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Summary 

This report describes a control system which optimizes 

the extraction efficiency of the ion beam in the Eindhoven 

AVF cyclotron. 
-· . ~ -·-

The equipment used induces small perturbations in the 

currents of those coils with large influence on the 

extraction process. The responses in the beam current 

after extraction are correlated with the perturbing pulses. 

The system consiste of CAMAC modules with some external 

electronica. The timing,of the measuring and perturbing 

equipment,is controlled by a programmabie CAMAC clock. 

An important part of the measuring equipment is a fast 

data logger, that performa the measurements of the 

extracted beam current. The correlation is performed by 

a PDP11v03 computer. 

An on-line least-squares parameter estimation methad 

is described, which is used todetermine the·control 

matrix for extraction optimization. 

The extraction optimization system correcte slowly 

varying changes in certain cyclotron parameters such as 

drift of the magnatie tield, to preserve maximum external 

beam current. 

Experiments performed with the system are presented. 
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1. Introduetion 

The cyclotron of the Eindhoven Univarsity of Technology 

is an azimuthally varying field (AVF) or isochronous 

cyclotron. In this kind of cyclotrons the frequency. o·f the 

acealerating electric field (wacc) is kept constant and 

equal to the revolution frequency of the particles (wrot>• 

The revolution frequency is mainly determined by the mean 

magnatie field at the radius of revolution. The magnatie 

field is called isochronous if it satisfies the formula : 

(see Sch/73/ and Hag/62/) 

,_.. ,_., q <B(r )> ( 1 +1!') 
wacc = wrot = m ( 1. 1) 

In which : 

q is the charge of the accelerated partiele 

m is the maas of the accelerated partiele 

<B(r)> is the mean value of the magnatie field at 

radius r 

F is a correction factor due to magnatie field 

modulation ( of the order of 1% in our cyclotron). 

Because of relativistic maas inerease with acceleration 
-

the mean magnetic field has to increase with radius. However 

an increase in the magnatie induction with radius causes an 

axial defo.cussing effect. 

To yield the necessary vertical stability this effect has 

to be counteracted, such that a net axial focussing force 

will result. This is achieved by the azimuthal variations 

in the magnatie field strength. These variations are 

obtained by placing sector shaped shims on the pole races. 
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(In reality these shims are spiraliaed to get even more 

axial rocussing). 

The Eindhoven cyclotron is intended for multi-partiele 

variable energy use. For this the frequency of the 

acealerating voltage and the magnatie field have to be 

adaptable. 

To influence the isochronism of the magnatie field a 

number of concentric coils are used {Nie/72/ and Ver/62/). 

As an exemple the outer concentric coil B10 is shown in 

fig. 1.1. Furthermore small changes in the azimuthal 

variation of the magnatie field are introduced by coils 

placed in the valleys between the shims, the so-called 

harmonie or valley coils. { See fig. 1.1) 

0 10 20 30cm 

Fig • 1 .1 Horizonta z 01'088-seation of the EUT . z. ___ -
1-SOaruvnous ayaZotron. 
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These coils also affect the mechanism for extracting 

the beam out of the cyclotron. To expand the number and 

types of experiments to be performed with the AVF cyclotron, 

the beam of particles is guided aftar extraction to various 

experiment areas. 

The extraction of the particles is performed by a 

horizontal DC electric field. This field is produced with 

two electro.des forming an electrastatic chann.el through 

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

septum, is a thin plate (at the entrance 0.4 mm thick). 

In the last revolution, before entering the extraction 

channel, the turn separation must be sufficient to prevent, 

as much as possible, particles from hitting the septum. 

This is achieved by adapting the magnatie field with the 

harmonie coils and the outer concentric coils. Froa this 

can be concluded that these coils have an important 

influence on the extraction efficiency, defined as the 

ratio of external beam current and internal beam current. 

Changes in the external beam current are, usually caused 

by changes in the extraction process. Most changes in the 

extraction process are· due to drift of the cyclotron 

magnatie field, e.g. caused by temperature effects. 

Because particles lost during extraction may contaminate 

the extractor, the extraction efficiency should be kapt 

maximal •. For this reason a control system was designed 

to keep the extraction efficiency optimal during experiments 

by F.Schutte, G.C.L.v.Heusden and P.Kooy (Sch/73/, Heu/76/ 

and Koo/75/). 
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In this report we present improvements of the extraction 

optimization system, and show new experimental results. 

In the following chapter we will discuss the measuring 

principles. In chapter three we describe the construction 

of the control system. Chapter four will be devoted to a 

discuesion of the theory on which the control is based. 

In chapter five we will present the experimental results 

obtained with the extraction optimisation system. We 

will give a review of the conclusions that can be drawn 

from the experiments in chapter six. 
- ·- _....__- -

During the aoarse of this woPk attention has also been devoted 

to subJeats aonePning ayalotpon pesearah that are not desaPibed in 

this NpoPt. On the re8ults wiU be· NpoPted by J.I.M.Botman. We 

will mention some aspeats of these investigations : 

The Padial emittanae of the ion sou:roae has been determined in 

the aentpe of the ayalotpon. This has been done employing two 

PadiaUy movable ( Nmote aontPoZZed ) diaphPagms s{ûeating a smaU 

area in the Padial phase plane. The Pçzdial phase plane aan be 

saanned with these diaphPagms. The azimuthal angle between the two 

diaphPagms at the fou:roth tU!'n is 30 degPees. The measUPement is 

pePfoPmed by suaaessively putting the fiPst diaphPagm at laPgeP 

Padius w.P.t. the ayalotPon aentPe~ and determining the width of the 
"- " 

ion beam that aomes thPough with the seaond j_ diaphPagm. A beam quaUty 

of 150 mm m:t'ad was measuped foP a 104 ke V pPoton beam. This 

PesuU is in agreement wi th data obtained in an emittanae test 

faaiUty by M.L.MaUory and H.G.BlosseP. ( Nf. Mal/66/) 

FUPthe~ope a H.F.phase dependanae on Padial position has been 

obsePVed foP partiales within one tUPn. 

In addition the phase width of the beam seleated by the two 

diaphPagms tUPned out to be very smaU : "" 5 degPees~ whepe undeP 

noPmal opePation thePe is a phase width of about 40 degPees. Thus 

single tUPn extPaation~ i.e. the extPaation of all partiales in 

one tU!'n shouZd be possible. 
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E:x:perimentaZ evidence for singZe turn extraction has been 

obtained by introducing variations in the dee voZtage. For singZe 

turn extraction the radiaZ position of the extractor channeZ 

opening rrrust be. ada:pted to the radius of the turn to be extracted. 

A smaZZ increase in dee voZtage. wiZZ change the radius of the 

turn, so the extraction wiZZ no Zonger be cornpZete. By ada:pting 

the dee voZtage it is thus possibZe to seZect discrete turns. 

By a dispersive setting of the beam guiding system the reZative 

energy spread in this particuZar case was measured to be better 
than 10-3• 
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2. Measuring principles 

In this section we discuss the principles on which the 

design of the extraction optimization equipment is based. 

Changes in the extraction efficiency are primarily caused 

by drift in the magnetic field. Reoptimization can be 

carried out mostly by adapting the current through the 

harmonie coils ( the inner harmonie coils A11 , A12 and the 

outer harmonie coils A31 , A32) and the outer two concentric 

coils ( B8 and B10). The extraction efficiency is also 

influenced by the voltage over the extractor channel;.'but 

drift in this is neglected. 

It the extraction efficiency is at its maximum, the first 

derivatives ot the external beam current with respect to 

the setting ot the current through the coils invol!ed will 

be zero. To determine whether these derivatives are zero, 

small block-shaped perturbations are induced in the current 

through the coils. These will result in temporary changes in 

the external beam current. The amplitude AI of the change 

will be proportional to the derivative !~ for small values 

ot the amplitude a p of the perturbation. 

Further the variations ài should be smaller than those 

resulting from ion souree instability (which are of the 

order of 1% of the total beam current). For this reason the 

response to the perturbing pulses have to be determined by 

means of a correlation method. 

The correlation method consists of a multiplication with a 

so-called second order correlation pulse, derived from the 
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perturbing pulse, succeeded by integration as a tunetion of 

time, as suggested by ~.Schutte (Sch/73/). A schematic 

representation of the correlation metbod is given in 

fig. 2.1 : 

Figure @ represents the perturbing 

pulse. The beam current response 

will be something like ® . 
(Measured responses are given 

in fig. 5.1). ~he correlation pulse 

~ is multiplied with the 

response @ • The re sult is 

shown in @ • The product ® 
is integrated with respect to time 

yielding the correlation product. 

Due to the shape of the correlation 

pulse constant and slowly varying 

®al,n,, 
@frb::C::: 

cv_?t cFb 

I I I I I 
components in the signal will not , t~ 

contribute to the result. The 

correlation product is proportional 

to the first derivative ~ • 

fig. 2.1 

Originally the correlation was performed with analogue 

correlators ( Koo/75/ and Heu/76/). We sample the external 

beam current, with a data logger, while the perturbations 

are generated. The correlation is performed with a computer. 

In accordance with figure @ the samples are multipied 

with plus or minus one and then added. This makes the 

correlation faster and more versatile. 

In the next chapter we shall review the construction 
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of the measuring equipment, based on the measuring 

principles discussed in this chapter, and the control 

equipment, with which the computer can adjust the currents 

through the coils. 
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3. The control system 

A simplitied block diagram of the control system is given 

in f'ig.3. 1. 

The computer cantrolling the system can induce perturbations 

on the parameters via a pulse generator. As we discuseed in 

the last chapter the response of the external beam current 

to these perturbations is proportional to the f'irst derivatives 

with respect to these parameters. 

From these derivatives the computer calculates the 

necessary changes in the parameter settings to optimize the 

extraction efficiency. The theory on which these calculations 

are based will be discuseed in the next chapter. 

The computer carries out the calculated changes via the 

control equipment. 

parameter 
settings 

control 
equi.pment 

pt!lrameter 
perturbations 

pulse 
generator 

computer 

external 
beam 
current 

measuring 
equipment 

fig. 3.1 General scheme of the control system 
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3.1 General discription 

In fig.3.1 we divided the control system in three 

major parts: 

-a pulse generator 

-the measuring equipment 

-the control equipment. 

A more detailed block diagram is given in fig.3.2. 

The data communication between the equipment and the 

computer is handled by a CAMAC system. 

The heart of the measuring and pulse equipment is a 

clock module within CAMAC. This clock takes care of the 

timing problems and the necessary synchronisation of the 

pulse generator and the measuring equipment. The computer 

can start the clock via an output register. The clock 

will then generata a pulse-train. The number of pulsas 

and the frequency of the pulse-train can be software 

programmed in the clock befere it is started. Once 

programmed the clock will generata the same pulse-train 

every time the start signal is given. 

The pulse-train drives a six channel pulse generator. 

This pulse generator can be regarded as a set of inter

connected counters. A perturbing pulse will appear at the 

first channel when a certain number of clock pulses is 

reached, which will_then last a certain ntimber of clock 

pulses. One at a time the perturbing pulsas are generated 

succeásively at each of the output channels. These perturbing 

pulses are added to the control voltages that determine 

the currents through the coils. 
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A 11 

J1 A12 
six --

current-
n I A31 

supplies _n__-

tor the coils .---ll.- A32 cyclotron 
---"--- Ba -----"--1---

4 """~ BlO 

~ 1 
perturbations 

control + six linea externa.l 
voltages beaa 

~ current 
.. 8 

iiner Six 
channel band 

stepmotor pulse pass b driTen generator filter Ir 

potentioaeters ! ' ~ 
,. 

I 

init stop 
ampl~ 

4"~ 4, ~ V 
start 
I " ' 

·Stepmotox oatput output clock. data logger control register register 

CAMAC 
~~~ 

~---..~-

PDP11v03 
computer 

tig. 3.2 Block diagram of the control system 
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In this manner, temporary current changes will appear 

in the harmonie coils A11 ,-A12, A31 , Aj2 and in the 

concentric coils Ba and B10 successively. 

As a result of these current changes the external beam 

current will show variations. 

The external beam current is measured by means of a 

target (intercepting the beam) or by means of capacitive 

piek-up electrodes. 

In future the piek-up electrades should be used since 

then the beam is not intercepted and is available for 

experiments during control. 

At the moment however the signal from these piek-ups can 

not be measured accurately enough to detect the response 

of the external beam current to the perturbations. High 
' frequency amplifiers as suggested by R. Vader(Vad/79/). 

will make the use of the capacitive piek-ups for the 

extraction optimization system possible. For our 

experiments we only used the target. 

For the determination of the derivatives we are only 

interestad in the variations caused by the perturbations. 

The DC level and other variations are filtered out, for 

the major part, by a ·band pass filter (see fig.3.2). 

The signal must then be amplified to. bring it within the 

voltage range of the measuring data logger. 

The data logger samples the external beam current for 

every clock pulse. In this way the timing of the 

measurements with respect to the perturbations is 

synchronised. 
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The measurements are transmitted to the computer. The 

computer then performa the correlation de.scribed in the last 

chapter to determine the derivatives. From these derivatives 

the necessary changes in the coil. currents to optimize the 

extraction efficiency are calculated by the computer. The 

calculation procedure is described in the next chapter. 

The control voltages for the current.supplies are changed 

Tia a set of stepmotor driven potentiometers. 

The maasurement and control cycle can be repeated 

continuously or on command to guard the optimal setting 

for the extraction efficiency. 

In the following paragraphS we will discuss the different 

parts of the control system in more detail. 
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3 •. 2 The measuring equipment 

With the measuring equipment the amplitude of variations 

in the external beam current caused by the perturbations of 

the currents through the different coils is determined. For 

the system to work without interterenee with the experiments 

to be performed with the cyclotron, variations in the 

external beam current should be leas than 1% of the amplitude 

of the external beam current. For beam currents of the order 

of l~A the measuring equipment should be able to measure 

accurately variations of 10nA. As this current variation is 

measured over a lOkJlresistance the voltage change is 100 ~V. 

The signal bas to be amplified to about 5V to coma well 

within the range of the measuring data .logger. We used 

the LeCroy data logger 8212 which is a 16 channel 12 bit 

data logger with a voltage range from +5V to -5V.l {· ·LeC/79a/). 

The amplifier thus has to amplify the variations up to 

5. 104 times. 

A block diagram of the measuring equipment is given in 

f'ig.3.3 • 

For the determination of the first derivatives only the 

variations in the external beam current caused by the 

perturbations are of interest. The DC level and most of -- . 
the o~er variations are filtered out by a band pass filter 

( with a band ranging from 0.1 Hz to 20Hz ). For this filter 

and the amplifier see appendix A !:~g~~-A~3~ ~!ri fä.ct~tliis~~i~s~~~--



C.AMAC 

-15-

erternal 
,....----. beam 

current 
0. 1 Hz to 20Hz ..--.....__..., 

band tt=\ pass 
tilter 

to the pulse 
generator 

o~tput 16 c~nel 
register clock 12 bits 

data 
logger 

PDP11v03 
computer 

DC voltmeter 

fig. 3.3 The measuring equipment 
A detailèd scheme of the band pass filter is 
given in appendix A.2. 
The clock is a LeCroy 8501 clock. 
The data logger is a teCroy 8212. 
The memory module is a LeCroy 8800. 



-16-

necessary if the variations are to be amplified 5 104 

times and the output signal of the amplifier is to be 

in the range of +5V to -5V. The value of the external 

beam current is logged separately to obtain information 

about the performance of the control system. 

The data-logger periodically measures its input signals. 

The sample rate with which this is done is determined by 

the external clock. The clock used is a LeCroy 8501 clock 

module (LeC/79b/). The number of pulsas in the pulse-train 

and the frequency at which they are to be generated can 

be chosen. For the system we used a pulse-train of 2048 

pulsas with a frequency of 500Hz. The programmed pulse-train 

will be generated every time a TTL "high••·pulse (+5V) is 

applied to the start input, via the output register. 

On the rising edge of the clock pulsas the input signals 

of the data logger are measured and translated into 12 bit 

data. The data are then stored in a memory module (LeCroy 

8800 memory module LeC/80/). The memory is organized as 

a circular shift register. This means that aftar the 

memory is filled further readings over write the initial 

readings. 

As the memory module has 32k of memory and the data 

logger is used in 8 channel mode, 4096 measurements can 

be stored per channel. This means the memory module will 

be completely filled aftar two pulse-trains of 2048 pulsas 

from the clock. 
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The measurements stored in the memory module must be 

raadout by the computer via the data logger aftar the 

measurements have been completed. The data logger cannot 

be switched to raadout mode at will. Aftar the computer 

generatea a stop trigger pulse, the data logger will 

only switch to raadout mode after a certain number of 

extra samples have been taken. 

The number of these so-called post-trigger samples is 

determined by a 16 bit word. This word can be hardware 

selected by means of a sixteen pin plug that is plugged 

into a socket within the data ·.logger. By interconnecting 

the pins of-this plug the bits of the word can be made 

. logica! o,t_or computer selectable._ (Only three bits or 

bit groups canàe made_cemputer selectable.) 
.• "..-*'' • - ~"- ._."... 

<we chose the number of post-trigger samples to be 2048, 

which is equal to the number of samples in one clock cycle. 

Ia clJ.ronolqglc~ Ó~d.ér à''m€!asuri:ft.g ey~le -consists of : 

- starting the clock and takiug. the first 2048 samples 

- giving a stop trigger to the data logger 

- reatarting the clock and performing the next 2048 

samples, after which the data logger switches to 

raadout mode automatically 

- the readout by the computer of t~e memory module 

via the data logger. 

After the readout the next measuring cycle can be started. 
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3.3 The pulse generator 

To be able to perform the correlation described in the 

foregoing chapter, the timing of the samples with 

respect to the perturbing pulses must be well known. 

This problem bas been solved by deriving the perturbing 

pulses from the same clock that,drives the data logger. 

Wheit:,the clock is started, the perturbing pulse will 

start after an adjustable number of clock pulses and 

will last an adjustable number of clock pulses. As a 

sample is taken at each clock pulse, the number of 

samples determines the time of measurement• 

A block diagram of the pulse generator is given in 

fig. 3.4. It can be described as a set of circular ordered 

timers, of which only one is active at a time ( see Heu/76/ 

and Kru/79/).The width of the perturbing pulses is determined 

by the pulse timers. When a pulse timer is ready it will 

start a rest timer. The duration of the rest time must be 

sufficiently long for the perturbation response in the 

external beam current to die out ( see fig 5.2).When the 

rest timer is ready it will start the next pulse timer 

that will generata a pulse on the next of the six output 

channels. 

To simplify the construction of the timers a set of 

frequency dividers is used to produce lower input 
- --·-- ------

frequencies for the timers (see appendix A. f~g.A.t and A.2). 

Because of the larger time constant of the concentric 

coils, the rest times after perturbation of these coils 

have to be larger than a!ter perturbation of the 
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f clock frequency in 

l 
frequency 

init--+ devider 

stop 
f f f 
16 "i 64 

+ I" 
~ + • 

lst lst 4th 4th 5th 5th 6th 6th 
~pulse rest • ftl.>ulse rest • :pulse rest pul se rest 

~imer ft_imer 

. 
timer timer timer timer timer timer 

, to · to to to to 
A· 

11 A 12 and A31 A 32 1 B 8 uB 10 
six output channels for perturbing pulses 

fig. 3.4 Block diagram of the pulse generator 

harmonie coils. ( The time constants are of the order of 

1 s tor concentric coils and 0.2 s tor harmonie coils, 

see Bac/73/) These larger rest times have been achieved 

by using a lower input frequency tor these rest timers. 

The 11stop11 and "init" inputs allow the computer 

control of the pulse generator. They enable the computer 

to bring the·pulse generator in a well defined begin 

condition. Starting from this begin condition the 

perturbing cycle will have identical timing for each 

clock cycle. 
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parameter variable (in counts) • setting . 
from with steps to used 

pulse width 16 8 80 40 

rest time after 
correlation 
period at : 
- concentric coil 64 64 576 448 
- harmonie coil 16 16 144 48 

table 3.1 possible settings of the pulse generator 
The correlation period is tour times the 
pulse width (see chapter 2). 
For the 500Hz input trequency used one 
count corresponds with 2ms. 

A TTL "low" signal (OV) at the 11init" input will reset 

the trequency dividers,(see appendix A fig.A.l). 

The "stop" input is necessary because the pulse widths 

and rest times can be adjusted. A table of possible 

settings is given in table 3.1. A schematic presentation 

of the perturbation and correlation timing , tor the 

setting.used, is given in fig.3.5. As already mentioned 

Ba 

perturbations _ 
---------- .__ "'"""""'""""'""'=--=-=---=-=-=-

+1 

correlation 
0 multiplier 

-1 

500 1000 1500 

counts .. 

fig.3.5. Schematic presentation of the perturbation 
and correlation timing, for the setting used. 

2000 
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a clock cycle consists of 2048 pulses. Generally a 

setting of the pulse generator needs leas than 2048 

pulsas for one perturbing cycle. This problem has 

been soved with the "stop" input. 

For the pulse generator to start when the clock is 

started the "stop" input must be "high" (+5V). While 

the pulse generator is running, the "stop" input is 

made 11low" by the computer via the output register. This 

will cause the pulse generator to stop after the perturbing 

cycle has been completed. The pulse generator will not 

start again until the "stop" input is made "high" again. 

The amplitude of the perturbatians can be varied by 

potentiometers on the pulse generator. In table 3.2. the 

amplitude of current chang~s through the coils caused by 

perturbations of the pulse generator tor 100 s.d. are 

specified. 

( The influence of the current through the coils on the 

magnatie field is given in table 5.2) 

amplitude 
ot the 
currént 
perturbation 
, __ rAJ __ 

concentric coils B8 and B10 0.20 

harmonie coils (A coils) 0.15 

table 3.2 The amplitude of the current perturbations 
caused by the pulse generator with its 
potentiometers set at 100 s.d. 
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3.4 The control eguipment 

When the computer bas calculated the necessary control 

actions to optimize the extraction efficiency, these can 

be performed by changing the setting of the potentiometers 

with stepmotors. The circuit (fig.3.6) used is such that 

the control voltage_for the power supply can be modified 

in both directions. 

+ 

stepmotor too.n 47..J1.. 
driven 47A pote:ati.ometer control 

voltage 
100mV for 

potentiometer power 
at supply 

control 100..0.. panel 

tig. 3.6 the current control equipment 
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4. The control theory 

The relation between the extraction efficiency and the 

external beam current can be expreseed by 

in which . • 

(4. 1) 

xefr<~,t) is the extraction efficiency, 

Iext<R,t) is the external beam current, 

Iint(t) is the internal beam current, 

p is a vector reprasenting the currents 

through the controlled coils, i.e. A11 

A12'A31'A32'B8 and BlO' 
t represents time. 

Under normal working conditions thé many other cyclotron 

parameters of influence to the extraction efficiency and 

the internal beam current remáin constant or only 

show slow drift as a function of time. Furthermore 

changes in the controlled currents are mainly so small 

that their influence on the internal beam current can be 

neglected. 

Under these conditions the optimiz~tion of the external 

beam current as a tunetion of the vector p will result 

in optimizing the extraction efficiency as well. As the 

external beam current can be measured directly this is 

an important simplification. 

The optimization method to be discussed in the next 

paragraph will yield the matrix equation with which the 

computer can calculate the necessary changes in the 
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currents through the coils, to optimize the extraction 

efficiency using the first derivatives of the external 

beam current with respect to these currents. 

In the next paràgraph a least-squares method for the 

estimatimation of these matrix elements directly from 

the measurements is presented, based on the method 

proposed by Peterka and ~muk (ref. Pet/69/). 
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4.1 The optimization metbod 

For a given position of the potentiometers, i.e. a 

given current through the coils, there will be a certain 

external beam current, which is anly dependent on time. 

As mentioned in the forgoing chapter only six coils are 

involved in the extraction optimization control. We 

define the potentiometer positions of these coils by: 

pi with i=1,2, ••• ,6 for A11 ,A12,A31 ,A32,B8 and B10• 

The external beam current is denoted as 

I(p1,p2 , ••• ,p6,t) or I(~,t).which is also a function of 

time because of drift in the settings of other parameters. 

The settings of the parameters for maximum external 

beam curren t " I = I(~,t) are represented by pi for 

i=l to 6. 

The control system is assumed to start optimization from 

a manually fairly well optimized begin condition. We 

assume that the deviations from the setting with maximum 

extraction efficiency will always be small. The small 

deviations 6pi = pi - pi for i=l to 6 will cause a change 
• in the external beam current A! = I - I. Because the 

deviations Api are small, AI may be approached by a 

quadratic function of these deviations : 

6 6 
AI- [ '\ 

-. 1 J-1 
J.: J= 

(4. 2) 



or 

... 6 
I= I+ Ï: 

i=l 
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6 
I: ~ij .!lp. 

j=l l. 

in which ~ij is a set of unknown system constante. 

Differentiation of (4.3) with respect to pi yields 

ai 6 

iPi = 2 j~l 
We write this as a vector equation by introducing 

ll 
apl 
• • = ' : 

ai -aP6.· 

and AP = -

Equation (4.4) now bacomes 

• 

(4. 3) 

(4. 4) 

(4. 5) 

In this equation the 6x6 matrix, called the variation matrix, 

contains unknown elements. It is round that under working 

==--qQÏ!41 t:J,ons V is- nO_t_ -singtilar;· Mul ti.plic~~ion~ o f-!>~-~!1=-~~~=- -----~ ~-:_ 

==~~~~=-sld.~e~-o_r-c4;rr~~Jl:'-Y~-~~~I~~ _ __ -- --- --- - ---- --~-------~----------

AP.= v-1 QI. c QI (4. 6) 

or 

p = C DI + p - - - (4. 7) 

The matrix C = v-1 is called the control matrix • 

From the measurem&Bts the computer determines the 

vector QI and also the vector AP if the control matrix 
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C is known. 

Thus we are left with the problem of finding the 

elements of the matrix C under werking conditions. This 

problem bas been solved by using the knowledge of the 

potentiometer positions p and the derivatives DI which - -
the computer gains from measurements. An on-line 

least-squares method is used to find the elements. 

As generally we do not know the exact position of the 

•ax1mum p we will use tormula (4. 7) and treat p as an -
unknown quantity. 
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4.2 The least-squares estimation methad 

We can write (4.7) as six separate linear equations 

for each of the parameters pi 

In this equation Qi is the ith row of the control 

matrix c. 

(4. 8) 

The potentiometer positions pi and the derivative 

vector Q! are deterained during measurements. 

Equation (4.8) can be written as the product of two 

veetors : 

(Qi t pi ' 1 ) [~ J = 0 
-pi 

We call these two veetors : · 

the maasurement vector l!!i = rp~J l-p. 

[ ~~Ii~ the system vector ~i = j 

and write (4.9) as 

T s. m. = 0 
-l. -l. 

or T mi s. = 0 
- -l. 

(4. 9) 

(4.10) 

(4.11) 

(4.12) 

As the system vector is not known we must work with 

an estimation for it. In general an estimation s~ when 
-J. 

substituted in (4.12) will not yield zero, but a certain 

error E1 : 

T • m. s. = El.. -l. -l. 
(4.13) 
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For each maasurement vector mi there may be available 

many maasurement values, which we will denote as !in• 

With an estimation !r each maasurement !in will result 

in a corresponding error ~in• 

A logical criterion for a good estimation. would, 

be that it makes all the errors Ein zero. But as the 

measurements contaiB Doise, and the number of measurements 

is larger than the number of unknown elements of the 

system vector, it bacomes extremely unlikely this 

criterion can be satisfied. 

A common criterion used under these conditions is the 

least-squares criterion, for N measurements 

N 
QiN(!i) = L Efn is minimal 

n-1 
(4.14) 

There is more than one method to find the system 

vector.!,1 :mi~izing·the •function.Q1N. However the use 

in on-line computer controlled systems places special 

demands : 

- the memo~y space of the computer is limited 

- the calculation time must not be too long or 

else the control system will become too slow. 

We used a method proposed by Peterka and ~muk. Pet/69/ 

(For this and other methods also see De Mol.Mol/76/) 

We will now discuss this method for the special 

case of tunetion (4.9). 

we introducesome definitions with which (4.12) and 

(4.14) can be suitably rewritten. 
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We join the maasurement veetors !in in one matrix 

containing all N measurements 

T 
mil mill mi12 ••• mi18 

T 
!!!12 m121 m128 

MiN - = - • • • • 
T 

.!!iN miN1 m1N2 ••• miN 

We form the error vector : 

]!iN = • • • • 
EiN 

(4.15) 

(4.16) 

With these definitions we rewrite (4.13) and (4.14) to: 

MiN !1 = !iN(.ê,i) 

T Q1N(.ê,i) =]!iN !iN is minimal 

(4.17) 

(4.18) 

For ease of notation we drop the index i but one must 

keep in mind that the equations (4.12) to (4.18) hold 

for all six system vectors. Another point to be made 

is that the number of elements in the system vector ~ 

and the maasurement veetors mn , in our case eight, may 

be any number in this discussion. 

If we look at the criterion (4.18) we see that the 

tunetion QN represents the inner product of the vector 

~ with itself.. The tunetion QN is the square öf the 

length of the vector !N• 
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The length or a vector does not change under orthogonal 
· t;t"ansf'ormation$. The. errar :'ve~tor may thus be multiplied 

with an orthogonal matrix. An orthogonal matrix satisf'ies 

the equation 

(4.19) 

In which T is an orthogonal matrix and I is a unit matrix. 

We take T to be an NxN matrix in the f'ollowing discussion. 

The derived error vector af'ter transformation 

(4.20) 

yields the same least-squares estimate as does ~ f'or 

(4.21) 

N 

We insart (4.17) in (4.20) def'ining a new matrix MN : 

(4.22) 

·· Thus we may multiply the maasurement matrix MN with 

orthog0nal matrices T without changing the criterion. 

As this matrix grows larger and larger as the number 

of' measurements increase, (see def'inition (4.15)) we 

would like to apply orthogonal transf'ormations with 

which the matrix can be simplif'ied. 

An elementary orthogonal matrix is of the form 



T [i, j] = 

1 j 
I 
I 
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'} : 
I 

• • I : 0 

0 

•1 I I 
c--- --s- -------i 

. I 1 1 

• I : . : 
• ., t • 

~s - - - -c 1----- ·-J 
• • • 1 

(4.23) 

(All off-diagonal elements of this matrix are zero except 

the i,jth and the j,ith e·lement. All diagonal elements 
th th . ) are one except the i,i and the j,j element •• 

This matrix represents a rotation in the i,j plain. 

When applied to the matrix MN the result will be a 

matrix MN with elements 

for ~i and k~j -Mkl =Mkl 

-for k=i Mil = c Mil. + s Mjl (4.24) 
,., 

for k=j Mjl = -s Mil + c Mjl 

(k=1,2,3, ••• ,N é!:nd 1=1, •••• ,8) 

By a correct cboice of c and s we can make one element 

in the ith or jth row zero. If we take Mj• = 0 then 

with (4.24) we find 

(4.25) 

If we take matrices T[i,j]with i and/or j having other 

values, other elements of the matrix MN can be made 
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zero. 

The product of two orthogonal transformations is again 

an orthogonal transformation, so a number of orthogonal 

transformations making elements of the matrix MN zero 

can be performed leaving the least-squares criterion 

unchanged. By a correct choice or· transformations we 

can end up with a matrix of the form: 

- fU .... 
Mll M12 ••••• M18 ... -M22 ••••• M2a 

• • • • ,., • • 
MN = • • (4.26) • ,., . 

0 
Ma a 

0 } • N-8 rows • • 
0 

-Let us take a look at the derived error vector ~· 
.., - ,.. 
M11 M12 •••• M18 c, 

- "" 
M22 •••• M2a c2 

• • • • • • • • • • ..,. • 

0 
Maa c6 

,.. - ... (4.27) !N = MN s = 0 p - • 1 • • 
0 

As already noted we dropped the index i. So in our 

case there are six of these equations. 
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The elements or the error vector are : 

tor k = N, N-1, ••• ,10,9 

~ ~ ~ ~ 

E6 = M66 C1 + M67 p + M6a 

Ëj = f Mj1 c1 + Mj7 p + Mj8 ror j=l,z, ••• ,6 
l=j 

(4.2a) 

So only the upper eight elements of the vector contribute 

to the length of the error vector. 

If we now try to find the least-squares estimation 

tor the system vector by minimizing the length of the 

error vector we come to an intresting conclusion. By 
... 

a proper choice tor ~.we can make~ zero. By properly 
.V 

choosing c6 we make E6 zero, etc. Finàlly we are left 

-with only one non-zero element Ea• Thus the minimum 
.... 

lengthof the vector is !Maal• 

In practice the following ealculation procedure is 

used : 

1- We start with an axa zero matrix 

2- When measurements are done the maasurement vector 

is added at the bottom of the matrix making it an 

8x9 matrix. 

3- With the transf'ormations T[i,.91 , for i=t to 8, we 

make the elements of the bottorn row zero and obtain 
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· a·:-JDa.trix of the form (4.26). The bottam row can 

then be droppad making the matrix 8x8 again. 

4- the next maasurement is performed and we can return 

to point 2. 

When the number of measurements done is sufficient the 

least-squares estimate for the system vector can be 

caitculated. 

The advantage of this methad is that we use a constant 

amount of memory space independent of the number of 

measurements. For a comparison of the amount of 

memory space and calculation time needed with this metbod 

and comparible least-squares estimation methods see 

H.G.scb.reurer·- (Sch/75/). 

In our case we could perfarm the above procedure to 

get an estimate for each of the six rows of the control 

matrix seperately. However it is possible to save memory 

space and calculation time because the first seven · 

elementsof the maasurement veetors ~in from (4.10) are 

id~entical for all six parameter equations. This causes the 

first seven columns of the 8x8 matri~es MiN,after the 

transformationa in point 3, to be identical for each 

parameter. So instead of six sepàrate 8x8 matrices, we 

use one 7x7 matrix containing the first seven columns and 

six 1x8 matrices that would form the last columns of the 

8x8 matrices. 
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5. Experiments 

5.1 General ramarks 

In this chapter we will discuss soma experiments we 

performed with the extraction optimization equipment. 

In the next paragraphs we will treat the following 

subjects : 

- the variations in the external beam current as a 

function of time, showing the response to the 

perturbations of the current through the different 

coils. 

- the dependenee of the correlation products on the 

potentiometer positions of the controlled coils, 

i.e. the quantities ~ias a function of Pj• 

- the dependenee of ~. on other cyclotron parameters, 
~ 

like e.g. Dee voltage. 

- soma examples of the extraction optimization system 

in action. 

the influence of noise in the beam current on the 

correlation products. 

All measurements presented hare were done for 7MeV 

protons using the CAMAC system and the PDP11v03 computer. 

The procedure discussed in the forgoing chapter has been 

incorporated in a computer program named CYCLOT for the 

PDP11v03. 

Except for the part that controls the automatic 

optimization of the extraction efficiency this program 

also does other tasks concerning the automatic control 

of the cyclotron. In this program tasks have been 
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included concerning the maasurement and automatic control 

of the HF phase of the accelerated particles with respect 

to the dee frequency and coneerDing the maasurement af 

the energy. of the external beam. 

The program CYCLDT has a so-called multi-taak structure. 

If one taak bas to wait, e.g. because measuring equipment 

is busy and does not need immediate attention, the computer 

will proceed with the execution of one of the other tasks, 

according to a queue system (see Heu/76/). 

The many different tasks can be started by typing an 

appropriate command line consisting of up to eight words, 

with a maximum of eight letters each (Omm/80/). 

A .'listing of the program CYCLOT is given in Kru/80/. 

In the following paragraphs we will discues some experiments 

performed with the extraction optimization part of this 

program. First however we make some ramarks about the 

different units of import in these experiments. 

The current through the coils is determined by the 

setting of a potentiometer at the main panel and of 

a stepmotor controlled potentiometer. A comparison of the 

influence on the coil currents of the master control 

potentiometer and the stepmotor controlled potentiometer 

is given in table 5.1. In tabla 5.2 the influence of 

the current through the different .coils on the magnatie 

induction is given. For the current perturbations caused 

by the pulse generator see table 3.2. 

Some data of the experiments performed 

1- the experiments were done for 7 MeV protons with 

a dee voltage of 13.01 keV. (Experiments for 20 MeV 
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coil current change per 
scale de vision for the 
potentiometers of • • 

main stepmotor 
control control 

rA/s.d.J rA/s.d.J 

concentric coils Ba and B10 0.3 0.05 

harmoniç~~o:ï:l~ (1\_ç_pi:t,~).~~ . 
•'!<·""""'"'" 

0.92 -·. 0.02 

table 5.1 Comparison of the influence on the coil currents 

öf the main control potentiometers and the 

stepmotor controlled potentiometer. 

protons are given by G.C.L. v. Heusden (Heu/76/). 

2- The amplitude of the perturbations was set at 

100 s.d. in accordance with table 3.2. 

3- The width of the perturbations and rest times 

between them are given in table 3.1. 

4- The sample time of the data logger was 2ms. 

5- The correlation products were determined from 160 

samples according to the method describes in 

chapter 2. 

6- The correlation product data presented here are 

the mean values of four measurements each. They 

were measured in about 36 seconds. 
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79 Control actions ware performed every 40 seconds. 

8- The control actions ware only performed if the 

correlation products ware larger than 0.1 in the 

arbitrary units of calculation. 

9- If the derivatives ~i are expressed in ampere 

external beam current per ampere through the coil, 

one correlation product unit corresponds with a 

derivative of the order of !!P = 10-6. (In 
a i 

appendix C this is discussed in mor- detail) 

10-We denote the correlation products as ei ~i in which 

ei stands tor an unknown proportionality constant 

of the order mentioned in point 9 • ~ 

maximum maxJ.mum 
current change in 

i through magnatie 
coil induction .. 

;. 

. tA1.~ [mTl 

concentric coils B8 and B10 300 24 

harmonie coils (A coils) 20 2.5 

table 5.2 The influence on the magne.tic induction of 
the current through the outer concentric 
coils and of the current through the 
harmonie coils. As a comparison the main 
magnatie induction for the acceleration to 
7 MeV of protons is 0.7 T. 
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5.2. The response of the external beam current to perturbations 

In fig.5.1 an example of the response of the external beam 

current to perturbations as a tunetion of time is given. In 

this example parameters were set slightly beside the 

maximum extraction efficiency setting. (AB10=+7 s.d. and 

A A11 =+10 s.d. on the main control panel of the cyclotron, 

see tabel 5.1) The responses to perturbations of the currents 

through the coils are indicated by arrows. In this case 

perturbations of A12 and A31 did not yield a perceptible 

response. 

external 
beam 
current 

(nA] 
l 

1200 

1165 

i 
All 

t 
A32 

0 o.a 

l 
Blo 

1.6 2.4 3.2 4.0 -time [s] 

fig. 5.1 Example of the response of the external 
beam current to perturbation of the 
coil currents. With arrows the response 

3 

input 
voltage 

r 
data 
logger 

CVl 

0 

-3 

to perturbation of the coil specified is 
indicated. 
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The picture represents part of a raadout ot the data logger; 

the scala to the right represents the input voltage at the 

data logger after the high-pass tilter and the amplifier 

(see tig.3.3). 

Fig 5.2 shows the timing and order ot the perturbations. 

The parameter settings were especially adjusted to show a 

response to each perturbation. Clearly perceptible in this 

picture are the ~arger rest times atter perturbation of 

B8 and B10 ( compare with table 3.1). These rest times 

are chosen so long because ot the larger time constants 

with which these coils reapond (see Bac/73/). 

·1050 
externa. 1 f beam · 
c.urrent 

[nA1 1025 

1000 

975 

950 
0 1.6 a.o 

time fs1 

tig. 5.2 Example ot the response ot the external 
beam eurrent to perturbations ot the 
coil currents. Coil currents specialy 
adjusted to obtain a response to each 
perturbed current. With an arrow the 
coil perturbed causing the response are 
indicated. 

l 

0 

-2.5 

input 
voltage 
data 
logger 

tVl 



-42-

5.3 The correlation products as a tunetion of the current 

through the coils 

In fig.5.3 we present measurements of the behaviour of 

the correlation products ci~i as a tunetion of the 

potentiometer positions determining the current through 

the coils A11 ,A12,A31 ,A32,B8 and B10• These measurements 

ware done with a dee voltage of 13.01 kV, 7 MeV protons and 

luA internal beam current (For data for 20MeV protons see Heu/76/). 

The stepmotor controlled potentiometers ware varied from 

-100 s.d. to +100 s.d. with steps of 10 s.d. ( zero position 

represents a manually optimized cyclotron.) These variations 

repreaent a change trom -2.A to +2~·A in the current trough 

the harmonie coils and a change trom -5.A to +5.A in the 

current through the concentric coils. As a comparison the 

currents through the coils for maximum extraction were 

IA = l.6A, IA = 5.2A ,IA = 2.6A, IA = 0.3A, IB = 100A 
11 , 2 31 32 8 

and IB = 80A (see also tabla 5.1). 
10 

The polarity of the current through the coils cannot be 

changed by the potentiometers. This explains why A11 has 

no in!luence on the correlation products from -100 s.d. 

to -80 s.d. and tor negative A32 since in this range the 

coil current simply remains zero. 

The bottom row of fig.5.3 represents the value of 

the external beam current as a tunetion of the potentiometer 

positions. The internal beam current was made equal to 

lpA. The external beam current can be directly related to 

the extraction efficiency as for a large part of the range 

-a-r~ t~e pote:ö.tiotàeter the change in the internal beam 

current can be ignored. 
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fig.5.3a Correlation products ci()I/()pi and the external beam current I 
as a function of the potentiometer positions Pj for 7MeV 
protons. ei is a proportionality constant. 
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t 5 

c 13I/dAll 0 

(arb; 
units) 

c2ai/dA
12 

5 

c3di/dAJl 0 

-5 
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I 

(nA) 200 
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A32 Ba B
10 

(xlO s.d. )-+ 

fig.S.3b Correlation products ciai/ópi and the external beam 
current I as a function of the potentiometer 
positions Pj for 7MeV protons. Ci is a proportionálity 
constant. 
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Similar graphs are used by G.v.Heusden (Heu/76/) to 

determine the matrix V around the optimum from the 

relation (see paragraph 4.1) 

.Q.! = V A~ 

with 

DI = -

;)I 
i'I11 

• • • • 
-ai 
n,o 

and p = 
• • • • • 
B10 

(4. 5) 

and then by inversion of V the control matr.ix C=v-1• 

This method of determining the matrix C however has 

some disadvantages : 

- it takes saveral hours to maasure the complete 
~I set of tunctions ci1Pi(pj)' 

-~ - it bas to be done tor every cyclotron setting used, 

- to reobtain the functions c ll (p ) the cyclotron iëlpi j 
setting must be reproduced with much care. 

- As has been said by P. Kooy (Koo/75/) some elements 

of the control matrix obtained in this way must be 

adapted tor the control system to work well over 

an acceptable range. For this the control matrix 

must be tested. 

- during the measurements of the functions ci~i(pj) 
the parameters kept constant may be slightly beside 

the maximum setting because of drift during the 

measurements. This will cause offset in the derivatives 

like in fig. 5.3a the derivatives *
8

(A11 > and H10('A 11 ). 

This is an extra difficulty in the determination of V. 
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Due to these points the grapbic determination of the 

control matrix is a Tery time-devouring procedure. 

As an illustration of the influence of other parameters 

o.n the functions ci~i (pj) we show the dependenee on the 

dee voltage in tig • .5.4. Comparable effects are seen :tor 

other cyclotron parameters such as the bias voltage , 

the ion souree position , etc. 



5 
t 

c 1 ar/aA
11 

0 

(arb. -5 

units) 
5 

cir/aA12 
0 

-5 
5 

c3di/dAJl 0 

-5 
5 

c4di/dA32 
0 

-5 
5 

csar;aaa 0 

-5 
5 

c6ar;aa10 0 

-5 
600 

t 
I 400 

(nA) 
200 

0 

V dee =13.01kV 

-5 0 5 

A31 

-47-

V =13.20kV 
dee 

5 

vd =13.SOkV ee 

-5 0 5 

A
31 

(xlO s.d.) + 

fig.5.4 Correlation products ci3I/3pi and the external beam 
current I as a function of the potentiometer position A

31 for three different dee voltages. Ci is a proportionality 
constant. 
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5.4 Behaviour of the control system as a tunetion of time 

In this paragraph we will discuss how a good estimate 

for the control matrix can be obtained with the 

least-squares estimation method of 94.2. Further we will 

give some examples of the control system correcting 

changes in the parameter setting with this control matrix. 
1 

The extraction efficiency is manual~y optimized before 

the control system is set in operation. 

To get a first estimate of the control matrix we change 

suc_cessively the setting of the st~pmotor .controlled 

potentiometers. As an example we changed the harmonie 

coil setting with ~50 s.d. and +50,a.d. and the 

concentrio coils with -25 and +25 s.d. To check the 

performance of the thus obtained control matrix saveral 

control actions were carried out • 

Somatimes the control actions may then not be quite 

perfect. As an example the first estimate resulting from 

the learn procedure described above was the control matrix 

133 89 3 5 -77 -45 
-70 39 -3 -18 38 26 
-68 -4 144 48 -23 10 

Cl= -25 -32 -11 126 6 -11 •) 

-14 30 -3 4 14 -31 
7 26 -6 8 ~31 4 

The first 440 seconds the system based its control actions 

on this matrix. We can see from fig.5.5 that this resulted 

in an oscillatory behaviour of if and A31 • 
31 

•) In our set up the elements of C must be multiplied 

with 10-4 in calculation units. 
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fig.S.S Correlation products cidi/dpi ,external beam current I 
and the potentiometer positions Pi as a function of 
time. Control system werking with matrix Cl until 1 
and after that with C2. At time 2 A11 was changed from 
8 s.d. to 50 s.d. c. is a proportionality constant. 

l. 
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l:tl_' f1g.5.5 time 1 is the motnent on which _a new estimate 

tor the control matrix was taken in which~ll previous 

measurements were incorporated including the oscillations. 

It can be clearly seen that the new estimate gave more 

stable control actions, since the oscillations cease. 

'.rhe new estimate for the control matrix was 

79 31 1 -8 -2 9 
-34 16 -1 -14 8 7 
-28 18 53 7 •22 -9 

c2= -12 -11 -51 100-- 1 . _, 
' 

-2 13 -? 0 16 -21 
8 4 4 6 -16 18 

(see note page 48) 

After 920 seconds the setting of potentiometer A11 
was_changed. We see that the control system counteracted 

t,his change m.aking the correlation products small again. 

Some other examples of the control system correcting 

changes in cyclotron parameter settings are given in 

appendix A.3. 

From these we can conclude that the control system 

working with c2 correcte parameter changes quite well 

within several minutes, if these are not too large. 
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5.5 The influence of noise on the correlation products 

To determine the intluence of noise on the correlation 

products we let the system maasure continuously tor 

about an hour , but did not induce perturbations. 

The computer calculated the correlation products trom 

these measurements in the same way as it does when 

perturbations are induced. 

The resulting correlation products in this way are 

thus solely caused by noise in the beam current and in 

the measuring system. 

We repeated this experiment on severàl days. We found 

that the noise amplitude could differ·. very much trom 

day to day. The mean amplitude ot the noise in the 

correlation product was found, tor external beam current 

of 1)1A, to vary between 150mV and 400mV corresponding_ 

to 2.3nA and 6. nA variations. (See appendix C) 

The measuring system does not contribute much to the 

noise. This was proven in an experiment where we let 

the system measure without beam current. The contribution 

to the noise on the correlation products of the complete 

measuring system wi th target, was found to have an 

amplitude of lOmV or leas. 

During our experiments we took the average over four 

measurements. Thus the error in the products is less 

than 200mV. This means that variations of about 3nA 

can still be detected for a 1 pA beam current. 
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6. Concluding remarks 

t. The control matrix for optimizing the extraction efficiency, -
on-line determined with the described least-squares method, 

yields stable control actions. Deliberate changes in 

cyclotron parameters are counteracted by the control system 

to attain the maximum external beam current. However large 

changes in the parameters may be optimized in the direction 

of a side maximum instead of the absolute maximum. 

~ The dependance between the parameters Ba and B10 makes it 

recommendable to use only one of these-two parameters in 

the extracti9a optimization system. 

~ The calculated control matrix is strongly dependent on saveral 

cyclotron parameters, e.g. the energy of the external beam, 

the dee voltage, bias voltage,.ion souree position, etc. 

~ The determination of the control matrix by grapbic analysis 

of the functional relation (4.5),(See Heu/76/) is a 

time-devouring procedure, and therefore cannot compete 

with the on-line calculation of a control matrix. Especially 

since point it. holds for both methods. 

~ The control and timing of the perturbing pulsas 

for the correction coils, can be considerably simplified 
-

by using prese~ scalers ( See N~80/), replacing the 

pulse generator. These preset scalers generata an output 

pulse during a computer-programmable number of clock 

pulses. Using these the software can be simplified since 

the control of the data logger can be coupled to these 

preset scalers. This causes the -clock controlled-

pulse generating and measuring equipment to be practically 
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computer independent. 

These preset scalers were ordered and have been delivered 

september 180. However system modifications for ta r use 

have not yet been done. 

~ The current maasurement with the main target for the 

optimization of the beam current,for the cyclotron 

parameters,can also be done using a target in the beam 

guiding system that is located immediately after the 

experiment area used. In this way beam current , ._, 

optimization can be performed during experiments with the 

cyclotron beam. 

Z&. The described methad can also be used to optimize 

the transport of the beam in the beam guiding system 

by using as parameters the setting of the bending 

magnets and/or quadrupoles • 

.ê.!, The learning procedure, in which parameters are changed 

one at a time to get sufficient measurements for a good 

least-squares estimate tor the control matrix, could 

be automatically performed by the computer. This could 

be combined with a fast search for the setting of the 

parameters tor maximum external beam current. 
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Appendix A 

Schemes of the pulse generator and the measuring amplifier 

t Schmitt 
trigge 

Schmitt Schmit 
trigger trigge 

t 
B 

f 
fb 

tig.A.l Frequency deviders of the pulse generator 

t is the input frequency. 
~ is the output trequency tor the pulse timers. 

f6is the output trequency for the rest timers 
tor the harmonie coils A11 ,A12 ,A31 and A

32
• 

~is the output trequency tor the rest· timers 
tor the concentric coils B8 and B10• 

(see also tig A.2) 
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stop 
at 

6~ for concentric coils 
B8 and B10 

le segment 1~ for harmonie coils 
A11'A12'A31 and A32 

R 

adj. 2-10 
counter 

pul se 
output 

adj. 
2-10 

counter 

-stop 
output 

fig.A.2 A pulse timer and a rest timer of the pulse generator 

! , 1-\ and A are input frequencies generated by a 

set ot frequency daviders (see A.l). 

The stop output ot the rest timer is conaector 

to the start input ot the next pulse timer. 
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Appendix B 

Graphs of some experiments with the extraction optimization 

s;rstem 
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fig.B.l Correlation products Cidi/dPi , external beam current I 
and the potentiometer positions Pi as a function of 
time. Control system werking with matrix c2. At the 
time indicated by the arrows A12 was changed from 
0 s.d. to -50 s.d. ei is a proportionality constant. 
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fig.B.2 Correlation products cié)I/é)pi , external beam current I 
and the potentiometer positions Pi as a function of 
time. Control system working with matrix C2. At the 
time indicated by the arrows A12 was changed from 6 s.d. 
to 50 s.d. Ci is a proportionality constant. 
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fig.B.3 Correlation products ci3I/3pi , external beam current I 
and the potentiometer positions Pi as a function of 
time. Control system werking with matrix c2 • At the time 
indicated by the arrows A31 was changed from 0 s.d. to 
25 s.d. ei is a proportionality constant. 
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fig.B.4 Correlation products Cidi/i)pi , external beam current I 
and the potentiometer positions Pi as a function of time. 
Control system werking with matrix c2. At the time 
indicated by the arrows A31 was changed from 0 s.d. to 
50 s.d. ei is a proportionality constant. 
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fig.B.S Correlation products ciar;api , external beam current I 
and the potentiometer positions Pi as a function of time. 
Control system werking with matrix C2. At the time 
indicated by the arrows Bg was changed from -1 s.d. 
to 25 s.d. ei is a proportionality constant. 
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fig.B.6 Correlation products cidl/dpi , external beam current I 
and potentiometer positions Pi as a function of time. 
Control system werking with matrix c2 • At time 1 
the radial position of the ion souree was changed from 
1776 s.d. to 1643 s.d. At time 2 was returned to 
position 1776 s.d. Ci is a proportionality constant. 
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Appendix C 

--The· -meas-uHns units o:r the cörrelation-products 

The correlation product is determined with the formula 

m 
e = 1! (s(!1 i) + s(~ i+At) - s(- ~ i) - s(~ i+2At)] 

mi=l m m m m 

in which : 

~t is the width of the perturbing pulse 

m is the number of samples in At 

~is 
m the sample ra te 

s(ti) is a sample taken at time ti • 

The time t=O corresponds to the starting moment of the 

perturbing pulse. 

This relation is such that a block shaped pulse with 

wid th At and amplitude A, wi thin the period 0 <. t '2~ t, 

yields a correlation product C=A. As the samples are 

measured in volts the calculation unit of the correlation 

product is volts. During our experiments the amplifier 

of fig.A.3 was set to amplify 104 times and the current 

from the target was measured over a ~ 104 resistance. 

This means a block shaped pulse of 15nA with width~t 
I 

would yield a 1 V correlation product. 

The relation of the correlation products with the 

derivatives ~P can be derived with the rollowing 
~ 1 

discussion. 
The response of the external beam current to coil 

current perturbations are of the first order with a 

time constant of the order of ls for the concentric 

coils and 0.2s for the harmonie coils ( ref. Bac/73/). 
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So the change in the external beam current caused 

by the perturbation will be : 

( -t/-r ) . AI = Aist 1-e . for t=O to bt 

A I = o.Ist(1-e-e.t/-r) e-(t-e.t)/,. for t ~At 

·in which : 
~ is the time constant of the system 

(C.l) 

(C.2) 

~Ist is the ultimata current change caused by a 

step sh~ped perturbation of the same amplitude 

Api as the perturbing pulse 
· · . di Aist 

For small ~Pi the·derivative i'Pi z APi • 

Correlat~on.-:-~t (C .-1 ) -~ a,:Q.d ( C. 2) yields 

C = ~i Api ( ~-- ~ (2 e-.~t/r- 3 e-2At/r + e-3At/7') 

With At:80ms and the amplitudes of APi from table 3.2. 

we find ~hat a lV ( or 15nA) correlation product 

corresponds with a derivative ~ of the order of lpA {,]pi 
external beam current per ampere current through the 

coil for both the concentric and harmonie coils. 


