Proceedings of the 7th International Conference on Cyclotrons and their Applications, Ziirich, Switzerland

THE AUTOMATIC CONTROL OF THE EINDHOVEN AVF-CYCLOTRON

G.C.L. van Heusden, J. Halders, P. Kooy and R. Reumers

Eindhoven University of Technology, Eindhoven, Netherlands

F. Schutte

Free University, Amsterdam, Netherlands
Abstract

At the Vancouver Conference in 1972 the plans regar-
ding the non-intercepting automatic control of the
Eindhoven AVF-Cyclotron were presented.

In this paper we will show experimental results
regarding the performance of the operating control
system. A description of the control schemes used is
given. The system consists of three main parts:

1) the HF-phase control loop, 2) the extraction
efficiency optimization and 3) the control of the
elements in the beam guiding system. The systems 1)
and 2) are treated here in detail.

1. Introduction

For a closed loop computer controlled operation of
the Eindhoven AVF-Cyclotron a system was built which
uses instantaneously measured beam properties as
input datal). At the Vancouver Conference in 1972
the first results concerning our non-intercepting
beam diagnostic equipment were presented 2).

General control schemes, used in the various control

loops, are given in section 2. Further, in section 3,

the results of two control loops are given in detail:

1) The HF-phases of the particles at five radii are
controlled by three concentric correction coils
(section 3.1),

2) The optimization of the extraction efficiency is
carried out by use of four harmonic trim coils
(section 3.2).

The control loops of the horizontal and vertical

position of the beam in the beam guiding system and

the intermittent control of the magnetic induction
of two 45 bending magnets in the energy analysing

system are mentioned briefly in section 3.3.

A single crate CAMAC system is used for the data

acquisition. Corrections on the parameter settings

are performed by stepmotor driven ten-turns poten-
tiometers, controlled by the CAMAC system.

The computer used is a DEC PDP-9 with 24 K core

memory. The real time operating system basically

consists of three parallel task-queues with different

(software) priority levels and & serial task-queue

for each control loop. Tasks for on-line experiments

can also be handled during computer controlled
operation of the cyclotron.

2. General control schemes

In this section the control schemes used are given.
To find criteria for the decision which and how many
parameters are needed in a particular control loop,
the problem is formulated slightly different from
the treatment given in ref. 1 and 2.

The beam properties to be controlled are represented
by the vector r and the control parameters by the
vector p. The beam properties can be devided into
two categories: 1) the properties which have pre-
scribed values (e.g. the HF-phase) and 2) the pro-
perties which have to be optimized (e.g. the extrac-

tion efficiency):

1) For small variations the relation between r and
p is considered linear and is given by a varia-
tion matrix A:

= A i P ./9p. 1
r p with alJ 8rl/ pJ (1)

2) For properties which have to be optimized, a
quadratic relatjon is assumed between a single
beam property r and the parameters p:

¥ = ¥ p. op. (2)
A 'new' beam property r, can be defined as:

*
r. = 9r /api (3)

which has in the optimum of r* the 'prescribed’
value zero. The relation between the 'new' beam
properties and the parameters is linear and is
again given by a variation matrix A:
- s - = 32,.%
r=Ap with 855 = Bri/apj = 3%r /Spiapj (L)
In this manner the beam properties of the second
category are treated in the same way as those of
the first category.
The beam properties r form an N-dimensional space RN.
The number of beam properties don't need to be
equal to the number of control parameters. In general
the parameters p form an M-dimensional subspace PM
of . Corrections on the beam properties Ar can
be performed only in the subspace P .
The corrections on the control parameters Ap can be
determined from the projection of Ar on the subspace
P . The distance between Ar and P, represents the
remaining error which cannot be corrected.
First the following definitions have to be given:

1) an orthonormal base of R, :

N £1
with 1= 15250000 (5)
(e.ee.) = 6..
=i =) ij
2) the 'parameter' base of Py: 7.
with 3= 1,2,...,M J (6)
5= Pji &
3) an orthonormal base of B ny
with k=1,2,...,M
() = b (1
B = %5 T
The projection of Ar = Ar. g, on the orthonormal

[

S given by the scalar

=2¢H

base E¥ of the subspace
product:

a, = (}g_k-Ag_) = Sy; lj'Ari € = S5 Pyy Ar; (8)
However, to know the corrections Ap of the control

parameters, the projection of Ar has to be expressed
on the parameter base Ej‘
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The correction vector Ap can be expressed in both
lj and s

T T
Apy my = oy b (9)

From this equation it follows that the corrections
Apl can be determined from:

_ T
Apl =5y Skj pji Ari (10)

or in matrix notation:
T
Ap =8 8P Ar (11)

From the fact that the base u, is orthonormal, i.e.

(Ek.El) = 6kl’ it follows that:
T _ T =1
1k %3 = (Prk Pyj) ()

Therefore the corrections can be calculated also
from the equation:

ap= (PP) P oar (13)
Equation (13) is the same result as obtained with
the least squareg method described in ref. 1 and 2.
(Note that P = A™)

The orthonormal base yu. of the subspace P, or even
the base of R_, may be choosen freely, e.g. the
normalized orgogonal Chebishev polynomialss). These
polynomials are graphically shown in fig. 2.1 for
¥=5. th
If m¥. is the J = element of u , an auto correlation
coefficient Sy of each base vector k, can be deter-
mined from:

mT

Mied (1)K
fnl, +m m?k + dmpy
The coefficients ¢, are also given in fig. 2.1. Note
that the number of 'zero crossings' increase and
the auto correlation coefficients c, decrease with
increasing k. Measured deviations AY pointing in the
direction of base vectors y, with negative coeffici-~
ents ¢, cannot be distinguished from noise. Therefore
only parameters m. in the direction of base vectors
with positive ¢, Yare usefull. In the case of N=5,
only the first %hree Chebishev polynomials (F1..F3)
have positive ¢, and consequently only three para-
meters are needeéd (M=3). If there is still meaning-
full information in the other two directions, more
measuring points are needed.

(1k)

c., =

k

3. Results

3.1 The HF-phage control l1ogop

A simplified block schema of the HF-measuring system
is given in fig. 2.1 of ref. 4. The HF-phases are
measured at five radii (30(5)50 ecm).

Conform the remarks mentioned in section 2, the
concentric correction coils B4, B6 and B10 (at radii
26, 38 and 60 cm) are choosen to control the phases.
The measured variation matrix for 20 MeV protons is
given in table I. The normalized actions of these
parameters are shown in fig. 2.1. From this figure
one may observe that BY corresponds with F1, that
B10 will have an important projection on F2 and B6
on F3. The projections of the parameter actions
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Fig. 2.1. On the left the normalized Chebishev poly-

nomials for N=5 (F1...F5). These polynomials have,
for inecreasing k, an increasing number of 'zero
crossings' and a decreasing auto correlation
coefficient c,.

On the right the normalized 'parameter' base .,
corresponding with the concentric correction
cotls B4, BI10 and B6.

TABLE I. The variation matrix A (deg/div) for the
phase control loop at 20 MeV protons

$3g 0.39 -0.81 -0.43

¢35 0.37 =1.11 =0.62 BL
éyo| = | 0.37 =1.37 -0.87 B6
bus 0.35 =-1.22  -0.97 B10
50 0.33 -1.22 -1.39

TABLE II. The projections of m. on the Chebishev

base By 7

11=Bh EQ=36 1,=B10

0.998 -0.986 -0.936 uy=F1
0.050 0.116 0.351 yp=F2
-0.007 0.099 0.041 u3=F3
0.008 0.028 0.0k0 py=Fh
0.009 0.029 0.039 ps=F5

on the Chebishev base are given in table II (i.e. g™!
conform section 2).

The variation matrix is used already more than a
year and repeated measurements didn't show signifi-
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cant changes.
To demonstrate the performance of the phase control
loop, typical reactions of the loop on stepwise al/3Ay
alterations in the parameter settings of B4, B6 g{;gﬁz
and B10 are given in fig. 3.1. The interval time a]/aAg
between two iterations is 15 sec due to teletype
output delays. The interval time can be reducg to J /
3 sec. The HF-phases generally take again there
original prescribed values after two or three X X X X
iterations (within %1  second harmonic). I
Any appropriate phese path {phase as a function of ext
radius) can be reached within 2. M A Ay
The influence of a particular phase path on several N pulse A _. A2
beam properties (e.g. the energy distribution of the e | logic —__JL;§£
external beam) has been studied.

3.2 The extraction optimization

As stated in section 2, the extraction optimization
can be reduced into a problem with prescribed values.
The derivatives of the quadratic relation between the
external beam current and the magnetic induction of
the four harmonic trim coils have to be measured
continuously without disturbing the external beam
seriously. Therefore small disturbances are applied
on the parameter settings, corresponding with a vari-
ation of the first harmonic of the magnetic induction
of &5 uT. The responses in the external beam current
are smaller than the instability due to the ion source
(31 %). For each parameter - the central harmonic
coils A11 and A12 and the extraction harmonic coils
A31 and A32 - these responses are measured by a
correlation technique which suppresses constant and
slowly varying components in the external beam cur-
rent. The block schema of the measuring equipment is
given in fig. 3.2.1.

The measured relations between the 'new' beam proper-
ties (9I/5A..) and the parameters are given in

fig. 3.2.2. 9 These figures clearly show that the
assumption of a quadratic relation is only valid for
a limited range of the parameters around the optimal
setting (500 div). However, they are well reproducible
and a constant variation matrix can be used

(table III). Some not well defined off-diagonal
elements are taken zero.

To demonstrate the behaviour of the control loop, the
reactions on stepwise alterations of the parameter
settings are given in fig. 3.2.3. The interval time

Fig. 3.2.1 A simplified block schema of the pulsing
system for the extraction optimization. Small dis-
turbances applied on the settings of the harmonic
cotls A11...A32 are correlated with the corresponding
responses in the external beam current. The corre-
lation products are proportional to the derivatives
BI/BAij.

TABLE III. The variation matriz A (mV/div?) for the
extraction optimization at 20 MeV protons

3I/3A11 k.o 0.0 0.0 =2.0| (A}
3I/341,( _ | 0.0 4.0 0.0 0.0| |A12
3I/3A31| | 0.0 0.0 5.0 -2.0{ |A3
9I/9A3, -2.0 0.0 =2.0 6.0) (Asz

between two iterations is 40 sec. This rather long
time, due to the correlation time constant needed,

is however not'too serious; small slowly varying devi-
ations from the optimal settings will be corrected
before a, human operator can see it. Sometimes
sub-maxima will be reached when starting too far

away from the optimum.

3.3 The external beam guiding system

In the external beam guiding system, two control
loops are installed:
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Fig. 3.2.2 The measured relations of the four derivatives of the external beam current vs the settings of
the four harmonic coils. The slopes of the curves in the optima (500 div) correspond to the elements of the
variation matrix A. The upper curves give the extraction efficiency.
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Fig. 3.2.3 The performance of the extraction efficiency control loop after alteratioms of the parameter
settings corresponding to N-100uT.
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