
TirE TE'ATR.N BEA,.{ posrrroN A}rD BEAH Loss r.oNrro'rNc sysrEr,r.s b?M Dutqrn

Robert E. Shafer, Rod E. Genlg, X \-/- . ,  LL 

q*)

Alan E. Bar.ubaush, and Canl R. wegner AJbT? #/O
Fer"o i  Na!1ona1 Acce lenator  Labora tory r ,  Ba tav ' la ,  I l1 !no1s  

I  I

fn t roduc t lon
Thls artlcle dlscusilTJ-6?-Gffi destgn features and
the  ear ly  opera t lon  o f  thE Bean Post t ton  Mon l to r
(BPM) and the  Been Loss  Mon l lo r  (BLM)  sys tens
des tgned and bu1 l t  fon  the  Fer .n l lab  Teva l ron .  The
naln features of bhe BPI' I  and BLM systeos wers
de lern lned by  the  fac t  bhat  the  Tevat ron  ls
cons t ruc ted  o f  supereonduc l lng  nagnets ,  and ln
add l t lon  tha t  l t  t s  des lgned bo  opera te  bo th  as  an
acce le ra to r  fon  f l xed  ta rge t  phys tcs ,  and as  a
s torage r lng  fo r  co l l ld1ng bean phys tcs .  fnc luded
1n the  des lgn  c r l te r la  were  fea tures  to  fac l l l ta te
ln lbLa l  tu rn-on  o f  !he  Tevat ron  as  we l l  as
lnves t lga t lon  o f  nach lne  paraneters  such as  t ,une.
chronat lc tLyr  x -y  coup l lng  e t ,c .

Superconductlng nagnets are krrown to be quenched
eas l l y  by  s l ray  rad la t lon .  Tes ts  a t  Feru l lab  showed
that  o f  the  orden o f  5x10e pro tons  a t  1 f00  GeV cou ld
quench a  supereonduct lng  d tpo le  nagnet .  Th ls  lead
to  the  requ l renent  tha t  bhe BpM sys teo  opera te
r e l l a b l y  f n o o  5 x 1 0 e  t o  3 x 1 O r 3  c i r e u l a L l . n g  p n o l o n s ,  a
dyna.n lc  range o f  nean ly  10 ,000 to  j  ( tn  Lerns  o f
pnotons per bucke! (ppb) however, the dynanlc nange
l s  f r o u  1 x 1 0 8  L o  l x ' l  0 r 0 ,  o r  3 O O  t o  j ) .  D u r t n g
lnJeet lon  s tud les ,  be lng  ab le  to  necord  a l_1  bean
post t lons  s lnu l taneous ly ,  even fo r  a  s tng le  tu rn ,
was hlghly desirable, as neeovery fron quenehes was
1 lke1y  to  nequ l re  oany  61nutes .  fn  add l t lon ,  to
protect bhe Dagnets durlng nonoal operalton, the BpM
systen had to abort the beao 1f t t  strayed beyond
preset  l - lo l t s .  The BLM e lec tnon lcs  a lso  had to
ln1 t1a te  a  bearn  abor t  t f  bhe  rad ta l ton  leve l
exceeded preset  l ln lbs .

Opera t lon  ln  bo th  fLxed ta rge t  and eo l l lder  modes
pnesented  another  se t  o f  des lgn  prob leos .  fn  f l xed
tanget node, the bea-o posi.blon deteetor slgnal has a
53 MHz nodu la t lon .  Th ls  l s  absent  Ln  the  co l l tder
oode,  as  there  are  on l -y  a  feu  in tense lso la ted
bunches o f  par t l c las  c l reu la t lng  ln  bhe r lng .  A lso ,
as Lhe pnolon and antiproton bunches are
counter - ro ta t lng ,  sone way o f  p re fe ren t la l l y
se lec t lng  one d l rec t ion  over  the  o ther  was nequ l red .

fn addlt lon, the nor:oal requlrements of a BpM systeo
had to  be  na ln ta lned.  These lnc luded be lng  ab le  to
s tudy  the  be ta t ron  osc l l la t tons  dur tng  the  f t rs t  few
turns  a f te r  lnJec t lon ,  to  s t ,udy  the  c losed orb l t  o f
elrculat lng beaDs, and to do oachlne studles: tune,
tune spread,  coup l lng ,  chrooat tc t ty ,  and aper tu re
scans for slon extractlon, to name a few.

Overal1 Layout
BPM pos l t lon  de tec tors  tn  a l l .  ha l f

hor lzon ta l ,  norua l l y  loca ted  a t
hontzontal ly focusLng quadrupoles

con l ro l  and oon l to r lng  sys teos  ln  bhe Tevat ron .
ThLs  ser la I  l tnk  l s  on ly  used fo r  paraneter
downloadLng and da ta  readbaek.  Fas t ,  b to lng  and
synehronlzatlon ts handled by a I O MI{z
d lphase-eneoded c lock  s tg r la l  sen t  anound the  r tng  ln
Lhe d l rec t lon  o f  bhe bearo .  Buf fen  Denor tes  tn  each
s ta t lon  s to re  Lhe recorded da ta  fo r  la ten  r .eadbaek.
Cont ro l  conso les  tn  bhe eont ro l  I .oon can access  the
data  Lhus  s to red ,  and app l lca t tons  programs can
create  co lo r  g raph lcs  d lsp lays  and hardcopy .  Daba
f roo  the  s ta t lons  can be  s to red  in  the  hos t  daLa
base fo r  la ten  ana lys ts .

Hardware
The poslr- lon detector-TJ-i i?tr of 50 ohm srr lpl tnes
about  20  cn  long,  each subtend lng  appror lna te ly  1 tO
degrees  o f  a re ,  wtbh  a  c l reu la r  .pu" iu " "  o f  6 .L  cn t ,
Th ls  geooet ry  l s  soneL loes  ne fenred to  as  a
: lnec t lona l  eoup len ,  as  l t  t s  quLte  sens l t l ve  Lo  bhe

Cl rec tLon o f  the  beao.  The de tec t ,ons  are  aount ,ed  on
the  ends  o f  the  superconduct ing  quadrupo les ,  and
thenefore  are  a t  4  degrees  Ke1v1n.  Four  s lgna ls  a re
brought  ou t ,  one fnon each end o f  eacb e lec t rode.
The two downstrea.o ponts are back ternlnated ln 50
opr ,  and the  ups t reao por ts  a re  cab led  to  the
e lec l ron lcs  ln  the  adJacent  Senv lce  Bu l1d tng .  In
f lxed langet operatlon, the stgnal powen fron each
electrode ln the 53 Vtlz componenb Ls about +4 dbo
for  a  centered  beaa o f  , l ,  I  0 r  0  p ro tons  per
bunch(ppb) .  The s lgna l  a rop l t tude ra ! lo  dependence
on lateral bean nol lon ts about 0.7db per trE near
the  cen len .  The fo rward /backward  d l rec t tv l t y  l s
about  24  db ,  as  rneasured , r lbh  c t reu la t tng  beaos.
When eo l l ld tng  beans openat lon  ls  begun,  coar la l
ne lays  wt l l  be  tns ta l led  tn  bhe tunne l  near  the
detec tors  to  se lec t  s lgna ls  fnon e l ther  p ro t ,ons  on
ant lp ro tons ,  and to  back  bern lna te  bhe unused por ts .

Cab l lng  to  the  ServLce Bu l ld tngs  ts  Cone , r1 th  foan
d l e l e e t n l c  R G  8  c a b l e ,  E a c h  p a l n  l s  p h a s e _ o a t c h e d
to  about  + / -  I  degrees  a !  53  MHz,  and bhe
a b t e n u a b t o n  b a l a n c e d  L c  a b o u b  + / _  0 . 3  d b .  C a b l e
a t tenuat lon  ranges  f ron  2  to  g  db ,  dependLng on
detec tor  loca t lon .  As  the  Cetec tors  cab led  to  each
Serv tee  But ld lng  cover  about  3OO m o f  be :m l lner  the
s l .gna l  anr tva l  t lne  aL  Lhe e lec t ron lcs  l s  skewed
oven about  I  ousec ,  and ls  oppos i le  fo r  p ro tons  and
ant l  p ro tons  .

The s tgna ls  f roo  a l l  de tec tors  a .e  s tou l taneous lv
processed 1n  a .op l lbude- to -phase nodu la t lon(AM/pMj
nodu les  2 .  A  b lock  d lagran  o f  bh ls  techntque ls  shown
ln  F tgure  1 .  Th ls  nebhod o f  pnocess tng  was chosen
to provlde both t l"  ve.y large dynarole range
requtnenen l  as  weI I  as  a  rea l  t lne  pos l t lon  s lgnJ l( the  n lse t tne  o f  l :he  ou tpu t  s lgna l -s  l s  about  10
nsec) .  The usefu l  inpu t  dynao ic  range ts  f r .oo  _40
to  +20 dbo pen e lec t rode.  Nar ror , r  Uan ipass  f l l te rs(about  

l -W,  bandpass ,  eenter  f requenctes  na tched to+ / -  0 . 1 t )  r l n g  a t  5 3  M H z  w h e n  e x c l t e d  b y  s t g n a l s
f roo  tso la tad  beam bunches,  pnov ld lng  the  needed
sens i t l v t ty  ln  eo l l lden  node opera t lon .  fn  add lb ton
to  bha AM/PM c l reu l t ,  lhe  bwo lnput  s lgna ls  ane
added to  p ro t r tde  an  ln tens l ty  s tgna l  ouEput .  The
outpu t  sensMvt l tes  a re  iUoug j25  nV/m
d t s p l a c e o e n l ,  a n d  l . l  v o l t s / 1 x 1 0 r 0  p p b  t n t o  5 0  o h n s .
The lnputs  a re  espee l -a l l y  des lgned lo  a l Iow renote ly
eont ro l led  tnJec t l .on  o f  RF s lgna ls  to  Les t  th ;
e lec t ron lcs ,  and cur ren ts  t ;  check  cab le  and
detec ton  cont lnu l ty  to  lhe  50  o ln  baek  re ro lna ! lon .

There are 216
ventlcal and half
ven t lca l l y  and
nespect lve ly .  As  the  des i .gn  tune ls  abou l  19 .4 ,
lhere are appnod.nately 5 detectors per betatron
wavelength ln each p1ane. The detectors ara cabled
to 24 Servlce Bu1ld1ngs spaeed equally anound the
6.28 !u ci.reunference of the r lng, Hhere the
e lec tnon les  ls  loca ted .  These s ta t tons  are
connecled to lhe host conputer by Eeans of a l0 MHz
sertal l lnk, whlch ts shared r l th al l  the other

-opera led  by  the  Un l .vers l t ies  Researeh fne . ,  under
contnact wlth the Unlted Sta!es Departnent ofEnersr' 
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For  re l lab le  opera t lon  ln  bhe Tevat ron ,  lhe  order  c f

15  con l lguous  bunches o f  2x100 pro lons  each(1 .e .

3 x1 Oe protons ) are nequlred for batch ood€

op€ra t lon ,  and about  2x10 '  p ro tons  ln  a  s lng Ie  bunch
for  co l l lder  dode.

Tests nada rrt th wlres and rtth bhe naln ntng bean
conflrued the posLtlon senslbtr l ty of bhe detecton
and AM/PM c l rcu i t .  Tes ts  r l th  the  beam ln  the  Maln
Rlng  conf l rued thE s lgna l  ampl l lude ,  d l rec ! l t r l t y '
and response to  l so la ted  bunches o f  p ro tons .  fn
addltton the beam Lests showed the resoLutton
( repeatab l l l t y  on  burn- to - tu rn  oeasurenenLs)  to  be
about  30  o lc rons  r t rs  a t  3 t10rc  ppb,  and about  5OO
n l c r o n s  a t  5 x 1 0 t  p p b .

The pos l l lon  and ln tens l ty  s lgna ls  a re  p rocessed ln
bhe BPM Ana log  Box .  Sanp le  and ho ld  c l rcu lbs  fo r
the  pos l t lon  and ln tens l ty  sLgna ls  f ron  each
detec tor  a re  t r lggered by  the  lnd lv ldua l  ln tens l ty
slgnals to overeone bhe tfuoe skewlng probleo. The
sanp le  and ho ld  ga te  l s  edge t r tggered,  f l r tng  a t
bhe lead lng  edge o f  bhe beam ln tens l ty  s lgna l
fo l lowtng a  gap Ln  bhe bean (a  I .5  nusee gap is
requ lned fon  bo th  lnJec t ion  ln to  and s lng la  Lurn
ex t rac t lon  fnoo bhe Tevat ron) .  The t r tgger
Ehreshho ld  ts  se t tab le  by  the  hos t  conputer .  The
sanp1e and ho ld  c l reu l ts  a re  a r red  by  bhe
n ic roprocessor  cont ro l l -e r ,  and d lsaroed by  va l ld
t r lgger  s tgna ls  to  pneven l  nu l t lp le  f ln tng .  The
lntenstty sa.nple and hold s1gna1 ls conpressed 1n a
3 decade logartthnle ax0p11f1er, and al l  lhe slgnals
aee dLgTlLzed tn paral lel by 10 MIlz ADC's ln aboul 4
nusec. The ADC least count resolut lon ln bhe
posibion cbannel 1s about 1 50 nlcrons. Fast
colneldences ean be nade between the lntenslty
tr lggen slgnals and an encoded signal on the 10MHz
Tevalnon Cloek. To al1ow for bhe propagallon
veloclty of the encoded slgnal around the r lng,
downloaded colncidence gate delays (and wldths) are
neroote ly  se t tab le  ln  200 nsec  (100 nsec)  s teps  up  to
51.2  ousec  (25 .6  nusec)  by  bhe hosb conpu ler .  A
hard-wlred Junpen board ln each Analog Box al lows
fon  separa te ly  adJusb lng  the  L lme skewlng fon
pro tons  and an t lpnobons a t  each de tec ton .  The fas t
coLncldence al lows nonltorlng a slngle Lurn of bean
such as  dur lng  lnJec t lon  s tud les ,  o r  a  s lng le  bunch
of  p ro tons  (o r  an t tp ro tons  )  dur tng  co l l tder
o  pera t lon .

Dtglt tzed positLon and lntenslty neasurements lhus
obta lned are  read ln to  the  B lc ropnocesson-
cont ro l -1ed d lg t la l  pnoeessor  ln  a  Mu l t tbus  c ra te .
Dlgltal processlng tncludes a dlgltal averaglng
proeess, l-n whlch 8 to 64 oeasur€xtents are added ln
TTL adders and avenaged by b1t shlf l lng. The
averaglng of nany tunns of bean posltton data
snoothes out the coheren! betatron oscl l lat lons. and
g lves  a  good neasur€  o f  bhe c losed orb1 t .  Th ls
averag lng  pentod ,  repeated  a t  1  to  15  nsec
tn te rva ls ,  l s  se t lab le  by  bhe hos t  coroputer ,  as  1s
Lhe nrsber of neasureoenls ln the average. Two of
the twenty-four stal lons are equlpped rr-t th
addtt lonal electnonlcs bo necond the !urn-by-turn
(TBT)  pos l t lon  o f  a l l  12  de tec tors  ln  tha t  s ta t ton .
The host selects any two detectors for readback, the
nmber  o f  tu rns  neeorded (up  to  102q) ,  and the  l ioe
at whlch lha recondlng ls begr.rn. Thts lalter
feature was instal led to perforo tunc, tune spread,
and chronatlcl ty studles w1!h a 'rplnged'r bean (A
"ptnger'r ts a pulsed tragnet to lnduce coherent
be ta tnon osc11 la t lons  ln  tha  bean) .

The BLM detector ls a sealed glass ton eha.uben wtth
a  110 ce  ac t tve  vo l rne  f i l l ed  to  about  1  A tn  w l th
pune angon gas. The detector eal lbnatlon ls about

7 ' '10- r  CouLoobs per  Had,  and has  been found to  be
nearly l lnear to 100 Rads instantaneous dosc. r{hcn
opera ted  a t  2 .5  kV.  Leakagc curen ts  a t  bh t t
voltage are held to appro:dnatcly 20 feoptoaops duc
to electnodc gaooatry and guard r lng constructton.
Thera arc appro)dBatcIy 215 BLM detcc!ors located
adJacent  to  bhc  Tevabron quadrupo les ,  p lus
addLt tona l  r . rn t ts  ln  sbra lgh t  sec t tons  and
lnJec t lon /ex t rac t lon  11-nes ,  whera  there  are  aper tu re
res t t . t c t lons .

The BLM e lec t ron tes  box  lnc ludes  a  4  deeade
ln tegra l tng  logar l thn tc  anp l l f le r  fo r  eaeh BLM
debecton .  Th ls  1og arop l l f le r ,  l l ke  bhe one ln  the
BPM ln tens t ly  channe l ,  uses  a  nabched t rans lsbor
pa l r  l -n  a  b ransd lode conf lg r : ra t1on,  as  shown in
Ftgr re  2 .  The ln tegnat lon  t tne  was se lec ted  to
Batch  the  known tn tegra t ton  t tne  o f  1 /15  sec  ln  the
beam- lnduced quench proper t les  o f  the  Tevat ron
d IpoLes ( 8 0 0  R a d s / s e c ( s l o w ) o n  5 o
Rads ( lns tan taneous )  wt l t  cause a  quench ln  a
supereonduct lng  co t l  )  .  In  th ls  w iy ,  the  ou tpu t
vo l tage has  a  d l ree l  conre laL ton  to  bhe probabt l l l y
o f  quench ing  a  Bagnet .  The logan l thn lc  nesponse
allows coapresslng a largs dyna.nlc range ( l  nanoamp
bo 10 r lq r -eanps)  ln to  an  8  b t !  ADC.  Th1-s  ln  par t
re f lec ts  the  uncer ta tn ty  ln  p red lc t lng  bhe
senslttrr l ty of supereonductlng nagnets to bean_
lnduced quenches,  as  we l l  as  the  unpred lc tab l l t t y  o f
the  beao loss  po tn l  re la t l vc  to  the  de lec ton  ( thev
are  loca ted  a t  30  n  ln tenva ls ) .

Other features of the BLH electronics lnclude an
ln tenna l  hos t -cooputer -se t tab le  h lgh  vo l taga supp ly ,
norral ly openated at zkV, and an asynchnonous 8 btt
ADC contlnuously updatlng data in a dual- pont
nenory. Thls oenory ts read at 8 osee lntenvals by
the  o lc roprocesson cont ro l le r (1 .e .  abou!  8  b lnes
per  lnLegra t lng  t , lne  eons tan t ) .  The coob lned
r tse l lne  o f  bhe lon  chamber  and the  1og ln tegra tor
ls  about  200 nusec ,  wh lch  ls  equ lva len l  to  about  10
turns of the bean. The beao abort Lhreshhold
se t t lng  1s  downloaded f rom Uhe hos t  eomputer ,  and ls
cont lnuous ly  coopared to  bhe anp l l . f le r  ana log  cu tpu t
s lgna ls .  Any  s tgna l  exceed lng  bh ls  leve l  . " r l l l
genenate  a  be .n  abor !  deoand s lgna l .  Th is  s lgna l
can be generaled 1n less than 200 nusec. A
se l f -Les t lng  fea ture  o f  the  lnput  e lec t ron lcs  i s
bhat  about  0 .5  nanoaops ts  leaked Ln to  each lnput ,
c rea tLng a  sna l l  d lg l t l zab le  o f fse t  vo l tage.  The
presenee o f  bh ts  o f fse t  in  the  BLM data  reaC back  by
t h e  h o s t  l s  a n  l n d t e a t t o n  t h a t  t h e  e l e c t r o n l c s  t s
won ldng.

A tes t  ln te r face  nodu le  was bu l l t  tn to  bhe sys teo
espec la l l y  to  per fo r r  co loputer -conLno l led  tes ts  on
the hardware. Thls box on coomand can dlglt lze and
send baek  to  lhe  hos l  the  d lg t t l zed  va lues  o f  aboub
60 de  vo l tages .  In  add l l lon ,  l t  can  genenate  a
gapped 53  MHz s lgna l  o f  severa l  anp l l tudes  su i tab le
fon  lnJec t lon  ln to  the  lnpu ls  o f  bhe RF nodu les  fon
cheek lng  lhe  BPM e lec t ron lcs .  Ano lher  hardware  tes t
i s  to  pu t  '10  na  dc  tn to  eacb BpM de lec tor  cab le  and
dLg l t l ze  the  vo l tage,  hence neasur tng  the  presence
of  bhe back  temlnat ton .  Another  tes t ,  per f  o r red
wl thout  bhe tes t  ln te r face  oodu le ,  l s  to  tu rn  the
BLM hlgh voltage off and on oven a penlod of nany
seconds.  Due to  the  ln te re lec t rode capac l tance o f
the  BLM detee tor ,  Th ls  bes t  Lnduces  charge a t  Lhe
lnput  o f  the  1og tn tegra ton  c1neu1t ,  c reaL lng  a
d tg t t l zab le  s tgna l .  Thus  a  coup le te  tes t  o f  a l l  3LM
eab l lng  1s  per fo r "oed.  A  b lock  d tagrao o f  a  byp lcaL
BPM/BLM s ta l lon  (w l thout  TBT)  l s  shown ln  F lgure  3 .

BPM Sof twara
Each of lhe 24 BPM-liu-iEi5iili-crates conralns rwo



ZLLog 280 d lc roprocessons .  One n1c : "oprocessor ,  w l th
2kbytes of nAM and 4kbytes of PROM, nanages the BPM
hardwarc. The second dlcroprocessor, wlth 32k of
RAH and 10k of PROM, ts responstble for nanageocnt
of the data nenory, executlon of Ehe applLcatlons
progr2ns, and conmunlcatlon r,rt th the host cooputer.
An add l tLona l  t6k  o f  RAM 1s  used ln  thosa sbat lons
where TBT ts tnpleoented.

A11 of the downloaded data !o each stat ion ls sent
fnon the host v1a bhe serlal l i .nk. These data are
the setttngs nequlned to contnol the hardware. The
nlcroprocessor appltcatlons prograns are stored ln
PROM. A l l  downloaded da ta  a .e  loaded ln to
wr lbe / read reg ls te rq  fo r  readback  ver t f l ca t ton .  As
the  ser la l  l l nk  ts  a  po lnb- to -po ln t  tnanso iss lon
wl th  cons lderab le  pnotoco l ,  i t  l s  no t  su l tab le  fo r
n e a l  t l n e  a p p l l c a l l o n s ,  l . e .  f a s t  t n l g g e n t n g ,  o r
P a *  t s { a { - - r l l tna ls  wh lch  are  bo  be  sent
s lnuLtaneous ly  to  aL l  s ta t ions .  The IO Mhz Tevat ron
Clock  can fo r  th ls  reason be  encoded w l th  up  Lo  256
L ln lng  s lgna ls  r r tbh  a  b lo lng  accuracy  o f  1OO nsec .
S lx teen o f  these L tn lng  sLgna ls  a re  resenved fo r  use
by bhe BPM,/BLM systeo. The 10 Mhz canrlen ls bhe
t j .ne  base fon  a lL  Tevat ron  con l ro l  sys teos .  Most  o f
the encoded t lnlng slgnals used by bhe BpM systen
are  queued ln  a  F IFO ln te r rup t  reg ls te r  and are
handled by software appllcatlons programs. The lwo
s lgna ls  wh lch  requ l - re  fas t  t lo lng  accuraey ,  the
f lash  bn tgger  and bhe nras ter  c lock  rese t ,  ane
hardware functlons. Software functlons lncLude"pnepare for bean'r,  "end of beam", ' rhlgh nagnetic
f le ld " ,  " low nagnet tc  f ie ld ' r ,  "wr t te  p ro f i le  f rane, , ,
and "wr l te  d lsp lay  f raoe" .  These spec l f le  even l
tn tggens  wt l l  be  descr lbed la te r .

Ab the  end o f  each averagtng  cyc le ,  a  20  by te"fra.Ee" of data ts assenbled. Thls frane lneludes
12 by tes  o f  pos l t ton  da fa ,  3  by tes  o f  l tne  da ta  ( t
osee leas t  coun! ) ,  3  by les  o f  da ta  ind tea t lng
wheLher tndlvldual poslt , lon averages exceeded bhe
downloaded l ln l t s  (Lhene are  four  l lo l t s  per
debeclor, an alar.u level- and an abont, level ,  for ] .ow
and h lgh  nagnebtc  fLe ld ) ,  and 2  by tes  o f  da ta
va l ld1 ty  checks .  I f  the  average rcs lb lon  o f  an t
de tec tor  exceeds the  preset  a la r :n  leve l ,  lhe  hos t  l s
no t l f ied .  f f  lhe  requLned nu l t tp l l c l t y  o f  averagspos l t tons  exceed the  abont  leve i ,  t t ren  a  beao abor t
l s  denanded v la  a  hardware  ou tpub.

Thls fnane ls then nouted to any of three nenorles
depend lng  on  pend lng  ln temupts .  Each f rane ls
always writ ten lnto a 512 fname deep ctrcular"snapshot' t  me'ory. Thls nenory, whlch contalns aII
Lhe postt lon dala for the oost necent 512 averag{n!
cyeles, ts stopped whenever the processor necelveg ahandwara stgnal that there ts an abont tn progress.
ff  there 1s a pendlng request fron the slgnals
eneoded on  the  Tevatnon C lock ,  th ls  f raoe ls  a lsowrL t ten  ln to  tha  non-vo la !1 le  l2g  f ra rne  , ,p ro f1 Ie ,
nsItony. Thls data 1s held for later readout tn
order to carry oul closed orbl!  analys1s. Anotherpendlng request w1ll  nrtta the frane lnlo a slngle
20 byte 'rdlsplay't  neoory, to be read back by Ehe
host for graphlc dlsplay. Thls dlsptay tretrory
lnsures lhat al l  dlsplayed data ls synchronlzed towtthln one averaglng cycle.

If  a 'r f lashr event tr lgger ts encoded on theTevatron Clock, the noroal ",r"""gl ig cycle lss topped and a  f lash  de lay  and ga te  e l ieu l t  w t th  tOOnsee Fesolut lon ts started. The f lash gate slgnal
i : : : : .- i l i lwrduatty 

delayed for . .oi- derecror byJreper -se lec ted  taDs on  a  l .G nusec  sh l f t  reg ls te r .rf  there 1s bean rr lrr fn trrrs gate io.-" iy detector,both the posMon and the f ntensity , ,r t l l  be

d tg l t l zed .  Th ls  f lash  daLa ls  then loac ted  ln to  a  30byte , ' f lashn fna,Be, and thc procesror nevcnts backto lhe noroal snapshot cyele. Thc ttuc resolut lon
of  the  f lash  cyc lc  l s  such lha t  tb  can d lg t t l zc  as lng le  tunn (on  par t la l  tu rn )  oF an  lnd lv ldua l
lsolated bunch of beao.

As a_ faulty lnput ehannal can tntenferc r i th thenorrar operatton of the staLl0n, or eause unr,anted
be2p abonts, two "Dask" blts are downloaded for eachdetec tor  ehanne l , .  I f  a  ehanne l  l s  no t  tn  use  (an
average o f  9  o f  the  12  channe ls  Ln  each s ta t lon  areused)  on  ts  h lown not  bo  be  ne l lab le ,  a  de tec tor
nask  b1b ls  downl -oaded fo r  tha t  channe l .  Th lseoop le te ly  lnh lb i ts  Lhe channe l  ab  bhe hardware
leve l .  I f  a  de tec tor  !s  to  be  exe luded fnon Lheabor t  denand func l lon ,  the  abont  nask  b t t  l s  se t .

Every  8  n i l l l seconds,  the  BLM Cua l  por t  nenory  l snead out by the ol.croprocessor and fornect lnto a ]6by te  BLM f ra .oe .  Th ts  l s  wr l t ten  tnbo snapshot ,p ro f l le ,  and d lsp lay_neoor tes  depend lng  on  pend l -ng
nequests .  As  exp la lned above,  bhe been abor tfunet ton ,  un l1ke  the  BpM whlch  i ,  based ono lc roproeessor  ana lys ls  o f  dLg l t l zed  daLa,  tsconpleteJ.y carted out at bhe hanJnare level onceLhe bhresho ld  leve l  i s  se t ,  and rena lns  opera t tona l
:u : :  

t f  e l ther  lhe  hos t  on  o lc ropnocessor  contno l le r
r  a 1 I s .

The nleroprocessor control ler can Lssue a servlce
nequest  (SRQ)  to  Lhe cont ro l  sys teo  j . f  1 t  de tec ts  anequlpnenl fal lure or i f  the alar.o level ts exceeded
by e i then lhe  BpM or  the  BLM sys ten .  These
-unso l lc l ted  messages are  po l led  by  the  hos !  a t  a  15Hz ra te ,  and ca l  taen i t fy  equ lpoent  p rob lens  ors l tua t lons  wh lch  1 f  noL eor . rec ted '  eou la  resu l t  ln  abean aborl denoand.

Two s ta tLons  are  equ lpped r r t th  spec la l  e lec t ron lcs
to  record  tu rn-by- twn(TBT)  pos l l fons  o f  se lec ted
channe ls .  Th ls  da ta  ts  reconded tn  e l ther  o f  bwooodes.  fn  the  panast t tc  rnode bhe TBT ln fomat lon  tsrecorded fo r  the  f l rs  t  . l  024  tu rns  wt  thoutln ten fer tng  w l th  bhe nonna l  openat lon  o f  thes ta t lon .  fn  bhe second node,  TB i  takes  h lghes tp r l o r t t y ,  e v e n  o v e r  f l a s h ,  f o r  u p  t o  1 0 2 r r  b u r n s l  I nt h l s  l a l b e r  n o d e ,  b h e  T B T  c y c l e  i s  i . n i t t a b e d  b y  a nex terna l  t r lgger .

! {os t  App l tca t lons  prorans
The t,ost, f f i  Lo al l  r_he
Tevat ron^contno l  sys teos  v la  a  pDp l l , /34  fnont  endconputer  3 .  I t  coonuntca tes  bo  i f , "  user  v laa p p l t e a t l o n s  c o n g o l e s  w h l c h  l n c l u d e  a  p D p  1 t / 3 q ,  akeyboard ,  a  co lon  oon l lon ,  a  co lo r  g raphtcs  d tsp lay ,a  s to rage osc i l1 lscope,  a  hardeopy un1b,  and at rackba l l -eont ro l led  curser .  Sp.c i i f c  app l l ca t tonsp.ograos  are  menu_se lec ted  and the l r  spee l f l cvartables tnserted froo bhe keyboand or cal led fnonthe  hos t  da tabase.  The spec t f te  app l lea t lonsprograms whlch are used by Lhe BpM systeo anedescr lbed be lo r .

The par:neter dowrrloadlng and vertf leatlon program1s used lo dornload Ehe operattng p. i ; .E"rs to eachs ta t lon ,  e l ther  fnon the  t ros t  Ja iaUase or  f ron  thekeyLrcard, and to verl fy lhen. ls-- i i .  downloadedparaneters vary sooerdhat froo stat lon ro statton,there ane 24 sub-pages tn thls piogr"r,  one pers  ta t lon .

The_ BPM/BLM systeo tests pFogram exerelses Lhebu l l t - tn  se l f  tes l tng  fea lu res  o i  t i .  equ tpoent  suchas the BP[l and BLM cable contlnulty Eescs, bhe Cepor .e r  supp ly  tes ts ,  and the  g iU RF tes ts .  The



destgn  ph t losopy  here  was to  c rea le  co lo r  g raph lc

dlsplays shlch at a glance tdentl fy the e:dstance of
probl€os and thelr sevenlty, rh1le at the saoe t loc
produclng a l lst of the speclf lc probleos and lhetn
preclsc loacl lon. Thls l ls l  can be hardcopted and
used by personnel oaklng th€ repalrs.

The BPU,/BLM data display appl lcat lons prograE
prorr ldes access Lo al l  tha BPWBLM daba struclures
and produces dlsplays, el lher on thE color graphlcs
dlsplay or on bha storagc scop€ for lmedtate
hardeopy.  The opera tor  can se lec t  e i ther  a  p lo t
showlng verttcal orbtt,  honlzontal orbl l ,  and bean
Losses  (o r  bea.o  ln tens l ty  on  f lash  f rane neadbaek) ,
o r  a  d lsp lay  wh lch  p lo ts  e l then the  verL lca l  on
horlzontal orblt  and a l lst of the nrnenlcal values
roeasured a t  eaeh de tec tor .  The ver t l ca l  sca le  i s
user -se t tab le  fo r  a l I  Lhese d tsp lays .  In  add l t lon
any neadback data can be archleved ln t ,he hosb
dababasa fo r  la te r  re r r lew and ana lys is .  Th ts
lnc ludes  the  capab l l t t y  o f  d lsp lay tng  the
dtfferences between two archieved f l les to enphaslze
spec l f l c  o rb l t  d ls to r l lons .  Typ lca l  f lash  and
pro f l le  C lsp lays  are  shown ln  F lgunes  4 ,  5 ,  and 6 .

The pos lb lon  and ln tens l ty  da ta  as  read ln to  lhe
hos t  1s  1n  naw n lc ropnocessor  un1!s .  The pos l t lon
data  1s  l lnean lzed by  a  lookup tab le  Lo  cor rec t  fo r
the lr tonn deleclon and AM/PM clrcult  response
functions, and ts corrected fon rneasured deteclor
n lsa l ig ruoen lb  and survey  er ro rs .

The turn-by-turn appl lcat lons pnogran controls and
ut t l l zes  bhe tu rn-by- tu rn  capab l l l t tes  o f  the  BpM
systeo .  f t  1s  p r lnar l l y  used bo  measure  tune,
coup l lng ,  and chroroa t , tc l l y .  f t  d lsp lays  up  to  1024
turns of orbLt data fron two deteclons (usually one
vertLcal and one horlzontal ) and ln addlt lon
d lsp lays  a  Fas t  Four le r  Tnansfor .o  ana lys ls  o f  the
pogltton data to show lhe fract lonal tune and tune
spread.  f l  ean  a lso  read l l y  lden t l f y  inJec t lon
errors whleh cause elther eoherent betatron or
synchro t ron  osc l1 la t ions .  Anp l lLudes  o f  0 .5  mn are
eas l l y  seen and t rans forued.  Typ lea l  TBT d lsp lays
are  shown Ln F lgures  7 ,  8 ,  and 9 .

The orblt  conrectlon applicatlons progr€uts use the
oubput  o f  Lhe f lash  on  pro f lLe  da la  neadback  to
adJus t  the  cor rec t lon  d lpo le  nagnets .  The spec l f l c
applicatlons programs inelude f lrst turn analysls to
adJust eorreclton dl-poles to achleve a cooplete
tu rn ,  o rb lb  c losure  bo  cause the  second tu rn  to  l1e
on top  o f  Ehe f l rs t  tu rn ,  and c losed orb l t
cor rec t lon  to  mln ln lze  onb l l  d ls lo r t lons .  Th ls
latter appl lcat lon can ean snooth bhe orblt  Lo about
200 olcrons r.ns, aboul the stabi l l ty l lntt  of the
BPM sys ten .

0perablng Experlence

th. BP!,t ana effibeen tn operallon
fon about 2 oonths, when lnJectlon studles into the
Tevatron began. Durlng lhls t lne many of lhe
features of these systdls have been used, but soo€
fea tures  s1111 have to  be  fu l l_y  tes ted  and u t l l l zed .
As  h lgher  ln tens l t les  a re  acce lenated ,  and as  s lng la
bunch (co l l1den node)  s tud les  ane 1-n l t la led ,  oore  o f
the funcElons bu11t lnto these systeos wll l  be
tested. l lowever, even ln bhe f lrst few weeks of
operatlon, nany of the design fealures werc
u t t 1 1 z e d .

)bba ln lng  f l rs t  burn ,  lnc lud lng  s ieer lng  around
aperture restrtct lons and obstacLes, was done uslng
!h. Flash noda operatlon, uslng both the Ueao
lntenslty slgnal and lhe beao loss slgnal as well  as
the honlzontal and ventlcal poslt i .oi  lnforual lon.

The _  ,  byp lca l  op"1 ! lnq  ln tens l ty ,  appro :d .na te ly' l x1Or0  pro tons  a t  I50  GeV,  typ lca i i y  caus .O 1  or  2
bea.o tnduced quenchas pcr 8 hour shlf t  (nacoverv
b loe  Ha!  typ1ca l l y  15-20  n lnu tcs) .  Thc  rcpc t t t lon
rate 'ras usually onc cycle pcr olnutc. Belng abla
to sfuoultaneous}y record Lhc poslt lons at al l
detectors was qult€ valuablc. Onec ftrst turn ira!
achleved, thls operatlng oodc was used to exanlne
Lhe second tunn and snooth out the lnJectton bunp.
l{hen coasttng bea.D was achl€ved, the beam tnLensttv
slgnals wera not neanly as useful as the bean toss
non l to r  s tgna ls .  The l r  lange dynan lc  range and
senst t l v l t y  see6s  to  bc  su l tab le  fo r  loca t lng  and
n ln lnLz tng  re la lLve ly  soa l l  been losses .  The
but l t - ln  BLM t loe  cons tan t  to  Batch  the
bean- Lnduced-quench propentLes  o f t n e
superconduct lng  nagnets  d ld  no t  seen to  cause any
probleos ln tunlng the nachlne. The dynamlc nange
appeans adequate  t ,o  see soa l l  losses  and a lso
pro tec t  Ehe nagne ls .

The Snapshot ,  Pro f1 le ,  and Dtsp lay  oodes,  wh leh
average ou t  the  be ta t ron  osc i l la t lons ,  had been
espec la l l y  use fu l  tn  o ln ln iz lng  the  c losed orb l t
emors and ln studytng the nachtnE aperture. Tlre
Lurn-by-turn equlpnent has been especlal ly useful in
explorlng the tune dlagran, and tn sett lng the skew
quadrupo les  (x -y  coup l lng)  and the  sex tupo le
(chnonat lc l t y )  and fon  n1n ln1z1ng cohenent
synchro tnon and be ta t ron  osc l l la t tons  a l  lnJecbton .

The tncluslon of lnternal hardware tests to detect
equlpnrenf nalfuncttons 1n retrospect was absolutelv
necessary .  I f  tb ls  had no t  been done,  va luab l l
!gan-6n t lne would have to be used to dlagnose BpM
and BLM systeo probleos. The oaJon pnobleo ln the
BPM systeo has been the lnternal detector
conneet lons .  Appnox loa le ly  5  o f  the  2 j5  de tee tors
(nepnesenll .ng over 800 connectlons) treasure 'ropenn
ra ther  than 50  ohns  ln  t ,he  eont lnu l ty  tes t .  These
detec tors  have to  be  nasked o f f  (us lng  the
downloaded Mask func t ton)  as  bhe pos t t lon  s lgna l
readback  ts  enroneous.  I t  l s  no l  known a t  bh ls  r_ tne
wheLher  lhe  prob leo  ls  a t  the  eonnector  on  the
d e t e c t o r  t s  a  c o l d  s o l  r J e n  l n {  n f  (
rerle*ooetry o"n il".i!';;: ri:lll lltlirnrl'T'll
2 cn) .  fn  sooe cases  bhe pnob leo  ls  lanorn  to  cune
Itself  when the nagnebs are warroed up.

The use o f  PROM's  bo  conbro l  bhe BpM and BLM
hardware  pror r lded the  necessany f led .b t l lLy  Lo
nod l fy  the  opera l lon  o f  bhe equ lpnent  as  our
undenstand lng  o f  the  needs o f  the  sys teo  tnpnoved.
Had th ls  sys teo  been inp leoented  en t i re iy  ln
hardware ,  ood l fy tng  l t s  opera t ion  tn  any  way wou ld
have been very dlf f tcult .  Had oany of the PROM
functlons been transferred lo the host cooputen, l t
would have put an enontrous burden on the serlal
1  lnk .

1 .  "Fern11ab Enengy Doub len  Beao pos tb l .on
D e t e c t o n r ' ,  R .  E .  S h a f e r ,  R .  C .  W e b b e n ,  a n d  T .
H.  N leo l ,  IEEE NS-28,  l ,  pg  2290,  June tgg t

2 .  "An RF Bean pos l t lon  Measureoent  Modu le  fo r  lhe
Fern l lab  Energy  Doub ler ' r ,  S .  p .  Jach lo ,  R.  C.
Webber ,  and R.  E .  Shafer ,  I IEE NS_2g 3 ,  pg  2-?23,
J u n e  1 9 8 1 .

3 .  ' rThe Tevat ron  Con l ro l  Sys teo ' ,  ,  D .  Bogent ,  I_ .
J .  C h a p o a n ,  R .  J .  D u c a n ,  a n d  S .  L .  S e g l e r ,  I E E E
N S - 2 8  3 ,  p g  2 2 0 U ,  J u n e  1 9 8 1 .

4 .  "An RF Dev lce  fon  prec ls lon  Locat ton  o f  bhe Beam
Pos l l ton  Detec tors  tn  tha  Tevat ron ' ,  Q.  A .  Kerns
e t .  a I . ,  I E E E  N S - 3 0 ,  I ,  p g  2 2 5 0 ,  A u g u s t  , l 9 g 3 .
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F i g u r e  4 .  F l a s h  d i s p l a y  s h o n i n g

h o r i z o n t a l  p o s i t i o n ,  v e r t i c a l  p o s i t i o n ,

and in tens i ty  vs .  loca t ion  around the

Tevat ron  fo r  the  f i . rs t  tu rn .

F igu re  5 .  P ro f i l e  d i sp lay  show ing
de ta i l s  o f  t he  ho r i zon ta t  o rb i t
vs .  I oca t i on  a round  the  r i nq .

F igu re  6 .  P ro f i l e  d i sp lay  show j_ng
hor izonta l  and ver t ica l  orb i ts ,  and
bearn loss vs.  locat ion around r inq.
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F igu re  7 .  Tu rn -by - tu rn  p lo t s  f o r  "p inged"

rream. In th is  case,  the couPl ing is  lveak

and the tune spread i -s  smal l .  The x and y

pos i t i ons  a re  shown  fo r  1024  tu rns .  The

Fas t  Fou r i e r  T rans fo rm rep resen ts  t he

t u n e  r a n g e  f r o m  1 9 . 1 0  t o  1 9 . 5 0 .

F igu re  8 .  S im i l a r  t o  F igu re  7  excep t

that  the betat ron coupl ing is  s t rong.

Pigure 9.  This rather  unusual  turn by

turn p lot  shows weak coupl ing between

the Cwo betatron modes,  but  an apparent

s t rong  synch ro -be ta t ron  coup l i ng .
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