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RF SYSTEM AND BEAM LOADING COMPENSATION ON THE ISIS SYNCHROTR0N 

P.Barratt, I.Gardner. C-Planner, 0 _ Rees 

Rutherford Appleton Laboratory. Chilton. Didcot. Oxon, OX11 8dX, England. 

The rf system of the 800 MeV rapid- 
cycling proton synchrotron is described. w i t, h 
the present operational beam intensity 0 I‘ 
greater than 100 uA. acceptable acceleration 
efficiency is dependent on good periormana:e ,:,r‘ 
the cavity tuning loop and the feedforward 
beam compensation system. Descriptions art 
given of the operation of these systems. 

Proposed system deveiopmente to enable 
the beam current to be increased towards the 
design intensity of 208 uA are dlscuseed. 

Each cavity is powered by c?ne kic.4 I now 
Burle Industries) 2563 kW t.etrode type 4648. 
operated in class B. The power amplifiers were 
originally equipped with two such valves with 
the second intended for 'class A operation as a 
beam compensation source. However. feedforward 
beam compensat i.rtn is iurrrntly ach1eveu v 1 a 
the cla!zs Ir' staae 1 see below ) The Jrlver 
stages are Herr'urth cGmbH 5ti0 W solid state 
amy,liIiers. lo2a:ecl in a 1. o\\l rariiat ion 
environment 3W31' r‘rom the radiation-hard 
tetrode &,OWer amplifiers adj acen? to the 
ca-cities. 

Introduct- i'he rf cnnrroI eiectronlcs comprises: - 

The ISIS synchrotron has a complex, low 
frequency rf system that operates with hicn 
levels of beam loading. A wide dynamic range 
of accelerating voltage is required to trap an 
unbunched injected beam in the synchrorrcn 
while maintaining relat :.vely long bunch 
lengths to reduce space charge forces and peali 
momentum spread. A feediorward beam 
compensation system is provided to canoe1 the 
effects of beam loading in the early stages elf 
acceleration. An additi.onal constraint con t he 
design is imposed by the requirement that a. L 1 
components in the ,synchrotron ring must ht e 
radiation resistant. 

i 1 i? variablr- Irequenc:,' oscillar.or to provide 
an OUtFLIt frequency related t;, the 
:=a~~:~~n~s~~,~~n~~~~et~~eld in the rl ng 
5 t2 c' Y 

2: A loop to conrroi this sm;~lltu~-!~-~ of. ;-,ach 1‘1 
'L i \i i t I,, V 0 it. age 

The synchrotron has ten superperioas: si?: 
contain a ferrite tuned rf accelerating 
cavity, three adjacent on ~Orltl s1cie and Ki-ll-"t2 
diametrically opposite. ditn a harmonic number 
of 2 , there is then an rf phase angle or '1'2 
between adjacent cavities or a group. 

The ring magnets have a UC biased, tt~ Hz 
sinusoidal excitation giving a cant :nu~us~~ 
increasing field over the 18 ms acceleratiun 
period. In.jection from the '7r;?. 44 MeV Linac 
occurs during the E'Mkl LS prior t? the t ie ICI 
minimum after which tT,e unbunched beam 1s 
trapped and accelerat.ed bY the rf cavity 
voltages. The large dynamic range required ~11 
the cavity voltage is achieved DY 
supplementing the usual amplitude control loor:~ 
with a cavity phase loop that allows the phase 
angle between diametrically opposed cavities 
to be varied from -180" t.0 0". Upposed 
cavities are brought rapidly into phase I in 
less than 30 us) towards the end of the 
injection period. 

Further rf system parameters are:- 

/, ! A l~'op' t ,:I c0nt r:-‘ 1 rf1c phaslrg l.,L the 
i? 37.' I t 1 e R a,:cording t, !5 their posit iclr~s 
ir-olirid the ring. 'l'h i c L . together with the 
amp,1tude r!:lnrri~l loop. gives an efiectivi 
dynamic range of acceieratinff voltage oi 

,k7Ilc3 : 1 ancl enables the voltage profile t': 
be optimiseci to reduce trapping loss. 
It is this lC,C:tp that .i s used t C' 
".antlphase" opposing .oavlties during the 
injection period to reduce the vector sum 
ct the accelerating voltage Tc' zercs. 

.* I .5 1iCI:' K.0 rune eich individual cavity by 
maintaining a 160. phase difference 
::,etwecn the c 3v i r :\T V'ZI 1 t age ttr.'J an 
appropriate input drive voltage. Tne 
scyeration ICI This 1.oop 1~: described below. 

!- I A beam phase ioc~-& to ‘lary the accelerstion 
irequencv t.,> tamp neam coherent ,lipole 
phase csciliarions. 

01 H radial eontri' i 1 il ,CiF, t r> ','%I-> the 
acceleration rrequsncy to keep the beam on 
the correct orbit. 

Injection energy 
Transition Gamma 
Extraction energy 
RF frequency range 
Max acceleration rate 
No of gaps per cavity 
Peak RF voltage per gap 

761.44 MeV 
5.632 
600 MeV 
1.3 - 3.1 MHz 
115 GeV/sec 
2 
14 kV 

Table 1. RF System Design Parameters 

Iue t c: the short acceleration t.1me 0 n 
ISIS, the cavity tuning loop has to cope with 
a rate of change OIt frequency of up t.0 
330 MHz,,'s. This, coupled with a oandwidth of 
5 kHz for the cavity bias current source and a 
similar bandwidth due to the cavity rd. leads 
to excessive cavity tune errors during the 
frequency sweep. The method usen to correct 
this error, which is highly repetitive. is 
shown in Fig. 1. 

The phase detector error is reduced -oY 
feeding a computer-generated analogue signal 
as a "demand" for the servo control. This is 
obtained as follows. 
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lhe phase detector sipnai is digitised at 
2w3@ poinss throughout the full cycle. 'The 
s~pnal is then Fourier .malyz.ed and earh 
harmonic> Scomponent is multiplied by in 
3ppr,:aprlate gain and phase. obtained rrom the 
measured ~~l~zsed loop transfer function irr~lrl 
the +,unct~on generatsr nur.put, to the phase 
dt:tC%~t,:lt- ~,l.lL~.ut , SO as tct reproduce the phase 
detector signal These cc~mponentc are trier: 
.5~ii~+r3f:te;i z'rom the ex1stin.g function 
generator vlgnai thus progressively reducing 
t,hit ~>tase iirectr~r error signal. 

CAWTY 

FFBC SIGNAL 

CAVITY KF - FfBC SIGNAL 

RF PAM = m 

5lg. I. Thr lavity Tun1n.e Loop 

'Thf orieln;li system. running on an I .s 1 5 
,;untroi system b&l! 4SJ7k.9 -2nmputer, took lb.1 
rIl>.,~\~fECr: pet' ~cr~rrectlsit;. A new system us1n.s all 
i W -3'1' !;.3w taker l!j s per ,xfrrectlon. A 

It 1-s also prrctlcablc tt-7 use the system 
i . I rrmre' beam-induced ‘2avlty tur?1rrc 
i 'il -:ul~i..~l i(?ns IOL' an,' g1vrn iipe1'a.t 1ti5 

intensity. It can be seen from Fig. 1 that 
while the FFBC (see below) is active. the 
cavities are kept on tune as if no beam were 
present. Subsequently, they are detuned for 
reactive beam-loading compensation. 
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E1g. L shows the phase detector output 
Ii'1 one acceleration period with a beam 
xntensity oi 1.35 X l(E13 ppp. The upper trace 
snnws the remanent error after ten iterations. 
The initial error. after tuning the cavity 
with no beam. is shcmn offset beneath It *Or 

comparison. The iarge perturhation at I@ ms 
represents the abrupt disappearance of the 40" 
tunine angle at extraction during which the 
i‘orrectlon IS gated oft. During the 
acceleratjon period. the tuning error is less 
Than r 5- 

Fig. 3 The synchrotron ring layout and the feedforward beam compensation system. 
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FFBC is used to cancel the initial, 
beam-induced cavity fields so allowing the 
tuning loop to work effectively, for its 5 kHz 
bandwidth is not high enough otherwise to 
reduce the cavity tuning errors to a 
sufficiently low level during the bunching. 
trapping and initial acceleration period. 

Fig. 3 shows the principal components of 
the system. 

'The quiescent rf drive current to each 
cavity during the 5@8 US in.iection period is 
about 0.1 A peak. At the present operating 
level of 118 uA (1.30 x ldl& PPP). the 
injected beam will subsequently bunch to about 
2 A peak after 0.2 ms. The FFBC system %Ct.S 

to compensate the resultant large beam-induced 
cavity voltage an.3 thus preserve the critics.1 
acceleration voltage profile. 

The instantaneous beam ,zl-arge 1s sezsec! 
just downstream of each cavity and the signals 
are filtered to leave otily the fundamental. 1 li 
each system. the signal is passed through a 
computer programmable variable del.;ly 
variable gain amplifier and then subtracted 
from the input signal to the appropriate 
driver amplifier. The purpose oz the variable 
delay is to compensate for the revolution 
period which varies throughout acceleration 
(1.4 - a.59 us) and that oi the variable ,eain 
is to scale the charge signal into a current 
signal and compensate Yoz varlat.ions in system 
gain with frequency. 

The method currently usea to determine 
the optimum delay and gain throughout. the 
tompensatioc periocl 1s to determine 
experimentally the values thar rn~r.iin~se 1.. h1 e 
induced voltages. 

ihe cavity at a time ir- taeam--excitecl ijzi! i; 
with r.he remslnlne r h 1’ i t i -3 A PrcIvlillllc 

acceierati,Jn. i'hls con he 4i3nc; cinl': at much 
reduceil heam intensir.les I iesc' : ha11 
5YLl(nl~ ppp ! F1g 3 SrlClWS 1.ne g 9 F v31rat?e 
induced by a DE' am 0 f 2 << ] $, I>.. y&q‘, WI t h inii 
without such compennat.l,:mn 

The cut-off frequency of the low pass 
filter in the FFBC signal path is chosen to 
give adequate suppreseion of the second 
harmonic component of the beam signal at the 
beginning of the acceleration period and its 
roll-off rate, together with that of the FFBC 
gain iunction. is chosen to give an orderly 
transition from PFBc' to the reactive 
compensation provided by %he tuning loop which 
allows operation with less rf drive power. 

The high Q-factor of the cavity ferrite 
r,esults ln an operational gap impedance ur 
abwt 4k 0. The consequent beam-induced 
cavity voltages restrict effect 1ve operation 
to intensities of less than 4ti UA. Thia 
limitation has been overcrime bs Installing 
pumped liquid resistors as Q-dampers atrOSS 
the accelerating g3pc. The eiectrs1yte 
currently used I 6 CCpptSt- sul.phate and, t 3' 
var3ring Its conzentratxon. t.re eiiect : ve RaTI 
lmpedanci- can be controlleci down tc! 2 k~2 w 1 t h 
a corrcspondinji reduction in ind-i:ced \rcn ttap.> 
t<ach res>s~.or can dlsslpati? a peak RE rower ot' 
1 c?k* kW and present.-: vet-y !ittl* resccl~.'e 
Ji~sclina. 

Present-.Pmrbarmm. it3mLkbtim.W*m~nb 

The ~resenr. system give.5 p s:i <:a d 1‘ e 1 i a k' .! e 
cperat ion st 'i5@ MrV and beam rlirrent P ;J t 
1 1 d a.4 'i‘ragping eitiriencjes 0 f SIC?*. 71 r t 
ohtainen with lose oi beam ~CIY 1e:s tt1;ln 1 :. 
tiriuring t 13 e a f c e 1 FL- r a t i 0 i I iycle, 1 tie lost. I re 3‘1, 
being cauant. by the collec~c-rr; In the ri2T.q. 

Studier; have shi?wn'z t hnt thP .‘al:rur? 
il.flcienc: is c:,it jcal.L.,T ~:er,enJsn? 2:. t 11:. 
pt. 3 2 e T r a ri 2 i + II 5 R oi ? il e 1.' a'.' 1 t 3 L- f \r>, - 'is*? 

8~rurins tne ? ,-app, n+ p*'l',,--p:;$i drill . 171 , ,I- ,a+l' : ;, 
ili31nt3 L1, ,:,I' 1 m,. P?V> me j.'I‘P- F.,it J- !13El 
r I ~1 n .i, 1 en ? :'J hi n .:i Ii e-1 
?r--?psiit.; Ci-~"'~:-,,-1.~~a~~,~, ':p~;~~~c;' 'Zi;r' "':-{relziA 

I-ie,s Li? ::'obr I;+',.; sr-Jf:{ .-C.,(‘ il.3 :..tr >. j&i1 ,:,,I,,:' : 
I‘ e "- JT" ; 1 1 7.r e , " , 2: 3me <dE-\.E. i CI ,>mPn T. I-/ * : hZ? ~3,-3rp!,: 
! f' X'~~~l?i~‘Ed Wo r Ir 13 as Dec_L~nL t,i'W.3I‘L!C II. 31.: 1 i, 7 
I. ii? tuninQ 1onp kclapt l-i7!P 80 ?Ilst 1tc arricxcv 
i,- ncr cam~-~romi~e0 hy c'hanpes 1,~ the W CST t t-1 e 
~:dv.l Iii-3 c.~IIE~~. r3r example. by \'car-~iit,~~:~n~ ir 
l.!l,P :.'i1,1ei‘ ilI tl‘e ii,Juiti r~~:i.iii>r.~ w~ii,.~h 7, =: \ 
t13\,.= -10 h.5 1' w:Y~I~+~I.~ nt Jiii211er inter-.:9 t i e.- 

In a\-iditii:>a. t.tic: ~‘r’eYel,t rl::,~lr 7. e t r \ / .I 1-~ 
F’i’wer amr’ 1 irirr h=is .>; 1%~ ,I 11~1, ;i<!ej:uai e JL iiwer 
?‘llC I ,,IIurc i;vsTi-in wi I I i1.4i~ rhr t.wi~ 1(/l i.4 Ott-3:: i /! 
p;tc,!-, p'iiwer' arrip1 lfie~, 11-j p.-ira I jr 1 

ill L.K.Nestha, i.:.W.II"lar~~~!r. A&.F*I 1ctat.icrn 3: 
system Idectificatl(-In 'Technl~.u~~s ~c sn EL+' 
L'3vit.y 'i'uning Long , " 
Er ar f?citinFts . ..Q.Lm..timm e 

1 L I I .Gardner eT. ,=I 1 1 "F'p:,grps>: T-5 t. 1 ; 1 : A ;w. ,-I 
F'nssih le h'uzure Ih2velopment.s. " 
Eroceedinas ctf t&j&~:~izferen~e 1 

Fig. 4 FPRC canceliation of beam-induced 
cavity voltage 


