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Abstract 
A fertll>ack microprocessor 11~s l>~rrk built for the TEVATRON. 
Its inputs are realtime accelerator uleasuren~ents, tla.ta tlrsc-rib 
ing the sta.te of the TEV,L\TRON, and ramp tables. The uli- 
croprocessor inclutles a finite st,atr machille. Each state corrr- 
spontls to a specific TEVATRON operation. Transitions IW- 
tween stat,es are initiated by t.he global TEVATRON clock. 
Eacli state includes a cyclic routine which is called periotlirdly 
iLn<l where all calculations are perfornlrtl. The output corIe:c- 
tious arcs inserted onto a. fast. TEVATRON-witlr link from which 
thr power supplies will read thr realtimr corrcsrtions. WY also 
store all of t.lie input data and out.put corrrrtious in a set, of 
buffers which cm easily be rrtrievetl for tliaguostic altidysis. 
I will describe use of this tlrvicr t.o control the TEVATRON 
t,unr’h, mtl discuss other IISCS. 

III hadron colliders such as the Fermilab TEVATRON, the 
HERA 11 ring, the SSC and the LIIC, a wrll-defined sequence 
of operat,ions is r~retletl to t,nkr the accelerator fro111 211 init.ial 
state, without stored beam, to a final state, with stored hralu 
a.rttl collisions at t,hr interact,ion poillts. T11err arr rna.ny iutrr- 
mrtliat~ states (suclr as accrleratiou), during which a.ccrlerator 
parauirtrrs change. It is tlifficlilt to construct a single iuo~tel of 
thy arc-elrrator which applies rliiring a.ll tlirsr sta.t.es. Instra.rl, it 
is convenient to consider each process separately and construct 
l~~odrls for ea.& stat,e. The rutirr process ruay l)r thought of as 
a finite state macliirie, with t:a.clt sta.tr corresponding to a rlif- 
frrrnt ol)eratiou and h;Lving it,s OWII mo~lel of t.hr accelera.tnr. 
In addition, the time scales a.t wliich the accrlrra.tor pa.ra.~ne- 
ters change vary from state to state. (2iangrs in accelerator 
parameters lead t.0 variations iii thr bra.lu parameters sur11 as 
the tunrs, coupling. and chromaticities. If the heam para,meters 
are riot carefully controlled, I~eaui cluality will tleteriorate. 011r 
uf the principal chitllengrs of collitlrr operations is to uiaiutaiu 
high 1~raIii intensities ant1 low nnittmcrs through the chaiu of 
operations from injection to collisions. 

The sequence of operatiolts in the TEVATRON is illnstm- 
tive of this process’ OperiLt.iolls proccc(l througl1 llie following 
(simplifietl) set of states: 11 injrctiolt, rurrgiziug vlectrustatic 
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separat,ors to create different helical orbits for 1~‘s and y’s, p in- 
jection, acceleration, latt,ice modifications to produce low jj”s 
at the interaction regions, ant1 energizing atltlitional separators 
to create head-on collisions at t.he two int,eraction regions. In y 
a.nd ?; irljection, a closrtl orbit time l,iini~) moves t.hr circulating 
orbit near an injrctioll kicker. anti hark immediately after irl- 
j&ion. (:tosrtl orbit changes may hr arrompanietl l)y betatron 
tune ant1 rolIpling clLaugrs caused Iy t,he non-linear fields of the 
I)rnrling clipolrs nntl srxtnpnlrs. Energizing the separators hns 
the S~IIIP rffrrt. During arcrlrra.tion all the magnetic elements 
are ramped. .4lthougll t,hr linea.r latt,icr is kept constant, the 
multipoles changr, afft,rting thr tunes n.ntt coupling. The closed 
orbit may also vary. “Sqiireziug” is t,he t,rrm used to describe 
lattice rliangrs to rrraty slnall /9 *‘s at tlir intera.ction regions. In 
principle, only a rrstrict,etl srt of clua(lruldrs shoultl hr needed 
for this step. Howrvrr, siurr thr clua(lrupole st.rrngths are not 
prrrisrly known thr exact s;t*tt,iugs for the quatlrupoles cannot 
always he ralcula.tetl. Thr closrtl orbit. may not pass through 
t,lir crnt,rrh of the qlia(lrupolr’s. lratlin ,y to closed orbit (and tune 
a.ncl coupliug) shift,s. If tluring these states the tunes and cou- 
plings are not. kept, a.way from harnlful rrsonanrrs, emitta.nrr 
growth and/or Ibeam loss will result. 

(%~srtl orbit antI clua<lrulde variations also affect the chro- 
maticitirs. These rffrct,s a.re usua.lly smd ant1 do not pose 
prol~lrrus for ljra.lu stn‘tlility. Howcvc*r, persistent current effects 
in the l,rntting diJ)ole:, of sllI)ercollttllCt,il~g accelerators have a 
large effect on thr srxtulde iuc)nif2nt.. During the l-3 hour 
TEVATROh’ injrrt,ion front porch, the clironiaticities change 
I)p as muc11 as 7(1 ulkits;. TIIw~ C~I,III~W arr undone in the first 
seconds of a.rrrlrra.t~ion. If ttir ctironiatiritirs are too low tlur- 
ing these st.;rtrs, hr;~.(l-t ail instd>ilitirs Iuay tlevelo~~. If they are 
too t;Lrge, t,llr chronla.t.ic t,unr sIjrea.(l may overlap ha.rmful reso- 
nanrrs. III lwtli casts. rmit,ta.nrr growth aml/or beani loss n1a.y 
result. 

In all of these c-asrs it is nerrssary to liave accurate tune and 
chr0ma.ticit.y cout.rol. This is usually nrconiplisliett with open 
loop cont,rd in the form of t.aldrs operating at breakpoints, with 
linear intrrpolatiou brtwrnl hrrakpoix~ts. However, this inter- 
polation is oft,rn not accurate. The (:BA’ system at Fermilah 
wa.s const,rurt,rtl t,o I)rovitlr tune cant rol with realtime feedback 
loops.It operates ii.8 a finite stab2 marliine in which each state 
corresponds to A sperifir TEVATRON prorrss. Fretll~ack within 
ii. state is performrtl l)y pvriotlic calls to the state’s data acqui- 

&ion ant1 fertll)ark rolltillrs. Each st ntr also inclutles a set of 
I)uffers iu whirtL t,hr mea.snremrnts ant1 ra.lrdations from thr 
frdl):l.rk routinr arr storrtl. All data. arr avnilnhlr t,hrough thr 
Frrmilall a.rcrlrrnt.or rol~trol syst,rm. \Vr will tlrscribe the gen- 
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rral featurrs of the microprocrssor softwarr. the wag iu which 
it 11as heeu incorporated into the TEVATRON control systrm, 
and some of the ways in which it lias been used. 

FEATURES OF THE CBA SYSTEM 

The hardware standard chosen for C:BA wa.s the Intel Multi- 
bus II” chassis using a Micro Industries HO.786 processor cart1 
with 8 MBytes of DRAM. We llse the MTOS* operating sys- 
trm. All software is written in (I. 

The heart of the finite state machin? is a set of states with a 
transition table and a set of periodic rules ant1 lmffrrs for ed 
state. These structures are illustrated in Figure la ant1 11). The 
transition tahle consists of a list of dlowetl t,ra.ltsitions hrtwren 
states and the trigger which will cause a given transition. Em41 
state can have transitions into up to 8 other states, although 
a given trigger signal can occur only once in the transition ta- 
hlr for a state. The periodic rules consist of a specification 
of 8 frequencies and timing signals which will came the peri- 
odic routine to IX called. The frrqurncirs vary from state to 
state, depending upon the accelerator processes occurring. For 
instance, during acceleration the persistent current effects are 
reinovetl rapidly, and a frequrncy of several Hz is indicated, but 
during the squeeze the quatlrupole circuits change very slowly 
and a frequency of 1 Hz is sufficient. 

Associated with each state is a set of buffers. The l)uffer 
structures consist of a specification of the numhcr of fields, 
iiumher of records, nuniher of iiist,anrrs of a state which niay 
be l~ufferetl before they are overwritteu, time-of-day stamps for 
each buffer, and the data buffers themselves. 011e buffer is filled 
for every instance of a state, and after t,lir entire set has hreii 
filled, they are overwritten in a circular manner. The numl~rr of 
1)uffers for each state has been chosen t,o be la.rgr enough so that 
there is no danger of buffers being overwritten before they have 
been archived, if desired. The time-of-day st mlp is the clock 
date ant1 time at which the instance of the sta.t,e occurred. It 
is stored in a separate circular I)iiffrr which iiiairttaius the oue- 

to-one correspontlrucr wit.11 the tlnt,;L l~uffers. Each data. buffer 
consists of fields into which t,he input tlata, accelrrator param- 
eters, and output data may he loatletl. A II~W rrcortl consisting 
of data for all the fields is added to the lmffrr e.zch time the 
periodic routine is rallrtl. 

The computations for each state are performrtl in the entry, 
exit, ant1 periodic routines. The entry routine allocat,es the next 
availahle buffer autl zeroes tlLe timer which counts time since the 
start of the state. T11e exit routine rlosrs the buffer and zeroes 
the feedback output. The periodic routine consists of routines 
that read the heam ;n~cl n.ccrlerator parameters, such as the 
brtatron t,unes anrl I)rntliug 1111s current. It also a.ccesses the 
tables of desired valiirs for beaui quantities as a function of time 
since entry into the state. The desired va.lues ant1 me~asuretl 
values are inputs to thr fertlhack routine, which calrnlates an 
error signal. The accelrrator 111otle1 is then usetl to calculate 
the feedback current rrquiretl t,o 111111 the error signal. These 
corrections are oiit.put in real time to the power supplies and 
.arc stored, along with the input tlat;r anti whatever calculations 
are tlesirrtl, in the l)ldfrr IGig usrtl for the particul;lr instance 
of the state. 

TEVATR.ON IMPLEMENTATION 

Figure L’ is a. col~iplrt~ tliagra.iii of t.hcb systenl as iniplrmentrtl 
ilt the TEVATRON. Tht~ illputs a.rr a srt of phase lock loops 
whose irlput is t hr signal from a art of Schottky detectors”. 
These circuits provitlr a realtime lurasurement of the tune. T11e 
triggers for the transition t,nblrs a.rr rrntl from t,hr global TEVA- 
TRON clock (T( ‘LK) AIICI other luachine lmram~trrs (the bend 
lens current) arr rratl froiu th<z glo1)n.l MDAT link”. The real- 
time corrrctious are t.rnus:luittrd to the Ibower supply rontrollers 
uvcr MD.4T. Various cant rc~l parmle’trrs (f~etlbnck gains, fre- 
cliieiicies, au/off switchrh, rt.c-.) arc tlownloa.tletl into CBA 
througl~ the arcrlrrator c-mt.rol network (A(~‘NET). The data 
buffers are also ava.ilal~lr to t,llr co~solr system over AC!NET. 

LVe have coutluctr[l srvrra.l rloaetl lor)~) test.s of CBA. In one 
auc11 test, we tlrulonstratrd that (!BA c-a.11 sucrrssfullg cornpen- 
sate tune shifts causrcl by rl~auges in TEVATRON parameters 
other than the t.unr circ.liits. WC iutrotlucrcl a. single horizontal 
dipole kick of va.rying maguitutle at OII~ location. In Figure 
:<a we plot the kick, t,llr lmsitiou nleasuretl on a heam position 
monitor, and the llorizontal anrl vedical tunes. The kick leads 
to a maximum t,uIle change of al)out (l.(ll. Figure 31) is the same 
plot with (-:BA turuetl on to perform active feedback. The tune 
shift has l)eru siiccessflilly roiiipmsatr~l to within 0.002. 

CONCLUSIONS 

We h.zvr built a g:rurral pur1mse microprocessor based fretl- 
hack systrnl which 11;)s 1wr11 tnilorrtl to fit t Ike finit.e state Iw- 
ha.vior of lLil(lroI~ cullitlrr olmat.iou. The systrlu will work with 
auy rrlial~le redtime iuputs nut1 will provi(lr fretlb,ack at up to 
fit) Hz. Ew11 sta.tr has it,‘a own fcrtllmrk routines which contains 
a 1110del of t,ha.t part,iciilar a?rcrlrrn.tor stn.tr. We have provided 
a l)uffrr system whit-11 ulntrhrs thr states of the sta.te machine 
aiitl which coutaiu dl iilforulafion tlrscrihing the operation of 
the ferrllmck loop (‘losrd 1001) corrrrt.ions to the power sup- 
ldirs can hr output 011 ally accrlrrnt,o~-witlr link. This system 
llns 11re11 t,estmI a.ll(l SIIOWII to work in rirruulstauces which are 
usrful to a.rcc~lrrn.tc-jr operations. 
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Figure 2: CBA implementat,ion in t,he TEVATRON 
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