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ACCURATE FIELD LEX?Z AND PHASE CONTROL 
AND MONITORING FOR A PROTON LINEAR ACCELERATOR 

K. Batchelor and G. Gallagher-Daggitt. 
P.L.A. Division, Rutherford High Energy Laboratory, 

Chilton, Diacot, Berks. 

A method of setting up and maintaining the 
correct phase and amplitude of the fields in the 
three accelerating cavities of the Rutherford Lab- 
oratory Proton Linear Accelerator ia described. 
A system using a shunt regulator valve to control 
the field amplitude during tie 200 psec beam pulse 
is presented and the effect of source impedance on 
the build up of power in an accelerating cavity 
discussed. Measurements taken on the P.L.A. are 
given for comparison with the theoretical results. 

I. Introduction 

The energy required by each proton in a protcm 
linear accelerator is determined precisely by the 
radio frequency amplitudes and phases in the 
accelerating cavities of the machine, which that 
proton experiences. A beam of protons must 
necessarily be injected over a range of phases, 
but the inter-tank phases and the amplitude in 
each tank can be closely controlled. By doing so 
the stability of the mean energy and the energy 
spread of the beam can be optimised. Methods of 
setting-up and controlling each cavity individu- 
ally and of monitoring the inter-tank phases on 
the Rutherford Laboratory P.L.A. are described. 
The amplitude and phase of the R.F. in the 
cavities has been calculated for the equivalent 
lumped tuned circuits, containing L, C and R, and 
these have been compared with the measured para- 
meter3 of the 400 psec pulse. 

2. The Radio Frequency System 

The block diagram, figure 1 shows the main 
components of the R.F. system', and Table I gives 
relevant r.f. parameters. The following units are 
of particular relevance to tine discussion in 
section 3. 

Table I. Radio-frequency parameters of the P.L.A. 

TAXX 1 TANK 2 T=3 

Unloaded Q value 85,000 6l+,OOO 47,000 
Peak r.f. power 450 kiv 1200 kW 1350 kW 
R.F. pulse length 400 nsec 375 psec 375 psec 
Operating frequency = 202.5 MC/s, p.r.f. = 50/sea 

a> The Standard Frequency Source consists of a 
2.5 kc/s crystal cot&rolled oscillator with a 
stability of 1 in IDo and a series of frequency 
multiplying stages, g iving an output of 5 watts 
at 202.5 zlc/s. 

b) The GGT Amplifiers are grounded grid triodes 
with internal arid and anode tuned circuits. The 
output impedance of the triodes is not correctly 
matched to the coaxial line; it can be adjusted 
by anode cavity tuning and by a stub on the output 
line. The triodes are constructed by A.E.R.E. and 
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the Rutherford Laboratory. 

cl The Power Dividing Networks provide a means 
of adjusting the amplitude and phase of the r.f. 
drive to the final amplifiers, to obtain the 
desired phasing of the accelerating cavities and 
to obtain the necessary phases at the power wmb- 
ining network. 

4 The Output System of the GGTs The anode stub 
and anode tunina are adiusted to give best power 
transfer into a-matched-load. The phase shifters 
are adjusted to optimise the transferred output 
impedance at the loop terminals of the cavities. 

3. Poaering of the hiph Q accelerating cavities 

The provision of adequate r.f. power is one 
of the major cost items in proton linear acceler- 
ators, so it is desirable to minimise the cavity 
build-up time and to maximize the beam pulse 
length in a given system. Furthermore it is 
desirable to minimise the energy fluctuations in 
the output beam, which means that the amplitude 
and phase of the voltage in the cavities should 
be kept very constant. Ideally the amplitude 
should not vary more than a few tenths of a per 
cent and the phase by more than half a degree in 
order to achieve a mean output energy tolerance 
of 0.1s and an output energy spread of 0.2 to 
0.s. 

Of the several factors contributing to the 
rise time constant and phase change during the 
voltage pulse in the cavity, the effects' of 
source admittance and cavity tuning are investig- 
ated here for the case of a cavity powered by a 
current generator. The fundamental wave Isinwt 
only is considered, and the equivalent circuits 
and symbols of figure 2 used for the computation. 

The basic differential equations for these 
two circuits are:- 

~~‘(&.-)~‘(& + 6)” = * (0 
where the transferred source susceptance is 
inductive and 

LJmswt (2) 
n 

where the transferred source zusceptance is 
capacitive. Equations (I) and (2) may be written 
as 

(3) 

and 
d%'+ (JO -+ --g-.- r: &oswt dV a'\/ 
dt" Q,(ltn'+> dt l+nI-g n 
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The solutions to (3) and (4) are 

V= V, { sin (wt +d)- kesrntsic (w't+p)l (5) 

where V,, W’ , a, K and S are defined in figure 3. 

It can be seen fYom equation (3) that the 
rate of rise of voltage in the tuned circuit will 
depend upon the value of the transferred source 
susceptance and conductance and also upon the 
difference between the resonant frequencyc, 
of the tuned cirouit and the driving fYeque8cyti. 
The phase of this voltage with respect to the 
driving ourrent will also depend upon the value 
of these parameters. Also, since the modified 
frequencies 0 are not generally equal to 
the resonant s+ 

or WC 
requency or the driving frequency 

there will arise a modulation of the voltage 
"build upn, which may lead to a faster rise time 
than expected from a simple theory, which neglects 
the effects of source admittance. This effect 
has been observed on the P.L.A. and on other 
machines using an amplifier to drive a resonant 
cavity. Beam loading effects have been omitted 
from the calculation for simplicity. The phase 
response will now be considered in more detail. 

For a given source admittance and cavity 
tting equation (5) has Vo, K, m, a, S,W anda' 
all constants. 

The vector diagram of figure .3 then represents 
this equation at one of the instants when 
ot = 2px (p=i,2,3...). The phase of V with 

respect to V- can then be obtained:- 
kV,e-mb= ” VO 
sn 0 

Hence 
sin {(p-u) t(o'-o)t -(m+q 

tan0 = 
ke-"" sin{(S-d)+(W'-w)t] 
ke-mtc;osC(B-~)+(U'-U)t~-1 

- 

Typical theoretical and practical-curves for 
Tank 1 of the P.L.A. are plotted in figure 4 where 
the effect of powering the cavity both on and off 
"resonance" is shown. For the inductive and 
capacitive cases the theoretical curve correspond- 
ing to w ~ti.-(@OQ~(i.e. a driving frequency of 
202.: B!c/s - '240 c/s) fits the practical curve 
well for the last 300 rsec of the l+OO psec pulse. 
The method of phase measurement used was not 
accurate for the early part of the pulse due to 
the large changes in cavity voltage over this 
region and changes in the source impedance also 
influences the result there. The values of QL 
used were calculated from the two measured build 
up curves corresponding to the practical phase 
curves given in figure 4. The measured phase 
change corresponds to the computed shift required 
to change the effective source reactance from 
OL = 

0 s 70.8 LL to l/o&= 83.7a . 

It can be shown that for all practical cases 
the expression denoted by K in equation (5) 
reduces to 1 and that tan a = tan S, so the effect 
of tank tuning is entirely aue to the quantities 
kJ,- a> or C??-w)- Equation (5) may therefore 

~-,-~L,S~(O~ttd~ 1 (71 
sln(wttdi,! 

and 
V= Iwslibt +dc) 

nCJ(wt-ti:)a+(u+;)r 
Similarly the phase term may be written as 

(8) 

tan@ = evmt Sin (w’-W)t 
e-mt m(d-w)t - 1 

(91 
It is evident from the foregoing that some 

means of adjusting the effective transferred 
admittance appearing at the cavity uould be useful. 
On the P.L.A. the phase shifter (line lengthener) 
in the output line of each grounded grid triode 
amplifier serves this purpose. In figure 5(a) the 
percentage of the final voltage amplitude at a 
fixed time (+I50 ysec) after commencement of build 
up has been plotted as a function of the position 
of this phase shifter for Tank 1 of the P.L.A. 
This shows that maxima occur at half wavelength 
intervals of movement of the phase shifter. The 
minima would occur at the same intervals. If 
the cavity was powered "on tune" and there was zero 
transferred source susceptance the minima ma 
maxima would be separated by a quarter wavelength. 
It is also enlightening to investigate the phase 
changes during the last 23Orsec of the 400 psec 
r-f. pulse as a function of the phase shifter 
movement. This result has been plotted in figure 
5(b) where it can be seen #at zeros occur twice 
for every half wavelength of the line lengthener; 
the relative spacing of the two zeros being 
dependent upon the cavity tuning and the source 
susceptance. 

The optimum setting of the line lengthener 
is that whichgives zero phase change during the 
beam pulse together with the shorter of the two 
build-up rates, thus minimising the beam energy 
spread while obtaining nearly the longest avail- 
able pulse length. 

4. Automatic control of the Accelerating Field 

Stkbilisetion of the electro magnetic acceler- 
ating field in the linear accelerator resonant 
cavities is achieved by applying automatic control 
in two stages. A slow acting system operates on 
the modulator MT power supply and maintains it's 
output constant to within ~1%. A second fast 
acting system maintains the field in the cavity 
constant to within +0 17' . 0, over the duration of 
the beam pulse. (See figure 1). The latter 
system is required to:- 

a: Eliminate the effects of disturbances which 
would otherwise cause changes in beam current, 
mean beam energy and energy distribution (See 
fig. 6). Such disturbances arise from changes in 
or distortion on the pulse modulating voltage 
applied to the GGT r.f. power amplifier anode 
(Disturbance u ), changes in the r.f. drive power 
to the GGT (dikrbance u ) and changes due to 
beam loading (disturbance2u3). 

b: Increase the interval over which the acceler- 
ating field is within +O.l$ of the value required 
for stable phase acceleration of protons, and thus 
enable better utilisation of the r.f. energy 
supplied to the cavity resonator. 
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Three fast acting control systems operate 
independently so as to maintain constant acceler- 
ating fields in the three sections of the 
accelerator. 

Principle of operation (See fig. 7) 

Fast control is effected. by means of a paral- 
lel regulator valve (Type RSlO&lW) which has anode 
and cathode electrodes connected to the corresponcl- 
ing electrodes of the GGT's which supply r.f. 
energy to a cavity resonntor. The anode load 
impedance of the regulator valve is the internal 
impedance of a modulator (Z ), which, when trans- 
ferred to the secondary ter%inals of a pulse 
transformer of turns ratio N, appears in the anode 
leads as an impedance N2Zo. Changes of potential 
at the control grid of the regulator valve control 
the voltage developed across the impedance N2Zo, 
hence, the voltage applied to the anode of the 
GGT and, in turn, it's r.f. output power. The 
arrangement is made self adjusting by sampling 
the r.f. field in an accelerator resonant cavity 
and conparing the pulse envelope of the sampled 
voltage with a stable dc reference voltage. An 
actuating error which is the difference between 
the two is amplified and applied to the control 
grid of the normally non-ccnducting regulator 
value so as to correct for deviations from the 
desired accelerating field. 

When the control smplifier is operating under 
median conditions and the control loop is closed, 
approximately I$ of the modulator pulsed power 
output is dissipated in the regulator valve. 
Under such conditions, variations of the acceler- 
ating field within the limits +s;/ are controlled. 
The positive limit depends on the power available 
from the modulator in excess of that necessary to 
produce the r.f. field concfition required for 
stable phase acceleration of protons. 

The e fectiveness and stability analysis of 
the system ifi is based on the information given on 
the system flow diagram fig. 8. Corrective net- 
works which modify the overall system function 
are not shown. 

The transfer functions relate to the 
following physical elements:- 

G, and a part of G2 - relate to the control 
amplifier. The other part of G2 relates to the 
parallel regulator valve and its load impedance. 
G relates the changes in GGT anode pulse 
madulationvoltage to r.f. voltage output. G 
relates the r.f. voltage in the feed-line to khe 
cavity resonator to the peak accelerating voltage 
in the cavity resonator. G 
gain of the GGT amplifier a 2 

is the r.f. voltage 
d does not include 

any frequency dependent term. H, relates the 
peak accelerating voltage in the oavity resonator 
to that coupled at low level, detected and applied 
to the input of the control amplifiers. 

Fig. 9 shows Log modulus and a&e graphs 
of the elements of the control system and a 
composite plot for the complete system is shown 

in figure 10. Log modulus and angle plots of the 
correction network are shovm dotted in figure 10. 
Similar results are obtained for the other sections 
of the accelerator. A table on figure 8 gives a 
summary of the loa frequency modulus values of the 
transfer functions ar.d the correction factors for 
the three sections of the accelerator. These 
results show thst the system of automatic control 
described is capable of a high degree of precision 
without being unstable. The method wss chosen in 
preference to others because it avoided having to 
modify the existing scheme of pulse modulators and 
r.f. systems, and could easily be rendered inoper- 
ative in the event of it's failure without 
seriously effecting operations. 

5. Monitorinp; and Control of radio-frequency 
field level and phase 

(a) Rad.io frequency field level monitoring 

(i) !Jeterin. For measurement of power flow 
in the coaxial lines to and from the grounded grid 
triode amplifiers and the accelerating cavities 
forward and reverse reflectometers are used. 
These measure mean power and are calibrated 
against power fed into a water load. 

(ii) Control and interlock monitoring A 
signal from a small loop coupled to each cavity is 
detected by a silicon planar diode and after 
amplification and integration displayed on a 
milliameter. This unit also switches in the auto- 
matic cavity tuning system and the slo~j E.H.T. 
stabilisers of the G.G.T. amplifiers at 29 and 
5C$ respectively of the operating field level. 

(iii) Precise radio frequency field level 
monitoring Biased diode detectors are used to 
display the difference between a stable d.c. 
reference voltage and the radio frequency signal 
from a small coupling loop in each cavity. The 
small difference pulse representing 2$ of the 
total radio frequency pulse is monitored on a 
C.R.T. and maintained constant to within L!$ 
giving an overall accuracy of better than tO.l$. 

(b) Phase Monitoring and Control3 

An automatic phasing system is necessary to 
maintain a constant output spectrum from the 
machine. The system used for each cavity is 
shown in schematic form in figure IO. Bach cavity 
is maintained "on tune" so that the final 
amplifiers always operate under the same "match" 
conditions. A forward reflectometer in the feed 
line to each cavity provides the phase reference 
signal whilst a monitor loop in the cavity itself 
gives a signal for comparison in a four arm bridge 
used as a phase comparator. The error signal from 
this bridge is used after suitable gating and 
amplification to drive a motor which in turn 
moves the tank tuners via a cam operated hydrau- 
lic system. 

The system has a small "dead zone", an r.f. 
phase error of 0.04' will produce full standard 
torque at the motor shaft, and the velocity lag 
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is 0.17 deg. degree” se&. The maximun! correct- 
ion speed is approximately 160 see-I. 

This system can allow drift in phase between 
accelerating cavities, due to changes in phase in 
the drive line.8 and the G.G.T. amplifiers. Hence 
a separate phase monitor system, which monitors 
phase during the 4.00 psec r.f. pulse, is provided 
between each cavity and a common point in the 
drive system. Any drift in phase can be corrected 
by adjustment of the appropriate remotely con- 
trolled, motor driven phase shifter in the Power 
Dividing network. The phase detection system 
used is similar to that used for auto tuning and 
is capable of detecting phase changes of 0.1 
degree. 

6. Conclusion 

A method of setting up and maintaining the 
correct accelerating fields in the Rutherford 
Laboratory P.L.A. has been described and practical 
results presented. Agreement between the simple 
theory presented and the practical results is good, 
particularly during the last part of the r.f. 
build up There the source impedance should be 

Fig. 1. Simplified schematic diagram of a 
section of the P.L.A. 

nearly constant. The cavity field stabilisers 
have been shown to maintain the accelerating 
field constant to within +O.l$ during the beam 
pulse and a method of maintaining the phase 
constant to within 20.5 degrees over this region 
has been formulated. 
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F1g. 7. Schematic diagram of the cavity r.f. field 
stabilizer. 
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Fig. 8. Field stabflimr system flow diagram. 
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of control system elements for Tank 1. 
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Ftg. 11. The phase control system. 


