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RF ACCELERATING VOLTAGE CONTROL AND STABILIZATION IN THE TRIUMF CYCLOTRON 
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Introduction 

The basic RF system of the TRIUMF cyclotron con- 
sists of a resonant accelerating electrode structure 
powered at 23.05 MHz by a 1.8 MW transmitter.l The 
prime objective of the RF control system descri5ed in 
this paper is to ensure an accelerating voltage of 
stable amplitude and frequency. Through the extensive 
use of feedback loops and fixed-program logic circuits 
the problems of multipactoring, resonator detuning, RF 
vol tage breakdown, and RF voltage disturbances are 
dealt Iwi th. The system is almost completely automatic, 
so that straightforward operation of the RF system, 
via a CAMAC link, from the main cyclotron control desk 
is achieved. 

Resonator Characteristics 

Some of the most challenging problems encountered 
in the design and implementation of the RF control sys- 
tem arose from the characteristics of the resonator. 
The important electrical parameters of the resonator 
are listed below: 

Nominal resonant frequency 23.05 MHz 
Cyclotron RF frequency 23.05 MHz 
Resonator voltage 100 kV peak 
Power dissipated at 100 kV I.2 MW 

Q 6000 
Bandwidth between -3 d6 points 4 kHz 
Tuning range ~4 kHz 
Resonant frequency range 

during warm-up at 100 kV 23.09 to 23.05 MHz 

Frequency Drifts During Start-up 

The resonator can develop voltage efficiently only 
when the driving frequency corresponds with the resonator 
bandwidth. Thermal expansion of the dees causes the 
resonant frequency to change byas much as 40 kHz during 
the first ten to twenty minutes of operation. This 
variation is many times the resonant bandwidth, and ex- 
ceeds by a factor of 5 the resonator’s tuning range. 
This means that until the thermal conditions stabilize, 
the system cannot be driven at a constant frequency. 
Manual tuning of the frequency sourcetotrack the vary- 
ing resonant frequency is not practicable. Therefore, 
during the initial warm-up period, the RF system is run 
in the self-excited mode. First there is a brief exci- 
tation period when the transmitter is driven from the 
frequency synthesizer. Once the resonator has developed 
a few kilovolts, the transmitter input is switched over 
to a signal derived from a probe in the resonator. By 
keeping the phase around Lhr oscillatory ;~op correct, 
the systemwill free-wheel at the instantanccus resonator 
frequency . Amplitude-limiting circuits placed in tie 
signal path prevent a runaway condition, and the 
resonator voltage regulating loop operates nsrmal ly. 

Thus the self-excited mode al lows the rescnator to 
be brought up to full power regardless of the initial 
frequency excursions which occur (see Fig. 1). Once the 
self-exci:ed frequency has drifted ‘within the range of 
the tuning systen, the driver node nay be rcrto-ed, 
with tie frequency synthesizer determiningtheoperating 
frequency The resonator tuning plungers handle small 
drifts and allow a narrow rargeof tuning for optimi7inq 
the cyclotron. 

Resonator R.F Probes 

The first requirement for Fine regulation of the 
resonator voltage is a reliable volt,lge mr.~:;urer!ent. 

The measurement stability limits the accuracy with 
which the voltage can be regulated. Both of the usual 
nethods of obtaining an RF signal from the resonator 
have been tested: capacitive pickup at the high-voltage 
tip and inductive pickup near the short-circuit end 
using a loop. The first should give a more direct 
reading of the voltage, but changes in capacitance 
caused by movement of the resonator hot arm alter the 
probe’s sensitivity. In practice, sparking at the tip 
has made these probes unreliable, and they have been 
abandoned in favour of the inductive loop. Here sta- 
bility problems arise from thermal expansion of the 
I oop and from hot arm vibrations which vary the 
characteristic impedance of the resonator and change 
the relationship between the magnetic flux and the tip 
voltage. As the movement of the 80 hot arms is some- 
what random, there is probably significant cancellation 
of the latter effect. Nevertheless, stable voltage 
measurement remains a problem, and the extracted beam 
itself will have to be used as the final sensor when 
the critical stability of i2.5 parts in IO5 is needed 
for single-turn extraction. 

MLil t ipactoring 

In a vacuum pressure of IO-’ Torr the resonator 
voltage must rise initially at a rate exceeding 400 V/ 
usec to avoid the occurrence of multipactoring.2 If the 
rate of increase is too slow, as in Fig. 2, the voltage 
reaches a maximum of 2 kV in about 10 psec. Multi- 
pactoring then produces heavy loading at the resonator 
tips, clamping the voltage near zero despite continued 
RF drive. Under these conditions the resonator pre- 
sents a mismatched load to the transmitter. The oroblems 
of mult pactoring and the resulting mismatch are’solved 
by puls ng the RF power at low duty factor (2%) with 
steadi Iv increasing amplitude until the voltage rises 
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rapidly enough to exceed the multipactoring range be- 
fore the secondary-emission electron current can build 

Fig. 3 shows the leading edge of the pulse just 
Irercoming multipactoring with an initial riseof 440 V/ 
usec, while at 500 V/psec no sign of multipactoring is 
seen (Fig. 4). 4s the resonator time constant is 
80 IJS~C, the pulse power level must be sufficient to 
produce a peak voltage of80 psec x 0.4 kV/usec = 32 kV. 
Fig. 5 shows the complete 1 m5ec pulse reaching 40 kV 
with a power inputof 180 kW. Note the effect of multi- 
pactoring on the last few kilovolts of the trailing 
edge. When the driving frequency is detuned from the 
reionator frequency the initial voltage rise remains the 
same, although tie maximum voltage during the pulse is 
lower (Fig. 6). In fact it is possible topulse through 
multipactoring with the driving frequency set asmuch as 
30 kHz away from the resonator frequency, owing to the 
rich spectrumof sidebands produced when the RF is pulsed. 

Control System 

The RF control system embodies all the circuitry 
needed for the following primary functions: 

1. Pulsing through multipactoring, with automatic 
switching to CW 

2. Resonator voltage regulation by either 

a) transmitter input drive control, or 
b) screen modulation of a transmitter stage 

3. Self-excited mode operation with automatic 
tuning of the operating frequency 

4. Driven mode operation with automatic resonator 
tuning 

For convenience, the circuitry is divided between 
a number of modules as indicated in the block diagram 
of Fig. 7. Their functions are described below. 

Logic Unit 

At the heart of the control system is a Logic Unit, 
through which the operator may start and stop RF opera- 
tion and select the operating mode. The Logic Unit re- 
ceives data from the other module5 and activates their 
various functions. It also provides interfacing with 
the CAMAC link to the main cvclotron control console. 

RF Unit 

The RF Unit hancles the input drive signal to the 
transmitter. The drive is turned on and off in re5ponse 
to a signal from the Logic Unit, and the drive ampli- 
tudc ii varied according to a drive control signal 
developed by the RF Drive Controller module. The RFUnit 
selects either of twc input 5ources to feed to the 
transmitter, the frequency ,ynthesizer or the resonator 
RF s,lmple, for the driven and self-excited modes, res- 
pectiveiy. Acain, the Logic Unit controls the signal 
selection. Phase shifters in the two input signal 
path5 are modulated by control voltages from the Tuning 
Controller KICUIC. The phase of the resonator RF 
5anp!e ir varied to adjust the self-excited mode operat- 
ing frequency; 2nd in the driven mode the frequency 
sy7tlici / i‘lli- pi?-352 iOlTpZI-,.iate5 fsjr- picahe disturbances in 
the resonator vol tagc. Smooth t rans i t ions between 
modes are en5ured by inhibiting the change-over unless 
,a chase-frequency detector monitoring the two input 
cignals at the selection point indicates to the Logic 
Unit that 5witc.l;ng may occur. 

Resonator Voltage Detector (RVD) 

The RVD convert5 a resonator probe RF signal to a 
dc level proportional to the peah reion,jtor voltage. 
The c; rcui t suppl it.5 a t~‘n~cr.lt.~Jre-corlpensjt ing for:.Jard 
bi al, to the hot-carrier rectifying diode, also improving 
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Fig. 2. Resonator voltage rise 7ln?i<bi?;ed 
b!i muZtipmtoring. 
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Fig. 3. Resonator voltage rise just Gver- 
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Fig. 7. SimpZified bZock diagram of the RC control system. 

its linearity at low RF levels. A buffer amplifier 
sets the RVD calibration and drives 200 ft of shielded 
cable with a I MHz bandwidth and a slew rate of IO V/ 
psec. The overall stability of the RVD is better than 
$5 V referred to the resonator tip (5 parts in 105). 

RF Drive Controller 

This nodule generates the drive control signal fed 
to the RF Unit. With the resonator voltage regulating 
loop closed, the drive control signal is developed by a 
feedback amplifier cilain from an error signal Froduced 
by comparing the RVD output with a stable reference 
voltage. The response characteristics of the feedback 
amplifier are shaped to ensure that the loop is stable 
and yet has high gain at frequencies where the trouble- 
some disturbances occur. Lead-lag compensation is used, 
the lead compensating the break at 2 kHz introduced by 
the resonator time constant, a?d the lag giving increas- 
ing gain at low frequencies. A further lead-lag intro- 
duced between 600 Hz and 6 kHz increases the low 
frequency gain by another 20 dB ‘while leaving the loop 
unccnditional!y stable for a gain crossover (0 dB loop 
gain) below 50 kHz. Phase shift caused by delay in the 
RF chain imposes a lirrit of about 50 kHz on the loop 
bandwidth which can be attained. 

To start RF operation, the RF Drive Controller 
ramps up the RF drive to find the correct operating 
level. At first the drive is Julsed by the RF Unit to 
pulse through multipactoring. Once the resonator volt- 
age builds up to a few kilovolts, the pulsing is 
stopped. CW dr:ve continues to increase until the 
resonator voltage comes within 1 kV of the set reference 
level. Ti-en the ramp is stopped and the feedback loop 

I I 
Resonator 

r-l Voltmeter 
local display 

remote display 

closed. This ramp-up feature has proved quite indis- 
pensable in limiting pulsed operation to the minimum 
power level required to overcome multipactoring, and in 
producing a smooth rise in resonator voltage up to the 
set reference level with no overshoot. If resonator 
voltage is lost because of a spark, the Logic Unit puts 
the system back into pulsed operation, ,while the drive 
is clamped at a lower level and ramped up again as 
before. Using this technique, overdriving and tripping 
of the transmitter are avoided. 

lItermediate Power Amplifier (IPA) Screen Controller 

During normal regulated drive operation, the IPA 
Screen Controller automatically sets the voltage 
applied to the screen grid of the transmitter’s IPA 
stage as a function of the resonator voltage reference 
level. Thus the transnitter gain is adjusted according 
to the power level required, keeping the input drive 
signal and also the voltage regulating loop gain essen- 
tialiy constant over the full 10 kV to 100 kV resorator 
voltage range. 

The IPA Screen Controller also provides an alter- 
native nethodof closing the resonator voltage regulating 
loop. The transmitter input stages are driven into 
saturation so that their noise contribution is virtual- 
ly eliminated; the IPA Screen Controller then drives a 
wideband modulator in the IPA screen circuit in 
response to the resonator voltage error signal. The 
screen control mode is used when amplitilde modulation 
noise on the resonator voltage must be minimized for 
separated turn extracticn of the beam. Once again, the 
Logic Unit programs the change-over between control 
modes. 
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Tuning Controller 

The purpose of this module is to ensure that the 
resonator is powered at its resonant frequency. A 
tuning error signal is developed by measuring the phase 
between the current flowing in the resonator and the 
coupling loop current. This phase is exactly 90 deg 
when the driving and resonator frequencies are equal, 
and varies with tuning error at the rate of 3 deg/lOO Hz. 
The tuning error signal is used during self-excited 
operationtodrive a phase shifter in the RF Unit and so 
control the system frequency. In the driven mode the 
resonator tuning system” isactuated to minimize the 
tuning error signal. The Tuning Controller also closes 
the resonator voltage phase stabilizing lcopwhich comes 
into operation in the driven mode, using the frequency 
synthesizer as phase reference. The Logic Unit controls 
the activation of the three tuning feedback loops. 

instrumentation 

In addition to the functional modules described 
above, the RF control console contains a digital volt- 
meter to display the resonator voltage and a dual 
digital frequency meter to indicate the synthesizer and 
resonator frequencies. Both these devices provide digi- 
tal outputs to the CAMAC link for displaying the 
parameters on the cyclotron console. The CAMAC system 
also gives the cyclotron operator control over the 
synthesizer frequency and the resonator voltage refer- 
ence. The only other RF control functions required at 
Ehe cyclotron console are RF on/off and driven/self- 
excited mode selection. 

Transmission Line Scanner. Although the three ad- 
justable capacitorsonthe standing-wave line may be set 
in many ways tomatch the coupling loop to the 50 fi flat 
line, as indicated by minimum reflected power at the 
RF amplifier output, only one tuning condition gives 
the correct standing-wave pattern. The standing-wave 
ratio should be high enough so that this section of 
line acts as a buffer between resonator and transmitter, 
but not so high as to cause excessive power dissipation 
in the line or to exceed the capacitor voltage ratings. 
In order to monitor the standing-wave, 40 RF probes are 
installed at I ft intervals along the line. A multi- 
plexer scans the rectified probe voltages and generates 
the histogram display of Fig. 8. 

input load 

vert: 3 kV/div hor: 1 ft/channel 
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RF Control System Performance 

During the first two months of operation at TRIUMF 
there have been no beam instabilities which could be 
attributed to accelerating voltage disturbances. When 
eventually single-turn extraction is attempted, voltage 
and frequency stabilities of r2.5 parts in IO5 and 
2~7.5 parts in lOa, respectively, will be required. The 

latter is already available from the Schomandl ND30M 
frequency synthesizer. With regard to voltage stability, 
preliminary beam measurements have been of limited 
resolution and show merely that variationsdo not exceed 
2 parts in 103. Variations in the resonator’s charac- 
teristic impedance caused by vibration of the hot arms 
at their mechanical resonant frequency (5 Hz) produce 
estimated voltage fluctuations of t6 parts in 105. If 
necessary the long-term stability couldbe improved with 
an auxiliary regulating loop, using the extracted beam 
to detect its own energy fluctuations. 

The amplitude modulation noise,for modulating fre- 
quencies above 20 tizwhere probe sensitivity fluctuations 
do not occur, is measured by observing the error signal. 
Up to 2 kHz the noise tolerance allows amplitude distur- 
bances at -92 dB with respect to the resonator voltage 
level. Above 2 kHz the tolerance is relaxed linearly 

with frequency. After passing through an appropriate 
weighting filter, the error signal shows a noise level 
of -82 dB in the RF drive control mode, and -90 dB when 
screen control is used. Further improvements in the 
gain-bandwidth of the feedback loop are expected to 
give the desired figure of -92 dB or better. 

F?:g. 9. The RF system cor,twZ ccnso2e. 7%~ top rri~ of 
pane IS contains metering for the transmitter; 
the contr3Z modules a32 beZoiJ. 

Conclusion ---- 

The basic concept and designcjf ihe RF rontrol sys- 
tern described above arose from experience gained wiLh 
the central region cyclotro?.’ During nearly three years 
of subsequert development tie equiprrelt has demonstrated 
considerable flexibility in fcjcilitating resonato- tests 
30th in air ard under vacuum, apd at power lrvels rang- 
ing from 0.5 W up to the full capacityof ti-c ?F hystcm. 

More recent Iy, the F.F ~co~tr01 s have been r2’i ne,j to 
the point wnere :he 7F system Iruns unattenced after the 
initial twenty ninute period rrguircd to reach the d riven 
mode , thu> grz;iily ?,irr!i;,l i’ying cyclotron OFCrL,tiOr. 
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