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0 SCOPE OFTHE PRESENT STUDY 

In August 1969 the group named "Technological-physical applications involving 

the isochronous cyclotron" of the Department of Physical Engineering of the 

Eindhoven University of Technology (EUT) started with, among others, a study 

whose aim is 

(I) to obtain a better insight into the behaviour of the charged particles 

beam in the cyclotron and in the corresponding beam transport system; 

(2) to investigate the possibility of automatic control of optimum operatien 

of the cyclotron and the beam transport system; 

(3) to perfarm such an automatic control. 

For optimum eperation of the cyclotron and the beam transport system there 

are several requirements including (i) to know very accurately the measure 

of isochronism of the beam, and to minimise the deviation of the magnetic 

induction from the isochronous value, (ii) to maximise the transmission through 

the extracting device, and (iii) to maximise the transmission through the 

beam transport system. 

The main part of this study is devoted to the design and the performance of 

a beam diagnostic system by means of which the beam properties mentioned are 

measured continuously and without (obtrusive) interception of the beam. The 

present status of the project is that data measured by means of a CAMAC data 

handling system can be fed into a Digital Equipment Corporatien PDP9 computer 

available at the laboratory. Most of the measurements described have been 

carried out with this set-up. 

Regarding the automatic control, a strategy will be effered without going 

into control-theoretical details. This philosophy is checked with a number 

of measurements. The automatic control by computer-controlled feed-back to 

a number of cyclotron parameters is under construction at the present moment 

and is not described in this study. 
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In chapter l the bistorical development and a concise theory of the partiele 

motion in the isochronous cyclotron will be given. Furthermore 0 the recent 

research on beam diagnostics and automatic control of isochronous cyclotrons 

in various institutes is reviewed. Finally, the major hardware and software 

aspects of the use of a CAMAC data handling system are described. 

This study is applied to the Philips prototype isochronous cyclotron. Although 

the construction and performance of this accelerator have been described 

extensively in earlier publications, for convenianee a summary will be given 

in the first part of chapter 2. The design considerations and the actual 

set-up of the beam transport system will be given in the second part of 

chapter 2. 

Chapter 3 contains some numerical orbit calculations, in order to be able to 

understand the behaviour of the beam for given values of cyclotron parameters 

and to explain the results of the measurements. 

In chapter 4 a general classification of beam properties and cyclotron 

parameters and some mathematica! relations regarding optimum control Will be 

given. 

The beam diagnostic system developed will be the subject of chapter5. 

With this set-up a large number of measurements have been carried out 0 

either to check the system and yielding the behaviour of beam properties in 

dependenee on cyclotron parameters (chapter 6), or to obtain specific data 

needed for the automatic control (chapter 7). 

Thus. the essential part of this study is described in the last three chapters. 

At the head of the faeing page is a retH~nt iZZustration of the Einàlu:n>en isochronous cycZotron, sh<Ning 

ion source, poZeneed ion sourtH~, target, and the first part of the beam tl'<ll'lsport cystem (cf. section 2.1) 



INTRODUCTION 

The first section is devoted to the kistorical deveZopment of the isochronous 

cyclotron. In section 1.2 those eZements of the theory of the motion of 

charged particZes in an isochronous cyclotron, that are of particuZar 

importance to this study are briefZy reviewed: the magnetic field, radial 

and axiaZ osciZZations, resonances, and the extraction process. Furthermore, 

the phase space representation wiZZ be memorised. The recent research on 

beam diagnostics and automatic control regarding isochronous cyclotrons wiZZ 

be the subject of the next two sections, respectiveZy. FinaZZy, the major 

hardlvare and software aspects of the use of a CAMAC data handZing system 

wiZZ be described. 

1.1 Ristorical development of the isochronous cyclotron 

For the first attempts to use high-energy particles for physical investigations 

Rutherford has been credited. Ris famous experiment, performed in 1919, 

consisted in splitting nitrogen nuclei with the a-particles of 5 to 8 MeV 

from radium and thorium. 

A notable step forward was made in 1932 by Cockcroft and Walton, who fot the 

first time succeeded in provoking a nuclear reaction with the help of 

accelerated particles. They used 0.6 MeV protons, accelerated in a special 

high-voltage device, consisting of a Succession of voltage multiplying 

rectifier circuits (Coc30,32). In the same period, Van de Graaff invented 

his electrostatic generator, making possible the storage of a charge on the 

outer surface of an insulated conducting sphere of large radius with the help 

of a moving endless belt, resulting in a voltage of 1.5 MV (vdG31,33). 

The first ideas concerning the principle of a cyclotron have been initiated 

by WiderÖe, who in 1928 published his thesis on the principles of a linear 
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accelerator (linac) (Wid28). This accelerator consistedof three coaxial 

cylindrical electrades with an RF alternating electric field being applied 

between the central and the two neighbouring electrodes. The frequency of 

the electric field was chosen such that the electrode potentials were reversed 

during the traversion time of the injected ions through the central electrode 

(principle of resonant acceleration). The potential drop being twice the 

accelerating voltage, the final energy reached with this linac was about 

I MeV for K+ and Na+ ions. 

In 1929, Lawrence, stimulated by the paper just mentioned, invented the 

cyclotron, in which this resonance principle is used (Law30). In the cyclotron 

a magnetic field deflects the particles in circular orbits. The equations of 

motion predict a constant revolution period, proportional to the mean 

magnetic induction and the charge, and inversely proportional to the mass of 

the particles, but independent of their energy (cf. sectien I .2). This enables 

the particles to be accelerated in resonance with an RF alternating electric 

field. 

The first experiments verifying the principle of cyclotron resonance were 

performed at the University of California, Berkeley, USA, and are described 

in (Liv31). The first European cyclotron was operabie in 1937 at the then 

State Radium Institute in Leningrad, USSR (Ruk37). 

The number of revolutions and, hence, the final energy of this classica! 

cyclotron is limited. The maximum attainable energy for protons lies in the 

order of 10 to 20 MeV, depending on the maximum applicable accelerating 

voltage. The limitation is caused by the fact that, owing to a radially 

decreasing magnetic induction and to the relativistic mass increase of the 

particles during acceleration, the revolution frequency will gradually differ 

from the frequency of the RF accelerating voltage. This implies a slowly 

increasing deviation of the phase angle of the particles from that of the 

RF accelerating voltage, which in the case of over 90 deg results in a 

deceleration of the particles. The radially decreasing magnetic induction 

is prescribed by the condition for axial focussing of the particles. 

The increasing deviation of the RF phase angle of the particles can be 

evereome by applying either a decreasing frequency of the RF accelerating 

voltage or a radially increasing magnetic induction (the so-called isochronous 

field). The first possibility has gained attention after the discovery of 

the principle of phase stability by Veksler and McMillan in 1944-45 (Vek44, 

McM45). This principle states that particles with slight phase angle or 

energy errors will continue to be accelerated with minor oscillations in 
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phase angle and energy around a synchronous phase angle and energy value. 

This led, among others, to the development of the frequency modulated (FM) 

cyclotron or synchrocyclotron. With this type of accelerator the proton 

energy limit is extendedtoabout 600 . MeV. The average beam current i s 

relatively small as compared with that of the classica! cyclotron, owing to 

the fact that the outcoming beam has a macro time structure, e.g. 100 pulses 

per second of a duration of 75 us each. 

The second possibility, an increase in the magnetic induction with radius, 

could only be considered if a solution was found for the now occuring axial 

defocussing forces. As early as 1938, Thomas suggested to introduce an extra 

axial focussing force by using sector-shaped iron shims on the pole faces 

(radial ridge) (Tho38). The azimuthally varying field thus obtained yields 

a small oscillating radial component of the velocity, vr' which, combined 

with the azimuthal component of the magnetic induction, B
6

, causes an axial 

focussing force. The Thomas focussing principle is a special case of the 

alternating magnetic gradient (AG) focussing principle (Chr50,pa,Cou52). 

Two additional and interconnected axial forces were discovered in 1955 by 

Kerst and Laslett. Kerst proposed to use spiral instead of radial shims 

(spiral ridge). This suggestion introduces a radial component in the magnetic 

induction, Br' which, combined with the azimuthal component of the velocity, v
6

, 

yields an alternating axial force. This gives rise to a net focussing force 

in consequence of the AG principle (Ker56). The second (Laslett) force is due 

to the fact that the passage through the focussing field gradient is longer 

than that through the defocussing gradient, likewise yielding a net focussing 

result (Las56). 

It should be noted that from Thomas' publication in 1938 it took nearly two 

decades befere the first proton accelerator of this type had been designed 

and built (Hey58). In the literature this type of cyclotron is named 

azimuthally varying field (AVF), sector focussed or isochronous cyclotron. 

We shall confine ourselves to the last name, which emphasizes the main 

occasion of the invention. In the next section of this introductory chapter 

we shall discuss the most important properties of an isochronous cyclotron. 

The proton energy limit of this type of cyclotron extends up to 500 MeV and 

over. Since these machines only have a micro duty cycle, being the time 

duration of a beam pulse expressed as a fraction of the time duration between 

two successive pulses, the average beam current is much higher than that of 

synchrocyclotrons. Furthermore, the isochronism of the magnetic field may be 

effectuated by using a number of concentric coils, which can be excited 
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independently of each other. Tagether with the possibility of setting the 

frequency of the accelerating voltage within a certain range, these offer 

the possibility of developing multi-partiele variable energy isochronous 

cyclotrons. With this in mind it is not surprising that a number of synchro

cyclotrons have been or are being converted into variable energy isochronous 

cyclotrons. 

To expand the number and types of experiments to be performed with a cyclotron, 

the beam is extracted and guided to various experiment areas via a beam 

transport system. 

1.2 Partiele motion in the isochronous cyclotron 

1.2.1 The magnetic field 

The equations of motion of charged particles in combined electric and magnetic 

fields are given by among others (Liv62,vNi72). For this purpose cylindrical 

coordinates are used with (ê,;,;) being a right-handed system in this 

sequence. It has the advantage that a partiele with positive charge in a 

magnetic field pointing in the positive z-direction rotates in the direction 

of increasing 8. The magnetic induction Bz in the symmetry plane z = 0 

(the so-called median plane) is now given by 

with 

<B (r)> 
z 

<Bz(r)> {1 + 

<Bz(r)> {I + 

27T 

2; J B (r, e) 
z 

0 

I An(r) cos ne + I Bn(r) 
n~l n=l 

I 
n=l 

Cn!r) cos n{e-1/!n(r)}} 

de 

sin ne} 

(I . I) 

(I. 2) 

For an N-fold symmetrie field equation (1. I) contains terms in which 

n = kN (k = 1,2,3, ..• ). Furthermore, first and second harmonie contributions 

are given by substituting for n the values and 2, respectively. These latter 

components are normally very small. They are generally applied to imprave 

the process of extraction of the particles from the cyclotron. 

In the case of spiral sectors the phase angle lj!n of each Fourier term in 

equation (I. I) will depend on r. The spiral angle ç is defined as the angle 

between the radius vector and the tangent vector at a point of the spiral. 

The relation between ç and 1/!n is given by 

tan ç (I. 3) 
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The Eindhoven isochronous cyclotron has a threefold symmetry (cf. chapter 2). 

In order to achieve an equal revolution frequency for the particles at all 

radii, the mean magnetic induction <Bz(r)> must be given by (Hag62) 

<B (r)> 
z 

B (0) {I -
z 

C (r) 

I 2(~LJ) 
n=l 

dC (r) 2 - 1 

{Cn(r) + r d/ }} (I - v~~) ) 
2 

(1.4) 

in which Bz(O) is the magnetic induction at the cyclotron centre, Cn the 

relative amplitude of the n-th field harmonie, v(r) the velocity of a 

partiele at radius r and c the velocity of light in vacuum. The (angular) 

revolution frequency then equals 

w 
ZeB (0) 

z 
m 

0 

with Ze the charge of the ion and m
0 

its rest mas s . 

(I. 5) 

The required radial shape of the magnetic field can be achieved by appropriate 

shaping of the pole shims, ar by a number of concentric correction coils. 

In bath cases deviations from the ideal isochronous field will occur, 

resulting in phase excursions of the particles . The phase angle ~(r0 ) at a 

radius r
0 

is given by 

ZmoVdee 
sin ~ 0 + 

rr{ZeB (0)} 2 
z 

r 

J

o <B (r)> - B. (r) 
--"z-..."---.,.-,1:-s'-o__ r d r , 

Biso(r) 
0 

(I • 6) 

where ~ 0 represents the initial phase angle, Vdee the amplitude of the 

accelerating voltage and Biso(r) the magnetic induction of the isochronous 

field at radius r. 

1. 2. 2 Partiele oscillations 

(a) radial and axial oscillations 

Consider two particles with charge e and momenturn p. The first partiele 

moves on the equilibrium orbit r
0

( 6 ) given hy (Hag62) 

r (6) 
0 

I (akN cos kNe + BkN 
k=l 

sin kN6) (I. 7) 

The quantities a, 8 and y vary with the Fourier coefficients given i n 

equation (1. I). The first term on the right-hand side represents t he 
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constant radius of the equilibrium orbit in a rotationally symmetrie 

field. The azimuthally varying field causes a constant correction in the 

average radius (second term) and a scalloping around this average value 

(third term). In the case of threefold symmetry, the shape of the 

equilibrium orbit is slightly triangular. 

The second partiele moves on an orbit, of which the radial and axial 

coordinates are given by r(S) = r
0

(8) + x(S) and z(S), respectively. 

Here x(S) and z(S) represent the deviations with respect to the 

equilibrium orbit. 

The equations of motion are second-order differential equations of the 

Mathieu type, i.e. with periadie restoring force. The solutions can be 

written as the product of a so-called Floquet factor with periodicity 

equal to that of the magnetic field and a periodic factor descrihing the 

free oscillation of the partiele (see e.g. Mor53,Kol66,Whi58). The 

Floquet factor can be eliminated by a periadie transformation, resulting 

in the simple equations of motion 

x" + v2 x = 0 
r 

z" + v2 z 0 
z 

(I. 8a) 

(I .8b) 

where the primes denote derivatives with respect to the azimuthal position 8. 

In these equations, descrihing the so-called betatron oscillations, vr 

and v
2 

are the radial or axial oscillation frequency, respectively, giving 

the number of radial or axial oscillations performed during ene revolution 

of the partiele in the magnetic field. 

In the case of a rotationally symmetrie magnetic field, vr and v
2 

are given 

by 

V 
r 

V 
z 

in which n is the so-called field index, defined by 

d<B (r)>/<B (r)> 
z z 

r d<B (r)> 
z 

n = 
dr/r <B (r)> dr 

z 

(1. 9a) 

(I. 9b) 

(I. JO) 

Simultaneous radial and axial focussing occurs only when v2 and v2 are 
r z 

both positive. Complete expressions for vr and v
2 

for an azimuthally 

varying field are given by Hagedoorn and Verster (Hag62). 
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(b) resonanees 

If non-linear terros are taken into account in the equations of motion, 

the latter are generally coupled. If the radial and axial oscillation 

frequencies happen to be related in a manner invalving small integers: 

kv + lv = m (k, 1 and m integer) , 
r z 

(I. 11) 

resonance effects occur. Partial or total loss of ions may result if 

the energy gain per revolution is so small that the resonance condition 

is maintained sufficienctly long for the oscillation to grow to 

'disastrously' large amplitudes. Especially important in our case are the 

resonanc.es 

V 
r 

V 
r 

V 
z 

(k 

0.5 (k 

I, 1 0, m I) 

I, 1 -2, m 0) 

0, 1 2, m I) 

The resonance v = 2v is a difference resonance. Characteristic of this 
r z 

type of resonance is that energy in one mode of oscillation can be trans-

ferred to the other mode, and back again. If the radial oscillation 

amplitude is in the order of mm and the resonance region is traversed in 

only a few revolutions owing to a sufficiently high accelerating voltage, 

the growth in the axial oscillation amplitude is limited. This is what 

happens in our cyclotron indeed. 

The resonances v = I and v 
r z 

0.5 are called imperfection resonances, 

since they are caused by small perturbations in the magnetic field. Here 

the amplitude of the radial or axial mode of oscillation can increase 

dangerously. However, in these cases there is no transfer of energy from 

one mode to the other. 

It is illuminating to follow the changing values of the oscillation 

frequencies by platting one against the other (cf. fig. 1. 1). 

The effect of the resonances mentioned will be illustrated by some numerical 

calculations in chapter 3. 

1.2.3 Extraction 

When the particles have attained their maximum energy they have to be extracted 

from the cyclotron and transmitted to a number of experiment areas via a beam 

transport system. The extraction process aims at a partial compensation of 

the Lorentz force in the magnetic field in such a way that the rad ius of 



JO 

vr·l )'r-Vz•O 

1.01------'1.--------.1''----Vz ·1 

Fig. 1.1 vr vs vz plots 

-Vr 

(a) The solid lines represent resonanaes of the types kvr = m, lvz = m, 

and kvr + lvz = m; the braken lines represent resonanaes of the type 

kvr- lvz = m (k, land m positive integer). 

(b) The locus of the operating point in the EUT isoahronous cyclotron at 

a eentre magnetic induetion of 1.4414 T (26 MeV protons); the 

corresponding radii are indicated in cm 

curvature is augmented during the last revolution, forcing the particles to 

leave the magnetic field of the cyclotron. 

For this purpose we have to ensure a sufficient separation of the last few 

revolutions and a device which extracts the particles from the last orbit 

and farces them into an orbit outside the cyclotron. 

The radial coordinate of the position of a partiele is given by the super

position of the equilibrium orbit and the radial oscillation (vNi72} 

(J.l2) 

Here r
0

(8) is the radial position of a partiele on the equilibrium orbit, 

x
0 

the amplitude of the radial oscillation around the equilibrium orbit, 

and 8
0 

some phase angle. 

Consider the radial position at a certain constant azimuth ei. Wethen obtain 

a stroboscopic view of the radial motion for azimuthal (e} intervals 

corresponding to one revolution. Since vr ~ I it is convenient to rewrite 

equation (1. 12) as 

(J. 13}_ 

where n stands for the number of revolutions. The separation between two 



successive orbits is then given by 

6r
0

(6i) + 6x
0 

sin {2nn(vr-l) + 6
0

) 

+ 2n(vr-l)x
0 

cos {2nn(vr-l) + 6
0

) • 

The orbit separation can be accomplished in several ways: 

(a) orbit separation by energy inerease 

I I 

(1.14) 

This increase is represented by the first term in the right-hand side of 

the above equation. The energy of the particles with charge state Z and 

mass number A is given by 

(1.15) 

with E in MeV, r in m, and Bz inT, m being the rest mass of a proton. 
op 

This yields for the orbit separation 

(I. I 6) 

where 6E is the increase in energy per revolution. 

In a classical cyclotron the accelerating voltage is so high that the orbit 

separation obtained in this way is sufficient. In an isochronous cyclotron 

the accelerating voltage is much lower, which means that the orbit 

separation by energy increase is not sufficient to obtain adequate extraction. 

(b) orbit separation by inerease in oseillation amplitude 

This increase is represented by the second term in the right-hand side 

of equation (1.14). It can be obtained by using first and/or second 

harmonie magnetic field disturbances in the region r% r
0

: 

Bs(x,e) = <Bz(r
0

)> {c
0 

+ c1 cos {6- ~ 1 (r)} +·c
2 

cos {6- ~2 (r)}}. 

This method can be applied only in the region where vr is close (l.l 7) 

to unity. Different performances of this type of orbit separation are 

the regenerative extraction method (TucSI ,1Co51,Ver59) and the second 

harmonie extraction method (vNi72). 

Limitations of the method are found in non-linear effects occuring in the 

fringing field and the vr = 2vz resonance. 

(e) orbit separation by inerease in oseil lation .phase angle 

The increase is given by the last term in the right-hand side of 

equation (1.14). The larger the oscillation amplitude the larger 
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the separation acquired. This methad of orbit separation, which can be 

applied when vr differs substantially from unity, is called the 

precessional extraction methad (Hag63,Hag66a). It is obvious that the 

methad can be effective only after a sufficiently large oscillation 

amplitude has been built up. 

When a sufficiently large orbit separation has been realised the particles in 

the last orbit have to he extracted from the cyclotron. This can he done in 

several ways: 

(a) by an outward-directed electric field (electrostatic extraction) 

(Gar62, Smi63) ; 

(b) by a radial decreasein the magnetic induction (Lor63,Hud69); or 

(c) by stripping off electrans in the case of negative ions (Pau66,Ri 72). 

The first two methods, which are most commonly used, require some sart of 

channel in which an electric or magnetic field is produced. In the last 

revolution befare entrance into this channel the orbit separation must he 

greater than the thickness of the inner wall of the channel to avoid the 

particles hitting it. 

1.2.4 Phase space r epresentation 

The radial (horizontal) and axial (vertical) behav iour of the total partiele 

beam can be represented in the phase space of Liouville. According to 

Liouville's theerem the density of points in a phase space area, occupied by 

an assembly of particles whose generalised coordinates Qk and momenta Pk 

(the so-called conjugate variables) are derivable from a Hamiltonian H by 

the relations 

and (I .lB} 

will remain constant throughout the motion (see e.g. Cor60,Lan64) . The 

radial (r) and axial (z) displacement from the equilibrium orbit and the 

transverse eauanical momenturn deviations (Pr and P
2

) as coordinates forma 

four-dimensional phase space . 

If the motions are not coupled - which generally is a good approximation in 

the main part of the cyclotron - the radial and axial motions can he described 

in separate phase planes (r,pr) and (z,p
2
), in which pr and p

2 
have the meaning 

of linear (kinetic) momenta. 

A single partiele is represented by a point in such a phase plane. If successive 

revolutions are observed at azimuthal positions ei= 8
0 

+ 2~i/3 (I = 0 ,1,2, ••• ) 
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(stroboscopic view) the Floquet factor is eliminated and only the free 

oscillation is shown: the phase plane point then moves on an e llipse, the 

eigenellipse. The frequency of this motion equals the oscillation frequency 

of the particle. The shape of the eigenellipse is deterroined by the value of 

the Floquet factor at the azimuthal position involved. 

A beam of particles is represented by a set of points , distributed over a 

certain area in both phase planes. In the case of linear motion the particles 

move on similar eigenellipses the sizes of which depend on t he respe ctive 

oscillation amplitudes. The areas of these phase plane domains remain constant 

during the motion of the particles, though the shapes will generally change 

during acceleration. 

For the extracted bearo a phase plane representation is used in which the angle 

(x' pr/p, z' = p
2
/p, p being the total linear roomentum) of the partiele 

orbit with respect to an ion-optica! axis is plotted against the corresponding 

displacement (x,z). This is permissible since the total moroenturn pis constant 

for the extracted beam. Generally, similar plots are used for the internal 

beam. Then, however, it is clear that the phase plane area expressed in these 

coordinates is inversely proportional to the square root of the energy . 

The beam quality at a certain energy in both transverse directions is defined 

as the area of the phase plane domain which is occupied by, for instance, 

80% of the beam. This quality is expressed in rom mrad. 

1.3 Beam diagnostic research with isochronous cyclotrons 

A clear review of beam diagnostic equipment has been given by Clark in 1966 

(Cl 66). To obtain a survey of the more recent beam di.agnostic research at 

ether institutes with an isochronous cyclotron or a synchrocyclotron, 

extensive literature research has been performed. Furthermore, a questionnaire 

on this subject has been sent to these institutes. About 54 of the 70 

institutes from Howard's table (How72) were estimated to spend some time on 

beam diagnostics. Of these,about 60% responded. Finally, the author has been 

able to visit most of the institutes mentioned in this section. The information 

thus obtained is being compiled in an internal report, which will appear 

shortly (Sch73). 

The data show that most of the beam diagnostic work or research on automatic 

control is being performed at the institutes listed in table I. I, which gives 

the most significant data of the cyclotrons. Table 1.2 cernprises the bearo 

properties as observed in the various institutes and the beam diagnostic 
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Table 1.1 Charaeteristie values of 

2 4 7 13 16 17 26 32 

UCL TRIUMF ISN ISKP JUL IC KFK EUT SIN 

pole face 0 /m 2.16 17. 17 2.12 2.00 3.30 2.25 I. 30 3.6-9.3 

N-fold symmetry 4 6 4 3 3 3 3 
sectors 8 

correction coils 12 54 9 10 
gradient coils 7 12 18 

harmonie coils 2 13 I 5 3 

dee(s) 2 2 2 3 3 3 I 4 

dee angle /deg 80 180 40 42 40 60 180 cav • 

max. dee volt. /kV 50 100 50 44 45 35 50 6SO 

frequency /MHz 10.7- 50- 11- 20- 20- 33 s- 50.65 
23 ISO 19. s 30 30 23 .3 

extr . radius /m 0.92 O.S6- O.B6 0.92 I.S4 1.04 0.52 4.40 
O.BO extr. volt. /kV 60 60 50 40 3S 60 7B max. 

gap I= 3-B 6-10 4 3.S 3.S 4 13 

extr. eff. /% 6S 100 60 100 6S 90 B5 96 

max. energy /MeV BOp SlOp SBp 15p 4Sp 26p 30p S90p 
BOa BOa 2Bd 1BOa 104a 30a 

energy spread /% 0.3 0.1 0.3 0.3 0.3 0.3 o.s 
hor. quality /mmmrad so 2 30 B 20 6 20 30 

vert.quality /mmmrad 50 6 30 B 20 9 15 30 

(at energy /MeV) BOp 500p 40p 21d var S2d 20p 72p 

reference(s) Mac69 War69 Fer69 Hin70 Thi69 Die66 Ver62a Wil69 

Ri 72 Jea66 Eul71 May70 Ste63 Ver63 Wil72 

Kuh69 Hag66a 

UCL Université Catholique de Louvain, Ottignies, Belgium 

TRIUMF Un iversity of British Columbia, Vancouver B, B.C., Canada 

I SN Institut des Sciences Nucléaires, Grenoble, France 

ISKP Institut fÜr Strahlen- und Kernphysik, Universität Bonn, F R Germany 

JULIC Institut für Kernphysik der Kernforschungsanlage JÜlich, F R Germany 

KFK Kernforschungszentrum Karlsruhe, Fed. Rep . Germany 

EUT Technische Hogeschool Eindhoven, Netherlands 

(E indhoven University of Technology) 

SIN Schweizerisches Institut fÜr Nuklearforschung, Villigen, Switzerland . 

The numbering and the magnetic data are from Howard's table (How72) , where 

more references can be found. 



isochronous cyc l otrons 

34 3S 38 41 46 so SI SB S9 60 62 

UnBir Harw Unind MSU ORIC TAMVEC LBL UnColo UnMd UnMich JINR 

I. 02 

3 

8 

2 

180 

25 

12-
16 

0.4S 

ss 
s 

I. 78 6.60 

3 

12 

3 

180 

4 

20 

2 

40 

80 2SO 

7.5- 28-
23 35 

0.78 3.2S 

so 7 s 

0.4 

40 

40 

0.3S 

30 

30 

200p 
240cx 

I. 70 1.93 

3 3 

7 

2 

2 

144 

10 

3 

180 

70 80 

14.1- 7.3-
21.5 22.6 

0.73 0.7S 

90 

7 

100 

S6p 
7Scx 

70 

10 

6S 

6Sp 
90a 

0.06 0.23 

o. 7 10 

s 
40p 

30 

40p 

2.24 

3 

17 

s 

180 

100 

s.s-
16.5 

1.00 

92 

10 

60 

SOp 

o.s 
60 

60 

16d 

2.24 1.32 

3 4 

17 
4 

s 

180 180 

60 7S 

s.s- 6~ 

16.5 21 

0 . 98 0.60 

90 

s 
75 

s 
so 20 

60p 28p 
130cx 36cx 

0.3 

so 
80 

var 

0.1 

!.8 

S.I 

23p 

2.67 

4 

16 

2 

2 

90 

90 

9.9-
21.6 

:J. IS 

80 

lOOp 
165cx 

o.s 
9 

2. 11 

3 

12 

3 

180 

60 

6-
15 

0.92 

80 

6.5 

100 

30p 
BOa 

0.2 

4.3 

1.20 

4 

18 

180 

so 
8.8-
26.3 

0.51 

100 

12 

60 

40p 
40a 

0.2 

25 

22 

4S 3He 39p 

Cox62 Law67 Ric69 Blo63 Jon62 McF66 Kel62 Kr 63 Leb67 Par62 Mat71 

Mat72 Jon69 Ric72 Hud66 McF67 Gru63 Lin62 Joh69 Par72 

Bur66 Joh71 

UnBir = University of Birmingham, Great Britain 

IS 

Harw Atomie Energy Research Establishment, Harwell, Didcot, Berks., G Britain 

Unind University of Indinana, Bloomington, Ind., USA 

MSU Michigan State University, East Lansing, Mich., USA 

ORIC Oak Ridge National Laboratory, Oak Ridge, Tenn., USA 

TAMVEC Texas A&M University, College Station, Tex., USA 

LBL Lawrence Berkeley Laboratory, Berkeley, Calif., USA 

UnColo University of Colorado, Boulder, Colo., USA 

UnMd University of Maryland, College Park, Md., USA 

UnMi ch University of Michigan, Ann Arbor, Mich., USA 

JINR Obedinennyj Institut YAdernykh Issledovanij, Dubna, US SR 

(Joint Institute for Nuclear Research) 
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Table 1.2 Beam diagnostics of 

2 4 7 13 16 17 26 32 

UCL TRIUMF ISN ISKP JULIC KFK EUT SIN 

time struc. Ins - - - 0.2 - 0.1 p -

phase angle /deg - + - 3 3 I 0.2 + 

>. orbit sep. /mm - + - 0.2 - 0.1 p + ... 
~ >.width /mm - + 2 
o.u 

0.2 - 0.2 p + 

2 ~ height /rrrrn - - 2 I - 0.1 p -
O.::l 

u 
~ ~ rad.osc.ampl./ mm - + - 0.3 - 0.2 p + 
OJ 

osc.ampl./ .n + ax. mm - + - - - - p + 
...... 

JO "' /nA t:: current + + + 50 JO 0.1 0. I + 
.... 
OJ ... hor. 
t:: 

pos . /mm - + I o.s - 0.2 + 
..... 

rad.mov.target(s) I 4 4 4 I 4 OJ I I 
u ..... 

non-interc.probes JO 12 f 9 ( 14) :> - - 7 p f 11 
OJ 
-u y-rad.+scint. + + p + 

burn patterns + -

current /nA I + + 50 JO I JO + 
>. 

width-height /mm ... 0.5 + + 0.1 0.05 I 0.2 + .... 
~ ti hor. -vert. pos. I mm 
0 <1l 

0.5 + + 0. I + 0.5 0.2 + 

~ ~ hor.-vert.qual./ 5 + + I 2 0.1 I + 
u @ ~ mmmrad 

OJ 
/ke'i 100 5 16 50 2 .D + energy + + 

energy spread /keV + + 30 4 8 JO 20 + 
...... 
<1l 

target(s) t:: + + + 9 JO 8 4 
.... 
OJ 

2 26 40 ... scanners - + - 10 
~ 
OJ 

non-interc.probes - + - I - + 

OJ 
slits + + + 6 16 4 3 7 

u 
Faraday cup(s) ..... + 

:> 
+ 6 5 7 2 3 

OJ 
y-rad.+scint. -u - + + + + p + 

anal. magnet{s) I 2 2 3 2 I 2 2 

bending angle(s)/ -60- 30 120 90 120 ISO 45 57 

deg +60 IlO 

NMR hm AEG Var AEG AEG 

cyclotron time /% 0 ny 2 10 5 <3 25 ny 

reference(s) l-lar71 Eul71 Fel66 Fel66 Sch72 Sc 7J 

f = in future Ri 72 Thi69 LÖs67 Hag72 
p = in past BrÜ69 hm = home made Boj72 

...... n y = not y et o p erable 
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isoch~onous cyc Zot~ons 

34 35 38 41 46 50 SI 58 59 60 62 

UnBir Harw Unlnd MSU ORIC TAMVEC LBL UnColo UnMd UnMich JINR 

2 - 0.2 - - p - + -
2 - + I - - p - + + 

+ + 0.2 - - p + + -
o.s + 0.3 - - p + + -
0.5 + 1.5 - - p + + + 

- + 0.2 - - - + - -
- + 1.5 - - - + + -

100 + + 200 + 0.5 0.1 + + + + 

0.5 0.1 + + + + + + 

I 2 5 I I I I I 6 I 4 

- I 3(8-12) - - - - - 12 

- - - + - + + + 

+ - - + - - + 

10 20 + 10 + I I 2 + + 

0.5 0.2 + I + 0.3 0.2 0.5 hor + 

0.5 0.2 + 0.2 + 0.3 0.5 0.5 hor + 

- - 0.5 - 2 5 0.1 hor hor 

20 + + 4 + 10 1.5 10 + 

' 5 + + 10 + 5 2 5 + 

4 10 + 3 + + 3 6 + + 

2 - 3 - I - -
- - - - - - - -
4 11 + 7 4 10 + 5 + 

2 10 + 7 + 16 6 5 + + 

+ - - - - + + 

c I + 2 I I 2 4 2 2 

45 153 160 110 
45 90 110 
135 

+ Systron Scand + + Scand + 

I I 5 5 

Cox62 La 67 Ric69 Ber66 Lor67 Wil71 Kel62 Kr 63 Bir69 Par72 Mat71 

Jon69 Tre70 Bur66 Mat72 

Vas72 
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devices or techniques that are used for the internal and external beam. By 

internal beam is denoted the beam inside the cyclotron vacuum chamber, the 

extracted beam included, whereas external beam stands for the beam in the 

beam transport system. The measuring accuracy of the beam properties bas 

been given if known. Furthermore, the percentage of cyclotron time used for 

beam diagnostic research bas been included. The indication 'ny' means that 

the cyclotron in question is not yet operable. A more detailed survey is to 

be found in the internal report mentioned above (Sch73}. 

1.4 Automatic control of isochronous cyclotrons 

The manual control of an isochronous cyclotron is mainly a procedure of, 

successively, setting, optimising (controlling), monitoring and legging. 

Some or all of these tasks can be taken over by an on-line digital computer: 

(i) setting, Zogging and monitoPing 

The most obvious way of performing an automatic 1 control' is taking over 

the setting of the various parameters. This, however, only yields a beam 

with prescribed properties if all systems involved are stabilised to a 

very high degree. The settings may be programmed and possibly carried out 

by the computer. The same computer can also be used to record all settings 

(logging) and to monitor a number of crucial parameters, such as the HF 

part, or vacuum, water locks, safety system, etc. 

The required degree of stabilisation, however, is somatimes difficult to 

reach. In this conneetion one has to keep in mind that, for instance, 

small variations (I : !05) in the mean magnetic induction, in the shape 

of ·the magnetic field, or in the frequency of the.accelerating voltage 

may have an enormous effect on beam quality and beam current. Many parameters 

can in this way exercise uncontrollable influences. 

(ii) continuous measuPing of beam properties without interception 

For a cyclotron with slightly less accurately stabilised systems than in 

the case mentioned above, at. many locations in the cyclotron and the beam 

transport system the beam properties may be measured continuously and 

without (obtrusive) interception of the beam. The observed data can then 

be fed into the computer and compared with required values. The computer 

calculates the corrections of all parameter settings and automatically 

performs the adjustments. For this mode of eperation a well developed 

beam diagnostic system is necessary in addition to a thorough knowledge 

of the relations between cyclotron parameters and beam properties. 
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(iii) semi-continuous measuring of beam properties with interception 

A hybrid system may have rather well stabilised parameters combined with 

devices to measure beam properties using intercepting techniques. From 

these experimental results and from orbit dynamic computer programs the 

corrected cyclotron settings may be calculated numerically. 

(iv) combination 

The cases (ii) and (iii) may be combined with an automatic setting, 

logging and monitoring system (i). 

In table 1.3 the data observed by the 8 institutes dealing with some type of 

automatic control are listed (the name abbreviations are explained in table I.!). 

The percentage of cyclotron time used for automatic control purposes has been 

included. A more detailed survey is to be found in (Sch73). 

At 7 laboratories the first approach is being elaborated; at our institute 

(EUT) the secoud possibility is being worked out in such a way that a computer 

aided setting procedure (i) can easily be added, whereas at MSU the automatic 

setting will be combined with the third methad mentioned (Lea72). 

1.5 CAMAC data handling system 

1.5.1 Introduetion 

As can be concluded from table 1.3 all institutes with automatic control projects 

have decided to use the CAMAC data handling system in various degrees of 

implementation. This system has been developed by the ESONE Committee 

(European Standards Of Nuclear Electronics}, which at present collaborates 

closely with the USAEC-NIM Committee (United States Atomie Energy Commission

Nuclear Instrumentation Modules). The reasous for this development were numerous: 

the increased complexity of experiments in nuclear physics, the development 

of several local 'standards', the increased use of computers, the increasing 

use of integrated circuits, the need of commercial availability, etc. The 

system has been defined in two basic reports (EUR4100,EUR4600), which contain 

a set of mandatory and recommended rules for data handling and physical 

dimensions. This resulted in a system with many advantages, such as modular, 

hence quick system set-up, flexible, mutually compatible, easily expansible, 

and many modules which are commercially available. Only the initial costs are 

still rather high: k$ 5 to 10. Furthermore, the Software Working Group of the 

ESONE Committee has developed two CAMAC languages: CPL/I (CAMAC Programming 

Language/I), which is a low level language (CAM72), and IML (CAMAC Intermediate 

Language), being the lowest level of implementation independent code (SWG72). 
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Table 1. 3 Automatic aont~ol of i soahronous aya lot~ons 

2 

UCL 

computer PDP 
8/E 

wordlength /bit 12 

memory /k 12 

cycle time /)1S 1.2 

mag. tape 2DEC 

di se -
display VTOS 

plotter -
data handling 

CAMAC + 

crate(s) I 
Nucl.Ent. 

I 
crate contr. Nucl.Ent. 

I 
branch driverNucl.Ent. 

I 
inter face Nucl. Ent. 

control type (i) 

monitoring + 

setting + 

measuring 
beam properties -

correcting 
cycl. param. -
da ta a cquis it i on + 

data handling I 
closecl- loop cant. f 

cyclotron time / % 5 

reference(s) I 
' 

I 
hm home made 

ny nat yet operabie 

f i n future 

4 16 

TRIUMF JUL IC 

Super PDP 
nova IS 

16 18 

32 16 

0.8 0.8 

Ampex 2DEC 

+ 2DEC 

Tek61 I -
- -

+ + 

4 2 
Elliot Borer 

Elliot Borer 
Si em. 

Elliot Borer 

Borer 

(i) (i). 

+ 

+ + 

+ 

+ 

+ + 

+ + 

-
ny 

Cre72 Rei71 

Dol72 Mer7l 

17 26 32 38 46 

KFK EUT SIN Unind ORIC 

CDC PDP IBM PDP Sigma Deraft MComp 
3100 9 1800 8/S 2 6024 III/S 

24 18 16 12 16 24 16 

32 16 32 4 20 
1x48 24 2x24 

!. 75 1.0 2 1 0.6 0.8 

2CDC SDEC I + 2 + 

2CDC - 3 + + Diablo 

HP Tek6ll + + + 

- Cal c + Calc 

ROAD 

+ + + + + 

3 I 2 
SAIP Borer hm 

Si em. Borer Jordan hm 

hm hm hm 

hm hm hm 
hm 

(i) (i i) (i) (i) (i) 

- + + + 

+ '74 + + + 

'74 + + - -

'74 + + - -
+ + + + + 

+ + + + 

'73 + - -

10 ny ny 

Sch72 Bes69 Ric69 Lud72 

Hag72 Bes?! Bar72 

Bes72 
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In the next two sections the hardware (CAMAC) and software (IML) aspects of 

our system will be summarised. 

1.5.2 Hardware aspects- CAMWC 

Fig. 1.2 gives the set-up of our data handling system. The observed data of 

beam properties are first collected in a 'crate'. The crate consists of a 

mechanica! 19" frame with power supplies and mandatory wiring. In the crate 

25 modules, 'normal stations', can be inserted. These stations establish the 

connections between the non-standard measuring equipment and the standard 

'dataway' of the crate. 

Data handling control within a crate - on the dataway - is by the 'crate 

controller'. The latter must be inserted in the two extreme right positions 

of the crate(Nos. 24 and 25). The system can be expanded up to 7 crates. For 

our purpose one crate suffices. 

The crate is connected to the 'branch highway', to which future expansion 

crates should be connected tGo. Data handling control on this highway is by 

the 'branch driver', which provides the coupling of the CAMAC system to the 

PDP9 interface. In our set-up we make use of the Datachannel and Program 

Interrupt input facilities. The maximum input rate is 3.3 105 words/s. 

A data transport can be initiated either by the experiment or by the current 

computer program. As an example of a CAMAC operation let us suppose that a 

measurement has been finished and the data are ready for transport to the 

computer. Then the normal station involved generates a Look At Me signal 

(LAM, fig. 1.3). Each normal station has its own LAM signal line connected 

-- standard connections 

-- non standard comections 

branch highway 
+ 

beam tra-1Spo 
system 

terminalion 

Fig. 1.2 Schematic set-up of the EUT CAMAC data handZing system 
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normal dataway crate branch branch trans miss. interface 
statien controller highway driver cable 

look at me LAM 80 -----
I 

BG I FLAG PI r-- -'- ----
GLAM GLAM 

L--- ---- ----
------ -- -- -- -- - -

AF NAF CRNAF PCT 
r--· ---- ----- ----
I data data data OCHT r--- ---- --- -----
i data data data DCHT 
t--- --- ---- -----
I 

I 

1 L_ t '"' i ---J '"' i ----i '"' t DC~'-1 
Fig. 1.3 An example of CAMWC data handling 

to the crate controller via the dataway. The LAM signal generates a Branch 

Demand (BD) in the crate controller. The BD signal is transporeed to the 

branch driver. The latter then generates the Branch Graded-L Request signal 

(BG) and via a data transmission cable sets the CAMAC flag in the interface. 

This results in a Program Interrupt (PI). The BG signal activates the 

crate controller, which generates its internal LAM-pattern. The LAM sourees 

within a crate may be combined logically in the LAM GRADER, according to the 

specificatien of the user. The graded LAM pattern thus obtained - or in the 

case of a multi-crate system the logical 'OR' of the graded LAM patterns of 

all crates - is read into the computer. Here it is determined which LAM souree 

caused the Branch Demand. As the LAM souree was supposed to ask for data 

transport to the computer, the latter now generates a cammand code (CRNAF), 

which is sent tothebranch driver via a Program Controlled Transfer (PCT). 

The CRNAF code determines the address (CR= crate number, N = normal station 

number, A= sub-address within the normal station) and the function (F = read, 

write, test, etc.). When the CRNAF code arrives at the branch driver, a CAMAC 

cycle starts. The NAF part is sent to the appropriate crate and the AF part to 

the normal station involved. Here the function, determined by F, is fulfilled. 

The data, present in the normal station, are buffered in the interface and 

then strobed into the computer by means of a Datachannel Transfer (DCHT). 

When the CAMAC operatien is completed the interrupted program may continue. 

The system described above will be explained in more detail by Van Heusden 

(vHe73). 
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1.5.3 Software aspects- IML 

Programming CAMAC operations like those given as an example in the previous 

sectien requires the application pregrammer to have detailed knowledge of 

the coupler (branch driver - interface}. This difficulty may be evereome 

by providing either a set of macro calls which generare the appropriate code 

or a set of subroutines as a driver package for the coupler. In either case 

the set may be implemenred by an expert and then made available to application 

programroers (Hoo72). Actually the macro or subroutine call must define 

explicitly what is to happen in the CAMAC part; it is independent of the type 

of coupler. For example, a read eperation may be initiared by the instructien 

with 1/J function code (F) (READ) 

P pointer to location 'MPX', containing a CAMAC address 

L 4 bit transfer to array 'LISTl' 

if the array becomes full jump to 'ERRl' 

N = null (in this case, parameter in other type of instruction}. 

An alternative way of defining precisely the same requirement is 

The first example is from a fully explicit language, designed .tor easy 

implementation, viz. IML. It bas elementary declarations, detailed action 

statements and a rigid format (SWG72). lmplementation of IML may correspond 

to a translation of IML into assembler language. 

The secend example is from a language designed for easy understanding by the 

programmer, viz. CPL/I. It bas powerful hardware declarations, simple action 

statements and free format (CAM72). Implementation of CPL/I can easily be a 

translation into IML, foliowed by the translation of IML into assembler 

language. At our laboratory an implementation of IML bas been performed by 

Backer and Van Heusden (vHe73). 



2 THE EUT CYCLOTRON LABDRATORY 

This study is applied to the Philips prototype isochronous cyclotron. Although 

the construction and performance of this accelerator have been described 

extensively in earlier publications (e.g. Ver62a,Ver63), a summary of the 

data and elements in relation or of importance to automatic control and some 

recent developments will be given insection 2.1. The beam transport system 

has been designed at our laboratory. The theory of matrix and phase space 

representation methods used will be summarised insection 2.2.2. The detailed 

design considerations have already been published elsewhere (Hag?Oa) and.are 

given in sections 2.2.3 and 2.2.4. FinaZ ly, the actual set-up and data of 

the elements wiU appear in the last section of this chapter. 

2.1 The EUT isochronous cyclotron 

2.1.1 Introduetion 

The isochronous cyclotron of the Eindhoven .University of Technology (EUT) is 

the prototype variable energy cyclotron, developed at the Philips Research 

Laberatory at Geldrop (Netherlands) during the years 1959 - 1963. The 

cyclotron has been in operation since then and a large number of experiments 

on cyclotron development, beam diagnostics, activation analysis, isotope 

production and nuclear physics investigations have been carried out. 

In 1966 this cyclotron was presented to the University. In the first half of 

1969 it was dismantled and moved to the Cyclotron Labaratory of the University, 

forming part of the Department of Physical Engineering~ At the end of that 

year the c'yclotron was reinstalled and in operation again. In the spring of 

1970 the beam transport system, the magnetic elements of which were manufactured 

At the head of this page is an iUustration of the beom anaZysing system, showing the two 45 deg 

bending magnets , the entrance and the exit sZit, th:ree magnetic qua.drupole 'Lenses" and five beam scanner 

tocations (af. sectien 2. 2) 
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by the Philips Cyclotron Factory, was installed. The first experiments date 

from May 1970. Since then the cyclotron and the beam transport system have 

been in operatien for 3500 hours, with some shorter or langer periadie stops 

for repairs, maintenance and development. 

During the last few years experiments have been carried out concerning 

nuclear physics investigations, e.g. scattering of protons on 56Fe targets 

in a 0.6 m scattering chamber, and the development of a polarised 3He 

target; 

atomie physics, particularly the use of 20 Na tracers, produced by the 

20Ne(p,n}20Na* reaction (Bag72); 

- isotape production and activatien analysis, by memhers of the NV Philips; 

- beam diagnostic studies. 

Furthermore, the nuclear physics group has developed a polarised proton souree 

of the atomie beam principle (Pau60,vdH72) with a median plane treehoidal 

injection system identical with that of the Saclay cyclotron (Beu67). These 

are being installed presently. 

About 1200 hours of beam time have been spent on the beam diagnostic experiments 

and computer control, which are the main subjects of this study. 

The cyclotron has been designed for the acceleration of light particles to 

moderate energies. The maximum energy for protons is 29.6 MeV and for a 

partiele with charge number Zand mass number A (cf. equation (1.15)) 

E 
x 

z2 
=-E A p 

(2.1) 

In table 2.1 the most relevant data of the cyclotron are listed. Figs. 2.J 

and 2.2 give a radial and an axial cross-sectien of the cyclotron and show 

the positions of the major parts. In the following sections some of these 

will be discussed briefly. 

2.1.2 The ion souree 

The ion souree is of the Livingston type (hooded are) (Liv54). The catbode 

and anticatbode are located in two chambers connected by a capper chimney 

with an inner diameter of 10 mm and an extraction aperture of 5 mm in diameter, 

aeting as anode. The filament current of the tungsten eathode is 200 A. 

The are is fed by a stable eurrent souree (maximum current iare = 1 A, 

maximum voltage Vare= 500 V, normal operatien voltage Vare~ 200 V). The beam 

eharacteristics of this souree are given in (Kra63). More information coneerning 

this type of ion souree can be found in e.g. (Cla66,Haz68). 
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TahZe 2.1 Ma:in data and properties of the EUT iaoahronous ayaZotron 

ion souree Livingston type (hooded are) 

180 deg bevelled dee 

main magnetic field BH 

maximum dee voltage Vd = 50 kV 
3 ee 

stabilised l : 10 

RF tunable fRF 5 to 23 MHz 

stabilised l : to5 

pole diameter 1.30 m 

threefold symmetry - spiral ridge 

min. gap 150 mm, max. B 

max. gap 300 mm, min. B 

max. mean magn. induction 

stabilised I : 0.5 105 

JO pairs of concentric correctL

1

.maonxc.oils Bi 

B = 24 mT 

3 pairs of harmonie coils A 
j I ,2 

max. B = 2.5 mT 

2.0 T 

1.2 T 

<B> = 1.55 T 

electrastatic extraeter extraction radius r = 0.534 m <r> = 0.52 m 

max. extr. voltage Vextr = 60 kV over 4 mm 

magnetic channel 

proton energy E 
p 

energy of other particles Ex 

energy spread 

quality q 

energy spread analysed beam 

max. extraction e: = 85% 

length 250 mm 

max. magnetic gradient 6 T/m 

E 3 to 29.6 MeV 
p 

E Z2/A.E x p 
(~E/E)fwhm = 0.3% 

qhor <20 mmmrad 

~ert <IS mmmrad 

(~E/E)fwhm = 0.07% 

for slit widths ~x. 
L 

for 7 MeV protons 

1.0 mm and ~xf 1.2 mm 
I 

The ion souree can be considered as a device with filament current if' gas 

pressure p, and are current iarc as input parameters and are voltage Vare' 

anticatbode current iant' and internal beam current as output parameters. 

To obtain maximum stability of the beam current, the influences of the two 

input parameters not yet stabilised, viz. if and p, have been stabilised. 

For this purpose we have designed 

(a) an ara-voltage stabilisation, which reduces instahilities in the are 

voltage via a controlled feedback to the filament current. Dwing to the 
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0 10 20 30 cm 

Fig. 2.1 Median plane eross-seation of the EUT isochronous 

co r reetion coi l 810 

Fig. 2. 2 Axia Z cross-section of the EUT isochronous cyclotron 
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time constant of the transducer in the filament circuit this control is 

rather slow (of the order of seconds); 

(b) an antiaathode-C!Ul'1'ent stabilisation, which reduces instahilities in the 

gas pressure and the beam current, manifest in variations in the anticatbode 

current, via a controlled feed-back to the are current. Since the 

anticatbode current appears to be a measure of the beam current and the 

time constauts involved are of the order of a few milliseconds, we have 

now created the possibility of increasing the stability of the beam 

current by a factor 5 to 0.2 %, or even better. 

2.1. 3 The eleatria field 

The accelerating electric field extends between an 180 deg hollow electrode 

(called 'dee' due to the resemblance to the capital 1D1
) and a strip at 

ground potential (called 1dummy dee') at a distance of 20 mm from the dee. 

The gap between dee and dummy dee is located at an azimuthal position 

e • 40 deg and 220 deg and is bevelled at an angle of 20 deg, starting at a 

radius of 300 mm (cf. fig. 2.1). 

The maximum accelerating peak voltage is 50 kV and is stabilised better than 

I : 103• The frequency range of the accelerating voltage is 7 to 23 MHz. 
The coarse setting is by means of a concentric resonance circuit with a 

movable shorting plate (p.-system); the fine setting is by a trimming 

condenser. The stability of the frequency fRF is at least 1 : 105 • 

2.1.4 The magn,etic field 

The magnet has a pole diameter of 1.30 m, a maximum gap of 300 mm and a 

minimum gap of 150 mm. On bath pole faces three .spiral shims are mounted. 

The maximum mean magnetic induction <BH> is 1.6 T. The values of the Fourier 

coefficients Cn(r) and ljln(r) (cf. equation (1.1)) of the field at 

Bz(O) = 1.4414 T are given in (Hag62,ch.3). The values of the amplitude c1(r) 

and phase angle ljl1(r) of the first harmonie field disturbance in the magnetic 

field are given in (Ver62c,vV172). 

Ten pairs of concentric correction coils Bi (i • I to 10) are located between 

the upper and lower shims at radii r = 150 to 600 mm (cf. fig. 2.2), producing 

an approximately isochronous magnetic field for each energy and partiele 

chosen. These coils can be excited independently by current sourees of 80 to 

250 A, which, e.g. for the outermost coil B10 , yields a maximum magnetic 

induction of 24 mT. The optimum exciting currents have been determined by 

means of a least squares analysis computer program (Ver62b), As an example, 
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-- - calculated 
-- measured 

-I -r/mm 

-2 

Fig. 2.3 The differenae between the observed (soZid Zine) or eaZauZated 

(braken Zine) magnetia induation and the isoehronous magnetio induetion 

referring toa oentre magnetie induation of 1.04151' 

fig. 2.3 shows the difference between the actual field <B> and the isochronous 

field B. 
~so 

fora centre field B(O) of 1.0415 T. The dotted curve is the 

calculated field, the full line represents the observed field (Ver63). 

Three sets of harmonie coils are located in each valley: the centre, middle 

and extraction harmonie coils. Using these coils, first harmonie disturbances 

in the magnetic field of adjustable amplitude and azimuthal position at 

different radii can be corrected or introduced. The three coils in each set 

are star-connected. These coils are excited independently by two current 

sourees of 20 A: A11 and A
12 

for the centre and 
1 

and for the extraction 

coils, respectively. The middle harmonie coils are generally not used, since 

the influence of a first harmonie disturbance on the beam properties is 

negligible in this region and no need is present to introduce a first harmonie 

field disturbance in this region. A maximum magnetic induction of about 2.5 mT 

is applicable. The current through one coil is the sum of those through the 

two other coils, but yields an oppositely directed magnetic induction. 

2,1,6 The extraction 

The extraction of the particles is performed by a horizontal de electric 

field. This field is produced by two electrades forming an electrastatic 

channel through which the beam is guided. The inner electrode, called the 

septum, is a thin plate (at the entrance 0.4 mm thick), which in a way peels 

off the last orbit. It is at ground potential. The outer electrode has a 

maximum potential of 60 kV. The entrance gap is 4 mm wide and is situated at 

a radius of 534 mm. The radial positions and widths of the entrance and the 

exit of the channel can be varied by remote control. 

The extraeter moves the particles from a region of horizontal focussing into 
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the fringing field with horizontally defocussing but vertically focussing 

properties. To prevent a large spread of the beam an ion-optical focussing 

device must be used befare the particles leave the cyclotron vacuum chamber. 

The focussing is performed by a magnetic channel of 250 mm in length. The 

shape of the beam at the entrance of this channel is flat and broad. In the 

channel the magnetic induction has a constant positive gradient of about 

6 T/m in outward direction perpendicular to the beam. This yields a decrease 

in the horizontal divergence and a slight increase in the vertical divergence 

of the beam. 

The properties of the beam in the extraction region have been extensively 

discussed by Ragedoorn and Verster (Hag66a). 

2.2 The EUT beam transport system 

2.2.1 Introduetion 

The beam transport system to the five experiment stations is shown in fig. 2.4. 

It consists of three parts: 

I. a system which 

(a) focusses the beam horizontally and vertically by means of the magnetic 

quadrupale lenses QBI to QBS to give the beam a well-defined phase 

space area; 

W~ffifffff1 
AVF 
j<lotron 

_______ , 
0 5 mm 

e:Z? 7 77 77 7777 ZJ 
BG2 mG1 

B beam scanner 
m eorm;ting magnet 
M bending magnet 
Q quadrupote lens 
S stit 

1QG2 

r .. m e~tperiment statîon 

Fig. 2.4 The EUT beam transport system 



(b) defines the direction of the beam with respect to the wall of the 

concrete vault with the correcting magnets mBl to mB3; 

2, a 90 deg bending analysing system - entrance slit SB to exit slit SC -

which defines the mode of eperation into either a system without any 

additional dispersion or one with high dispersion; 
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3. a guiding facility - downstream slit SC - that transports the particles to 

three experiment stations in the main hall. 

The design can be based upon the phase space representation mentioned in 

section 1.2.4 and standard matrix techniques given in (Pen6l,Liv65,Ban66). 

2.2.2 Matrix and vhase space representation 

A two-dimensional phase space representation (x,x') is used for the linear 

horizontal calculations, where x is the displacement and x' the corresponding 

divergence with respect to an ion-optical axis. The so-called ray vector 

representation (x,x') for paraxial trajectories is particularly attractive for 

a system composed of drift lengtbs and thin magnetic lenses. Thick lenses 

may be decomposed into two drift lengtbs and one thin lens for this purpose 

(Ban66). A ray passing through optical elements in the beam transport system 

will be represented in phase space by two fundamental motions: 

(a) a motion Äx = lx' parallel to the x-axis due to a drift length 1; 

(b) a motion ÄX 1 parallel to the x'-axis due to a thin lens with lens strength 

P (Äx 1 = -Px) or a dispersive action D (Äx 1 DAp/p, with Äp the 

difference in kinetic momenturn with respect to the value p) {Ban66,Hag70a). 

A similar phase space is used in the vertical case (z,z'). 

It is convenient to use 3x3 matrices for the linear calculations in the 

horizontal phase space and 2x2 matrices in the vertical case. The horizontal 

and vertical transfer matrices are now represented by (Pen6J,Ban66) 

T 
x 

and F 
z 

(2.2) 

Here F is a 2x2 matrix specifying the horizontally or vertically focussing 

properties of the elements and D is a two-element column vector standing for 

the dispersive action. The matrix T acts on a column vector b, descrihing 

properties of the beam, as will be shown below. 

A partiele with soma specific kinetic momenturn p follows the optical axis. 

The trajectory of a partiele with kinetic momenturn p + Ap is represented by 

the column vector 
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(2.3) 

where the ~. are unit veetors along the three coordinate axes of a three
~ 

dimensional state space. 

Application of a linear transformation Tx to the vector b gives 

(2.4) 

The dispersive action of Tx is described by the third term on the right-hand 

side of the above equation. For a study of dispersed trajectories it is 

sufficient to abserve the behaviour of this term, equivalent to a ray vector 

(O,O,Ap/p). Fortunately, since Ap/p remains constant during beam transport, 

the motion of such a ray vector can still be represented in the (x,x') 

phase space. 

Consider a magnet with bending angle $, central orbit radius p, field index n, 

and normal entry and exit. The transformation matrix of this magnet is (Ban66) 

T 
x 

cos (1-n)l, (1-n)-lpsin (1-n)l, 

-(1-n)!p-1sin (1-n)!~ cos (1-n)l$ 

0 0 

p(l-n)-l {I-cos (1-n)!} 

(1-n)-!sin (1-n)!+ 

(2.5) 

Owing to the relationship between the elements t
13 

and t
23

, this matrix can 

be split into a symmetrical form of three elementary matrices (Hag70a): 

1 0 0 0 1 0 

T .. 0 0 -P D 0 0 . . 
. X 

(2.6) 

0 0 0 0 0 0 

with 1 - p(l-n) -i {I-cos (1-n)~+}/sin (1-n) '• 

p ~ p- 1(t-n)jsin (1-n)l+ (2.7) 

D • (1-n)-lsin (1-n)l+ • 

The second of the matrices (2.6) has notable features. It corresponds to a 

thin lens with strength P and dispersive action D. The lens action changes 

the divergence proportional to the displacement x, while the dispersive 

action causes a constant change Dap/p of the divergence. 

For the quadrupale lenses a thin lens approximation is used since the distance 

between the principle planes is less than 0.5 mm. For the bending magnets the 

transfer matrices are obtained by orbit integration through measured magnetic 
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fields (Lut72). 

A computer program similar to the one described in (Col69) has been written 

for the PDP9 computer, having a visual display and a plotter as peripherals. 

Motion of a ray in phase space and in real space can be followed on the 

display. The program also has options for obtaining the conditions for 

doubly achromatic and dispersive modes of operation. 

For a doubly achromatic transport system the column Dx in the total transfer 

matrix Tx has to be zero (cf. equation (2.2)). In phase space, this is obtained 

by the requirement that a ray entering the system along the optical axis with 

arbitrary linear momenturn must move along a closed loop while passing through 

the system. A result of the doubly achromatic condition is the imaging of the 

centre of the first bending magnet on the centre of the last bending magnet 

for the system involved. 

Some examples are given by the following figures. Fig. 2.5a illustrates a 

system composed of two bending magnets and one quadrupele lens in between. 

In fig. 2.5b the quadrupele lens is replaced by a third bending magnet (Jun66). 

The cortesponding closecl-loop motions in phase space for a dispersed ray 

are shown in figs. 2.6a and b, respectively. The dispersive actions are 

a 
x' 

t 

J. 
1 1 

f> 

J 
( 

4 

a 

x' 

-· 

Fig. 2.5 achromatic 

systems consisting of 

(a) two bending magnets and 

one quadFupo~e lens, 

(b) three bending magnets in 

Jung 1s set-uD 

Fig. 2. 6 T.he motion in p.hase 

space of a partic~e with 

initial ray vector (0,0, 

in the ac.hromatic 

system of fig. 2.5 
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labelled D, the lens action of the third magnet (fig. 2.5b) is denoted by P
3

• 

For the first system the conditions for doubly achromatism are (Hag70a) 

11 D2 

12 = ~ 

Q ..!_+.!_ 
11 12 

(2.8) 

(2.9) 

For a beam transport system with two 45 deg bending magnets with zero gradient 

and a distance between the magnets of 5.0 m we find for the lens strength Q 
-I 

0.8 m , as D2 = n1. 

In the case of oblique entry and exit of the bending magnets two more lenses 

must be taken into account. The positions of these lenses are then at the 

exit of M1 and at the entrance of M2• The closed-loop motion in phase space 

changes in this case. The lenses positioned at the entrance of M1 and the 

exit of M2 exert no lens action on the ray vector considered. 

In the system of fig. 2.Sb the dispersed ray entering magnet M
3 

is no langer 

a central ray, since x3 # 0 (fig. 2.6b). Therefore this magnet has both a 

dispersive action (3- 3') and a lens action (3' - 4). The conditions for 

doubly achromatism in this system fellow from fig. 2.6b: 

11 D2 
r;= ~ (2. 10) 

Q ",.!_+ .!_+ D3 

11 12 ~ 
(2. 11) 

These conditions correspond exactly to those given by Jung (Jun66). It should 

be noted that 1
1 

and t 2 include the drift lengths 1 given in equation (2.6). 

We actually use the first set-up, as shown in fig. 2.5a. However, the quadru

pele lens between the two bending magnets focusses in the horizontal plane 

and defocusses vertically. Therefore, we actually use a quadrupele doublet 

(QCI and QC2, fig. 2.4), whose principle planes for horizontal trajectDries 

lie symmetrically with respect to the magnets (cf. the result 11 = 1
2 

following 

from equation (2.8)). 

The doubly achromatic condition has been solved by Sandvik for three different 

systems for obtaining achromatic beams at the experiment stations II, III 

and IV, respectively. Fig. 2.7 shows the calculated closed loops in phase 

space for the three different systems. The actions of the several elements 

in the beam transport system (cf. fig. 2.4) are indicated in the figure. 

The horizontal and vertical beam widths have been calculated for these three 
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system ll system 111 system IV 

x '/rr'lracl 

1 ~ 
x'/mrad 

f 

Fig. 2.7 Cal~u~ated space for 

achromatic transport stations II, III and IV, respeatively. 

The numbers indicate the actions of the several QC- quadrupale lenses 

( cf. fig. 2. 4) 

systems, using the measured beam qualities at the cyclotron exit (cf. section 

6.2). For experiment station II the result ~s shown in fig. 2.8. The beam 

width should be less than 35 mm in order to avoid non-linear aberrations (Hag70b). 

To obtain a dispersive system the closed loop discussed in the preceding 

section must be opened, separating the two ends of the path in phase space as 

far as possible. Furthermore, the entrance slit should be imaged on the exit 

slit. 

In order to realise this, the lenses between the two bending magnets MB4 and 

MCI (fig. 2.4) - equivalent to M
1 

and M
2 

in fig. 2.9a should be strongly 

defocussing in the horizontal plane. Then the ray vector in phase space 

moves further away from the origin (fig. 2.9b). The quadrupale lenses should 

not be too strong ta prevent vertical overfocussing. This problem is solved 

by using a third quadrupale lens QC3 (Q3 in fig. 2.9a) between the two magnets. 

The two quadrupale lenses QCl and QC2 produce a vertical waist approx. 2 m 

downstream of MB4. The quadrupale lens QC3 lying behind this waist keeps the 

vertical beam divergence within reasanabie limits. 
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calculated .àE/E = 0 

calculated , .àE/E = 3x10'
3 
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20 
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i 
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O.B 
1 ' 2 ' 3 

MB4 O.C MC1 

4,5 

o.c 
1,2 

0.0 

Fig. 2.8 Calculated and measured beamwidths for transport to 

experiment station II 

30 m ____. 
centr. orb 

Unfortunately, the distance between the ray vector and the crigin in phase 

space is reduced by the action of the bending magnet MCl (M
2

; 9 - 9 1 - 10; 

fig. 2.9b) and the drift to the exit slit SC (S 2; 10- 11). This cannot be 

avoided for reasans of imaging. 

We represent the displacement of a trajectory at the entrance slit SB by xi 

and the displacement at the energy defining exit slit SC by xf' For the 

quadrupale lens strengtbs used we obtained the following relation between ray 

displacements and momenturn resolution 

x • 
f 1.3 xi + 3.0 öp/p • (2.12) 

Here and xf are in mm and öp/p is given in units of 10-3• 

In table 2.2 the calculated energy resolution and transmission through the 

system are given in relation to slit widths. For the maximum external beam 

current, which is about 100 vA, this means that an analysed beam of 2 vA 
with an energy resolution of 0.3 10-3 (fwhm) is obtainable. 
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Fig. 2.9 ~"he motion from entrance sZit SB to exit sZit SC in phase spaee 

of a with initial r•a:y vector (0, . Beam t:r>ansport system 

Higher-order aberrations may disturb the high resolution. Camparing our data 

with those given by Hintzet al. (Hin69), these aberrations do notseem to 

offer a serious problem. 

Sandvik has performed non-linear calculations (San73). It turned out that the 

distartion of the phase space areas reduce the high energy resolution given 
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TabZe 2.2 Energy spread and beam transmission in reZation to slit widths 

SB width /nm se width /nm b.E/E /% transmission /% 
Àx. ÀXf 

~ 

1.3 1.5 o. 1 33 

0.6 0.7 0.05 8 

0.3 0.4 0.03 2 

Table 2.3 Magnetic eZements in the beam transport system 

magnet/quadrupele Q •• mB I mB2 mB3 mC2 MB4 MCI MC3 MEI 
(cf. fig. 2.4) mE2 

max. bending angle - 3 5 0.5 45 30 deg 

actual bending angle - 0.5 5 0.5 45 30 deg 

type quadr çl çl quadr2 c c 
geometrical rad. of curv. - 1.5 1.35 - 0.83 0.8 m 

gap / aperture 52.1 50 37 63 55 55 nm 

rad./azimuth. pole width 45 70 80 44 220 220 mm 

physical pole length 150 70 140 180 628 419 mm 

max. magnetic induction - 460 500 18 1000 1000 mT 

max. magnetic gradient 20 T/m 

number of turns 84/130 266 90 300 300 

max. current power supply 20 2x20 200 6.5 155 155 A -

the pole facesof these magnets were corrected and.small cylindrical shims 

were added on the entrance and exit edge to enable à beam of max. 30 mm 

width to be bent over a constant angle with an accuracy of 0.1% at maximum 

excitation. 
2 these Varian x,z steering magnets, type 1067, look similar toa quadrupale 

lens; they can produce two dipale fields perpendicular to each ether, the 

magnetic inductions of which are independently settable. 

the radius of curvature for the central orbit is p = 0.927 mr 
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in table 2.2 by an increase in AE/E of about 0.2 10-3 • This then implies that 

a 2 ~A beam of 0.5 10-3 (fwhm) energy resolution is obtainable. In the doubly 

achromatic mode of eperation the second-order effects of the bending magnets 

are found to be of minor importance. 

The most important data of the magnetic quadrupole lenses, the several types 

of correcting magnets used, the two analysing magnets, and the two 30 deg 

bending magnets are given in table 2.3. 

Note on fig. 2.4 

The beam enters the transport system vertically overfocussed owing to the 

fringing field. The horizontal direction is 5 deg with respect to the normal 

on the concrete wall, the vertical direction is 0.5 deg with respect to the 

cyclotron median plane. The latter bas been taken as reference for the beam 

transport system. The quadrupale lenses QBI to QB3 give the beam a defined 

phase space area. The vertically correcting magnet mBI bends the beam down 

over approx. 0.7 deg, resulting in the beam crossing the median plane at the 

location of the correcting magnet mB3. The latter bends the beam over about 

0.15 deg into the median plane. The horizontally correcting magnet mB2 bends 

the beam over 5 deg to give it a horizontal direction perpendicular to the 

concrete wall. Now the beam enters the analysing system. The strengtbs of 

the quadrupele lenses QB4 and QBS follow from the chosen mode of operation. 

These lenses focus the beam in the dispersive mode in such a way that a 

horizontal waist is obtained at the location of the entrance slit SB. 

Depending on the mode of operatien the quadrupale lenses QCJ to QC3 focus 

or defocus horizontall.y. Downstream the second 45 deg bending magnet (MCI) 

at the analysing slit SC either a doubly achromatic or an additional dispersive 

beam exists. The two 30 deg bending magnets HC3 and MEI, together with the 

several quadrupele doublets, guide the beam to the various experiment stations 

in the main hall. 
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3 NUMERICAL CALCULATIONS 

4 
z/mm -

In this ahapter some resuZts of a aomputer program whiah integrates numeriaally 

the general equations of motion. wilZ be dieaussed. The purpose of this program 

ie to be abZe to explain the results of the measurements and to underetand the 

behaviour of the beam for given values of ayalotron parameters. Beation 3.1 

aontains a few introduatory remarks. In seation 3.2 the equations of motion 

and the aomputer program wiZZ be discuseed briefly. Finally, in seation 3.3 

a number of aaloulations regarding the e~traation proaess are given. 

3. I Introduetion 

The extraction process in an isochronous cyclotron is influenced by e.g. the 

intèrnal beam quality, the measure of isochronism of the beam, and the 

amPlitude and azimuthal position of a first harmonie field perturbation in 

the extraction region. For this reasou the extraction efficiency in dependenee 

on several cyclotron parameters has been measured, and the measurements will 

be discussed in chapter 6. 

In the present chapter numerical results regarding the extraction process are 

given. An ALGOL 60 program, called CYCLOTRON, for the Burroughs B6700 computer 

at the EUT Computing Centre has been written, by means of which the general 

equations of motion are integrated. For our cyclotron, such work was performed 

earlier by Ragedoorn and Verster (Hag62,Ver62b,Hag66a). They used, however, 

linearized equations of motion and neglected the influence of the vertical 

motion on the horizontal motion. 

We are also interested in the coupling of these two motions, which is of 

special importance in the region of the vr = 2vz resonance (cf. sectien 1.2.2). 

At the head of this page is an iUust:rotion of Floquet 's fa<>tor and the eigeneztipse: the aa~au~ated 

motion in axial (z,p
3

) spaae of a partiele with similar conditions as given in fig. 3~44 plotted du.rin.g 

the first tfwee x>evoZutions at successive azimuthal positions differing JO deg ( cf. seation. 3. 3. 3 and fig. 3. 4) 
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3.2 Numerical partiele-orbit inte~ration 

The general equations of motion for a partiele with charge e and linear 

(kinetic) momenturn p m~ in a magnetic field with i~duction B, expressed in 

the independent variable e, are given by Ragedoorn and Verster (Hag62): 

(3, la) 

the quantities in italic type being reduced quantities. Here , Bz and B
0 

are the components of the magnetic induction in the radial, axial and 

azimuthal directions, respectively, pr etc. the corresponding components of 

the kinetic momentum, and vr etc. the corresponding components of the velocity. 

The magnetic induction is given by 

(r>,O,z) = ~ 
!' 

(r>,e) + 

(3 .2) 

where (r,8) represents the axial component of the magnetic induction in the 

median plane (cf. equation (1.1)): 

B
2

(r>,e) = <B (r>)> + Î { A3k(r>) cos 3ke + B3k(r) sin 3k8 } + LIB(r>,e) 
z k=l 

(3.3) 

where ~B(r,e) stands for a first harmonie field perturbation of the form 

~B(J>,8) (3.4) 

Equations (3.1) are integrated numerically, using a fourth order Runge-Kutta 

method with fixed interval h, equal to 2 deg (Ham62). Tables of the measured 



values of <Bz(r)>, A
3
k(r) and B

3
k(r) are given for equidistant values of r 

(6r = 20 mm). These data have been collected by memhers of the Philips Research 

Laboratories (Ver62c). The magnetic induction in the median plane at inter

mediate points is calculated by means of a5-point Lagrange interpolation (Ham62). 

The acceleration is simulated by an increase in the partiele momenturn p at 

every gap crossing, taking into account the actual value of the phase angle 

of the partiele with respect to the isochronous frequency. 

In the program r, pr' z and pz are calculated per interval step. Their values 

are printed every 30 deg, immediately befere and after acceleration, and at 

the azimuthal position of the entrance of the extraeter (e = 228 deg). 

Furthermore, after each acceleration are printed the relative momenturn increase, 

the phase angle, the quantity p/e, and the energy. Finally, the average radius 

<r> J/2n ~ rde and the effective radius reff = l/2n ~ ds = l/2n ~ r/p8 d8, 

being the total path length during one revolution divided by 2n, are printed 

after each revolution. 

The initial values r
0

, pro' z
0 

and pzo' the amplitude and azimuthal position 

of the first harmonie field perturbation, the phase angle of the particle, and 

the amplitude and frequency of the accelerating voltage are given as input 

parameters. 

The uncoupled radial equations of motion can be studied by putting z and pz 

equal to zero. 

3.3 The extraction process 

3.3.1 Introduetion 

We start the partiele at an average radius <r> = 0.48 m, i.e. about J5 

revolutions befere the v 
r 

I resonance (<r>% 0.49 m). As initial values 

for randprat e= 0 deg are taken r
0 

= 0.4869 mand pro= -0.1151 rad, 

respectively, being the coordinates in phase space of an equilibrium orbit. 

The latter is defined as the periadie salution of the radial equations of 

motion (3.la,b) with threefold symmetry (Ver62b). The integrations are carried 

out during 40 revolutions. 

Fig. 3. I shows an example of the motion in radial phase space at e = 228 deg. 

A grid of particles is started around the initial values mentioned above, 

the grid widths in r and pr direction being x = ± 2.5 mm and px = ± 2.5 mrad, 

respectively. This implies the representation of a beam with horizontal beam 

quality of 25 mmmrad. The initia! values for p/e, the energy, and the phase 

angle are 0.70397 Tm, 23.443 MeV and 30 deg, respectively. A first harmonie 
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-60 

9·228deg 

soo 510 

Fig. 3.1 The motion of a 

e ::: 228 deg with va lues 

pro -0.1151 ± 0.0025 

a:nd a firet harmonie 

The extraator aperture in phase 

520 S30 540 
-rlmm 

of pm'ticles in radial phase space at 

r ::: 0.4869 
0 

± 0.0025 m, 

0.70397 Tm, 23. Me V, q, = 30 

of c
1 = 5 at 1J;J 180 deg. 

spaee has been ealeulated (soZid 

an cptimu~ Zcaation is indi~ated in braken lines) 
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deg, 

field perturbation of amplitude c
1 

= 5 10-4 T at azimuthal position 1J;
1 

= 180 deg 

has been applied, resulting in a eyeloidal motion with a radial osei.llation 

amplitude of about 4 nnn after 15 revolutions (vr l). The septurn of the 

extraeter is located at r = 0.534 mand the entrance width is taken 5 mm. 

In order to enable the aperture in phase spaee of the ehannel to be caleulated 

the electrie field is simulated by an equivalent magnetic field deercase 

bB = Vextr/vd, where Vextr and d are the extraeter voltage and ehannel width, 

and v the partiele velocity, corresponding to an energy of 26 MeV. 

The channel extends from e = 228 deg to 8 = 308 deg. The aperture of the 

ehannel at arbitrary azimuthal positions in phase space is transforrned back 

to the entrance (e 228 deg) using transfer matrices. More details have 

been given by Ragedoorn (Hag63). 

From this figure it is seen that only revolution number n = 35 contributes 

to the extracted beam. Furthermore, a better position of the extraeter aperture 

in phase space would be the ene, indicated by braken lines, corresponding 

to a slightly more outward position of the channel and a slightly increased 

electric field (vNi72). The latter can be obtained by increasing the extraeter 

voltage or decreasing the channel width. In practice, all extraeter parameters 

mentioned can be changed in order to achieve optimum extraction efficiency. 
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3.3.2 The extraction process in re~ation to [irst harmonie field perturbation 

Orbit integrations have been carried out for particles with initial values 

as mentioned before, moving in a magnetic field with a first harmonie 

perturbation, of which the amplitude c
1 

is varied up to 7.0 10-4 Tin steps 

of 1.0 10-4 T, and the azimuthal position ~~ in steps of 30 deg. Plots of 

the corresponding points in radial phase space at 6 = 228 deg have been made 

every 5 revolutions and from n = 30 at each revolution. The results are shown 

in fig. 3.2. In the graphs of this figure the phase space representation of 

the equilibrium orbit of particles with energies corresponding to the 

revoltution number involved has been plotted too (dots). 

From the graphs it can be seen that a first harmonie perturbation of about 
-4 2.5 10 T at ~I • 180 deg keeps the partiele close to the equilibrium orbit. 

A zero first har.monic perturbation apparently results in a deviation from 

the equilibrium orbit. This shows the influence of the gap crossing resonance 

effect, being an interference between the apparent second harmonie component 

due to the acceleration process and the third harmonie component of the 

magnetic field (Gor62,vKr66). 

Each of the calculated points should be surrounded by a grid of points, as 

shown in fig. 3.1. Furthermore, the phase space representation of two successive 

revolutions should be interconnected (cf. n = 35). To obtain optimum extraction 

efficiency, a maximum part of these conneetion lines should lie in the 

extraeter aperture in phase space. Points on such a conneetion line represent 

particles with energies lying intermediate between those of the points given 

in the figures. 

For a certain extraeter aperture in phase space the influence of the first 

harmonie field perturbation on the extraction process can be derived. In this 

particular case the extraeter electric field again should be somewhat higher 

(braken lines), resulting in an optimum first harmonie perturbation of about 
-4 

5 10 T at ~~ = 180 deg. 

3.3.3 Non-linear coupled oscillations 

In this section some results will be shown which clearly illustrate the 

influence of the non-linear coupling between the radial and axial motions. 

As an example, a partiele with initial deviations from the equilibrium orbit 

x
0 

~ 0 mm. pxo = 5 mrad, z
0 

= 2 mm and pzo = 0 mrad and starting phase angle 

4 = 30 deg and energy E = 23.443 MeV is accelerated during 40 revolutions. 

In fig. 3.3a are shown the points repreeenting successive revolutions in the 

x,px space at 6 = 0 deg. Fig. 3.3b represents the corresponding points in the 



z,pz space at 8 0 deg. In the latter figure it is convenient to conneet 

points which differ two revolutions when % !, obtaining a stroboscopic 

picture of the z-motion (braken curves). 
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The variables x, px' z and p
2 

do not form a set of canonically conjugate 

variables (Hag62). However, by a number of suitable canoniele transformations 

it can be shown that the variables 2~x' 1
0

, ~ = ~x - 2~z and 

of canonically conjugate variables (Hag66a,b), where 

form a set 

I I + li 
0 x 1 z 

lv AZ A being the amplitude of the radial oscillation 2 x x x 

I lv A2 ' AZ being the amplitude of the axial oscillation 
z 2 z z 

~x phase angle of the radial oscillation 

<Pz phase angle of the axial oscillation 

1
0 

turns out to be a constant of motion and ~x a cyclic coordinate. Therefore 

the partiele motion can be represented in a phase space with the coordinates 
1 

~'Iz. In fig. 3.3c we give a phase space representation where = (2Iz/vz) 2 

and ~ = - 2</lz are used as polar coordinates. This implies that both the 

radial and axial motions can be represented adequately in one two-dimensional 

.phase space. 

If the initial axial amplitude is increased, e.g. to z
0 

= 5 mm, an oscillatory 

influence of the axial motion on the radial motion during the first revolutions 

can be observed, owing to the fact that v z % 1/3 (braken line in fig. 3.3a). 

In fig. 3.4 an example is given in which an unacceptable growth of the radial 

and axial oscillation amplitudes occurs. In this case the starting conditions 

are x
0 

2.5 mm, pxo = 0 mrad, z
0 

= 0 mm and p
20 

= 2 mrad, respectively. 

The motions of a large number of particles with different initial conditions 

have been calculated. It fellows from these calculations that the axial 

oscillation amplitude must generally lie below 5 mm in our cyclotron in order 

to prohibit blow-up of the beam. Axial amplitudes of 2 mm or less have been 

observed (vKr66). 
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3.2 partiele in radial phase spaee at e 228 deg with initial 

vaZues r
0 
= 0.4869 m, pro -0.1151 rad, p/e = 0.70397 Tm, E 23.443 Mel', 

and 30 deg, mov1:ng in a magnetie with a first harmonie 

perturbation the amplitude of whieh is varied up to 7.0 10-
4 Tin steps 

of 1.0 and the azimuthal position in steps of 30 deg. The plots 

have been made every 5 revolutions and from n 30 at eaeh revolution. 

Eaeh plot shows the phase spaee representation of the equilibriwn orbit 

of partieles with eorresponding energies (dots). For n = 35 the inter

eonneetion linea of suecessive revolutions for a first harmonie perturbation 

of 4.0 Tand 5.0 

(solid Zine) a:nd omr.ur,vm 

extract al' are indicated. 

T at = 130 is shown. The calculated 

(braken Zine} apertures in phase space of the 
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Fig. 3.3 The motion of a partiate in radiat (x,p ) (a) and axiat 
x 

(z,pz) (b) spaaes, and in the (Az'~) phase spaae (a) at e 0 deg 

with initiat values r
0 

0.4869 m, pro = -0.1101 rad, z
0 

= 0.002 m 

(z = 0.005 m broken curve in fig. (a)), p 0 rad, p/e = 0.?0397 Tm, 
0 zo 

E 23.443 MeV and ~ 30 deg in a magnetia field free of first 

harmonia perturbations. In fig. (b) the broken aurves show the 

strobosaopia pioture obtained by aonneating points whiah differ two 

revotutions in the region where vz % ~. 
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Fig. 3.4 As fig. 3.3, but with different initial values: 

r
0 

::: 0.4894 m, pro -0.1151 rad, z
0

:::: 0 mand pzo = 0.002 rad, 

respectively. 
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4 BEAM PROPERTIES AND CYCLOTRON PARAMETERS 

This ahapter deals with the philosophy applied on beam diagnoetics and 

automatic aontrol. In the first eeation beam properties and cyclotron 

parameters are alassified into the following categories: fixed, prescribed~ 

and optimum. The beam properties to be meaeured and cyclotron parameters 

to be used are se lected in seation 4. 2. A matrix concept is deduced and 

methode to determine the values of the matrix elements are indiaated. 

Finally, insection 4.4 the mathematiaal method applied toaontrol some 

beam properties wi U be disaussed. 

4.1 Classification 

For beam diagnostic research a large number of different beam properties can 

be measured. In order to make a suitable selection, one may distinguish four 

beam processes: (i) production of charged particles and first revolutions, 

(ii) acceleration, (iii) extraction, and (iv) transport to an experiment 

set-up. For each of these processes the most relevant beam properties are 

listed in table 4.1. It should be noted that strict separation is not possible: 

some of the beam properties are controlled by a number of cyclotron parameters, 

whereas, conversely, one cyclotron parameter generally influences several beam 

properties. 

For the design of automatic control one may classify the beam properties into 

several categories: 

(1) beam properties which cannot or will not be varied during automatic control 

(fixed), such as the horizontal and vertical beam quality in the central region; 

At the h8ad of this page is an iUustra#on of th8 CI!MAC set--up (of. seetion 1.5): 
(from top to bottom) - erote, no,_~ stations [o:r scanner signaL hanàHng, ADC anà murtiptexev, 

and cPate aontl'OZ.t.sr-

- branch driver contirot ûnit 

- b:runah driver> cal'trtied out as printed oircu.its in a wire 'IJl'"ap DEC mounting panel. 



Tabte 4.1 CZassifiaation of beam p~ope~ties and ayaZot~on p~ameters 

beam process region beam property fi:x pre opt cyclotron parameter fix pre opt closed 
loop-

hor+vert quality f prop. ion souree f + 
production centre hor+vert pos. ion souree f initialising 

dee voltage p 

- first harmonie cent re o--~-

phase angle p 0 conc. corr. coils p 

current p 0 magnetic field bump p 

acceleration centre to width I height frequency p + 
r % 0.48 m 

orbit separation 
(vr % I) 

time structure f 

ma in magnet ie field 0 

orbit separation first harmonie extraction 0 

rad. osc. amplitude pos.+aperture extractor f 

ax. osc. amplitude 

extraction \) % I extraction efficiency 0 r 
extractor phase angle p 0 

magn. channel hor. position p 0 

energy p 

energy spread f 

extraeter voltage p 

hor+vert quality p fringing field p 

hor+vert position p pos. quadr. + corr. magnets f 

transport beam transport width I height p set. quadr. + corr. magnets p 

system current p setting analysing + bending mag. p 

time structure position entr. + exit slit f 

energy spread p aperture entr. + exit slit p 
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(2) beam properties which are evaluated toa desired value (presaribed), 

for example, the horizontal and vertical positions at a number of 

locations in the beam transport system; 

(3} beam properties which will be optimised (optimum}, e.g., the phase angle 

at several radii and the extraction efficiency. 

There are also a large number of cyclotron parameters. The most relevant ones 

are listed in table 4.1, too. They may be classified in a similar way as the 

beam properties: 

(J} cyclotron parameters which cannot or will not be varied during automatic 

control (fixed), viz, 

(a} machanical parameters, such as the position and aperture of the 

extraeter and the position of ion-optical elements in the beam 

transport system; 

(b) parameters which have closed-loop control; examples are the ion souree 

(cf. section 2.1. 1) and the frequency of the accelerating voltage 

(cf. section 2.1.3); 

(2) cyclotron parameters which evaluate beam properties to a desired value 

(presaribed), e.g., the extractor voltage and the excitation of the 

concentric correction coils and ion-optica! elements; 

(3) cyclotron parameters which are set according to an optimum value of beam 

properties (optimum), for instance, the excitation of the harmonie coils 

and the main magnetic induction. 

It should be noted that cyclotron parameters include the parameters involved 

in the beam transport system. 

4.2 Selection 

The beam properties which are of importance for the beam diagnostic study and 

automatic control and which will be discussed in this study are listed in 

table 4.2 with the corresponding measuring devices. The signal piek-up in the 

cyclotron vacuum chamber should be without interception of the beam and 

occurs with electrastatic induction piek-up probes (cf, sectien 5.2). The 

signal piek-up in the beam transport system should also be without (obtrusive) 

interception of the beam and happens by means of vibrating beam scanners 

(cf, sectien 5.4). The determination of the energy is with the aid of NMR 

probes in the analysing magnets (cf. section 5.5). The last column of table 4.2 

gives the number of the section where the respective measurements are described. 

A list of cyclotron parameters of importance for the beam diagnostic study 



4.2 Beam 

property 

phase angle of 2nd harmonie component 
of beam signal at radius r 

amplitude of 2nd harmonie component 
of beam signal at radius r 

phase angle of 2nd harmonie component 
of signal of extracted beam 
e ~ 342 deg, r ~ 0.67 m 

amplitude of 2nd harmonie component 
of signal of extracted beam 
8 ~ 342 deg, r 0,67 m 

horizontal position extracted beam 
e = 342 deg, r = 0.67 m 

horizontal position extracted beam 
e = 10 deg, r% 0.76 m (target) 

horizontal position external beam 
in beam transport system 

horizontal width external beam 
in beam transport system 

vertical position external beam 
in beam transport system 

vertical height external beam 
in beam transport system 

current external beam 
in beam transport system 

energy extracted beam 

energy spread extracted beam 

energy spread analysed beam 

cf. figs. 2.1 and 2.4 

symbol 

(r) 

i 2 (r) 

1>2(0.67) 

i2(0.67) 

x 
0 

~ 
~i 

z. 
J 

~j 

i. '[... ,t1 
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selected 

device 1 number'section 

8( 13) 6.9 
phase 7.3 
probes 8(1 3) 6.9 5.2.3 

6.6 6.7 
6.8 

position 6.6 6.7 probes 
6.8 6.10 5.2.3 

J 
6.6 6.7 
6.8 6.10 

target 7.4 

18 7.4 
7.5 

18 2.2.3 

beam 6.3 

scanners 8 7.4 
7.5 

8 2.2.3 

sev. 

NMR 6.4 
analysing 

6.5 magnets 
6.5 

and automatic control is given in table 4.3. Similarly to table 4.2, the numbers 

of the sections where the influences of the respective cyclotron parameters are 

described are added. The choice is self-evident with the exception of B10 , 

which has a triple function: it is used in combination with B8 to produce a 

magnetic field bump in the region from 0.40 m to 0.50 m, in combination with 

the main magnetic field B
11 

to determine the magnetic induction in the fringing 

field (cf. sectien 6.7), and autonomously to correct for the slowly elapsing 

magnetic induction of the main field during the first eperating hours. 
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Table 4.3 Cyclotron parameters selected 

parameter symbol nUIIlber symbols 1 section 

current through concentric correction B. 2 B8,BIO 6.8 
coil 1 6.9 
magnetic induction fringing field BH-BlO 6.7 

current through harmonie coils Aj 1,2 4 All' A12 6.10 

extractor voltage V 
A3 I' A32 

extr 

current through coils of horizontal 2 
2 

m. mB2, DB5 7.4 
correcting magnet i Xl. 

7.5 

current through coils of horizontal M. 2 MB4, MCI 6.4 6.5 
bending magnet j J 7.4 

current through coils of vertical mzk 2 mB!' mB3 7.4 
correcting magnet k 7.5 

width of horizontal slit i A x 2 t;xi,t;xf 6.5 

cf. figs. 2. I, 2. 2 and 2.4 
2 cf. section 7.4 

4.3 Matrix concept 

4.3.1 Introduetion 

If only small variations are taken into account, the relations between the 

cyclotron parameters pk and the beam properties r
1 

are linear: 

... ... 
r = A p , (4.1) 

defining the elements of the matrix A as 

~1 = (ark/apl)p. 
J 

j "' 1 • (4.2) 

With the choice of beam properties and cyclotron parameters given previously 

we have tried 

(a) to make as many off-diagonal matrix elements as possible zero or small 

as compared with the diagonal matrix elements; 

(b) to reduce the matrix into a number of interindependent submatrices. 

4.3.2 Determination of the matri~ eZements 

The elementsof the matrix A in equation (4.1) may be known either from 

numerical calculations or from measurements. They may be constant during 

operation (e.g. the horizontal position of the external beam immediately 
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after extraction in relation to the extraeter voltage 3r/op = 3x
0

/3Vextr) or 

they may vary slowly with time, which means that they have to be checked 

continuously (e.g. the current of the external beam in relation to deviations 

from the isochronous magnetic field 3i/3B 10). 

For the time-constant matrix elements a single determination satisfies. This 

can he performed in several ways: 

(a) The setting of one cyclotron parameter p. is altered by means of an 
J 

adequately small stepwise variatien and the resulting variations in all 

beam properties involved are measured. This yields the values of the 

elements in the j-th column of the matrix. The procedure is repeated for 

all cyclotron parameters involved. 

(b) For a number of settings of one cyclotron parameter the corresponding 

values of beam properties are measured and plotted. The matrix elements 

are then determined by the slopes of these graphs. The procedure is 

repeated for all relevant cyclotron parameters (cf. section 7.4 and Sch71). 

The first methad is normally used when the matrix elements are determined 

with the aid of the PDP9 computer. Accuracy is sufficient but less than with 

the secoud methad mentioned. This latter one is, however, more laborieus to 

carry out. 

For the matrix elements varying (slowly) with time quite an other approach is 

required. Since in optimum operatien the values of these matrix elements 

should be zero, this may he checked continuously by introducing small perturb

ations of short duration on the settings of the relevant cyclotron parameters. 

By correlating the responses of the beam properties to the perturbation pulses 

we obtain infor~ation on the correctness of the settings of the parameters. 

This methad will he described in more detail in sectien 5.6 (equipment) and 

section 7.2 (measurements). 

4.4 Control strategies 

4,4,1 Introduetion 

In this sectien a brief survey of the mathematica! methad applied to control 

some of the beam properties mentioned will he given. Although there exist 

treatments that are more elegant from a mathematica! point of view on this 

matter, it will be shown in the last chapter that the method pointed out in 

this chapter is sufficient for our applications. Furthermore, the processes 

are so slow that we can neglect effects that are typical for dynamic control 

systems. The method closely resembles the treatment given by Halbach (Hal67). 
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We consider the relation 

_,. _,. 
Ar = A Ap , (4.3) 

where the matrix elements of A are given by equation (4.2). 

Here ai represents the deviation of the observed beam property vector r from 

the desired beam property vector r , Furthermore, Ap indicates the correction 
0 

which must be applied to the actual cyclotron parameter vector P to reach the 

desired adjustment (cf. section 4.4.2). 

We may distinguish three cases: 

(l) The number of cyclotron parameters (m) equals that of beam properties (n). 

In this case the matrix A in equation (4.3) is square and by means of the 

inverse matrix A-l we can calculate the necessary corrections for the 

cyclotron parameter settings to obtain all desired variations in the beam 

properties involved (section 4.4.2). 

(2) the number of cyclotron parameters is smaller than tbat of beam properties. 

Now tbe matrix A is not square any more and the inversion methad cannot 

be applied. This problem can be subdivided: 

(2a) All desired values of the beam properties are roughly equally important. 

In this case a least squares metbod can, for instance, be applied to 

find a set of values for cyclotron paramters which yield values of beam 

properties as close as possible to the desired values (section 4.4.3). 

(2b) Some values of beam properties are mandatory. This problem can be solved 

by means of tbe undetermined Lagrange multiplier metbod (section 4.4.4). 

(3) The number of cyclotron parameters exceeds that of beam properties. This 

is the case of overdetermination. Although this problem has many interesting 

aspects, we do not deal with it since sufficient beam properties are 

available. 

the beam property vector desired and r tbe beam property vector observed, 

we have to correct i with a vector !r given by 

... 
r 

0 

.... 
r 

The necessary correction of the parameter vector is then obtained from 

.... -1 .... 
Ap A Ar . 

(4.4) 

(4.5) 

In practice the relations are not exactly linear. Moreover, the matrix elements 

show up measuring errors. Owing to these facts tbe correction Ap performed 
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will not be sufficiently adequate. Therefore, generally a few iterations of 

the above-mentioned process have to be made. 

An example of such an iterative procedure will be given in sections 7.5.1 and 

7.5.2. 

4.4.3 Least squares method 

When the number of beam properties (n) is larger than that of cyclotron 

parameters (m), the methad mentioned above cannot be applied. In this case 

one can only try to make the difference between observed and desired beam 

property veetors as small as possible. This may be done by, for example, a 

least squares method. 

Let ~rko be the desired and ~rk the effectuated variation of the beam property 

rk. Then we have to minimise the function 

F 

If the parameters can be varied freely, this yields 

s m (m < n) • 

The following equation is obtained: 

n n m 
L ~ ~r = L L aks ~1 ~Pl ' 

k=l 8 ka k=l 1=1 

which can be written as 

AT h.-; 
0 

+ 
B Lip , 

with B = AT A. 

(4.6) 

(4. 7) 

(4 .8) 

(4.9) 

Therefore, the necessary variation in the cyclotron parameter vector can be 

calculated from 

+ 
Lip (4.10) 

For this equation the same remarks as given about equation (4.5) are valid. 

Examples of this procedure will be given in sections 7.3 and 7.5.3. 

4.4.4 Lagrange muZtipZier method 

A more complicated treatment is required when constraints are added, Then the 

variation problem of the previous section cannot be considered as a free 

variation problem. In this partienlar case the undetermined Lagrange multiplier 
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method appears to be a convenient way of solving the problem (Lan64). 

The variation problem 

öF = 0 s = I • • • m (m < n) ( 4. 11) 

with the q constraints 

f.(~p ) = ~r. -Ar. 0 
J S J JO 

j = n-q+l n 
s • 1 ••• m 

(4. 12) 

is modified to the following variation problem: 

n 
F = F + L 

j=n-q+l 
Lf. 

J J 
öF = o (4.13) 

If we also take the undetermined multipliers À. as independent variables, it 
J 

can he seen that the modified problem can be considered as a free variation 

problem. This yields 

aF'/'ap = o s 
s = I ... m (m < n) 

and 

r = m+l ••• m+q (m+q = n) 

Two equations can then be derived: 

n-q 
2 z: a. 

k=l ltS 

n 

~r = 2 ko 

n m 

. z: 
J=n-q+l 

~r. 
JO L L ajl Apl ' 

j=n-q+l 1=1 

which can be written as 

A '11. T A-; = B• Af? 
0 ' 

with Ap- a column vector including Ap and !, 

2a 0 
n-q, I 0 

A~ T 
2alm • ....... 2a 0 n-q,m 0 

0 0 0 

0 0 0 

a. À. 
JS J 

(4.14) 

(4.15) 

(4.16) 

(4.17} 

(4.18) 

(4.19) 



and 

2 

n-q 
2 1: 

k=l 

1,1 ..... 

n-q 
\' 
L 
-j 

I, I ...•. 

,m a 
nm 

•••" ....... 0 

• ........... 0 
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• (4.20) 

The necessary variatien of the cyc" otron pa:t,, 'r ·ctor can now be obtained 

from the desired variatien of tn· 

+ 
Lip A'lf. T "..-; 

0 

The remarks given about equation (4,:) r 

example of this iterative procedure 

(4. 21) 

oe ~1ven in section 7.5.4. 



5 BEAM DIAGNOSTIC EQUIPMENT 

The measuring devices and techniques by means of which are deter-mined the 

beam properties selected wiZZ be treated in this chapter. The use of 

electrastatic induction piek-up probes. and sampling and correlating 

techniques to measure the phase angle and the current of the internaZ and 

extracted beam. and also the horizontal position of the Zatter. are described 

in sections 5.2. and 5.3. Vibrating beam scanners are used to determine the 

horizontal and verticaZ positions. width respectively height. and the current 

of the beam in the transport system. The system set-up and signaZ handZing 

are explained in section 5.4. The main problems concerning the energy 

deter-mination are given in section 5.5. A device which deter-mines the optimum 

adjustment of the cyclotron by means of a smaZZ perturbation of the setting 

of a feW cyclotron parameters wiZZ be presented in the last section of this 

chapter (section 5.6). 

5.1 Introduetion 

A number of special requirements hold for the beam diagnostic system with 

regard to automatic control of, the cyclotron, such as (I) the beam being not 

(obtrusively) intercepted, (2) the sensitivity of all systems being as large 

as possible for small beam currents, and (3) the beam properties involved 

being measured continuously or as frequent as necessary. 

At tlua luaad of this page is an iZlustration of the electrostatic induction piek-up probe signal 

handUng set-up I af. seation ~. 3): 

I frorn top to bottomi 1.. vector osai Z bsaope 

R PAR selective amplifier, frequenay doubler, contl'ol unit for vector oscilloscope" 

and 'odd' sampLing timing device 

- Tektronix sampling set-up 

- control unit for manuaZZy setting of muUipZe:x:er and test equipment 

- correlation equipment, eaztl'ied out as printed circuits in tüJo wire wrap DEC mounting panels 
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The beam properties that are measured are summarised below (cf. table 4.2): 

(l) the phase angle of the internal and extracted beam with respect to that 

of the accelerating voltage, yielding information on the measure of 

isochronism; 

(2) the current of the internal and extracted beam, yielding also information 

on the presence of wanted or unwanted first harmonie field disturbances; 

(3) the horizontal position of the beam irnrnediately after extraction. This 

deterrnines the transmission of the bearn through the magnetic channel; 

(4) the horizontal and vertical positions, width respectively height, and 

the current of the external beam at a number of locations in the beam 

transport system, yielding the transmission; 

(5) the energy of the external beam by means of the analysing system, 

described in section 2.2. 

The measuring devices and techniques which determine the several beam properties 

mentioned will be treated in the following sections. 

The current and the phase angle with respect to the accelerating voltage of 

the internal and extracted beam can be measured without interception of the 

beam by means of magnetic or electrastatic induction piek-up probes. Both 

detection methods will be described below. 

The probes are generally located both above and below the median plane. The 

magnetic induction probes detect magnetic flux variations and the electrastatic 

induction probes react on electric field variations, owing to the passage 

of the beam. 

For the following discussion some properties of the beam are of importance. 

The (micro) duty cycle is defined as the time duration t of a beam pulse, 
p 

expressed as a fraction n of the time duration 

pulses: 

11 

between two successive 

(5 .l) 

The practical value is about 0. I, from which follows the length 1 of a 
p 

partiele cloud at radius r: 

1 = 2~nr % 0.6 r • 
p 

(5.2} 

For simplicity the shape of the beam pulse is assumed to be triangular, 

The average current <i> is given by 
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<i> = ! n imax (5.3) 

wi th imax being the maximum beam cun:ent ::.he pl:1_ ~:, 

The radial orbit density will be denoted "'-' ·,," ' .. ~-. 

5.2.1 Magnetia induation piak-up 

1 dn' 
I ar '=~- · 

Fig. 5. 1 Loaati_on. ,ui dimensiorlir of; 

magnetia and eleatrost--tia iru!Uq,!io,'l. 

piak-up probes be low iJ;q 

The sector represents the 

aharged partiaZes. 

T::-.~, ·Jag;:;.etic induction piek-up probe 

~~ists of a coil with its centre-

H.:.:c :.n :radial direction (cf. fig. 5. I). 

1 t:s geome::rical dimensions are width b 

,:-,d area A; they are assumed to be 

small io relation to the pulse length 

• The coil has N windings, inductance 

L, stray capacity C, and is terminated 

by a resistance R. The internal 

cyclotron beam and the coil can be 

represented by a current-fed pulse 

transformer, the beam being the primary and the coil the secondary winding 

(StÜ70). 

The induced magnetic induction B at the location of the coil is proportional to 

B ~ ! ~0 dn/dr imax (5.4) 

~0 being the permeability of vacuum. The maximum magnetic flux through the 

effective area NA of the coil is 

il>max -v ! ~0 dn/dr imax NA 

For the induced voltage we find 

4> 
I I max 

vind = - dil> dt % tT'X max tp L 

We may now distinguish two cases: 

(a) L/R » t 
p 

In this case the top value of the output voltage 

t /2 

u =.! V V dt '\, 
L o' 

(b) L/R « t 
p 

Then U equals Vind' thus 

.! b dn/dr i 
N max 

(5.5) 

(5 .6) 

(5. 7) 
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u ma x 
~0 dn/dr i NA I t max p 

(5.8) 

We have made a set of coils. The electrical values are R = 50 n, C = 20 pF, 

and L = ~H. With these values the quality of the resonance circuit 

1 
Q R(C/L) 2 % 0.2 

Thus damped oscillations will not occur. 

The construction of the coil is shown in fig. 5. 2. A capper ribbon 0. I mm 

5.2 Mdgnetic induction piek-up 

coil 

thick and 10 mm wide (i.e. b = 1.0 I0-2m) 

is wound on a perspex core 

sectien of 10 x 10 mm2 
(A 

with a cross
-4 2 1.010 m). 

The number of windings is 10. The 

insulation consistsof a 0.15 mm thick 

PVC foil. The coil is mounted inside a 

capper box which has a JO x 30 mm slit 

in its top. The uppermost point of the 

coil lies in the plane of the slit. This plane has a distance of about 10 mm 

to the median plane of the cyclotron. 

These data imply an induced signa! of about 0.7 mV at a beam current of I ~A. 

Fora test measurement with this coil we may refer to StÜssi (StÜ70). Other 

investigations concerning magnetic induction piek-up probes are described in 

e.g. (Joh63,Den69,Ett69). 

5.2.2 Electrastatic induction piek-up 

The electrastatic induction piek-up probe consists of a small conducting plate 

above and/or below the median plane. The dimensions of the probe in radial 

and tangential direction are b and 1, respectively, and are also assumed to 

be small in relation to the pulse length 1 (cf. fig. 5.1). Then the current 
p 

pulse (5.3) induces a maximum charge 

q "' ! b dn/dr i -2
1 

tRF max "' max 11r 

Again·we may distinguish two cases: 

(a) RC » t 
p 

In this case 

u ma x 

(5. 9) 

i 
ma x (5 .10) 
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(b) RC « t 
p 

Here U equals 

U = i R % b dn/dr i ----2
1 R , max 1T!lr 

(5 .IJ) 

In practice we have R = 50Q and C 

case (b). With r = 0.5 mand dn/dr 

20 pF, so RC 10-9 s, which is still 
3 -1 10 m we find for the output voltage 

about 3 mV at a beam current of I ~A. The low-impedant termination, however, 

implies capacitive piek-up, i.e. a differentiation of the .charge profile. 

Investigations with this type of piek-up probes are described in, for instance, 

(Fel64,Fel66,Bir69); furthermore reference should be made to table 1.2. 

5.2.3 Experiment set:YP 

We use electrastatic induction piek-up probes. The prototype of the device 

is shown in fig. 5.3a. All measurements on the internal and extracted beam 

described in this study have been carried out with this set-up. The figure 

also shows the recently completed permanent device (b). 

The rectangular so-called phase probes are located 10 mm above and below the 

median plane, The probes are 45 x JO mm. They are situated at 8 (13) different 

radii, viz. (0.225), 0.250, (0.275), 0.300, (0.325), 0.350, (0.375), 0.400, 

0.425, 0.450, 0.475, 0.500 (and 0.525) m. The data between parenthesis are 

for the permanent device only. 

(a) prototype 

Probes at r = 0.425 and 

0.475 m have been inserted 

later 

(b) permanent device 

Fig. 5.Z The prototype and finaZ set-up of the eZeatrostatic induation 

phase and position probes 
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Similar devices have been tested and/or will be used at TRIL11F (Vancouver), 

ISKP (Bonn), JULIC (JÜlich), KFK (Karlsruhe), SIN (Villigen), Gniversity of 

Indiana (Bloomington), and JINR (Dubna) (cf. table 1.2). 

Two triangular probes are placed immediately bebind the extractor at r = 0.67 rn 

in order to measure the beam properties of the extracted bearn before it enters 

the magnetic channel and the beam transport system. These so-called 

measure 125 x 55 mm and are also located 10 mm above and below the 

median plane. This type of probe has already been used in several laboratories 

(see e.g. Mar59,She65,vKa69,Eva71,Cup73). 

For the analysis of the RF probe signals one eau make a choice between 

(I) time-analysis and (2) • In the first case the signal 

shape in relation to time is considered, whereas in the secoud case the signal 

is decomposed in its Fourier components and only one or a few of these 

components are considered. Another choice can be (a) real time-analysis and 

(b) sampling-analysis. In the first case the information is handled directly. 

In the secor1d case the signals are shifted without distortien along a 

logarithmic frequency axis towards a much lower frequency and then handled. 

Examples can be found for case (la) in (Bor69), for (lb) in (Bir69), for (2a) 

in the next section and for (2b) in sectien 5.3.2 and (Dol62,1~i62,Dor67). 

S. 3.1 Mixing methods 

A mixing principle is shown in fig. 5.4. In the modulator a signal Udee(t) 

derived from the RF accelerating 

Fig. 5.4 Diagram of 
(w « w ) 

0 d 

voltage, with phase angle zero, 

(5. 12) 

is modulated with an oscillator signal 

of low frequency 

(5. 13) 

with arbitrary phase angle ~ 0 • The 

output signal of the modulator equals 

methad with oscillator at arbitrary 
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U d(t) = ~ Ad B {·cos {(wd + w )t + ~ } + cos {(wd- w )t - ~ }} • mo o o o o o 
(5 .14) 

Generally also a small contribution of signals with frequencies 

lwd ± mw
0 

is present. The modulated signal is mixed with the probe signal. 

The latter is represented by 

U(t) = I 
n=l 

A cos 
n 

(5.15) 

with ~n the phase angle of the n-th harmonie component with respect to the 

dee signal. The output of the mixer contains signals with frequencies w
0 

and 

nwd ± w
0

• The component with lewest frequency (w
0

) of this signal is 

{5 .16) 

The other components with frequencies of the order of nwd' being much higher 

than the modulator frequency w
0

, are eliminated by a narrow bandpass filter 

with centre frequency w
0

• 

It follows that the phase angle between the reference signal and the fundamental 

frequency of the probe signal is transformed into an amplitude of a modulation 

frequency signal with frequency w
0

, which is easier to handle than the original 

RF reference and probe signals. After suitable amplification in a narrow band 

amplifier, followed by rectification, a de voltage proportional to the 

amplitude and the eosine of the phase angle of the probe signal is available. 

In practice, the probe signal is composed of two contributions: 

(a) the signal induced by the partiele bunches, and 

(b) a signal caused by the action of the accelerating electric field on the 

probe. 

Because of the second contribution the fundamental Fourier component of the 

probe signal should not be used to measure the phase angle. A compensation for 

this disturbing contribution is possible, but not necessary, as will be shown. 

If, in fact, the reference signal (5.12) is first submitted toa frequency 

doubling device and then treated in the way described above, the difficulty 

can be evereome thanks to the extremely low content of a secend harmonie 

present in the dee voltage. In this case the output voltage of the rectifier 

is proportional to A2 cos ~ 2 , the amplitude and the phase angle of the secend 

harmonie component of the probe signal. These are representative of the 

intensity and phase angle of the total beam, since the signal is a sufficiently 

nai:row pulse. 

A disadvantage of the method may be the loss of information concerning the 

time structure of the beam. In our case we are not interested so much in that 
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beam property. 

A more detailed description of the system developed and the results of a test 

measurement are given by StÜssi (StÜ70). 

A somewhat different mixing methad is represented in fig. 5.5. The probe 

cos ( t.wt + 'Pm- 'Prr{> 

5.5 Diagram of mixing method 

with osoillator at frequenoy being 

aûnost an integer multiple of the 

frequen~d (heterodyne 

signa! is now mixed with a reference 

signal having a frequency slightly 

differing from the frequency of the 

accelerating voltage or a higher harmonie 

of that voltage (m): 

Uosc(t) ~ Bm cos {(mwd + 6w)t + $~} • 

Then the output signal of the (5 .17) 

mixer is given by 

umix(t) I A B ( cos {f(n+m)wd - 6w}t + <P - $I} + 
n~l 

n m n m 

cos { {(n-m)wd + 6w}t + <Pn - <PI}} (5.18) 
m 

The signal having passed through a lewpass filter with cut-off frequency w c 
(L>w << w << wd), we obtain 

c 

(5. 19) 

The amplitude of this signal is proportional to the amplitude of the m-th 

harmonie component of the probe signal, whereas its phase information is 

still present in the phase angle of signal (5.19). The latter can be detected 

by a correlation methad (e.g. phase sensitive detector, lock-in amplifier) as 

described in the next section. 

In both mixing methods the impravement of the signal to noise ratio is 

inversely proportional to the bandwidth of the system. 

5.3.2 Sampling anà correlatin~ method 

5.3.2.1 Samvling 

In the sampling process the periodical RF signa! is measured at equidistant 

points. The time duration between two measuring points is given by 
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T = N 
s 

(5. 20) 

where is the period of the fundamental (first) harmonie component of 

the signal and N an integer. 

As a consequence of Shannon's sampling theorem the frequency spectrum of 

the sampled signal is composed of many equally shaped frequency spectra at 

equal distauces w
6 

= 2~/T6 from each other. The shape of all subspectra is 

equal to the shape of the original spectrum. 

The sampling process mathematically can be described by a multiplication of 

the probe signal (5. IS) by the sampling pulse: 

ei(nwdt + .Pn) 
+m 

ikw t u•(t) = ~ A' ~ e s n n=-oo k=-m 
+m 

I A cos (nwdt + .pn) ~ cos kw t 
n=O n k=O s 

(a) 

., 2dw ... 36W 

0 

( b) 

0 Ws -w 

Fig. 5.6 Principle of frequenoy transformation by sampling 

(a) HF speatrum of signal and sampling putse in w-domain 

(b) LF speatrum of signal in w-domain after sampling 

(5.21) 



If Nw
8 

= wd + nw (cf. equation(5.20)), at an adequate choice of 

product yields for k = nN 

I 
n=-oo n=O 

w ' s 

o, 1,2, ... ) 
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the 

(5. 22) 

can now This shows that the RF spectrum with frequencies nwd (n 

be imaged as an LF spectrum with frequencies n6w (6w << w) (cf. fig. 5.6). 
s 

If the noise spectrum extends up to wN' then 2wN/w
8 

noise spectra will 

overlap. This results in a decrease in the S/N ratio (U~/U~) by the same 

factor. This disadvantage can be easily overcome by applying a small value 

of nw, so that a narrow bandwidth is selected. This results in an impravement 

of the S/N ratio 

in which k is the largest harmonie number involved. 

5.3.2.2 Correlating 

The amplitude and the phase angle of the second harmonie component of the 

LF probe signal 

U(t) = A
2 

cos (2nwt + ~ 2 ) (5.23) 

have to be determined. For this purpose the frequency doubled accelerating 

voltage is also sampled, yielding the LF replica 

(5.24) 

from which signal two signals with a phase difference of 90 deg are formed. 

The two signals are multiplied by the LF probe signal. Integration of the 

product signals then yields de components 

u 
c 

u 
s 

A2 A2d cos ~ 2 
A2 A2d sin ~ 2 

From these signals A
2 

and ~ 2 can be easily determined. 

5, 3. 3 Exper•iment set-up 

(5.25a) 

(5.25b) 

Additional to the requirements given in the introduetion of this chapter, the 

signal handling equipment should be 

(a) simple, easy to handle, and reliable; 
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(b) operable in a synchronous multichannel mode, i.e. preferably in a modular 

form, and 

{c) commercially available as far as possible. 

These requirements resulted in the measuring system shown in fig. 5.7. The 

total system consists of an HF part, a six-channel sampling device, and an 

LF correlation part. Experiments performed earlier in our laboratory with a 

dual input sampling device have been described by Baghuis (Bag71). 

5.3.3.1 The HF part 

The signals from the corresponding upper and lower electrastatic induction 

phase probes are added and transported to the sampling system via an 

emitter follower. The signals of two pairs of phase probes are fed directly 

into two input channels of this system (see next section). The signals of 

the remaining six (eleven) probes are first fed into a multiplexer, the 

output of which is connected to the third input channel of the sampling 

system. The signals of the two position probe pairs are fed into the 

channels Nos. 4 and 5. The accelerating voltage frequency-doubled in an 

MC1596 multiplier is fed into the last input channel. 

Since the input noise of the sampling system is in the order of I mV peak

peak, the RF signals are first amplified. The amplifiers (pA733) have an 

Fig. 5.? EZeatronia measuring equipment for deteating aurrent~ phase 

angle and horizontal position of the beam 
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input noise of JO ~V peak-peak and an amplification of JO. This impraves 

the S/N ratio by a factor JO. 

The signals from the position probes are so small that it is advantageous 

to measure the output current. For this reason the signals are led via a 

50 Q cable to a common base circuit and an emitter follower. The small size 

of the signals is due to the fact that only one orbit passes the probes. 

The signals pass a two-stage tunable dee frequency filter, which eliminates 

the direct piek-up of the accelerating voltage. The suppression of the latter 

lies between 20 and 40 dB. The tuning is carried out by means of Varycaps 

(BBIJ3), which may be set automatically with frequency. 

Fig. 5.8 shows a typical RF phase probe and position probe signal, tagether 

with the dee and the frequency doubled dee signals. 

Fc:g. 5. 8 signals f:r>am the 

eZeetrostatie induetion phase and 

position probes after HF amplifi

cation; beam current 1 ~ 

Hor. seaZe 1 div. ~ 50 ns 

(a) dee voltage 
(b) frequeney doubled dee voltage; 

(a) signaZ from position probe 

(dJ signal from phase probe ; 

5.3.3.2 The sampling sustem 

(a) 

(b) 

(c) 

(d) 

Fig. 5.12 The signals of fig. 5.9 

after 1odd 1 sampling 

Hor. scale 1 div. - 1 ms 

Vert.scale 1 div. = 5 V 

vert. scaZe 1 div. = 2 V 

vert. saale 1 div. ,;;; 2 V 

vert. scale 1 div. = 5 mV 

vert. saale 1 div. = 20 mV 

The sampling system consists of 3 type Tektronix 3S2 dual input sampling 

units and 1 type Tektronix 3Tl timing unit, all mounted in a type 129 power 

rack. In this way we have 6 simultaneous sampling gates available. By 

sampling, the RF signals are transformed to a frequency of approx. J kHz. 

The sampling frequency is about 30kHz. As has been stated before, we de.sire 

to reject the first (fundamental) harmonie component of the input signal. 
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Apart from filtering and correlating with the frequency doubled reference 

signal, this is realised by performing the sampling proeess in sueh a way 

that only even harmonie eomponents of the probe signals are allowed to pass 

through. This sampling teehnique (so-called 1odd' sampling) will be described 

below. 

By choosing the sampling frequeney w
6 

in such a way that the sampling process 

takes plaee every (N+~)-th period, so (N+~}w6 wd + ~w, different situations 

oeeur for even and odd harmonie numbers n, eorresponding to integer and 

half-integer values of k, respeetively, since k = n(N+!) (ef. equation (5.21)), 

For all even harmonie eomponents, in the RF frequeney spectrum a sampling 

pulse is situated at a distanee n~w from the n-th harmonie component, which 

eauses the 'normal' frequeney transformation (cf. figs. 5.6 and 5.9a). 

For all odd harmonie eomponents, however, this distance equals !w
6 

± nAw, 

whieh implies the frequency transferred harmonie components to be modulated 

on a signal with frequency !w
6 

(fig. 5.9b). Thus the output signal (5.22) 

now is given by 

"f 

-w 0 fwd !} wd 3wd -w 
-~-

J_ "~l 3~ (a) 

NWsWd 2NWs2Wd 3NWs3~ 

jw,~ ,J_ (b} 

~w5+3dW b I ..; 
Nw5 wd CN+1lW5 C2N+1lws 2wd (3N+1lWs Jwd !3N+2lWs 

Fig. 5.9 Looation of HF-spectrum of signal with respect to that of 
sampling puZse, in w-domain 

(a) no1'fflaZ sampling 

(b) 'odd' sampling 
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Fig. 5.10 Successive samplingmomentsin the case of 

(a) normal and (b) 'odd ' sampling 

2,4, .. 

I 
n=0,-2,-4, •• 

I 
n=0,2 ,4, .• 

A 
n 

A' ei(nówt + ~n) + 
n 

cos (nówt + ~ ) + 
n 

1,3, .. 

I 
n=-1 ,-3, •. 

A, ei{n(!ws + ów)t + ~n} 
n 

(5.26) 

cos {(!ws + ów) t + ~n} I 
n=l,3, .. 

A 
n 

The latter components can be filtered by a suitable lowpass filter. 

The requirement to sample with half-integer periods constitutes a heavy demand 

on the triggering process. In the normal sampling situation the triggering 

unit 3Tl is enabled at all kN-th zero-crossings of the reference signal, 

either all positive or all negative. In the case of 'odd' sampling, however, 

the triggering has to be achieved all k(N+!}-th zero-crossings of the reference 

Fig. 5.11 IZlustration of the effect of 'odd' sampling; beam eurrent 1 ~ 

Hor. scale 1 div. ~ 1 ms 

(a) frequency doubled sampled dee voltage 

samp led dee voltage; left. normal 

sampling. vert. saale 1 div . ~ 2 V; 

(b) right. 'odd ' sampling. 

l vert. saale 1 div. ~ 20 mV 

(c) sampZed phase probe signal; Zeft. 

normal sampling; right. 'odd' sampling 

vert. saaZe in both cases 1 div. ~ 2 V 
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signal. This will be the case if alternately a positive and a negative zero

crossing is used. As the triggering unit 3Tl react s only on zero-crossings 

of always the same direction, an alternating device has been made in order to 

change the polarity of the reference signalafter each triggering (Mar73). 

As a consequence of this special sampling methad the frequency of the signals 

becomes doubled. 

In fig. 5. JO successive sampling moments in the case of normal and 'odd' 

sampling are shown. The effect on the signalis illustrated in fig. 5. ll, 

which shows the sampled dee and probe signals, both in the case of normal 

and 'odd' sampling. 

5.3.3.3 The LF part 

In the low-frequency part a Dame filter is used to produce two signals with 

a phase difference of 90 deg over a wide frequency range (300 to 3000 Hz) 

from the LF doubled dee frequency (Dom46). After LF amplification by a pL148 

the signals of the several probes are correlated to these two signals. This 

is performed by an AD530K multiplier. Finally, the signals pass through a 

third-order and a second-order lowpass filter with variable damping and a 

cut-off frequency of 100 Hz and I Hz, respectively. From the de components 

thus obtained the amplitude and phase angle of the second harmonie component 

in the s ignal can be easily derived (cf. sec tion 5.3.2.2). 

Furthermore, from the signals of the position probes the horizontal position 

of the extracted beam can be found by 

x 
0 

(5.27) 

Here, A2 ,
1 

and A
2

,R are the amplitudes of the second harmonie component of 

the signa! from the left and right probes, respectively. 

Fig. 5. 12 (page 71) shows typical LF signals of a position and a phase probe 

and the frequency doubled accelerating voltage, all be ing the LF replicas of 

the signals shown in fig. 5.8. 

With the measuring system described above we are able to detect currents down 

to 10 nA, phase angle variations of 0.1 deg and position variations of 0.1 mm, 

the latter two at beam currents of 10 pA. The accuracies are about 1 %, 0.5 deg 

and 0.2 mm, respectively. 
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5.4 Vibrating beam scanners 

5.4.1 Beam scanner 

The horizontal and vertical dimensions and the current of the external beam 

in the beam transport system are measured contiuous ly by means of 26 vibrating 

beam scanners. These scanners (manufactured by Danfysik, Jyllinge, Denmark) 

cons ist of a -t-ungsten wire of 0.75 mm in diameter, vibrating at 14 Hz through 

the beam. They are fed simultaneously by a 100 W sine generator. The amplitude 

Fig. 5.13 Beam scanner pair 

~-----------------. 
72ms 

of the oscillation is 25 mm. The 

wire intercepts t he beam twice per 

vibration period. 

Fig. 5.13 shows a horizontal and 

vertical beam scanner pair, mounted 

on the top of a smal l vacuum chamber 

(dimensions 210 mm in diameter and 

ISO mm high ). These chambers are 

situated at 18 locations in the beam 

transport system (cf. fig. 2 .4), 

which results in 18 horizontal and 

8 vertical detection possibilities. 

(a) Fig. 5.1 4a illustrates a t ypical 

current signal from a beam scanner 

fo r a 100 nA beam. 

(b) 

Fig. 5.14 Piek-up signa~s from 

beam scanner 

t, (a) after amp ~ification 

(b) aft er transmission to the 

control room 

Purthermare are shown the signals 
t2 

t1 (width) , t
2 

and t
3 

(position) 

deduced from signal (b) . 

Hor. scale 1 div. - 10 ms 

t3 Vert .scale (a) 

(b) 

div . - 100 mV 

div. - 3 V 
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---------~ 
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5.4.2 SignaZ handZing 

Fig. 5.15 

EZectr>onic 

measW"ing 

equipment 

for> 

beam scanner> 

si gnaZs 

The current piek-up is fed into a current-voltage convertor (AD503K, fig. 5.15). 

The output voltage is amplified in order to deliver a signal which is integrated 

todetermine the beam . current (SN7274 1) . Further, the output voltage is fed 

into a second amplifier. The signal is first divided by e.g. a 

factor 2 and then compared with a reference voltage . The difference voltage 

is fed back via a p-channel FET (2N3820) into the feed-back loop of the first 

stage, providing automatic adjustment of the loop gain by the actual value of 

the equivalent resistance of the FET. This ensures output pulses with an 

amplitude of exactly twice the reference voltage, independent of the input 

voltage and hence of the beam current. The output pulses are fed to a 

cernparator (SN7520), where the signal is compared with the reference voltage 

mentioned before. This yields a blocked pulse train (fig. 5.14b). The duration 

of the pulses (t
1
) corresponds (in our case) to the fwhm of the beam pulses, 

representative of the beam width; (cf. fig. 5.16). The beam position x can 

be determined from t 
m 

(t
3 

- t
2
)/4, with t

2 
and t

3 
the respective interval 

Fig. 5.16 

Determination of width 

and position of t he beam 
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times. It follows for t /T << '· r m ma x 
25 mm and T 72 ms, that 

x f: 0.54 (t3 - t2) (5.28a) 

F,; - 2.16 tl . (5.28b) 

with the dimensions in mm and the times in ms. 

Finally, the train of pulses passes through a line driver (SN75JJO), is 

transmitted via a twisted cable, and 'decoded' by a line receiver (SN75107) 

in the control room. Here the pulses are fed both to a manual operation unit 

and to CAMAC normal stations I to 8 (cf. section 1.5.2). For manual operation 

three different pulses with durations t
1

, t
2 

and t
3 

respectively are formed 

from the selected pulse train. These pulses can be fed into a digital counter 

(Hewlett Packard 5326B). Furthermore, the pulses t
2 

and t
3 

can be fed into 

a differential amplifier, acting as an integrator. The output signal is 

indicated on a meter, whose indication can be read directly in mm position 

deviation . 

With the set-up described above we are able to detect beam widths (heights) 

and positions with an accuracy of 0 . 2 mm and at minimum beam currents of 

10 to 30 nA, depending on the beam width at the location of the beam scanner 

involved. The sensitivity will be increased a factor JO by applying a higher 

gain current-voltage convertor. 

5.5 NMR intermittent control 

5.5.1 NMR principle 

The energy of the external beam can be determined by measuring or controlling 

the magnetic induction of the 45 deg bending analysing magnets MB4 and MCI 

(cf. fig. 2.4 and equation (1.15)). For this purpose the nuclear magnetic 

resonance (NMR) measuring technique is used . 

Assurne a nucleon to have a spin i, i.e. the value of its angular momenturn 

is n/I(I+I), with fi being the Planck constant divided by 2n, and a magnetic 
~ ~ 

momenturn ~· In a homogeneous magnetic field with magnetic induction Bz 

(the z-axis taken along the direction of B) the precessional energy of the 
. (~ ~) nucleon ~s U = g~N I.B = g~~ if we take the quantisation-axis along the 

direction of the magnetic field, the magnetic quanturn number m being restricted 

to one of the values +I,I-1, •.. ,-I+I,-I. The preeesaion frequency v is 
pre 

given by 

B LB 
2nÏ = 2n (5. 29) 



78 

In the above formulas is 

y gyromagnetic ratio 2.67519 !0
8 

Hz/T 

h Planck constant 6.6256 10-34 Js 

g nuclear g-factor 5.58555 

).IN nuclear magneton = ~ n 5.05038 10-27 J/T 2m 
10-26 

).! nuclear magnetic momenturn Ig)JN 1.4105 J/T 

I momenturn quanturn number 1 
2 , 

the data being valid for a (free) proton. It follows that the precession 

frequency is proportional to the magnetic induction, thus for a proton 

\) 0.425764 108 
B (5.30) pre 

If an energy of exactly hv is supplied.to the nucleon, energy transitions pre 
between adjacent energy states can occur, according to the selection rule 

~m = ± I. Since inthermal equilibrium there are slightly more nucleons in 

the lower energy states, a net absorption of energy results. 

It is often more convenient to look for the resonance by varying the magnetic 

induction while keeping the frequency constant. 

5,5.2 NMR measuring and control system 

An NMR measuring and control system (manufactured by AEG) is used. The system 

contains the following components: 

Fi g. 5.17 NMR probes 

(a) two measuring probes (fig. 5.17), each of which consistsof 

(al) a measuring coil, being part of a tunable oscillation circuit and covered 

in a sample of glycerol (C
3

H
8
o

3
), being rich in protons. This coil is 

situated in the magnetic field at a location where the gradient is 

about 5 rnT/m. The two probes cover a frequency range of 7.7 to 26 MHz 

and 26 to 77 MHz, respectively, which corresponds to a magnetic induction 

range of 0.18 to 1.8 T; 

(a2) a modulation coil, by means of which the magnetic induction at the sample 

is modulated by about 0.1 mT (adjustable) at a frequency of 50Hz. This 
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power 114-----f!------l 
supply

4 

Fig. 5.18 Intermittent measuri ng NMR equipment 

yields a frequency range of 8.5 kHz in which always energy absorption 

takes place twice per modulation period; 

(b) an oscillator (frequency range 3 to 77 MHz), consisting of 

(bi) a tunable oscillation circuit, of which the measuring coil is a part. 

This circuit is arranged so as to give an additional output signal 

proportional to any change in the power being absorbed from the oscillator. 

This process is effectuated by means of a demodulator and an LF amplifier; 

(c) a frequency counter (Hewlett Packard 5326B }. This counter being triggered 

by an external clock pul se of 425.763 kHz, the magneti.c induction can be 

read directly in 10-4 T; 

(d) an oscilloscope making both. ;;!·IR signals visible by applying a horizontal 

--------~r--l~-------------
----------------~r-1__ 

sample 
t2 T/2 

control 
T/2+tt T/2+t2 T 

sample control 

0.5 5 ·-

Fig. 5.19 Timi ng of t he i ntermittent measuring NMR equipment 
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sweep frequency of 100 Hz; 

The magnetic induction can be determined with an accuracy of about 10 ~T. 

The NMR measuring and control system has three operating facilities: 

(I) manual measurement; by varying the oscillator frequency within the range 

above until bath NMR signals on the oscilloscope coincide, the oscillator 

frequency is manually tuned to the resonance frequency v ; 
pre 

(2) automatic measurement; the time interval between two successive NMR-

signals is transformed in a phase sensitive rectifier into a signal which 

is used to automatically adjust the tuning of the oscillator circuit; 

(3) automatic control (Win68); in this case the time interval mentioned above 

is transformed into an input signal for the modulator input of the control 

unit of the power supply of the magnet (fig. 5.18 one half), where it is 

superimposed on the potentiometer setting signal. 

5.5.3 Intermittent control 

The magnetic inductions of bath analysing magnets have to be measured and 

controlled. For this purpose two oscillators and two sets of measuring probes 

are used. They are intermittently connected with the NMR measuring and control 

system by means of two switch systems (A and B; fig. 5.18). The timing is 

given in fig. 5.19. The sample time t
1 

and the period T have been determined 

by applying the intermittent control theory given by Tau (Tou64). By inserting 
-4 . 

an amplifier with gain k % 3 10 the largest time constant in the closecl-loop 

system is reduced to 0.4 s •. This implies the sàmple time t
1 

to be about 2 s. 

After this the resulting control signal is applied to the hold circuit and 

fed into the modulator input of the control unit of the magnet involved. Then 

switch B is opened and the sampling of the second magnet starts. A value of 

about 10 s has been taken as the total period T. 

5.6 Perturbation of cyclotron parameter settings 

5.6.1 Pu!POBe 

Insection 4.3.2 we already stated that the matrix elements may~e known 

either from numerical calculations or from measurements. They may be constant 

during operation or they may vary slowly with time. 

For the automatic control we measure some important matrix elements of the type 

last mentioned continuously, viz. the extracted beam current in relation to 

the exciting current of the centre harmonie coils (A 11 and A12), the extraction 

harmonie coils (A31 and A32 ) and two concentric correction coils (B
8 

and B
10

). 
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For optimum adjustment of the cyclotron these matrix elements generally equal 

zero. To detect whether the elements are zero indeed, we introduce small 

variations of short duration on the settings of the cyclotron parameters 

involved. This yields a response of the extracted beam current, which response 

is multiplied by a so-called correlation pulse, deduced from the perturbing 

pulse. The product contains information on the correctness of the setting of 

the relevant parameters. 

The variations in the parameter settings have to be so small that the relative 

variations in the extracted beam current are approx. I %, being of the order 

of the instability of the ion source, or even less than I %, if the souree 

acts in its stabilised mode of operatien (cf. sectien 2.1.2). For this reasen 

the multiplication process is repeated continuously and the product is 

integrated (correlation). 

5.6.2 Pulse units 

For the purpose mentioned above we developed a six-channel pulse unit. This 

offers the possibility of adding a block-shaped perturbation to the power 

supplies of the six cyclotron parameters referred to. The amplitude and the 

duration of the perturbations as well as the time interval between two 

successive perturbations can be varied. The realisation is shown in fig. 5.20. 

Two clock pulses are formed from a 50 Hz pulse, the first having a period of 

40 ms and the secend ene of 320 ms. When gate i is opened the fast clock

pulse is fed into counter A. The setting of this counter is a measure of the 

duration of the perturbing pulse to be generated. If, for example, the counter 

is set at 3 (this means that the duration of the perturbing pulse equals 120 msl, 

it generates a stop pulse after 3 periods of clock 1. After 4 successive stop 

pulses, the last JK flip-flop closes gate ii and opens gate vii. Now counter B 

receives clock pulse 2. The setting of this counter determines the period of 

rest between the perturbation of the parameter involved and that of the next 

parameter. \'hen, for instance, this counter is set at 2, it resets itself after 

two clock pulses (i.e. 640 ms) and initiates counter A of the next channel. 

After the sixth channel has operated a new cycle starts. 

Fig. 5.21 shows the timing of ene channel. The pulses i and 1 ferm the 

perturbing pulse, which causes a variation in the voltage of the power supply 

of the cyclotron parameter involved (pulse m). The pulse yields a response 

of the extracted beam current. This response is amplified (fig. 5.20) and for 

the constant de signal of the beam current can be compensated manua l ly or 

automatically in order to make the response signal visible with a wavefarm 
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Fig. 5. 20 One channeZ. of the puZ.se unit 

Fig. 5. 21 Timing of one channeZ. of the puZ.se unit 

(m) perturbation puZ.se 

(r) correZ.ation pulse 

Responses are shown i n fig. 7.1 
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eductor (Princeton Applied Research TDH9; cf. section 7.2). Now the signal 

is multiplied by pulse r, which is deduced from the perturbing pulse. The 

multiplication is carried out by the multiplier MCI595. Finally, the correlation 

product is integrated by passing a first and second order filter with total 

time constant about 6 s. The process of correlation acts as a second derivative 

detection as it eliminates the constant de level and an unwanted drift in the 

beam current. 

Some experimental results obtained with this device are shown insection 7.2. 



6 MEASUREMENTS OF BEAM PROPERTIES 

With the beam diagnostic set-up described in the previous chapter a large 

number of measurements have been aarried out . In the first few sections of 

this chapter measurements determining beam properties such as quality, width, 

energy and energy spread will be described . In subsequent sections measurements 

yielding the behaviour of beam properties in dependenee on cyclotron 

parameters and showing the performance of the beam diagnostic system are 

treated. Beam properties involved are the current and the phase angle of 

the internal and the extracted beam, and, regarding the latter additionally 

the horizontal position. Cyclotron parameters are the extractor voltage Vextr' 

the magnetic induction in the fringing field B8-B
10

, the main magnetic 

induction B 10, and first harmonie field perturbations in the extraction 

region A31 , A32 • 

. 6. I Introduetion 

In this chapter we will present a number of beam property measurements 

performed with the diagnostic system described in the previous chapter. The 

actual components of the cyclotron parameter vector p and those of the beam 

property vector; (cf. equation (4.1)) have already been given in tables 

4.3 and 4.2, respectively. The measurements described may be divided into 

At the head of this page is an i Uust1'ation of the cyclot1'on paramet el' pe1'tU1'bation dBvice ( cf. a eetion 5. 6 i: 

( fPom top to bottom) - PAR wavefarm .Jdu.cto'f' 

- control uni t with adjus tmen t possibil.ities for amptitude and pola:rity of perturbation pulses 

- control Wlit IJ>ith adjustment possibiZ.ities for duration and interval time of pel'turbation 

pu.lses 

- timing and co.M"elation equipment.J aarried out as printed circuits in a wire wrap DEC moun ting 

panel 

- power supp lies 

- beam current amplifier and compa;rator 
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(I) measurements to determine the values of characteristic beam properties; 

these will be described in sections 6.2 to 6.5; 

(2) measurements that yield the beam behaviour in dependenee on cyclotron 

parameters and which show the performance of the beam diagnostic system; 

examples of such measurements will be given in sections 6.6 to 6.10; 

(3) measurements that are specifically needed for automatic control, such as 

the determination of matrix elements and t he iterative processes 

described in chapter 4; examples of this type of measurement will be 

given in the next chapter. 

The measurements have been performed with a 10 vA beam of protons of 7 MeV, 

unless specified otherwise. 

6.2 Beam quality 

The horizontal and vertical qualities of the external beam have been 

determined by means of the first three beam scanner pairs in the beam 

transport system (for the location see fig. 2.4 and fig. 7.3). A waist is 

produced at one of the scanner locations. The measured widths, fwhm, are 

transformed in phase space back to the cyclotron exit. This procedure is 

repeated for waists at different scanner locations. The results for 20 MeV 

10 

horizontal x'tmrad 

r 
5 

-10 -5 

-5 

-10 

vertic al 

10 -5 
x/mm 

10 

z'lmrad 

r 

- 10 

Fig. 6.1 Observed beam qualities for 20 MeV protons at the cyclotron exit 
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Table 6.1 Observed beam qualiti es f or different partiele energies 

partiele energy I Me V horizontal I nmnnrad ver ti cal I nmnnrad 

p 7.0 27 19 

p 13.0 25 16 

p 20.0 19 13 

d 14.5 13 10 

protons are given in fig. 6. 1. The measurements have been carried outfora 

few different energies and the results are listed in table 6.1. They are in 

accordance with these previously obtained (vKr66). The measuring errors in 

the areas are about 5 %. However, there are two factors which may change the 

given are as up ·tO 20 %, viz. 

(a) the width, fwhm, does not contain the total beam current; 

(b) the area in phase space of a cyclotron beam is limited by the eigenellipse. 

The measured polygon, however, is generally nat completely filled by the 

ellipse. This effect can compensate the first-mentioned factor. 

The orientation of the phase space plots is found to be almast independent 

of energy for an optimised cyclotron setting. 

6.3 Beam width 

The width of the beam has been determined up to the first 30 deg bending magnet 

with the aid of 8 horizontal and 5 vertical beam scanners. The locations of 

the scanners arealso given in figs. 2.4 and 7.3 and in fig. 7.7. To obtain 

reproducible results the cyclotron and the beam transport system must be 

carefully adjusted to optimum conditions, or maximum transmission. For instance, 

the extraction efficiency is observed by cantrolling beam widths, positions 

and current with the first three beam scanners. 

In fig. 2.8 the beam widths observed at the various scanner locations are 

eeropared with the calculated beam envelopes for doubly achromatic transport 

to experiment station II. The transmission through the system can be up to 

98 % in agreement with the calculated values. 

6.4 Energy 

The energy of the external beam is determined by measuring the magnetic 

induction of the 45 deg bending magnets MB4 and MC1 (cf. sectien 5.5). 



Tab le 6.2 Energies calculated from magnetic i nductions in the 

45 deg bending magnets MB4 and MCl 

magn. induction I T energy I MeV 

0.300 3.50 

0.400 6.22 

0.422 6.88 

0.500 9.69 

0.600 13.90 

0.700 18.85 

0.729 20.40 

0.800 24 . 52 

0.900 30.89 

From field measurements in bath magnets the kinetic momenturn of protons 

following the mechanical axis of the magnets has been calculated for two 

. values of the magnetic induction (Lut72). With these calihration points, 
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and taking into account corrections for the fringing field, for saturation 

effects of the magnets, and forthefact that the actual orbit lies 11 mm 

from the mechanical axi s towards the centre of curvature , we find for the 

radius of curvature p ; . 0.901 m. A list of values of the roagnetic induction 

and the corresponding calculated values of the energy is given in table 6.2. 

The magnetic inductions B; 0 . 422 Tand B; 0.729 T have been used in 

correspondence with the cyclotron settings of 7 MeV and 20 MeV, nominally. 
12 The energies measured by the C cross-over methad yielded 6.92 MeV and 

20.5 MeV, r espectively (Kle72). 

6.5 Energy spread 

The energy spread of the external beam can be determined by producing a waist 

at the (constant) location of the entrance slit SB, imaging this ene on t he 

exit s lit SC, and measuring t he current of the passed beam in relation to the 

magnetic induction of the 45 deg bending magnets. With optimum settings of the 

ion-optical e lements in the beam transport system the measured energy spread, 

f whm, in r elation to the s lit widths öxi and öxf is listed in table 6 .3. 

In order to get information on the energy spread of the dispersive system, 

the matrix elements t
1 1 

and t
13 

of the horizontal transfer matrix Tx 
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Table 6.3 Energy spread of the external beam in relation to 

slit widths 

óx. I mm óxf I nnn (óEIE)fwhm I I0-3 
E I Me V 

~ 

1.0 1.0 5.3 20 

0.8 0.8 4.8 20 

0.6 0.6 4.2 7 

0.3 0.5 3.1 7 

from entrance slit SB up to exit slit SC (cf. equation (2.2)) have been measured. 

These matrix elements are the coefficients in equation (2 . 12). The elements 

have been determined by fixing one of the slit positions, changing the other 

one and measuring the change in relative momenturn spread by using the 

first 30 deg bending magnet MC3 and the horizontal beam scanner BEl 

(cf. fig. 2.4). We obtained for the measured coefficients in equation (2.12) 

xf = (-1.7 ± 0.3) xi + (3.4 ± 0.3) óplp ( 6. I) 

with xi and xf in nnn and óplp in parts per thousand. 

6.6 Extraction efficiency, phase angle and horizontal position vs extractor voltage 

The dependenee of the extraction efficiency, the phase angle with respect to 

the accelerating voltage, and the horizontal position of the beam innnediately 

after extraction on the extractor voltage is given in fig. 6.2. The setting 

of the latter is expressed in divisions of the corresponding potentiometer, 

I division corresponding to approx. 70 V. The measurement of the extraction 

efficiency has been carried out with the aid of the position probes at 

r = 0.67 m (•) and the internal target (6) (cf. fig. 2. 1). The results are in 

good consistence. The linear dependenee of the horizorttal position in the 

region of maximum extraction efficiency is given by ax
0
lavextr = 0.53 mmldiv. 

The calculated position in relation to the extractor voltage yields 

àx
0
làVextr = 0.57 mmldiv. The difference between these two results can be 

ascribed to the uncertainty of the fringing field data. 

Boundary effects in the position probe appear at deviations of more than 

6 mm from the centrum position. 

Finally, it is seen that the phase angle (o) remains constant in the region 

of interest. 
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Fig. 6.2 Extraction efficiency, phase angle and horizontal position 

in dependenee on extractor voltage 

6.7 Extraction efficiency, phase angle and horizontal position vs magnetic 

induction in the fringing field 

89 

Fig. 6.3 shows the effect of a variatien of the magnetic induction in the 

fringing field on the three external beam properties. The magnetic induction 

Xo't 
t/"lo 

i70 -2 

-1 

60 0 

-400 

7MeVp 
iint .10}JA 

0 0 0 
u o a o 

-500 

v 0' V 9 
0 6 U ó oe 0 

-600 

r•67cm 

• extraction efficiency 
• horizontal position 
o phase angle 

0 

-700 -800 
-s10 tdiv. 

0 

-20 

Fig. 6. 3 Extraction efficiency, phase angle and horizontal position in 

dependenee on the magnetic induction in the fringing field 



90 

magnet ie 
ind. I T 

i .02 

• a8H 
x -6810 

0 a8H-6810 

-radiuslmm 

Fig. 6.4 The change in the magnetie induction of the fringing field due to 

maximum variation of B
10 

(1000 div.~ 24 mT), and internally eompensated by 

a similar variation of the main magnetie induetion BH to maintain isoehronism 

of the partieles 

in the fringing field can be varied by altering the induction of the main 

magnetic field, followed by a correction by the outermost circular correction 

coil B
10 

to maintain isochronism of the particles. This coil introduces a 

magnetic field gradient in the region 0.55 m <. r < 0.65 m, while the fringing 

field of the main magnetic field BH extends to a much larger radius. A 

variation of B
10 

(óB
10

) has to be compensated for r < 0.55 m by a similar 

variation in BH (aBH). Then the only effect of a óB
10 

is a change in the 

magnetic induction in the fringing field of óBH = aBH - öB
10 

(fig. 6.4 bold 

line), which shifts the beam horizontally. In fig. 6.3 the change in the 

magnetic induction in the fringing field is expressed by the change in the 

current through coil B
10

, again in divisions of the potentiometer (I div. 

corresponding to 24 ~T). Our experimental results show that the extraction 

efficiency and the phase angle remain constant over a sufficiently wide range 

of B10 settings. The linear dependenee of the horizontal position on the 

magnetic induction in the fringing field is given by ax
0

/a(BH-B 10 ) 0.005 mm/div. 

This value corresponds to the one determined numerically (Sch7l) 

(cf. sectien 7.4. 1. 1). 
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6.8 Extraction efficiency, phase angle and horizontal position vs main magnetic 

induction 

7MeV P\ r • 67cm .p
2

/deg 

-6 iint•lO,uA • extraction efficiency 40 I 
X

0
ir 

x horizontal position 
o phase angle 

20 • extraction efficiency 
<targetl 

60 -4 0 

f./"lo 

i -20 

40 -40 

-60 

0 
Fig. 6.5 

20 -80 Extraction efficiency, 

phase angle and 

2 240)JT 
horizontal position --- in re lation to 

0 -600 -620 -640 
-s10 idiv. main magnetic induction 

The influence of the current through B
10 

- without cernpensatien to maintain 

isochronism of the particles - on the three beam properties mentioned, 

measured by means of the position probes at r = 0.67 m, is given in fig. 6.5. 

Here also the measurement of the extraction efficiency (•) agrees with the 

one with the internal target (~). The horizontal position (x) is most 

outward in the region of optimum extraction efficiency and turns inward for 

deviations from the optimum setting. The phase angle (o) is also given 

in fig. 6.5. The slope which characterises the linear behaviour between the 

phase angle and the setting of B
10 

is given by a~ 2 /aB 10 = 6.6 deg/div., 

which corresponds to the calculated value ( a~ 2 /aB 10 = 6.0 deg/div;). 

6.9 Current and phase angle of the internal beam vs main magnetic induction 

The dependences of the current and the phase angle of the internal beam on a 

variatien in the setting of B
10

, yielding a variatien in the measure of 

isochronism of the particles, have been measured by means of the internal phase 

probes. To understand the experimental results more easily it is advantageous 

to start by deriving the expected behaviour from a calculation. 
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6.9.1 CaZauZated behaviour 

The amplitude of the probe signal is proportional to the number of orbits 

passing the probe. This number of orbits is inversely proportional to the 

radial distance ór between two successive orbits, given in equation (1.14), 

which in our case reduces to 

Neglecting the secend term in the right-hand side we find 

2Vd cos tjll 
ór % eeE r ' 

(6.2) 

(6.3) 

where Vdee is the dee voltage, tjll the phase angle with respect to the dee 

voltage at radius r, and E the energy. 

We assume the probe's instrument profile to have the shape of a block function 

of width s. Then the probe signal x will be proportional to s/ór: 
p 

x 
p 

"' .".--:::-....:::s.=E:...__..,.-
2rVdee cos tfl 1 

(6.4) 

The probe signal will thus exhibit a minimum for tfl 1 : 0 deg, implying perfect 

isochronism of the beam, and two maxima for tfl 1 : ± 90 deg. These maxima will 

not be infinitely large unless atj1
1
/an = 2nóB(r)/<B(r) > = 0, where <B(r)> is the 

deviation from the isochronous field Biso(r) • In other words, this only 

occurs when a phase angle of 90 deg has been built up befare the radius involved, 

and the magnetic induction <B(r)> is perfectly isochronous at that radius. 

The size of the maxima thus also depends on óB(r)/<B(r)>. 

The amplitude and phase angle of the secend harmonie component of the beam 

signal at the several probe radii have been calculated for one 13 MeV proton 

with an initial phase angle of - 20 deg in dependenee on deviations of the 

isochronous magnetic induction. For this purpose the median plane is assumed 

to be divided into concentric rings of 10 mm width (being the radial size 

of a probe). The results are given in fig. 6.6 in dependenee on the current 

through coil B10 , the latter again expressed in divisions of the potentio

meter. 

In the region- 22 div. < óB
10 

< + 12 div., where óB
10 

stands for the 

difference between the actual setting and the setting corresponding to an 

optimum extraction efficiency, t' .'. deviation from isochronism of the particles 

at extraction radius (rextr = 0.52 m) is still sufficienctly small to enable 

the beam to reach the extraeter and to be extracted. 
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Fig. 6.6 The aalculated influenae of the main magnetia induation on aurrent 

and phase angle at r = 0.30 m fora 13 MeV proton 
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When 6B
10 

< -22 div. or 6B
10 

> +18 div., the deviation from t he isochronous 

magnetic induction, however, has increased so much that the beam reaches a 

radius of only rmax < rextr and is then decelerated. In this case at each 

radius r < rmax the beam signal is composed of two contributions, viz. the 

accelerated beam and the decelerated beam. In fig. 6.6 the first one is 

represented by dots (•) and the total beam signal by circles (o); the latter 

is found by vectorially adding the accelerated beam and the decelerated beam. 

No current losses are assumed. The accelerated and decelerated beams have 

opposite phase angles: the phase difference between the accelerated partiele 

at rprobe and that at rmax is equal to the phase difference between the 

partiele at r and the decelerated one at r b • This is demonstrated in max pro e 
fig. 6.7, where a vector diagram of the second harmonie component of the 

signal is given at r = 0.30 m with 6B
10 

as parameter. The shaded area is the 

region where no beam returns. When 6B
10 

becomes less than -22 div. or more 

than +18 div., the vector of the decelerated beam has to be added to that of 

the accelerated beam, with the opposite phase angle ~2 • This implies the ,ace 
sum vector to have a second harmonie phase angle ~ 2 of either 0 deg or ±180 deg. 

The jumps in the phase angle occur when the accelerated beam has a phase 

angle ~2,acc ± 90 deg (6BIO = +45 div. and 6B
10 

= -78 div.) (cf. also fig. 

go• 
~Bto · 1 YP"· ~ ~ - accelerattd b<am - de<:elerated bram - tot•l boom 

Fig. 6.7 Vector diagram of the second harmonie component of the caZcuZated 

beam signaZ with the deviation from the isochronous magnetic induction as 

parameter 

6.6) 



These two points are very well defined reference points for a phase 

calibration. 
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The amplitude of the second harmonie component of the accelerated beam signal 

has a minimum for ~ 2 = 0 deg, as then the orbit density is minimum. The 

maximum extraction efficiency is attained at fiB
10 

= 0 div. The fact that the 

minimum amplitude of the probe signal does not occur at fiB
10 

0 div., but 

at fiB
10 

= -18 div. implies a certain lack of isochronism of the partiele at 

r = 0.30 m ( ~I ~ 12 deg) and also explains the asymmetry of the graphs in 

fig. 6.6 with respect to the point fiB
10 

= 0 div. 

The two sharp minima occur when ~ 2 = ± 90 deg. This means that the accelerated 

and decelerated beam signals cancel owing to interference of the second 

harmonie Fourier components. These minima coincide exactly with the phase 

jumps previously mentioned and thus can also be used for a phase calibration. 

When the second harmonie phase angle .equals ±180 deg, the sum vector has to 

be twice as large as the vector of the accelerated or decelerated beam. 

Further, the above-mentioned maxima occur in the amplitude figure. In this 

region the assumption of a constant amplitude in fig. 6.7 applies no longer, 

since the beam signal is proportional to I/cos ~I (cf. equation (6.4)) and 

~I % 90 deg. Hence, the orbit density and thus the amplitude of the accelerated 

beam signal will greatly increase, as can be observed in fig. 6.6(o). The 

situation stated above also implies that a further increase or decrease of 

as 10 results in rmax shifting towards a lower value than rprobe' This means 

that the amplitude rapidly reduces to zero. 

The possible cases are summarised in table 6.4. 

Tabte 6.4 Possibte aases of interferenae of aaaeterated and deaeterated 

beam signats 

The ampUtude of the seaond harmonia aamponent of the beam signat is given 

by xp, 2 = A2 aos (2wdt + 2~ 1 J + A2 aos (2wdt - 2~ 1 ; 

= 2A 2 cos ~ 2 cos 2wdt ~ with ~ 2 = 2~1 

14> I I I deg 14> 2 1 I deg x p,2 4>p,2 I deg 

< 45 < 90 > 0 0 

45 90 0 ± 90 (by definition) 

> 45 > 90 > 0 ± 180 
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Fig. 6. 8 The aaZmûated infZuenae of the main magnetia induation on 

amplitude and phase angZe at radii 0.25 < r < 0.50 m fora 13 MeV proton 
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Finally, fig. 6.8 gives a three-dimensional graph of the calculated values of 

amplitude and phase angle at radii 0.25 m < r < 0.50 m. The calculated 

points are interconnected by straight lines. The above jumps in the phase. 

figure and the minima and maxima in the amplitude figure are clearly visible. 

Furthermore, the slope of the dependenee of the phase angle on deviations 

from isoc~ronism increases with increasing radius. 

It should be remembered that the figs. 6.6 and 6.8 include the calculated 

results of a number of revolutions around r b • This is effectuated by pro e 
a certain amount of smoothing. 

6.9.2 Measurements 

Fig. 6.9b shows a typical RF probe signal at r = 0.30 m for an isochronous 

magnetic induction. Fig . 6.9c shows the signal when the magnetic induction 

Fig. 6.9 

RF probe signals at r = 0. 30 m 

(a) frequency-doubled dee voltage 

(b) signal wi th perfect isoc:hronism 

(c:) signal with magnetic: field approx. 

0.5 mT of the isochronous value 

(d) ditto. but with target intercepting 

the beam at r = 0.325 m 

Beam current 5~; hor. scale 1 div. - 50 ns; vert. scale {b) to (dJ 

1 div. ~ 100 mV 

is set 20 div. from the isochronous value (corresponding to approx. 0.5 mT). 

A secoud pulse can be observed in this case which is due to the returning 

beam. When, however, the internal target is moved into the cyclotron closely 

bebind the probe involved (in our case towards r • 0.325 m), the beam is 

prevented from returning and the corresponding secoud pulse in the beam signal 

vanishes indeed (fig. 6.9d). 

The calculated dependences described in the previous section have been measured. 

The corresponding graphs are given in fig. 6.10. Here the deviation from the 

isochronous magnetic induction is expressed directly in the setting of B
10

• The 

circles represent the measurements without an intercepting target (total beam), 

the dots those with the target moved into the cyclotron so that no beam can 

return. Owing to a phase width of approx. 30 deg of the beam, the curves are 

smooth as compared with the theoretica! ones. However, a number of characteristics 
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Fi g . 6. 10 The observed influence of the main magneti c induction on 

beam eurrent and phase angle at r = 0. 30 m for 7 Me V protons 
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Fig. 6.11 The observed influence of the main magnetic induction on 
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beam current and phase angle at radii 0.25 < r < 0.50 m for 7 MeV protons 
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can still be observed: 

(a) at B
10 

= -608 div. and B
10 

= -688 div. the phase jumps (~ 2 from 180 deg 

to 0 deg and from 0 deg to -180 deg, respectively) occur. The phase angles 

in those points are calibrated to the ~ 2 = ± 90 deg points; 

(b) the current plot shows the minima for these values of B10 , as explained 

in the previous section; 

(c) beside these minima lie the maxima due to the increased orbit density. 

Finally, fig. 6.11 shows the three-dimensional graphs of the observed values 

of current and phase angle at radii 0.25 m < r < 0.50 m (cf. fig. 6.8). 

6.10 Extraction efficiency and horizontal position vs first harmonie field 

perturbation 

The dependences of the extraction efficiency and the horizontal position, 

measured with the aid of the position probes at r = 0.67 m, on a first 

harmonie field perturbation have been determined. For the theoretica! 

behaviour reference has to be made to chapter 3; the observed dependences 

will be presented in this section. 

For 7 MeV protons the main magnetic field has a mean value of 0.75 Tand an 

intrinsic first harmonie component at r 0.490 m of 3.2 10-4 T at w
1 

= 276 deg. 

This first harmonie component has to be compensated together with a first 

harmonie effect due to the gap crossing resonance and the bevelled dee 

geometry (Gor62,vKr66). For the latter two first harmonie effects we find 
~ ~ values of 0.6 JO T at w

1 
= 312 deg and 1.0 JO T at w

1 
= 42 deg, respectively. 

For optimum extraction efficiency an additional first harmonie component of 
-4 3.2 JO T at w

1 
= 318 deg has to be applied. The corrections for the 

various first harmonie components are represented by veetors in fig. 6. l2a. 

The dependences of extraction efficiency and horizontal position of the 

extracted beam on amplitude and azimuthal position of harmonie disturbances 

have been studied extensively for obtaining an optimum extraction process 

(cf., for example, Van Nieuwland for first and secend harmonie disturbances 

in a fourfold symmetrie magnetic field and two dees (vNi72)). We have measured 
-4 

these influences of a first harmonie disturbance with amplitudes 1.0 to 6.0 JO T 
-4 in steps of 1.0 10 T, rotating (cf. fig. 6.12b) 

(I) around the first harmonie component which yields optimum extraction 

efficiency (fig. 6.l3a); 

(II) around a first harmonie component which compensates the first harmonie 

contribution of the main magnetic field (fig. 6.l3b); 

(lil) around the zero setting of the extraction harmonie coils (fig. 6.l3c). 
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(a) aorreations for first harmonia 

aomponents (7 MeV protons; B = 0.75 T) 

(b) variation of first harmonia 

aomponents with different 
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Fig. 6.13a 
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The extraction efficiency and the horizontal position are intimately coupled. 

This can be ascribed to a (mis)matching of the beam quality and the extraeter 

aperture in phase space (cf. chapter 3). 
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Relation of extraction 

efficiency and horizontal 

position to first harmonia 

aomponents of different 

amplitudes , varying around 

the setting which oompensatea 

for the intrinsic first 

harmonie component 

Fig. 6.13c 

Relation of extraction 

efficiency and horizontal 

position to first harmonie 

aomponents of different 

amplitudes , varying around 

the zero setting of the 

extraction harmonie aoils 

At t he head of the facing page is an iZZ.ustrotion of t he vibrating beam scanner signal handZing set-up 

(cf. section 5 . 4 ) : 

(from top to bottom) - Dcmfysik control uni t fot' scanners (mociifiedJ 

- man:ua:l controZ. unit with switches to select beam scanner and !Jidth (height) or 

posi tion measurement, and meter indicat i on of position 
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7 MEASUREMENTS REGARDING AUTOMATIC CONTROL 

With the beam diagnostio system described in ohapt er 5 measurements have 

been aarried out t hat are of parti ouZar importanoe to automatic oontroZ 

of the ayoZotron. ExampZes of t his type of measurement are the dete~ination 

of matrix eZements and the i terati ve prooesses described in ohapter 4. I n 

seotion 7.2 some perfo~anoe resuZts of t he puZse unit as described in 

seotion 5.6 wiZZ be shown. An examp Ze of optimum oontroZ of the phase angZe 

of the i nternaZ beam wiZZ be given in t he next seoti on. In this ohapter t he 

main subject wiZZ be the perfo~anoe of the beam transpor t system. Some 

important oaZouZated and observed matri x eZements wiZZ be treated in 

seotion 7.4, whiZe pr ooesses matching the beam to an ion- optioaZ axis wi ZZ 

be t he subject of t he Zast seot i on. 

7. I Introduetion 

The number of matrix elements which should be known for automatic control o~ 

the cyclotron has been ~reatly reduced. For this purpose the total matrix 

concept as given in chapter 4 will be considered as separable into a number 

of submatrices, each of which is assumed to be independent of the ot hers. 

Important examples of such submatrices are those descrihing the dependenee 

of the phase angle on the main magnetic inducti on, the dependenee of the 

extraction efficiency and the horizontal position of the extracted beam on 

first harmonie field perturbations, and the performance of the several parts 

of the beam transport system. 

The values of a number of matrix e lements concerning the internal and the 

extracted 'beam can already be derived from t he measurements described in 

the previous chapter. 

The measurements dis cussed in this chapter have been carried out with a 

I ~A beam of protons of 7 MeV, unless specified otherwise. 
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7.2 Experiments with pulse unit 

For optimum control the dependenee of the extracted beam on six cyclotron 

parameters, viz. the exciting current of the centre harmonie coils (A
11 

and 

A12), the extraction harmonie coils (A
31 

and A
32

), and two concentric 

correction coils (B
8 

and B
10

), should be zero. This is detected continuously 

by introducing smal! perturbation pulses on the settings of these cyclotron 

parameters and measuring the response of the extracted beam current in the 

way described in sectien 5.6. Fig. 7.1 shows some experimental results 

obtained with this device. 

At a beam current of 500 nA (20 MeV protons) the six cyclotron parameters 

have been perturbed by pulses of 160 ms duration and corresponding to 

deviations of 10 div. of the settings involved. For the harmonie coils this 

yields a variadon of the amplitude of the first harmonie field component of 

25 ~T and for the concentric coils B
8 

and B
10 

a variatien of the magnetic 

induction of 0.21 mT and 0.24 mT, respectively . With these perturbations the 

resulting variatien in the current of the extracted beam, measured by means 

of the internal target, is about 2 %. The variations have been detected with 

a 100 channels analogue analyser (Princeton Applied Research TDH9 wavefarm 

eductor). The total loop of 6 different perturbation pulses is covered by 

applying a sweep time of 5 s. In fig. 7.la the amplitude of the perturbation 

pulse of one of the extraction harmonie coils (A
31

) has been varied from 

-20 div. to +20 div. in steps of 10 div. Since. the beam current increases 

when a positive perturbation pulse is applied, evidently the setting of this 

coil has to be optimised. 

In fig. 7. lb a similar variatien of the amplitude of ·the perturbation pulse 

of B10 is shown. Here the response shows an ever decreasing beam current when 

the amplitude of the perturbation pulse is increased in either polarity. 

This indicates the setting of the coil to be optimum. 

In fig. 7.1c the amplitude of the perturbation pulses is kept constant at 

10 div., and the setting of B10 has been altered around the optimum value 

of -430 div. Even a slight variatien of I div. (corresponding to 24 ~T) 

already yields a significant change in the responses of bath B
8 

and B
10

• 

The coupling of these responses is obvious since different settings of B
10

, 

hence different values of the total magnetic induction, imply the setting 

of B
8 

to be non-optimum any more. 

In future these experiments will be carried out using the non-intercepting 

position probes. Other matrix elements, invalving beam properties such as 
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-20 div. 

-10 

(a) 0 
cSA 31 

+10 

+20 

All Al2 A31 A32 BB BlO 

-20 div. 

-10 

(b) 0 6Bl0 

+10 

+20 

All A12 A31 A32 BB BlO 

-428 div. 

-429 

(a) 
-430 Bloi 6B10 10 div. = 
-431 

-432 

Fig. 7.1 Responses óf the beam aurrent to perturbations of the setting of 

six ayalotron parameters, viz. A11 , A12, A31 , A32, BB and B10 for 

(a) different C1IITp li twies of the perturbation of A 31 
(b) different ct!ITplitwies of the perturbation of B10 
(a) fixed ct!ITplitwies of the perturbations, but different settings of B10 

the position of the external beam, can be treated in a similar way. The 

interpretation of the correlation products regarding the coupling of several 

cyclotron parameters is a subject of further investigations. 
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7.3 Least squares control of phase angle 

A number of experiments have been performed in order to match the radial 

path of the phase angle of the internal beam to some prescribed 

curve. In this section two examples of the iterative procedure followed will 

be given, applying the least squares methad described in section 4.4.3. 

The measurements have been performed with a 5 pA beam of protons of 20 MeV. 

In these examples two concentric correction coils are used to vary the 

magnetic induction and hence the phase angle of the internal beam, viz. B
4 

and B
7

• The phase angles of the second harmonie component of the signals 

are measured at 5 radii (r = 0.25, 0.30, 0.40, 0.425 and 0.45 m) by means of 

the phase probes and detection system described in chapter 5. 

As a first example assume the measured phase angles at the settings B
4 

= 610 div. 

and B
7 

= 440 div. to be the goal, and B
4 

= 640 div. and B
7 

= 440 div. to be 

the initial settings. In order to reduce the effect of non-linearities, the 

matrix elements involved have been measured after each iteration by applying 

stepwise variations of -20 div. and -10 div., respectively, and measuring 

the corresponding differences in the phase angle (cf. section 4.3.2(a)). 

The iteration is given in table 7.1. 

A more complicated situation occurs in the following example, in which the 

phase angles at the settings B
4 

= 610 div. and B7 = 410 div. have to be 

reached from the settings B
4 

= 606 div. and B
7 

= 445 div., respectively, 

the latter two being the final settings of the first example. The iteration 

is given in table 7.2. To understand this behaviour, the least squares surface 

Tab~e ?.1 Least squares iteration of phase ang~e (20 MeV protons) 

(no returning beam present) 

initia! setting !st iteration 2nd iteration final 

B4 = 640 div. llB4 
= -25.2 div. -9.0 B4 = 

B7 = 440 llB7 
= +3.5 +0.7 B7 = 

ll<p(0.250) -7.0 deg -1.0 deg +0.2 deg 

M(0.300) -I 1.8 -2.6 -0.1 

ll<P(O. 400) -5.0 -1.5 +0.1 

M(0.425) -4.6 -1.6 +0.2 

M(0.450) -3.2 -I . 4 -0.8 
-5 

(ll<P.) 2 I 224 14 2 
i= I ~ 

setting 

606 div. 

445 



Table ?.2 Least squares ite~ation of phase angle (20 MeV p~otons) 

initial setting I st iteration lt) 2nd iteration 3rd iteration 4th iteration final setting 

B4 = 606 div. liB
4 = -115.4 div. -61.0 div. +56 div. +10 div. -0.2 div. B4 = 611 div. 

B7 = 445 liB
7 

= -29.8 -29.8 +0.4 -0.4 -0.8 B7 = 414 

·· ·-

li<I>(O. 250) -8.2 deg +18.7 deg -10.1 deg +5. I deg -0.4 deg +0.4 deg 

llcj>(0.300) -18.0 +24.5 -19.9 +4.8 -1.0 0 

ll<j>(0.400) -52.3 +67.5 -52.9 -.$5.6 -2.1 -0.4 

llcj>(0.425) -59.7 +75.5 -59.9 _,5.2 -2.5 -0.7 

1'1<1>(0.450) -71. I +63.5 -71.3 +4.9 -2.8 +1.0 

iL 
(llcj>.) 2 11605 15258 11800 146 20 2 

1 

lt) Only the correction liB
4 

= 61 div. has been applied. 

At larger corrections the phase jumps as explained in section 6.9 occur. 
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Fig. 7.2 Least squares surface for a region of settings of B
4 

and B
7
; 

E(ó~.J 2 impties the sum of the squares of the deviations of the observed 
'l-

p ha se angtes at a setting with respect to that at the settings B4 = 410 div . 

and B7 = 610 div. f or the probe Zocations r = 0.25, 0.30, 0.40, 0.425 

' and 0. 45 m 

has been calculated (fig. 7.2). It can heseen that for this iterative process 

the working point should pass a relative maximum. Furthermore, the observed 

dependenee of the phase angle on the setting of B
4 

is rather small. This 

yields a large change in the setting of B
4

: -115.4 div. However, this change 

must he limited owing to the appearance of the phase jumps as explained in 

section 6.9. From the limited setting (after óB
4 

= -61 div. ) a normal iteration 

towards the final settings B
4 

= 611 div. and B
7 

= 414 div. occurs. 

It can he concluded that these processes can only he applied successfully 

if the deviations from the optimum ~etting are relatively small or if fore

knowledge of the dependences is available : one is restricted to the area 

where no returning beam occurs. 
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7.4 Matrix elements of beam transport system 

7. 4.1 Beam transport system up to the [ir>st 45 deg bending magnet MB4 

Fig. 7. 3 shows schematically the cyclotron and the first part of the beam 

transport system from the cyclotron exit to the first 45 deg bending magnet 

MB4, belonging to the analysing system. The part of interest of the cyclotron 

includes the extractor (E), the fringing field, and the magnetic channel. 

The first part of the beam transport system consists of 

mB I vertically correcting magnet (~ = 0.7 deg) 

QBI to QB3 magnetic quadrupole lenses 

mB2 

mB3 

QB4 QB5 

DB5 

SB 

MB4 

horizontally correcting magnet (~ = 5 deg) 

vertically correcting magnet (~ = 0.15 deg) 

magnetic quadrupole lenses 

vertical dipole field superimposed on quadrupole field of QB5 

horizontal entrance slit of analysing system 

horizontally 45 deg bending analysing magnet. 

In italic type are indicated the four cyclotron parameters (Vextr' BH-B
10

• 

BmBZ and BDBS), variation of which changes the horizontal position. 

This position has been measured 

-at approx. 0.8 m downstream the extractor with the internal target (xt}' and 

- at three different locations in this part of the beam transport system, 

viz. at 1.18 m (x881 ), 5.15 m (x882 ), and 6.24 m (x
883

) from the exit of the 

cyclotron vacuum chamber, with the aid of the vibrating beam scanners BBI to 

BB3 (cf. section 5.4). 

hor. vert . 
rrB1 3deg I. ion souree 
081 defoc. toe. E. electrustalie ertractor 
082 toe. defoc. M. magnet ie charme! 
rrB2 5deg T. tnternal target 
mB3 .s deg m corr~ magnet a guadr lens 
QB4 detoe. toe. M ~nding magnet 
aas toe. defoc. s sht 
MB4 45deg 8 beamscanner 

~ ~~ ~ ~m 
BD85x.z882 ·X,Z883 

Fig. 7 . 3 The cyclotron and the [irst par>t of the beam transport system 

. I 



110 

The two cyclotron parameters (mB! and mB3), variation of which changes the 

vertical position of the beam, are also indicated. This position may be 

determined with the aid of two beam scanners (BB2 and BB3), located I cm 

upstream the corresponding horizontal ones. The positions are indicated as 

z882 and z883 , respectively. 

With this cho.ice of cyclotron parameters and beam properties the elements of 

the following submatrix A can be determined: 

ax;aB10 ax ;av t t ex r 

axBBla810 axBB/0Vextr 

A 
axBB~aBlO oxBB~0Vextr 

axBB/0810 oxBBi0Vextr 

0 0 

0 0 

0 0 

0 0 

axBB~08mB2 axBB~aBDQ5 

oxBBl08mB2 axBBl08DQ5 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

02BB~aBmB1 azBB~aBmB3 

azBB3/aBmB1 azBB3/aBmB3 

(7.1) 
It should be noted that the sign and the actual value of a matrix 

element depend on the settings of the quadrupale lenses located between the 

cyclotron parameter and the beam scanner location involved. 

Horizontally, the first set of matrix elements referred to those of the 

3 x 3 submatrix up-left in matrix A (the elements a
11 

to a
33 

in equation (7.1)) 

have been determined for 7.5 and 15 MeV protons. As will be shown in 

section 7.5. I the submatrix yields a non-converging iterative matching process. 

This forced us to look for a better choice of submatrix, which was found by 

skipping B
10 

as cyclotron parameter for the beam transport system, and xt 

as beam property, and adding DB5 and x883 , respectively. The associated matrix 

elements (a
22 

to a
44

; equation (7.1)) have been calculated for 7 MeV protons 

and measured for 7, 15 and 20 MeV protons and 12.5 and 14.5 MeV deuterons. 

In the vertical case the matrix elements a
55 

to a
66 

have been calculated and 

measured for 7 MeV protons. The results are given in table 7.3. 

7.4.1.1 CaZeuZated matrix eZements 

- a11 = ax;a(BH-s10J 

This matrix element expresses the iniluence of the outermost circular 

correction coil B
10 

on the horizor.tal position of the beam at the internal 

target (cf. fig. 7.3). It has be0n pointed outinsection 6.7 that a 

change in the setting of B
10

, compensated internally by a similar variation 

of the main magnetic field BH to maintain isochronism of the particles, 



all = ax;a B10 

a21 = axBBl;d BlO 

a31 = axBB~BlO 

a12 .. ax;av t ex r 

a22 = a x BBl;d V extr 

a32 = axBB2;d V extr 

a42 = axBB3;d vextr 

a33 = axBB~BmB2 

a43 = axBB3;d BmB2 

a34 = axBB~BDl}5 

a44 = axBB3;dBDB5 

a55 = a 2 BB;aBmBl 

a65 = a 2 BB3;d BmBl 

a56 = 'dzBB;aBmB3 

a66 = a 2 BB3/dBmB3 

TabZe 7.3 EZements a .. of matrix A at severaZ energies 
1-J 

7 MeV (cal) 7 MeV p 7.S MeV P" IS Me V (cal) IS MeV p 4 20 MeV p 12.S MeV d 14.S MeV d 

2.62 2.6 
±0.3 

-0.32 -0.22 
±0.03 

-0.51 -0.15 
±0.03 

3.08 2.79 
±0.03 

3.28 2.25 
±0.02 

0.08 0.09 
±0.01 

0.30 0.36 
±0.03 

0.23 0.22 
±0.02 

0.64 -0.82 
±0.02 

0.50 -0.44 
±0.04 

I. IS -0.99 
±0.05 

O.OIS 
±0.001 

O.OS7 
•0.002 

0.083 
±0.002 
I. 36 

±0.01 
2.68 

±0.04 
-0.19 
±0.02 
-0.19 

1.72 
±0.02 

0.22 

0.09S 

0.009 

0.03S 

0.0132 

0.63 

2.11 

-O.SJ 2 

I. 16 

0.011 
•0.001 

0.041 
±0.002 
0.067 

±0.002 
o. 73 

±0.03 
1.47 

±0.02 
-0.06 
±0.02 
-0.16 

(. 18 
±0.02 
0.09 

0.06 

mm/div. l 

ms/div. 

ms/div. 

mm/div . 

I. 9S 3 1.69 3 0.99 ms/div. 3 

-0.03 -0.]9 -0.00 ms/div. 

-0.03 -0.03 -0.06 ms/div. 

0.89 0.89 0.80 ms/div. 

0.13 0.03 0.03 ms/div. 

0.06 0.06 0.06 ms/div. 

0.29 0.26 0.26 ms/div. o.4~s~ _______________ o_._3_2 __________________________________ ~ 

ms/div. 
1 

The setting of the cyclotron parameters is expressed in div. 
of the corresponding potentiometer, whereas the position of 

ms/div. the beam at the internal target and the beam scanners is 
expressed in mm and ms, respectively (I ms ~ O.S4 mm) 

ms/div. 2 Uncertainties in the fringing field data and cumulation of errors, 
also due to slight differences in the settings of quadrupale 

ms/div. lenses, give rise to rather large deviations of these 
calculated values with respect to the corresponding observed ones. 

3 A discrepancy occurs in the matrix elements a belonging to 
20 MeV or over with res pect to those of lower energies. This must be ascribed to changes in the 22 fringing field 
shape due to saturation effects in the magnet poles. 

" The matrix elements of this energy have been determined with the· aid of rotating instead of vibrating beam scanners 
(Sch71); the observed values have been scaled to the vibrating beam scanner results. 
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results in a change in the magnetic induction of the fringing field, which 

shifts the beam horizontally (cf. fig. 6.4). This change in position can 

be calculated, using a simple numerical routine, considering that accurate 

data of the fringing field are not available. 

A reference orbit is defined in the fringing field with óBH = 0. Then the 

total change in position x and divergence x' with respect to the reference 

orbit for given starting values x
0

, x~, and óBH, are given by 

s 
x f x' ds (7.2) 

0 

s 
x' f x e 

óBH ) ds -2 +- , 
0 Po mv (7.3) 

where p
0 

is the radius of curvature at the position s. These two integrals 

have been solved numerically by dividing the trajectory into small equal 

parts ós, putting zero for the intial values x
0 

and x~ immediately 

downstream the extractor, takinga maximum variation of B
10 

(6B
10 

= 1000 div., 

corresponding to 23.7 mT), and using only a linear approximation (Ehr70). 

This yields the matrix element a
11 

= 0.009 mm/div. 

- a21 = axBBl/aBlO and a31 = _ axBB~aBlO 
The matrix elements a

21 
and a

31 
have been calculated with the value 

for x
0 

found above, the dive;gence at the internal target x~ and the known 

transfer matrix from the internal target to the first and second beam 

scanners (Ehr70), thus: a 21 = 0.035 ms/div. and a31 = 0.013 ms/div. 

- a12 = ax~avextr 
The influence of the extractor voltage on the horizontal position of the 

beam at the internal target has been investigated previously by means of 

extracted orbit calculations (Ver62b,Hag7J). This yields a
12 

= 0.63 mm/div. 

-As mB2 and DBS do not act on xt and x
881

, the matrix elements a
13

, a
14

, 

a
23 

and a
24 

are zero. 

The remaining horizontal matrix elements have been calculated using a 

similar procedure as for the determination of the matrix elements a
21 

and a
31

• 

Owing to cumulation of errors caused by the uncertainty in the fringing 

field data and inaccuracies in the settings of quadrupale lenses, the matrix 

elements a31 , a32 and a 42 are rather inaccurate. These elements are related 

to the beam position at scanners BB2 and BB3, being the most remote from the 

cyclotron. 

The vertical matrix elements have been calculated by direct matrix 

multiplication. 
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7.4.1.2 Measured matrix elements 

The elements of the matrix A
1 

have been determined in the way described in 

section 4.3.2(b) for the energies mentioned, covering the energy range of 

the cyclotron. The results arealso presented in table 7.3, together with 

the measuring errors. For not too small values the agreement of the results 

is reasonable: the matrix elements related to the extractor voltage are 

inversely proportional to the energy, and those concerning magnetic fields 

are inversely proportional to the square root of the energy. 

As mentioned before, the sign and the value of the matrix elements depend 

on the settings of the quadrupole lenses involved, and follow from the 

experiments. For example, three plots, from which have been deduced the 

matrix elements a
1 1

, a
22 

and a
33 

for IS MeV protons, respectively, are 

shown in the figs. 7.4 to 7.6. The rather sudden change in the slope in 

fig. 7.5 is due to the fact that at a specific value of the extractor 

voltage the beam starts to hit the iron wall of the magnetic channel. The 

other plots are straight in the region in which they are used. There is a 

similar trend in all other plots, which can be found in (Sch71}. This means 

that the relations between the cyclotron parameters and the beam position 

at the locations chosen can be taken to be linear in the regions of 

interest. 

7.4.2 Beam analysing system 

Fig. 7.7 shows schematically the second part of the beam transport system 

from the first 45 deg bending magnet MB4 to the first 30 deg bending magnetMC3, 

hor. 
MB4 45deg 
QCI de~~ QC2 loc. 
O.C3 0/defoc. 
MCI 45deg 
QC4 defoc. 
ocs loc. 
rrB2 .Sdeg 
MC3 30deg 

ver . 

loc. 
defocAoc 
0/foc. 

loc. 
defoc. 
.Sdeg 

m com!Cting magnet 
a quadrupele lens 
M bending magnet 
S slit 
B beamscanner 

1~2 1C3 is 19 2
1
b 21 22 m 

x.zOCS 'Einc2 8MC3 

Fig. 7.7 The anaZysing part of the beam transport system and the 

transport to the first 30 deg bending magnet 

,.,...mand lll 

--I 
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-800 -W O 0 
- B 10 tdiv . 

Fig . 7. 4 

540 
- '~extrldi v. 

Fig . 7. 5 

- m82 I div. 

Fig . 7. 6 

These measurements have 

been aarried out with the 

aid of rotating i ns tead 

of vibrating beam scanners 

(Soh71) ; the measurements 

have been soaled to the 

vibrating beam scanner 

results 

Fig . 7.4 to 7. 6 The position of the beam at the internal target (xt) ' 

beam scanner BEl (x881 J and BB2 (x882 J vs the magnetio induotion in the 

fringing field (BH-B10 J, the voltage of the extraotol' (Vextl'), and the 

magnetio induotion of mB2, respeotively (15 MeV protons) 



In this part the following bending or focussing elements are present: 

MB4 horizontally 45 deg bending analysing magnet 

QCJ to QC3 magnetic quadrupale lenses 

MCI 

SC 

QC4 QCS 

mC2 

MC3 

horizontally 45 deg bending analysing magnet 

horizontal exit slit of analysing system 

magnetic quadrupale lenses 

horizontally and vertically correcting magnet 

horizontally 30 deg bending magnet. 

IJS 

In italic type are indicated the parameters involved (BM84 , BMCl' BmC2 and 

BMCJ) which may change the horizontal position of the beam. Moreover, a 

variation in the setting of mC2 affects also the vertical position of the 

beam. With the aid of the beam scanners BCI to BCS the horizontal position 

of the beam has been measured at five different locations in this section 

of the beam transport system, viz. at 9.56 m (x8C1), 10.93 m (x8C
2

) , 14.35 m 

(x8C3), 16.42 m (x8C4) and 19.97 m (x8C5), respectively, from the exit port 

of the cyclotron. It is also possible to measure the vertical position at 

the beam scanner positions mentioned. The beam properties obtained thus are 

denoted by zi. The matrix A is now composed of the following elements (other 

elements will not be considered bere): 

axBC1/aBMB4 0 0 0 

axBC~aBMB4 0 0 0 

axBC3/aBMB4 axBC3/aBMC1 0 0 

axBC4/aBMB4 axBC4/aBMC1 0 0 
A 

azBCl/aBmBl azBCl/aBmB3 
(7.4) 

0 0 

0 0 azBC~aBmBl azBC~aBmB3 

0 0 azBCJ/aBmBl azBC3/aBmB3 

0 0 azBC4/aBmB1 azBC4/aBmB3 

The vertical submatrix will be used to demonstrate least squares and Lagrange 

multiplier iterative procedures (cf. sections 7.5.3 and 7.5.4). In table 7.4 

are listed the observed elements of matrix A for 7 MeV protons. 
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Table 7. 4 Elements a .. of matrix A for 7 MeV protons 
1-J 

all axsc/38MB4 -12.3 ms/div. a63 azsc/38mB1 7.6 ms/div. 

a21 axscl38MB4 1.1 a73 azscl38mB1 0.4 

a31 axscl38MB4 7.8 a83 azscl38mB1 6.4 

a41 axsc/38MB4 18.4 a93 azsc/38mB1 10.4 

a32 axscl38MC1 -8.1 a64 azsc/38mB3 6.0 

a42 axsc/38MC1 -18.5 a74 azscl38mB3 -0.1 

a84 azscl38mB3 18.2 

I ms - 0.54 mm a94 azsc/38mB3 29.5 

7.5 Position matching procedures 

7.5.1 Non-eonverging iteration (15 MeV protons) 

Let us assume that the external beam has to he matched to an ion-optica! 

axis, of which the horizontal position at the internal target and the 

first two heam scanner locations is defined as x. (i= t, BBI and BB2). 
~0 

At a specific s_~tt_ing of the cyclotron parameters involved (in this case 

B10 , Vextr and BmB2) the corresponding displacements xi with respect to the 

vihration axis of the beam scanners are measured. The difference between 

these values and the xio are the ~ri in equation (4.5). From this equation 

we find a correction in parameter settings, resulting in a shift of the beam 

towards the optical axis. With these new settings the positions xi are 

measured again. This procedure is repeated until the beam is matched within· 

the required accuracy. 

With the above choice of cyclotron parameters and scanner locations the 

iterative process does nat converge, as can beseen in tahle 7.5. This 

fact can be ascrihed to a very small value (% 0.002) of the determinant of 

a submatrix formed by the first two rows and columns of matrix A (i.e. a
11 

to a
22

). In the inverted matrix this leads to very large elements in one row. 

In our case it indicates a dependenee of the variatien of the beam position 

caused by ~B 10 and that caused hy ~Vextr' which can he understood as follows: 

Assume s to he the ion-optical axis of the external heam, corresponding to 

a particluar parameter setting B10 and Vextr (fig. 7.81. A variatien of the 
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Table 7.5 Non-aanverging iteration for 15 MeV protons 1 

initial setting !st iteration 2nd iteration fin al setting 

BlO = 720 div. IIBIO = +190 div. -500 div. BlO = -1000 div. 

V = 550 /IV = -18 + 8 V = 540 extr extr extr 
BmB2 = 278 /IBmB2 = - 4 - 22 BmB2 = 252 

llxt -10.5 mm +0.2 Illill +12.3 mm I ms -

llxBBI -19 .2 ms -8.4 ms -13.8 ms 0.54 mm 

llxBB2 6.9 ms 0 ms +15 .0 ms 

The positions have been determined with the aid of rotating instead 

of vibrating beam scanners (Sch71); the measured values have been 

scaled to the vibrating beam scanner results. 

electrostalie trinaing 
dellector fiel \ 

-4m 

I 
-Sm 

I \ 
8

AVextr sliB s• 
I 10 

lliVextr 

0.425 m 0.420 m 
EXPERIMENT AL 

0.005m 

0.485 m 0.435 m 
THEORETICAL 

0.05 m 

target magnet ie 
channel 

" -25m 

Om 

* 5
l1Vextr 

~10 

~extr 

/\ 
I \ 
8 8' I I:.Vextr 16810 

0.827m 0.825 m 

0 .002 m 

0.870 m 0.825 m 

0.045 m 

beamscamer 
881 

Om 

Fig. 7.8 Explanation of the dependenee of the variation of the beam position 

aaused by a variation of the magnetia induation in the fringing field (aBH-llB10; 

and a variation of the extraator voltage (!IVextr )• by deter.mining the 

loaations of effeative bending points 
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parameter setting B
10 

causes a variatien of the magnetic induction of the 

fringing field, which yields the trajectory s This can be conceived 
l'IBIO 

as a change of divergence in an effective bending point B
6

B 

The same reasoning holds for a change in the parameter setting JO 

Vextr' which leads to s 6V and B6V , respectively. After the partiele 

leaves the extractor, it extr enters extr the fringing field, which has a 

horizontally defocussing action. This results in an additional increase in 

the divergence, and a new effective bending point B:v . If this point lies 

too close to B
6

B , dependenee of the two parameters extr will result. 

We measured and JO calculated the positions of these effective bending points 

(a) with respect to the location of the internal target, and 

(b) after transformation through the magnetic channel and QBI, with respect 

to the location of the first beam scanner BBI. Fig. 7.S shows the 

dependence. 

7.5.2 Converging iteration (15 MeV protons) 

The iterative process described in the previous section and the dependenee 

of B10 to Vextr forcedus to lookfora better choice of parameters and 

locations. We did find a really good set by skipping B
10

, applying it only 

to obtain a maximum extraction efficiency, and using an additional horizontal 

steering possibility, viz. BDQS' the dipale field superimposed on the 

quadrupale field of lens QBS. The choice of this quadrupale lens has been 

determined mainly by the requirement that the positions of the effective 

bending points are adequately separated. The distance between the effective 

bending points of QBS and mB2 is 1.33 m. \vith the first three beam scanners 

measuring the horizontal position of the beam we have a new 3 x 3 sub-matrix 

which allows us to repeat the iterative process described before. The results 

are given in table 7.6. 

It follows that with a well-chosen combination of cyclotron parameters and 

beam properties the beam can be matebed to a freely chosen trajectory with 

an accuracy of 0.2 mm or better. 

7.5.3 Least squares methad (7 MeV protons) 

An example of a least squares setting in the beam transport system may be 

found in the vertical case. The vertical position is measured at six locations 

(BB2, BB3, BCI to BC4), whereas only two vertically correcting magnets (mB! 

and mB3) are available. According to the methad described in section 4.4.3 

the sum of the squares of the deviations from the desired positions is 



TabZe 7.6 Converging iteration for 15 MeV protons 1 

initial setting !st iteration 2nd iteration 3rd iteration 4th iteration final setting 

V = extr 520 div. l::N = extr 
+3.3 div. +I. 25 div. +0.7 div. -0.2 div. V = 525 div. 

extr 

BmB2 = 278 LIB = +5.7 +4.2 +0.9 +0.7 BmB2 = 289.5 
mB2 

BDB5 = 252 LIBDB5 = +3. I +0.3 +0.0 +0.1 BDB5 = 255.5 

llxBBI +5.5 ms +2.0 ms +1.1 ms -0.3 ms -0.3 ms I ms = 
llxBB2 +9.3 +4.9 +1.0 +0.8 -0.1 0.54 mm 

llxBB3 +15. I +1.1 +0.0 +0.5 +0.1 

The positions have been determined with the aid of rotating insteadof vibrating beam scanners (Sch71); 

the observed values have been scaled to the vibrating scanner results. 
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minimised. The results are given in table 7.7. 

7.5.4 Lagr ange mu~tip~ier method (7 MeV pr otons) 

Assume we have as a constraint that the vertical position at beam scanner 

location BC3 has to be matched exactly to the optica! axis, which means 

that ózBCJ = 0. According to the Lagrange multiplier method described in 

section 4 . 4.4 the corrected settings and minimised position deviations have 

been calculated; the results are also shown in table 7.7. 

BmBl 

BmB3 

zBB2 

ZBB3 

Tab ~e 7. 7 Least squares and Lagrange mu~tipZier iterat ions 

f or 7 MeV protons 

optical old least Lagrange 
axis setting squares mult i plier 

61.9 div. 57.2 div. 59.8 div. 

12.9 18 . 2 16.2 

0 ms 0 ms -2.3 ms -1.3 ms 

0 0 -2.4 -2.3 I ms -

zBCl 0 0 -0.9 0.3 0.54 llDD 

zBC2 0 8.2 8.1 8 . 1 I 

zBC3 0 -6. 2 1.3 0 

zBC4 0 -11.5 -2.7 -4.4 

6 

l: 
i= I 

(llrk - órko) 
2 237 87 93 

The matrix elements az8cz!aBmBl and azBCz~asmBJ are very small 

(cf. table 7.4); this implies that the eentres of the ion-optica! 

elements corresponding to the cyclotron parameters considered are 

imaged on the location of BC2. 

At ehe head of the f acing page i.~ an illustration ?f the i n temittent measuring NMR c3ntNZ. system 

(of. sectien 5.5) : 

([r om top to bottom) - HP frequ.erwy counter 

- AEG con t rol unit with oa~·dl.oscope and adjustmfln t possibil.ities f or modulat ion 

arrrplitude 11 oscillator j'1'equenay and manual measUl"ement mode of operatien 

- AG"G contl'ol Wli t wi th selection f or auto~ootic measurement or automat i c control 

mods of opera tien 

- cont ro l unit for i ntermittent measurement mode of eperation 



CONCLUSIVE REMARKS 

I. The beam diagnostic system described in this work enables us to measure a large 

number of beam properties with sufficient accuracy and sensitivity in order to 

facilitate automatic control of the cyclotron to be performed. Short-term 

variations of 10 nA for the beam current, 0.1 deg for the phase angle, 0.1 mm 

for the horizontal position with the aid of the position probes (the latter two 

numbers at a béam current of 10 ~A), and 0.2 mm for the position and width 

(height) with the aid of the beam scanners can be detected. For long periods 

the accuracies are about 1% for the beam current, 0.5 deg for the phase angle, 

and 0.2 mm for the position measurements. 

The performance of this set-up contributes to a better underStanding of the 

behaviour of the beam in the cyclotron and the beam transport system. 

2. By producing phase jumps and corresponding amplitude minima in the beam signals 

owing to interference of the second harmonie Fourier components of the accelerated 

and decelerated beams, very accurate phase calibration points are obtained. 

3. The cyclotron parameter perturbation system is capable of measuring the 

dependences of the beam current on some parameters continuously and without 

(obtrusïve) disturbance of the beam properties. The interpretation of the 

correlation products regarding the coupling of several parameters used is a 

subject of further investigations. 

4. The iterative procedures show the possibility of using a relatively simple 

control strategy. 

5. The computer program termed CYCLOTRON offers the possibility of explaining the 

results of the measurements with the extracted beam. The results can be 

represented in phase space in such a way that a clear insight into the extraction 

process cari be obtained, coupling between radial and axiai motions included. 

6. Comparison with the beam diagnostic equipment at other institutes reveals that 

our set-up is relatively far developed and appears to be suitable to perform a 

closed-loop control of the cyclotron in due time. 
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SUMMARY 

The aim of the present study is to design a beam diagnostic system for the 

Eindhoven University of Technology isochronous cyclotron and the corresponding 

beam transport system. With this diagnostic system accurate, sensitive, 

reliable and continuous measurements of a number of beam properties can be 

performed without (obtrusive) interception of the beam. By means of a CAMAC 

data handling system the observed data are fed into a Digital Equipment Corp. 

PDP9 computer available at our laboratory. The goal of the project is to realise 

an automatic control by a computer-controlled feedback to a number of èyclotron 

parameters. The feedback system is under construction and is not included in 

this study. 

In chapter I those elements of the theory of the motion of charged particles 

in an isochronous cyclotron that are of particular importance to this study 

are briefly reviewed: the magnetic field, radial and axial oscillations, 

resonances, and the extraction process. The recent research on beam diagnostics 

and automatic control with respect to isochronous cyclotrons is reviewed. 

Finally, the most important hardware and software aspects of the use of a CAMAC 

data handling system are described. 

As this study is applied to the Philips prototype isochronous cyclotron, a 

summary of the data and elements in relation or of importance to automatic 

control and some recent developments are given in chapter 2. The beam transport 

system has been designed at our laboratory. The theory of the matrix and phase 

space representation methods used, the detailed design considerations and the 

actual set-up and data of the elements used are given in the same chapter. 

In chapter 3 a computer program which integrates numerically the general 

equations of motion, is discussed. A number of calculations regarding the 

extraction process are given, the coupling between the radial and axial 

motions being taken into account. 

In chapter 4 the applied philosophy on .beam diagnostics and automatic control 

is given. Beam properties and cyclotron parameters are classified into the 

categories fixed, presePibed and optimum. The actual choice of beam properties 
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to be measured and cyclotron parameters to be used is given. A matrix concept 

is deduced and methods to determine t he values of the matrix elements are 

indicated. Finally, a mathematica! methad applied to contro l some beam 

properties is treated. 

The measuring devices and techniques which determine the selected beam 

properties are treated in chapter 5. The use of signal piek-up with electrosta ti 

induction probes, and sampling and correlating techniques to measure the phase 

angle and the current of the internal and extracted beam, and a s to the latter 

also the horizontal position, are described. The minimum detectable short-term 

variations reached are 10 nA for the beam current, 0. I deg for the phase angle, 

and 0. I mm for the horizontal position, t he latter two at beam currents of 10 ~A 

The accuracies are about I%, 0.5 deg and 0 .2 mm, respect ive l y. Vibrating beam 

scanners are used to determine the horizontal and vertica l posi tions, width , 

height and current of the external beam in the beam transport system. The 

sensitivity and accuracy of the position and width measurements is 0.2 mm 

at minimum beam currents of 10 to 30 nA, depending on the measure of f ocussing . 

In this chapter also the determination of the energy by means of an intermittent 

NMR control of the two analysing magnets in the beam transport sy stem is brief l y 

discussed. Finally, a device which determines the optimum ad j ustment of t he 

cyclotron by means of small perturbations of the setting of a few cyclotron 

parameters is des cribed. 

With this beam diagnostic set-up a large number of measurements have been 

carried out. In chapter 6 measurements determining beam properties such a s 

quality, width, energy and energy spread are described. Furthermore, measurement 

yielding the behaviour of beam properties in relation to cyclo tron parameters 

and showing the performance of the beam diagnostic system are treated. Beam 

properties involved are the beam current and the phase angle of the internal 

and extracted beams, and, regarding t he latter, additional l y t he horizontal 

position. Relevant cyclotron parameters are the extractor voltage, the magnetic 

induction in the fringing field, the main magnetic induction, and first harmonie 

field perturbations in the extraction region. 

In chapter 7, measurements are presented that are of particular importance to 

automatic control. Some performance results of the perturbation device are 

shown and an example of optimum control of the phase angl e of t he interna l beam 

is given. The main subject in this chapter, however, is the performance of the 

beam transport system. Some interesting cal culated and measured matrix elements 

will be given. Final ly, some iterative processes to mat ch t he beam to an 

arbitrary ion-opt i cal axis are shown. 
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S A M E N V A T T I N G 

In dit proefschrift wordt een bundeldiagnostisch systeem voor het Eindhovense 

isochrone cyclotron en het bijbehorende bundelgeleidingssysteem beschreven. 

Met dit systeem wordt een aantal bundeleigenschappen nauwkeurig, gevoelig, 

betrouwbaar, kontinu en zonder (noemenswaardige) beinvloeding van de bundel 

gemeten. Deze gegevens worden via een CAMAC dataverwerkingssysteem in een 

Digital Equipment Corp. PDP9 computer ingevoerd. Het totale projekt heeft als 

doel het verwezenlijken van een automatische regeling van de cyclotronbundel 

door middel van een door de computer geleide terugkoppeling naar een aantal 

cyclotronparameters. Dit terugkoppelsysteem is op dit moment in ontwikkeling 

en wordt in dit proefschrift niet beschreven. 

In hoofdstuk I worden die gedeelten van de theorie van de beweging van geladen 

deeltjes in een isochroon cyclotron behandeld, die van belang zijn voor het 

genoemde onderzoek: het magneetveld, radiale en vertikale oscillaties, 

resonanties, en het extractieproces. Recente .ontwikkelingen op het gebied van 

bundeldiagnostiek en automatisering voor wat betreft isochrone cyclotrons 

worden vermeld. Tenslotte worden de belangrijkste hardware- en software

aspekten van het gebruik van een CAMAC dataverwerkingssysteem beschreven. 

Aangezien dit onderzoek is verricht met het prototype isochroon cyclotron van 

de NV Philips, dat in 1969 aan de THE werd overgedragen, worden een samenvatting 

van de gegevens en elementen met betrekking tot of van belang voor de automa

tisering en enkele nieuwe ontwikkelingen in hoofdstuk 2 vermeld. Het bundel

geleidingssysteem werd aan de THE ontworpen. De theorie van de gebruikte 

representatie-methoden door middel van matrices en fazeruimten, de gedetailleerde 

~ntwerp-overwegingen en de huidige opstelling, alsmede gegevens van de gebruikte 

elementen worden in hetzelfde hoofdstuk gegeven. 

In hoofdstuk 3 wordt een computerprogramma besproken, waarmee de algemene 

bewegingsvergelij.kingen.numeriek worden .geintegreerd. Een aantal berekeningen 

met betrekking tot het extractieproces wordt gegeven, waarbij rekening is 

gehouden met de koppeling tussen de radiale en vertikale bewegingen. 

In hoofdstuk 4 wordt een filosofie gegeven.over bundeldiagnostiek en automa

tisering. Bundeleigenschappen en cyclotronparameters worden ingedeeld in de 

klassen vast, voorgeschreven en optimaal. Er volgt een keuze van te meten 

bundeleigenschappen en te gebruiken cyclotronparameters. Er wordt een matrix

voorstelling afgeleid en methoden ter bepaling van de waarden van matrix

elementen worden aangegeven. Het hoofdstuk besluit met een overzicht van 
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de wiskundige methode, die zal worden toegepast bij het regelen van een 

aantal bundeleigenschappen. 

De ontwikkelde apparatuur en meetmethoden ter bepaling van de geselecteerde 

bundeleigenschappen worden behandeld in hoofdstuk 5. Het gebruik wordt beschrev1 

van electrastatische inductie elektrodes en van bemonster- en correlatie-

technieken, met behulp waarvan de fazehoek ten opzichte van de HF versnelspanoir 

en de stroom van de interne en geëxtraheerde bundel en de horizontale positie 

van de geëxtraheerde bundel worden bepaald. De bereikte gevoeligheid is 10 nA 

voor de bundelstroom, 0.1° voor de fazehoek en 0.1 mm voor de horizontale 

positie, de laatste twee bij een bundelstroom van 10 ~A. De nauwkeurigheden 

bedragen resp. 1%, 0.5° en 0.2 mm. Om de horizontale en vertikale positie, 

breedte, hoogte en stroom van de externe bundel in het bundelgeleidingssysteem 

te bepalen wordt gebruik gemaakt van vibrerende bundelaftasters. De gevoeligheic 

en nauwkeurigheid van de positie- en breedte- (hoogte-) metingen bedraagt 0.2 w 

bij een minimale stroom van 10 tot 30 nA, afhankelijk van de mate van focusserir 

In dit hoofdstuk wordt tevens de energiebepaling met behulp van een inter

mitterende regeling van de twee analysemagneten in het bundelgeleidingssysteem 

door middel van protonspinresonantie kort beschreven. Tenslotte wordt enige 

aandacht besteed aan een meetmethode, waarmee de optimale instelling 

van het cyclotron kontinu wordt bewaakt door middel van kleine verstoringen 

in de instellingen van een aantal cyclotronparameters. 

Met de bundeldiagnostische apparatuur is een groot aantal metingen uitgevoerd. 

Hoofdstuk 6 beschrijft metingen ter bepaling van bundeleigenschappen zoals 

kwalitiet, breedte, energie en energiespreiding. Voorts worden metingen 

behandeld die het gedrag van bundeleigenschappen met betrekking tot cyclotron

parameters beschrijven en de werking van de bundeldiagnostische apparatuur 

demonstreren. De hierbij betrokken bundeleigenschappen zijn de stroom en de 

fazehoek van de interne en geëxtraheerde bundel, en van de laatste tevens de 

horizontale positie. Relevante cyclotronparameters zijn de extractorspanning, 

de magnetische inductie in het randveld, het hoofdmagneetveld en eerste 

harmonische veldverstoringen in het extractiegebied. 

In hoofdstuk 7 worden metingen getoond die in het bijzonder van belang zijn 

voor de toekomstige automatisering. Er worden enkele resultaten met de 

verstoringsapparatuur en een voorbeeld van optimale regeling van de fazehoek 

van de interne bundel gegeven. In dit hoofdstuk ligt de nadruk echter op de 

werking van het bundelgeleidingssysteem. Enkele belangrijke gemeten en berekend! 

matrix-elementen worden behandeld. Tenslotte wordt aangetoond dat met behulp 

van enkele eenvoudige iteratieve procedures de bundel langs een willekeurige 

optische as kan worden gericht. 
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N A W 0 0 R D 

Het projekt "Automatisering van het cyclotron" is gestart I augustus 1969. 

Sinds I juli 1971 wordt technische medewerking verleend door D.M.J. Kroonenberg, 

terwijl sinds I augustus 1972 door ir. G.C.L. van Heusden een belangrijk deel 

van de koppeling tussen het cyclotron en de PDP9 wordt uitgevoerd. 

Veel medewerking is verkregen van ir. L.C.J. Baghuis, dr. H.J.L. Hagebeuk (RC), 

drs. G.E. Sandvik (gastmedewerker van de Universiteit van Bergen, Noorwegen) 

en dr. H.P. StÜssi (gastmedewerker van de Universiteit van Basel, Zwitserland). 

In de periode tot I juli 1973 zijn 5 studenten op onderdelen van het projekt 

afgestudeerd: K.R. Ehrnreich, G.C.L. van Heusden, M. Kauffmann, J.F.P. Marchand 

en J.A.J.M. van Vliet, terwijl 2 afstudeerders momenteel hun werk afronden: 

W.H. Backer en L.R. Opbroek. Behalve door de genoemde afstudeerders werden 

stages verricht door L.J. van Aubel, A.C.M. Beljaars, H. Beun, J.H.M. Blok, 

J.N.G.M. Borneman, R.L.P. van der Bosch, A.M.W. Duys, W. Karthaus, P. Kooij, 

H.J.H. Maessen, C.C.M. Moes, W.M. Schulte, J.H.A.M.M. Slaats, A.T. Smits, 

L. Verhagen en R. de Vries. Tevens hebben 5 stagiaires van de Stichting HBO, 

afd. HTS, te Eindhoven, hun afstudeer- of praktisch jaar aan dit projekt 

gewijd: P. van Baasbank, A.C.M. Baselmans, H. van Duyn, A.M.M. van Laarhoven 

en A.A.S. Sluyterman. 

De bedrijfsgroep van het cyclotron (NKC), bestaande uit ir. W. van Genderen, 

F.C. van Nijmweegen, A. Platje, N. van Schaik, e.c. Soethout en W.H.C. Theunissen, 

heeft zoveel mogelijk voor een werkend cyclotron gezorgd. 

De definitieve opstelling van de electrastatische inductie faze- en positie

sondes kwam gereed met medewerking van H.G.M. Lenting, A.C. Maas en 

S.A.M. Teunissen (allen CTD) en de bedrijfsgroep van het cyclotron. 

In de genoemde periode was in totaal 3496 uur bundeltijd van het cyclotron 

beschikbaar. Hiervan werd ten behoeve van de automatisering 1231 uur gebruikt. 

De PDP9 computer was gedurende 1650 uur bezet (voor een gedeelte samenvallend 

met de bundeltijd), op de ELX8 werd 817 min. gerekend, via de P9200 terminal 

61 min., terwijl~ 20 uur rekentijd van de B6700 werd verbruikt. 

Aan het projekt is over de genoemde periode in de kapitaalsdienst kf 120 en 

in de gewone diens t kf 133 uitgegeven. 

Het tekenwerk voor dit proefschrift werd verzorgd door Ruth Cruyters en 

drukklaar gemaakt door J.P.F.H.M. Dassen (CTD). De op bldz. 24, 64, 75 en 78 

afgebeelde foto's werden vervaardigd door J.W.M. Guns (CTD). 

AdvieEen betreffende de Engelse taal werden gegeven door H.J.A. van Beckum. 

Alle bovengenoemden en de velen die op andere wijze tot dit proefschrift hebben 

bijgedragen komt mijn hartelijke dank toe. 
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STELLINGEN 



1 

De beschrijving van faze-oscillaties van deeltjes in een circulaire 

versneller door middel van stroomlijnen in een fazeruimte - zoals gegeven 

door Symon en Sessler en gevolgd door Kolomenski en Lebedev - heeft de 

voorkeur boven die, gegeven door Livingood. 

K.R. Symon en A.M. Sessler, Methods of radio frequency aeee~eration in 

fixed fie~d aeee~erators with app~ieations to high eurrent 

and interseeting beam aeee~erators, Proc. CERN Symposium on 

high energy accelerators and pion physics Vol.I(I956)44-58 

A.A. Kolomenski en A.N. Lebedev, Theory of cye~ie aeee ~erators, 

North-Holland Publ. Co. (1966) hfdst. 4.3 en 4.4 

J.J. Livingood, Cye~ie partie~e aeee~erators, 

D. van Nestrand Comp., Inc. (1966) hfdst. 6.5 en 6.7 

2 

De voorstelling van het versnelproces in een ciculaire versneller wint aan 

duidelijkheid door de faze-oscillaties tegelijkertijd te beschouwen in een 

(V,t)-karakteristiek, een (óW/ws'~)-fazeruimte en een ( V ,~)-karakteristiek, 

waarin V de versnelspanning, t de tijd, óW het verschil tussen de deeltjes

energie en de energie van het synchrone deeltje, ws de synchrone (hoek-) 

frekwentie, ~ de fazehoek van het deeltje ten opzichte van de HF versnelspanning, 

en V de "potentiële energie" in de bijbehorende Hamiltoniaan is. 

3 

De fazehoek van de ionenbundel ten opzichte van de HF versnelspanning in 

een isochroon cyclotron kan met voordeel worden gemeten met de tweede 

harmonische Fourierkomponent van het bundelsignaal. Interferentie van 

het signaal afkomstig van een versnelde bundel met het signaal afkomstig 

van de vervolgens vertraagde bundel, geeft dan een zeer nauwkeurige 

absolute faze-ijking. 

Dit proefschrift, hfdst. 6.9 

4 

Het optimaliseren van bundeleigenschappen van een isochroon cyclotron door 

middel van een redelijke graad van stabilisatie van cyclotronparameters, 

niet-destruktieve en frekwente metingen van bundeleigenschappen en het 

aanbrengen van uit deze metingen volgende korrekties van de instelling van 

een aantal cyclotronparameters heeft de voorkeur boven het optimaliseren 

door middel van het instellen van cyclotronparameters welke een uiterst hoge 

graad van stabilisatie bezitten. 



5 

De ionenbundel in een bundelgeleidingssysteem kan door middel van eenvoudige 

iteraties langs een 'willekeurige optische as worden geleid. 

Dit proefschrift, hfdst. 7.5 

F. Schutte, K.R. Ehrnreich en G.C.L. van Heusden, A method of matching 

the external beam of a cyclotron to an ion-optical axis, 

Nucl. Instr. and Meth. 2l(1971)347-357 

6 

Alvorens een koppelingsprojekt van fysische apparatuur met een computer te 

beginnen dient zorgvuldig te worden overwogen of al dan niet gebruik zal 

worden gemaakt van de CAMAC-standaard. 

CAMAC, a modular instrumentation system for data handling, Commission 

of the Eur. Communities, Report 4100 (1972) 

CAMAC, organisation of multi-crate systems, Commission of the Eur. 

Communities, Report· 4600 (1972) 

7 

Het verdient aanbeveling bij literatuuropgaven naast de auteur(s), het 

tijdschrift en het bladzijdenummer, ook de volledige titel en het nummer van 

de laatste bladzijde van het artikel te vermelden. Indien het aan te halen 

werk niet in de Engelse taal is gesteld, en geen geautoriseerde vertaling 

van de titel bekend is, dient de titelvermelding te geschieden in de 

oorspronkelijke (eventueel getranslitereerde) taal; zij kan worden gevolgd 

door een vertaling in de Engelse taal. 

8 

Een instelling voor wetenschappelijk onderwijs dient mede op te leiden 

tot het adequaat vervullen van een maatschappelijke positie. Bij het 

vergelijken van de resultaten van verschillende onderwijsmethodieken moet 

dit uiteindelijke doel voor ogen staan. De correlatie van de bovengenoemde 

maatstaf met gemakkelijker te hanteren maatstaven, zoals het met goed gevolg 

afleggen van tentamens, kan in sterke mate worden beÏnvloed door de 

onderwijsmethodiek. 



9 

Alvorens de verantwoording voor en de uitvoering van post-academisch 

(technisch) onderwijs - PA(T)O - aan instellingen voor wetenschappelijk 

onderwijs op te dragen dient een eenduidige en voor betrokken partijen 

aanvaardbare definitie van dit onderwijs te worden gegeven. 

Ontwerp wet herstructurering wetenschappelijk onderwijs 

Memorie van toelichting (IIb,c,d en BII) 

Nota ter aanvulling van de memorie van toelichting (§3) 

Verslag handelingen Tweede Kamer zitting 71- 72, 11 281 

K. Posthumus, De Universiteit; doelstellingen, functies, structuren 

(1968) hfdst. 1.2 en 14 

K. Posthumus, 2e voortgangsnota; samenvattingen, voorstellen, 

aanbevelingen (1970) hfdst. 3 

I.A. Diepenhorst e.a., Rapport commissie algemene vraagstukken PAO 

van de Academische Raad; PA048 (1971) 

10 

~ 1 jdens de opleiding van het onderwijzend personeel bij het kleuter- en 

basisonderwijs dient het vak "Eerste hulp bij ongelukken" (EHBO) op 

zodanige wijze te worden gedoceerd en gevolgd dat in de praktijk bij een 

ongeval effektief kan worden opgetreden. 

11 

Het verdient aanbeveling een proefschrift te besluiten met een nawoord, 

waarin een inzicht wordt gegeven in de omvang, de baten - zoals de bijdrage 

tot het onderwijs -, en de lasten van het beschreven onderzoek. 

12 

Indien de huidige ontwikkeling zich voortzet, valt bij de THE omstreeks 1977 

de uitbetaling van de vakantie-uitkering samen met de salarisbetaling van 

de maand juni. 

F. Schutte Eindhoven, 

7 september 1973 




