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Abstract 
Control systems have been developed for 

the stabilization of the external cyclotron 
beam with respect to the horizontal and verti­
cal alignment, the beam energy and the beam 
intensity. The operating characteristics of 
the feedback circuits are presented and the 
joint operation is discussed. The incorpora­
tion of the control systems into a microcompu­
ter controlled energy variation program makes 
it possible to obtain a reliable and con­
venient system for the automatic measurement 
of excitation functions with an isochronous 
cyclotron. 

Introduction 

During the last years various control sys­
tems have been developed for the stabiliza­
tion of the external beam at the Bonn iso­
chronous cyclotron l - 3 . The design of the con­
trol systems followed mainly from the experi­
mental requirements of a high beam position 
and beam direction stability as well as of a 
high energy resolution and beam current con­
stancy. Beam position and direction stability 
follow from the energy resolution requirement 
because of the narrow entrance slit and the 
second-order effects of the analysing system 
(and,for light targets, from kinematic broaden­
ing due to beam position and angle fluctua­
tions On the target). Apart from the energy 
resolution certain experiment~ like the precise 
measurement of angular distributions with sharp 
diffraction structures, channeling and blocking 
experiments as well as microbeam investigation~ 
require an especially high stability of beam 
position and beam direction. 

Since beam position and direction fluctu­
ations of a cyclotron beam are strongly corre­
lated with beam energy fluctuation~ a cascade 
control had to be developed to stabilize both. 
The purpose of the energy stabilization is to 
keep the hot spot of the beam permanently fixed 
in the aperture of the analysing slit. Finally, 
an intensity stabilization has been developed 
in order to obtain extremely constant beam 
currents on the target. 

From the operator's viewpoint, there also 
was a strong impetus to obtain an improved beam 
handling and eased adjustment of the extracted 
beam using closed-loop controls. As a conse­
quence, a faster setting-up and greater flexi­
bility was achieved resulting in more useful 
beam time. 

The progress made in stabilizing the beam 
axis and beam energy enabled the development of 
an automatic energy variation control using a 
microcomputer control for the analysing magnet 
and the cyclotron. Using this system it was 
possible to measure automatically the n+n ~ 8Be 
excitation function in 300 steps in the energy 
range 3Z.5 - 35.5 MeV within Z4 h. 

Automatic Beam Alignment 
After emerging from the cyclotron, the beam 

is matched onto the entrance slits of the beam 
preparation system (see. fig. 1). The matching 
system consists of two quadrupole lenses Q1 and 
QZ, two horizontal steering magnets SH1 and SHZ 
and two vertical steering units SV1 and SVZ. 

The horizontal steering unit SHZ is identical 
with the switching magnet AO. The following 
beam transport elements are highly stabilized. 
They consist of the beam analysing system and 
the beam transport onto the target. Therefore 
stabilizing the inherent position and direc­
tion instabilities of the cyclotron beam imme­
diately after the extraction (and in front of 
the monochromator system) results in an appro­
priate stability of the beam axis at the target. 

The extracted beam is, horizontall~ nearly 
parallel with a divergence of about 1 mrad 
and vertically divergent with a Z.5 mm waist 
1.7 m before the quadrupole Q1. In the normal 
mode of operation the quadrupole Q1 is horizon­
tally defocusing and QZ horizontally focusing 
in order to produce a sharp horizontal waist 
of less than 1 mm at the horizontal entrance 
slit SX1 of the monochromator system. As a re­
sult the quadrupole doublet Q1 and QZ yields 
horizontally a parallel-to-point transformation: 
that means the horizontal focus of the lens pair 
is located at the entrance slit SX1. The horizon­
tal slit SXZ is used for a limitation of the 
divergence. Vertically the beam is transformed 
in such a manner that a waist of about Z mm 
occurs between the vertical slit units SY1 and 
SYZ. 

The slit units are mechanically aligned to 
the optical axis of the monochromator system. 
The slit jaws are mounted on a watercooled 
copper block. The electrical isolation is 
achieved with the aid of mica foils. The precise 
adjustment of the slit position and slit width 
is performed by remote control using precision 
linear potentiometers. 

For the diagnostics and the automatic cen­
tering of the beam the peripheral beam currents 
impinging on the slit jaws are amplified and 
displayed in analogue form. A difference signal 
is formed by electronic hardware. Each slit 
unit is connected with a certain steering unit 
using standard electronic control units. The 
difference error signal of the slit jaws then 
adjusts the steering strength until the oppo­
site slit jaw currents are equal. The basic 
feedback principle for use with automatic beam­
centering control has been proposed and used in 
various forms by different laboratories. However 
in most cases, only the beam position at a cer­
tain narrow collimator slit is regulated and 
the beam direction can vary with the inherent 
instabilities of the accelerator. In the present 
system the horizontal position x and direction 
x' as well as the vertical position y and direc­
tion y' are stabilized using the following slit­
steerer combinations: SX1-SH1, SXZ-SHZ, SY1-SV1 
and SYZ-SVZ. 

As vertical steerers SV1 and SVZ we use 
additional coils mounted at the quadrupoles 
Ql and Q2. This was necessary to conform 
to a very compact design of the beam matching 
systems. The resulting magnetic field of those 
vertical steering coils exhibits distorting mul­
tipole components besides its main dipole compo­
nent. However, since the required vertical 
steering strengths are very low, the resultjng 
distortion of the beam quality can be neglected. 
It should be noted that the close distance 2351 
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Fig. 1. 
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Fig. 2. 

The closed-loop control systems for 
the stabilization of the external 
cyclotron beam. x-horizontal position, 
x'-horizontal direction, E-energy, 
y-vertical position, y'-vertical 
direction, I-intensity 

x' x' x' 

SX1 SX2 SX3 

Schematic diagram of the horizontal 
(=radial) phase space distribution 

x 

at the septum S, monochromator entrance 
slit SXl, divergence limiting slit 
SX2, and energy analysing slit SX3. 
The dispersion is indicated.by 4 in~o­
herent phase ellipses at Slightly dIf­
ferent energies. The"hot spot" is 
marked by a heavy line. Scale divisions 
are in 1 mm and 1 mrad respectively. 

between SVl and SV2 is not ideal with respect 
to the location of the vertical slit units 
SYl and SY2. As a consequence there is a strong 
coupling between the control loops SY1-SVl and 
SY2-SV2. Fortunately instabilities of the beam 
position and direction in the vertical 
(=axial) plane are much smaller than in the 
horizontal (=radial) plane. 

An ideal steerer configuration conforming 
to our horizontal focusing situation is as 
follows. The steering unit SH2 is precisely 
located at the position of slit unit SX1. Thus 
a deflection with SH2 yields only a displace­
ment at slit SX2 and no displacement at slit 
SX1. Similarly the steering unit SHl and slit 
unit SX2 are located in such a way that a 
point-to-point imaging results. Therefore a 
change of the SHl strength leaves the beam po­
sition at SX2 unchanged, i.e. there is no 
coupling between the control loops SX1-SHl and 
SX2-SH2. 

In reality steering unit SH2 is very near 
to the slit SX1 and steering unit SHl and slit 
SX2 are not precisely at a point-to-point ima­
ging distance. Therefore the coupling coeffi­
cients, i.e. the off-diagonal elements of the 
variation matrix,are not precisely zero but 
very small. Thus a very fast and uncritical 
stabilization of the horizontal beam position 
and direction can be achieved. In the case 
that quadrupole Q3 is used,the relations be­
tween SX2 and Sill as well as SIl2 are changed. 
Ilowever, the main properties of the control 
system are unchanged and the analogue devices 
automatically compensate position and angle 
deviations according to the modified variation 
matrix. 

Instabilities of the cyclotron parameters 
resulting in deviations of the beam position 
and direction occur with different time con­
stants. Fluctuations of the magnetic field 
parameters are relatively slow. Ilowever, distor­
ting RF frequency instabilities occur at mecha­
nical resonances of the Vee's in the 10-50 liz 
frequency range. Thus an automatic beam 
steering control loop should exhibit time con­
stants of the order of 20 msec. In principle 
it should be possible to obtain such time con­
stants with the present control loops. However 
it will be shown in the next section that small 
RF frequency instabilities of the order of 
2'10-5 are well compensated by our fast Dee­
voltage control loop between the analysing slit 
SX3 and the Dee-voltage. Therefore a time con­
stant of 0.2 sec is sufficient for our purposes. 

Before discussing the resulting position and 
direction stability, it is necessary to define the 
term "beam axis." The beam axis is the center 
of gravity of all individual rays going through 
the target of the experimenter. Without an 
automatic beam centering control, any fluctua­
tion of the position and direction of the cyclo­
tron beam will result in an equivalent fluc­
tuation of the beam position and direction at 
the target. 

Since the beam axis as defined by the condi­
tion of symmetrical slit jaw currents depends 
on the beam intensity distribution in the X-X' 
and Y-Y' subspaces, the beam axis can only be 
stabilized if this intensity distribution can 
be kept appropriately constant. The most criti­
cal point is the horizontal X-X' distribution 
which strongly depends on the beam energy di­
stribution because of the dispersion effects 
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of the cyclotron magnet. The development of 
the X-X' distribution with an indication of 
the energy-dependent effects is sketched in 
fig. 2. As shown by Blosser1 a cyclotron beam 
is inherently well collimated to a very narrow 
radial phase space distribution (the incohe­
rent radial phase ellipse for particles with 
the same energy, i. e. ~E = 0). However, the 
radial emittance as measured at the exit of 
the cyclotron is broadened according to the 
energy spread because of the dispersion effects 
of the cyclotron magnet. This energy spread 
is due to the inherent finite phase width and 
instabilities of the RF amplitude and frequen­
cy. It will be shown in the next section that 
an appropriate stabilization of the beam ener­
gy distribution is possible with a special 
Dee-voltage closed loop control between the 
energy-analysing slit SX3 and the Dee voltage. 

Thus for a typical slit width configuration 
of 1 mm for SXl and 2 mm for SX2 we estimate 
a position stability of 0.01 mm and a direc­
tion stability of 0.03 mrad in the horizontal 
(=radial) plane. In the vertical (=axial) 
plane the achievable stabilities are in the 
same order of magnitude for a typical slit 
width configuration of 2.5 mm at SYl and 
2.5 mm at SY2, though the vertical steering 
units SVl and SV2 are not ideally located. 
This is due to the fact that instabilities of 
the primary cyclotron beam are much weaker 
in the vertical plane. 

Energy Stabilization 

For a detailed discussion of the closed­
loop energy stabilization at the Bonn iso­
chronous cyclotron we refer to ref. 5 . As re­
ference signal the slit current left-right 
asymmetry at the first analysing slit SX3 
(or SX4) of the double monochromator system3 
is used for driving a fast fine regulation 
circuit acting on the Dee voltage, see figs. 
1 and 2. Using this fine regulation the "hot 
spot" of the beam is precisely fixed between 
the jaws of the analysing slit. Thus the sta­
bility of the cyclotron beam energy is direct­
ly controlled by the monochromator system. The 
field of the monochromator magnet is stabilized 
via an NMR probe to an accuracy of 1.5 . 10- 7 
using a recently developed magnet field con­
trol 6. The final energy resolution of the ana­
lysed beam depends on the experimental require­
ments. Most experiments require a standard 
energy resolution of 2000,but there are high 
precision experiments requiring an energy 
resolution of up to 15000. For a given opera­
tional mode of the cyclotron, i.e. for well 
adjusted trim coil currents, main coil current, 
and RF frequency, the optimum Dee voltage is 
characterized by a beam energy distribution 
with a characteristic asymmetrical shape (This 
left-right asymmetry is indicated in the hori­
zontal phase space distribution at the ana­
lysing slit SX3 in fig. 2.) As a consequence, 
the signature of optimum Dee VOltage is a 
characteristic left-right asymmetry of the beam 
intensities impinging on the slit jaws of the 
analysing slit. Thus the Dee voltage can be 
kept on its optimum value by a closed-loop con­
trol where the difference between the measured 
left-right asymmetry and the optimum left­
right-asymmetry is taken as error signal to 
drive the Dee VOltage fine regulation. 

However, variations of the mean beam energy 
are not only caused by a Dee voltage ripple 

but also by instabilities of the magnetic 
field and/or the RF frequency. These instabil­
i ties produce a phase shift of the beam rela­
tive to the RF and hence a change in acceler­
ation. The necessary magnetic field stabili­
ty of better than 1 part in 100 000 can readi­
ly be achieved with the existing stabilized 
power supplies. However short-term instabili­
ties of the RF frequency of the order of 
1-2.10- 5 cannot be avoided with our present 
RF frequency regulation systems though the 
system has an excellent long-term stability. 

Theoretical considerations as well as 
practical experience show that such "phase 
shift" instabilities lead primarily to a vari­
ation of the mean energy whereas the energy 
distribution with its asymmetric shape is 
only weakly affected. Therefore those insta­
bilities can also be well compensated by the 
Dee voltage fine regulation as long as the 
RF frequency and/or magnetic field instabili­
ties are less than 5·10-5. 

Intensity Stabilization 

Using the automatic beam centering and 
energy stabilization control, very stable 
beam currents are achieved. The observed 
intensity ripple of the currents at the 
target,i.e. behind the beam preparation system 
are less than 5 t. It should be noted, that 
only variations with a time duration of more 
than 0.1 sec are observed because of the slow 
response of the current amplifier in use. 

However, certain experiments require an es­
pecially high beam current constancy. An exam­
ple is the measurement of excitation functions 
where extremely weak resonance anomalies are 
to be found. This is especially true if gas 
targets are used because of the unavoidable 
changes of the target gas density in the reac­
tion volume if beam current fluctuations are 
present. Another type of experiment where the 
beam current constancy plays an important role 
is the measurement of extremely weak effects 
such as, for instance,parity violating effects 
in the scattering of polarized particles. 

In order to avoid residual intensity fluctu­
ations as far as possible, we developed a very 
simple but efficient intensity stabilization. 
From the observation that the output of a prop­
erly adjusted ion source depends on the arc 
current,we smooth the residual beam intensity 
ripple through the arc current. Using the mod­
ulation input of a current stabilized lkV-2A 
power suppl~ the beam current at the target can 
be stabilized to a constancy of 1:10 3 • Though 
the time constant of the current amplifier is 
0.1 sec,we estimate that there are no stronger 
fluctuations than 0.5 % in the 10 msec range 
(because of the fas~ Dee voltage fine regula­
tion and the slowness of most cyclotron para­
meters). The arc-current regulation was 
achieved with our internal ion source,which is 
a conventional Livingston type ion source. How­
ever, the same regulation may also be applied 
to other ion sources such as external PIG 
sources. 

Operating Characteristics of the Complete System 

The complete system of closed-loop controls 
for the stabilization of the external beam is 
shown in fig. 1. Since the system consists of 
six single parameter feedback circuits. the 
coupling between the individual control loops 
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has to be considered in order to avoid regula­
tion instabilities in a joint operation. 

The coupling of the vertical with the hori­
zontal beam alignment and the energy stabili­
zation is negligibly small. Since the insta­
bilities of the essential cyclotron parameters 
result primarily in fluctuations of the hori­
zontal phase space distribution,the control 
of the vertical beam position and direction 
is rather a convenient tool for an eased beam 
handling. 

The coupling problems arising in the stabil-
ization of the horizontal beam position and 

direction, as well as the beam energy are solved 
ved by an appropriate hierarchy of the control 
loops, i.e. by different time constants. The 
fastest control loop is the Dee voltage fine 
regulation for the energy stabilization (time 
constant 10 msec). The horizontal position and 
direction control loops act as cascade con­
trols. Their function is a pre-requisite for 
the energy stabilization. In stationary opera­
tion the main cyclotron instabilities are 
smoothed by the fast energy stabilization. The 
horizontal position and direction control 
loops add only fine and long-term corrections. 

The intensity stabilization of the target 
cup current is practically uncoupled from the 
stabilization of beam energy and beam axis. 
This control loop yields a very high stabili­
ty of the ion source output. I t has also the 
convenient Qhl1Ltcl to smooth residual inten­
sity fluctuations due to other cyclotron in­
stabilities (if present). 

Automatic Energy Variation 

for the measurement of excitation functions 
an automatic energy variation is highly de­
sired because the optimum speed of adjustment 
is achieved and the operation is free from 
subjective human control and maladjustment. 
Extensive investigations of weak and narrow 
resonances arc feasible. First trials with 
respect to an automatic energy variation star­
ted in an experiment where the analyzing 
magnet was changed in small steps and the cy­
clotron beam energy followed via the Dee 
voltage fine regulation. Though the variation 
range was strongly limited to about 3.10-~ the 
experiment showed us that it should be possible 
toachieve a greater energy variation range by 
a synchronous change of the cyclotron magnetic 
field and RF frequency with the cyclotron beam 
energy permanently kept on the optimum value. 

Details of the automatic energy variation 
will be published in a forthcoming article 7 • 
A PDP- S equi valent microcomputer, D! 6100, is 
used to calculate the nominal values for the 
cyclotron magnet current, RF frequency and the 
N~!R control of the analyzing magnet. lIaving 

received a program interrupt from the data 
acquisition control unit, the microcomputer 
adjusts the nominal analyzing magnet field 
and the main coil current of the cyclotron 
instantaneousl~ whereas the cyclotron fre­
quency is changed stepwise with a predeter­
mined time pattern according to the time con­
stant of the cyclotron magnet ( 15 sec). Such 
a matched increase of the cyclotron frequency 
is necessary forllE/E>5'10- 5 steps in order 
to maintain approximate isoc~ronism and beam 
geometry inside the cyclotron. Dee voltage 
fine regulation and the automatic beam 
alignment ensure a smooth transition and 

continous operation. 

The system enables an energy variation 
range of 10 %. It has been successfully used 
to measure the a+a - SBe exci tation functionS 
in 300 steps in the energy range 32.5-35.5 Me\ 
within 24 h. An energy shift was accon~lished 
within 20 sec. It should be noted that two 
manual readjustments of critical parameters of 
the extraction elements and the RF generator 
have been performed in the course of the exper­
iment. The energy variation range can be ex­
panded by including the trim coil currents 
and the parameters of the extraction system 
and the RF generato~ as well as the quadrupole 
lense~ in the automatic control. 
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