takes place. 

When coupling does occur 13) this statement holds for the total four-dimen
sional phase-space volume. 

Very often a phase-plane representation is used in which the angle of the 
particle orbit with respect to a central orbit is plotted against the displacement. 
Since this angle is equal to the ratio of transverse and longitudinal momenta 
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the same phase plots as described above are obtained if the longitudinal momen
tum is constant. 

It is clear that the phase-plane area expressed in this angle is inversely pro
portional to the square root of the energy. 

These areas are used to define the beam quality at a certain energy in both 
transverse directions. This quantity is usually expressed in mm mrad. 

The quality of the internal beam is a prime factor for the efficiency with 
which the particles can be extracted from the cyclotron as we shall see later 
(chapter 5). 

The motion of the particle in the phase space can be derived with the method 
of classical mechanics 11

•33). However, this representation is rather abstract 
and the interpretation with regard to the actual particle motion seems rather 
complicated. 

The horizontal motion of the particle with respect to the equilibrium orbit 
can also be considered as a motion of the centre of the orbit. This gives an 
illustrative picture for our purpose: the interpretation of the influence of dis
turbances in the magnetic field on the horizontal motion of the particle (chap
ter 4). The complicating effects caused by the periodic variations of the un
disturbed magnetic field are eliminated then. 

The relation between the coordinates of the horizontal phase plane and the 
position of the orbit centre can be made clear by considering the motion of a 
particle with momentum P in a homogeneous magnetic field free of electric 
field. In fig. 1.2a the horizontal motion of a particle is drawn (dashed curve) 
which has a displacement x with respect to the equilibrium orbit (drawn curve) 
at the moment when it passes the x axis of the cyclotron median plane. It is 
clear that if the particle has the same energy as a particle moving along the 
equilibrium orbit the displacement of the orbit centre is equal to this devia
tion. 

If, however, at the same place (that is, at the x axis) the particle has a radial 
momentum Px and no displacement with respect to the equilibrium orbit, as 
shown in fig. 1.2b, its motion makes an angle corresponding to Px/P with the 

a) b) 
Fig. 1.2. Relation between the deviation of a particle from the central orbit and the dis
placement of the orbit centre; (a) deviation in radius, (b) deviation in radial momentum. 
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equilibrium orbit. This means that the centre of its orbit is in the first approx
imation displaced in the y direction over a distance r0 Px/P, where r0 is the 
orbit radius. 

The same representation has already been used for the description of the 
oscillations of a particle in synchrocyclotrons 14). Here the particle moves in 
a nonhomogeneous rotationally symmetric magnetic field. The orbit centre 
rotates around the cyclotron centre with a low frequency which depends on 
the radial derivative of the magnetic induction. When the particle encounters a 
sudden disturbance in the magnetic field, this causes an abrupt bend in the 
particle orbit which corresponds to a shift of the orbit-centre position normal 
to the radius vector of the particle. This means that for frequencies of the orbit
centre rotation small compared to the particle-revolution frequency this shift 
occurs each time after a small rotation of the orbit centre. The result is a drift 
of the orbit centre in a zigzag motion, giving an increase of the oscillation 
amplitude. 

This representation can also be used for the horizontal oscillations in the 
azimuthally varying field of the isochronous cyclotron. The motions of the 
particles are again considered with respect to the equilibrium orbit. Here the 
equilibrium orbit is defined as a closed orbit in the median plane with the same 
N-fold symmetry with respect to the cyclotron centre as the undisturbed magnetic 
field. 

It can be shown 11) (with a number of canonical transformations) that the 
motion in the phase plane is in close correspondence to the motion of the orbit 
centre. For this reason we will omit a rigorous definition of the orbit centre. 
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2. mE COMPACT ISOCHRONOUS CYCLOTRON 

2.1. Introduction 

The Compact Isochronous Cyclotron, developed at the Philips Research 
Laboratories, is designed especially for the acceleration of light particles to 
moderate energies. The final energy of the particles cannot be varied and is 
14·5 MeV for protons, 20 MeV for 3 He, 15 MeV for ()(-particles and 7·5 MeV 
for deuterons. At the moment these energies seem to be rather well applicable 
for purposes of activation analysis with charged particles 15), production of 
fast neutrons 16a) and production of short-lived isotopes 16b). These applica 
tions of cyclotrons are, however, rather new and the techniques are not yet 
fully developed. At the moment it is therefore rather difficult to determine 
the restrictions in these applications imposed by the limited energies of this 
cyclotron. 

Since the cost of a cyclotron and the facilities needed for it are mainly deter
mined by its dimensions, an important aim was to make the machine as small 
as possible for the given energies. The magnet determines the size of the cyclo
tron. We will therefore consider some simple relations between the magnetic 
parameters and the energy of the particle. 

In the nonrelativistic approximation the kinetic energy E of a particle with 
mass m0 is given by 

(2.1) 

with p the kinetic momentum. 
According to eq. (1.8) we know that this momentum is given by 

(2.2) 

in which N is the charge state of the ion and e the absolute value of the charge 
of the electron. When A is the mass number of the ion and mop the mass of 
the proton then we find by combining (2.1) and (2.2): 

e:a Nz Nz 
ER:J -r2 B 2 R:J48·1-r 2 B 2 (2.3) 

2m0 p A " A "' 

withE in MeV, r in metres and Bz in Wb/m2
• 

The accuracy of this equation is better than 5 % for kinetic energies which are 
less than I 0 % of the rest energy ( m0 c2) of the particle. 

A small cyclotron does require a high magnetic induction. Furthermore, a 
small magnet gap needs small excitation coils. The small gap and the high 
magnetic induction are the main differences between this Compact Cyclotron 
and many other isochronous cyclotrons. 

In most isochronous cyclotrons the R.F. accelerating structure, the dee, 
covers about half the surface of the total pole face. The space in the valleys 
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is then usually occupied by small correction coils which give a harmonic con
tribution to the magnetic field. 

In the Compact Cyclotron the mean gap width is kept small by placing the 
R.F. accelerating structure in the valleys of the magnet. However, the azi
muthal extent of the dee is now limited by the width of the valley. To avoid 
unbalanced acceleration, which is the case when only one sector-shaped dee is 
applied, more dees placed in two-, three- or morefold rotational symmetry 
should be used. 

Two dees are used in the Compact Cyclotron, located in two opposite valleys 
of the magnet which possesses a fourfold symmetry. This configuration leaves 
ample space for the extractor (chapter 3) and ensures sufficient access of the 
radio-frequency transmission lines to the dees (sec. 2.3). Figure 2.1 shows the 
cyclotron as it is installed in the Philips Research Laboratories. Figure 2.2 gives 
a layout of the cyclotron showing the vacuum chamber, the magnet pole face 
with its fourfold symmetry and the two dees in opposite valleys. The main 
parameters of the cyclotron are summarized in table 2-I. 

In the following sections we shall discuss in some detail the main parts of 
the cyclotron. The extraction system will be described separately in chapter 3. 

TABLE 2-I 

Parameters of the Compact Isochronous Cyclotron 

particle energy revolution mode of 
(MeV) frequency (MHz) operation 

proton 14·5 26·2 2 
3 He 20 17·8 4 
IX 15 13·45 4 
deuteron 7·5 13·45 4 

pole diameter 70 em 
number of sectors 4 
max. field gap 5·4 em 
min. field gap 3·2 em 
central magnetic induction: 1·75 Wb/m2 

max. magnetic induction : 2·0 Wbfm2 

min. magnetic induction : 1·5 Wb/m2 

frequency range of oscillator: 35-72 MHz 
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Fig. 2.1. Compact Isochronous Cyclotron at the Philips Research Laboratories. 

2.2. The magnet 

Figure 2.3 shows a photograph of one pole face of the magnet. The hills 
are formed by four iron sectors with an azimuthal width of 45° bound by 
spiral contours. 

The magnetic-field induction obtained with the excitation coils of 80 000 
A-turns is about 2·0 Wbfm2 at the hills and 1·5 Wbfm2 at the valleys, giving 
an average induction of about 1·75 Wbfm2

• 

Equation (2.3) shows that the particle energies, mentioned at the beginning 
of this chapter, are obtained with this field value at an average radius of about 
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Fig. 2.2. Layout of the Compact Isochronous Cyclotron. 
I. Magnet yoke. 6. Shorting bars. 
2. Lower pole face. 7. Electrostatic extractor. 
3. Hill sectors. 8. Magnetic focusing channel. 
4. Dees. 9. Beam exit from vacuum chamber. 
5. Coaxial resonator lines. 10. Wall of vacuum chamber. 

Fig. 2.3. Lower pole face of the cyclotron magnet. 
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31·5 em. The radius of the pole face was chosen to be 35 em to take into 
account the penetration of the fringing field into the magnet gap. 

The sectors are enlarged at the outer radii by adding iron points to shift the 
fall-off due to the fringing field to the largest possible radius. 

The radial growth of the average magnetic field, necessary for the isochronous 
operation, is obtained by increasing the thickness of the iron sectors with in
creasing radius. The radial growth depends on the type of particle. 

The charge-to-mass ratio (efm) and the energy define the shape of the iso
chronous field (eq. (1.3)). This means that for the Compact Cyclotron only 
three different isochronous field shapes have to be produced (deuterons and 
4 He2 + particles have the same charge-to-mass ratio). 

Figure 2.4 shows the values of the average magnetic field of the three cases 
as a function of the radius. The dashed curves represent the ideal isochronous 
field shape belonging to the measured azimuthal field variation. 
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Fig. 2.4. Average magnetic induction as a function of radius for the different particles. The 
drawn curves represent the measured field, the dashed curves represent the calculated iso
chronous field belonging to the measured azimuthal field modulation. 
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These different magnetic fields can be obtained by different excitations of the 
main magnet coils alone. The construction of the pole faces is made so that 
the saturation of the iron hills causes the main differences in radial field growth. 
An increase in the current of the coils diminishes the radial slope of the field 
since the central field is raised more than the outer field. 

The magnetic field is measured with a semiautomatic measuring device using 
a temperature-stabilized Hall probe. The overall measuring accuracy of the 
device is 1 in 20 000, while the positioning accuracy is 0·05 mm radially and 
25 seconds of arc azimuthally. The measuring points are taken along a polar 
coordinate system in the median plane of the magnet by moving the Hall probe 
in steps of 2 degrees along circles concentric with the magnet-pole centre. The 
radii of the circles are increased with steps of 1 em. 

Because of the fourfold symmetry the measurements can be confined to a 
sector of 90 degrees. The presence of unwanted first- and second-harmonic 
field components is determined by separate measurements. 

The field measurements are performed at different excitations of the main 
magnet coils according to the corresponding values for the different particles. 
The measuring equipment stores the field data on papertape to be handled by 
the computer 17

). The computer checks the field measurements, makes a Fourier 
analysis of the magnetic field and calculates some particle-orbit parameters 
based on analytical formulas. 

A very important result obtained from these calculations is the shape of the 
ideal isochronous field belonging to the measured azimuthal field variation. 
Since the orbit does not have a pure circular shape in the azimuthally varying 
field, but weaves back and forth about a circle forming a "scalloped" path, 
the revolution time described by eq. (1.3) is no longer correct. The total path 
length is longer than that of a circular motion along the average radius. The 
average magnetic field at this radius must be lower than in the case of a rota
tionally symmetric magnetic field, in order to obtain an isochronous field. 

The average magnetic induction of the isochronous field is given by the fol
lowing expression 11

): 

[ '\' C(r) ( dC(r))]{ (v(r))2}-112 
B(r)=B(O) l-i....J

2
(n: I) C11(r)+r---i- 1---;; , (2.4) 

II 

in which B(r) is the average induction at radius r, B(O) the induction at the 
cyclotron centre and Cn the relative amplitude of the nth field harmonic. In a 
field with pure fourfold symmetry only the harmonics 4, 8, 12, etc. are present. 

The isochronous fields, shown in fig. 2.4 (dashed curves), are calculated with 
the help of this equation. The phase slip caused by the deviation between the 
real and isochronous fields is calculated by integrating this deviation over the 
number of revolutions. The results of eq. (2.4) have been compared to those 
following from numerical orbit integrations. 
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Without any corrections of the average magnetic field the maximum R.F. 
phase slip obtained is about 16°, 25°, 25° and 11 o for 3He, deuterons, a
particles and protons respectively. This phase slip can be diminished somewhat 
by the use of average-field-correction coils which will be discussed in sec. 2.5. 

Other beam parameters which can be calculated directly from the magnetic
field values are the focusing strengths in vertical and horizontal directions, 
expressed by the horizontal and vertical oscillation frequencies vR and Vz. 

Analytical expressions for these frequencies are given in ref. 11. These values 
are also obtained from numerical orbit integrations. 

The values of vR and Vz calculated with the measured magnetic field are 
presented in fig. 2.5. 
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Fig. 2.5. Horizontal (vR) and vertical (vz) oscillation frequencies as a function of radius for 
the different particles. 
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2.3. R.F. accelerating system 18
) 

The layout of the accelerating system is shown in fig. 2.2. The dees (4) are 
located in two opposite valleys of the magnet. Earthed copper plates (3) in 
which the correction coils are mounted (cf. sec. 2.5) and which cover the iron 
sectors form the dummy dees. The particles encounter four accelerating gaps 
during each revolution with an angular separation of alternately 45 degrees 
and 135 degrees. 

The R.F. voltage is fed to the dees by two rectangular coaxial lines (5) which 
are terminated by movable shorting plates (6). Each dee with its coaxial line 
acts as a t ), resonance system. Since the two dees are interconnected at the 
centre the total system can be regarded as a t }. resonance system. With the 
help of the shorting plates the resonance frequency is variable between 35 and 
72 MHz. The resonance system is capacitively coupled to the anode loop of a 
15 kW triode. 

The geometrical configuration of the R.F. system brings about that accelera
tion at all gap crossings occurs only for oscillation frequencies which are even 
harmonics of the particle revolution frequency. The maximum energy gain can 
be obtained only if the phase of the R.F. voltage is shifted over (2n + l)n 
radians (n integer) when the particle travels along 45 angular degrees (e.g. the 
distance between the two gaps adjacent to one dee). For n = 0 this means 
that the resonance frequency of the R.F. system is four times the revolution 
frequency of the particle. This is called the fourth-harmonic mode of opera
tion. Figure 2.6 shows the R.F. amplitude of the dee voltage as a function of 
time during one particle revolution, illustrating the mode of operation. The 
points A, B, C and D are the phases at the successive crossings of the accelera
tion gaps. The drawn curve represents the fourth-harmonic mode while the 
dashed curve corresponds to a second-harmonic mode. The latter does not give 
a maximum effective accelerating voltage but is, nevertheless, used for the 
acceleration of protons. Fourth-harmonic-mode operation for the protons 
would require too high a frequency (about 100 MHz). 

Voee 

t 

Fig. 2.6. Accelerating voltage as a function of time during one particle revolution for the 
fourth-harmonic mode of operation (drawn curve) and the second-harmonic mode of oper
ation (dashed curve). A, B, C and D represent the crossings of the successive accelerating 
gaps. The particle revolution frequency is w,. 
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The R.F. system is operated with a voltage between 18 and 23 kV, depending 
on the type of particle. The voltage has to. be set such that in the same mode 
of operation (3He, 4 He and 2 D) the machine acts as a constant-orbit cyclotron. 
This means that the different particles follow the same orbital track and make 
the same number of revolutions. All particles, except for the protons, make 
about 100 revolutions before they reach the final energy (protons make about 
130 revolutions). The constant-orbit operation is important, especially for the 
central region, since this region is optimized for one specific orbit configuration. 

2.4. IonMsource and axial-injection system 

Most of the cyclotrons constructed up till now are equipped with an internal 
ion source. The source is then located in the centre of the cyclotron attached 
to the dummy dee and facing the dee. The accelerating voltage extracts the 
charged particles out of the plasma inside the source where they are produced. 
Sources of the Penning type are most commonly used 19). 

For the Compact Cyclotron a similar kind of source is used. However, the 
source is not located in the cyclotron centre but placed underneath the cyclo
tron. The particles are brought to the median plane through an axial hole in 
the magnet yoke 20). 

External ion-source and axial-injection systems are of importance for the 
acceleration of heavy ions and polarized ions. Other types of systems have been 
proposed or constructed 21), e.g. tadial injection in the median plane as applied 
in Saclay 21b). For a compact machine the axial-injection scheme appears to 
be the best method of external injection. 

A special feature of an axial-injection system is the increase of the R.F. phase
width acceptance of the cyclotron. This effect is caused by a very short transit 
time of the particles which are injected with an initial energy in the first accel
erating gap. Short transit times are required for the operation in the fourth
harmonic mode. • 

In our axial-injection system the ion-source assembly is put on a positive 
potential with respect to earth. This potential varies between 7·5 ·and 15 kV 
for the different particles. The ions are extracted from the plasma by an earthed 
extractor electrode and are brought into a guiding system in the axial hole in 
the lower yoke half of the cyclotron magnet. During their path to the cyclotron 
centre the ions are focused by two triplets and one doublet of electrostatic 
quadrupole lenses. 

The hole in the yoke is axial, but the beam path is about 1 em off-axis. This 
enables an off-centre inflection of the particles into the median plane. The 
inflection is accomplished by a plane electrostatic deflector 22) consisting of an 
earthed grid and a parallel fiat electrode, which makes an angle of about 45o 
with the incoming beam 23). The inftector unit is inserted in the cyclotron 
through a hole in the upper half of the magnet yoke. 
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With this system it is possible to bring about 1 rnA of beam current before 
the deflector through a hole of I em in the pole surface. The grid, which is 
passed twice by the beam, intercepts about 30 Y of this current. 

The phase-plane emittance of the total injection system has been extensively 
calculated by Hazewindus 23). 

It is important that the size, shape and the position in the phase plane of this 
emittance match the acceptance of the cyclotron. An optimum transmission 
of beam current is only obtained in this case. Especially in the axial-injection 
case the position of the incoming beam is practically fixed. The beam position 
at the first accelerating gap can be varied only by rotating the infiector. 

This is one of the reasons why extensive studies on the design of the central 
region are performed 9d). The size of the phase-space areas which are transmitted 
from the axial-injection system into the first orbits is about 500 mm mrad for 
7·5 keV ions. 

2.5. Magnetic-field-correction coils 

The main contribution to the specific shapes of the isochronous fields of the 
various particles (see fig. 2.4) is obtained by shaping the vertical profile of the 
iron sectors. Different excitations of the magnet yield different radial variations 

, of the magnetic field. 
However, minor corrections of the average field at different radii are neces

sary to obtain an R.F. phase slip which remains less than approximately 10°. 
These corrections can be small since our Compact Cyclotron is designed as a 
fixed-energy machine. For a variable-energy cyclotron the field corrections 
should be much larger to obtain isochronous fields for all particles and energies. 
In most cyclotrons a number of separate circular (concentric) correction coils 
are used for this purpose. They are then located in the magnet gap on top of 
the iron sectors. However, in the Compact Cyclotron no space is available for 
concentric coils since two valleys are completely occupied by the dees. The 
only space left is on top of the hills. Here we have located the correction coils 
which only cover the iron sectors and not the valleys. 

Other field corrections necessary are first- and second-harmonic magnetic
field components. A first-harmonic component must compensate the first
harmonic disturbances present in the main magnetic field due to imperfections 
in the iron or in the geometry. As we shall see in chapter 4 first-harmonic dis
turbances should be avoided in the acceleration region since they can be harmful 
for centring the beam. On the other hand, first- and second-harmonic compo
nents can be very helpful in the extraction region. For this purpose a number 
of small coils are usually placed in the valleys of the magnet. These "harmonic 
coils" produce harmonic field components at different angles and radii. 

Since the valleys are not available in the Compact Cyclotron we applied 
sector coils similar to those used for the average field correction. 
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The earthed copper plates (the dummy dees) mounted on top of the sectors 
are used as mechanical supports and cooling plates for a number of separate 
sector-shaped coils. Figure 2. 7 shows a photograph of such a coil plate. The 
coils themselves are located between the copper plates and the hills. A set of 
six separate coils is mounted on each of the eight hills. 

A contribution to the average magnetic field is obtained when a current is 
flowing in the same direction through the corresponding coils of each plate. 

Figure 2.4 shows that different kinds of average field corrections are needed 
for the various particles. In some cases, the correction should be a small gra
dient and, in other cases, a local field hill or bump. For this reason, all average
field-correction coils are wound as "gradient coils". This means that the inner 
windings are divided with equal spacings over a certain region and their recoil 
windings are located outside the extraction region. In this way an almost con
stant field gradient is obtained in the region of the inner windings while the 
field drops rapidly at the place of the recoil windings. 

When a field hill or bump is required for correction it is accomplished by 
superimposing the fields of two gradient coils at different radii with currents 
opposite in sign. 

Each copper plate contains two average-field-correction coils with field gra
dients between ll em and 20 em and between 20 em and 30 em and constant
field values beyond 20 em and 30 em respectively. 

A first-harmonic field component is produced when a current is flowing 
through two radially opposite coils but reversed in direction in the two coils. 
The angle of this first harmonic can be changed by a relative variation of the 
currents through two pairs of opposite coils. 

A second harmonic is obtained when equal currents flow through all corre
sponding coils but in the opposite direction in neighbouring coils. 

Fig. 2.7. One of the copper plates with magnetic-field correction and extraction coils. 
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Each copper plate contains three harmonic coils. The inner coil is wound as 
a "bump coil" producing a harmonic disturbance between 3 and 13 em. The 
other two are wound as gradient coils in a similar way to the average-field
correction coils. The harmonic coils are circuited so that they do not affect the 
average field. 

The sixth coil on the plate can produce a combination of average field, first 
and second harmonics. 

The coils are made from enamelled flat copper wires ( 4· 5 x 0· 5 mm2 ) which 
are imbedded in 5 mm deep grooves in the copper plates. The wires are attached 
to the plates by an epoxy-resin mixture, impregnated in vacuo. Thermal contact 
is obtained by pressing the wires firmly against the copper plates. The maximum 
power dissipated by all coils of one plate is 110 watts. The plates are cooled 
by water which runs through a groove on the other side of the plate. 

The field produced by each coil system is measured separately. The field data 
are used to calculate the settings for isochronism and first-harmonic compen~ 
sation. The field data of the two outer harmonic coil systems (5 and 6) are applied 
in the calculations of the extraction (chapter 5). Figure 2.8 presents a graph of 
the field contribution of these "extraction coils" as a function of radius for a 
current of 20 A. 

It should be noticed that, since we have such a small gap in the magnet, a 
part of the magnetic flux does not flow back through the cyclotron yoke but 
across the gap in the region outside the exciting coiL This causes a small nega
tive field contribution which is strong at the inner average-magnetic-field coils. 
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Fig. 2.8. Amplitude of the first-harmonic magnetic-field component produced by the two 
outer harmonic coils as a function of radius for an excitation of 20 A. 
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2.6. Measuring targets 

To optimize the cyclotron beam many measuring targets are installed: 
(1) Two movable (water-cooled) targets are inserted in the magnet gap at two 

different azimuths. They intercept the circulating beam. The current pro
duced in the external circuit is measured with a tLA meter on the control 
desk. These targets can be positioned at a certain radius by a remote con
trol system. It is possible to measure the following beam characteristics 
with these targets: the particle intensity, the beam width and the position 
(concentricity) of the beam. 
Different kinds of measuring probes can be used, for example, power tar
gets, finger targets and differential targets. 
The power target is simply a plane obstacle filling nearly the complete 
aperture of the dummy dees. The beam intensity and position are measured 
with this target. 
The finger target is a thin ( ~ 1·5 mm) horizontal rod which is mounted 
eccentrically at the end of the target-holding tube. By rotating this tube 
the rod is displaced in a vertical direction and the vertical distribution of 
the particle intensity can be measured. Experiments with deuterons showed 
that in the acceleration region the maximum height of the beam (80% of 
the intensity) is about 8 mm. No significant deviations from the median 
plane are observed. 
The differential target consists of two measuring probes one placed directly 
behind the other. The downstream probe overlaps the other by about 2 mm. 
The distribution of the current over the two probes gives an indication of 
the horizontal oscillations of the particles. 
Many different kinds of beam diagnostic measurements can be performed 
with these targets 24

•25 ) which we shall not discuss here. 
(2) A separate extractor target is used to measure the particles that penetrate 

the extraction mechanism. This target is located just in front of the extractor 
and can be moved over a distance of about 2 em, also by remote control. 
The extraction efficiency is determined with the aid of this target by com
paring the intercepted beam intensity and the intensity of the beam leaving 
the extractor when the target is withdrawn. 

(3) The extracted beam is measured by a number of targets. One of the main 
targets, which are discussed in (1 ), also passes the region of the extracted 
beam. Furthermore, a number of small copper blocks (to a total width of 
about 9·5 em), all wired separately to the control desk, are inserted at a 
quarter revolution behind the extractor. With these targets the horizontal 
distribution of the beam is determined at the place where the magnetic 
focusing channel (chapter 3) was later situated. To measure the influence 
of this channel on the external beam, this type of targets was placed at the 
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wall of the vacuum chamber (see fig. 2.2) in the region where the beam 
leaves the cyclotron. The results of the measurements with these targets are 
discussed in chapter 5. 

(4) A number of targets is inserted into the injection system to measure the 
beam intensity at several locations along the axial-injection path. The last 
injection target is placed in front of the electrostatic inflector. They are 
used to determine the optimum settings of the source magnet and the quad
rupole lenses of the axial-injection system. 
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3. EXTRACTION 

3.1. General considerations 

The purpose of extracting the particle beam from the cyclotron has been 
explained in the introduction (chapter 1). In this and the next chapter we shall 
have a closer look at the different mechanisms which play a role in the total 
extraction process. 

We have to distinguish the following parts in this process: 
(1) separation of orbits; 
(2) deflection of a last orbit into an orbit outside the cyclotron; 
(3) ion-optical means to contain the dimension of the extracted beam within 

certain limits; 
(4) transportation of the beam to the experimental area. 

The first two mechanisms deal with the orbits inside the cyclotron, whereas 
the last two only concern the extracted beam. 

The deflection of the last orbit can be accomplished in several ways: an out
ward-directed electric field 26

), a decrease of the magnetic induction 27
) or a 

stripping effect of electrons from negative ions 28). 

The first two methods, which are most commonly used, require the use of 
some sort of channel in which the electric or magnetic field is produced. In the 
last turn before entry into this channel the radial displacement must be greater 
than the thickness of the wall of the channel, otherwise the particles hit the 
channel and are lost. This determines the problem of orbit separation before 
extraction, which will be discussed in chapter 4. 

In this chapter we describe the deflection mechanism used in the Compact 
Cyclotron together with the ion-optical device used for the horizontal focusing 
of the extracted beam directly after the deflector. The ion-optical calculations 
for these elements are discussed in chapter 4 and the results of these calculations 
are presented in chapter 5. 

The transportation of the external beam to the experimental area by a beam
guiding system is described extensively in the literature 29). 

3.2. Electrostatic extraction 

In our Compact Cyclotron the deflection of the particles is done by a hori
zontal D.C. electric field. This field is produced by two electrodes forming an 
electrostatic channel through which the beam is guided (see fig. 2.2). For posi
tive ions the outer electrode must be negative with respect to the inner one. 
To prevent the internal orbits from being affected by the field of the electro
static channel before extraction, the inner electrode, called the septum, should 
be at earth potential. 

To avoid electric discharges the channel should be designed so that the 
product of the electric field and the potential does not exceed a value of 
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1·5 . 104 (kV)2fcm 26
b). The values used in the Compact Cyclotron are con

siderably smaller ( ~ 3 . 103 (kV)2fcm). 
The curvature of the electrodes must be made according to the shape of the 

orbit of the extracted ions. The calculation of these orbits is discussed in sec. 
4.8. 

The inner electrode is a thin plate (about 0·3-1 mm) which in a way "peels 
off" the last orbit. The homogeneous transverse electric field affects the hori
zontal motion of all particles in the same way (as long as the energy differences 
are small). 

The deflection drives the particles from a region where horizontal focusing 
exists into the fringing field with horizontally defocusing properties. To prevent 
a large spread out of the beam an ion-optical focusing device must be used 
before the particles leave the cyclotron. In the Compact Cyclotron this focusing 
is performed by a magnetic channel in which the magnetic induction has a 
constant positive gradient in outward direction perpendicular to the beam. 

During the passage through the fringing field the vertical focusing increases 
strongly. This results in a flat and broad beam in front of the magnetic channel. 
The channel defocuses vertically but due to the small vertical dimensions of the 
beam the effect is not harmful to the final shape of the beam. 

3.3. Technical description of the extraction system of the Compact Cyclotron 

The main elements used for extra~tion are: the outer correction coils, the 
electrostatic deflector and the magnetic channel. 

The correction coils and their magnetic-field influence have already been 
discussed in sec. 2.5. 

3.3.1. Electrostatic deflection channel 

Figure 3.1 shows a layout of the deflector. The inner electrode (I), the septum, 
is a thin copper plate. The thickness of this electrode at the entrance of the 
channel is 0· 3 mm and increases slowly to 3 mm at the exit. The septum should 
be thin at the entrance in order to minimize the interception of particles by 
the channel. For normal extraction the distance between the orbit of a deflected 
particle an<;! the orbit of the last turn in the cyclotron is about 8 mm at the 
exit of the channel. This means that there is enough clearance for a thicker 
septum at the exit. 

To avoid overheating of the thin front part a small wedge-shaped slot is 
made in the septum so that the interception is spread out over a longer distance. 

At a distance of 5 mm outside the median plane the septum is made thicker 
and is soldered here to copper pipes (2) for water cooling. The free height for 
the beam before it enters the deflector is 10 mm. 

The outer electrode (3) is located at a distance of 4 mm from the septum. This 
electrode is at a negative potential of -25 to -35 kV. It is also made from 
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Fig. 3.1. Layout of the electrostatic extractor. The different elements are described in the 
text. 

copper, but, in this case, chrome-plated after polishing. Copper is used because 
of the good heat conductivity while chromium enhances the surface properties 
with respect to electrical breakdowns. The electrode (3) is placed between two 
copper plates (chrome-plated) at distances of 10 mm in vertical direction. These 
plates support the septum. The outer electrode is cooled by oil flowing through 
an internal channel and the ceramic tubes (4) which support the electrode. 

The high voltage is connected to it by a flexible junction (5), which enables 
the total deflection channel to be moved during operation. 

The optimalisation of the extraction efficiency is obtained during operation 
by searching the best position of the entrance and the exit of the channel. This 
position is controlled from the operator's desk with the help of servomotors. 

Two different kinds of motions can be performed: a radial motion of both 
entrance and exit by moving the total extractor radially back and forth, and a 
rotating motion by pushing bar (6) against a construction that rotates around 
the axis (7) (coinciding with the front edge of the septum). The latter motion 
leaves the entrance of the extractor unchanged while the exit is moved radially. 

Due to lack of space it is not possible to build in a construction with which 
the channel width can be varied during operation. This hampered the first 
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experiments in which the optimum widths at the entrance and exit had to be 
found. The channel width can only be varied by removing the total extractor 
from the cyclotron and by adjusting the relative position of septum and elec
trode. The best extraction results are obtained with a constant width of 4 mm. 

The shape of the electrodes, defined by the orbit path in the desired deflecting 
field, can be described by two sectors of circles with different radii and a short 
straight section at the end. 

The total length of the extractor is 16 em which means that the channel is 
effective over about 28°. When the entrance is placed at a radius of 31·2 em, 
a distance from the machine centre belonging to an orbit with average radius 
31·4 em, the exit is located at 32·0 em for an extraction voltage of 30 kV across 
a gap of 4 mm. In this case the particles pass the edge of the pole face (35 em) 
after 100° behind the entrance of the extractor. Here they pass the two acceler
ating gaps of one dee for the last time. (See the layout of the cyclotron in 
figure 2.2.) 

The particle current that reaches the extractor is measured by the extractor 
target (8) which can be moved in front of the entrance. The total extractor is 
mounted on the carriage which also supports the R.F. system. The voltage feed
through, the pipes for the cooling fluids and the rods for the radial motion are 
all inserted in the vacuum chamber between the two dee lines and are located 
in a field-free region. 

When the R.F. system is withdrawn from the cyclotron, which is easily done 
by lifting the upper part of the yoke a few centimetres, the total extraction sys
tem comes along. 

The stabilized H.V. power supply delivers a maximum voltage of 45 kV at 
a maximum current of 100 [LA. The supply is safeguarded against electric dis
charges. 

3.3.2. Magnetic focusing channel 

The method most commonly used to horizontally refocus the beam after 
extraction is to insert a magnetic focusing channel which is traversed by the 
extracted particles. In the channel a radially increasing magnetic field is pro
duced by a number of iron bars. A magnetic field gradient of about 600 Gfcm 
can be obtained with such a system. 

In the Compact Cyclotron, however, a combination of two facts causes the 
extracted beam to diverge excessively in the horizontal direction. Firstly, due 
to the constructional concept the beam is extracted so that it stays in the 
defocusing fringing field over a relatively large distance. The extracted beam 
has to pass between the pole and the magnet yoke (see fig. 2.2), since a beam 
path along the outer side of the yoke would require an excessively high ex
traction voltage. Furthermore, the R.F. system would then obstruct the beam. 
Secondly, the small magnet gap and the high magnetic induction inside the 
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magnet produce a strong negative gradient at the edge. The average value 
along the beam path is about 1500 Gjcm. 

Calculations show that the very strong defocusing effect would require a 
positive field gradient of about 2000 Gfcm over a length of 11 em to refocus 
the beam to a parallel beam. From these calculations it follows that the width 
of the beam at the place of the magnetic channel is about 5 em or more. 

It is impossible to produce such a strong field gradient which is constant 
over a width of 5 em with a magnetic channel consisting of iron bars. A special 
channel is therefore constructed in which the magnetic field is produced by 
separate current coils. 

Figure 3.2 shows the construction of the channeL It consists of two flat iron 
plates (1) placed at a distance of 34 mm from each other. The plates are 12 mni 
thick, 11 em long and 5 em wide. Copper coils (2) are wound round each plate 
with the wires parallel to the long sides so that a space of 10 mm is available 
for the passage of the beam. When a current is fed to these coils so that the 
magnetic flux is in opposite direction in upper and lower plate, a field gradient 
is obtained in the region between the plates. This gradient is constant except 
in the regions of the fringing field. The value of the gradient can be found by 

a) 

IY 

b) 

Fig. 3.2. Construction of the coils of the magnetic focusing channel. a demonstrates the 
winding of the copper coil (2) around the iron cores(!). The front view is shown schematically 
in b. 
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considering a line integral in the magnetic field along a closed loop, as sketched 
in fig. 3.2b, 

f 
B, 
-ds 
fl 

nl, (3.1) 

in which n I is the number of A-turns within the loop and fl flo flr is the 
magnetic permeability. 

Neglecting the contribution by the iron (fl, » 1), the effect of the fringing 
field, and considering the fact that due to symmetry reasons B(x) = -B(-x), 
we obtain for the induction in the gap: 

ni 
B =flo ' 

21 
(3.2) 

in which l is the gap width~ 
Since the current flowing through the loop is proportional to the number of 

turns between - x and + x, the induction is given by 

NIt X 
B =flo 

l D 
(3.3) 

in which N / 1 is the total number of A-turns of the channel and D the width 
of the channel. 

The derivative of the magnetic induction is expressed by 

dB NIt 

dx =flo D l · (3.4) 

This linear behaviour is only disturbed by the fringing field. For a field gradient 
of 2·5 kG/em over a channel width D of 50 mm 34 000 A-turns are needed. 

Copper foil of70 IJ.ID thickness is used for the coils. Each iron plate is covered 
with 125 turns. The required current of 140 A gives a dissipation of about 
9 kW. Cooling is accomplished by pressing water through rectangular slots 
milled in the copper coils, as shown in fig. 3.3. To limit the temperature rise 
to 50 oc about 2·6 1/min is needed for the total channel. 

The coils are placed inside a vacuum-sealed stainless-steel box with a slot in 
the middle through which the beam passes. A drawing of this box is given in 
fig. 3.3. 

The cooling water is fed to the channel through tapered connectors, which 
have this shape to ensure an optimum distribution of the water over the dif
ferent cooling slots. Thick copper rods are connected to the foil to transport 
the current of 140 A. 

A fast-reacting safeguarding system is used to protect the channel from over
heating. For this purpose the resistance of the coils and the temperatures of the 
incoming and outgoing water are measured constantly. The average tempera
ture rise of the coils during operation is 40-50 °C. 



-32-

Fig. 3.3. Construction of the stainless-steel housing of the coils in the magnetic channel. A 
part of the box is not drawn in order to show the location of the coils. 

The first field measurements, taken at low current excitation (10 A), show 
that the effect of the fringing field is so strong that a constant gradient is ob
tained over a width of about 2·5 em only, while the total channel width is 
5 em. The dashed curve in fig. 3.4 represents this measured field. The region 
of constant field increase is enlarged by attaching thin iron strips to the side 
edges of the iron plates, which decrease the air gap locally by 4 mm (see sketch 
in fig. 3.4). The result is shown by the drawn curve, giving a linear region of 
about 4 em. The straight line represents the theoretical field (eq. (3.4)). 

The field measurements with large currents show a somewhat smaller gra
dient than theoretically expected. Figure 3.5 gives the field curves for the exci
tations of 100, 120 and 140 A, yielding gradients of 1·20, 1·45 and 1·70 kG/em 
respectively. The influence of saturation effects is probably the reason for 
smaller field gradients. 

Furthermore, measurements of the field in the channel, placed inside the 
cyclotron, show that the main cyclotron field magnetizes the iron of the channel 
so that the gradient is diminished by 20 %. 

For these reasons the cooling system of the channel was improved so that 
the current can be raised to about 180 A. 

The main magnetic field induces a homogeneous magnetic induction of 2·1 kG 
inside the channel. 

Since both the calculations and the experiments (chapter 5) demonstrate that 
the focusing is not strong enough to obtain a parallel beam at the exit of the 
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channel a second focusing element must be installed directly behind the 
channeL This is a quadrupole lens in the form of a Panofsky coil 30). 

Fig. 3.4. Magnetic induction inside the magnetic channel as a function of the horizontal 
coordinate perpendicular to the particle beam for a current excitation of 10 A. The dashed 
curve represents the field distribution with flat iron-core plates, the drawn curve shows the 
effect of thin iron strips attached to the edges of the cores. The straight line corresponds to 
the theoretical field. 
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Fig. 3.5. Magnetic induction produced inside the channel for different current excitations. 
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4. THEORY OF ORBIT SEPARATION 

4.1. Introduction 

As mentioned earlier the last orbits must be sufficiently separated before 
deflection in order to minimize the particle loss. This is one of the major 
problems in the total extraction process. 

In this chapter we will consider in detail different methods to obtain this 
separation, by giving an analytical description of the process. 

This analytical formulation gives us, in the first instance, a clear insight into 
the different effects which play a role (sees 4.2 to 4.6). Nevertheless, a numerical 
evaluation of this analytical approximation is necessary to obtain more quan
titative information (sec. 4.7). 

A different approach to determine the orbit separation is a complete numerical 
integration of the orbits in the fields present in the cyclotron. The answers ob
tained in this way are more accurate, but it is difficult to distinguish the different 
interacting effects. A description of these calculations is presented in sec. 4.8. 

Since, in addition to the efficiency of the extraction process, the quality of 
the external beam is also important we want to calculate the motion of the 
particles with respect to the central ray, both in the horizontal and vertical 
directions. These ion-optical calculations are described in sec. 4.9. 

4.2. Orbit separation 

4.2.1. Orbit separation by energy increase 

The energy increase of the particles causes an increase in the average orbit 
radius. The relation between kinetic energy E and the average radius f given 
approximately by eq. (2.3) shows that 

(4.1) 

The increase Llf of the average radius is therefore approximately given by 

;1f 1 LIE 
-~-

F 2 E 
(4.2) 

Here we have neglected the radial increase of the average magnetic field. 
For the Compact Cyclotron we find Llf ~ 1·7 mm for the maximum deu

teron energy of 7·5 MeV and a dee voltage of 20 kV at an average radius of 
31·5 em. The cyclotron is designed for operation such that the radial width 
of the "beam" is about 4 to 5 mm. This means that the particles have a maxi
mum oscillation amplitude with respect to the central orbit of 2 to 2·5 mm. 
These figures show that in the main part of the cyclotron the different orbits 
are not neatly separated but radially form a continuous "sheet" of particles. 

When the particles are to be extracted from the cyclotron by a mechanism 
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which "peels off" the last orbit it is favourable that the orbit separation is 
larger than the oscillation amplitude (half width of the "beam"). For instance, 
a separation of about 4 mm is convenient for electrostatic deflection in the 
Compact Cyclotron (cf. chapter 5). 

In the classical cyclotrons one takes advantage of the relatively high dee 
voltage to obtain sufficient orbit separation. The isochronous operation of the 
A.V.F. cyclotrons does not require a high dee voltage which enhances the 
technical reliability. However, orbit separation due to energy increase alone 
is not sufficient for these cyclotrons. We have therefore to look for other means 
which are discussed in the next subsection. 

4.2.2. Orbit separation by field perturbations 

In certain regions the particle beam is very sensitive to harmonic-field dis
turbances. Consider, for instance, a region where the horizontal oscillation 
frequency vR is close to 1. This means that the horizontal oscillations are in 
phase with the revolution frequency of the particles. When a disturbance of 
the magnetic field is present at a certain azimuth the particle will encounter 
this disturbance at the same phase of its oscillating motion at every revolution 
in this region. The oscillation amplitude will therefore increase rapidly. This 
effect is not tolerated during the acceleration of the particles before they reach 
the extraction region. However, this effect can be used at extraction to obtain 
an orbit displacement and a sufficient separation between successive orbits. 

There are different ways in which an adequate orbit separation can be made. 
They can be divided roughly into two categories: the regenerative method 31) 

and the precessional method 32). The main difference between these methods 
can be explained by the following simplified formulation: the radial coordinate 
of the position of a particle is given by the superposition of the equilibrium 
orbit and the radial oscillation ( cf. eq. (1.12)): 

r r0(8) + x 0 sin (vR 8). (4.3) 

Here r0 (8) is the radial position of a particle on the equilibrium orbit, x 0 the 
amplitude of the horizontal oscillation around the equilibrium orbit, vR the 
oscillation frequency normalized to the particle revolution frequency and 8 the 
azimuthal coordinate of the particle on the equilibrium orbit. 

We consider the radial position at a certain constant azimuth 81• We then 
obtain a stroboscopic view of the radial motion for time ( 8) intervals corre
sponding to one particle revolution in the cyclotron. Since vR is close to 1 we 
rewrite eq. (4.3): 

(4.4) 

where n stands for the revolution number and 80 is an arbitrary phase angle. 
It follows that 
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The first term on the right-hand side represents the orbit separation due to 
the acceleration discussed in sec. 4.2.1. The other two terms show the different 
ways of forced orbit separation. The second term represents an orbit separation 
due to an increase in oscillation amplitude, provided that the phase of the 
oscillation remains sufficiently constant (i.e. vR should be close to 1). The 
amplitude increase is obtained by the use of magnetic-field harmonics, as dis
cussed later in this chapter. This method is called the regenerative system. 

The last term represents an orbit separation due to an increase in oscillation 
phase. The larger the oscillation amplitude the larger the separation acquired. 
This method is called the precessional system. It can be applied when vR differs 
substantially from unity. 

Before the precessional motion can be effective, an oscillation amplitude has 
to be built up. This shows that then, in reality, a mixture of the two effects is 
used. 

It must be emphasized that a purely regenerative extraction is obtained with 
a relatively large oscillation amplitude. The precessional extraction, on the 
other hand, has a smaller amplitude. 

Two effects limit the size of the oscillation amplitude: 
(I) Large amplitudes cause serious nonlinear effects in the fringing field (which 

is the field at extraction). The rapid change with radius of the magnetic 
field changes the "history" of particles at different positions in the horizontal 
phase plane. This effect causes a deformation of the phase-plane area which 
represents the beam, hampers the extraction process and deteriorates the 
quality of the external beam. 

(2) The coupling of the horizontal (vR) and vertical (vz) oscillations is strong 
at the point where vR = 2vz 13

). 

The transfer of horizontal-oscillation energy to vertical-oscillation energy 
tends to blow up the beam vertically. This becomes dangerous when the 
horizontal amplitude is too large and when the particle does not pass the 
resonance region rapidly. 

4.3. The motion of the orbit centre 

As explained in sec. 1.7 the horizontal oscillations are directly related to the 
displacement of the orbit centre in the geometrical median plane of the cyclo
tron. The actual position of the particle is found by adding a small moving 
vector with polar coordinates e(8) and qy(8) to the position on the equilibrium 
orbit. These coordinates give a picture of the motion of the orbit centre. The 
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azimuthal coordinate of the particle fJ is used here as the independent variable 
("time") since we operate in a static magnetic field. 

We define the equilibrium orbit as the particle orbit in the median plane 
with the same rotational symmetry as the undisturbed magnetic field. The centre 
of the equilibrium orbit coincides with the cyclotron centre. 

A time (fJ)-independent Hamiltonian 1 1. 33) H can be found which describes 
the motion of the orbit centre in a given magnetic field in terms of so-called 
"action" (I) and "angle" ( 9?) variables. These coordinates can be considered 
as a kind of polar coordinates in Liouville's phase space. The relation between 
these canonical variables and the polar coordinates (e, tp) of the orbit centre 
is given by *) 

p p, 
e ro (2/)112. 

(4.6) 

The Hamiltonian H H( p,I) defines a set of "flow lines"· in the p,l plane 
along which the orbit centre moves. The motion is given by 

d/ oH(tp,l) 

dfJ otp 
(4.7) 

dtp oH(p,I) 

dfJ OJ 

The main magnetic induction, without disturbances, is represented, in polar 
coordinates, by 

B(r, 8) .B(r) [I + ~ { A.(r) cos (n IJ) + Bn(r) sin (n 8)} ]. ( 4.8) 
n 

With perfect N-fold symmetry only terms with n = k N, k = I, 2, 3, ... will 
be present . 

.B(r) is defined by 

.B(r) 
1 21t 

--~ f B(r,O) dO . 
2n 

0 

(4.9) 

Hagedoorn and Verster 11) showed that the time-independent Hamiltonian in 
the case N = 4 (the Compact Cyclotron) is given by 

*) When v R differs greatly from unity the relation is 11): 

(/J (/), 
!! = ro (2//vR)112. 
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l 
(vR- 1) I+- (E0 + E 1 cos 4rp + E2 sin 4rp) (2/)2 , 

64 

E0 = t-t" + f-l 111
, f-t = B(r)fE(r0 ); 

l 19 3 l 
E1 = -A4 + -A4

1 + -A4" +-A/"; 
5 8 2 6 

1 19 3 1 
Ez B + - B I + - B " + - B Ill. 

54 84 24 64' 

[
r2 dz.BJ " 
-=-~z ~ 

B dr r=ro 

[
r3 d3.BJ 
-=---3 ' 
B dr r=ro 

[ 
dA4 ] r-- . 
dr r=ro' 

etc. 

(4.10) 

The linear motion is demonstrated by the first term in the expression for the 
Hamiltonian (4.10). This motion in the e,rp plane represents an oscillation with 
constant amplitude e r0(21)112 and frequency drp/dO = -(vR- 1). This 
means that for vR > I the centre turns opposite to the motion of the particle 
and in the same direction for vR < I. 

The second term in the expression deforms flow lines into curves with a 
fourfold symmetry, describing stable and unstable regions in the e,rp plane, as 
discussed in ref. 11. 

We now introduce field perturbations (average field, first and second harw 
monic) in the region r ~ r 0 given by the expression 

2 

Bs(x, 0) B(r0) {A 0 + A 0
1 x + 2: (Ak + A 1/ x) cos (k B)·+ 

k= 1 

2 

+ 2: (Bk + Bkl x) sin (k B)}, (4.11) 
k=1 

where x (r r 0 )/r0 , the derivatives defined as in eq. (4.10). 
Neglecting the influence of the main field contribution to the nonlinear mow 

tion *), a new Hamiltonian is found, given by 11) 
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*)The terms of the fourth degree in f!, given by (1/64)(£0 + £ 1 cos 4rp -r- £ 2 sin 4cp)(2J)2 , are 
neglected since th~;y give a small contribution to the expression in (4.12) as can be demon
strated by some typical values of the Compact Cyclotron. 
In fig. 4.1 the maximum absolute values of the different terms are plotted (on a logarithmic 
scale) as a function of the average orbit radius r0 for an oscillation amplitude e = 1 em. 
The fourth-degree term of eq. (4.10) is determined by the main magnetic field. The maximum 
value in the region of interest is obtained at a radius of r 0 !':;! 30·5 em, where the second- and 
third-order derivatives are maximum (cf. fig. 2.4). A value of the first-harmonic component 
of 17·5 G at r 0 !':;! 30 em has been taken for the first-degree term, while a maximum radial 
derivative of the second-harmonic component of 28 G/cm (t A 2 + :!: A 2 ' = 120. w- 4 ) 

has been taken for the second-degree term in eq. (4.12). A radial derivative of 20 G/cm for 
the first-harmonic component yields the third-degree term plotted in the figure. 
As seen in the figure the influence of the third-degree term can be neglected also. It must 
be noted, however, that during the main part of the extraction process the oscillation ampli
tude is considerably smaller than 1 em. This means that then the value of this term is larger 
than that of the fourth-degree term. 
Based on the insight we have into the general character of the solutions of the equations we 
conclude that the third- and fourth-degree terms do not contribute significantly to the solu
tions. 
Similar considerations also hold for larger cyclotrons with the same symmetry of the magnetic 
field. Here the strengths of the harmonic field disturbances are usually smaller, but the action 
variable I is also smaller due to the larger extraction radius. 
In cyclotrons with threefold symmetry of the magnetic field a third-degree instead of a 
fourth-degree term is added to the Hamiltonian of eq. (4.10). Generally this term cannot 
be neglected compared to the first- and second-degree terms. 
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Fig. 4.1. Absolute values of the different terms in eqs (4.10) and (4.12) versus the average 
radius for typical maguetic-field values of the Compact Cyclotron. 
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1 
H(cp,I) =- (A 1 cos cp + B1 sin cp) (2/)1

'
2 + 

2 

+ ~ {<vR- 1) + ~Ao' + GA2 + ~ A2 ')cos2cp} (2/) + 

1 
+ 

16 
(A 1' cos cp + B1 ' sin cp) (2/)312 . (4.12) 

For practical reasons the angular coordinate cp is chosen so that its zero 
points into the direction of the second harmonic. 

The Hamiltonian (4.12) describes the motion of the orbit centre consisting 
of a combination of the linear undisturbed motion and the motion under the 
influence of the field perturbations A0', A1 , A 1', B1 , B1 ', A 2 and A 2'. 

The equations of motion are given by (see eq. (4.7)) 

d/ 

dO 

1 
(2/)112 ( -A 1 sin cp + B1 cos cp)- (2/) (~ A 2 + ~ Az') sin 2cp + 

2 2 4 

dcp 

dO 

1 
+-(-A/ sin cp + B 1 ' cos cp) (2/)m, 

16 

1 
-(2/)- 112 (A 1 cos cp + B 1 sin cp)- (vR 
2 

1) 
1 
A'+ 2 0 

(4.13) 

The flow lines in the (e,cp) plane are given by (cf. eq. (4.12)) 

~C1 ' cos(cp- 1{')(!!_)
3 

+ (C0 + C2 cos2cp)(!!_)
2 

+ C1 cos(cp- ¥')(!!_) = 
8 r0 r0 r 0 

where we used the notation 
A1 = cl cos¥'· 

B1 = C 1 sin 1p, 

-!Az + iA2' Cz. 

c, (4.14) 

Here 1p is the geometrical angle giving the direction of the first harmonic 
in the median plane of the cyclotron. It must be noted that due to the per
turbation of the field the radial oscillation frequency is now given by 

VR + !Ao'· 
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The equations given above present a sufficient description of the motion of 
the orbit centre. 

4.4. First-harmonic field perturbation 

If only a constant first-harmonic field perturbation is present eq. (4.14) 
becomes: 

(~J
2 

Co+(~)C1 cos(??~~)=C. (4.15) 

The flow lines resulting from this equation form concentric circles with radius 
r A and centre A (coordinates xA, YA (see fig. 4.2a)), given by 

{ 
, C1 )2 c }112 

rA = ro (-- +- ' 
2C0 C0 

cl 
XA = -r0 --cos~' 

2 C0 

cl 
YA = -r0 --sin~· 

2C0 

y 

a} constant C1, Pf< and 'fl, varying C 

15 t harm. 

b) constant C1 • 'fJ, C:O, varying VR 

(4.16) 

Fig. 4.2. Flow lines of the motion of the orbit centre under the influence of a first-harmonic 
magnetic-field component. a: circles belonging to different C values; b: circles belonging to 
different vR values, C = 0. 
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The rectangular coordinate system (x,y) is chosen so that the x axis is located 
at rp = 0. 

The azimuthal position of the centres of the circles defined by eqs ( 4.15) and 
(4.16) is equal to the azimuthal position of the top of the first-harmonic com
ponent in the cyclotron (cf. eq. (4.14)). For YR < 1 (i.e. C0 < 0) the centre 
is attracted by this maximum and for '~'R > 1 it is pushed away (see fig. 4.2b). 

The equations of the motion are given by (cf. eq. (4.13)) 

Yo 
cl sin ( rp- 1p), 

2 
(4.17) 

From the last equation one deduces that the angular velocity with which the 
orbit centre rotates around point A is equal to -(YR- 1). It must be noted 
that the field disturbance does not influence the angular velocity of the rotation 
of the orbit centre. 

The arc length LIS corresponding to one particle revolution is equal to 

Yo C0 2.n {(_S_)2 

+ ~}
112

• 
2 C0 C0 

(4.18) 

This also represents the maximum orbit separation under the influence of a 
first-harmonic component. The actual value depends on the starting values of 
(e,q;) in the solution of (4.17), by which the value of Cis determined. 

For C = 0 the circle goes through the cyclotron centre. This is an impor
tant case since the particle orbits usually reach the extraction region with a 
small value of the oscillation amplitude g. Then the maximum orbit separation 
is given by 

(4.19) 

and the maximum displacement is twice the radius of the circle and therefore 

cl cl 
ro = ---ro. 

Co vR- 1 
(4.20) 

It should be noted that the orbit centre leaves the cyclotron centre in a direc
tion perpendicular to that of the first harmonic. 

As we can see from eq. (4.18) the orbit separation becomes larger for larger 
values of r A and I'~'R 11. To avoid excessively large oscillation amplitudes 
(cf. sec. 4.2) it is advantageous that the circle along which the orbit centre 
moves is nearly concentric with the cyclotron centre (small value of xA and YA). 
This is the case for large I vR 11 values and C =1= 0. 

To obtain this, one should first try to make an adequate oscillation ampli-
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tude and then generate a large orbit separation in a region where I vR- 11 
is large. 

This is the principle of the precessional extraction which we shall demonstrate 
qualitatively in fig. 4.3 using the formulation given above. 

At extraction, where the particle approaches the fringing field, the orbit 
passes the region where (vR 1) changes from positive to negative values 
(see fig. 2.5). Here the orbit centre moves along a circle with gradually increasing 
radius and increasing displacement of the centre position (see fig. 4.3, in which 
the dashed curve represents the actual motion of the orbit centre). At vR 1 
the circle has an infinite radius. Beyond this point the radius of the circle 
decreases again, its centre lies on the opposite side of the cyclotron centre and 
the sense of rotation is reversed. 

Near the end of the extraction process where the particle is penetrated in the 
fringing field and its oscillation amplitude is relatively large we have 

so that the influence of the first harmonic can be neglected. Then eq. (4.15) 
shows that the orbit centre is moving along a circle concentric with the cyclo
tron centre. The motion along the circle is given by 

and the orbit separation is 

dtp 

dO 

y 

(4.21) 

(4.22) 

Fig. 4.3. Motion of the orbit centre along a circle with changing radius and centre position 
under the influence of a first-harmonic magnetic-field component. 
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This separation can be made large by a large value of(! and/or a large value 
of j'PR- 11, which means a rather deep penetration into the fringing field. For 
instance, an orbit separation of 3 mm (apart from the separation due to the 
energy increase) with an oscillation amplitude of 6 mm is obtained at 
vR ~ 0·92. In the deuteron field of the Compact Cyclotron this occurs at an 
average radius of r ~ 31· 3 em. 

However, the small value of vR is obtained at the cost of the introduction 
of phase slip (see chapter I) since the average magnetic field deviates from the 
ideal isochronous field. A fast drop of the vR value will be necessary to obtain 
suitable L1S values in a few revolutions because the phase slip increases rapidly 
with the number of revolutions. 

The growth of the amplitude(! is, according to eq. (4.17), influenced by the 
direction and strength of the first-harmonic field component. This growth is 
maximal for sin (tp-'!jJ) -1. It is therefore desirable that when 1p is con
stant tp also remains constant during several particle revolutions. This is the 
case in the neighbourhood of '~~R = I. 

The radial gradient Ct' of the first-harmonic field component is negligible 
for this qualitative discussion. Equation (4.14) becomes 

(4.23) 

For example, in a typical case C1 2. w-4, r0 dC1 /dr 25. I0- 4 and 
(!/r0 2. Io-z which are realistic values fot the Compact Cyclotron -
we see that i C1 ' (e/r0 )2 is of the order of I0- 7 • 

4.5. Second-harmonic field perturbation 

The generation of a second-harmonic field perturbation is facilitated by the 
fourfold symmetry of the Compact Cyclotron. In the extraction region we have 
four separate coils available, one on each hill. The position of the second
harmonic component cannot, therefore, have any arbitrary direction. The only 
possibility we have is a rotation over 90°. Nevertheless, this last possibility 
and the freedom of choice of the amplitude of the second harmonic and its 
radial gradient will turn out to be a powerful tool in optimizing the orbit 
separation. 

A similar treatment as given for the first-harmonic component can now be 
used. 

The flow lines are described by (cf. eq. (4.14)): 

c 
(4.24) 

This is the equation of an ellipse or a hyperbola depending on the condition 
IC2/C0 1 < I or IC2/C0 1 ~ 1. The equations of motion (see eq. (4.13)) are: 
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-e c2 sin 2cp, 

dcp 
= -C0 - C2 cos 2cp. 

dO 

(4.25) 

It is interesting to note that an orbit centre coinciding with the cyclotron centre 
(e 0) is not affected by a purely second-harmonic field disturbance. 

For IC2/C0 1 < 1 the direction of the angular motion of the orbit centre 
along the ellipse is opposite in the two cases vR > 1 and vR < I. Further
more, the frequency with which the orbit centre moves along the ellipse is 
equal to 

For IC2/C0 1 > 1 and C2 > 0 we observe that the motion along the flow 
lines in the neighbourhood of the asymptotes of the hyperbola is directed 
inwards for 0 < cp < n/2 and outwards for -n/2 < cp < 0. This direction is 
independent of the sign of Co VR 1. For c2 < 0 the motion is reversed. 

The angles Cf'a of the asymptotes are given by 

C0 + C2 cos 2cpa = 0. (4.26) 

At these asymptotes the amplitude e grows or diminishes according to 

e( 0) = eo exp (4.27) 

The point e = 0 is an unstable fixed point. 
The instability occurring at two of the four angles Cf'a can be used for a con

trolled orbit separation in the extraction region if an initial displacement is 
present. The orbit centre is pushed in a constant direction while its distance 
from the cyclotron centre increases exponentially showing the regenerative 
action. The direction remains constant only when the quantity C2 /C0 remains 
constant. In general, this means a nearly constant gradient of the second
harmonic field component when orbit separation takes place before vR 1 
and a fast-increasing gradient when orbit separation takes place beyond the 
point where vR = l. 

Compared to the situation with a first-harmonic field component, the appli
cation of a second harmonic shows an interesting feature: the position of the 
orbit centre after many revolutions of the particle is less dependent on its 
original position. This can be demonstrated by considering the solutions of the 
equations of motion (4.25) in the rectangular coordinates of the orbit centre 
(x = e cos cp, y = e sin cp), at time intervals (0 = n 2n) corresponding to n 
particle revolutions: 
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Xn Acostp0 exp{n2n(C/- C0
2)112 } + Bcostp0 exp{-n2n(C2

2 C0
2

) 112 }, 

Yn A sin lf'o exp {n 2n (C/- C0
2 ) 112 } B sin lf'o exp {-n 2n (C/- C0

2 ) 112 }. 

Here A and Bare determined by the starting position. However, if n increases 
the last terms become less important (in the case IC2 1 > IC0 ). 

The initial displacement can be made by a small first-harmonic field com
ponent, as described in the preceding section. 

4.6. Combination of first- and second-harmonic field perturbations 

In this case, the flow lines show a complicated behaviour. Neglecting the 
influence of the gradient of the first harmonic (which is a magnitude of e/r0 

smaller than that of the gradient of the second harmonic), they are given by 
(see eq. (4.14)) 

( :J2 

(C0 C2 cos 2tp) + ( :J C1 cos (tp '!f)= C. (4.28) 

We will only consider the case C = 0 for the same reason as mentioned 
in sec. 4.4. This corresponds to the actual situation in the extraction region. 

Equation (4.28) describes again ellipses and hyperbolas. This can easily be 
seen by using Cartesian coordinates x and y given by x = (e/r0 ) cos tp, 

y = (e/r0) sin tp. Equation (4.28) then becomes 

x 2 (C2 + C0 ) y 2 (C2 - C0 ) + C1 (x cos 'If+ y sin '!f)= 0. (4.29) 

If the following coordinate transformation is made: 

eq. (4.29) becomes 

cl 
X= X+ cos VJ, 

2 (Cz +Co) 

y y 
cl . 

----- sm 'If, 
2(C2 -Co) 

C/ (C2 cos 2tp- C0) 

4 (C/ C0
2

) 

(4.30) 

(4.31) 

Ellipses and hyperbolas are found for JC2/C0 1 < 1 and IC2/C0 l > 1 respec
tively. The value of C 1 determines the displacement. Some examples of these 
orbit paths are given in fig. 4.4 for a constant value of ;R· 

The initial displacement of the orbit centre is determined by the first-har
monic component alone and is, therefore, perpendicular to this component. 

The first-harmonic field perturbation shifts the centres of these figures and 
changes their sizes. The values of the semi-axes might become very large for 
'If n/2. The properties of the motion of the orbit centre are the same as in 
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Fig. 4.4. Some examples of the flow-line figures along which the orbit centre moves under 
the influence of a combination of a first-harmonic and a second-harmonic magnetic-field 
component. The angle of the first-harmonic component is represented by VI· The values used 
for these figures are: a: C0 = 190. 10- 4 , C1 13. 10- 4 , C2 = 135. 10- 4 ; b: C0 = 
190. to-4, C1 l3. to- 4 , C2 = 540. 10-4 . 

the case of only a second harmonic. Peculiar situations occur when C0 0 
('~'R = l) or when IC2 1 = !Col in which cases we obtain degenerate hyperbolas 
(straight lines) or parabolas respectively. 

In all cases the motion of the orbit centres along the flow lines must be 
studied considering the equations of motion. These equations are 

de 

dO 
(4.32) 

For small oscillation amplitudes the first-harmonic component has the largest 
influence on the rate of change de/dO. Its maximum contribution is obtained 
for "P rp + 90°. In order to maintain this optimum contribution during a 
part of the orbit separation process, it is desirable that rp remains constant. 
In a typical case where IC2 1 > IC0 1 this is obtained for an angle rp = t:p; 

which satisfies the equations 
cos ('ljJ- t:p;) 0, 

C0 + C2 cos 2rp1 0. 
(4.33) 
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This means that when the strength of the second harmonic C2 is given, the 
angle VJ of the first harmonic should be set so that 

VJ = 1 arccos (-C0 /C2) ± n/2. (4.34) 

It is noted here again that we have chosen our polar coordinate system so that 
the maximum of the second-harmonic component is pointing in the direction 
0" or 180°. 

The orbit centre, starting in the cyclotron centre, is pushed in a constant 
direction and follows the asymptote of the hyperbola. The strength of the first 
harmonic gives an independent parameter to control the amplitude increase in 
the first instance. At larger amplitudes, too, the strength of the second harmonic 
affects the inctease of the amplitude. In the case of amplitude increase the 
radial motion is given by 

Ct 
ro2' (4.35) 

giving a linear increase due to the first harmonic for small values of e and an 
exponential increase due to the second harmonic for larger values of!!· 

The maximum increase is obtained at the point where C0 = 0 (vR = I). 
Beyond this point the value of IC0 1 increases rapidly with radius and the 
effect of the precessional motion (as discussed in sec. 4.4) will dominate. 

Equations (4.32) show the advantage of separately adjustable first- and 
second-harmonic magnetic-field components. The phenomenon of exponen
tially growing amp1itudes is similar to that occurring in regenerative action 31 ). 

For a regenerative action a :fixed field bump is used resulting in a first harmonic 
and a second harmonic of equal size and aligned in the same azimuthal direc
tion. The system of separately adjustable first- and second-harmonic field com
ponents has much greater flexibility for obtaining the desired displacement of 
the orbit centre in radial and azimuthal directions. This also holds when the 
final orbit separation is achieved by a precessional motion of the orbit centre. 
Then the build-up of the oscillation amplitude for the precessional motion can 
be regulated by different parameters. 

We would Jike to make the following comment with regard to the vertical 
stability. As explained earlier, the vertical oscillation frequency is determined 
by the radial gradient of the magnetic field, a positive gradient has a defocusing 
effect (cf. eq. (1.13)). The very strong positive gradients needed in the regenera
tive extraction together with the negative gradient in the fringing field make it 
necessary to guard the vertical stability very carefully in designing the regenera
tor field 278). Furthetmore, the large horizontal oscillation amplitudes may 
cause difficulties due to coupling between the horizontal and vertical mo
tions 13). 
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In the extraction method with harmonic field components, as described 
above, these problems are not serious since the radial gradients of the field 
disturbances are smaller and alternate in sign along the circumference of the 
orbit. The horizontal amplitude is also kept small. 

An analytical description of this vertical motion is rather complicated. 
Numerical calculations show that the vertical behaviour of the beam is not 
harmed by the small field perturbations we used. These calculations will not 
be discussed in further detail. 

4.7. Analytical expressions for numerical calculations ofthe orbit-centre displace
ment 

When the coefficients in the Hamiltonian equation change adiabatically 
during acceleration, the motion of the orbit centre is rather complicated. We 
can visualize this motion by following the orbit centre while it moves along 
geometrical figures described above with slowly changing parameters. However, 
this does not give us an easy way to find the optimum settings of the harmonic 
coils. Especially in the region where vR changes more rapidly (near '~'R = 1) 
an optimum setting of the angle of the first harmonic is difficult to find. 

More insight is gained by a numerical evaluation of the described analytical 
formulas by taking into account the changes of vR, A 1 and A 2 • 

It is convenient to make a transformation from polar to rectangular coordi
nates for the numerical calculations since this yields differential equations which 
are easy to handle: 

x r0 (2/)112 cos ({1, 

y r0 (21) 112 sin ({1, 

where x and y are the rectangular coordinates of the orbit centre. 
The equations of motion in the new coordinate system are given by 

dx oK(x,y) 

dO 

dy 

dO 

oy 

oK(x,y) 

ox 

(4.36) 

(4.37) 

where the new Hamiltonian K is found from the original Hamiltonian H by 11
) 

K R X H (I(x,y), fP(x,y)), {4.38) 
with R given by 

oy 

()/ 
R = ro2· 

ox ox 
{4.39) 

bf[i OJ 



We obtain for the new Hamiltonian: 

I 
K(x,y) =- (A 1 x r0 + B 1 y r0 ) + 

2 
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1 A 1 ' x + B/ y + -(x2 + y2) . 
16 r0 

Equations (4.37) yield for the equations of motion: 

: = ~B1 r0 + y{(vR- 1) + ~ A 0 ' (~A2 + ~A2')} + 

I A1 ' I B' 
+ -xy + (3y 2 xz) 1 

8 r0 I6 ro 

dy I 
X {<vR 1 c ~A2')}+ -=--At ro 1) - A0 ' + -A 2 

dO 2 2 2 

B/ 1 A' 
--xy- -(3x2 y2) 1 

8 r0 16 ro 

(4.40) 

(4.41) 

(4.42) 

In order to introduce the acceleration we take a new independent variable, 
i.e. the average radius r0 of the particle: 

dx dx dO dxdB dn dx dn 
--- 2:n:--' 
dr0 dO dr0 dB dn dr0 dO dr0 

(4.43) 
dy dy dB dydO dn dy dn 

2:n:--. 
dr0 dB dr0 dB dn dr0 dB dr0 

Here n is the number of revolutions given by 

e2 B2 
n rx ro 2' with rx -

2 m L1Eturn 

The final set of differential equations which can be integrated numerically 
are 

(4.44) 
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(4.45) 

A computer program written in Algol-60 is made for the integration, 
which makes use of a Runge-Kutta 34) procedure with fixed integration 
steps. 

The field parameters vR, AI> B1 and the second-harmonic field component 
are fed into the program in tables with equidistant Y0 values. 

When the orbit centre is displaced from the cyclotron centre the particle 
itself does not move along a circle with radius Yo which is concentric with the 
cyclotron centre. Then the truncation error in the Hamiltonian we used can 
become important for large displacements. 

We found in our calculations that the results were in better agreement with 
those from the numerical orbit integrations (to be described in the next section) 
when vR was averaged over the displaced circle than when no correction was 
taken into account. A number of results obtained with this program is discussed 
in chapter 5. 

4.8. Numerical particle-orbit integration 

The general equations of motion for a particle with momentum P m v 
in a magnetic field, expressed in the independent variable B, are easily obtained 
from eqs (1.2) 11): 

dY Y Pr 

dB q 

dpr = q- !_(y B 
dB P z 

dz r Pz 

dB q 

Y Pz ) -Be, 
q 

dpz _ e ( r p, ) 
-- rBr- B11 , 
dO P q 

(4.46) 
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with 
Vr dr 

Pr=-, v, 
dt ' v 

v, dz 
Pz v =-

v z dt' 

Vo dO 
q Vo r 

' v dt 

q = (1 Pr2 p/)li2. 

These equations of the coupled horizontal and vertical motions are rather 
complicated to solve. If, however, the influence of the vertical motion on the 
radial motion is neg]igible (this influence is represented by terms of the second 
degree and higher in z and Pz) we can write for the horizontal motion 11): 

dr 
-=rp (l-pz)-1i2 
dO r r ' 

dp, = (l- 2)1i2 
dO Pr 

The magnetic induction Bz in the median plane is given by 
6 

(4.47) 

Bz(r,O) Bz(r) + L: {ANk(r) cos (N k B) + BNk(r) sin (N k B)} + L1B(r,B), 
k= 1 

where N is the periodicity of the magnetic field ( 4 in our case) and L1B represents 
a field perturbation of the form 

L1B(r,B) C1(r)cos {B <p 1(r)} + C2(r)cos 2{8 <p2(r)}. 

Equations (4.47) are integrated numerically with the help of a computer 
program written in Fortran. 

Tables ofthequantities Bz, ANk(r), BNk(r), C1(r), Cir), <p 1(r) and <pz{r) for 
equidistant r values are given to the computer. The acceleration is simulated 
by an increase in particle momentum P at every passsage of an accelerating 
gap. The results of the calculations can be compared with those obtained with 
the calculations described in sec. 4.7 when we subtract from the r,p, values the 
corresponding values of the equilibrium orbit with the same momentum P 
and L1B = 0 (sec. 5.4.3). 

Equations (4.47) can also be used for the calculation of the deflection in an 
electrostatic extractor. The electric field is simulated by a sudden drop in the 
magnetic field. When the electric field in the extractor is equal to Eden• the 
drop in the magnetic induction is L1B = Edenfv. The orbit of the deflected 
beam determines the curvature of the electrostatic channeL 
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4.9. Ion optics 

Since the extractor is placed beyond the radius where vR = 1 the beam will 
be horizontally defocused during the passage of the extractor. To avoid exces
sive loss of particles against the inner walls of the extractor the horizontal 
phase-plane acceptance of the extractor should be calculated carefully. For this 
purpose we use linearized equations of motions of particles close to the central 
orbit. In this way we are able to determine transformation matrices of the 
horizontal motion through the electrostatic channel. With these matrices we 
can transform the inner walls of septum and deflector in the phase plane back 
to the entrance of the deflector, giving us the acceptance of the deflector. 

We shall not discuss this procedure in detail since it is described extensively 
elsewhere 32a); we only want to mention here the equations used which can 
be derived from eqs (4.47). Small radial motions around a solution of eqs (4.47) 
are described by u and v obeying the linearized equations 35): 

du 
dO= u Pr (1- p,Z)-112 + v r (1 p,Z)- 312' 

dv 

dO 
-v Pr (1- p,Z)-112 [ 

()B.(r,O)J e 
u B.(r,O) + r ---· - , 

or P 

(4.48) 

when we assume that r(O) + A u(O) and Pr(O) + A v(O) also are solutions of 
eqs (4.47) if terms of 0(A2) are neglected. 

Similar transformation matrices can be obtained from the equations of the 
vertical motion, which, in the case of small vertical amplitudes, can be deduced 
from eqs (4.46): 

dz 
= r Pz (I p/)- 1/1., 

dO 

dp. = e z (r oB. 
dO P or Pr (I 

(4.49) 

p/)-112 _ •. oB) 
()8 

A separate computer program is made (in Algol-60) which computes the 
central-ray and the focusing properties in the magnetic channel from a point 
before the channel to the wall of the vacuum chamber. 

The linear optics are calculated by using transfer matrices which can be 
derived from eqs (1.11) and (1.13). 

When R is the radius of curvature of a particle with kinetic momentum P 
and charge e in a magnetic field B the horizontal and vertical motions with 
respect to the central ray are described by 
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d2

x + x (-I- + !._ dB) = O, 
dS2 R2 P dx 

(4.50) 

d2z e dB 
z-- 0. 

dS2 P dx 
(4.51) 

Here Sis the coordinate along the central ray, x is the deviation perpendicular 
to S in the horizontal plane and z is the vertical deviation. 

When we write 

e dB 
+--, 

R2 P dx 

e dB 
(4.52) 

P dx' 

we see that the transfer matrix for x and dxfdS for a path length L1S is for 
(l)R2 > 0: 

( 

cos (wR L1S) 

-wR sin (wR L1S) 

~-sin (wR L1 S) ) 
(l)R 

COS (wR L1S) 

(4.53) 

or when wR2 < 0, with wR V-wR2: 

(4.54) 

Similar matrices can be found for z and dz/dS with Wz. 

The properties of the extracted beam are calculated using eqs (4.47)-(4.51). 
The results are given in chapter 5. 
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5. CALCULATIONS AND EXPERIMENTS OF THE EXTRACTION 
PROCESS 

5.1. Introduction 

The linear theory of the orbit separation, as described in the previous chapter, 
can be explained clearly by the concept of the orbit-centre motion along figures 
like circles, hyperbolas and ellipses. In practice, however, the parameters which 
describe these figures (the value of vR 1 and the strength and position of 
the harmonic magnetic-field components) vary continuously with the orbit 
radius, as demonstrated in chapter 2. This makes the actual motion of the 
orbit centre far more complicated than the motion along a simple geometrical 
figure. 

In this chapter the results of both analytical and numerical calculations are 
presented together with the experimental verification. Based upon the con
siderations described in chapter 4 we can make an estimate of the order of 
magnitude and the azimuthal position of the harmonic field components in 
conjunction with the azimuthal location of the extractor in the cyclotron. This 
is discussed in sec. 5.2. The influence of a second-harmonic field component 
on the motion of the orbit centre and the extraction process is discussed quali
tatively in sec. 5.3. The next two sections (5.4 and 5.5) deal with an experimental 
and quantitative theoretical description of the effect of variations of different 
parameters. 

Since the extraction efficiency is a good measure for the performance of the 
extraction process the experiments are confined to determining this efficiency 
and the internal beam current under various circumstances. 

The effect of the magnetic focusing channel is discussed in sec. 5.6. 
It must be noticed that in the calculations and experiments the strength of 

the harmonic field components is indicated in terms of the number of 
amperes flowing through the corresponding coils. Figure 2.8, which shows the 
measured field influences of these coils, gives an indication of the actual field 
strength. 

Coil system 5 is used only for the generation of a first-harmonic component. 
The main part of this component is necessary for the compensation of the first
harmonic imperfection of the main magnetic field. The current through this 
coil system is not varied during the extraction experiments. 

Coil system 6 can be used to generate an arbitrary combination of average 
field, first- and second-harmonic component. The values in fig. 2.8 (dashed 
curve) give the first harmonic for a current of 20 A through two opposite coils. 
The other field components produced by these coils are found by multiplying 
these values with a factor 1·02 for the average field and a factor 1·87 for the 
second-harmonic component. 
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5.2. Estimation of harmonic field components 

In this section we will estimate the settings fot an adequate orbit separation 
in the direction of the entrance of the extractor. 

The entrance of the extractor is located at an angle of -53·5" with respect 
to the centre of sector coil B (see fig. 5.1). The extraction radius (r0 ~ 31 em) 
is as large as is compatible with the phase slip. This means that during the last 
few revolutions the precession of the orbit centre due to the value of :vR 11 
dominates. We thus plan for an initial radial displacement of the orbit centre 
in a direction of q; -60° to -70°. An initial drive from the cyclotron centre 
in this direction is obtained by a first harmonic with its maximum 90° further, 
i.e. tp should be about 25°. 

The second harmonic should produce a hyperbola with an asymptote also 
in the direction q; -60° to -70°. The first of eqs (4.32), giving the radial 
motion of the orbit centre, shows that a radial increase in the quadrant of the 
extractor due to the second harmonic is only possible when the second har
monic is positive (C2 > 0). This means that the magnetic induction producing 
the second harmonic should be positive in sectors B and D and negative in 
sectors A and C (see fig. 5.1). 

According to eq. (4.26) the angle Ta of the asymptote of the hyperbola de
pends on the value of "R l and on the second-harmonic component. Since 
vR- I changes with the radius it is not possible to define one specific. value 
of the second harmonic that yields a constant angle Ta· The variation of the 
angle Ta as a function of radius is demonstr~ted in fig. 5.2. The angle IPa• 
following from eq. (4.26), is plotted versus radius for different values of the 
current that excites the second harmonic. 

Extractio.rJ 
coils : 

Extraction 
coils 

Fig. 5.1. Location of the extractor entrance with respect to the extraction coils. The centre 
line of sector B is at the angle r:p 0 in the calculations. 
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Fig. 5.2. The angle rp. of the asymptote as a function of orbit radius for different excitations 
of the second-harmonic component; Llr0 is the radial increase per revolution. 

All hyperbolas become orthogonal with rp. = -45° at the radius where 
vR = 1. (The value of vR is represented by the dashed curve in the figure.) 
At larger radii 1 rp.l drops rapidly to oo and then disappears due to the rapid 
decrease of '~'R· In this region the orbit-centre motion changes into the afore
mentioned precessional motion. From fig. 5.2 follows that the required value 
of rp. ~ -60° to -70° corresponds to a current for the second harmonic of 
about 15 to 25 A. A maximum current of about 15 A for the second har
monic is permissible in the cyclotron together with a reasonable first harmonic 
(10 A). 

When we try to estimate the strength of the first harmonic that yields an 
adequate orbit-centre displacement we consider eq. (4.35). From this equation 
it follows that, for example, for a second harmonic belonging to a current of 
10 A and an oscillation amplitude e of 0·5 em an orbit-centre displacement per 
particle revolution in the direction of the asymptote of 0·3 em is obtained at 
r 0 = 31 em for a first harmonic of 47·5 G. This corresponds to a current of 
13-5 A. 

5.3. Influence of the second-harmonic component expected from theory 

In chapter 4 was explained how the second-harmonic field disturbance 
influences both the radial and azimuthal motion of the orbit centre ( cf. eq. 
(4.32)). 

Different effects might be present as a result of the influence of the second 
harmonic on the extraction process: 
(1) The motion of the orbit centre along a hyperbola increases the orbit separa-
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tion in the direction of the entrance of the extractor compared to the motion 
along a circle which occurs in the case of only a first harmonic (cf. eq. 
(4.35)). This may yield an enhanced extraction efficiency. 

(2) The second harmonic forces the motion in a direction which is less sensitive 
to the direction of the first harmonic than in the case of only a first har
monic. This effect is theoretically demonstrated by the calculation which is 
represented in fig. 5.3. In this figure is shown the orbit-centre displacement 
during the last revolutions in the extraction region for three different angles 
of the first harmonic (V' 0°, 45° and 90°). We observe that the largest 
orbit separation is obtained for V' 45°, which is in accordance with eq. 
(4.34) at the point where vR 1. Rotation of the first harmonic over an 
angle of ± 45° (to VJ oo and 90°) causes a rotation of the direction of 
motion which is less than 45°. Rotation of the first harmonic over a certain 
angle, in the case where no second harmonic is used, simply rotates the 
complete figure over the same angle. 

-2 

Very large harmonic components are used to make this effect clearly visible 
in this example: maximum value first harmonic 102 G, maximum value 

-2 

Fig. 5.3. Motion of the orbit centre under the influence of large first-harmonic and second
harmonic components for different angles (tp) of the first-harmonic component. The numbers 
refer to the revolutions of the particles. 
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second harmonic 204 G. These components are much larger than those 
which can be produced in the cyclotron. According to the second of eqs 
(4.32) the influence of YR 1 becomes more effective on the rotation for 
smaller values of the harmonic components. 

(3) The second harmonic forces the motion of the orbit centre in a direction 
which is less sensitive to the original position of the orbit centre than in 
the case of only a first-harmonic component (cf. sec. 4.5). This means that 
the orbit separation is less sensitive to harmonic disturbances in the central 
region. 

(4) The motion of the orbit centre under the influence of only a first-harmonic 
component is of the pure precessional type (cf. sec. 4.4). The direction of 
the motion will depend rather strongly on the number of revolutions and, 
therefore, on the average magnetic field. However, a combination of a 
first- and second-harmonic component forces the motion of the orbit centre 
in the direction of an asymptote and the direction will be less sensitive to a 
variation of the number of revolutions. 

Experimental results concerning points (1), (2) and (3) are given in sec. 5.4.1 
and concerning point (4) in sec. 5.5.1. 

5.4. Experiments and calculations with variation of harmonic field components 

5.4.1. Experiments 

As indicated in sec. 5.2, it is very difficult to predict accurate values of the 
settings of the harmonic coils for a maximum of the extracted~ current. There
fore, the extraction experiments were started with a completely free optimiza
tion process during which the extraction coils were systematically varied. 

A maximum extracted current, with an extraction efficiency of about 65-70%, 
is obtained for a first-harmonic setting of the order of 12 A at an angle of 
1p ~ 25° and a second harmonic corresponding to a current of the order of 
10 A with the positive field contribution in the direction of sector B (q; = 0). 

To determine the dependence of the extraction efficiency on the amplitudes 
of the harmonic components we measured the extraction efficiency (for 
'lfJ = 24·4 °) as a function of the amplitude of the first-harmonic component 
for two different values of the second-harmonic component (6·5 and 10·5 A). 
The result is shown in fig. 5.4a. Variation of the second-harmonic component 
with a constant first-harmonic component (12·1 A) gives a result which is 
shown in fig. 5.4b. During all measurements the extractor voltage and position, 
the mean magnetic induction and dee voltage were kept constant. 

The increase of the extraction efficiency fo1 the increasing amplitude of the 
first harmonic is to be expected from the theory (increased orbit separation, 
cf. eq. (4.32)). The decrease for very large values (over 12 A) is due to the fact 
that the horizontal oscillation amplitude becomes too large and the phase-plane 
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Fig. 5.4. Measured efficiency of combined first- and second-harmonic extraction for varia
tion of the amplitudes of the harmonic components. 

position of the beam does not fit that of the extractor acceptance. This match 
should be increased when the geometrical extractor position is readjusted. 

There seems to be an optimum value of the extraction efficiency for values 
of the second harmonic of 10-15 A. This is indicated in the discussion in sec. 
5.2. According to eq. (4.32), the contribution of the second-harmonic compo
nent to the orbit-centre displacement is smaller than that of the first-harmonic 
component. However, the direction of this motion determining the orbit sepa
ration in the direction of the extractor, is influenced by the second-harmonic 
component. Figure 5.2 indicates that major changes in this respect are not to 
be expected from larger amplitudes of this component. This explains the small 
variation of the measured extractor efficiency for these values in fig. 5.4b. 

To determine the dependence of the extraction efficiency and internal cur
rent (i.e. the particle current arriving just in front of the extractor) on the angle 
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of the first-harmonic component, a number of measurements are made for 
different values of the amplitudes of the harmonic components. For each case 
(with non-zero first-harmonic component), the angle 'lfJ is rotated over 360°. 
The different measurements are arranged in table 5-I, in which the Roman 
numerals refer to the number of the graph in figs 5.5-5.1 0. For the first-har
monic components belonging to 12·1 A and 6·0 A the maximum extraction 
efficiencies measured are given also. In the last column the extraction efficiency 
and the internal current are given for zero first harmonic since variation of the 
angle of the first-harmonic component does not apply here. 

TABLE 5-I 

Extraction efficiency and internal current at different amplitudes of the har
monic components 

E 
first harmonic 

12·1 A 6·0A OA 

second max. extr. max. extr. int. i extr. 
harmonic (A) eff. (%) eff. (%) current([LA) i eff. (%) 

14·0 I 

• 

67 II 55 4·5 28 

10·5 III 66 IV 63 6 30 

6·5 v 51 VI 60 12 i 29 

0 VII 37 VIII i 30 7 14·3 

-6·5 IX 13 X 18 6·2 9 

-10·5 XI 14 XII 5 3·6 2·8 
: 

In figs 5.5-5.10 the internal current, the extracted current and the ex
traction efficiency are shown as a function of the angle 1p for the different 
cases. The extracted current is measured with a fixed target of 9·5 em width at 
the location of the magnetic channel (cf. sec. 2.6). 

From these figures we see that the maximum extracted current (and the 
maximum extraction efficiency) is obtained for values of the second-harmonic 
component corresponding to currents of 10 A or larger (curves I, II, III and 
IV). The efficiencies are considerably larger than in the cases of only a first
harmonic component (curves VII and VIIn. This behaviour is in accordance 
with expectation (I) in sec. 5.3. 

The extraction efficiency worsens distinctly for reversed (negative) values of 
the second-harmonic component (curves IX, X, XI and XII). 



70 
Extr. 
elf. 

(%)60 

t 50 

40 

30 

20 

10 

0 
-180 

al 

70 
Extr. 
elf. 

(%)60 

t 50 

40 

CD 

-150 -120 -90 -60 

@ 

-62 

.,......_.. extr. elf. 
....._._.internal current Part . 
,.__,.__,.extracted current current 

(~A) 

10 t 

-30 0 30 60 

<>---<>-<> e xtr. elf. 
.............. internal current Part. 
,.__.._..extracted current current ,r 

~~~~~~~~~~~~~=c~=cjQ 
-150 -120 -90 -60 -30 0 30 60 90 120 150 180 

b) -1"'(0) 

Fig. 5.5. Measured internal current, extracted current and extraction efficiency as a function 
of the angle (W) of the first-harmonic component for the cases I and II (cf. table 5-1). 

It turns out that, in all cases, the angle 'P of the first-harmonic component is 
rather important. 

The sensitivity to variations of this angle is not significantly different in the 
cases of various second-harmonic components. Apparently the second-har
monic amplitudes used in this cyclotron are not large enough to demonstrate 
this effect, mentioned in the expectation (2) of sec. 5.3. One might conclude 
from the experiments that smaller first-harmonic components yield somewhat 
less sensitivity to variation of the angle 'P· 

It is interesting to notice that the maximum of the internal current is limited 
to a certain range of "P in all cases. Two effects have their influence on this 
phenomenon: 
(1) The internal current is measured with a removable target at r ~ 31 em 



70 
Extr. 
eft. 
(%)60 

t so. 

40 

30 

-63-

@) 

.,.....,_. extr. elf. 

.......-.internal current 
•-•-•extracted current 

Part. 
current 
(IJA) 

10 t 

5 

~~~~~~~~_L~~~~-L~~+-~~-A~o 

a) 

70 
Extr. 
eff. 

(%)60 

1 50 

40 

30 

-150 -120 -90 -60 -30 0 30 60 90 120 150 180 

@ 

-Jp(O) 

<>--<>--<> extr. elf 
.--internal current Part. 
•-•-•extracted current c(~!)t 

5 

-~(0) 

Fig. 5.6. Measured internal current, extracted current and extraction efficiency as a function 
of the angle (1p) of the first-harmonic component for the cases III and IV (cf. table 5-I). 

and g; -54°. For certain angles of the first harmonic the orbit centre 
moves away from the deflector and the beam is lost (due to asynchronism 
or nonlinear effects) before the required extra large orbit radius is reached. 

(2) The orbit centre is moved towards the extractor but not in the direction 
of the entrance. It is then possible that the particles end their journey on 
the wall of the deflector, at the side of the cyclotron centre, instead of on 
the target. 
In these cases the real extraction efficiencies are smaller than those given 
in the figures. However, the optimum extraction efficiencies are measured 
for cases in which the full internal beam reaches the target as can be seen 
in the figures. 
It was not possible to move the target further inwards during the experi
ments. 
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Fig. 5.7. Measured internal current, extracted current and extraction efficiency as a function 
of the angle ('fJ') of the first-harmonic component for the cases V and VI {cf. table 5-I). 

The effect, described in (3) of sec. 5.3, concerning the sensitivity for har
monic disturbances, is experimentally verified by measuring the internal and 
extracted currents for various angles and amplitudes of the first-harmonic dis
turbance of the centre coil (cf. sec. 2.5). The centre coils must produce a first 
harmonic (of about 22 A) in order to centre the beam during the initial accelera
tion. The measurements are performed for first-harmonic extraction and for 
combined first- and second-harmonic extraction. The results of these measure
ments are given in fig. 5.11. Figure 5.1la clearly demonstrates the difference 
in sensitivity of the extraction efficiency to variation of the angle, while no 
difference in the internal current is observed. The amplitude used has a value 
of 27·7 G (22·4 A). Figure 5.1Ib shows that variation of the amplitude 
between 12·4 G (10 A) and 28·4 G (23 A) does not yield a significant variation 
of the extraction efficiency for combined first- and second-harmonic extraction, 
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Fig. 5.8. Measured internal current, extracted current and extraction efficiency as a function 
of the angle ('tp) of the first-harmonic component for the cases VII and VIII (cf. table 5-1). 

while a strong variation is obtained for single first-harmonic extraction. The 
angle of the first harmonic in the centre is taken according to the optimum 
value of fig. 5.1la (30°). 

5.4.2. Analytical and numerical calculations 

Many different factors play a role in determining the actual behaviour of the 
internal and extracted currents. Besides the orbit-centre displacement and its 
direction of motion the horizontal phase-space area occupied by the total beam 
and the phase-space acceptance of the extractor are also important parameters. 
For this reason the measured behaviour, as given in sec. 5.4.1, cannot be ex
plained in full detail by qualitative considerations. 

A more quantitative approximation brings us closer to an understanding of 



66-

70 
Extr. 

@ elf. 
(%)60 

t 50 

40 

30 
5 

20 

10 

0~-L~~~~~~~~==~~~_L~~~ 

a) 

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 
____. ?z<l(O) 

70 
Extr. 
eft 
(%)60 

t 50 

40 

30 

20 

10 

0 
-180 

b) 

® 

-150 -120 -90 

<>-<>--<> extr. eft. 
o-o--o internal current Part 
•-•-• extracted current current 

(~A) 

50 90 120 150 180 
-y(O) 

Fig. 5.9. Measured internal current, extracted current and extraction efficiency as a function 
of the angle ('1/!) of the first-harmonic component for the cases IX and X (cf. table 5-I). 

the total process. We therefore consider the analytical and numerical calcula
tions of some significant cases described above. 

The motion of the orbit centre is calculated, using the analytical formulas 
given by eqs (4.44) and (4.45), for an optimum case of fig. 5.4 (first har
monic: 12·1 A, second harmonic: 10·5 A), starting in the cyclotron centre. 
The result is shown in fig. 5.12. The curve in this figure moves first in the posi
tive y direction, which is due to the negative part of the first-harmonic com
ponent of coil 6 at smaller radii (cf. fig. 2.8). As discussed earlier, the orbit 
centre leaves the cyclotron centre in a direction perpendicular to that of the 
first-harmonic component, indicated by an arrow in the figure. After several 
revolutions the direction of the motion reverses and the orbit centre moves 
into the direction of the extractor entrance (indicated by the straight line). The 
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Fig. 5.10. Measured internal current, extracted current and extraction efficiency as a function 
of the angle ('!fl) of the first-harmonic component for the cases XI and XII (cf. table 5-l). 

crosses on the curve represent different values of the average orbit radius, the 
independent variable in the calculation (the values given between brackets). 
The dots on the curve represent the different particle revolutions (the circled 
numbers). 

From this figure we can determine approximately the orbit separation for the 
last revolution before the extractor. When the extractor entrance is placed at a 
radius of 31·2 em, we know from equilibrium-orbit calculations that this point 
lies 0·2 em inwards with respect to the average radius of the corresponding 
eqnilibrium orbit. We therefore determine the actual particle position in fig. 5.12 
by adding to the value r 0 the projection of the orbit-centre displacement in the 
direction of the extractor and subtracting from this 0·2 em. In this way we find, 
for example, for revolution number 95 the radius r = 30·82 + 0·50 0·2 = 
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31·12 em and for revolution number 96 the radius r = 30·98 + 0·71- 0·2 = 
31·49 em. This yields an orbit separation of 3·7 mm. 

The same case is also calculated with a numerical orbit integration, as dis
cussed in sec. 4.8. Here we follow the motion of eight different points in the 
horizontal phase plane during the acceleration over the last 33 revolutions 
starting at r0 = 27 em. These eight points define a phase-plane area of 59 
mm mrad, corresponding to a maximum radial deviation from the central orbit 
of Llr 2 mm and a maximum momentum deviation of Llpr Llrfr0 7·4 
mrad. The behaviour of the last eight revolutions is shown in fig. 5.13, repre
senting the r,pr plane. The figure gives a stroboscopic view of the motion in the 
r,pr plane, that is, we only plot the r,pr values when the azimuthal position e 
corresponds to the deflector entrance. 
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The orbit separation of the last orbit before extraction is found to be 3·8 mm 
in these calculations. 

It is seen that the motion of the particles is according to that expected from 
the analytical calculation. A comparison in more detail between the analytical 
and numerical calculations will be given in sec. 5.4.3. 

The hotizontal-phase-plane acceptance of the extractor is calculated to esti
mate the extraction efficiency theoretically. For this purpose we used the results 
of the numerical integration of eqs (4.48) which yield transformation matrices 
for deviations with respect to the central orbit. With these matrices the position 
of the septum and outer electrode in the phase plane are transformed back to 
the entrance of the deflector 32

b). The extractor acceptance is shown in fig. 5.13, 
with its centre located at a radius of 31·27 em. 

In a similar way we calculated the effective thickness of the septum by using 
a transformation matrix belonging to the undeflected orbit. The effective septum 
thickness is indicated by the shaded area in fig. 5.13. 

The passage of the phase-plane area across this acceptance area determines 
the extraction efficiency. Calculations showed that the extractor does not cause 
any limitations for the vertical motion. 

From fig. 5.13 it can be concluded that, with the horizontal phase-plane area 
we selected, three revolutions are needed to accomplish the extraction of the 
internal beam. During this process about 17% of the phase-plane area is inter
cepted by the septum and the outer electrode. For a homogeneous particle 
density distribution across this area, this would mean an extraction efficiency 
of 83 %. The discrepancy between this value and the measured efficiency is due 
to several reasons: (1) the actual horizontal phase-plane area of the internal 
beam is not exactly known, (2) the particle density distribution across this area 
is not known, (3) the exact positions of the septum and electrode are not known 
to the desired accuracy (in tenths of millimetres). 

The dependence of the orbit-centre displacement on the variation of the 
angle V' is considered by calculating this displacement for different values of V'· 
For this purpose we use the analytical formulation described in sec. 4.7, applied 
to case I (cf. fig. 5.5 and table 5-I). 

The results are shown in figs 5.14a and 5.14b (drawn curves). Here we follow 
the motion of the orbit centre in the x,y plane under the influence of a first
and second-harmonic component. The dots on the curves refer to the average 
radius of the orbit and are given in steps of 1 mm. The large dots correspond 
to r0 = 30·8 em, the average orbit radius at which the extraction occurs in the 
optimum situation. 

It is seen in fig. 5.14a that for V' = 45°, 24·4°, -5° and -60° the orbit centre 
is pushed in the direction of the extractor. The angle V' 24·4° yields the 
optimum orbit separation in the desired direction: 4·0 mm, while the other 
angles yield smaller values: 3·4 mm, 3·8 mm and 2·5 mm for V' 45°, -5° 
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and -60° respectively. 
The orbit centre is removed from the extractor for the angles "P = -135°, 

80°, 135° and 180°, as shown in fig. 5.14b. In these cases a "negative" orbit 
separation in the direction of the extractor is obtained. 

This motion of the orbit centre also explains the decrease of the internal 
current at the extractor entrance. 

The effect of reversing the sign of the second-harmonic component is dem
onstrated by the dashed curve in fig. 5.14b. This is a case with "P = 24·4° 
but with the second-harmonic component rotated over 90°. The comparison 
of this curve with the corresponding one in fig. 5.14a shows the strong influence 
of the angle of the second harmonic on the extraction process. The orbit centre 
is not moved in the direction of the extractor entrance, which means that the 
average orbit radius has to be larger before the particles reach the extractor. 
This deteriorates the phase-plane area of the beam. Furthermore, the orbit 
separation in the direction of the extractor entrance is substantially smaller. 
Both effects result in a poor extraction efficiency, which is already shown by 
the measurements given in figs 5.4b and 5.10a. 

Some of the cases discussed above (second harmonic: 14 A, first harmonic: 
12·1 A) are also calculated with numerical orbit integrations. 

The results for "P = 45° and 24·4 o are given in fig. 5.15 and those for "P = -5° 
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and -60° in fig. 5.16, where the phase-plane areas of the beam are plotted in 
the r,pr plane. The phase-plane acceptance of the extractor is also given in these 
figures. 

We notice that the differences in the motion of the several cases is according 
to what is expected from the analytical calculations (cf. fig. 5.14). The orbit 
separation following from these numerical calculations is 3·6 mm, 3·9 mm, 
3·8 mm and 2·6 mm for tp 45°, 24·4°, -5° and -60° respectively (the ana
lytical calculations resulted in 3·4 mm, 4·0 mm, 3·8 mm and 2·5 mm). 

The figures make it clear that the location of the phase-plane area of the beam 
with respect to the extractor acceptance is rather important. For instance, the 
case 1p = -60° (fig. 5.16b) demonstrates that the interceptance of the beam by 
the septum is the major cause for bad extraction, although the orbit separation 
is still reasonable. The particles arriving at the extlactor have a large negative Pr 
value, which means that they are directed too much towards the centre of the 
cyclotron and hit the septum wall while passing through the extractor. 

A readjustment of the extractor position or the extractor voltage will increase 
the extraction efficiency. The orbit separation, however, is smaller than in the 
case of 1p = 24·4°, so that, even when the extractor is readjusted, the extractor 
efficiency will still be worse. 

When we calculate the extraction efficiencies from these graphs we find 75%, 
84%, 53·5% and 7% for tp = 45°, 24·4°, -5° and -60° respectively. This is a 
similar variation as found experimentaily (see fig. 5.5a). 

The phase-plane figures for the extraction with first- and second-harmonic 
components, given in figs 5.15 and 5.16, show us an important effect: the phase
plane area of the beam is shaped so that the momentum deviation is partially 
converted into a radial deviation. In other words, the phase-plane areas are 
somewhat elongated in the radial direction. This means that when the extractor 
is properly adjusted, as in the case tp 24·4°, the particle beam can pass the 
extractor at a place in the phase plane where the effective septum thickness is 
minimum and the extractor opening is maximum. In this way the interceptance 
by the extractor can be kept small. Furthermore, a small momentum spread 
of the extracted beam diminishes the radial divergence in the fringing field. 
On the other hand, the energy definition of the beam is worsened since the larger 
the radial spread of the phase-plane area at extraction the more revolutions are 
needed to pass the extractor. 

This effect is not present in the case of extraction with only a first-harmonic 
component as we shall see later on in this section. 

Figure 5.17 shows the motion of the orbit centre under the influence of a 
first (12·1 A) and second harmonic (10·5 A) and the motion under the influence 
of only a first harmonic of the same strength (12·1 A) for four different angles tp. 

These motions are calculated using the analytical formulas. The straight lines 
giving the direction of motion between r0 30·7 em and r0 30·8 em (in the 
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Fig. 5.16. Motion of the horizontal phase-plane area of the particle beam in case I (cf. table 
5-I) for 1p =-5° and 1p = -60°, calculated by numerical orbit integration. 
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case of second-harmonic extraction they are parallel) indicate the influence of 
the second-harmonic component. The figures also demonstrate that the second
harmonic component enlarges the orbit separation. 

Three cases of the first-harmonic extraction ('If= -30°, oo and 50°) are also 
calculated numerically. The results are presented in figs 5.18 and 5.19. When we 
determine the extraction efficiencies f10m these figures we find 0%, 22% and 
55% for 1f -30°, oo and 50° respectively. 

Although these values are smaller than those calculated for the combined 
first- and second-harmonic extraction, which is in accordance with the experi
ments, the variation of the extraction efficiency with the angle 1f is not similar 
to that found experimentally (see fig. 5.8). There are several reasons for this 
discrepancy. In the first place, as mentioned before, the phase-plane area of the 
beam is not known exactly. However, the calculations show that for single 
first-harmonic extraction the orientation of the phase-plane areas is such (large 
momentum deviation) that the extraction efficiency is rather critical for the 
size and location of these areas. The thin part of the effective septum thickness 
is restricted to a small momentum region. Secondly, the large momentum spread 
of the beam increases the possibility that the particles hit the septum before 
they reach the extlactor target in the next turn. In the third place, the larger 
momentum spread of the extracted beam causes a strong horizontal broadening 
in the fringing field. This might become so serious that the targets with which 
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the extracted beam is measured do not cover the complete beam. This diminishes 
the measured extraction efficiency and increases the sensitivity for the radial 
position of the extracted beam, which is determined by the p, value of the 
internal beam. 

Together with the smaller orbit separation these effects are the main differ
ences between the extraction process with single first-harmonic component 
operation and the combined first- and second-harmonic component extraction 
represented by figs 5.15 and 5.16. 

However, the energy definition will be better in the case of only first-harmonic 
extraction. Due to the orientation of the phase-plane areas the number of revo
lutions needed for complete extraction is smaller. Since the influence of the 
first-harmonic component (which is a gradient field) is strongly radially depend
ent it is a1so energy-selective. The gradient of the second-harmonic component, 
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which is more effective than the field value itself, is less radially dependent and 
therefore less energy-selective 32

). 

Figures 5.15, 5.16, and figs 5.18, 5.19 also show the difference in sensitivity 
for initial displacements. The outer points of the phase-plane areas of the com
bined first- and second-harmonic extraction stay much closer to the path of 
the central particle than in the case of only first-harmonic extraction. This is 
in accordance with the measurements presented in fig. 5.11. 

The results of the numerical calculations (figures 5.13, 5.15, 5.16, 5.18 and 
5.19) show that the nonlinear effect of the fringing field, the deterioration of 
the phase-plane areas, occurs rather sudden at a radius of about 31 em. 

5.4.3. Comparison of analytical and numerical calculations 

One of the most important results from the analytical calculations is the 
prediction of the separation of the successive orbits in the extraction region. 
We explained in sec. 5.4.2 how this value is determined. The numerical particle
orbit integration also yields a value of this separation. As we have seen from 
several examples these values are in very good accordance with each other. 
The deviations are of the order of 6 % or less. 

The calculations of the motion of the orbit centre can also be compared. 
The numerical integration determines the position of the particle in the r,p, 
plane. Considering the r,p, values in the stroboscopic picture (as discussed in 
the previous subsection) the coordinates (x,y) of the orbit centre with respect 
to the cyclotron centre are given by x r- r e and y = r 0 (p,- p,.). Here 
re and p,. are the (stroboscopic) r,p, values of the corresponding equilibrium 
orbit. The x axis is located then at the azimuth of the stroboscopic picture 
(cf. sec. 1.7). An example of such a comparison is given in fig. 5.20. The drawn 

y 
(em) 0·5 

t 
().5 10: -. __ _ 

. j 
Fig. 5.20. Comparison between the analytical and numerical calculations. The drawn curve 
represents the orbit-centre motion (case III, cf. table 5-I) obtained from the analytical cal
culations. The dashed curves are the results of the numerical orbit integration considering 
the particle positions at <p 0" (A) and <p 180" (B). 
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curve is the result of the analytical calculation where the dots indicate the 
different revolutions. The dashed curve A represents the motion of the orbit 
centre obtained from the particle position at the azimuth rp 0°, calculated 
with numerical orbit integrations. The dashed curve B follows from the particle 
position at rp 180°. The difference between these two latter curves is due to 
the fact that, because of the acceleration, the orbit centre moves along the 
accelerating gap over a distance equal to the increase of the orbit radius. This 
means that as a consequence of this effect the real orbit centre "shuttles" about 
its average value. 

It is clearly seen in fig. 5.20 that the analytical calculation yields a result 
which is very close to the average of the results of the numerical calculations. 

5.5. Experiments with variation of main magnetic field, extraction voltage and 
extractor position 

5.5.1. Magnetic-field variation 

As expressed in expectation (4) in sec. 5.3 the second-harmonic component 
will make the extraction process less sensitive to the number of revolutions in 
the extraction region. Variation of the main magnetic field will cause an increase 
of the phase slip and therefore a decrease of the effective dee voltage. Since the 
dee voltage determines the number of revolutions the effect can be measured 
by varying the main magnetic field. The results of these measurements are shown 
in figs 5.21 and 5.22. The extraction efficiency is determined for combined first
and second-harmonic component operation (according to case III} and for 
single first-harmonic component operation (according to case VII}, both for 
two different angles 1p of the first-harmonic component. 

The experiments show that the influence of the second-harmonic component 
(in the case 1p 24·4 °) is such that the extraction efficiency drops to 70% of its 
optimum value for a variation of the main magnetic field of 6 G. This means 
a phase slip of about 50° or a number of revolutions in the extraction region 
which is 1·55 times the minimum number. The first-harmonic extraction drops 
to 70% of its maximum value for 2·5 G. This corresponds to a phase slip 
of 21 o or a number of revolutions which is 1·07 times the minimum value. 

Variation of the average magnetic field at an angle 1p not equal to that of 
the optimum situation does not yield an increase in the extraction efficiency. 
The tolerated variation of the main magnetic field is even diminished (see figs 
5.21 and 5.22). 

5.5.2. Extraction-voltage variation 

The numerical calculations suggest that, in some cases, the extraction effi
ciency might be increased by a shift of the extractor opening in the phase plane. 
When a shift in negative p, direction is desired, since the particles hit the septum 
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wall inside the extractor, this can be accomplished by an increase of the extrac
tion voltage. In this way the particles are moved further outwards and the 
chance of hitting the septum is smaller. Calculations show that at 30 kV (which 
is the nominal extraction voltage) a variation of 10% yields a shift of the extrac
tor opening in phase space of 4 mrad. 

The results of a number of experiments are given in fig. 5.23. For combined 
first- and second-harmonic extraction (case III) and three different values of 
the angle 'If of the first harmonic, the extraction efficiency is plotted as a function 
of the extractor voltage in fig. 5.23a. Figure 5.23b presents the results of similar 
measurements with first-harmonic extraction (case VII). 

We now consider, for example, the motion in the phase plane for 'If 45° 
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(fig. 5.15a) with first· and second-harmonic extraction. A larger extraction 
efficiency would be expected in this case for a shift of the extractor opening 
in the positive Pr direction of about 4-5 mrad, which corresponds to a decrease 
in extraction voltage of 3-4 kV. This is in accordance with the measurements 
for "I' = 45° in fig. 5.23a. The shift towards higher extraction voltages for 
negative 'lfJ values in fig. 5.16 is also demonstrated by the experiments (tp 
-15°). 

Similar shifts are observed for first-harmonic extraction when we compare 
the calculations given in figs 5.18 and 5.19 and the experiments in fig. 5.23b. 
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5.5.3. Extractor-position variation 

The numerical calculations show (cf. figs 5.15 and 5.16) that by moving the 
extractor towards larger radii the beam would suffer from strong nonlinear 
effects caused by the fringing field. This deteriorates the phase-plane areas and 
diminishes the extraction efficiency. The orbit-separation process is related to 
the behaviour of IPR 11 (cf. eq. (4.22)), or, in the case of an average field 
disturbance A 0 , to the behaviour of IPR -!A0'- 11. For optimum orbit 
separation it is desirable to pass the point where vR + tA0 ' I = 0 at a 
certain distance before the extraction radius. For this reason we find in all 
our experiments that, when the extractor entrance is at 31·2 em, the average 
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field contribution of the extraction coil (6) has to be negative ( -4·5 A). Moving 
the extractor outwards would require a smaller negative value of A0 , since the 
point where '~'R + tA0 '- 1 = 0 has also to move towards larger radii. This 
is experimentally verified by searching the average field setting A 0 , leaving all 
other parameters like main magnetic field and harmonic components unchanged 
for optimum extraction at different extractor positions. The results are given 
in table 5-II. 

TABLE 5-II 

The relation between extractor position, average field disturbance, internal 
current and extraction efficiency 

extractor position A 0 (A) internal extraction 
with respect to current efficiency ( %) 

nominal position (mm) (pA) 

0 -4·5 12·5 65 
+2 -3·25 13-5 46 
+4 -2·63 14 36 
+6 -2·0 12 31 

The relation between the values of the variation of the average field and the 
shift of the extractor is rather complicated since several effects play a role. 
Firstly, the phase slip, which is not exactly known in this region, is being 
changed so that the number of revolutions is also varied. Secondly, nonlinear 
effects due to the fringing field encountered at larger radii also influence the 
optimum position. 

Although the extraction efficiency is being optimized with variation of A 0 , 

in all cases we observe a decrease of this efficiency towards larger radii as ex
pected. 

5.6. Calculations and experiments with the magnetic focusing channel 

The behaviour of the particle beam behind the extractor is calculated using 
eqs (4.47) for the motion of the central particle and the equations given in 
sec. 4.9 for the motion in phase space around the central particle. 

As discussed before, the fringing field very strongly defocuses the extracted 
beam in horizontal direction. The magnetic focusing channel focuses the beam 
again horizontally, as is illustrated in fig. 5.24. This figure is an example of the 
results of the calculations, where we started in the horizontal phase plane with 
an area of20 mm mrad (Lir ± 2 mm, LJpr = ± 2·5 mrad). The transformed 
phase-plane areas at three different angles behind the entrance of the extractor 
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Fig. 5.24. Some results of ion-optical calculations of the extracted beam. The lines represent 
elongated horizontal phase-plane areas which are transformations of a 4 mm x 5 mrad area 
at the extractor entrance. The entrance of the magnetic channel is at 140° behind the extractor, 
the exit of the channel at 153° and the exit of the vacuum chamber at 182°. 

are considered: 140° (the entrance of the magnetic channel), 153° (the exit of 
the magnetic channel) and 182° (the exit of the vacuum chamber, cf. fig. 2.2). 
The drawn lines represent the phase-plane areas under the influence of the 
magnetic channel with a gradient of 1· 7 kG/em. The dashed lines represent the 
phase-plane areas when no magnetic channel is present. We observe that the 
channel changes the beam so that the divergence is reduced by a factor of four. 

The influence of the magnetic channel on the beam is also verified experi
mentally. For this purpose the horizontal distribution of the beam intensity at 
the exit of the vacuum chamber is measured for different excitations of the 
magnetic channeL Some results are shown in fig. 5.25 in which the beam inten
sity is given as a function of the horizontal coordinate perpendicular to the 
beam axis. The beam intensity is measured on a number of targets, each having 
a width of 12 mm. The current hitting a target is plotted versus the target posi
tion. 

The overall extraction efficiency in the optimum case (200 A) is 55%, with 
an internal current of 12·5 f.LA. 

It follows from the calculations given in fig. 5.24 that a part of the beam 
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Fig. 5.25. Measured beam-intensity distribution in the horizontal plane at the exit of the 
vacuum chamber for different excitations of the magnetic focusing channel. 

(at 140°) is not accepted by the magnetic channel, which has a width of 5 em. 
Current-distribution measurements at the location of the channel entrance show 
that in an optimum situation about 15-20% of the beam does not enter the 
channeL 

This situation becomes worse when only a first-harmonic component is used 
for extraction since then the radial divergence of the extracted beam is larger. 
According to the calculations the beam width at the entrance of the channel 
is a factor of 1·4 larger in this case. 

The total width of the target at the place of the channel, with which the 
extraction efficiency is measured, is 9·5 em. This means that the beam is not 
completely intercepted in the case of single first-harmonic extraction, which 
diminishes the measured extraction efficiency. 

Calculations of the vertical motion of the particles in the extracted beam 
indicate that no particles are intercepted by obstacles in this direction. Although 
the magnetic channel defocuses in the vertical direction, the main part of the 
beam is confined to a height of about 5 mm at the exit of the channel, which 
is also experimentally verified. 
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5.7. Concluding remarks 

From the calculations and experiments described above we can draw several 
conclusions: 
(1) The application of a second-harmonic magnetic-field component enhances 

the extraction efficiency for two reasons: 
(a) the orbit separation in the direction of the extractor is increased; 
(b) the horizontal phase-plane area of the internal beam is oriented so that 

the particle loss due to interceptance by the septum is minimized. 
(2) The second-harmonic magnetic-field component diminishes the radial mo

mentum spread of the extracted beam. This is a very important effect, 
especially for cyclotrons which have a strong horizontally defocusing fring
ing field. 

(3) The second-harmonic magnetic-field component increases the flexibility of 
the extraction process by adding an effective parameter, which diminishes 
the sensitivity for disturbances. 

(4) Extraction with only a first-harmonic component will be possible, especially 
for larger values of this component. An orbit separation comparable to that 
obtained with the combined first- and second-harmonic extraction does not 
require a first-harmonic component which is much larger than the ones we 
used in our experiments. However, a first-harmonic component will still give. 
an orientation of the horizontal phase-plane area with a larger radial 
momentum spread than a second-harmonic component (remark (2)). This 
is due to the difference in pattern of the flow lines of the orbit centres in the 
two cases. 

(5) The analytical formulation presents a simple and accurate description of 
the orbit separation process. This makes it possible to gain a detailed infor
mation about the extraction process at far less computer cost than when the 
numerical orbit integration has to be performed. In principle, the motion 
of the phase-plane areas can be obtained from the analytical formulas. The 
calculation of the phase-plane acceptance of the extractor will be more dif
ficult in this analytical approach. 



-87-

REFERENCES 

1) E. 0. Lawrence and N. E. Edlefsen, Science 72, 376, 1930. 
2 ) B. L. Cohen, Handbuch der Physik, Springer-Verlag, 1959, Heft XLIV, p. 126. 
3) H. Thomas, Phys. Rev. 54, 580, 1938. 
4

) E. L. Kelly, R. V. Pyle, R. L. Thornten, J. R. Richardson and B. T. Wright, 
Rev. sci. Instr. 27, 493, 1956. 

5) a. D. W. Kerst, Proceedings of CERN Symposium (Geneva 1956), p. 366. 
b. L. J. Laslett, Science 124, 781, 1956. 
c. K. R. Symon, D. W. Kerst, L. W. Jones, L. J. Laslett and K. M. Terwilliger, 

Phys. Rev. 103, 1837, 1956. 
d. M.S. Livingston and J.P. Blewett, Particle accelerators, McGraw-Hill, New York, 

1962. 
6

) a. M. E. Rose, Phys. Rev. 53, 392, 1938. 
b. B. L. Cohen, Rev. sci. Instr. 24, 589, 1953. 

7
) P. Kramer, H. L. Hagedoorn and N. F. Verster, CERN Report 63-19, 214, 1963. 

8
) H. L. Hagedoorn, N. Hazewindus and J. M. van Nieuwland, Proc. Fifth Int. 

Cyclotron Conference (Oxford 1969), Butterworths, London, 1971, p. 274. 
9

) a. M. Reiser and J. Mullendore, Nucl. Instr. Meth. 59, 93, 1968. 
b. M. Reiser, Proc. Fifth Int. Cyclotron Conference (Oxford 1969), Butterworths, 

London, 1971, p. 289. 
c. J. M. van Nieuwland, H. L. Hagedoorn, N. Hazewindus and P. Kramer, 

Rev. sci. Instr. 39, 1054, 1968. 
d. J. M. van Nieuwland and N. Hazewindus, IEEE-Trans. NS-16, 3, 454, 1969. 

10) H. A. Grunder, F. B. Selph and H. Atterling, CERN Report 63-19, 59, 1963. 
11) H. L. Hagedoorn and N. F. Verster, Nucl. Instr. Meth. 18/19, 201, 1962. 
12) A. A. Kolomensky and A. N. Lebedev, Theory of cyclic accelerators, North-Holland 

Publishing Company, Amsterdam, 1966, p. 74. 
13) a. J. Sanada et a!., Proc. Int. Conf. on High Energy Accelerators, Brookhaven Nat. 

Lab., 1961. 
b. A. A. Garren eta!., Nucl. Instr. Meth. 18/19, 525, 1962. 
c. D. R. Hamilton, Rev. sci. Instr. 22, 783, 1951. 
d. T. Teichmann, J. appl. Phys. 21, 1251, 1950. 
e. W. Walkinshaw, A spiral ridged cyclotron, A.E.R.E. Harwell internal Report, 1955. 
f. W. J oho, Thesis ETH Zurich, 1970. 

14
) N. F. Verster, Private communication, Internal Reports Philips Research Laboratories 

2855 and 2953 (1953). 
15

) Proceedings of the 2nd Conference on Practical Aspects of Activation Analysis with 
Charged Particles (Liege 1967), published by the European Communities (Euratom). 

16
) a. E. Bruninx and J. Crombeen, Int. J. appl. Rad. and Isot. 20, 255, 1969. 

b. R. S. Tilbury, J.P. Macamos and J. S. Laughlin, Proc. Conference on the Uses 
of Cyclotrons in Chemistry, Metallurgy and Biology (Oxford 1969), Butterworths, 
London, 1970, p. 117. 

17
) N. F. Verster and H. L. Hagedoorn, Philips tech. Rev., 24, 4/5, 106, 1962/1963. 

18
) J. Gee! and A. J. J. Franken, IEEE-Trans. NS-16, 3, 461, 1969. 

19) a. F. M. Penning, Physi<;a 4, 17, 1937. 
b. A. T. Finkelstein, Rev. sci. Instr. 11, 94, 1940. 
c. R. S. Livingston and R. J. Jones, Rev. sci. Instr. 25, 552, 1954. 

20) N. Hazewindus and A. Petterson, IEEE-Trans. NS-16, 3, 459, 1969. 
21 ) a. D. J. Clark, Proc. Fifth Int. Cyclotron Conference (Oxford 1969), Butterworths, 

London, 1971, p. 583. 
b. R. Beurtey, R. Maillard and J. Thirion, IEEE-Trans. NS-13, 4, 179, 1966. 

22) W. B. Powell and B. L. Reece, Nucl. Instr. Meth. 32, 325, 1965. 
23) a. N. Hazewindus, Proc. Fifth Int. Cyclotron Conference (Oxford 1969), Butterworths, 

London, 1971, p. 625. 
b. N. Hazewindus, Nucl. Instr. Meth. 76, 273, 1969. 

24) a. D. J. Clark, J. R. Richardson and B. T. Wright, Nucl. Instr. Meth. 18/19, 1, 1962. 
b. A. A. Garren and L. Smith, CERN Report 63-19, 18, 1963. 
c. A. A. van Kranenburg, H. L. Hagedoorn, P. Kramer and D. Wierts, IEEE

Trans. NS-13, 4, 41, 1966. 
25) H. W. Schreuder, Nucl. lnstr. Meth. 95, 237, 1971. 
26) a. A. A. Garren, D. L. Judd, L. Smith and H. A. Willax, Nucl. Instr. Meth. 18/19, 

525, 1962. 



-88-

b. B. H. Smith and H. A. Grunder, CERN Report 63-19, 304, 1963. 
27) a. G. T. de Kruiff and N. F. Verster, Philips tech. Rev. 23, 12, 381, 1961/1962. 

b. R. S. Lord, E. D. Hudson, F. M. Russell and R. J. Jones, CERN Report 63-19, 
297, 1963. 

c. E. D. Hudson and F. E. McDaniel, Proc. Fifth Int. Cyclotron Conference (Oxford 
1969), Butterworths, London, 1971, p. 180. 

28) A. C. Paul and B. T. Wright, IEEE-Trans. NS-13, 4, 74, 1966. 
29) a. A. P. Banford, Transport of charged particle beams, Spon, London, 1966. 

b. K. G. Steffen, High energy beam optics, McGraw-Hill, New York, 1965. 
c. J. J. Livingood, The optics of dipole magnets, Academic Press, New York, 1969. 

30) L. N. Hand and W. K. H. Panofsky, Rev. sci. Instr. 30, 927, 1959. 
31 ) a. J. L. Tuck and L. C. Teng, Phys. Rev. 81, 305, 1951. 

b. K. J. LeCouteur, Proc. phys. Soc. B 64, 1073, 1951. 
c. N. F. Verster, Proc. Conference on Sector Focused Cyclotrons, Sea Island, National 

Academy of Sciences- National Research Council, Washington D.C., Publication 
656, 76, 1959. 

32) a. H. L. Hagedoorn and N. F. Verster, CERN Report 63-19, 228, 1963. 
b. H. L. Hagedoorn and P. Kramer, IEEE-Trans. NS-13, 4, 64, 1966. 

33) H. C. Cor ben and Ph. Stehle, Classical mechanics, John Wiley & Sons Inc., 1960, 
p. 314. 

34) R. W. Hamming, Numerical methods for scientists and engineers, McGraw-Hill, New 
York, p. 211. 

35) N. F. Verster and H. L. Hagedoorn, Nucl. Instr. Meth. 18/19, 327, 1962. 



-89 

Summary 

The aim of the present investigation is to study the phenomena that play a 
role in the extraction of the particles accelerated in a Compact Isochronous 
Cyclotron. 

Extraction is the process that removes the particles from the accelerator 
when they arrive at the largest radius in the cydotron. The extracted particles 
can then be transmitted through an evacuated pipe to distant experimental 
areas. The number of particles lost during the extraction process should be kept 
as small as possible. 

Two main factors determine the extraction efficiency: (I) the behaviour of 
the particles before they are extracted, (2) the mechanism which deflects the 
particles. 

The most important parameters describing the orbital behaviour of the par
ticles in an isochronous cyclotron are introduced in chapter 1. The represen
tations of the motions of the particles with respect to an undisturbed (ideal) 
orbit are discussed. A representation in which this motion is regarded as the 
motion of the orbit centre gives a clear insight into the influence of magnetic
field disturbances on the particle motion. 

A technical description of the Compact Cyclotron and of the most important 
parts is given in chapter 2. The elements needed for the extraction (the electric 
deflection and the magnetic focusing of the deflected beam) are discussed in 
chapter 3. The deflection is effected by a channel which produces an outward
directed electrostatic field. 

To deflect the particles with high efficiency the last particle orbits in the 
cyclotron must be sufficiently separated in the horizontal plane. When this 
separation is small (of the order to 1 to 2 mm) too many particles hit the wall 
of the electric channel, and are lost. A separation of about 4 mm is necessary 
to minimize these losses. The increase of the orbit radius due to the energy 
increase is insufficient to achieve this separation in an isochronous cyclotron. 

However, the addition of small disturbances to the magnetic field makes it 
possible to influence the orbital behaviour of the particles so that the displace
ments in the direction of the channel entrance increase. This process can be 
described by following the motion of the orbit centre. The theory of this motion 
is given in chapter 4. Field disturbances like first- and second-harmonic magnetic 
components can be produced by small coils placed in the air gap of the magnet. 
The effects of the disturbances separately and in combination can be described 
by analytical formulas. It turns out that a first-harmonic component moves the 
orbit centre along circles whose radius and centre position depend on the prop
erties of the magnetic field. A sufficient orbit separation (extraction efficiency 
> 40 %) can be achieved in this way if a suitable first harmonic is used. The 
addition of a second-harmonic magnetic-field component changes the circles 
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to ellipses or hyperbolas, depending on the strength of this component (mainly 
determined by its radial derivative). 

An advantage of displacing the orbit centre along a hyperbola is that, at a 
certain moment, the increase of the orbit separation occurs in a practically 
constant direction. This enlarges the effective orbit separation and, moreover, 
has the effect that the area in phase space representing the total particle beam 
is changed in such a manner that a high extraction efficiency (65 %) is achieved 
together with a small divergence of the external beam. 

The motion of the particle can also be determined by numerical integration 
of the equations of motion (with variable coefficients given by the magnetic 
field). 

The results of the analytical and numerical calculations for different magnetic
field components are discussed in chapter 5. They are compared with the results 
of a large number of experiments done with the Compact Cyclotron. In these 
experiments the extraction efficiency, which is a good measure of the perform
ance of the orbit separation process, is measured for different values of the 
magnetic-field disturbances. Most experimental results are in good agreement 
with the theoretical expectations. 

Experiments involving variation of the electric-field strength of the deflection 
channel (extraction voltage) also give results which agree with the calculations. 

Calculations and measurements of the magnetic focusing of the extracted 
beam are discussed at the end of chapter 5. 

It is concluded that the addition of a second-harmonic field disturbance 
increases the extraction efficiency, enhances the quality of the external beam, 
improves the flexibility of the extraction system and reduces the sensitivity to 
disturbances at the initial acceleration. The relatively simple analytical cal
culations of the motion of the orbit centre yield a quick and accurate insight 
into the orbit separation process. The results of the analytical calculations 
compare very well with those obtained from the far more complicated 
numerical calculations. 
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Samenvatting 

Het doel van het onderzoek, beschreven in dit proefschrift, is de bestudering 
van de verschijnselen die een rol spelen bij de extractie van de deeltjes die ver
sneld worden in een Compact Isochroon Cyclotron. 

Extractie is het proces waardoor de deeltjes, die het gehele versnellingstraject 
hebben doorlopen en op de grootste straal in het cyclotron zijn aangekomen, 
buiten de versnellingsmachine worden gebracht, zodat zij daarna door een 
geevacueerde pijp naar afzonderlijke experimentele opstellingen kunnen worden 
geleid. Het is wenselijk, dat tijdens dit proces zo weinig mogelijk deeltjes ver
loren gaan. 

Als de twee belangrijkste factoren die de extractie-efiicientie bepalen kan 
men onderscheiden: (I) het gedrag van de deeltjes voordat zij geextraheerd 
worden, (2) de wijze waarop de afbuiging van de deeltjes plaatsvindt. 

In hoofdstuk l worden de voornaamste begrippen, waarmee het baangedrag 
van de deeltjes in een isochroon cyclotron beschreven wordt, geintroduceerd. 
De representatie van de bewegingen die de deeltjes kunnen maken ten opzichte 
van een ongestoorde (ideale) deeltjesbaan wordt hier besproken. Een represen
tatie, waarin de invloed van verstoringen in het magneetveld van het cyclotron 
op de beweging van de deeltjes duidelijk kan worden waargenomen, is die waar
bij de beweging beschouwd wordt als een beweging van het baanmiddelpunt. 

Een technische beschrijving van het Compact Cyclotron en de voornaamste 
onderdelen wordt gegeven in hoofdstuk 2 terwijl de elementen die nodig zijn 
voor de extractie (de elektrische afbuiging en de magnetise he focusering van de 
afgebogen deeltjesbundel) besproken worden in hoofdstuk 3. De afbuiging 
komt tot stand in een kanaal dat een naar buiten gericht elektrostatisch veld 
produceert. 

Een belangrijk proces dat plaats moet vinden alvorens de elektrische afbui
ging, met hoge efficientie, kan geschieden, is de ruimtelijke scheiding (in het 
horizontale vlak) van de laatste deeltjesomwentelingen in het cyclotron. Indien 
deze scheiding klein is (in de orde van 1 - 2 mm) raken te veel deeltjes de wand 
van het elektrisch kanaal en zijn verloren. Een separatie van ongeveer 4 mm 
is nodig om de verliezen tot een minimum te beperken. De toename van de 
omwentelingsstraal als gevolg van de energietoename is in een isochroon cyclo· 
tron onvoldoende om deze scheiding tot stand te brengen. 

De toevoeging van kleine verstoringen aan het magneetveld biedt echter de 
mogelijkheid het baanverloop van de deeltjes zodanig te beinvloeden dat de 
verplaatsingen in de richting van de ingang van het elektrisch kanaal groter 
worden. Dit proces kan beschreven worden door de beweging van het baan
middelpunt te volgen. De theorie van deze beweging wordt in hoofdstuk 4 
gegeven. 

Als veldverstoringen kan men eerste- en tweede-harmonische magnetische 



-92 

componenten aanbrengen door middel van kleine spoelen in de lucbtspleet van 
de magneet. De invloed van deze verstoringen afzonderlijk en in combinatie is 
met analytische formules te beschrijven. Hierbij blijkt, dat een eerste-barmo
niscbe component het baanmiddelpunt verplaatst langs cirkels waarvan de 
straal en de plaats van het middelpunt bepaald worden door de eigenschappen 
van bet magnetiscb veld. Op deze wijze kan men, bij een gunstig gekozen eerste 
harmoniscbe, voldoende baanseparatie maken ( extractie-efficientie > 40 %). 
Door toevoeging van een tweede-barmoniscbe veldcomponent (waarbij vooral 
de radiele afgeleide van deze component belangrijk is) worden de cirkels ver
anderd in ellipsen of byperbolen, afbankelijk van de sterkte van deze component. 

De verplaatsing van bet baanmiddelpunt langs een byperbool beeft bet voor· 
deel dat de toename van de baanseparatie op zeker moment in praktisch con
stante ricbting plaatsvindt. Dit vergroot de effectieve baanscbeiding, maar beeft 
bovendien als belangrijk neveneffect dat bet vlakje in de faseruimte, dat de 
gebele deeltjesbundel representeert, zodanig vervormd wordt, dat met boge 
efficientie geextrabeerd kan worden (65 %) en de externe bundel een gunstige 
vorm (kleinere divergentie) krijgt. 

Het gedrag van de deeltjes kan ook numeriek bepaald worden door de be
wegingsvergelijkingen (met variabele coefficienten die door bet magneetveld 
gegeven worden) te integreren. · 

Een aantal oplossingen van de analytiscbe en numerieke berekeningen voor 
verscbillende magnetiscbe veldcomponenten, wordt in boofdstuk 5 besproken. 
Zij worden vergeleken met een groot aantal experimenten die uitgevoerd wer
den met bet Compact Cyclotron. Bij deze experimenten werd de extractie
efficientie, een goede maat voor bet functioneren van bet baanscbeidingsproces, 
gemeten voor verscbillende waarden van de magnetiscbe veldverstoringen. De 
meeste experimentele resultaten stemmen goed overeen met de tbeoretiscbe 
verwacbtingen. 

Extractiemetingen uitgevoerd met variatie van de elektriscbe veldsterkte 
(extractie-spanning) in bet afbuigkanaal, geven ook resultaten die in overeen
stemming zijn met de berekeningen. 

Berekeningen en metingen aan de magnetiscbe focusering van de geextrabeer· 
de bundel worden aan bet einde van boofdstuk 5 besprokeP.. 

Met betrekking tot de toevoeging van een tweede-barmoniscbe veldverstoring 
kan men concluderen dat deze component de extractie-efficientie verboogt, 
de externe-bundelkwaliteit verbetert, de flexibiliteit van bet extractie-systeem 
vergroot en de gevoeligbeid voor verstoringen aan bet begin van het versnellings
proces verkleint. De betrekkelijk eenvoudige analytische berekeningen van de 
verplaatsing van het baanmiddelpunt geven een snel en nauwkeurig inzicbt 
in bet baanseparatieproces. Uit de vergelijking van de resultaten van de 
analytiscbe berekeningen met die van de gecompliceerde numerieke berekeningen 
blijkt een zeer grote mate van overeenstemming. 
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