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Abstract
The rf system of the 8@ MeV rapid-
cycling proton synchrotron is described. With
the present operational beam intensity of
greater than 100 pA. acceptable acceleration

efficiency is dependent on good performance of
the cavity tuning loop and the feedforward
hbeam compensation system. Deccripticons  are
given of the operation of these svstems.
Proposed system developments to enable
the beam current to be increased towards the
design intensity of 20¢ uA are discussed.

Introduction

The ISI3 synchrotron has a complex, low
freguency rf system that operates with high
levels of beam loading. A wide dvnamic range
of accelerating voltage is reguired to trap an
unbunched injected beam in the synchrotron

while maintaining relatively long bunch
lengths to reduce space charge forces and peak
momentum spread. A teedforward beam

compensation system is provided to cancel the
effects of beam loading in the early stages ot
acceleration. An additicnal constraint on  the
design is imposed by the reguirement that all
components in the synchrotron ring must hbe
radiation resistant.

RF Svstem Configuration and Parameters

The synchrotron hag ten superpericds: six
contain a ferrite tuned rf accelerating
cavity, three adjacent on one side and three
diametrically opposite. With a harmonic number
of 2, there is then an ri phase angle of 7L
between adjiacent cavities of a group.

The ring magnets have a dc biased. S0 Hz
sinusoidal excaitation giving a continucusiy
increasing field cver the 10 ms acceleration
period. Injection from the 7©.44 MeV Linac
occurs during the Hv0 s pricor to the fieid
minimum after which the unbunched beam is
trapped and accelerated by the rf cavity
voltages. The large dynamic range required ot
the cavity voltage is achieved oy
supplementing the usual amplitude control loop
with a cavity phase loop that allows the phase
angle between diametrically opposed cavities

to be wvaried from -180° to ©°. Opposed
cavities are brought rapidly into phase (in
less than 30 us) towards the end of the

injection period.
Further rf system parameters are:-

Injection energy 70.44 MeV
Transition Gamma 5.032
Extraction energy 800 MeV
RF frequency range

Max acceleration rate
No of gaps per cavity
Peak RF voltage per gap

115 GeV/sec
I4 kV

Table 1. RF System lesign Parameters

Each cavity is powered by cne RCA (now
Burle Industries) 250 kW tetrode type 4648,
operated in class B. The power amplifiers were
originally equipped with twe such valves with
the second intended for class A operation as a
beam compensation scurce. However, feedforward
beam compensation is currently achieved via
tzgee below). The driver

the class Y stage
stages are Herfurth GmbH 560 W szolid state
in s Low radiation

ampliriers, located
environment away rrom  the radiation-hard
tetrode power amplifiers adjacent to the

cavities.
The rf controi electrcnics comprises: -

11 A variable rreguency oscillator to provide
an output frequency related to the

instantaneous central field in the rins
gradient bending magnets.
=y A loop to control the amplaitucse of sach rt

CARVITY voitage.

41 A loop to contrel the phasing of  the
cavities according to  their positions
around the ring. Thise. together with the
ampiltude control loop. gives an ettective
dynamic range 01 accelerating voltage of
=euve:l and enables the voltagzge protfile to
be optimised to reduce trarping loss.
1t is this loop that is used to
“antiphase’ opposing cavities during the
injection period tc reduce the vector sum
G the accelerating voltage to Zero.

41 & loep to tune each individual cavity by

maintaining a 180- vhase difference
metween  the cavity voltage ana an
appropriate input drive voltage. The

creration or this loop is described below.

L0 A peam phase loop to vary the acceleration

frequency to  damp beam coherent dipole
rhase cscillations.
o) A radial control loop  to wvary the

acceleration frequency to keep the beam on
the correct orbit.

The Cavi Tuni ]

Ime te  the short acceleration time on
1313, the cavity tuning loop has to cope with
a rate of change of Irequency of up to
339 MHz,'s. This, coupled with a bandwidth of
5 kHz for the cavity bias current source and a
similar bandwidth due to the cavity Q. leads
to excessive cavity tune errors during the
freguency sweepr. The method used to correct
this error, which is highly repetitive, is
shown in Fig. 1.

The phase detector error is reduced by
feeding a computer-generated analogue sgignal
as a “demand” for the servo control. This i=s
obtained as follows.
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lhe phase detector signal is digitised at

D@Ve points throughout the full cycle. The
signal is then Fourier analveed and each
harmonic component is multiplied by N

appropriate gain and phase. obtained rrom the

measured olosed loop transfer function from
the function generator output to the phase
detector output, so as to reproduce the phase
detector signal. Theze components are then
subtracted Trom the existing function
Zenerator signal thus progressively reducing

the phase detector error signal.
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“ig., 1L The Cavity Tuning Loop
The original system. running on an  laly
control system  GEC 4979 computer.,  took 1w
mirmites per correction. A new system using an

IBM &1 now takesz 19 s per correction.d
It is alzo practicable to use the

il reducs beam-induced Tavity

verrurbations Tor any given

system
tuning
operating
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intensity. It can be seen from Fig. 1 that
while the FFBC (see below) is active. the
cavities are kept on tune ag i no beam were

rresent. Subsequently, they are detuned for
reactive beam-loading compensation.
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The initial error, after tuning the cavity
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somparison. The large perturbation at 19 ms
represents the abrupt disappearance of the 40°
tunineg angle at extraction during which the
correction 1s gated otff. [uring the
acceleration period, the tuning error is less
than * 5°
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Fig. 3 The synchrotron ring layout and the feedforward beam compensation system.



Feedforward Beam Compensation (FFBC)

FFBC is wused to cancel the
beam-induced cavity fields so
tuning loop tc work effectively,
bandwidth is not high enough otherwise to
reduce the cavity tuning errors to a
sufficiently low level during the bunching,
trapring and initial acceleration period.

Fig. 3 shows the principal components of
the system.

The quiescent
cavity during the

initial,
allowing the
for its & kHz

rf drive current to each

509 uS injection period 1is
about @.1 A peak. At the present operating
level of 118 upA (1.38 X 1818 ppp), the
injected beam will subseguently bunch to about
2 A peak after @.2 ms. The FFBC system acts
to compensate the resultant large beam-induced
cavity voltage and thus preserve the critical
acceleration voltage profile.

The instantaneocus beam charge is =zensed
just downstream of each cavity and the signals
are filtered to leave only the fundamental. [n
each system, the =signal is passed through a
computer programmable variable delay
variable gain amplifier and then subtracted
from the input =signal to the appropriate
driver amplifier. The purpose of the wvariable
delay is +to compensate for the revolution
period which wvaries throughout acceleration

(1.4 - ©0.59 us) and that of the variable gain
is to scale the charge signal into a current

signal and compensate for variations in system
gain with freguency.

The method currently used to determine
the optimum delay and gain throughout the
compensation period ie to determine
experimentally the values that minimise the
induced voltages.

Une cavity at a time is team-excited only

with the remaining cavities rovidins
acceleration. This can e dons  only at  much
reduced beam intensities ! lese —han
AX1932 pppr.  Fig 4 gar voltage

shows  the
induced by a peam ot 3 X lpi=z
without such compensation.

- with andd

Fig. 4 FFBC cancellation of beam-induced
cavity voltage
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The cut-off frequency of the low pass
filter in the FFBC signal path is chosen to
give adequate suppression of the second

beam signal at the
acceleration period and its

harmonic component of the
beginning of the

roll-off rate, together with that of the FFBC
galn function. is chosen to give an orderly
transition from FEBC to the reactive

compensation provided by the tuning loop which
allows operation with less rtf drive power.

The high Q-factor ot the cavity ferrite
results in an operational gap impedance of

about 4k Q. The conseguent beam-induced
cavity voltages restrict effective operation
to intensities of less than 49 uA. Thise
limitation has been overcoms by installing
rumped liguid resistors as Q-dampers across
the accelerating gaps. The slectrolvte
currently uszed 18 copper gulphate and, by

varying its concentration., the effective gap
impedance can be controlled down to ¥ k2 with
a corresponding reduction in induced voltage.
Fach resistor can dissipate a peak REF power of
lev kW and presents very littls reacnive
loading.

Present Performance and Future Development

The present syvstem gives good reliable
cperation at  7H5¢ MeV  and beam currents  of
11¥ uA. Trapping etficiencies of 9% ars
obtained with loss ¢f beam of less than 1w
during the accetleration cyele, the lost  heam
being caugnt by the collecters in the ring.

Studies have shown® that the
eificiency is criticallv  cependent
phaze Translients o1 the cavity rr
gquring the trapping process and,
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reguired.  Work ha begunt towards m: ns
w2 loop adaptive so that i1te etfticscoy
compromised by changesszs 1n the { of the
cauged, ror example., by variationz in
& or the liguid re OrS whniohn  may

( lowered at higher inte tries.
In additicon. the present &1 e tetrods
TOwWer

power amplifier has onlily Just adequate
The: turturs svetem will use the twoe telrodes in
each power amplifier in parallel.
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