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SCOPE OF THE PRESENT STUDY
In 1969 the group 'Technological-physical applications involving the
isochronous cyclotron' of the Physics Department of the Eindhoven University
of Technology started, among others, with a study with; the aims to investigate the feasibilty of a computer controlled, operation of the cyclotron
and the beam guiding system, and to. perform such an automatic control system·
A large and reliable beam diagnostic system is required, in order to achieve
a computer controlled operation- of the cyclotron. With this diagnostic
system, firstly a detailed knowledge of the relations between the beam .
properties measured and the cyclotron parameters involved was obtained. Then
a closed loop computer controlled operation of the cyclotron was carried out.
The beam diagnostic equipment has been described extensively"by Schutte-7§a.
The study presented here is concerned with further developements af the
diagnostic equipment, the design of the feed back loops, and the results
obtained with the total system.
The following beam properties are controlled- by the system:
1] the HF-phase angle of the accelerated particles with respect to the
accelerating voltage at five different radii in the cyclotron;
2] the extraction efficiency;
3) the horizontal and vertical position of the

particles in the beam

guiding system.
In chapter 1 a brief discussion is given on the feasibility of a computer
controlled operation of a cyclotron. Data concerning our cyclotron, especially
those involved with the automatic control, are reviewed.
In chapter 2 the beam diagnostic equipment is discussed briefly and improvements are given.
In chapter 3 hardware and software aspects of the CAMAC data handling system
are reviewed; more detailed information is given in the appendix.
In chapter 4 the control schemes

of the various control loops are given.

The observed control performances of the various control Ιοορβ are presented
in chapter 5.

s

1
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2

Finally, in chapter 6, the first results on HF-phase selection and single
turn extraction using axial selecting slits in the central region of the
cylotron are given.
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INTRODUCTION
1.1

The feasibility of a aomputer controlled oyolotron
For many experiments carried out with cyclotrons, it is important to havs
reproducible and constant beam properties, such as the energy of the
particles, the emittance of the beam and the time structure of the beam
bursts, at the experiment stations. Therefore, the parameter settings of the
cyclotron and the beam guiding system should bB very reproducible. This can
be partly achieved with highly stabilized power supplies. The reproducible
and constant beam properties can also be achieved with less stabilized
power supplies and a reliable computer controlled feed back system using
the measured beam properties itself. The decision between both alternatives
depends on the use which is made of the cyclotron beam.
An accelerated particle in the cyclotron can be characterized in a six
dimensional phase space with as coordinates the radial position r, the radial
momentum ρ , the axial position 2, the axial momentum ρ , the energy Β anc
the HF-phase angle with respect to the accelerating voltage φ.,,.. When using
Mr
in this phase space the full emittance of the accelerated beam, the parameter
settings are less critical and the power supplies involved generally can be
stabilized sufficiently. Nevertheless, a computer controlled operation of
the cyclotron has the following advantages:
1] tuning of the cyclotron and the beam guiding system can ba performed
much easier and faster, hence saving beam timej
2] malfunction of any parameter can be detected immediately.
If, in the contrary, only a small emittance area is selected, a computer
controlled feed back system can be essential. This is especially the case
when an external beam is required with specific energy, energy spread or
HF-phase width. Then all slits used for the selection should be well imaged
at each other tcf. chapter 6 and Hagedoorn-69].
A rsview of all computer control projects at the varies cyclotron laboratories has been given fay Schutte-73b.

1.2

The EUT cyclotron laboratory

The cyclotron of the Eindhoven University of Technology CEUT] is the prototype isochronous cyclotron, developed at the Philips Cyclotron Laboratories
at Geldrop, Netherlands (Verster-62a and Verster-63]. The cyclotron has
been presented to the University in 1966, and was dismantled and moved to
the University in 1969. The first experiments date of spring 1970.
In table 1.1 the principal data and properties of the EUT cyclotron are
listed Csee also Howard-75). A lot of information concerning cyclotrons can
be found in the conference proceedings of the International Cyclotron
Conferences which are held tri-annually [ICC1 to ICC71.
In fig. 1.1 a cross-section is given of the cyclotron, showing the principal
parts. The maximum proton energy is 29.6 MeV.
The ion source is of the Livingstone type. The filament current of the
tungsten cathode is 160 to 200 A, the maximum arc current is 1 A and the
maximum arc voltage is 500 V. The arc voltage is stabilized and the filament
current is used to stabilize the anti-cathode current, together yielding a
beam current stability better than 1%.
The mean magnetic induction has a maximum value of 1.55 T. Ten pairs of
concentric correction coils cause the desired shape of the magnetic field
as a function of radius. Three pairs of these coils, B4, B6 and B10 are
used as control parameters of the HF-phase control loop [section 5.2).
Three sets of harmonic coils, the inner harmonic coils A11. A12 and A13, the
middle harmonic'coils A21, A22 and A23, and the outer harmonic coils A31,
A32 and A33, are located in the valeys. Each set of coils is interconnected
in such a way that the current flowing through coil Ai3 equals the sum of
the currents flowing through coils Ai1 and Ai2, but flows in the opposite
direction. This yields a zero averaged field and an adjustable first harmonic
field pertubation. The inner and the outer harmonic coils are used in the
extraction efficiency optimization loop (section 5.3].
The accelerated particles are extracted by an electrostatic deflector. The
maximum electric field strength is reached at 60 KV over 4 mm. The radius
of the entrance of the extractor is 0.52 m and the radius of the exit is

f<
lï

0.56 m. The maximum extraction efficiency is 85%. After extraction, the
particles leave the cyclotron via a magnetic channel, which focusses the
I**

beam horizontally and only slightly defocusses the beam vertically.
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Table 1.1 Main data and properties of the EUT oyalotron

ion source
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bevelled dee

main magnetic field

Livingstone type
Ir.,
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= 1 A
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Fig. 1.1 Horizontal cross-section of the EUT isochronous
cyclotron.

In fig. 1.2 the beam guiding system of the EUT cyclotron is drawn. The first
part of the system, up to slit SB, is used to match the horizontal and
vertical emittances of the cyclotron beam to the acceptance of the remaining part of the beam guiding system. Tde 90° bending system, extending from
slit SB up to slit SC, can be set for a doubly achromatic or a dispersive
transport (Sandvik-73 and Schutte-73a]. The last part of the beam guiding
system is used to transport the beam to the experiment stations II, III, IV.
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Fig. 1.2 Beam guiding system of the EUT Cyclotron
Laboratory. The experiments carried out at the experiment
123
stations are: I. isotope production ( I); II. atomic
physics tracer techniques; JJJ. nuclear physics scattering
experiments (polarized proton beams); 17. X-ray
fluorescence techniques.

Experiment station I, just behind the first 45° bending magnet, is used for
isotope production C 1 2 3 I ] (Van de Bosch-76).
Experiment station II is used for atomic physics experiments. The beam is
used, among others, to produce on a well defined time and at a well defined
position, radio active tracers C 2D Na] in a neon gas discharge, in order to
study transport phenomena in discharges (Baghuis-74, Coolen-761.
Experiment station III is used for nuclear physics experiments. From 1975
the polarized ion source [Van der Heide-72] of the nuclear physics group
is in operation and since then, many scattering experiments have been and
are being carried out (e.g. Van Hall-75 and Melssen-75J.
Experiment station IV is used for X-ray fluorescence experiments. With this
technique small amounts of a variety of elements in a sample can be detected.

BEAM DIAGNOSTIC EQUIPMENT

i

In this chapter the beam diagnostic equipment needed for the automatic
control of the cyclotron is briefly discussed. The diagnost:-? equipment
is divided into five groups,_ concerning the HF-^phase (2.2), the extraction
efficiency (2.3), the beam position, width and emittance in the beam guiding
system (2.4), the magnetic induction of the two 45° bending magnets (2.5)
and the time structure of the external cyclotron beam (2.6).

2.1 Introduction

The developement of the beam diagnostic equipment has been initiated in
1969 by Schutte and many details are given in his thesis CSchutte-73a].
In this chapter, apart -From short reviews of the various systems, attention
will be paid to new improvements.
The HF-phase angle and intensity of the internal beam can be measured at
13 radii with capaoitive pick-up probes CFeldmann-64 and -66], The HF
signals from the pick-up probes and a signal derived from the dee voltage
are transformed down to LF signals by using sampling techniques. The phase
and amplitude of the probe signals are determined with LF correlators.
A different method is described which directly correlates the HF probe
signals with the dee voltage by using double-balanced mixers (section.2.2).
For the optimization of the extraction efficiency small disturbances are
applied to a number of parameter settings. These disturbances are generated
periodically. A correlation technique is used to measure the responses of
the external beam current on these disturbances (section 2.3].
Vibrating beam scanners are used in the external beam guiding.system to
^measure the position, width' and emittance of the beam horizontally and
vertically (section 2.4).
The magnetic induction of the two 45

bending magnets in the beam guiding

system is measured and controlled intermittently by an NMR system, in order
to ensure that the beam is bended properly (section 2.5).
Finally, a time-of-flight set-up with scattered protons is used to measure
the time structure of the external beam under several operating conditions
of the cyclotron and the beam guiding system (section 2.6}.

2V2 HF-phase angle measuring equipment
The HF-phase angle and the intensity of the internal beam are measured at
13 radii with capaci-uive pick-up probes [Schutte-?3a and Van Vliet-73).
2

The pick-up probes consist of copper plates of 450 mm , a mm above and
below the median plane. Both plates are mounted in a double shielded housing.
The outer shielding is connected via spring contacts with copper plates
on the pole tips. The inner shielding is grounded at the preamplifier
[distance about 3 m ) . The preamplifier adds the signals of the upper and
the lower plates and sends the added signals to the control room [distance
about 60 m ] .
In order to determine the HF-phase angle and the amplitude of the probe
signals, they are correlated with two reference signals, having a phase
difference of 90° and a frequency being an integer multiple of the accelerating voltage n . / . The two DC signals obtained after correlation are
prooortional to A cos φ,,,. and A sin φ.,_ , where A is the amplitude and
·
η
HF,η
η
HF,η
η
Φ,,,_
is the phase of the η
harmonic component in the probe signal,
nr, η
To suppress first harmonic disturbances from the dee voltage η should be
unequal to 1. We use n=2, applying

a frequency doubler type 10515A manufac-

tured by Hewlett-Packard.
The correlations can be carried out 31 after frequency transformation of
both the proba signals and the reference signal by using sampling techniques
[Schutte-73al or 2] directly with the HF probe signals by using double
balanced mixers (Van Heusden-75a). A third method is given by Flarchand-75
which uses a frequency mixing technique. The methods 1] and

2] are dis-

cussed below.
The sampling method
A simplified block diagram of'the sampling method is given in fig. 2.1.
This method has been described more in detail by Schutte-73a. Apart from the
fact that the correlation is carried cut with the second harmonic of the
probe signals Cn=2], the odd harmonic components in the probe signals are
suppressed by using a special sampling technique [Marchand-74). In this
technique the sampling system is forced to trigger alternately on the
positive and negative zero crossings of the dee voltage. With this method
the first harmonic contribution in the probe signal can be suppressed with

10
sampling
unit

- J —A2sin02

HF-section

' LF-section
ι

Fig. 2.1 Block schema of the HF-phase measuring system
using sampling techniques. The HF-probe signals (left)
and the dee voltage (after frequency doubling), are
transformed down to LF-signals. Correlation between the
probe signals (chan. 1 to 5) and the reference signal
(Vj , chan. 6) yields two output signals per probe,
both proportinal to the amplitude Ap and the phase $„
of the HF-probe signal involved.
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Fig. 2.2 Block schema of the HF-phase measuring system
using double-balanced mixers.

more than 40 dB. Both probe signals and reference signal are transformed
down from about 4G NHz Csecond harmonic component) to about 1 kHz.
The sampling system, manufactured by Tektronix, consists of 3 dual sampling
units type 3S1 and one trigger unit type 3T2, all mounted in a 19" power
rack type 129.
To correct for phaae shifts in the cables and in the HF low pass filters,
a six channel variable LF delay line has been developed using 'bucket-

11
Δθ,/dtg

10

20

30

10

20

30

05
0
0.5

025

•OS

o
-0.5

.-..--r,

η

,,πη

,Γ,.,Γ 0

-0.25
10

20

30—«-«min

Fig. 2.3 A comparison between the HF-phase measuring
methods. The probe signal and the reference signal are
simulated by a HF-oscillator and a cable delay line.
A: the sampling method with the LF-delay line (see text);
B: the sampling method without the LF-delay line;
C: the double balanced mixer method; the second part of
the graph is enlarged two times in vertical direction.
brigade1 delay lines [Philips, type Π30) (Reumers-75, Sangster-70).
The correlations are carried out with standard analogue multipliers and
LF low pass filters [τ=ΐ s ) . The output signal levels are between 2DD mV
and 2 V.

The double-balanced mixer method
A block diagram of this method is given in fig. 2.2. The odd harmonic
components in the probe signals are now suppressed by splitting the.probe
signals into two cables [with signal splitters from Mini-Circuits Laboratories, type ZSC2) with a difference in length corresponding with 18D°
first harmonic. Then the signals are added again

by using the same signal

splitters in the reverse way. The suppression of the first harmonic
component obtained is better than 2G dB.
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Then the probe signal is fed to the RF-inputs of two double-balanced mixers
(MCL, type 2AQ1). The reference signal is fed to the LOinput (Local
oscillator) of both mixers via two cables with a difference in length

A

corresponding with 90° second harmonic. The IF-outputs (Intermediate frequency) of the mixers have a DC component which is proportional to the cosine
of the phass difference between the two input signals. Therefore, the signals
obtained after the two low pass filters are proportional to A cos φ
and 4_sin φ.,,- „. The signal levels of the input signals are about -10dBm

£

HΓ, ί

(=70 mV at 50 Ω ) . The maximum output signals of the mixers are 20 mV at 1 ΜΩ.
Results
The performances of both HF-phase measuring systems are compared in fig. 2.3.
In this figure the HF-phase difference between two dummy signals, obtained
with an HF-oscillator (40 MHz) and a cable delay line, are plotted vs time.
The instability observed with the sampling method (fig. 2.3 A with, and
fig. 2.3 Β without the LF-delay lines) equals resp. 0.5° and 0.2° in the
first harmonic component (20 MHz).
In most cases an instability of 0.5° is sufficiently low and the LF-delay
lines can be used advantageously for gauging the measured HF-phase angles
(Schutte-73a and Van Vliet-73). Fig. 2.3 C shows the reduction of the
instability down to 0.06° obtained by using the double-balanced mixers.

2.3

Extraction efficiency optimization equipment (pulse unitl
For the maximum of the extraction efficiency, defined as the ratio between
the external beam current (measured at r=0.72 m) and the internal beam
current (measured at r=0.40 m ) , the first derivatives of the external beam
current with respect to the parameter settings involved, will be zero.
In order to optimize the extraction efficiency, a device has been developed
which measures these derivatives by applying small disturbances on the
parameter settings (pulse unit). The responses of the external beam current
due to these disturbances should be smaller than the instability in the
current due to the ion source (less than 1%).
The pulse unit can be devided into two parts: 11 six pulse generators and
2) six correlators. A block schema is given in fig. 2.4. The pulse unit
periodically generates six disturbing pulses, each fed to the power supply

13

-JV

mult DAC AD75Z0

AD 5*0

Fig. 2.4 Bloak schema of the extraction efficiency
optimization equipment. Pulse shaped disturbances (a)
are generated by the pulse logic and fed to the power
supplies of the parameters involved. The responses in
the external beam current (b) are correlated with a
correlation pulse (c)t also generated by the pulse logic.
The correlation products are proportional to the first
derivatives 'èl J"hA... The correlation is performed by
a multiplying DAC (ΑΌ 7520) followed by an integrating
sample-hold and a normal low pass filter.

of one of the six parameters involved. The interval time between two
consecutive disturbing pulses [involving different parameters] may be
discretely varied between 180 ms and S0O ms. The duration of the disturbing
pulses may be discretely varied between 80 ms and 440 ms. The clock of the
pulse, unit is derived from the mains.
The pulse logic described above has been built using DEC standard TTL logic
cards. The correlators are made using so-called multiplying DAC's (Analogue
Devices, type AD7520], and normal low pass filters. The reference input
of the multiplying DAC's may be varied between plus and minus 10 V and can
therefore be used as the analogue input for the measured external beam current.

f
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The latter is measured on a target with a DC pV meter [Philips, type PM2434).
A so-called second order correlation pulse [see fig. 2.4, pulse cJ is used
to eliminate constant and slowly varying components of the external
current, and is fed in binary format to the digital input'of the multiplying
DAC. The three different words needed to form the correlation pulse (zero,
+max. and -max. value) are generated at the proper moments by the pulse
logic described above. After multiplication of the (analogue] response
signal and the (digital) correlation pulse, the product is fed to ύ low pass
filter (fig. 2,4). The output signal of the low pass filter is increased by
a factor 8 when the filter is switched on only during the time the correlation pulse occurs. The duty factor of the disturbing pulse for the parameter
involved, then becomes virtually 25% instead of about 3%. The time constants
of the low pass filters are about 3 s, but due to the real duty factor the

'Ά
"0.

effective time constants are about 20 s.
The instability of the electronic equipment described above is shown in
fig. 2.5. The external beam current is simulated with a constant current.
The output voltage, measured after the low pass filter,

is plotted vs time

and should be zero. The instability observed is due to the feed trough of
the correlation pulse (the ADC samples the output voltage asynchronously
with respect to the correlation pulse).An output voltage of 10 mV corresponds with 0.25% to 1% variation of the extraction efficiency, depending on
the amplitude of the disturbance of the parameter setting. The minimum
external beam current required, depending on the instability of the ion
source, is about 10 nA.
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Observed instability of the correlation system.

The external beam current is simulated by a constant current
source Cèl^jZA^O).

ifi 1
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The instability of about 10 mV

corresponds with a variation of the extraction efficiency
of about 0.3%.
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2.4

Beam scanners
The horizontal and vertical position and width of the external beam can be
measured at 13 locations in the beam guiding system, with the aid of 2B
vibrating pin-type beam scanners manufactured by DanfysiK CSchutte-73a).
Different types of beam scanners are described by e.g. Vader-73, Daum-75,
Kappel-75 and Olivo-75. The emittance of the beam can be measured destructively using movable slits (e.g. Bojowald-72, Zichy-75] or can be obtained
from beam scanner data (e.g. Craddock-75).
A cristal-controlled oscillator drives all scanners simultaneously (12 Hz).
Improvements of the Danfysik beam scanners needed in this case are given
by Klein-76. The scanners consist of a vibrating arm with a tungsten needle
(G.75 mm diameter] perpendicular to the arm. The needle intercepts the beam
twice per vibration period. The motion of the needle with respect to the
vibration axis and the cyclotron beam is shown in fig. 2.6. From the figure
it can be seen that the beam width W equals:

w = 2 A sin TIT /T
1 o

(2.1)

and that the beam position ρ is given by:
ρ = A sin 5^(τ -τ Λ/Τ

2

(2.2]

3°

where A is the amplitude of the vibration (25 mm), Τ
period (33 ms) and τ , τ

(Α)

and τ

is the vibration
ο
are defined in fig. 2.6.

(Β)

Fig. 2.6 A: Motion of the needle of a beam scanner with respect to the optical (vibration) axis and the external beam.
B: The intercepted current pulses after amplification.
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The signals from the needles are amplified and clipped at half the tGp value
and fed to the control room via twisted data transmission cables. The times
τ , τ and τ are digitized by the TDC's described in the appendix.
1
2
3
The minimum beam current required is about 5 nA and the accuracy of the
measured beam position and width is about 0.2 mm for beam current larger
i;han 50 nA.
Apart from the automatic control of the position of the external beam, the
beam scanners are also used as a diagnostic tool for the beam transport to
the experiment stations. The beam guiding system consists of a large number
of quadrupole lenses, bending magnets and drift lengths. The quadrupole
lenses are set according to calculated values. However, small errors in the
real lens strengths and in the real drift lengths between the different
elements in the beam guiding sy&tem, can accumulate into undesirable
deviations from the calculated transport behaviour. TheEa deviations can be
Kept only within acceptable limits for small subsections of the beam guiding
system. Therefore, the emittance at the entrance of each subsection is
measured, using the beam scanners, and are on-line compared with the
calculated acceptance of the next subsection. If needed, the emittances
are corrected.
A general treatment of the theory of the transport of charged particles
is given by e.g. Banford-66.
2.4.2 Calculation of the acceptance

Consider a two-dimensional phase space S, with as coordinates the displacement x, and the divergence χ', both with respect to the optical axis.
In this phase space, a boundary at the location I

in the beam guiding

system, e.g. a slit or a quadrupole lens aperture, is represented by two
parallel lines, perpendicular to the α-axis ix = ±b., with b. equal to half
the aperture). The acceptance Df the beam guiding system from the initial
location I. up to the final location I

can be represented in the phase

space Si by the enclosure of all backwards transformed boundaries at the
locations I

Cj=i,i+1,...,f). We will describe here a relatively simple

J

method to calculated the corners of the acceptance figure.
Let us take in S a vector i> _. with an angle BnJ. with respect to the a:-axis
ni
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x'/mrod

x'tnrad

-rö
Η

Η

h

%.

Η

x/mm

Bj

x/mm

2.7 The initial vector r .(BtQ .) in-the space S.

(left) is transformed after some drift lengths and
quadrupole lenses into the vector r .(R...Θ.) in the
—"<7 ™3 ™3
•phase space S. (right). The vector a .r . with
a . = b./R .cosB .will just reach the boundary -b..
nQ
Q n3
nQ
Q

and with arbitrary length R [see fig. 2.7]. After some elements like drift
lengths, bending magnets and quadrupole lenses, this vector will be
transformed into the vector r .(i? ..θ . ] . If the initial vector r . is
multiplied with:

C0S

C2.33

the vector a .r . will just reach the boundary b. at location I.. The
nj-nj
j
J
smallest of all ratios a . for j=i,i+1,...,f, can be determined and is called
a

n[min)"

A 1 1

r a y s w i t n

t n e

initial coordinates:
[2.43

will be accepted by the baam guiding system from location I. to I .
A good approximation of the total acceptance figure represented in 5. can
be calculated by repeating the procedure described, for values of θ . between
0° and 180° with interval steps of 5° (see fig. 2.B). If the coordinates
of point π does not lie on the line determined by the previous points n-1

18

x'/mrad
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x/mm

If'
Fig. 2.8

The acceptance at the entrance phase space S^ of

a subsection of the beam guiding system* determined using
the method described in section 2.4.2.

and n-2, the coordinates of point n-1 are memorized as a corner, and are
also given on a display together with the totally enclosed area and the
acceptance figure itself.
2.4.3 Determination of the emittance
The measured beam width 2ω. at location Ζ . can be considered as a boundary
at location Ζ. ίχ.= ±ω J. If this boundary is taken into account when
determining the acceptance of a subsection of the beam guiding system between
1. and Z-, it will cut out a part of the acceptance area Csee fig. 2.91.
The amittance of the beam at Z. will be inside this smaller area.

Ρ

w

fΓ

ff

The approximation of the emittancE will be improved if the beam width is
measured at more locations. It is also possible to measure the width for

il

different settings of the quadrupole lenses between Z. and Ζ · In this case
the factor a , . , is determined for the different settings. Generally, two
i\

x'/mrad

x/mm

Fig. 2.9 The measured beam width 2w . at location
I .j aonsidered as a boundary at I .t outs out a
0
3
part of the .jceptance area (dashed lines). The
emittanoe of the beam at S. will be inside this
smaller area.

x/mm

Fig. 2.10 In this example the measured emittanae
at S· (dashed lines) does not fit the aaaeptanae
of the next section (solid lines). The vectors
r(l390') at the locations of two lenses in the
previous section are transformed into r and r .
As aan be seen in the picture, the emittanae is
1
'rotated' into the desired orientation (dasheddotted lines) by the quadrupole lens η (r ).
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measuring locations ρβΓ subsection and three different settings of a well
chosen quadrupole lens are sufficiently to determine the emittance area
with an accuracy of 5%.
• The beam widths are measured within a few seconds and the Bmittance as well
as the acceptance are calculated within half a minute each. The procedure
to measure and to calculate the emittance and the acceptance is repeated
for each subsection. A subsection may consist of one or two bending magnets
and one or more quadrupole lenses, and may extend over about 1 0 m .

2.4.4 Adjustment of quadrupole settings

When the emittance at the entrance of a subsection of the beam guiding
system does not fit the acceptance of that section, it is convenient to
correct the emittance. Then the accumulated error is corrected where the
error occurs. An exception is made for the first subsection, where the
acceptance has to fit the emittance at the cyclotron exit.
In order to determine which quadrupole lenses have to be altered to obtain
the desired shape of the emittance, the following procedure is carried out.
The influence of a quadrupole lens
by a vector r

—m

at location I , can be characterized
m
in the ic'-direction (3? = [1,90°]]. The vectors r of all
—in

-fli

lenses in the previous subsection are transformed to the S. phase space at
the entrance of the next section (fig. 2.10). With the aid of the vectors
2* the emittance has to be recast into the desired shape. The proper linear
combination of the vectors r

[i.e. the lens strengths of the quadrupole

lensesJ can easily be determined.
It is convenient to change the emittance area in the horizontal and in the
vertical plane independently. As an approximation we change the total
horizontal and vertical lens strengths (F and F Λ of a quadrupole doublet
independently. The total lens strength is a function of the individual
settings of the two lenses
and s^3 and the distance id) in between:
F

H =

a n d

F

V

,
3s

3

1

V3S1

For small variations we can linearize:

Δ8

1
Δε.

or AF = Α Δ|_. The corrections of the quadrupole settings follow from

i.
it

[2.5)

9
f
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1

As = A AF. The matrix A is determined each time a new correction is
calculated.

2.5

NMR equipment
The two 45° bending magnets MB4 and MC1 [fig. 1.2] are used to bend the
external beam over 90°, either in a doubly achromatic or in a dispersive
made CSandvik-73]. Especially in the dispersive mode of operation the
magnetic induction of both magnets should be well known and stable.
The maf^etic induction is measured and controlled using NMR equipment,
manufactured by AEG. The measurements and the control actions are carried
out intermittently between the two magnets, thus only one NMR unit is
needad [Halders-75].. Two NMR probes are installed in an air-lock in each
magnet and cover magnetic inductions from 0.2 Τ up to 1 T. Two oscillators,
situated near each magnet, are coupled alternately to the NMR unit in the
control room. Each magnet is controlled during 4 s, while the current
through the coils of the other magnet is fixed via a hold circuit.
The stability and reproducibility of the magnetic induction in Doth magnets
is better than 10~ 5 .

control]
unit
*mod

power
supply

hold

frequency f · — manual
!

" J·—• automaticJphase sens.

setting

\ rectifier

modulator

switch |
Β

loscilloscopej

NMR measuring and control unit

power
supply

I
P~

Fig. 2.11 The -intermittent NMR control loop.

hold
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2.6

Time-of-fHght equipment
1

A standard time-of-flight (TOF technique is used to measure the time
structure of the external cyclotron beam (Rethmeier-BB, Johnson-69, Van
Hall-74 and Schweikert-74). The TDF equipment is especially used for
studies concerning HF-phase selection and single turn extraction Ccf.
chapter 6 ] .
A bloc< diagram of the TOF equipment is given in fig. 2.12. The external
beam is scattered on a carbon target, located just behind the exit slit SC
of the 90° bending system. The scattered protons are detected with a solid
state detector. The signals from the detector are fed to a Time Pickroff
unit [ORTEC, TPO type 2BG). The TPO generates a fast NIM timing pulse
C-BDO mV at 50Ω, 7 ns width] when the dstector signal crosses a threshold.
The threshold is set by a Time Pick-off Control unit (ORTEC, TPC type 403],
The timing pulses should be reshaped by a fast discriminator (EG8G, type
Γ 105/N], owing to the attenuation in the cable between the TPO near the
detector and the other electronic equipment in the control room Ccable
length about 50 ,n]. After the fast discriminator the timing pulses are fed
to the start input of a Time to Amplitude Coverter (ORTEC, TAC type 437].
The stop pulses for the TAC are derived from the dee voltage, via the
second input of the fast discriminator. Then one timing pulse per acceleration period is obtained. In order to be able to measure the time structure
of the external beam over η bursts, only one timing pLj.se per η acceleration periods is required. Therefore, the stop pulses are used to trigger
a pulse generator (Tektronix, type PG501] with a variable output pulse
-duration, which cannot be retriggered. Just after the end of this variable
pulse, the generator is triggered again by the first following trigger
pulse. Thus, the negative going edge of the variable pulse, which is
directly related to the trigger pulse, is used as stop pulse for the TAC,
yielding the required pulse rate division. The stop pulses are also used
to trigger a pulse generator for the axial deflection system as described
in chapter B.
The total time jitter, excluding the uncertainty due to the leading edge
of the detector signal, equals less than 75 ps. The estimated accuracy
including the detector signal equals 1 ns.
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Τ PO

Kg-. 2.12 Block schema of the Time of Flight
equipment. With a Time Pick Off unit (TPO) a timing
pulse is obtained each time a scattered proton is
detected and the detector pulse crosses a threshold
set by a Time Pick Off Control unit (TPC). This
timing pulse is used to start (via a discriminator)
a Time to Amplitude Converter (TAC). A second
timing pulse is derived from the dee voltage with
the second input of the fast discriminator. This
pulse (a) is used to trigger a pulse generator with
a variable pulse duration (b), which cannot be
retriggered during this period. The negative going
edge of the output pulse of the pulse generator is
used to stop the TAC. The pulse heights of the TAC
axe digitized with a Pulse Height Analyser (PHA).
The stop pulse is also used to trigger a pulse
generator which drives the vertical deflection plates.
With this set-up the time distribution of 1 up to 28
beam bursts aan be measured.

DATA HANDLING SYSTEM
I K this chapter the date, handling system is described which is used for
the automatic control of the cyclotron as well as for on-line
experiments. Firstly^ the hardware aspects of the CAMAC data handling
system are discussed and secondly the software aspects are treated.
A review is given of Ihe various tasks to be performed.
3.1
3.1.1

Eardwavp. aspects
Introduction
The CAMAC modular data handling system is used to process the analogue and
digital input data for the control loops and to perform the corrections of
the parameter settings. A PDP-9 computer, manufactured by Digital Equipment
Corporation, is used. It is equiped with 24 Κ core memory, 5 DECTAPE units,
a CALCOMP incremental plotter, a Tektronix 611 storage display and a
DECWRÏTER. A block diagram of the total control system is given in fig. 3.1.
The control system can be divided into four groups:
1) cyclotron and beam guiding system;
2) beam diagnostic equipment;
3) CAMAC data handling system;
4) PDP-9 computer.
The input data from the diagnostic equipment can be divided into five groups:
1) HF-phase angle and intensity at five radii (10 analogue DC signals!;
2] beam position and HF-phase angle and

intensity after extraction [2

analogue DC signals];
3] state of the extraction process (6 analogue DC signals);
4] beam position and width in the beam guiding system (26 digital signals);
5) alarm conditions (maximum 24 logic levels).
The outputs of the system can be divided into two groups:
1) 30 stepping motors, each coupled to a ten turns potentiometer, control
the parameter settings;
2) a COMPUTEK 300 alphanumeric-graphic display and keyboard is used to
communicate with the control system.
The tasks Ï O be performed by the computer can be divided into four groups:
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Fig. 3.1 Survey of the total control system of the BUT
cyclotron.
1] determination of the relations between parameter settings and beam
properties; these measurements can be carried out in a few minutes
and arp graphically shown on ths COMPUTEK.J
2) performing the control actions [cf. chapter 5);
3) calculating the emittances and acceptances [cf. section 2.4]j
4] performing other measurings tasKs, e,g» concerning the time structure
of the external beam [cf. chapter 61.
The CAMAC data handling system consists of two crates, one for the automatic
control of the cyclotron and one for on-line experiments with the cyclotron,
e.g. tracer techniques in gas discharges and X-ray fluorescence techniques.
The coupling between the DPD-9 and the CAMAC system consists of two parts;
a branch driver and a CAMAC-interface. At the time this project started,
the coupling was not commercially available. Therefore the branch driver and
the CAMAC-interface has been developed at our laboratory.
In section 3.1.2 the general concept and features of the CAMAC system are
briefly mentioned. The interface between the CAHAC system and the PDP-9 is
discussed in section 3.1.3.
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3.1.2 CAMAC concept and definitions
The CAMAC data handling system has been developed by the ESONE committee
of EURATOM and has been defined in three reports CEUR4100, EUR4B00 and
EUR51OO3. To-day CAMAC is widely adopted as a standard bi-directional
interface system between experiments and digital computers.
The basic element in the CAMAC system is the crate, a 19" rack with mandatory
wiring, which is called the dataway. Data processing modules, the normal
stations, can be inserted in the crate at the slots N=1 to N=23. These
normal stations perform the actual link between the experiments and the
CAMAC system, i.e. the dataway. Apart from the supply voltages, the dataway
contains the following lines Ccf. fig. 3.21s
24 read lines CR1 to R24] for data transports to the computer;
24 write lines (W1 to W24) for data transports to the normal stations;
23 normal station address lines (N1 to N23] to activate a normal station;
23 Look-At-Me lines [L1 to L23] to generate an interrupt to.the computer;
4 sub-address lines [A1 to AB] to address 16 locations in a normal station;
5 function lines (F1 to F16) to determine the specific action in a normal
station;
2 timing lines CS1 and S2];
3 common control lines [Z, I and C] to initialize, to inhibit and to clear
all normal stations in the crate.
The data transports in a crate are controlled by a crate controller, inserted
in the crate at the slots N=24 and N=25. A crate can be connected individually
with a computer, via a parallel branch highway or via a serial highway.
Up to 7 crates can be connected to the branch highway and up to 62 crates
to the serial highway. The data transports on the branch highway are
controlled by a branch driver and .απ the serial highway by a serial driver.
A schematic view of the EUT CAMAC system is given in fig. 3.3. Crate 1-is
used for the automatic control of the cyclotron. Crate 2 is used for the
on-line experiments with the cyclotron. Control actions and on-line experiments can be carried out simultaneously.
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3.1.3 CAMAC—interface and bvanch driver
The coupling between the PDP-9 and the CAMAC system consists of two separate
parts: the CAMAC-interface near the PDP-9 and the branch driver near the
first crate. A black, diagram of the two parts is given in fig. 3.4. To
clarify the data flows between the PDP-9 and the CAMAC system, a crate
controller and an Input/Output normal station are also shown in the figure.
Below we will explain the data transfers from the ΙΟ-bus of the PDP-9 to
the CAMAC system and visa versa. ^ glossary of terms used, is given in the
appendix.
The data flows are controlled by so-called IOT instructions. The general
format of these instructions is given in fig. 3.5. An IOT instruction
consists of an operation code [70=IOT), device address (52 for CAMAC), two
sub-address bits and four function bits. An IOT instruction always takes
4 machine cycles of 1 us duration. In each of first three cycles an I0P
timing pulse can be generated [I0P1. I0P2 and I0P4], determined by the
function bits. With the sub-address and function bits 12 different timing
pulses can be generated under software control.
The direction of the data flow on the CAMAC highway CCRW-lines] is determined by the read/write flip flop CRWFF). The IOT instruction SRFF ίΙ0Τ5242]
sets the RWFF in the read state and SWFF {I0T5244} sets the RWFF in the
write state.
The IOTS202 pulse is used to put data from the input buffer of the CAMAC
interface onto the ΙΟ-bus of the PDP-9 (read operation). The IOTS204 pulse is used to strobe data from the ΙΟ-bus into the output
buffer of the CAMAC interface (write operation).
Both IOTS202 and IOT5204 cause

a CAMAC timing strobe (CTA] which starts

a branch operation. The action performed in a branch operation is determined
by the contents of the CNAF-register in the branch driver: C=crate (bits 1:3).
N=normal station (bits 4:8), A=sub-address (bits 9:12) and F=function code
(bits 13:17). The function codes are listed in EUR4100. The CNAF-register
is loaded with the data on the ΙΟ-bus with the CTA strobe, if the address
transfer flip flop (ATFF) has been set. The ATFF is set with the IOT
instruction SATFF H0T5245 = SAFF + SWFF). The ATFF is reset by the timing
logic when

the CNAF-register has been loaded.

f

normal ttallon

branch driver

crate controller

comae-interface

SAFF

datcway

Fig. 3.4

branch
highway

10-bus

Block diagram of the CAMAC-PDP-9 coupling.

The ΙΟ-bus of the PDP-9 computer (right) is connected via a 'CAMAC-interface'
and a branch driver to the standard branch highway. To show the main data
flow (fat lines) between an experiment (left) and thz PDP-9, also an
Input-Output normal station and a crate controller are schematically drawn.
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Fig. 3.5 Input-Output Transfer (IOT) instruction
format of the PDF-9.

The IOTS201 pulse is used to test the program interrupt flag CPIFLG] of the
CAMAC-interface. The PIFLG is set via the CANAC demand line (CD] by a branch
demand [BD]. A branch demand is generated as soon as some normal station in
one of the crates generates a Look-At-Me CLAM). When the interrupt is
recognized by the PDP-S, the LAN pattern of each crate is read. A bit in
the LAM pattern represents the state of the LAM flip flop of a normal station.
Thus, by this LAN pattern the proper action to be taken is determined.
The generation of a program interrupt by a branch demand CBD] can be enabled
CENBD = Ι0Τ5261Ί or disabled IDISBD = I0T5262). Further, the generation of
a branch demand can be enabled or disabled per crate and per normal station
using the proper CNAF-codes.
As an example, the sequence of machine language instructions needed for a
typical write operation is given in table 3.1 and a timing diagram is
given in fig. 3.6.
Prior to each CANAC operation the branch demand is disabled CDISBD] to
prevent unwanted interrupts. The second instruction (SATFF] first resets
the read/write flip flop (=write state] via SWFF and then sets the address
transfer flip flop via SAFF. The proper CNAF-code is fetched at the memory
location 'CNAF' by the instruction LAC CNAF and is loaded into the CNAFregister of the branch driver by the instruction IOT5204. In the same way

I

data are fetched and send to the branch driver by the instructions LAC

Ï

MM.

and I0TS204. The I0TS204 always causes a CTA timing pulse. The CTA pulse
•1:
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Fig. 3.6 Timing diagram of an output (write) block transfer
of. the machine language instructions listed in table 3.1.

Table Z.I Instruction sequence of a write operation

DISBD

/disable branch demand

4

SATFF

/set write direction and address transfer flip flop

8

LAC CNAF

/load accumulator with CNAF-code

10

IDT52D4

/write CNAF-code to CNAF-register

14

LAC HEM^

/load accumulator with datum

16

IQT5204

/write datum

20

LAC MEM 2

/load accumulator with datum-

22

IOT5204

/write datum_

26

ENBD

/enable branch demand
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starts a branch operation, except when an address transfer is executed.
The start of a branch operation is characterized by a high-law transition
of the BTA timing signal. When this transition is recognized by the
addressed crate controller, it generates [after about 400 nsl an S1 timing
strobe pulse. The S1 pulse strobes the data on the write lines of the dataway
[datum..] into the output register of the addressed normal station. Thereafter the crate controller replies with a low-high transition on its BTB
timing line. The branch driver then removes the BTA signal, due to which
the crate controller generates an S2 strobe pulse and removes its BTB
signal, thus finishing the dataway operation. The branch operation is
finished as soon as the high-low transition of the BTB signal is recognized.
After the last datum has been transferred, the branch demand is enabled
again by the instruction ENBD.

3.2

Software aspects

3.2.1 Introduction
As stated in section 3.1 data concerning beam properties and parameter
corrections are handled via the CAMAC system. The CAMAC hardware becomes
even more advantageous when also a general and computer independent language
is used. The Software Working Group of the ESONE committee started some
years ago to define such a language. This resulted in two proposals: the
Intermediate Language IML (SWG-72a), which was 3 low level language and which
could be used as the object code for the second language, sometimes referred
to as CPL-1 [CAMAC programming language-1], which was a high level language
(SWG-72bl. With IML the CAMAC ΙΟ-functions can be used in an easy and
standardized way. Because IML only contains 10 related statements, these
statements should be embedded in an arbitrary host language. The machine
language of the POP-9 (MACRD-9) acts in our case as the host language.
The first preliminary definitions of IML (SWG-72a) were used in our laboratory
to write an IML translator. This translator converted the IML statements
into MACRO-9 statements during the editing phase of a program, thus avoiding
an extra compilation phase [Backer-73].
In 1975 the final definitions of IML came available (IML011. These definitions
were essentially different from the preliminary ones. Therefore, a new IML
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translator has been written, using the macro definition facility cf. the
INL-M1 syntax given in the appendix of IMLO1.
The various tasks of the control loops of the cyclotron and the on-line
experiments are handled by an operating system called %SYS. The statements
concerning the operating system are also defined in the macro definition
file.
The programs concerning the control loops are written in MACRO-9 and IPIL.
The subroutine which calculates the emittance and acceptance of the beam
[cf. section 2.4) is written in FORTRAN IV.
3.2.2 Operating system %SYS
The PDP-9 does not have a real-time multi-task operating system. Therefore
a simple multi-task operating system, called %SYS, has been written.
The following tasks are handled by the operating system:
1) control of the HF-phases at five radii;
2} optimization of the extraction efficiency}
3} adjustment of the external beam position;
4) supervision of alarm conditions;
5) decoding of terminal commands given by the cyclotron operator;
6} data handling and control of on-line experiments carried out with the
cyclotron.
Each of these tasks requires specific turn-around times (time interval
between two services of the same task). The turn-around time is determined
by a delay routine using the real-time clock of the PDP-9, or by the LAM
interrupts generated by the measuring devices.
3.2.3 Task queue mechanism of %SIS
In the operating system %SYS there are two types of task queues: 11 parallel
task queues and 2] serial task queues.
Parallel task queues
There are three parallel task queues with different software priority:
1)

Interrupt queue IQ; the IGJ only queues and enqueues interrupt requests
and interrupt service routines;
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2) High priority queue HQs the HE) is used for high software priority tasks;
3) Low priority queue LQ; the LQ is used for low priority tasKs.
For task handling the following statements are available: ENTER, QUIT and
AWAIT [defined in the macro definition file). For example ENTER TASK.1.HQ
means that the task TASK1 will be entered in the high priority queue HQ.
Each task is allowed to enter one cr more tasks in the HQ or in the LQ. Only
interrupt service routines are allowed to enter tasks in the interrupt
queue IQ and are not allowed to enter tasks in the HQ or LCJ.
When e task is finished, the statement QUIT is used. Then the control is
passed to the queue system, which starts the next task, if any.
The statement AWAIT n,LQ means that the current task will be postponed for
η clock interval times (n*2G ms) and that the task will be reentered in the
LQ after the interval time is elapsed. Then the task continues with the
statement following the AWAIT statement. If n=0, the task is directly
reentered in the LQ. This feature is used to segmentize long tasks to ensure
fast turn-around times for other tasks.
Serial task queues
Because many common service routines use the AWAIT statement, one is never
sure of the sequence in which tasks are tierviced. However, most tasks which
perform control actions, are composed of many sub-tasks. These sub-tasks
should be executed in a fixed predetermined sequence. Moreover, it should
be possible to stop each control loop without disturbing the other control
loops. Therefore a [main] task can define a private 'serial' task queue.
For task handling the following statements are available: ENTER, START,
EXIT, STOP and CLRQ. The tasks in the serial queue may be accompanied by
three or less arguments.
For example: ENTER TASK3,FASEQ,2,ARG1,ARG2 means that TASK3 will be entered
in the serial task queue FASEQ, with two arguments, denoted by the number 2.
The statement START FASEQ starts the serial queue FASEQ by entering the
first serial task in the low priority queue. LQ. When a serial task is
finished and the next serial task may start, the statement EXIT FASEQ is
used. So the sequence in which the tasks are executed is determined by the
sequence in which the tasks are entered in the serial queue.
When the control actions of a particular loop have to be stopped, the
corresponding serial queue has to be stopped. Then the statement STOP FASEQ
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is used. Then the run flag of the queue involved is cleared, which inhibits
the statement EXIT to enter new tasks in the LQ? If needed, the run flag
can be tested by the serial tasks, in Drder to directly postpone the control
actions.
The statement CLRQ FASEQ is used in thB case of fatal errors, e.g. when
the dee voltage has dropped down. Then the serial queue will be reinitialized.
3.2.4 Command decoding
The cyclotron operator interacts with the operating system %SYS, and thus
with the control loops, via the Computek. 300 terminal by typing the proper
command sequence. To prevent unwanted commands, firstly a +A has to be typed.
A command further consists of several groups of five characters, including
the spaces [in the PDP-9 five characters are stored in two words].
Each group determines a further differentiation of the command.
The first group may be either a system command or a control loop identification. The second group generally determines the action to be performed and
the next groups, if needed, generally are arguments.
Some examples are:
DECW OFF

disable the use of the PDP-9 system DECWRITER;

FASE MSRE VHTRX

measure the variation matrix of the phase control loops

SCAN CALC CNTRX

calculate the control matrix of the beam scanner
control loop;

FASE TASK 2DIM

measure and plot automatically the relation between
the HF-phases at 5 radii vs e.g. H10.

Typing +8 repeats the last given command and +Q clears the parallel task
queues CIQ, HQ and LEJ] and reinitializes the operating system after fatal
errors.

~Ά·Ϊ
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GENERAL CONTROL SCHEMES
In this ohapter α statie treatment of the control schemes for the various
control loops is presented. Linear or quadratie relations are used between
small variations of the beam properties and the parameter settings.
A discussion is given on the control parameters to be used in a particular
control loop.
The dynamic behaviour of one eontrol loop, i.e. the WP-^phase loop3 is
discussed.

4.1 Introduction
Nost variations in the beam properties are due to slowly varying disturbing
signals, e.g. temperature effects. In most cases the reproducibility of the
beam properties are effected by hysteresis of the magnets. So the main goal
of the control system is to counteract drift and hysteresis of the beam
properties. Therefore, a static treatment of the control schemes will be
sufficiently. Though the control loop then will be, in general, relatively
slow, the control actions will be still faster and certainly more accurate
than can be performed by a human operator.
The beam properties to be controlled can be divided into two categories
[Schutte-73a]:
1) properties whish have prescribed values, e.g. the HF-phase at various
radii in the cyclotron;
2) properties which have to be optimized, e.g. the extraction efficiency.
Beam properties of the latter category however are converted into 'new'
beam properties of the first category.
The static control schemes are given in section 4.2. A discussion concerning the beam properties to be used in a particular control loop is given
in section 4.3. The dynamic behaviour of a 'static' control loop can be
ehecKed easily by computer simulations. As an example the results for the
HF-phase control loop are given in section 4.4.
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4.2

Static control sahemes
In this section the static control schemes concerning beam properties
with prescribed values and properties which have to be optimized are
derived.
The beam properties to be controlled are represented by r., i=1,2,...,Ν.
The control parameters are represented by p., j=1.2,.. ·,Γ1.
If the beam properties have prescribed values, the relations between the
properties and the parameters are linearized for small variations:
with a.. = 3r /3p., the elements

(4.11

of the variation or model matrix.

If a beam property has to be optimized, the relation between the property
and the control parameters is taken quadratic around the optimum:
= b.. p.p.

withe.. = b.. = 32r*/3p.3p.

C4.2J

To be able to convert an optimization problem into a steering problem, the
following 'new' beam properties are defined:
(4.3]

which have the prescribed values zero in the optimum. Equation C4.3) can
be written as:

(4.41
which is similar to eq. [4.13.
The parameter corrections Δρ. can be determined from the deviations Δτ.
between the measured and the desired beam properties, by applying a least
squares method [Halbach-67, Schutte-73a). A slightly different geometrical
treatment is given below.
The Ν beam properties r^ set up an N-dimensional vector space R.. (with
base g ] . Each base vector c_. corresponds with a beam property r . The Π
control parameters (Γ1 < N] set up an M-dimensional subspace P^. of R .

ί
Fig. 4.1 Example of a three dimensional 'beam property'
spaae i?,. A two dimensional 'parameter' space is
transformed into a two dimensional subspaae P_ of £_,
with base vectors π, and iro. A desired correction Δτ
of the beam properties is projected on P„. From Δζ1
the parameter corrections Δρ. and Δρ ρ are determined.
The vector Δτ - Δτ_

. represents the remaining error.

The base π, suspending Ρ , is defined by the columns of the variation matrix;

ij - «ji ll

C4.5)

Each base vector tr_. corresponds with a control parameter ρ.. Corrections
J
J
on the beam properties b&_ can be performed, by altering thB control
parameters with Δρ_, only in the subspace Ρ . Therefore, these corrections
Δρ_ can be determined from the projection of k£_ on the subspace P M > The
distance between Δτ and P^ represents the remaining error. In fig. 4.1 the
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situation is drawn for N=3 and n=2.
In the subspace P„ a

convenient set of orthonormal base vectors V^ is

chosen:
(4.6)
Then the projection of ir = Δτ. £. on the orthonormal base μ of

is

given by the scalar product of μ. and Δτ:
C4.7]
However, to know the corrections Δ£_ of the control parameters, the
projection of ir has to be expressed on the parameter base π. The
correction vector Δ£ can be expressed on both π and g:
[4.B]
From this equation it follows that:
[4.9]
Thus the corrections
s

can be calculated from:

Ik s kj

(4.10]

A convenient orthoicrmal base 'g of the subspace P„ (determining s] can be
obtained from the parameter vectors ir. by the Gram-Schmidt orthogonalisation
method. It can also be conveni ,nt to chose an orthonormal base for the
total space R^, e.g. the normalized discrete Chebishev polynomials
CAbrarnowitiz-64]. Both cases are discussed in more detail in section 4.3.
The treatment given above yields the same results as given in [Schutte-73a]
because from the fact that the base g is orthonormal it follows that:

[4.11)
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4.3

Choiee of the oontrol parameters
The geometrical treatment of the control schemes as given in section 4.2
has the advantage that it gives an inside in the characteristics of a
particular control loop as will be shown below CVerster-76].
As mentioned in the previous section, a proper orthonormal base y of the
subspace Ρ , or even of R.., has to be chosen. A convenient base can be
constructed from the parameter base ÏÏI by the Gram-Schmidt method. Γη this
method the first orthonormal base vector i^ is chosen, e.g. ττ.. The next
base vectors are obtained from the difference between the next parameter
vector -π, and its projection on the sobspace suspended by the previously
constructed orthonormal base vectors.
When the parameter vectors π_. are already orthogonal, the diagonal elements
s

equal 1/|π J due to the desired normalisation. Then the parameter
2
Τ
corrections Ap R equal s ^ a ^ Δ τ ± Ccf. eq. 4.10), which are then of the order
of Itoj/liijl • However, when the parameter vectors jr_. are far from orthogonal,
the diagonal elements blow up [s.. »
corrections Δρ. »

1/[ir [1 and consequently the parameter

|Δ2?[/1π. 1. This can be tolerated only if the elements s. .

are determined very accurately, e.g. from magnetic field maps. This was
actually the case for the determination of the excitations of the concentric
correction coils B1 to B10, yielding an isochronous magnetic field CVerster-76],
In the case of an automatic control loop, the elements s . cannot be
determined accurately enough. Therefore, those
large elements s

parameters yielding too

, should be skipped.

The sensitivity of the control loop for measuring noise is characterized
by the variance tensor V with the elements V. . given by:
Ό. . = σ
ij

·> s.,
Τ s, .
ik kj

(4.12]

where a uniformly spherical noise distribution over the base e is assumed.
The maximum parameter variations δρ. for a given least squares error Q ,
defined as the squared difference between the desired and the measured value
of a beam property, is then given by:

C4.13)

Equation C4.13) in fact describes the transformation of the spherical noise
distribution of the base ε into an ellipsoidal distribution on the base £_.
From the pair-correlation coefficient ρ

as defined by:

« l *

[4.14]

an indication can be obtained of the best suited combinations of control
parameters.
As an example the characteristics of the HF-phase control loop [section 4.4
and section 5.1] are given in the tables 4.1 to 4.4.
The variation matrix cf. eq.4.1 is given in table 4.1; the columns correspond with the parameter base IF. In table 4.2 an orthonormal base y. obtained
via the Gram-Schmidt method, is givenj the elements s. . are given in table
4.3. From the diagonal elements s the blow up can be seen. The pair-correKK
lation coefficients are p 1 2 =0.90, ρ =0.63 and ρ =0.87, from which can be
concluded that the parameters ρ

and p 3 are the most inportant ones. These

parameters correspond with the correction coils B4 and B10 respectively.

Table 4.1 The elements a.,

Table 4.2 The elements of the

of the model matrix

orthonormal base u

-0.212

0.106

0.106

-0.434

-0 .720

0 .216

-0.233

0.148

0.153

-0 .315

-0 .168

-0.222

0.180

0.192

0 .289

-0 .646

-0.215

0.178

0.240

0 .335

-0 .057

-0.209

0.180

0.311

-0.477
-0.455
-0.440
-0.428

0 .431

0 .711

The elements

s,.

Table 4.3

Table 4.4 The elements V··
I'd

2.048

0.0

0.0

195 . 6

394 .8

-103 .8

10.972

15.138

0.0

394 . 8

964 . 9

-334 .1

-8.430

-27.124

-103 .8

-334 . 1

151 .8

12.319
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Fig. 4.2 Graphical representation of the Chebiehev
polynomials F,

fo? N=5. The autocorrelation

coefficients c-., calculated of. eq. 4.14 are also
given.
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i=2
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Fig. 4.3 Graphical representation of the (normalized)
matrix elements a- • of the measured model matrix
of the HF-phase control loop.

When the relations between the beam properties and the control parameters
are described by 'smooth' functions, e.g. i n the previously discussed
HF-phase control loop, an other method can be applied.
In t h i s case an orthonormal base μ for the t o t a l vector space R., is chosen,
e.g. the normalized discrete Chebishev polynomials [Abramowitz-64]. As an
(N3
example the polynomials F
, where Ν denotes the number of elements and

κ

Κ denotes the order, are given graphically in fig. 4.2. for N=5. Note that
the number of zero crossings increases with k. Then the parameter base π
is vectorized on the Chebishev base μ. These projections are given in
table 4.5. It will be clear that, thanks to the 'smooth' relations, the

43
parameter vectors ττ_. pointing ir» the directions of ths low ordBr Chebishev
base vectors, will be the most important ones. This can be expressed more
precisely

using the autocorrelation coefficients c^ CVerster-62b).

The autocorrelation coefficient c of a vector

in R., is defined by!

Τ
[4.15)
c

k

=
|tn

where m

kl

+ m

is the j
j

m

k j jk

+

1-2

em'kN

element of the vector n^.

The coefficients c. of the Chebishev base vectors are also given in fig. 4.2.
Κ
Note that c. decreases with increasing k. It can be argued that only those
K.
parameter vectors π_. with positive autocorrelation coefficients c^ are
useful tthus pointing in the direction of the base vectors μ^ with positive
c , i.e. the low order Chebishev base vectors). The useful parameter vectors
Κ
π., corresponding with the correction coils B4, B10 and BB are graphically
shown in fig. 4.3.

4
3
Table 4.5 Projeetions of the parameter base veators ir.
on the ovthonovmaL Chebishev base veators p..

i2

la

-1.091

+0.792

+1.002

-0-001

-0.006

-0.157

+0.001

-0.030

+0.015

+0.001

-0.004

-0.010

+0.001

+0.005

-0.003

'I
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4.4

Dynamic behaoiour of the HF-phase control loop
To study the dynamic behaviour of the intermittent HF-phase control loop
the state variable apraach is used CTou-64]. In this aproach the state of
the total control system is described by the input variables mlfrl and by
the so-called state variables at*]. The output variables gf.*] are linear

k

combinations of the state variables.
The time behaviour of the input variables m[fr} and the state variables x[t)
between two sample moments is described by a set of linear differential
equations with constant coefficients:
= A y[t]

where

υ[τ)

I

'mix)}
14.16]

and

T=t-nT,0<x<T

and where A is the coefficient matrix» Τ equals the sample period and η
means the π

sample. The transition of the state of the control system

just before tt=n21] and just after (t=nT ] the sample moment is described
by the so-called 'state transition matrix' B:

vlnl ] - Β vlnTI

C4.17)

The state of the control system at the end of a sample interval can be
determined from the state of the system at the begin of the sample interval,
via the so-called 'overall transition matrix' Φ(Τ]:
£[{η+ΐ}2Ί = Φ121] υ{ηΤ*Λ = Φ [Γ] Β υίηΤΊ

(4.18]

The matrix ΦίϋΠ can be determined from the differential equations Ceq. 4.16]
using Laplace transforms or from the state variable diagram (Tou-64].
As.an example the state variable diagram of the HF-phase control loop is
given in fig. 4.4. The figure is split into six parts:
1Ϊ input variables m l * ] , determining the desired HF-phases Θ j
ο
21 matrix elements o±. of the control matrix cf. eq. t4.1D]j
31 3 stepping motors» represented by sample/holds with feedback, controlling
the parameter settings;
4J 3 correction coils, B4, B6 and B10. represented by first order systems
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C11

C2]

Fig. 4.4
loop.

C3)

C4)

(5)

[6]

State variable diagram of the HF-phase aontrol

with time constants of resp. 1 , 2 and 3 s;
5) matrix elements α.. of the model matrix cf. equation [4.13, representing
the behaviour of the cyclotron;

''-1

6) 5 second order low pass filters representing the measuring system with
time constants of 1 s.
With this model the influence of the sample interval time Τ and errors
s
in the control matrix are studied.
In fig. 4.5 the calculated deviation of the HF-phase at 0.50 m radius from
the desired value, and the variation of the magnetic induction caused by
the correction coil B10, are plotted vs the number of iterations, i.e. vs
time. The sample interval times Τ used, are resp. 0.9, 3 and Β s.
5

At t=0 the setting of B10 was stepwise altered, causing a decrease of the
HF-phase at 0.5D m radius (both given in arbitrary units]. As can be seen,
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Fig. 4.6 Time behaviour of the HF-^phase control loop for
different loop gains A (see fig. 4.4).
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the phase deviations are corrected best far 2"s= Β s.
Fig. 4.6 is similar to fig. 4.5, however the time behaviour is calculated
far three values of the gain WJ to simulate a difference between the
real and the measured variation matrix, hence causing an erroneous control
matrix (normally Λ=11. As can be seen» Α>Λ leads to an oscillatory control
performance, as could be expected.
Finally, in fig. 4.7 the calculated HF-phases at the radii 0.50(0.0510.30. m
are given together with the magnetic inductions caused by the correction
coils B4, BB and B10. At t=0, the desired HF-phass at radius 0.30 m was
altered from 0 to 2 (arbitrary units). The desired HF-phases at the other
radii are all D. The overshoot of the HF-phases is due to the differences
in the time constants of the.three correction coils.
The time behaviour, as given in the figures, agrees qualitatively with
experimental results.
A=1
TS=6S

50 cm
ΔΒ/α.α
45 cm
ι I I

40 cm

I

3

10

.

. I

. I , .

35 cm
. I . .
3-*t/Ts
30 cm
t/Te

Fig. 4.7 Time behaviour of the HF-^hase control loop after
a variation of the desired phase at

SO am.

L J:
i .·
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PERFORMANCE OF THE CONTROL LOOPS
In order to demonstrate the performance of the control loops* the settings

I -.- -.1.

of the control parameters are manually altered and the behaviour of the
control system is observed. The behaviour is also observed after alterations
of the settings of parameters which are not incorporated in the control
loops. Further* the stability of the beam properties is measured over long
time intervals.
5.1 Introduction
The measurements given in this chapter are all carried out with protons
with an energy of 20 FleV. The beam current was 1 μΑ. Some relevant data
concerning the cyclotron settings are listed in table 5.1.
Table 5.1
Mean magnetic induction <B>

1.2 μΤ
33 kV

Acceleration voltage V^
Acceleration -Frequency ƒ,,_

19.141 MHz

Bias voltage on the dee V

700 V

Extraction radius r

bias

ext

Extraction voltage V

ext

Extraction efficiency e

0.52 m
53 kV
70 %

Relations between potentiometer divisions and magnetic ·
induction inside the correction coils:
B10 (r=0.60 m ) , 1 div

4.4 μΤ

BS

(r=0.42 m ] , 1 div

4 μΤ

B4

(r=0.28 ml, 1 div

4 μΤ

Relations between potentiometer divisions and the first
harmonic field component of the harmonic coils:
A11 (r=0.20 m, Θ=345 Ο , dee gap: θ=0°) 1 div

2 μΤ

A12 (r=0.20 m, θ=285°1 1 div

2 μΤ

A31 (r=0.48 m, θ=

6°] 1 div

2 μΤ

A32 (r=0.48 m, θ=306°] 1 div

2 μΤ

'i

•
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5.2 The HF-phase control loop
In the HF-phase control loop, the HF-phase angles are measured at five radii.
viz. a«3OCQ.G51Q.5O m. The concentric correction coils B4, BB and ΒΊΟ are
used as control parameters. The model or variation matrix Ccf. eq. 4.1] can
be measured automatically by stepwise alteration of the parameter settings
involved and consecutive measurement of the resulting HF-phase angle
excursions at the five radii. The model matrix is given in tablB 5.2. From
this matrix the control matrix Ccf. eq. 4.10] can be calculated and is
given in table 5.3. The model matrix has been measured many times in the
last two years, showing no significant changes. Therefore, the model matrix
can be considered as fixed data for each energy and each type of particle.
As can be seen from the values of ths elements of the model matrix, the phase
slip built up inside the correction coil B4 (r=0.28 m] nearly remains
constant over the radii outside the coil. The phase slip inside coil B6
(r=0.42 ml increases and also remains constant outside the coil. The phase
slip inside B10 (r=0.60 m] of course still increases over the radii of
interest.

Table 5.2 Model matrix of the HF-phase control loop
Δφ
30
Δφ
'35
Δφ"
\
Δφ
0

If

Δφ 50 J

-0.212

0.106

0.106

-0.233

0.148

0.153

ΔΒ4

-0.222

0.180

0.192

ΔΒ6

-Q.215

0.178

0.240

ΔΒ10

-0.209

0.180

0.311

Table 5.3 Control matrix of the HF-phase control loop

ΔΒ4

-10 .49

- 2 .96

7 .32

3 . 29

-2 .01

ΔΒ6

= i - 1.29
6

-0 .02

20 .60

6 . 67

-12 .40

-2 .15

-7 .50

- 0 . 70

Β .62

ΔΒ10

•

2 .42
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In fig. 5.1 the deviations of the HF-phasBS with respect to the desired
values, measured at the five radii, are plotted vs time. In order to demonstrate the performance of the HF-phase control loop, the setting of each of
the three control parameters is altered manually and stepwise. The corrections
of the parameter settings, carried out by the control loop to compensate for
these manual alterations, are also platted in fig. 5.1.
From the figure the following characteristics can be observed,
i) The sign and the amplitude of the phase excursions, due to the alterations,
are conform the matrix elements given in table 5.2.
ii) A stepwise alteration of one of the parameter settings is compensated for
by the control loop by changing the setting of the same parameter. This means
that the model matrix has been measured sufficiently accurate.
iii) The phase deviations are corrected within a few iterations.
,o
iv] The HF-phase angle at 0.50 m radius is kept within 1 by the control loop,
o
v) The deviations of the HF-phase angle at 0.30 m radius are Kept within 0.31"
which is about the accuracy of the measuring system Icf. fig. 2.3 bï.
In fig. 5.2 the performance of the HF-phase control loop is given in the case
of large alterations of the parameter settings. From the graphs it can be
seen that, due to non-linear effects, more iterations are needed to corrsct
the manual alterations, than in the case of fig. 5.1. Further, the amplitudes
of the probe signals [second harmonic component) are plotted. From the
variations of these amplitudes, the variations in the orbit densities due to
the alterations, can be observed.
In fig. 5.3 the HF-phase angles and parameter settings are plotted vs time,
without a manual disturbance has been introduced. However, after 15 minutes
(indicated by the arrow] the frequency stabilization has been switched off.
Then the frequency of the acceleration voltage had drifted 1500 Hz, causing
a calculated phase drift of 7° at 0.50 m radius. This phase drift has been
compensated for via the HF-phase control loop, by correcting the setting of
B10 with 20 div, as can be seen in the figure. The settings of B4 and BB indeed
are hardly changed. Despite of the frequency drift, the HF-phase angle at
0.50 m could be kept within 1° of the desired value, which is the same result
as given in fig. 5.1.
Especially during the start up of the cyclotron, or after an alteration of
the energy and/or particles, the HF-phase angles drift heavily. This is
simulated in fig. 5.4. Three hours after the cyclotron has been switched on
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Fig. S.I Control performanee of the HF^phase aontrol
loop. The measured HF-phase angles (first harmonia] at
the radii 0.30(0.05)0.50 m are plotted vs time3 together
with the parameter aorveations (&Β10Λ LB6 and &B4]
earr-ied out by the control system.
At three different times (indicated by arrows) the
parameter settings have been manually altered^ causing the
phase excursions shown. The parameter aorreations (fat
lines) are opposite to the manual alterations.

and all systems could have reached a stable situation, the main magnetic
field has been lowered to 5 % of the nominal value, during a quarter of an
hour. After the main magnetic field has been set again to the nominal value,
the HF-phase angle

is measured at 0.50 m radius, and is given in fig. 5.4.

As can be seen, the HF-phase angle drifts about 6° per 30 minutes.
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5.2 The control performance of the HF-phase control loop for large stepwise variations
of the parameter settings. Left LB10 = 400 \iT, middle: tsB6 a 1 mT and right: ΔΒ4 = 2 mT.
Further, the amplitude A„ of the second harmonia probe signals are given (dashed lines),
which are proportional to the orbit densities between the HF-pick up probes.
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53
Λβ,/da

ΔΡ/div

30 — - t /min

Fig. 5.3 The HF-phase angles at radii 0.30(0.0S]0.S0 m
vs time3 without manual alterations of the settings of
the aorreation coils. However3 at the moment indicated
by the arrow, the frequenay stabilization of the
acceleration voltage was switched off, causing a frequenay
drift of 1500 Hz (nom. 19.144 MHzl. This drift has been
compensated for by correcting the setting of the outermost
correction coil B103 and the HF-phase angles remain at
their desired values.

t

"-i^ -

This drift can be compensated for by the HF-phase control loop, which
ΓJ?"

considerably saves time during the tuning of the cyclotron and the beam
guiding system.

54

Δθ,/deg

20

30

t/min

Fig. 5.4 HF-phase angle at 0.50 m radius vs time3 measured
after the main magnetie induetion has been lowered to 5 %
of the nominal value during a quarter of an hour.

5.3

Optimisation of the extraction effieienay
The first derivatives of the external beam current with respect to the
control parameters involved are used as the beam properties in the control
loop for optimization of the extraction efficiency. The first derivatives
[cf. section 4.2] are measured with the equipment described in section 2.3.
The inner harmonic coils A11 and A12 (r=0.20 m] and the outer harmonic coils
A31 and A32 (r=0.48 ml are used as control parameters.
The matrix elements b. .=32r /3p,3p. Ccf. Bq. 4.4] of the square model matrix
Kj
κ. J
between the beam properties and the control parameters are determined
graphically from fig. 5.5. In this figure the four derivatives 3I73A11,
3J/3A12, 3J/3A31 and 3J/3A32 are plotted vs the settings of the control
parameters A11, A12, A31 and A32. The slope of each of the 16 curves around
500 div, corresponding to maximum extraction efficiency, represents one of
the 16 matrix elements of the model matrix. The curves of fig. 5.5 have been
measured with parameter disturbances corresponding to 5 μΤ. Disturbances of
up to 20 JJT yield the same results, but with a four times larger signal
amplitude. The variation of the external beam current due to these parameter
disturbances around 500 div are smaller than 1 %. Unfortunately, the slope
of the curves varies strongly with the parameter settings. Therefore, the
model matrix

is valid only in a small area around the optimum settings

(i.e. 500 div].
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Fig1. 5.5 Measured first derivatives ΊΙ/ϊΑ.γ ΊΙ/ΊΔη,»» 3 I / M „ and üI/üA38 as a function of
the settings of the harmonic trim coils A.-t /!-„, 4„- and A„„. The first derivatives are
measured applying stepwise disturbances on the parameter settingst corresponding with -5 \iT.
The slope of each of the 16 aurves3 for parameter settings around 600 div (max. extraction
efficiency), represents one of the 16 matrix elements of the variation matrix.
The measured external beam current (at 0. 72 m radius) is given in the upper four graphs*
expressed as percentage of the internal beam current (at 0.40 m radius). These percentages
may be interpreted as the extraction efficiency, because the internal beam current remains
constant during these measurements.
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Fig. 5.ffPerformance of the extraction efficiency optimization loop. The four first derivatives 3J/9421, SI/dA123
SI/M31 and dI/dA32 are plotted Vs time (solid lines)
together with, the parameter corrections carried out by the
control loop (dashed lines). The sample interval time Τ is
s
40 seconds. The settings of the control parameters have been
manually altered at the times indicated by arrows* corresponding to 10 \iT. In the upper graph the external beam
current is plotted^ expressed as percentage of the internal
beam currents thus being about the extraction efficiency.
The performance of the control loop Is demonstrated in fig. 5.6. In this
figure the extraction efficiency, the four derivatives and the four parameter
settings are plotted vs time. As can be observed from the figure, manual
alterations of the parameter settings [indicated by arrows) are corrected via
the control loop mainly by the altered parameter itself. This means that for
small deviations around the optimum, the matrix elements of the model matrix
have been determined sufficiently accurate. From the upper curves it can be
seen that the extraction efficiency only drops 2 % when the measured first
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Fig. 5.? Performanae of the optimization aontrol loop for large manual alterations of the
control parameters f= 100 \iTl. As aan be observed, sometimes a large number of iterations
is needed to aorreat the manual alterations. Moreover, sometimes submaxima are reached.
The sample interval times T = 40 s. Unfortunately, data concerning the parameter
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corrections carried were not available yet.

in

^

5B

Δρ/div

200

400

600

Fig. 5.8 The performance of the extraction
optimization loop for alterations of the bias
voltage of the dee (sample time Τ

= 40 s).
s

At t = 120 s the bias voltage has been lowered from
700 V to 600 V and at t = 520 s from 600 V to
500 V. The corrections carried out by the control
loop correspond with a correction of the first
harmonic of the.magnetic field in the central region
of = 24 vT perpendicular to the dee gap.
derivatives already have reached values of about 100 mV cf. the seals of the
curves in fig. 5.6. The first derivatives can be kept less than 10 mV by the
control loop, corresponding to about 0.3 % variation of the extraction
efficiency.
In order to expand the control range of the optimization loop, some over a
larger range not well defined off-diagonal elements of the model matrix are
taken zero. Moreover, the remaining elements are increased with about 30 h
in order to decrease the parameter corrections per iteration step, leading
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Fig. 5.9 Calculated motions of the orbit centre

ra

due to a variation of the bias voltage of -100 V,
for various amplitudes of the first harmonic field
pertubation perpendicular (y-axis) to the dee gapy
caused by the inner harmonic trim coils A~-t A-„

: i.

and A—, An amplitude of about 24 \iT (B) yealds the
smallest oscilation amplitudes and corresponds to
the correction carried out by the control loop
{see fig. 5.8).
to a less oscillatory control performance [similar to fig. 4.6). The performance of the control loop for larger deviations from the optimum settings
is given in fig. 5.7. As can be observed in the figure, sometimes submaxima
are reached.
The performance of the optimization loop has also been studied for alterations
of other parameter settings, which also strongly influence the extraction
efficiency, such as i) the DC bias voltage on the dee, ii] the acceleration
voltage, and iii] the correction of the magnetic median plane in the centre
of the cyclotron,
i] Bias voltage alterations
In fig. 5.8 the control performance is given in the case of stepwise alterations
[indicated by arrows] of the bias voltage from 700 to BOO V and from 600 to
500 V. The corrections of the inner harmonic coils A11 and A12 (resp. -9 and
-10 div] carried out by the control loop, result in a correction of the first
harmonic field component perpendicular to the dee gap and with a maximum

4

-if

amplitude of 24 uT at 0.20 m radius.
The influence cf the bias voltage and the inner harmonic coils on the motion
of the orbit centre is calculated conform the analytical formulae given by
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Fig. 5.10 Performance of the extraction
optimization
loop for a stepwise alteration (indicated by the
arrow) of the dee voltage of +3 %. The oscillatory
aontrol performance is caused by a change of sign
2
2
of the matrix elements 3 J/34.„34 and 3
i<5

Oj.

Van Nieuwland-72. The motion of the orbit centre? up to 0.35 m radius is
given in fig. 5.9 after a change of -100 V of the bias voltage on the dee.
It is assumed that the nominal settings correspond to a well centred beam.
In fig. 5.9 b, c and d the motion is given for different amplitudes of the
first harmonic

field component perpendicular to the dee gap, caused by the
s

inner harmonic coils. As can be observed in the figure, the best correction
equals about 24 μΤ, which agrees quite well with the correction performed by
the control loop. Further it can be seen that the first harmonic disturbance
caused by the bias voltage badly can be corrected by a first harmonic perpendicular to the dee gap, caused by the inner harmonic coils.

• .·

yfmm

Α,.120μΤ

Fig. 5.11 Calculated motion of the orbit centre up to 0.35 m
radiusj caused by variations of the DC Mas voltageΛ the dee
voltage and the first harmonic field component induced by the
inner harmonic coils. An oscillation amplitude of 1.4 mm (A)
due to a bias voltage of -300 V can be reduced to 0.45 mm by
a displacement of the orbit centre of 1.0 Tmt caused by 1 %
variation of the dee voltage. The oscillation amplitude can
further be reduced to 0.1 mm (C) by a proper amplitude of the
first harmonic field component perpendicular to the dee gap.
ii) Dee voltage alteration
In fig. 5.10 the control performance is given after an alteration of the
dee vDltage of +3 %. The corrections of the settings of the inner harmonic
coils carried out by the optimization loop result in a first harmonic field
component perpendicular to the dee gap and with an amplitude of about 15 μΤ
at 0.20 m radius. The calculated motion of the orbit centre due to the
variation of the dee voltage, assuming the nominal dee voltage to correspond
to a well centred beam, shows that the displacement of the orbit centre
(about 0.25 mm) could be nearly corrected for by the inner harmonic coils.
Ftoreover, measurements of the matrix elements 32J/9A123A31 and 3ZJ/3A313A12
show a change of sign of both elements between the two dee voltage settings,

%

thus explaining the oscillatory control performance given in fig. 5.10.
However a proper combination of the dee voltage, the bias voltage and the
first harmonic field component induced by the inner harmonic coils can Keep
the excursions of the orbit centre within acceptable limits. This is
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Fig. 5.12 Performance of the extraction optimisation loop
for stepwise alterations of the axial position of the magnetic
median plane in the ayalotron aentre. Due to an increase of
the internal beam current^ the external beam current cannot
longer be interpreted as the extraction efficiency. The
variation of the first harmonia field component in the cyclotron
centre carried out by the control loop has an amplitude of
20 \iX at an angle of 52° with respect to the dee gap.

demonstrated in fig. 5.11

for a deviation of -300 V of the bias voltage,

different settings of the dee voltage and different amplitudes of the first
harmonic field component. As can be seun in fig. 5.11 a an oscillation
amplitude of 1.4 mm, only due to the bias voltage, can be reduced to about
0.45 mm by a proper correction of the dee voltage, and can be further reduced
to about 0.1 mm [fig. 5.11 c] by a proper change Df the amplitude of the
first harmonic field component.

"il.

B3
iii) Median plane coweation
Finally, in fig. 5.12 the control performance of the optimization loop is
given after an alteration of the axial position of the magnetic median plane
in the cyclotron centre, caused by an asymmetrical.excitation of the innermost
concentric correction coil B1 [r=0.10 m ) . The corrections of the inner harmonic
coils A31 and A12 carried out by the optimization loop result in a correction
of the first harmonic field component with an amplitude of about 20 μΤ at
0.2D m radius and at an azimuthal angle of 52° with respect to the dee gap.
Due to the displacement of the magnetic median plane, particles with
different HF-phases,than without displacement, will be accelerated. Therefore
the calculation of the motion of the orbit centre becomes rather complex
and is not carried out.

'-il'

'S
TIME STRUCTURE MEASUREMENTS OF THE EXTERNAL BEAM
time struature of the external ayalotron beam is measured under various
conditions. The HF-phase angle of the aaaelerated particles is selected by

4

radial or by axial slits in the centre of the ayalotron. In order to be able
to select one out of many beam bursts* a pulsed axial deflection system is
used. Together with the axial phase selecting s1its> single turn extraction
is obtained.
6.1 Introduction
The HF-phase width of the internal beam of the Eindhoven A.V.F. cyclotron
equals about 4G°. This implies that the beam will be pealed off By the
extractor in a number of revolutions. In order to obtain single turn extraction after about 300 revolutions in the cyclotron, the HF-phase width of
the internal beam should be less than about Β . The HF-phase width can be
reduced by radial slits [e.g. Blosser-69, Hagedoorn-69 and Schulte-75) or by
axial slits (Blosser-66 and Hagedoorn-69] in the cyclotron centre. The radial
phase selection rwthod is described in section 6.2 and the axial selection
method is described in section 6.3. Experimental results of both methods are
given in section 6.4.
An axial deflection system has been installed in the cyclotron centre in
order to be able to select one out of many beam bursts. The deflection system

li

is described briefly in section 6.5. With the axial deflection system and
the axial phase selecting slits single turn extraction is obtained. Experimental results are given in section 6.6.

6.2

I-'I

Radial phase selecting slits

Particles in a cyclotron can be represented in a six dimensional space with
as coordinates the radial position r, the radial momentum ρ , the axial
position z, the axial momentum ρ , the energy Ε and the HF-phase angle φ,,,..
3
ΠΓ
Calculating the radial motion s and ρ
of the particles is completely det

are taken zero. Further, the energy
'ied by the starting phase at the ion

source. Therefore, the HF-phase selection by radial slits can be described
in a three dimensional space with as coordinates φ

, r and ρ

CHagedoorn-69],

l
I!3
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SI
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Fig. 6.1 Representation of a radial slit at radius r. and
a certain azimuthal posit
position in the Φ Η ρ~ Γ ~Ρ ϊ , space at the
same azimuthal position.
80

90

-r/mm

-10-20·
-30

Fig. 6.2 Projections of the representations of two radial
slits (at r^ and r„] on the- ΐ"-φ
ρ plane together with the
ρΗ
Η
radial positions of the central orbits of the first few
•revolutions in the cyclotron for 20 MeV protons.
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A radial slit at a certain radius and 'azimuthal position is represented in

\K.

this space, at the same azimuth, by a thin flat slice perpendicular to the
r-axis [fig. 6.1). All particles with coordinates within this slice will pass
the slit.
r

The projection of the'representation of the radial slit on the ~tup planB
is given in fig. 6.2. In this figure, the radial positions of the central
orbits (p =0) of the first few revolutions in the cyclotron are also given
as a function of *„_. As can be seen, a radial slit at radius r

mainly cuts

in the first revolution and shows a bad phase selection. A slit at radius r_
will cut in a number of revolutions and is transparent for a lot of 'phase
bands', shown as shaded areas. This qualitative example illustrates that one
radial slit is not able to select the desired phase width of less than 6°.
In order to study the phase selecting properties of a number of radial slits,
the boundaries of all slits passed by the accelerated particles should be
transformed over the appropriate number of revolutions forwards or backwards
to the position of one of the slits.
A line in the r-φ,.,- plane at radius r. and perpendicular to the r-axis, is
HΓ
1
transformed over m revolutions into a curved line given by;

mcos

C6.1)

r

m

where Δ£ equals the maximum energy increase per turn and E, equals the energy
of the particles at radius rA .
In the r-p

plane a line at radius r

and perpendicular to the r-axis rotates

in m revolutions, due to the betatron oscillation, over an angle given by:
Φ ^ = 2π f
rot
o

x>„ an
R

CB.21

The representation of the slit at radius r
revolutions to the slit at radius ?

transformed forwards over m •

is schematically given in fig. 6.3 a.

This two-slit system is transparent for those particles with coordinates

• a

3'

within the cross-section of the curved slice and the flat slice, representing
the first and the second slit respectively. A proper phase selection can be
obtained if the cross-section of the representations of the two slits lies
perpendicular to the φ^-axis. This is schematically shown in fig. 6.3 b.
This implies that the angle 9

, due to the betatron oscillation, should

•ι
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Fig. 6,3 Representation of two radial slits3 SI at radius z>
and S2 at radius z> , schematically drawn in the space at S2.
The representation of slit SI has been transformed forwards
over m revolutions. By varying the azimuthal positions of the
slits * a proper HF-phase selection aan be obtained (B).

be an integer multiple of 160 , i.e. the slits should be imaged at each
other for the HF-phase to be selected. This constraint can be met by adjusting the azimuthal positions of the slits.
However, a radial slit generally will cut in a number of revolutions tcf.
fig. 6.2], which should be taken into account to obtain the total transparency of the slit system as a function of the HF-phase.

Therefore, the

boundaries of each slit should be transformed forwards or backwards over a
number of revolutions Cm, ra±1, m±2, .,.] resulting in a number of slices per
radial slit.
We will now give a numerical example of a radial slit system consisting of
three slits, located at the first, the third and the twentieth revolution
respectively. In fig. 6.4 the radial and azimuthal positions of the slits
are given together with the ion source, the puller, the dee and the dummy dee.
In fig. B.5 the representation of the second slit in the r-^lsr. plane at radius
52 mm and azimuthal position Θ =265

is drawn. The aperture of this slit is

D.5 mm. The representation of the boundaries of the first slit at radius
26 mm and azimuthal position Θ =290° is transformed over nearly two revolutions to the position of the second slit. The boundaries of the first slit
transformed over one and three revolutions lie outside this figure.
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90°

puller

dee

-0°

ISO0 —
dummy dee

ion source

50 mm

270°

Fig. 6.4 Central geometry of the ayalotvon with three

slits.

.50

• '1

Fig. 6.5 ί*-φΗ!- plane at the position of slit S2. The boundaries
of slit SI are transformed over +2 revolutuions , together showing
a phase selection of 10° (shaded area). The centre of slit S3 is
transformed over -16, -17, -18 and -19 revolutions. The three
slits together show a phase selection of 3° (double shaded area).

1
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The aperture of the first slit also equals 0.5 mm. As can be seen in the
figure, the first two slits will select a HF-phase width of about 10 . The
apertures of both slits should be decreased to 0.1 mm to obtain a phase
width of 3°. This implies, however, an unacceptable reduction of the transmission through the two slits. Therefore, a third slit at radius 124 mm and
an azimuthal position of 245° is used to select finally the desired phase
width. The representation of the centre of the third slit is transformed
backwards overe 16, 17, 18 and 19 revolutions to the position of the second
slit» The results are given in fig. B.5. As can be observed from the figure,
a phase selection of 3° is obtained for an aperture of 0.6 mm of the third
slit. The transmission through the three slits

is in this case at least five

times higher than obtained with the first two slits only, also yielding a
phase selection of 3 .
The first revolutions in the central region of the cyclotron should be precisely
Known to determine the proper combination of slits. For this purpose accurate
data of the electric field strengths should be available. The magnetic field
may be assumed to be homogeneous. To obtain the electric field data, a
magnetic analogon of the electrical configuration of the central region has
been used. The measurements havs been carried out with the magnetic analogon
equipment of the Philips Cyclotron Laboratory at Geldrop (Hazewindus-74].
The measurement and calculations concerning the radial slits were performed
by Schulte-75.

6.3

Axial phase selecting slits
The phase selection of axial slits can be described in a three dimensional
space similar to the one used for the radial slits (cf. section 6.2], Now
the coordinates are the HF-phase angle φ

, the axial displacement ζ and the

HΓ

axial divergence z' of the accelerated particles. An axial slit is represented
in this space by a thin flat slice perpendicular to the 3-axis and symmetrical
with respect to the origin, i.e. the magnetic median plane. All particles with
coordinates within this slice will pass the slir. It is assumed that the
ion source fills the space homogeneously, which implies that, with one axial
slit, no HF-phase selection can be obtained. In this section will be shown
that HF-phase selection can be obtained by applying a second slit.
The motion of an accelerated particle in the z-z' plane can be described

I
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Fig. 6.6 Motion in the z-s' plane of a pavt-iale starting with
s=0 mm and ζ '=6 mvad at the fourth dee gap crossing, for various
HF-phase angles (-20° to -60 ).
J. The numbers along the curves

'.

refer to the revolution numbers.
adequately by drift lengths and by lenses [Hagedoorn-69, Banford-661. Half a
revolution is then split into:
D a

drift in a magnetic field over almost tt.r mj

2) a focussing lense at the entrance of the dee gap, owing to the increasing
electric field strength;
3) a drift to the centre of the dee gap;
4) a slightly focussing lense at the centre of the dee gap, taking into
account the effect of the energy increase over the dee gap;
5) a drift to the exit of the dee gap;
6) a defocusaing lense at the exit of the dee gap, owing to the decreasing
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Fig. 6.7 Sohematioal representation of two axial slits in the
φ

-2-s' space at S2. The representation of SI is transformed

forwards over m revolutions, resulting in a wrenched slice. The
transmission through both slits is schematically given in the
inset.
electric field strength.
By means of a simple computer program wherB drift lengths and lenses are represented by matrices, the axial motion of particles is calculated. Moreover, just
before and just after the dee gap. an extra matrix is inserted to get an
appropriate coordinate transformation between the electric and magnetic field
[Hagedoorn-69]. The calculated motion of a particle with coordinates 3= 0 mm
and z'= 6 mrad, starting at the fourth dee gap crossing, is drawn in fig. 6.6.
for various HF-phase angles. The maximum beam current lies around -45° Ccf.
section 6.4]. As can be observed in the figure, a particle with a HF-phase
of -34

rotates in 6 revolutions over an angle of 1B0 , whereas a particle

with a HF-phase angle of -45° rotates in 5 revolutions over 1B0°. This implies
that, for a HF-phase angle of -45°. the representation of an axial slit at the
second revolution (after the fourth dee gap crossing] after 5 revolutions will
have been rotated over 1Θ0 . Thus the complete representation of this slit
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Fig. 6.8 Caloulated radial positions of the central orbits
(p -0} as a function of φ

(below]. The radial positions and

lengths of the axial slits are adjusted in suah a way that
eaah slit only outs ones in the beam at the seaond and the
seventh revolution around φ υ =-4S°. An axial aross-seation of
HΓ

the slit system is given in the upper figure.
over 5 revolutions will be transformed into a wrenched slice as drawn in
fig. 6.7. The representation of the second slit, at the seventh revolution,
is also drawn. As can be seen in this figure, the transparency of the slit
system, given by the cross-section of the wrenched and the flat slice, has
a maximum at φ

(i.e. in this case -45 ). Moreover, it can be seen that

particles with coordinates close to the origin will pass the slit system
independently of their HF-phase angles, resulting in long tails in the
transmission curve of the slit system. This is schematically given in the
inset of fig. 6.7. The exact radial position and radial width of the axial
slits can be determined from fig. 6.8. There the radial positions of the
central orbits of the first few revolutions in the cyclotron are given as a
function of the HF-phase angle φ

. The HF-phase band to be selected is given
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0
z'/mrad

Fig. 6.9 Calculated, acceptance of a system consisting of
two axial slits in the cyclotron centre for various HF-phase
angles. In this particular? case the slits are imaged at
each, other for q> =-34°.
HΓ
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by two horizontal lines (dashed]. ThG radial positions of the slits are
determined by the radius of the central orbit of the second and the seventh
ο

revolution for φ..,-=-45 . being 35 mm and 65 mm respectively. The radial widths
HΓ

of the slits should be adjusted in such a way that, for the HF-phase band to
be selected, the slits just fit between the previous and the next orbit. The
first slit exceeds from 2B mm to 45 mm and the second slit from 64 to 72 mm.
Due to the lower energy increase per turn particles with more negative phases
will be cut twice by both slits. Particles with less negative phases will be
cut twice by both slits only for values near to -45° due to the larger energy
increase per turn. However, for both higher and lower HF-phase angles, the
axial boundaries of the slits will not be imaged at each other, as Φ
4i8O .
osc
This strongly reduces the transparency of the two-slit system for those phases.
One has to remark that particles with a HF-phase angle of about -80
have been rotated over 360

will

between the two slits. However, they will be cut

by both slits at a number of revolutions» yielding a bad transmission through
both slits. Moreover, the current distribution for the various HF-phase
angles is trongly limited by the geometry of the ion source-puller system
[about 40° total phase width].
In fig. 6.9 the calculated acceptance of the two-slit system, determined at
the position of the first slit, is given for different HF-phase angles. The
acceptances are calculated conform the method used for calculations in the
beam guiding system [section 2.4.2]. The enclosed areas represent the particles
passing both slits. More precise calculations show a HF-phase width selection
of 5

with slit apertures of 1.0 mm. The acceptance area for -34°, as given in

fig. 6.9, equals about 16 mmmrad and for -45

about 22 mmmrad. The areas

for HF-phase angles outside the selected phase band equal to about 2 mmmrad
for both cases.
6.4

Experimental results on HF-phase angle selection

The experiments described in this section are carried out with the time-offlight equipment described in section 2.6. The carbon scattering target is
positioned just behind the exit slit of the 90° bending system, in order to be
able to measure the time structure of the external beam either with a doubly
achromatic or with a dispersive setting of the 90° bending system.
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Radial selecting slits
The time structure of an external beam of 7 MeV protons is given in fig. 6.10 a.
The 90° bending system was set for a doubly achromatic transport and no slits
were used in the cyclotron centre or in the beam guiding system. In this
picture the number of detected particles per time interval is given as a
function of time, i.e. the HF-phase. The HF-phase width between the two markers

Ι

equals 80°. A fine structure of peaks, separated about 4

in phase with res-

pect to each other, can be observed. These peaks are ascribed to the phase
difference between the various revolutions contributing to the external beam
burst (Gordon-66, Hagedoorn-69].
In

fig. 6.10 b, the time structure of the external beam is given in the case

of two radial slits in the cyclotron centre. The first slit is positioned
at the first revolution and at an azimuthal position of 290

Ccf. fig. 6.4],

the second slit in the image of the first slit at the second revolution [26B ].
The apertures of both slits equal 0.2 mm. Numerical calculations show that
this slit configuration yields a phase selection of about 20° CSchulte-75].
As can be observed in the picture, this is in agreement with the experimental
result.
There are no experimental data available yet for a configuration of three
slits, by means of which a final phase selection of less than 6° should be
obtained. For such a configuration it is necessary that the position of at
least two slits can be remotely controlled. A new ion source is under
construction with remotely controlled slits.
If slits are situated somewhere in the beam path, in the cyclotron centre or
in the beam guiding system, often two peaks in the time structure are observed
with a phase difference of about 20°. This is illustrated in fig. 6.10 c and d
and in fig. 6.11. In fig. 6.10 c the same slit configuration was used as in
fig. 6.10 b, but the dee voltage was increased with 2.7 %. In fig. 6.10 d
the deevoltage was increased too with 2.7 \. but moreover the azimuthal position of the second slit was changed from 268° to 276°. In the case of fig. 6.11
no internal slits are used, but the 9D

bending system was set for a dispers-

ive transport, with apertures of 0.5 mm of the entrance and the exit slit.
yielding an energy resolution ΙΔΕ/Ε)„ . = 2.10-4 [Sandvik-73]. The appearence
twhm
of the two peaks can be explained as follows. The r-p plane at radius 0.48 m,
where ^ = 1 , is given in fig. 6.12. A certain part of the r-p

plane, schema-

tically given by the shaded area, will correspond with the highest extraction
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ff. 2Ü Time structure of one burst of the external beam.
The_ time between the markers corresponds with a phase difference
of 80 . (a): without slits; (b): with two radial slits in the
cyclotron aentre; (a): same as (b)3 but with 2.7 % increased dee
voltage; (d): same as (c)3 but
wrong asimuthal position of the
second radial slit.

Fig. 6.11 Same as fig. 6.10 a,
but with an in energy analysed
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Fig. 6.12

v-p plane at radius

0.48 m where \)R=1.-The highest
extraction efficiency is obtained
fov particles within the shaded
area. A variation of the HF-phase
of about 22° corresponds with a
variation of the oscillation
phase of 360°.

efficiency. The radial oscillation phase Φ
is given by:
OSC

Φ

ƒ
M=1

{ν

=ƒ
Eo

C6.3]
COS

è• MMCr

where φ
is the HF-Dhase, v D the radial oscillation frequency, Ε the energy
nr
η
and m the number of revolutions. From eq. 6.3 can be calculated that
ΔΦ
=360° for Δφ =22°. This implies that the extraction efficiency for
osc
HΓ
off-centred particles has maxima lying 22° in HF-phase from each other. This
is in good agreement with the phase difference of 20

between the two peaks

as observed in fig. 6.10 c and d. One has to remark, that a variation of the
dee voltage yields a beam with cohsrent oscillations [fig. 6.10 c) and that
slits in the beam guiding system can select an off-centred part of the
emittance (fig. 6.111. Furthermore, ths change in azimuthal position of the
second radial slit yields a worse phase selection, as can be observed in
fig. B.10 d.
Axial selecting slits
The axial slits are located at the second and at the seventh revolution and
both at an azimuthal position of 330°, resulting in a selected HF-phase band
around -45

Ccf. section 6.31. From numerical calculations carried out by '

Schulte-75 it follows that, due to the transition time from the exit of the
ion source to the puller, the maximum beam current lies around -45°. This is
in agreement with experimentally determined radial positions of the first few
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Tims structure of an external beam burst using

asrial selecting slits.
revolutions in the cyclotron. In fig. 6.13 the measured time structure of an
external beam burst of 7 MeV protons is given for slit
and Q.5 mm for both slits. The 90

apertures of 24, 1.5

bending system was set for a doubly achro-

matic transport. For slit apertures of 0.5 mm the measured HF-phase width
equals about 8 .
The calculated acceptance area at the position of the first slit equals about
12 mmmrad for slit apertures of 0.5 mm. Then the emittance area at extraction
radius, i.e. after about 3D0 revolutions, will be about 1 mmmrad. Without
slits the emittance at extraction radius is of the order of 10 mmmrad. Thus,
taking into account the phase selection of β

of 35

HF-phase, one may expect

a total reduction of the external beam current by a factor of 40, which is
in agreement with experimental results.

6.5

Axial deflection system
The axial deflection system in the centre of the cyclotron is used to suppress
the beam during a required period. The deflection system consists of two
deflection plates with a radial length of 20 to 30 mm and an azitnuthal 'length'
of SO

(Krause-74, SchweiKert-74]. The deflection plates are symmetrically

positioned above and below the median plane. The plates are mounted on a
radial]y movable support. The lower plate is isolated by a ceramic support.
The upper plate is grounded. The deflection voltage is fed Ï O the plates via

il'
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Fig>. 6.14 Calaulated motion in the z-z' plane of a pavtiole
starting on the optical axis (z=3'=0] at the position of the
first axial slit Sl3 up to the second slit S2 (fat lines in the
upper graphs). The time relation between the deflection pulse
and the revolution number of the particle is given in the lower
graphs. A particle passing SI at t=kT , where Τ

is the revolution

time and k an arbitrary integera will describe almost a closed
orbit in the z-z' plane, and thus will also pass slit S2.
Particles from other bursts will be stopped by S23 as can be seen
from the representations of both slits (shaded areasJ.
a parallel transmission line of 300 Ü, having one conductor above and one
below the median plane. The power pulse amplifier is driven by a pulse obtained
from the time-of-flight equipment described in section 2.Β CBently-70 and
K.rause-74). The high voltage supply is manufactured by Hypotronics C2 KV,
500 mA).
The deflection system is used for two purposes:
1) to pulse the cyclotron beam with a pulse duration of 1 ys up to 100 ms.
The beam is used in this case for atomic physics experiments [Coolen-76).
2) to separate one out of many beam bursts. This application is described in
this section.

BO
The deflection plates cover the fourth up to the seventh revolution. The two
axial phase selecting slits Ccf. section 6.31 are mounted on the deflection
plates. A DC bias voltage of +200 V, applied on the deflection plates,
entirely suppresses the beam. In order to select one burst, a negative pulse
with adjustable amplitude and a duration of two times the revolution period Τ
of the particles is AC coupled to the deflection plates.
The time relation between the deflection pulse and the revolution number of
a particle for five consecutive beam bursts is schematically given in fig. 6.14.
The revolution numbers 4 up to 7, lying between the deflection plates, are
denoted by dots. From the time relation diagram it follows that the voltage,
deflecting a particle which passes the first slit S1 at t=kT Cwhere k is an
arbitrary integerl, equals +200 V at the fourth, -14D V at the fifth and sixth,
and +200 V at the seventh revolution [fig. 6.14 c ) . The voltages deflecting
a particle in the previous burst, thus passing the first slit at t=[k-J\)T , ·
equal +200 V, +200 V, -140 V and -140 V, respectively (fig. 6.14 dl.
The motion of a particle in the z-z' plane, starting on the optical axis and
with φ Η =-45 , caused by the deflection voltages, has been calculated and is
also given in fig. 6.14 for five consecutive beam bursts. A positive deflection
voltage results in a motion in the direction of the positive ζ '-axis. The
numbers between the dots on the curves, correspond with the revolution numbers.
The small motion along the ζ'-axis at the third revolution is caused by the
fringing field of the deflection plates.
The amplitude of the deflection pulse has been adjusted such that a particle
passing the first slit at t=kT , just crosses the median plane at the position
of the second slit. Particles in the other bursts with the same starting
conditions at SI, will be stopped by S2 due to their axial displacements.
One has to remark that, for φ ,=-45 , the representation of S1, transformed
over five revolutions to the position of Ξ2, is rotated over 180
6.3]. As can be observed

[cf. section

from fig. 6.14, this implies that the cross-section

of the representations of S1 and S2 only differs from zero for those particles
passing S1 at t=kTQ[fig. 6.14 c] and the selection of one burst is achieved
for d>Hp=-45 . For other HF-phases the representation of Ξ1 at the position of
S2 will be rotated more or less than 180°, yielding for large s' values a
small cross-section of both slit representations. Particles with φ

<-"5°

HΓ

may have more revolutions between the deflection plates and their axial
displacement at the position of S2 will be larger, reducing the transmission
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Fig. 6. IS Measured time distribution of 28 beam bursts of the
external eyalotron beam* for various amplitudes of the defleatior.
voltage. Due to SO Hz disturbances on the dee voltage, resulting
in a variation of 1 over ZOO revolutions, two beam bursts are
observed for a deflection voltage of 300 V

. nevertheless, eaah

beam burst is extracted in one single turn.

through the deflection system. Particles with <j>HF>-45° may be cancelled by
radial slits.
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6.6

Preliminary results on single turn extraction

Single turn extraction using radial slits is achieved at various laboratories
[e.g. Gordon-66, Schweickert-74]. In this section same preliminary results
obtained with single turn extraction using axial phase selecting slits are
given.
The axial deflection system, as described in section 6.5, is used to select
one beam burst per 1.45 ps, i.e. per 28 revolutions. The deflection plates
used for the first experiments cover the second up to the seventh revolution.
The two axial slits are positioned at the second and at the seventh
ion, yielding a HF-phase selection around -45

D

revolut-

(cf. section 6.3]. The axial

apertures of the slits are Ü.5 mm, resulting in a calculated phase band of less
than 5 D . The experiments are carried out with 20 MeV protons.
An example of the first results is shown in fig. 6.15 for various amplitudes
of the deflection voltage (Slaats-761. In the case of fig. 6.15 a, no voltage
has been applied on the deflection plates, and 28 beam bursts are observed.
For an amplitude of the deflection pulse of 150 V

, only those bursts are
PP
present which were between the deflection plates at the time the deflection
pulse was applied Cfig. 6.15 t>1. For amplitudes of 280 V
and 300 V
mainly
two beam bursts are observed [fig. 6.15 c and d}. These two bursts are caused
-3
by a 50 Hz ripple on the dee voltage of about 3.10 , resulting in a difference
of one revolution on the tDtal number of revolutions in the cyclotron [3001.
When

the time-to-amplitude-converter [TAC] of thR time-of-flight equipment is

gated with a pulse derived from the mains, with a proper phase with respect to
the 50 Hz ripple and with an duration of about 5 ms, one of the two bursts
vanishes. Nevertheless, each burst is extracted in one single turn.
The first experiments show that single turn extraction can be easily obtained
by optimizing the shape of the deflection pulse and that no mechanical fine
adjustment of the axial slits or the axial deflection system

is required.

Further it can be expected that the yield of the axial system will be higher,
resulting in higher external beam currents.
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CONCLUSIVE REMARKS
1. The beam diagnostic equipment has shown to be very convenient, accurate and
reliable.
2. The HF-phase angle of the accelerated particles can be measured with an accuracy of 0.5° [sampling method] or 0.06

[double-balanced mixer method] for an

internal beam current of 10 pAj for an internal beam current of 50 nA the
accuracies are resp. 9

and 1 . The double-balanced mixer method has shown to

be an attractive alternative for the sampling method.
With the control system the HF-phase angles at five radii in the cyclotron can
be kept within 1° of the desired values.
3. A decrease of the extraction efficiency of 0.3 %, due to erroneous parameter
settings, can be detected, for beam currents larger than 30 nA.
With the aid of the control system the extraction efficiency can be kept
within 1 % of the maximum value.
4. The position and width of the external beam can he measured with an accuracy
of 0.2 mm, for beam currents larger than 30 nA. The emittance of the external
beam can be determined at a number of locations in the beam guiding system with
an accuracy of about 5 %·
The control loop for the external beam position is not yet closed. Manually
performed correction of the parameter settings involved have already shown
that this control loop will cause no problems CSchutte-73a].
By means of the intermittent NP1R control equipment the magnetic induction of
the two 45

bending magnets is stabilized better than 1:10 . The system has

shown to be essential for energy distribution measurements of the external beam.
5. Single turn extraction could be easily obtained with axial phase selecting
slits together with the axial deflection system.
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APPENDIX
In this appendix the normal station used for the automatic control of
the cyclotron 3 are briefly reviewed.
A-1

Interrupt register (N=l)
The interrupt register (Borer, type 1051) continuously supervises the
logical state of 24 so-called alarm lines. An alarm line may correspond e.g.
with the presence of the dee voltage, the extractor voltage or with the
pressure in the vacuum chamber being higher or lower than a certain value.
When the CAMAC crate is initialized, the logical state of the 24 alarm lines
is sensed and stored in a so-called Current State Register (CSR). As soon
as the logical state of one or more of the alarm lines changes, e.g.
because the dee voltage has dropped down, a difference arises with respect
to the CSR. Then the proper bits are set in a so-called State Change Register
(SCR) and a Look-At-Me (LAM) is generated, causing a program interrupt of
the computer. The contents of the SCR are read and the proper action,
derived from the bit pattern, is carried out.

When the SCR is read, the

new actual logical states of the alarm lines are automatically stored in
the CSR. As soon as the alarm condition

is removed, the procedure described

repeats.

A-2

Four channel Time-to-Digital Converter (TDC) (N=2 to N-8)
The four channel Time-to-Digital Converters (TDC's) are used to digitize
the interval times of the pulse trains from the beam scanners described in
section 2.4. The width of the external cyclotron beam is proportional to the
pulse duration τ , and the beam position is proportional to the difference
of the interval times τ

and τ

2

•X- : Normal station address.

(cf. fig. 2.S).
3

βΒ
The description of the TDC's has been published in Nuclear Instruments and
Methods CVan Heusden-75bl.
In the TDC a clock pulse train is gated during the time which has to be
measured (τ , τ and τ ] . The number of clock pulses passed through the gate
1 2
3
represents the time to be measured in units of the repetition time of the
clock pulses (100. ps]. When an up/down counter is used to count the number
of pulses, the difference between two interval times can be measured.
A reference signal that determines wether the counter must count up or count
down, is obtained from an oscillator which drives all beam scanners synchronously.
The up/down counter used is a General Instruments 'Four Digits Display Driver'
(FD3) type AY-5-4007D, schematically given in fig. A-1. Only the up/down
counter and the storage shift register of this Integrated Circuit are used.
The number of connections and gates between the four TDC channels and the
dataway of the crate can be reduced considerably by using the serial output
(4x1 gate instead of 4><16 gates]. The disadvantage of the relatively slow
serial read out (16x3 ys] can be eliminated by addressing four normal stations
simultaneously via the Station Number Register (SNR] in the crate controller
CEUR4600]. In this case each normal station occupies its own group of four
bits within a 15-bits data word (fig. A-1]. The 16 serial data words have to
be converted into 16 parallel data words by software.
A block diagram of the TDC is given in fig. A-2. The reference signal (fig.
A-3 a ) , determining wether the scanner needle is moving from the left (up]
to the right (down] or in the opposite direction, and the input pulse train
(fig. A-3 b) from the beam scanner together establish a correct timing of
the count up/count down command: the reference signal is sampled by a D-type
flip flop at every positive going edge of its clock pulse (fig. A-3 c ) .
If

the position of the beam is to be measured, this synchronized reference

signal is fed to the up/down command input of the FD3. If the width of the
beam is to be measured, the synchronized reference signal is gated off in
such a way that the counter always counts up.
The input pulse train is also fed to the count input of the FD3 via an
EXCLUSIVE DR gate and thereafter mixed with the clock pulse train. The EXCLUSIVE OR gate does (fig. A-3 e] or does not (fig. A-3 f] complement the input
pulse train, depending on wether the width or the position has to be measured.
The synchronized reference signal is also counted in a four bit binary

B9

normal station

up/ down

«

Fig. A-l Left: block schema of the 'Four Digits
Display Driver (FD3) type AY-5-4007D from General
Instruments. Right: Bit allocation of the TDC
channels on the dataway.

input 4

0-

Fig. A-Z

Block schema of the four-channel

TDC.

data way
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count in
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Fig. AS

(e)

(f)

Timing of some internal pulse trains.

counter. After each overflow of the counter, corresponding with 1B position
and 32 width measurements, a one-shot is triggered. Then the contents of the
up/down counter are transfered to the storage shift register [fig. A-1].
After a delay of 10 us a second one-shot is triggered, which resets the
up/down counter and sets a local Look-At-Me CLLAM) flip flop. This flip flop
disables the transfer input of the storage shift register to protect the
just stored data. The flip flop does not prevent the start of a new
measuring cycle. If all four local Look-At-Me's are set, a LACi is generated
on the L-line of the dataway to interrupt the computer.
The contents of the four storage shift registers can be read as 1B words of
4 bits by generating 16 consecutive ACOl.FCO] commands.
At strobe S1 (EUR4100] the four bits are read into the computer and at
strobe S2 the registers are shifted one bit position. If all bits are read.
The local LAPi's, and thus the LAM, has to be reset by the command ACOl.FdO).
Now the transfer input CXFER) of the FD3 is enabled sgain.
If a channel is defect or not used, the local LAM involved can be forced
in the TRUE state by a front-panel switch.
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A-3

Analogue-to-Digital Converter and Multiplexers

All analogue signals are fed via.two 15 channels relay Multiplexers- (Borer,
type 17011 to a dual slope Analogue-to-Digital; Converter (Borer, type 12411.
The integration time of the ADC is 20 ms, in order to suppress 50 Hz disturbances. The conversion range can be set by the software from.±20 mV to
±10 V. The mode of operation between the multiplexers and the ADC is given
in fig. A-4. The conversion of a block of data is started by loading the
first channel number in the Channel Number Register (CNR) of the proper
multiplexer. The multiplexer then asserts during 4 ms the WAIT/COIWERT line
between the multiplexers and the ADC. During this time, the relays can
settle and the proper channel will be connected to the input of the ADC.
Thereafter, the ADC starts the first conversion and after completion, it
generates a LAM. The contents of the output register of the ADC are read
by the service routine of the ADC. Then the ADC generates a SCAN+1 pulse,
which causes an increment of the contents of the CNR and the WAIT/CONVERT
line is again asserted for 4 ms. The procedure repeats for the next conversions. The number of conversions is determined by software.

_n

set ADC range

it

sei begin channel

^J

U ms

(\

4

wait/convert

ADC busy

LAM

read ADC
scan-1

Fig. A-4

Timing diagram of a block conversion of

the ADC in conjunction with a multiplexer.
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A-4

Dataway Dicplay (N=17)

The Dataway Display (Borer, type 1£G1) is used to check the proper operat-

\\

ion of the total system each second. With the function code F=25 a LAM is5 .
generated by the Dataway Display. If the interrupt is received correctly,
alternately the data word 00000000

and 77777777
8

-

·

are sent to and are stored

„ 8

••; · " -

;

-

- r - ;

in the Dataway Display. Thereafter the data word are read back." by, the
computer and checked if no bits are lost. Thus the interrupt mechanism, the
Read and the Write lines are tested on their proper functioning.
A-5- Stepping motor Control (N=20) and Output Gate (N=19)

The corrections on the parameter settings are controlled by 10-turns
potentiometers coupled with stepping motors (Philips, type PD12). The
stepping motors are driven by pulses

fed to the steering electronics and

by a left/right level- determining the direction of rotation. The number of
pulses and the left/right level are generated by a stepping motor control
unit (Borer, type 1161). One revolution of the stepping motor corresponds
with 96 pulses [thus step angle = 3

45 ) . One out of 3G stepping motors

can be addressed at the same time by an output gate (SEN, type 20R-20QB].

A-6

16/24 Bits Converter (N=23)

Most commercially available Normal Stations have a word length of IS bits.
Therefore, our CAMAC-interface and Branch Driver (cf. section 3.1.3) has
also been designed far 16 bits word length. However, the PDP-9 and CAMAC
have word lengths of resp. 18 and 24 bits.
To transfer 24 bits words, a 16/24 bits converter has been developed. The
block schema is given in fig. A-5. The 24 bits data words are transferred
in two words: one word containing the lower two bytes (bit 1:161 and one
word containing the upper byte (bit 17:24).

In the case of a write transfer

firstly the upper byte is written into the write buffer of the 16/24 bits
converter via the write lines W1:W6 (F16.RT.N). Secondly the lower two
bytes are written to the proper normal station in the standard way. During
the latter operation the converter recognizes a write operation

while it

is not addressed (FIS.'Fe'.'N). Then the converter shifts the upper byte.

vS;
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Block schema of the 16/L4 bits converter.

contained in the write buffer, to the write lines W17:W24, thus completing
the 24 bits data transfer to the normal station involved.
A read transfer of 24 bits data words is quite similar.

A-7

Nuclear ADC

The nuclear ADC [Nuclear Enterprises, type 9060} digitizes pulse Heights
from 20 mV to 5 V into words of Β bits C?5B channels] to 12 bits (4096
channels]. The word length, the gain CmV/channel], the digital back bias
and the coincidence modes are'set by software. The ADC is used for the
measurements concerning the time structure of the external beam (chapter 6],
Α-B

Miscellaneous normal stations

- The Teletype interface [Nuclear Enterprises, type 7GB1-1] is connected
with the Computek Alphanumeric and Graphic Terminal. Via this terminal the
commands concerning the control actions are given and measurements and
control actions can be shown graphically.
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- The Clock unit (nuclear Enterprises, type/7019-13 is mainly used in
conjunction, with the TDC's. (section A-2h to deliver the 100 -ps clock
pulses.

The clock can deliver pulses of 500 ns duration and with interval

times from 1ps to 1 s in decade steps.
- The Branch highway Extender (GEC-ELLIOT, type DBE 6501] converts the
single ended branch highway (max. length is 20 m] into a differential
branch highway (max. length is 2000 m ] . The actual extended length is
about 30 m.
- The crate controller is a standard type A-1 controller (Borer, type 1502]
which controls the data transports in the crate.

Table A-1
A
ATFF
BD
BRW
BTA
BTB
C
CD
CRW
CTA
CTB
DISBD
ENBD
F
I
Ν
PI
R
RWFF
SAFF
SATFF
SRFF
SWFF
S1
S2
W
L
Ζ

CAMAC and CAMAC-related terms

Subaddress within a normal station (A1,Α2,Α4,ΑΘ]
Address Transfer Flip Flop
Branch Demand
Branch Read/Write lines
nes ι(BRW1 - BRW24)
Branch Timing strobe
perform handshake timing
Branch Timing strobe
Crate number (C1 - C7] or Clear Crate line
CAMAC Demand caused by
BD
CAMAC Read/Write lines (CRW1 - CRW1B]
CAMAC Timing strobe A
CAUAC Timing strobe Β
Disable Branch Demand (IDT52B2]
Enable. Branch Demand (IDT5261]
Function code (F1,F2,F4,F8,F16]
Inhibit Crate
Normal station number (N1 - N23]
Program Interrupt
Dataway Read lines tR1 - R24)
Read/Write Flip Flop
Set Address Flip Flop CI0T5241]
Set Address Transfer (IDT5245)
Set Read Flip Flop [I0T52421
Set Write Flip Flop = reset Read Flip Flop (IDT5244]
Dataway timing strobe 1
Dataway timing strobe 2
Dataway Write lines (W1 - W24)
Look At Me (L1 - L23)
CAMAC Initialize

Μ

a

4]"
I
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SUMMARY
In this thesis the design and the results are described of the computerized
control system of the Eindhoven AVF cyclotron and the beam guiding system.
In behalf of the control system a number of beam properties is measured
continuously and without [obstrusive] interception of the cyclotron beam. The
relations between the beam properties and the parameter settings involved are
measured automatically by use of the computer. For beam properties which have
to be stabilized at ê certain value, these relations are linearized. For beam
properties which have to be optimized the relations are taken quadratic around
the optimum. Then the relations between the first derivatives with respect to
the parameter settings and the parameter settings itself are linear all having
zero as the desired value.
The corrections of the parameter settings are determined from the differences
between the beam properties measured and their desired values by applying
simple matrix calculus.

The feasibility of a computer controlled operation of a cyclotron is briefly
discussed in chapter 1. Especially when slits select a part of the cyclotron
beam the parameter settings become critical and the control system can be
essential.
The beam diagnostic equipment is reviewed in chapter 2. At 13 radii in the
cyclotron fase probes are installed to measure the HF-phase angle of the accelerated particles. At an internal beam current of 10 iiA the accuracy is, depending on the method used, G.5° or 0.06°; at an internal current of 50 nA the
accuracy is 9

and 1

respectively. At an external beam current of more than

30 nA a decrease of the extraction efficiency, due to erroneous parameter
settings, still can be measured. The accuracy of the determination of the
position and width of the external beam equals 0.2 mm for beam currents larger
than 30 nA. The emittance of the external beam can be determined at a number
of locations in the beam guiding system with an accuracy of about 5 %.
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In chapter 3 we describe the data handling system, consisting of a CAMAC system
and a PDP-9 computer. The coupling between the CAHAC system and the PDP-9 is
briefly discussed. Further, the software performing the various _->ntrol tasKs
is given.
The control schemes used are given in chapter 4. A geometrical treatment of

ί

f'

the least squares method is given. Then a good inside can be obtained concerning
the control parameters to be used.
In chapter 5 the results of the control system are given. The HF-phase angle
of the accelerated particles can be kept within 1

of the desired value at

all radii. The extraction efficiency can be kept within 1 % of the maximum
value.
In chapter 6 preliminary results are given on HF-phase selection, using radial
and axial selecting slits. Further an axial deflection system is described
which selects one out af 28 beam pulses. The axial phase selecting slits,
together with the deflection system, are used to obtain single turn extraction.

ν!
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SAMENVATTING
In dit proefschrift worden het ontwerp en de resultaten beschreven van het
door een computer gestuurd regelsysteem van het Elndhovense AVF-cyclotron
en het bundelgeleidingssysteem.
Ten behoeve van deze regeling wordt

een aantal bundeleigenschappen continu en

zonder (ernstige] beïnvloeding van de cyclotronbundel gemeten. De verbanden
tussen deze bundeleigenschappen en een aantal parameterinstellingen Kunnen met
behulp van de computer automatisch worden gemeten. Voor bundeleigenschappen
die naar een voorgeschreven waarde toe moeten worden geregeld, zijn deze verbanden gelineariseerd. Voor bundeleigenschappen die moeten worden geoptimaliseerd, zijn deze verbanden rondom het optimum Kwadratisch verondersteld. Dan
zijn de verbanden tussen de eerste afgeleiden van die bundeleigenschappen naarde parameterinstellingen en de parameterinstellingen zelf lineair met in alle
gevallen nul als voorgeschreve

waarde.

De correcties van de parameterinstellingen Kunnen dan met behulp van eenvoudige
matrixberekeningen worden bepaald uit de verschillen tussen de gemeten bundeleigenschappen en hun voorgeschreven waarden.

De wenselijkheid en de mogelijkheden van een door Ben computer gestuurde regeling
van een cyclotron vormen het onderwerp van hoofdstuk 1. Vooral indien spleten
een deel van de cyclatronbundel selecteren zijn de parameterinstellingen
kritisch en Kan een regeling noodzakelijk zijn.
Een overzicht van de bundeldiagnostische meetapparatuur Komt in hoofdstuK 2 aan
de orde. Op 13 verschillende stralen in het cyclotron bevinden zich fasesondes
voor het meten van de HF-fasehoeK van de versnelde deeltjes. Bij een interne
bundelstroom van 10 μΑ bedraagt de meetnauwkeurigheid, afhankelijk-van de
gebruikte methode, 0.5° of 0.08°; bij een bundelstroom van 50 nA resp. 9° en 1°.
Bij een bundelstroom van 30 nA en meer is een afname van de extractie-efficiency
van 0.3 %, als gevolg van foute parameterinstellingen, nog te meten. De nauwkeurigheid van de bepaling van de breedte sn de positie van de externe bundel is,
bij bundelstromen groter dan 3D nA, ongeveer 0.2 mm. Ds emittantie van de externe

bundel kan op meerdere-plaatsen in het bundelgeleidingssysteemVwordon bepaald."
De nauwkeurigheid bedraagt ongeveer 5 %.
In hoofdstuk 3 beschrijven we het dataverwerkingssysteem, bestaande uit een
CAMAOsysteem en een PDP-9 computer. Het CAMAC-systeem en de koppeling tussen
CAMAC en de PDP-9 worden kort behandeld. Verder gaan we in op de programmatuur die de besturing verzorgt van de verschillende uit te voeren taken.
De gevolgde regelstrategieën vormen het onderwerp van hoofdstuk 4. Daarbij wordt
een meetkundige behandeling gegeven van de kleinste-kwadraten-mèthode. We kunnen
dan op verschillende wijzen een inzicht krijgen in de te kiezen regelparameters.
De resultaten die verkregen zijn met de verschillende deelregelingen komen in
hoofdstuk 5 aan de orde. De HF-fasehoek van de versnelde deeltjes kan binnen
1

op de gewenste waarde worden gebracht en gehouden. De extractie-efficiency

kan binnen 1 % op de maximale waarde worden gestabiliseerd. Verder gaan we in
dit hoofdstuk nader in op de invloed van niet in de regeling opgenomen parameterinstellingen op de geregelde bundeleigenschappen.
In hoofdstuk 6 staan de eerste voorlopige resultaten betreffende faseselecterende
spleten die in het centrum van het cyclotron zijn geplaatst. Met behulp van een
eveneens in dit hoofdstuk beschreven axiaal deflectiesysteem en de axiaal selecterende spleten werd 'single turn'-extractie verkregen.
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NAWOORD
Het project 'Automatisering van het cyclotron' is gestart in augustus 196g.
In dit proefschrift wordt dB voortgang van het project beschreven over dB
periode augustus "1972 - maart 197B.
Tijdens deze periode studeerden de volgende personen af op verschillende
deelonderwerpen: W.H. Backer, L.R. Opbroek, W.M. Schulte, R.H.M. Reumers,
J.G.I.M. Haiders en P.P.M. K.ooy. Op dit moment rondt J.H.A.M.M. Slaats zijn
afstudeerwerk af en is J.N.G.M. Borneman nog bezig met zijn afstudeerwerk.
Stages zijn verricht door: A.T. Smits, H.J.H. Maessen, R.H.M. Reumers, J.G.I.M.
Haiders, P.P.M. Kooy, F. Maas, J.H.A.M.M. Slaats en J.N.G.M. Borneman.
Tot januari 1974 verleende D.M.J. Kroonenberg technische medewerking.
In genoemde periode was de cyclotronbundel ruim 4600 uur ter beschikking van
de experimentatoren. Ongeveer 17 % van deze tijd is gebruikt voor het automatiseringsproject. De PDP-9 was cngsveer 3000 uur in gebruik voor programmaontwikkeling, regeling van het cyclotron en voor berekeningen aan het bundeltransport naar de experimenteerplaatsen. Aan kapitaalsdienst is kf 150 en aan
gewonedisnst is kf 120 uitgegeven.
De cyclotron bedrijfsgroep, bestaande uit ir. W. van Genderen, G.J.S.M, van
Hirtum [vanaf december 1974), F.C. van Nijmweegen Ctot september 1974],
A. Platje, R. Queens [vanaf februari 1975], N. van Schaik Ctot maart 1975] en
C.C. Soethout, heeft st? jds weer gezorgd voor een goed werkend cyclotron.

Aan allen die op enigerlij wijze hebben bijgedragen aan de tot stand koming
van dit proefschrift komt mijn hartelijke dank toe.
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STELLINGEN

1.

Een aantal eigenschappen van de bundel van een A.V.F, cyclotron en de
verbanden tussen deze eigenschappen en de van belang zijnde parameterinstellingen, kunnen nauwkeurig en betrouwbaar worden gemeten.

' Hierdoor is het mogelijk, met behulp van een door een computer gestuurde
regeling, deze bundeleigenschappen binnen voldoend nauwe grenzen op
gewenste waarden te stabilizeren.
Dit proefschrift hoofdstuk 5.
2.

Met behulp van twee, in het centrum van het cyclotron geplaatste, axiaal
selecterende spleten en een, eveneens in het centrum geplaatst, axiaal
deflectiesysteem, is het op relatief eenvoudige wijze mogelijk die deeltjes
te selecteren die de ionenbron gedurende een zelfde periode van de versnel'
spanning hebben verlaten en die allen na een gelijk aantal omlopen in het
cyclotron zullen worden geëxtraheerd.
Dit proefschrift hoofdstuk B.

3.

Het verschil in bedieningswijzs tussen een conventionele regeling en een
door een computer gestuurde regeling van een complex systeem, dient ten
aanzien van analoge instellingen en uitlezingen, zo gering mogelijk te zijn.
Een teletype is dan ook minder geschikt voor dit doel.

4.

De mogelijkheden voor multi-diciplinair onderzoek met behulp van deeltjesversnellers dienen nog meer te worden benut dan nu reeds het geval is.
Proceedings of the VII International Conference on Cyclotrons
and their Applications, Session F; Applications of Cyolotrons
in Biology and Medioine.

5.

Aanvragen voor grote kapitaalinvesteringen, bijv. ten behoeve van niéuwe

'.

deeltjes versnellers, dienen mede te worden beoordeeld op grond van de
verdeling van de potentiële gebruikers dyer de verschillende" wetenschappelijke
diciplines.

B.

' ' - · " , . . . .

:

Het opgeven van fysische grootheden in meer decimalen dan de meetnauw-

_ - · ..

keurigheden rechtvaardigen, kan, vooral in tussen- en eindresultaten van
schattingen, zinvoller zijn dan op de eerste jaars practica wordt geleerd.

7.

Het verdient aanbeveling een aantal in Nederland als verenigingsorgaan
uitgegeven natuurwetenschappelijke tijdschriften té combineren.tot één
tijdschrift.

8.

De voor een experiment aan apparatuur gestelde eisen, op grond waarvan tot
zelfbouw wordt besloten, dienen vooral ten aanzien van betrouwbaarheid en
benodigde man-uren, kritisch tB worden beoordeeld.

9.

Het uitlokken ven verkeersovertredingen door het overbodig plaatsen of
onnodig laten staan van verkeersborden bij werkzaamheden aan de openbare
wegen, is even afkeurenswaardig als het negeren van deze verkeersborden.

10.

Het schrijven van een computerprogramma in machinetaal leert men öf in een
paar weken öf nooit.

_ _ —i-L.

G.C.L. van Heusden

Eindhoven,
4 juni 1976

