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1 Intr oduction

All atomicmatteris composedf protons,neutronsandelectrons.The electron the lightestchaged
lepton,is anelementaryparticle. On the contrary the constituentof the atomicnuclei, protonsand
neutronspftenreferredto asnucleonsarethemselescompoundof otherelementaryparticles,the
quarks. Theinternalstructureof nucleonswasinvestigatedby a multitude of experimentsscattering
differenttypesof particlesoff nucleonsat restor in flight. It could be shavn, thatthe conceptof a
naive quarkpartonmodel,assuminghatthe nucleonsarebuilt up by threevalencequarks,is not the
wholetruth. In additionto thesevalencequarksthe nucleoncontainsa large numberof gluonskeep-
ing thequarkstogether Thesegluons,the gaugebosonf thestronginteraction continuouslysplitup
into quark-antiquarkqg) pairs,referredto asseaguarkswhich recombineafterashortperiodof time.

The nucleonsare fermions carrying a spin of 1/2 in units of 4. After the constituentsof the
nucleonhad successfullybeenidentified, the questionaroseconcerningwhich partof the nucleons
spinis carriedby its particularcomponents.Recentprogressobtainedby polarizeddeepinelastic
scattering(DIS) experimentshasbroughta betterunderstanding@f the spin structureof the nucleon,
demonstratinghatthe valencequarks,earlierput forward asthe mostlikely carriersof the nucleons
spin, contritute only a small fraction [1, 2, 3, 4]. The ensuingconclusionwas that either the
gluonsmustparticipatein a substantiamanneyr or alternatvely, the seaquarkscarry a large positve
polarization.Neverthelessessentiapartsof this spinpuzzleremainunresolhed.

Several theoreticalmodelsand predictionsfor the distribution of the nucleon$ spin amongits
constituentsare currently under considerationjput their validation or refutationdependon precise
measurementsf the gluon polarizationAG. Initial resultson AG have beenpublishedrecently[5];
however, greateraccurag is necessaryor decisve conclusions.One of the possibleapproacheso
solwe the puzzleof the nucleons spinis the analysisof a processlirectly probingthe gluon helicity
distribution within thenucleon.Thus,the COMPASS! experimentat CERN? wasdesignedo explore
reactionof quasi-reaphotonswith gluons,theso-calledpohoton-gluorfusion. Thegluonpolarization
canbe extractedfrom a count-rateasymmetrymeasuremenwith the spinsof beamandtarget orien-
tatedparalleland anti-parallel,respectrely. Therefore,in additionto the naturally polarizedmuon
beamalsothe usedsolid NH3 and®LiD tamgetshave to bepolarized.The photon-gluorfusionprocess
canbe detecteceithervia opencharmproductionor hadronpair productionwith a large trans\erse
momentump, [6]. A spectrometelooking for thesesignaturesmieeddrackingover alargeacceptance
region andexcellentparticleidentification.

With its setup, the COMPASS detectorcan also be usedfor other interestingmeasurements.
Especiallyit gives accessto the eventually polarizedseaquarksin the nucleon. Indications of
polarizedstrangequarkshave beenobtainedby experimentsanalyzingsemi-inclusivedeepinelastic
scatteringevents[3], but more preciseinformation can be extractedby analysingthe decayof A
hyperons.Sincethe A containsa strangequarkit is preferablyproducedby scatteringoff a valence
u quarkor a strangeseaquark. From the polarizationof the A insight aboutthe spin transferfrom
the struck quarkto the producedhyperoncanbe derived aswell asconclusionsaboutthe polarized
strangeseacontentof the nucleon. The idea of using A and A as a quark spin polarimeterwas
originally proposedy Baldracchinietal. in 1981[7]. Sincethenthe A polarizationhasalreadybeen
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2 1 INTRODUCTION

investigatedy severalexperimentsn neutrino[8, 9] andchagedlepton[10, 11] scatteringeactions.
The available statisticsis sofar ratherscarce. COMPASS will be ableto contritute a large pieceto
thesequestionsThe physicsgoalsof the COMPASS experimentwill be explainedin Chapter2, with
specialemphasi®nthe physicsaccessiblavith thereconstructiorof A hyperonsthesegoals,in turn,
motivatethelayoutof thedetectoroutlinedin Chapter3. The polarizedmuonbeamandthe polarized
talgetnecessaryor the proposedneasurementarelik ewise describedn Chapter3.

To achiee a new level of fundamentalunderstandingof the spin structureof the nucleon,
morecomple experimentakfforts have to be made.Especiallythe challengefor the dataacquisition
(DAQ) systemsis increasingrapidly. It hasto be capableof high trigger rateswhich ariseas a
consequencef the high luminosity andthe crosssectionfor deepinelasticmuonnucleonscattering.
In combinationwith the huge numberof approximately250000 detectorchannelsthe COMPASS
apparatusomprisesandthe multiplicity of the measuredeactionsthis leadsto a so far unrivalled
amountof data. Due to the high trigger ratesthesedatahave to be recordedin a very shorttime.
Hence,on the onehand,the nenly developedDAQ systemfor the COMPASS experimenthasto be
optimizedfor speedsuggesting highly specializeddesign. On the otherhand,the designalsohas
to be extremelyflexible for adaptatiorto the very differentrequirement®f the mary differenttypes
of detectorghe systemhasto dealwith. Thesetwo contrarytasksarebestmetwith atree-structured,
fully pipelineddesign.

Detector data are digitized as close to the detectoras possible. All time measurementin
COMPASS are performedby meansof the #1 TDC, developedin Freikurg, with which an early
hit selectionis possible.Due to the high demandsandits versatilefunctions,the centralpart of the
COMPASSreadoutsystemthe commonreadouidriver CATCH (CompassAccumulateT ransferand
Control Hardware)is realizedasa modulebasedon field programmableyatearrays(FPGA). These
reprogrammablehips provide large flexibility combinedwith the requiredbandwidthfor handling
the data. The CATCH moduleis responsiblefor fastand efficient dataprocessing. In parallelit
provideserrorrecognitionandperformssubeent building at an early stage. Theselocally formatted
suberentsare transmittedto the subsequenstagesof the readoutsystem. The developmentof the
CATCH moduleandthe software for the implemented=PGAswas one major task of the presented
work. Another challengewas the implementationof the CATCH moduleinto the readoutsystem
of the experiment. The conceptof the whole COMPASS readoutsystemis presentedn Chapter
4, followed by a detaileddescriptionof the heartof this readoutsystem,the CATCH module,in
Chapters. Performanceests,carriedout to studynot only speedandrate capability of the system,
but alsopossibleimprovementsandtheir realizationwill besummarizedn Chapter6.



2 The Spin Structur e of Baryons

Thetotal spinof the nucleonis known to be% in unitsof #; in thefollowing thecorventionz=c=1
isused.Butit is still anunresoled puzzlewherethis spincomedrom. In astaticquarkpartonmodel,
the spinshouldbe carriedby the constituent®f the nucleon the valencequarks.But asshavn by the
EMC Experimen{1] in deepinelasticscattering(DIS), thesecarry only a smallfraction of the total
spin. The questionariseswhat elsecould carry the missingpart. On one handthe gluonskeeping
togethetthe quarksof the nucleoncarry spinandon the otherhanda orbital angulamomentunof the
constituentgould contritute resultingin a helicity sumrule

1 1
Sy=5=75 AT +AG+Lg+Lg, (2.1)

whereAZ andAG arethe spincontritutionsof the quarksandgluons,Lq andLy denotetheir orbital
angulamomentumyrespectiely. The polarizedquarkdistribution functionsAq(x) aredefinedby the
differenceof the quarkdistributionswith parallelandanti-parallelspinwith respecto the spinof the
nucleonwhereagsheunpolarizedistributionsq(x) aredefinedby the sum:
q) = a"(x)+a™(x)
Ag¥) = qT(x) —qM(x). (2.2)

Thequarkdistribution functionsintegratedover x aredenotedby Aq withoutargumentx:

Aq= / Aq(x)dx. (2.3)

}x

h

P

Figure2.1: Feynmandiagram of deepinelasticmuon-nucleorscattering



4 2 THE SPIN STRUCTURE OF BARYONS

The quarkcontritution A~ hasbeenmeasuredor instanceby the HERMESCollaboration4] to be:

AT = Au+Ad+As+Au+Ad+AS
0.30+0.04+0.09 (at(Q%) =25Gev?). (2.4)

Accesdo thedifferentfractionsAg addingup to thetotal nucleonspinis providedby deepinelastic
scattering(seeFig.2.1). DIS experimentqdisregardingneutrinoexperimentslusethe scatteringof a
chagedleptonl* deepinelasticallyoff anucleonN:

£ 4+N > 1F +X (2.5)

The processs mediatedby the exchangeof a virtual electro-wealgaugeboson,y* or Z°. For enegy
transfersy (seeTah 2.1) from theleptonto the nucleonwhich aresmallcomparedo the massof the
heary gaugebosonsthe contritution of the Z° exchangecanbe neglectedandthe approximationof
photonexchanges valid. In aninclusivemeasurementhe scatteredeptonis detectedwhereaghe
hadronicfinal stateX is notobsered. By afit to theinclusive world datafor scatteringoff protonsand
neutronsthe contritutionsof the differentquarkflavorsto the nucleonspincanbederived|[2]:

Au = +0.79+0.04
Ad = —0.45+0.04
As = —0.16+0.05 (2.6)

at (Q%) = 10 Ge\2. This resultshawvs a significantnegative contrikution of the strangequarksto the
protonspin, which will be subjectof the analysisof A productionandpolarizationin COMPASS as
discussedn Sect2.3. Beforethe descriptionof the currentstatusof A physicsandthe contrikutions
COMPASS will be ableto male, the techniqueto obtain theseresultsby meansof deepinelastic
scatteringis explained.

2.1 Polarized Deeplnelastic Scattering

To understangolarizedDIS, the kinematicalvariablesdescribingthe processare introducedfirst.
The muonnucleonscatteringcanby illustratedby the Feynmangraphof Fig. 2.1, the variablesused
to characterizehis processaaresummarizedn Tah 2.1. The scatteringprocesscanbe dividedinto a
leptonicanda hadronicpart. The leptonfour-momentum(four-vectorof enegy andthe momentum
vector)is given by k! for the incidentandk’ for the scatterednuon. The anglebetweenincoming
andoutgoingleptonin the laboratorysystemis 8. SinceCOMPASS: s a fixedtamet experiment,the

four-momentunof thetargetnucleonis givenby P* tah (M,0).

An importantmeasuren deepinelastic scatteringcharacterizinghe enegy scaleof an exper
iment s the negative squaredfour-momentumof the virtual photon,Q?. In the infinite momentum
frame,wherethe nucleonmaoveswith infinite linear momentumandhence transersemomentaand
constituentmassesan be negglected, the scaling variable x descriptvely gives the fraction of the
nucleonmomentuncarriedby the struckquark. In thelaboratoryframe,y denoteghe fraction of the
total enegy transferredoy the virtual photon. Two otherimportantparametersf the deepinelastic
scatteringarethe massof the hadronicfinal stateW andthe centerof-massenegy /s.
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Table2.1: Definitionof variablescharacterizingthe deepinelasticscatteringprocess.

Initial State
kH = (E,R) four-momentunof theincidentmuon
PH Lab (M,ﬁ) four-momentunof thenucleon
Sn Lgb% ‘R"TA(E) ;ﬁ = % spinfour-vectorof theincidentmuon(long. pol.)
Sa Lab (O,é spinfour-vectorof thetargetnucleon
Final State
KM= (E,K) four-momentunof the scatterednuon
P# = (En, Pn) four-momentunof the outgoinghadron
Kinematic Variables
gt =kt —kH = (v,0) four-momentuntransferto thetarget
Q= —0gu " Léb 4EE’ sinzg ney. squarednvariantmassof thevirtual photon
v :P“Tqul'ib E-FE enegy transferto thetarget
X= zéiqu Lab 2(|\2/|2v Bjgrkenscalingvariable
y= gﬁﬁﬁ Lih% fractionalenegy transferof thevirtual photon
W2 = (PR g2 M2 2Mv — @?  squarednassof thefinal hadronicstate

5= (PH4kH)? = P OME+M2+n?  squarectenterof-massenegy

Semi-inclusve DIS

H = Ph 3] longitudinalmomentunof thehadronh
P* 2 *
XFp = |q*| ~ ” Feynmanscalingvariable(in they*N c.m.s.)

PuPh Lab Enag

zZ= Pt — v fractionof they* enegy carriedby the hadronh
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In the caseof semi-inclusie measurementsyhere at leastone hadronh of the final stateX is
detectedn coincidencewith the scatteredmuon, two additionalvariablesbecomeimportant. The
Feynmanscalingvariablexg scaleghelongitudinalcomponenbf the hadronmomenturrPﬁ with re-
specttoits maximumpossiblevaluein they* N centerof-masssystem(c.m.s.).In thelaboratoryframe
thefractionof thevirtual photonenegy, whichis transferredo thedetectedhadronh is expressedby z

Fragmentation Fig.2.1 representsa basicpicture of a semi-inclusie measurement.The struck
quarkhasto pick up eitheran antiquarkor at leasttwo more quarksin orderto form a color singlet
hadronicfinal state[12]. It is assumedhatthis processthe so-calledfragmentationjs independent
from the scatteringprocesdtself. scatteringandfragmenting factorize The struckquark carries
the enegy of the photon,the fractionalenegy of the resultinghadronis denotedby z = % The
fragmentatiorfunctionng(L Q?) arethe probabilitiesfor a quarkq to fragmentinto a hadronh with
theenegy fractionz. Here,thefragmentationnto A hyperondgs consideredsincethesearesubjectof
Sect2.3. For final statehadronswith non-zeraspin, the fragmentatiorfunctionscanbe decomposed
into spindependenandspinindependentombinations:

N VAN N
Dq(2) = Dgp+ Dgpps
N . N N
ADA(z) = DA —Dpy. 2.7)

The fragmentationfunctions representhe probability that a quark g with given helicity frag-
mentsinto a hadronh with the same(11) or opposite(1]) helicity. An Ansatzfor the spindependent
fragmentatiorfunctions

AD,(2) =Cq(2)-Dg(2) (2.8)

with spin transfercoeficients Cq canbe usedto make predictionsfor the polarizedfragmentation
functions[13]. FortheA production,C(’]\(z) canbeextractedfrom ameasuremerdf the A polarization
aswill bediscussedn Sect2.3.1.

In general,one distinguisheshetweenfavored and unfavored fragmentationfunctions. The fa-
voredfragmentatiorfunctionsarethe onesstartingwith a quarkg which becomesneof thevalence
quarksof the hadronh, whereashe unfavored functionsstartwith a quarkwhich is not a valence
quarkof the producechadron.For the productionof a A only two fragmentatiorfunctionsremain:

AD}(z) =ADj(z7 =ADX(2) favord
AD{(2) =ADA(z2) =AD{(z) unfavored (2.9)

Two fragmentatiorregionscanbe distinguishedwhich arecharacterizedby thevalueof xg. If the
struckquarkfragmentdnto the particlesought-afteri.e. the A, it is calledcurrentfragmentationwith
xg > 0. Thisis the casein Fig.2.1, wherethe struck quark fragmentsinto the detectedhadronh.
On the otherhand,the taget remnantfragmentsinto the A or anotherdetectechadronin the tamget
fragmentatior(xg < 0).
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CrossSectionsand Structur e Functions Underthe assumptiorof onephotonexchangethe cross
sectionfor lepton-nucleorscatteringcanbe written as[14, 15):

hadr. tensor
d20 e N
TJoo ~ LHV (k7k/7s>,WHV (P? q, 8)7 (210)
dXdy —_——
lept. tensor
with theleptonictensorcomputablen QED:
L (K K, ) = 2 [ Kk, + koK), — (K- K = P) - gy +i - M- gyep - - (k= K)P | (2.11)
symﬁﬁic artisyEm(aric

wherethetwo differentpartsindicatedaresymmetricandantisymmetriaunderparity transformation,
respectiely. The massof themuonis givenby m. In contrasto theleptonictensoy the hadronicten-
sorWH, which describeghe photon-quarkinteraction,is not calculable.Thereforeit is parametrized
by a setof structurefunctions. Imposingsymmetryrequirementdike Lorentzinvariance,gaugein-
variance,and symmetryof the stronginteractionunderchage and parity (C and P) transformation,
the symmetricpart of the hadronictensorcanbe expressedn termsof two dimensionlesstructure
functionsFy(x,Q?) andF»(x,Q?). In analogythe antisymmetricpartis parametrizedy two other
likewise dimensionlesstructurefunctionsg; (x, Q%) andgy(x, Q?).

symmgic
J Hg" g g F 2\
: o S S (Pv-q") =Py (S, - )
iM . glVP “Op- [—P)\q)\ 01 (ijz) + A g O (X,Q2>] . (212)
artisy‘n;meric

The unpolarizedcrosssectioncanbe derived by contractingthe symmetricpartsof L™ andW".
The sameprocedurecan be appliedfor the antisymmetricpart to get accesgo the polarizedcross
section.Thecrosssectiondifference

d20< — d20~ _ 8ma?y
dxdQ?2 = EQ4
dependsnly on the polarizedstructurefunctionsg; andgy, but not on the unpolarized F;, andF.
Thesestructurefunctionsareinterpretedasthe sumof the quarkdistribution functionsin the quark

partonmodel (QPM) which describegleepinelasticscatteringasthe incoherensumof elasticscat-
teringprocessefrom the partons(quarks):

F00 = 5 36 @00 +T(0).
R = X-Ze%(qf(x)mf(x)),

2
(E+Eoo®) m ) - T ek (213)

au(x) = %-Z%(Aqf(x)-i-Aqf(x)) and

0 (QPM), (2.14)

«Q
N
—~
Na
11l
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Figure2.2: The unpolarizedproton structue function F)’(x,Q?), measued in deepinelastic lepton
nucleonscattering(BCDMS,E665,NMC and SLAC). Thedataare shownasa functionof
Q? for fixedvaluesof x, only statisticalerrors are given,from[16].

wherees is thefractionalchage of the quarkwith flavor f. The structurefunctionsin Eq.2.14do not
dependon Q2. This s only trueif the incoming particle scattersoff a pointlike chage asassumed
in the quarkpartonmodel. Precisemeasurementsf sz(x, Q?) shav a small Q% dependencof F».
The experimentalresultsfor F, arepicturedin Fig.2.2 asa function of Q? for differentfixed values
of x. For smallx valuesthe structurefunctionsrise with increasingQ?. The oppositeis true for large
x values. This canbe explainedby the existenceof seaquarks,which carry a smallfraction x of the
nucleonmomentum.For higherQ? values theseseaquarkscanberesohedin the scatteringorocess
resultingin anincreaseof the structurefunctionF,. Correspondinglythe probability of scatteringoff
a partonwith a large fraction of the nucleonmomentum(large x values)decreasesvith increasing
resolutionassociatedvith higher Q? values. Thereforethe structurefunction F,(x,Q?) decreases
with Q? for large valuesof x.
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2.2 The Spin Structur e of the Nucleon

In the naive quark partonmodel, which is valid in the infinite momentunframe,a nucleonis inter-

pretedasanensemblef free, parallelmoving quarks.Structurefunctionsare obtainedasthe sumof

the quarkdistribution functionsasgivenin Eq.2.14. However, the nave QPM fails to describethe
spinof thenucleon.Therefore ponedoesnot expectit to beagoodmodelfor the spinof theremaining
memberof the hyperonoctet. Presentataon the protonandneutronspin, however, canbe usedin

conjunctionwith datafrom semileptonichyperondecayamplitudego calculatethe spin structureof

otherbaryons.The mainassumptionis thatthe baryonoctetis indeeda SU(3) flavor octet,which is

correctapartfrom massdifferenceeffects.

The polarizedquarkdistribution functionsarerelatedto the spinstructurefunctiongs (x). Thefirst
momentof g, for the protongivenby

1

1/4 1 1
Flzo/gl(x)dx _ §<§Au+§Ad+§As>

1/4 1
= 12( ao+a3+\/§ ) (2.15)
is relatedto the hadronicmatrix elementsag, az, andag which aredefinedasfollows:

a = Au+Ad+As
a = Au—Ad

1

= — (Au+Ad-—2As). 2.16

ag \/g( ) (2.16)

Thethreematrixelementgivenin Eq.2.16canbederivedfrom weakneutron(az) andhyperondecays
(ag) [14] andinclusive deepinelasticscatteringmeasurement@g, [2]):

a = 018+0.11
as = 1.257+0.003
ag = 0.334+0015 (2.17)

Inverting Eq.2.16givesfor theproton:

Au = %(2a0+3a3+fa3)
Ad = %(ao—3a3+\/§a3)
As = %(ao \/_ag) (2.18)

leadingto thevaluessummarizedn Tah 2.2. In generalthe octetaxial vectorcurrentsare

=Uyys ()\ ) Y, i=012..8 (2.19)

with  beinga columnvectorin the SU(3)flavor space.
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Table2.2: First momentsof the polarizedquark distribution functionsfor proton, neution, and the
N hypeon, thevaluesare from[2].

Au Ad As
lao+Jas+ Pag | 0794004 | Jag—Jag+ Pag | 0450004 Jao—Fag | 016005
n | dao—$ag+ ¥Pag | 0454004 Jao+Jas+ Pag | 0794004 fa—tag | -016+005
A | lao—tag+ Y2ag | -0.20+0.04 | fao—tag+ Ylag | 0.20£0.04 | lag+ Saz— Pag | 0.58+0.04

The setof unitary 3 x 3 matricesform the group SU(3). Generatoranay be taken to be ary
3? - 1 = 8 linearly independentracelesermitianmatrices. Theseeight matricesare known asthe
Gell-Mannmatrices.Thetriplet andoctetmatricesA3z andAg, andthe singletmatrix Ao aregivenby:

100 1 0 0 /10 0
Mo=(010 |, A=[0 10|, dg=4/5( 01 0 (2.20)
001 0 0 0 00 -2

The hadronicmatrix elementfor a specificbaryonwith spin §,, massmg andmomentump is [17]:
meSia = (p,S|J;|p.S. (2.21)

Thesearetheresultsbasednthe QPM for which ag hasbeenidentifiedwith thequarkpolarization
A% introducedin Eq.2.4. Dueto the axial U(1) anomaly[17, 18], which describeghe factthatthe
axial currentsJL asgivenin Eq.2.19arenotconseredin thelimit of masslesguarksthisis nottrue
in QuantumChromoDynamicg(QCD). In consideratiomf virtual, off mass-shelyluons theoutcome
is ananomalougluonic contrikution to ag, makingAZ dependenbn thefactorizationschemeln the
Adler-Bardeerschemd19], the measuremeruf the first momentof g; (x, Q?), seeEq.2.15,doesnot
yield the z-componenbf the sum of the quark spins, but only a superpositiorof quarkand gluon
contritutions

n as(Q?)

21
which couldexplain the smallmeasuredalueof ag if AG is positive [17]. Here,as(Q?) ~ WTE//\Z)

is the coupling’constant’of the stronginteractionwhere/ = 0.3 GeV is themassscaleof the strong
interactionandfy = 11— % n¢, wherens is thenumberof quarkflavorsf which have amasdessthan
the enegy scaleQ. Thevalueof as dependsn Q?, in thelimit Q> — it vanishedogarithmically
Thisis calledasymptotidreedom,mplying thatfor smalldistancegcorrespondingo large valuesof

Q?) thequarkscanbetreatedasfree, pointlike particlesasit hasbeendonein the quarkpartonmodel.

ap =A% — -G, (2.22)

In a QCD improved parton model, the Q? evolution of the polarized quark distribution func-
tionsAq is controlledby QCD basedsplitting functions Thelogarithmicdependencef the polarized
quark distribution functionson Q? can be seenfrom the spin dependeniltarelli-Parisi equations
[21]. Usingt = log(Q?/A?) theseare:

d _ag(t)

at Adhs omt

d/Aas\ _ ast) ([ PS 2n¢P, Az
E(AG> - ey ory )%\ ac ) (2.23)

' P(?é ® Aqn57
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Figure2.3: Feynmangraphsof the lowestorder processesvith the correspondingsplitting functions,
thetimeis orientedupwans. A quarkcanemita gluon(a) or a gluoncansplit upinto a
quark-antiquark(b) or gluon-gluonpair (c), wheie thefinal statepartonsead havelower
momentum.

whereAg,s = ;%AQ]‘, with (€?) = ;% is thenonsingletandAZ the singletquarkdistribution.
The coeficients Ps; are the QCD splitting functionsfor polarizedpartondistributions [20]. They
dependon the ratio of the fractional momentaof the final andinitial statepartons. In Fig.2.3 the
leadingorderFeynmandiagramsaresketched.The probability thata quarkwith momentuniraction
X2 originatesfrom a parentquarkwith a larger momentumfractionx; is proportionalto ag- qu(i—i)
asshawn in Fig.2.3 a). In the sameprocessalsoa gluonwith fractionalmomentumx’ = x; - X, is
radiatedoff theinitial quarkstate.

It shouldbe notedthatthe non singletdistribution Agns evolvesindependenthfrom the gluondis-
tribution, while AZ andAG coupleto eachother Thereforeg; (x,Q?), which like AZ is proportional
to a singletcombinationof the spin dependentiuarkdistribution functionsasgivenin Eq.2.14,can
be usedto extractthe gluon helicity distribution AG from measuringhe Q? dependencef Ag,s and
AT over awide rangein Q2.

If one generalize€q.2.14 to include the gluonic contrilution, the formula canin perturbatre
QCD berewritten as:

ng
Y€
01(x, Q%) = T [AChs® AQns+ ACs @ AT + 2ns ACy @ AG]. (2.24)

The spindependentoeficient functionsAC; arecalculablein QCD andthe ® refersto a corvolution
integral definedby [14]:

1
(AC®q) (x, Q) = / AC ()—Z(,Q2> -q(z, Q2>d;z. (2.25)

1
Usingns = 3andC(Q?) = [ C(x, Q?)dx, thecoeficientfunctionshave beencalculatedn the modified
0

minimal subtraction(MS) renormalizatiorschemeo secondandthird orderfor thequarkcontritution
[24] andto first orderfor thegluoncoeficientfunctionACg(Qz) [22], whichis zeroin leadingorder:
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Figure2.4: g;/F1 asa functionof Q? for sepaate x-bins. Thecurvesare a global fit to the asymme-
tries, dataare fromE155(solid circles),E143(opencircles),and SMC(stars), [23].

as(Q?) as(@®)\? as(@)\°
AChe(Q?) = 1- = —3.5833< ) —20.2153< ) ,

Tt Tt
o . 6@ as(@?))?
ACS(Q?) = 1—T—1.0959< = )
2 O‘S(Qz)
ACH(QY) = - (2.26)

Over the limited rangein Q? which is accessibléby currentexperiments,no significantQ? de-
pendencef gi/F; is obsered (seeFig.2.4), indicatingthat the polarizedand unpolarizedstructure
functionsevolve similarly. Extractionof AG from a globalfit to the polarizedpartondistributions at
differentQ? yieldstheresultAG = 1.8 4+ 0.6 & 1.3[23], afirst hint on a large positive gluon polar
ization, but thesedatado not constrainthe valuewell. Thereforeadditionalinformationis needed.
By measuringthe gluon polarizationdirectly via the photon-gluonfusion process,COMPASS can
contribute a large pieceto the spin puzzle[6]. This methodmight help to distinguishbetweenan
eventualeffect of polarizedstrangequarksor gluonsasinterpretationof the resultsfor the nucleon
spin[1]. Complementarynformation on the polarizationof strangequarksand antiquarkscan be
obtainedby measuringhelongitudinalpolarizationof A hyperons.
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2.3 A Polarization

TheA baryonis amembeof theJP = %+ baryonoctet,seeFig.2.5. With its masf my = 1115.7MeV
it is the lighteststrangebaryon. The A\ baryonis producedn the stronginteractionin combination
with a kaon. A decayinto a nucleonplus a kaonis kinematicallyforbiddendueto the low massof

the A. Its possibleweak, maximal parity
violating decays

udd

A — n+1 (BR=(358=0.5) %)
N — p+1 (BR=(639+0.5) %)

leadto the long lifetime of 1 = 2.6 107 s
[16], which enablesxperimentalidentifica-
tion of the A withoutdiluting the signalwith
= too muchbackgroundict = 7.89cm). The
_ N self-analyzingpropertiesof the A/A male it
Figure2.5: TheSU(3)baryonoctet(J” = ;). particularlyinterestingfor spinphysics.

Theangulardistribution of thedecayfrom which the A polarizationcanbe extractedis given by:

1 dN
N dcosf

with the \ decayparameten = 0.642+ 0.013[16]. Sincebothfinal stateparticlesof thedominant
decaychanneinto protonandtt areeasyto detectthe 0 distribution canbeextracted.f is theangle
betweenthe spinvectorof the A andthe momentunvectorof the outgoingprotonin therestframe
of the A. The spinof the A is orthogonalto the productionplanedueto parity conseration. From
this angulardistribution the A polarizationcanbedervedusingEq.2.27. A simulationof theangular
distribution of the A decayfor the COMPASS experimentis shavn in Fig.2.6[25].

=1+0d-Py-cosh, (2.27)
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Figure2.6: Angulardistribution of the/\ decayassimulatedor the COMPAS Sexperimentfrom[25].
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2.3.1 The Curr ent Fragmentation Region

In the currentfragmentatiorthe A\ hyperonis producedoy the scatteringof a virtual photonoff either
astrangeseaquarkor avalenceu quarkasshavn in Fig.2.7. For thespecialcaseof apolarizedepton
beamanda polarizednucleontarget as given for the COMPASS experimenttherearetwo possible
sourcedor the A polarization.Eitherthe polarizationof the A originatesfrom the polarizationof the
beam(Pg) or from the polarizedquarkdistributionsin the target nucleon. In leadingorder[26, 27]

oneobtains
_ € [Pe-D(y)-q(x) + Pr-Aq(x)] - ADg (2)
Yq€-[a(X) +Ps-D(y) - Pr-Aq(x)] - Dg(2) -

Ps andPr arethebeamandtargetpolarization,ande, is thefractionalchage of thequark.D(y) is the
virtual photondepolarizatiorfactor

(2.28)

P/\ (X, Y, Z)

1-(1-y?

(y) ~ 15 (1-y)? (2.29)

TheA\ polarizationis relatedto thebeamandtargetpolarizationaswell asthe polarizedfragmentation
functions.For anunpolarizedargetEg.2.28simplifiesto

Sq€ " a(X) - ADG(2)
485909 Dg(2)

In this casethe A polarizationdependson the ratio of the polarizedand unpolarizedfragmentation

A
functionsADDé“((z?, which is the spin transfercoeficient CQ(z) asdefinedby Eqg.2.8 on page6. Since

thefactorPs - D(y) is typically in theorderof 0.3it dilutesthe precisionof the measuredalueof Py,
sothattheresultingstatisticaluncertaintyon C(’]\(z) becomesatherlarge. In orderto beableto make
predictionsfor the A\ polarizationat COMPASS,assumptiongor the spintransfercoeficientshave to
be made. Variousassumptionsreincludedin the differentmodelsdescribingthe A polarizationin
the currentfragmentatiorregion for the generalkcaseof Eq.2.28.

(2.30)

P/\(X7y7 Z) =Ps- D(y> :

- =
U

Figure2.7: Feynmandiagram of A productionin the currentfragmentation.
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The most simple model is the nave quark model (NQM), where the spin of the A is exclu-
sively carriedby the strangequark. Therefore the polarizationof directly producedA is determined
by the polarizationof the s quark. A contritution to the A polarizationcomesfrom the decayof
possiblypolarizedheavier hyperons.Whena A is producedrom sucha decay its polarizationwill
reflectthatof its parent. The mostprominentcandidatesresummarizedn Tah 2.3. They aretaken
into accountoy the modelof Bigi, GustafsorandHéakkinen(BGH) [13], whichis otherwisebasecn
thenawve quarkmodel.Here,thespintransfercoeficientsfor eachindividual channekreindependent
of z, but dueto the contritutionsfrom the decayof heavier hyperonsCQ shavs aslightzdependence.

Table2.3: Contribution of hypepn decaygo the A polarization,from[13].

| parentparticle | decaychannel| BR| interaction | resultingPy |
50 Ay 100% | electromagnetid ~ -2Pyo
>(1385) AT ~ 88% strong -Ps (1385
= AT ~ 100% weak ~ 0.9P=
=(1530) M ATT | = 100% weak ~ 0.9P=(1539

A moresophisticatedy} sumrule Ansatzwasinvestigatecby Burkardtand Jafe [28]. g}(X) is
definedin analogyto the polarizedstructurefunction of the protonasgivenin Eqg.2.14. Therefore,
thefirst momentof g7\ (x) is givenby:

M= / dh (x)dx = % (gAuA + %AolA + éAs’\) . (2.31)

For the assumptiorof the NQM (As" = 1, Au = Ad" = 0), thefirst momentof g} (x) turnsoutto be
1/18. Takinginto accountthe hadronicmatrix elementgseeEq.2.16 and2.17), a differentvalue of
r =-0.0424 0.019is obtained28]. Two differentmodificationsof this modelexist: in the simpler
one (BJ 1), only the valencequarkscontrikute to the A spin, whereasn the more advancedmodel
(BJ 1) alsocontritutionsfrom the seaquarksareconsidered.

As can be seenfrom Eq.2.28, there are two sourcesfor the polarizationof the fragmenting
quarkin caseof a polarizedbeamanda polarizedtamet: the spintransferfrom the polarizedlepton
andfrom the struckpolarizedquarkin thetamget. The polarizationdifferencebetweerthe A polariza-
tion for positve (parallelto the beampolarization)and negative target polarization(anti-parallelto
thebeampolarization)is:

APy =PIT— Pl (2.32)

Thepredictionsobtainedoy thepresenteanodelsfor thepolarizationdifferenceof Eq.2.32areshavn

in Fig.2.8 versusthe kinematicalvariablesx andz. AP, is expectedto bein the orderof -10%. A

validation of thesemodelsmay be possiblewith the COMPASS detectorusinga naturally polarized
muonbeamanda polarizedNHs or 6LiD tamet.
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Figure2.8: Predictionsfromdifferentspintransfermodelsfor the A polarizationdifferencein caseof

apolarizedtargetin dependencef zandx for A (upper)andA (lower plots): NQM (solid
line), BGH (dashed)BJI (dotted)andBJ Il (dot-dashed)from[29].

2.3.2 The Target Fragmentation Region

While the previous sectiondealt with the A productionfrom the struck quarkin the currentfrag-
mentationregion, we now turn to the productionmechanismin the tamget fragmentatiorregion. The
mechanisnfor longitudinal polarizationtransferfrom a polarizedlepton to the final statehadron
in this domainis shavn in Fig.2.9. For helicity conseration reasonghe exchangedvirtual photon
canonly scatteroff a quark with oppositehelicity. Therefore,the target fragmentleft behindin
that processcontainssomememoryof the angularmomentumremored, resultingin a non-trvial
longitudinal polarizationof A hyperonsproducedin the target fragmentatiorregion (xg < 0). The
underlyingdynamicsof hyperonproductionandpolarizationin thetargetfragmentatiommegion cannot
bedescribedy perturbatie QCD, thereforesomephenomenologicahodelshave to be considered.

A significant contritution of sS pairs to the nucleonspin has beensuggested30] motivated
by theindicationof a violation of the Okubo-Zweig-lizukaOZI) rulein pp collisions[31]. The OZI
rule statesthatdisconnectedjuarklinesaresuppressedhuspredictingtheratio of ® andw mesons
producedin pp reactionsunderthe assumptiorof no ss pair Fock statesin the proton. However,
experimentsatthe Low Enegy Antiproton Ring LEAR founda factorof 30-50more® mesonghan
expected[32]. Consequentlyeitherthe OZI rule is violated,or thereis a considerabldraction of ss
in thenucleon.



2.3 N\ POLARIZATION 17

Figure2.9: Feynmandiagram of A productionin the target fragmentationregion (scatteringoff a
valenceu-quark).

Accordingto the intrinsic strangenessodel [26, 33, 34], the proton wave function containsa
significantfraction of ss pairs. If thesess pairsin the nucleoncanberegardedasvacuumexcitations,
they carry the vacuumquantumnumbersJ™ = 0+*. Sincequarkandantiquarkare fermions,they
arein a 3P, statewith angularmomenturrL = 1, total spin S = 1, andtotal angularmomentum] = 0.
Experimentalesultsshaw, thatthe strangequarksarepolarizedoppositelyto thenucleon,seeEq.2.6
on page4. Therefore,the projectionof the ss spin on the direction of the nucleonmomentumis
S(sS) = -1. Underthat prerequisitethe polarizationof the producedA is expectedto be large and
negative [33] and equalto the polarizationof the A [35]. An indicationfor this effect was already
obtainedin the neutrino-nucleorscatteringexperimentsWA59 [8] and NOMAD [9]. However, the
spinl ss-systemcan also have the spin projectionsS,(sS) = 0 and S,(sS) = +1 with respectto the
nucleonspin. For an assumeaqualprobability of the two contritutions S,(ss) = -1 andS,(sS) = 0,
oneobtainsPy = 3Px.

Another approachis provided by the mesoncloud model[36]. It assumes kaon cloud in the
nucleondueto mesonicdegreesof freedom. This shareof a AK statein the nucleoncanberevealed
by anasymmetrymeasuremernit polarizedA production. This modelpredictsa vanishingpolariza-
tion of the A\ andalsotheA in caseof anunpolarizedamet. For apolarizedtargetasin the COMPASS
experimentthe A polarizationis expectedo be stronglycorrelatedwith thetargetpolarization.

A third model of Brodsky and Ma [37] is basedon the assumptionof a different distribution
of norvalencequarksandantiquarks.This resultsfrom negatively polarizeddown andstrangequarks
in the seaof the strucknucleonin contrasto a vanishingpolarizationof intrinsic d ands antiquarks.
Here,anegative A\ polarizationis predictedanda slightly positive or zeropolarizationof the A.

So far, no experimentalevidencefor pion or kaon cloudsin the nucleonhasbeenfound. The
currentlyfavoredis the modelof intrinsic strangenesdyut dueto the small statisticsthe situationis
unclear All presentedanodelscanbetestedn the COMPASSexperiment.
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2.3.3 Experimental Situation

The measuremerf the A and/ polarizationcanprovide insightaboutpolarizedstrangeness the
nucleonandcoulddiscriminatebetweerdifferentmodelsfor boththetargetandcurrentfragmentation
region. Sofar a coupleof experimentspublisheddataon thattopic, where/A hyperonsare produced
in differentreactions They aresummarizedn Tah 2.4.

Table2.4: Presentesultsfor theA polarizationfor differentxg regions. For OPAL andALEPH,whele
Xg is undefinedxg = 2E5/+/Sis used.

| Experiment | Reaction| (Epeanm | Xg | Na | P |

WADS59 [8] VuN 40GeV X <0 403 | -0.63+0.13
Xe >0 66 | -0.11+0.45

NOMAD [9] vuN 43.8GeV X <0 5608 | -0.21+ 0.04
Xe >0 2479 | -0.09+ 0.06

E665[11] N | 470GeV | 0<x <03| . | -12£05
X >0.3 0.32+ 0.7

HERMES[10] eN 27.6GeV X >0 2237 | 0.03+0.17

[OPAL/ALEPH 38,39 | e'e [ 91.2GeV ] 0.3<xe <1 | 8309] -0.33+ 0.06 |

In contrastto the explanationat the beginning of this chapter in the caseof v — p neutrino
scatteringthe interactionwith the taget nucleontakes placevia exchangeof a chaged W=+ boson.
The weak flavor changingchaged currentselectsthe left handedquark (right handedantiquarks)
in the nucleon,giving one hundredpercentpolarizedquarksin theinitial stateof the fragmentation
processThenontrivial negative longitudinalpolarizationin thetamgetfragmentatiorregion obsered
by WA59 andNOMAD asgivenin Tah 2.4 cansuccessfullype explainedby assuminghatall thesea
quarkpairsarecoupledto atriplet p-state(>Py) andarepolarizedoppositelyto thevalencequarkg40].

Applying the samemodelto the scatteringprocessof chaged leptons,where one assumeshe
dominantcontribution to be coming from the u quark, a substantiallylarge negative longitudinal
polarizationwould be the signaturefor spin transferof the virtual photonto the u quarkandcorre-
spondinglyof the quarkto the A accordingto Eq.2.30. Theresultsof HERMES[10] andE665[11]
for large valuesof xg are consistentwith zero. Neverthelessthe resultsalso seemto confirm the
expectedtrendtowardspositive polarizationwith increasingxe anda large negative polarizationof
theA atlow x aspredictedoy the models.

Polarizedfragmentationfunctions also play a major role in et e~ — Z% — A+ X reactionson
the Z° pole, wherestrangequarksare both numerouslyproducedand strongly polarized,leadingto
alarge negatie polarizationof the A. The authorg[38, 39 claim thatthe BGH modeldescribeghe
datareasonablywell, but aspointedout by [27] this is not unique. The predictionsof Burkardtand
Jafe [28] arealsoconsistentvith the data.

In summary theseresultsindicate a negative A polarizationin the target fragmentationregion
and possibly a small negative polarizationin the currentfragmentationfor the vN scatteringex-
periments. In this regime, E665 obtaineda large negative polarizationfor small x=, whereasall
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Figure2.10: Predictionsfrom different spin transfermodelsfor the A polarizationat different beam
enepgies using the BGH (left plots) and BJ | (right plots) spin transfer medanism:
Ey = 200 Ge COMPASS (solid line), E, = 500 GeV E665 (dashedline) and
Ee = 30 GeVV HERMES(dottedline), from[29].

othermeasurementare compatiblewith zero. The precisionof theseresultsis strongly limited by
statistics. The presentednodelsfor the currentfragmentatiorregion have beenusedto predictalso
the A polarizationin dependencef the kinematicvariablez for differentbeamenegieswhich canbe
comparedvith forthcomingexperimentakesultsof HERMES,E665andCOMPASS (seeFig. 2.10).

The experimentalinformation on A polarizationis even more scarce,where only E665 [11]
andNOMAD [41] publishedresultsbasedon a total statisticof 1300detected\s. Both experiments
obtainedresultscompatiblewith zerofor the target and currentfragmentatiorregion, but with very
large errors. Any conclusve decisionbetweerthe modelshasto await animproved statisticson both
A andA.

2.3.4 Potential Contrib utions of COMPASS

Consideringhe experimentakonditionsof COMPASS,which aredescribedn thefollowing chapter
possiblecontritutions of the COMPASS experimentto improve the knowvledgein the field of A
polarizationhave beenstudied[27, 29, 35]. In comparisorto the existing experiments COMPASS
canprovide A\ polarizationmeasurements the DIS processwvith improved statisticalaccurag.

In additionto the standarckinematicalcut for the selectionof DIS eventsQ? > 1 Ge\?, further
selectioncriteria are appliedto extractthe A hyperons.To ensurea high spin transferin the lepton
quarkscatteringthefractionalenegy of thevirtual photonis requiredto bein therange0.5<y < 0.9.
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84 > 0.9 mrad

Figure2.11: Decayof the A producedn muonnucleonscatteringinto a protonanda 1c.

The scatterednuonhasto beidentifiedunambiguouslythereforethe scatteringangled, 5, hasto be
larger than0.9 mrad. In the Monte Carlo studiesreportedhere,\ eventsare considerecasaccepted
if the tracksof both the pion and the proton from the A decaypassedhroughtracking detectors
upstreamanddownstreanof atleastoneof thetwo spectrometemagnetsSM1 or SM2. Theposition
of the COMPASS magnetsandtrackingdetectorss shavn in Fig. 3.7 on page30.

For backgroundsuppressioacutonthe/ decayvertex v (seeFig.2.11)is implementedrequiring
3‘% >1 ands—éz > 1, wherer andz aretheradialandlongitudinaldistancebetweenthe primary and
secondaryerticesv, andv,. o, =3 mmandao, = 30 mm arethe estimatedesolutionof the primary
vertex reconstructionFig. 2.12compareshe measuredlistribution (left) of all primaryverticesv; in
the two target cells (Sect. 3.2) with the simulateddistribution for A production(middle) andthe A
decayverticesv, (right). The simulation[29] assumedhetwo tamget cellsto be centeredaroundthe
z = 0 cmposition,while duringdatatakingin 2001they wereshifted35 cm upstreamThe maximum
of A decayss just behindthetamgetsolenoid.
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Figure2.12: Measued and simulatedverte distribution of A hypepnsin z-direction. Themeasued
primary vertex including an experimentaloffset(seetext) is shownin theleft panel. The
simulatedprimary vertex distribution is shownin the middleand the A decayverte is
displayedn theright panel,from[29].
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The momentumdistributions of the A and its daughterparticles are shavn in Fig.2.13 for
a beamenegy of 200 GeV. An average massresolution of o(my) ~ 3.5 MeV was derived,
which strongly dependson the A vertex position due to the amountof target material. The
projected precision of xr was found to be approximately0.3 %. The x distribution of the
simulatedA hyperonsfor a muon beamwith E, = 160 GeV and a polarizationof B, = -80%
scatteringoff a ®LiD tamet is shavn in Fig.2.14. The shareof eventsin the tamget (x < 0)
and current (x= > 0) fragmentationregion can be derved from this distribution. One can see,
that the acceptancdor events from the target fragmentationregion is restrictedto the intenal
-0.2< xr < 0. Most of therejectedeventsat negative x- have low momentunprotonsandlarge angles
to thebeamaxis.

<p>=7.3GeV
15000 By €
i 1 1 1 1
o) 10 20 30 40
Lambda momentum  GeV/c
B <pp>:6.8 GeV
1 1 Il l 1 1 1 1
o) 10 20 30 40
Proton momentum GeV/c
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0] 2 4 6 8 10
Pion momentum GeV/c

Figure2.13: Momentumspecta of the A hypepns and the decay particles proton and pion,
simulatedfor a beamenegy of 200GeV from[29].

First A hyperonshave beenreconstructedrom 2001 data. Fig.2.15 shawvs theseeventsin an
Armenterosplot obtainedfor a cut on the secondaryertex atz > 45 cm. In this plot the transerse
momentumin the centerof-masssystemof the decayparticlesof a neutralbaryonor mesonwith
respecto the motherparticles momentumvectoris plottedversusthe Armenterosvariablea, which
is definedby

_p-p
a=———-",
Pm+p

where pljE is the longitudinalmomentumof the positve and negative decayproductin the center
of-masssystem. An ellipse spanningthe whole a rangefrom -1 to +1 correspond€o a meson

(2.33)
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Figure2.14: Simulatedxs distributions, from [25] The solid line showsthe geneated events,the
dashedline the oneswhich were accepted. The histagram containsall reconstructed
eventspassinghevertex cutsasdescribedn thetext.

decayinginto a particle andits antiparticle,for instanceK® — . The diffuse bandvisible at
pt = 0 GeVis causecby gammaconversions,y — e"e~. In the A decaythe outgoingprotonhasa
higherlongitudinal momentumthan the pion, thereforeone expectsa smallerellipsein the region
a > +0.5. Onthe contrary the As areexpectedin the negative a region. The maximump, of the A
is the momentumof 101 MeV availablein the decayinto a protonanda pion[16]. Theellipsefor A
hyperonss clearlyvisible on theright sideof the plot, ontheleft sidethe A canbeseen.

For 2002 the expectedstatisticshas beenderved from a simulationwith the actualbeamen-
ergy of 160 GeV. The total crosssectionfor A productionin DIS is 0 = 41.6nh. This projection
assumes luminosityof 5- 10%?cm?s~t anda meanmultiplicity of eventswith aA momentumiarger
than2 GeV of (n) = 0.06.With areconstructiorefficiencgy of 6 % anda primaryvertex reconstruction
efficiency of 70 %, oneobtainsatotal of approximately29000reconstructed\ hyperond25], by far
exceedingthe presenstatistics.
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Figure2.15: Armenteos plot of 2001 COMPASSdata for secondaryverticesdownsteamfrom the
target (z> 45cm). TheA hypepnscanbefoundin thesmallellipseon theright.
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3 The COMPASSExperiment

COMPASS (COmmon Muon and Proton Apparatudor Structureand Spectroscoyp) is a fixed tar

get experimentlocatedin the north areaof CERN. Protonsacceleratedy the SPS(Super Proton
Synchrotron)to an enegy of 400 GeV are ejectedat the extraction point for the CERN North

Areaandguidedontothe T6 productiontamet (seeFig.3.1). The collisionsof protonsandthe nu-
clei of the T6 target producemainly pionsandkaonsdecayingto naturallylongitudinally polarized
muons.Traversingthe M2 beamline the muonsaredirectedto the polarizedtamgetof the COMPASS
experimentwheretheinteractiontakesplace.

Extraction
Point 4

ALICE

West Area

neutrinos

oTLL

East Area

/

protons

antiprotons

ions

neutrinos to Gran Sasso (1)

Gran Sasso ()
730 km

Figure3.1: Theacceleator complex at CERN(notdrawnto scale),showingthetwo acceleators rel-
evantfor COMPASSPSandSPSandthepositionof theexperimentabreaof COMPASS.
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As discussedn Chapter2, it is necessaryfor the proposedmeasuremento have both beam
and tamet polarized. Therefore,the first part of this sectiondealswith the polarizedbeamand
taiget. The spectrometeusedfor the performedmeasurementis designedn two stagesa large-
angleanda small-anglespectrometerParticle identificationis provided by a ring—imagingéerenlov
detector(RICH), the muonfilters, which distinguishmuonsfrom other chaged particles,and two
hadroncalorimetersyhich arealsopartof thetriggersystemdescribedn Sect.3.3.3.

3.1 The polarized Muon Beam

The muon beamfor the COMPASS experimentis producedby shootinghigh enegy protonson a
productiontarget. The protonsare acceleratedn the SPSto an enegy of 400 GeV. At a special
extractionpoint they areejectedfrom the acceleratoring andguidedontothe T6 beryllium produc-
tion targetwith anincidentintensity at the targetin the rangefrom 2 -10'? to 1.2 -10'3 protonsper
SPScycle. Dueto the working cycle of the SPS,muonsuseabldor the COMPASS experimentare
producedduringan5.1slong spill (on-spilltime) followed by anoff-spill time of 11.7saddingupto
atotal cycle lengthof 16.8s. The SPScycle is sketchedin Fig. 3.2, wherethe solid line displaysthe
intensityof protonsin the SPS.Theinjectionof protonspreacceleratelly the ProtonSynchrotrorPS
(Eps = 14 GeV, intensity 3.4 - 101) filling the SPSleadsto the stepsvisible on the left handside.
During acceleratiorthe intensity remainsconstantuntil the protonsare extractedonto the T6 taget
(slow extraction).For generatinghemuonbeam aberylliumtamgetheadwith alengthof Lt =50cm
hasbeenchosen.Pionsandkaonsselectedoy their momentumgemenging from the proton-beryllium
collision aredecayingto muonsin the hadrondecaysectionof the M2 beamlinepicturedin Fig.3.3.
Electronproductionis suppressetly afactorof approximatelyl0~* becausef helicity conseration,
thefactorarisingfrom the massdifferencebetweerelectronandmuon. Within the M2 beamlinethe
flux of particlesapartfrom muonsis furtherreducedoy meansof hadronabsorbersThe muonsare
thenselectedy theirmomentumwith a compositionof bendingmagnets.

.. fattop .
Acceleration (extraction)

/ ' ramp
second . down
injection \
from the PS

slow
extraction
first
injection
from ,
thePS ——— Machine Intensity
BEEEEEEEEES Magnet Cycle
T 11.7 s 51s

Figure3.2: The SPSspill structue (not drawnto scale). Thesolid line is the proton intensitywithin
the SPSthedashedine themagnetcurrentof the SPS.
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Figure3.3: ShematicoftheM2 muonbeamlingnotdrawnto scale).Pionsandkaonsproducedn the
proton-berylliumcollisionsin T6 decayin a hadion decaysection.Thefractionof hadrons
is further reducedby an absorberbefoe the muonsare selectedvy their momentunwith
an arrangementof bendingmagnetsand scrapers. Themuonmomentunis measued by
thebeammomentunstations(BMS)appioximatelyl00min frontof the COMPAS Sarget.

Thebeammuonsaredeflectedupwardsin afirst magnetpeforethey areguidedbackto analmost
horizontaldirection. This guaranteeshat the initial beamdoesnot point to the COMPASS tamet.
The beamis focussecby meansof a beamoptics system. Determinationof the momentunk of the
beammuons(seeTah 2.1)is essentiafor all physicsanalysesThebeammomentunstations(BMS)
responsibldor this measurementonsistof four scintillator planesplacedbetweenl40m and60 m
in front of the COMPASS tamget in the region of the last dipole magnetbendingthe muon beam
vertically into theexperimentahall (seeTah 3.1andFig. 3.3). Eachof thefour stationsfwo of which
are upstreamandtwo dowvnstreamof the magnet,hastwo stationscontaining64 scintillators,each
with awidth of 5 mm.

Table3.1: Positionof the BMShodoscopewiith respecto thetarget.

\ | positionin z | active area|

Stationl | -137.194m 60 x 180mn¥
Station2 | -123.771m 120 x 90 mn¥
Magnet | -90.578mto
-106.898m
Station3 | -73.705m | 120 x 100mn¥
Station4 | -61.282m 60 x 230mn¥

The muonsarenaturallypolarizeddueto the weakmaximalparity violating pion decay[12]. The
polarizationin the laboratorysystemdependson the ratio of hadronandmuonenegies[42]. Pions
with 177 GeV/candamomentunspreadf £10%areselectedy afirst stageof deflectingmagnets,
decaymuonswith a momentumof 160 GeV/c are selectedby further bendingmagnetsbehindthe
hadronabsorbemwith amomenturrspreadf approximatel\3% RMS. Themuonsloseabout2.8 GeV
on their way throughthe hadronabsorbef{43]. The resultingratio E,/Er ~ 0.9 leadsto a beam
polarizationof P, = -77%for theusedy™ beamusingEq. 3.1.
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1_ 2Enk
Pu _ _rn%LK_‘_( E, )nﬁ’ (31)

M~

whereP, is the beampolarization,E; and m; arethe enegy and massof the particlei, i.e. pion,

kaonor muon. The Spin Muon Collaboration(SMC) experiment,which hasbeenlocatedin todays

COMPASS area,usedthe samebeam-lineasthe COMPASS experimentdoesnow. It hasverified

the beampolarizationusing two differentmeasurementgl4]. With the obtainedresultsit could be
shavn, thatthe measuredaluesarein goodagreementwith the calculationusingEq.3.1. Hence the
COMPASS collaborationcameto the decisionnot to measureR, again,but to rely on the calculated
values. For 2001this givesa value of -76%[45]. As SMC hasbeenrunningwith slightly different
beamconditions the measuregbolarizationof B, = (-79.7+ 1.1 (stat.) = 1.2(syst.))%[44] is higher
thanfor COMPASS. The parameter®f the muonbeamfor COMPASS are summarizedn Tah 3.2.

A beamprofile measuredvith the scintillating fiber station2, which is 3 m upstreanof thetamet, is

shavn in Fig.3.4.

Table3.2: Parametes of the muonbeam.

Muons/Spill 2.8-1C¢°
MeanBeamEnegy  <E,> 160GeV
BeamPolarization Ps ~ -76%
BeamDiameter Ox x Oy | 7.0 x 8.0mn¥
Divergence <1mrad

| In-time: Y VS X (cm) | sftrk2d10

Nent = 1.123255e+0f
Mean x = 0.07245
Mean y =-0.1909
RMS x =0.8503
45001 RMSy =0.6716

Figure3.4: Beamprofile measued by the scintillating fiber station2.
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3.2 The polarized Target

COMPASS usessolid polarizedprotonanddeuterontamgets. The advantageof a muchhigherlumi-
nosity comparedo gaseou®r liquid targetsprevails over the larger backgroundThe experimentally
obserableasymmetryis weightedby thebeampolarizationaswell asby the effective targetpolariza-
tion, whichis the nucleonpolarizationtimesthedilution factor Thedilution factorf is thefraction of
polarizablenucleiin thetarget. Ammonia(NHs) and®LiD aretheidealmaterialsavailablefor proton
anddeuterontargets, respectiely. Hence,thesetwo materialshave beenchoserfor the COMPASS
tamget. Especially’LiD which is usedin the years2001and2002offersthe highestdilution factorof
all polarizabletarget materials. Concerningthe polarization®LiD canbe thoughtof asa three-body
compoundbf ana-particle,a proton,anda neutronwith a valencenucleonpolarizationof morethan
92%(46]. Themeandilution factorof 6LiD is f = 0.437+ 0.005[47].

Thetamgetnucleiarepolarizedby the methodof dynamicnuclearpolarization(DNP) atatempera-
ture of 200-300mK. Thetargetmaterialhasbeenirradiatedwith 20 MeV electronsn orderto create
paramagneticenters.Thetamgetis placedinsidea microvave cavity orientatingthe spindirectionby
irradiatingthe materialwith microvavesslightly above or belowv theelectronspinresonancéLarmor)
frequeng. This causesa transferof the high electronpolarizationto the target nuclei by resonant
absorptiorof the microwvave radiation[48]. For this purposea2.5T longitudinalfield is producedy
a superconductingnagnetaspicturedin Fig.3.5. For measurementwith longitudinal spin orienta-

im
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Figure3.5: Shematicof thetarget systemThetwo 60 cmlong target cellsare placedinsidea super
conductingmagnet. Thedilution refrigerator is responsibldor coolingthetargetmaterial.
Theacceptancef the presentlyusedSMC solenoid(dark area) is shownin comparison
with theacceptanc®f the COMPAS Ssolenoid theangleis notdrawnto scale
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tionsthetamgetis operatedn this polarizingmodeduring datataking to achieve the highestpossible
averagepolarization. With this configuration,using®LiD astamet material,a stablepolarizationof
up to +57% and -49% could be achieved [49]. Several measurementsf the build-up of the SLiD

polarizationaredisplayedn Fig. 3.6 by thedifferentcurves.
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Figure3.6: Evolution of the ®LiD polarization as a
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functionof timeasmeasuedin 2001.

In order to minimize the effect of
beamflux variationson the asymmetry
measurementwo oppositelypolarized
taigetcellsareplacedwithin themagnet
(seeFig.3.5). To achiere a luminosity
of 10°*to 10°? cm2s71 it is necessary
to uselong tamet cells of 60 cm each
having a diameterof 3 cm. They are
separatedly a microwvave stoppemade
from 0.1 mm copperfoil to ensurecor
rectmicrovave frequeng to be present
in eachcell. Thissetuprequireghatthe
spin directionsare frequently reversed
to cancelthe false asymmetrydue to
the spectrometelcceptanceatio and
the differentamountof material. This
is doneby synchronouslyperatingthe
longitudinal and vertical dipole fields
to rotate the field directionat 0.5 T
every eight hours. The averagetamet
polarizationhas beenmeasuredo be
P, = 0.54in the up-streanhalf and0.47
in thedown-streanpart.

For the year2001 the existing magnetof the SMC experimentwasinstalled[50] with a nev mi-
crowvave cavity fitting insidethe magnet26.5cm diameterbore. To extendthe presentacceptancéo
180 mrad,a new superconductingnagnetis in preparation.t is comparedvith the SMC magnetin
Tah 3.3.

Table3.3: Comparisorof parametes of the SMCandthe COMPAS Starget magnet.

SMC | COMPASS

diameter/cm 26.5 60

acceptance/mrad | +70 4180
acc.for D® — K= 41

(160GeV beam) 73% 100%
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3.3 The COMPASS Spectiometer

The physicsprogramof COMPASS determineghe layout of the experiment. Opencharmevents
andhigh pt hadronpairshave to bereconstructeégswell asthe A decayproducts pion andproton.
Therefore the COMPASS spectrometers designedasa two stagedetector The granularityof the
useddetectorss suitedto the expectedparticle fluxes, which reachabout30 MHz/cn? in the beam
center Over the large acceptancef the COMPASS spectrometerthis is copedwith by a tracking
systemsubdvidedinto a setof nesteddetectorof increasingatecapability

The full detectorsetupfor the year 2002 is sketchedin Fig.3.7. The first sectiondetectspar
ticlesemeping underlarge anglesthe secondsectionparticleswith high momentumemeping under
smallerangles.Both sectionscontainsmall areaandlarge areatrackingdetectors.Fasttraclkersare
positionedn andcloseto thebeam therebyestablishingheneedfor high granularitydetectorsLarge
areatrackersdetectparticlesin theregionsmoredistantto the beam.With this setup anacceptancef
vertically 200 mradandhorizontally250 mradis covered.The coordinatesredefinedthatthe x-axis
givesthe horizontalandthe y-axisthe vertical direction. The z-axispointsalongthe directionof the
incomingmuonbeam.

Two openfield magnetSM1 and SM2) areinstrumentedo measurehe momentumof chaged
particles. The position of the two magnetscan be seenin Fig.3.7. The deflectingpowers [B-dI
are approximatelyl.0 Tm and 4.4 Tm, respecirely, enablingthe reconstructionof particleswith
momentumbetweerapproximatelyl00 MeV and200 GeV. Sincethe deflectionanglein a magnetic
field dependson the ratio betweenfield strengthand particle momentum,the first spectrometer
magnetwith the lower magneticfield is usedto deflectand split up tracksof particlesin the lower
momentunrange.High momentunparticlespasshe SM1 almostundeflectedndthe secondnagnet
is responsibldor bendingtheir tracks.

For particle identification seseral detectorsare used,a ring-imaging Cerenlov detector(RICH),
electromagnetiandhadroncalorimetersandthemuonwalls. Particlesotherthanmuonsareabsorbed
by iron blocksin the muonfilters (MF). The hadroncalorimetersarefurthermoreusedfor thetrigger
systemselectingthe physicsreactionasdescribedn the last part of this section. The detectoris not
totally symmetricto the z-axisdenotedby the dashedine. Thisis dueto the factthatthe positively
chaged beammuonsare deflectedby the two spectrometemagnets.Therefore the positionof the
beamholeis shiftedto the Jurasidewith respecto the z-axis. To give a moreostensie picture,the
beamdeflectionis exaggeratedn Fig.3.7. A morerealisticpictureis givenin Fig.3.17.

The different spectrometexcomponentsare briefly sketchedwith referencedo designreports.
At the end of eachsectioninformationon the relevant readoutsetupis given, sincethe main part of
this thesisdealswith the architectureof the COMPASSreadoutsystem.
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Figure3.7: Shematictop view of the COMPAS Sdetector Themuonbeamis enteringfromtheleft side Shownare the vetocountes (VI,VO),
silicons(Sl), scintillatingfibers (FI), thepolarizedtarget (pol. T), drift (DC) andmicromeyachambes (MM). Behindthefirstmagnet
SM1lther are straws(ST),GEMs(GM), scintillating fibers anddrift-chambes. TheRICH detectoris followedby MWPCs(PA, PB,
PS),hadion calorimetes (HCAL) and muonfilters (MA, MB) in additionto alreadyexplaineddetectortypes. Thesectionaround
SM2is designedsimilar to the first spectometer Thenew drift chamberW4-5is locatedbetweenSM2and HCALZ2, the trigger
hodoscopegHl, HL, HM) are positionedn the mostdownsteampart of the detectorbehindthe secondnuonfilter (MF2).
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3.3.1 Tracking Detectors

This sectiondescribeghe tracking system startingwith the small-arearacking(SAT). In thetamget
region silicon detectorsandfour scintillating fiber stationsare setup. Four other scintillating fiber
stationsarepositionedcloseto SM2. In front of SM1 therearemicromeyachambersanddistributed
betweenSM1 and behind SM2 eight GEM detectorsareinstalled. The large-areatracking system
incorporatedrift-chambers strav detectorsand multi-wire proportionalchamberdMWPC). Both
typesof detectorsaredistributed over thefull lengthbetweenhetargetandbehindthe secondmuon
filter. A summaryof all trackingdetectorsandtheir resolutionis givenin Tah 3.4.

Table3.4: Resolutiorof the COMPASStracking detectos. TheW4-5drift-chamberwill be usedfrom
the2002beamtimeonwaids. For the strawsa preliminaryresultis given. Thenumbes are
fromtherefeencegivenin therespectivaletectorsections.

Spatial Time numberof
DetectorType Active Area Resolution| Resolution| channelsn 2001
SciFi(tamgetregion) | 52.5x 52.5mn¥ 120pum | 400-450ps 1420
SciFi(spectrometer] 123 x 123mn?¥ 410um 370ps 1152
Silicons 70 x 50 mn? 14 pm 2.5-3ns 6144
Micromegas 380 x 380mnv 70 um 8.5ns 5120
GEMs 300 x 300mnv 46 pm 15ns 21504
Drift Chambers 140 x 124cnv? 175um n.a. 1526
Stravs 325x 277cn? | 200-300um n.a. 2688
MWPCs 150 x 120cnv¥ 500 um n.a. 24576
W 4-5 552 x 262cny - - 2002:976

Scintillating Fibers

Eight scintillating fiber (SciFi) stationsare operatedfive of which have two planes,the remainder
have three planeseach. The first two positionedin front of the polarizedtarget can be usedto

determinethe beampositionanddirection. In combinationwith the beammomentumstationsthese
two provide the four-momentumof the incoming muon at the target position. The stations3 and4

arelocatedclosebehindthetametto provide trackingof the scatterednuon. They alsoestablishthe

possibility of calculatingthe scatteringpoint, the vertex of the primaryreaction[51].

The detectorhas a multi-layer structure of fibers piled up in straight stacking as shovn in
Fig.3.8. The characteristic®f the eightfiber stationsaresummarizedn Tah 3.5. In additionto the
horizontaland vertical projectionall scintillating fiber stationsfeature,the stations3 and4 contain
a planeinclined by -45° andstation6 a planeinclined by +45°. The light producedby traversing
particlesis corvertedto electronicsignalsby photomultipliersgluedto the end of 2 m long light
guides. Beforetransmittingthe outputsignalsof the photomultipliersto the readoutbuffer modules,
they are guidedthrougha discriminatorcard. With a very good time resolutionof about370 ps
[52] the scintillating fibersare usedfor precisetrack timing. The scintillating fibersarereadout by
TDC-CMCs(Sect5.2.3). An exampleof a beamprofile measuremenwith the scintillating fibersis
shawvn in Fig. 3.4 0n page26.
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Figure3.8: Structue of a scintillating fiber bundleorganizedn straight stadking.

Table3.5: Thescintillating fiber detectos in COMPASS.

| Station| z-position| fiberdiameter| pitch | actvearea |
FI01 -7.4m 0.50mm | 0.41mm | 39.4x 39.4mn¥
FI102 -3.0m 0.50mm | 0.41mm | 39.4x 39.4mn¥
FI03 1.2m 0.50mm | 0.41mm | 52.5x 52.5mn¥
FI04 2.1m 0.50mm | 0.41mm | 52.5x 52.5mn¥
FI05 5.9m 0.75mm | 0.525mm | 84.0x 84.0mn¥
FI06 15.0m 1.00mm | 0.70mm | 100x 100mn¥
FI07 21.3m 1.00mm | 0.70mm | 100x 100mn¥
FI08 30.9m 1.00mm | 0.70mm | 123x 123mn¥

The Silicon Detector

The COMPASSsilicondetectorg53] aretypical representatesof asemiconductostrip detectowith
pnjunctions.lt coversanactive areaof 5 x 7 cn? with a pitch of 50 um. lonizing particlestraversing
the detectorproduceelectronhole pairs alongtheir trackswhich are separatedy an externalfield
beforerecombinationElectrongdrift towardstheanodewheretheir chageinfluencesa currentpulse.
Theintegral of this pulseequalsthe total chage generatedy the incidentparticleandis a measure
of the depositecenegy. Two almostorthogonalreadoutstructuresare usedto gettwo projectionsat
once.Thesecondstrip planeis tilted by 2.5°. Two detectorsnmountedobackto backprovide four views
with 5° sterecangle. The silicon detectordhave a goodspatialresolutiondueto their smallpitch. To
minimize the Coulombscatteringwhich would reducethe resolution,the siliconsare only 280 um
thick. Anotherreasorfor the small extensionsn the beamdirectionis the high averageenegy loss
of typically 390 eV/um. An adwantageover gasdetectordss the low enegy thresholdof 3.6 eV for
electron-holeproduction. Togethermwith the first two scintillating fiber stationsthe silicon detectors
arepositionedin front of thetargetfor precisebeamdefinition. The silicon detectorsarereadout via
ADCs makinguseof APV frontendchip andthe GeSiCAmodule(Sect4.3).
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Micr omegaChambers

MicromeshGasChambersshortMicromegas[54], areinstalledassmall areatrackers betweenthe
tagetandSM1. A summaryof the micromagachambersisedin 2001andpreparedor 2002is given
in Tah 3.6. In thefollowing detectorsiotusedin 2001aremarkedby astar their positionmaychange
in thefinal installation. Theu andv projectionsareinclinedby anangleof +45° and-45, respectrely.
Micromegasaregaseousletectoraisinga parallelplateelectrodestructure seeFig. 3.9. Thedetector
consistsof a thin metalanodegrid (micromesh)stretchedat a small distanceabove the microstrip
readoutelectrodes Above the micromeshthereis a conversiongapof 2.5mm in which the chages
generatedy ionizing particlesare collectedand drift in a moderateelectricfield of approximately
1 kV/cm. Theamplificationgap,the distancebetweerthe meshandthereadoutlectrodess 100 um.
Here,amuchhigherfield in the orderof 50 kV/cm producesanavalancheresultingin alarge number
of electronion pairs[55]. The pitch of the anodestripsis 360 um in the middle and420 pm at the
edges. The readoutof the Micromegas makes use of the SFE16[56], a 16 channelamplifier and
discriminatorchip with a peakingtime of 85 ns. Theoutputsignalsaredigitizedusingtheleadingand
trailing edgemodeof the #1 TDCs of which eight are forming the digitization unit of the frontend
boarddescribedn Sect4.2. The differencebetweenleadingandtrailing edgetime, the time over
threshold is to first ordera logarithmicfunction of the amplitude,giving this additionalinformation
usedfor backgroundeduction.

Table3.6: Themicromaga chambes in COMPASS]eft 2001,right 2002.

| Station | z-position| part| pitch | actvearea | [ Station | z-position | projection]
MMO1U 1.4m [ inner| 360um | 184 x 400mn¥ VYOG T <
outer | 421pm | (108 x 400mm?) Lem u’z’/
MMO1X 1.5m 346pm | 398 x 398mn¥Y MMOZ2" 1'9m X'
MMO3U 2.4m | inner | 360pm | 184 x 400mm? S om u’i’/
outer | 421pm | (108 x 400mmnv) VIVEE 2.4m x’
MMO3X 2.5m | inner | 360um | 184 x 400mnv 2-5m u’i//
outer | 421pm | (108 x 400mmn?) : ’

drift electrod

conversion
2.5mm
amplification micromesh
100um
microstrip
360um

Figure3.9: Shematicview of a COMPASSmicromeja detector Traversing particlesionizethe gas
atoms the producedelectonsdrift in the directionof the micromesh.In theamplification
gapanavalande of electonsis producedwhich is detectedy the readoutmicrostrips.
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GasElectron Multipliers

The GasElectronMultiplier (GEM) detectorsfor the COMPASS experimentare realizedastriple
GEMs[57]. The GEM stationsusedin 2001 aresummarizedn Tah 3.7. The principle layout of a
GEM plane[58] is sketchedin Fig.3.10. It consistsof a metal-cladpolymerfoil (copperon capton)
with a high densityof holesin agasvolume,whichis filled with a mixture of argon (70%)andcarbon
dioxide (30%). A potentialdifferencebetweertwo electrodesnakeselectronswhich arereleasedy
radiationin the gason oneside of the structure,drift into the holes. Therethey are multiplied and
transferredo acollectingregion. It is readoutin two projectionssimultaneouslyTwo of theseplanes
form a stationgiving four projectionsin total. Eachof the existing seven GEM stationshasanactive
areaof 32 x 32 cn? andadrift spaceof 3 mm thickness.For minimal ionizing particlesthe spatial
resolutionis on average46 um [59]. The GEM detectorsaresggmentedor reducingthe capacitance
in caseof dischages.A centraldiscof 5 cmdiameteiis independentlypoweredin orderto switchthis
region off separatelduringhigh intensityruns.

Table3.7: TheGEM detectos in COMPASS new GEMsfor 2002are marked by a star

| Station | z-position| pitch | actvearea |
GMO01 48m | 0.4mm | 316 x 316mn?
GMO02 5.2m | 0.4mm | 316 x 316mn?¥
GMO3 5.6m | 0.4mm | 316 x 316mn?¥
GMO04 9.6m | 0.4mm | 316 x 316mn?¥

GMO05 13.9m | 0.4mm | 316 x 316mn¥
GMO06 15.8m | 0.4mm | 316 x 316mn¥
GMO7* 20.3m | 0.4mm | 316 x 316mn¥
GMO08 20.6m | 0.4mm | 316 x 316mn¥
GMO09 20.9m | 0.4mm | 316 x 316mn¥
GM10* 31.4m | 0.4mm | 316 x 316mn¥

gas volume
Ar:C02(70:30)

X X X X X X |
A X X X X X

GEM foils
L A X N X XN J

Readout Strips

\

Figure3.10: Shematicview of a COMPASSGEM detector Traversing particlesionizethegasatoms,
the producedelectonsdrift in thedirectionof thereadoutstrips. Theinlay showsa field
map[57] in theervironmentof a GEM foil hole
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Figure3.11:Large angletradking betweerthetarget andthefirst hadion calorimeter

Drift-chambers

Eight drift-chamberplaneswith 176 wires eachare currentlyin operation[60]. Futureuseof the
W4-5 drift-chamberof the EMC experimentis underdiscussionput hereonly the usedSaclaydrift-

chambergSDC)arepresentedTheeightchambersoveringanactive areaof roughly 140 x 124cn?

aregroupedin two moduleswith onex, y, u andv-planeeach.For 2002threemoduleswill be used
at the z positions2.6 m, 4.6 m, and5.0 m with respecto the target. The pitch of the drift wiresis

7.0mm. TheusedNe/lC,Hg/CF4 (45%/45%/10%pgasmixture hasan averagedrift velocity of 77 %

leadingto amaximumdrift time of 70 ns. As for mostof the detectorghecenterregionis deactvated,
hereby neutralizinga disk of 30 cm diameter The SDC areoperatedwvith a high voltageof 1750V

correspondingo an amplificationfactor of approximately2 - 10*. Electronicsignalsof 64 drift-

chamberchannelsare amplified by ASD8b preamplifierand discriminatorchips. Thesesignalsare
digitizedby ¥ 1 TDCsbeforebeingtransferredo the CATCH modulevia HOTLink (Sect5.2.1).

Straw Chambers

The COMPASS strav chambergd61] cover an active areaof 325 x 244 cn? (horizontal,x-plane)
and 325 x 277 cn? (y-plane)with 640 and 832 straws, respectiely. The stravs are arrangedn
doublelayers,which aredisplacedby half a diametemwith respecto eachotherto resole left/right
ambiguities.Threedoublelayersform one spacepoint (x,y,u), wherethe third projectionis inclined
atanangleof £10° with respectto vertical wires. In 2002 six doublelayerswill be instrumented
betweens.36 m and5.56 m upstreanfrom thetamet. The inner partof the planesis equippedwith
6.04mm, theouterpartwith 9.51mm stravs. The Ar/CF,/CO, (74%/20%/6%Yilled gasvolumeof a
straw is surroundedy a captonXCfoil ascathodewith aluminizedcaptongluedto theexterior. Drift
velocitiesof the electronsareabout70 % Dueto thehighratestheflux in the beamcenteris about
30 MHz/cn?, thechamberhave to beinsensitve in this centerregion. The sizeof the hole providing
this insensitvity is determinedby the areacoveredby the GEM detectorssituatednext to the strav
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detector Thefrontendboardfor the straw readouthasbeendevelopedin Freilurg, utilizing eight F 1
TDCs. Readouis realizedin a similar way asfor the drift-chamberdy an ASD8band ¥ 1 frontend
boardvia theHOTLIink interface(Sect5.2.1).

Multi-wir e Proportional Chambers

Multi-wire ProportionalChambergMWPC) are usedthroughoutthe whole COMPASS experiment.
A summaryof the MWPCsinstrumentedn 2001is givenin Tah 3.8. Threechambersarepositioned
betweenSM1 andSM2, four behindSM2 andfour behindMW2. MWPCsarewire chambersvith a
multitude of readoutwires. A fastgasmixture (Ar, CF, andCO, with the proportion74%:20%:6%)
is usedwith a drift velocity of approximatelyl00 £ [62]. Initial analysesevealedan efficiency of
approximately98% anda single-hitspaceresolutionof o ~ 700um [63]. Morethan24000channels
have to bereadout with TDC frontendboards.Detectorsignalsare preamplifiedoy MAD 1V chips.
The F1 TDCsareoperatedn a modewhereonly hit informationis provided, dueto the factthatfor
MWPCsa more precisetime resolutionis not necessaryin this mode192 MWPC channelsanbe
combinedon onefrontendboardequippedwith six 1 TDCs(Sect4.2.1).

Table3.8: TheMWPCsin COMPASS.

Station| z-position| pitch | actvearea | projections]
| PSO1 | 9.5m | 2mm [ 152x 120cn? | xyuv |

PAO1 13.8m | 2mm | 152 x 120cn? X,U,V
PAO2 15.7m | 2mm | 152 x 120cn? X,U,V
PAO3 20.2m | 2mm | 152 x 120cn? X,U,V
PAO4 20.5m | 2mm | 152 x 120cn? X,U,V
PAO5 20.8m | 2mm | 152 x 120cn? X,U,v
PAO6 31.3m | 2mm | 152 x 120cn? X,U,v
PAO7* 31.5m | 2mm | 152 x 120cn? X,U,v

PBO1 41.9m | 2mm | 152x 92cn¥ X,U
PB02 42.0m | 2mm | 152x 92cn¥ v
PB03 439m | 2mm | 152x 92cn? XU
PB04 44.1m | 2mm| 152x 92cn? v
PBO05 46.1m | 2mm | 152x 92cn? X,u
PB06 46.3m | 2mm | 152x 92cn? v

3.3.2 Particle Identification

Most of the plannedmeasurementsequireexcellentparticleidentification. The measurementf the
gluon polarizationAG/G is eitherdonevia opencharmproductionor the detectionof hadronpairs
with large transersemomentumpothrequiringknowledgeof the producechadronsin thefirst case,
the decayproductsof the D® mesonsyt™ andK —, in the secondcasertt Tt~ or K+K~ pairshave to
beidentified. It is alsoessentiato detectthe scatterednuonwhich is provided by the muonfilters
positionedbehindthick absorberso shieldthemfrom hadronsandelectrons.The detectorgakingon
this taskaresubjectof the following section.
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The RICH

Hadron identification in the COMPASS experimentis performedby meansof a ring-imaging
Cerenlov detector(RICH). Accordingto the requirement®f the COMPASS experiment,the RICH

needsa capabilityto separatgions, kaonsand protonswith a momentumup to 65 GeV/cin a high

intensityenvironment. It hasto cover the full foreseeracceptancef thelarge-anglespectrometeof

+250 mrad (horizontal)and £200 mrad (vertical). Theseconsiderationdave suggestedhe design
parameter®f COMPASS RICH [64], seeFig.3.12. Particlespassingthrougha radiatorgasinduce
the emissionof Cerenlov photonswhich are focussecbnto positionsensitve photondetectorsby a
setof mirrorsasshawvn in theleft partof Fig.3.12. The COMPASSRICH is agasdetectowith a3 m

long C4F10/N, radiatorat atmospheri@ressure The mirror setupconsistsof sphericalmirrorswith a
radiusof 6.6 m, sggmentedn 116 hexagonalpiecescoveringatotal areaof 20.37m?. They form two

sphericaburfaceswith differentcentersf cunatureto focalizethe Cerenlov photonsontotwo setsof

photondetectorgplacedabore andbelov the acceptanceegion. Photonsemittedunderthe Cerenlov

angleB¢c producea ring of radiusr on the photondetectorsurfacefrom which the particle velocity
B = v/c canbecalculated.

-1
B= <n-coszR—;> , (3.2)

where n is the refraction index of the radiator (C4F10: n = 1.00153,N,: n = 1.000297)and
Rs = 6.6 m is the radiusof the sphericalmirrors. Reflectanceof the mirrors hasto be reasonable
down to awavelengthof approximatelyl55nm becaus¢he numberof photonds proportionalto the
inversewavelength. The photondetectorsare MWPCsequippedwith Csl photo-cathodefor a total
active surfaceof 5.3m?. Segmentatiorof the 8 x 8 mn? pixels resultin morethan80000 channels
equippedwith analogreadoutelectronics. They arereadout via optical fibersthroughthe CATCH
Module with HOTFiber CMCs (Sect5.2.2). For the secondstageof the COMPASS experimenta
seconRICH (RICH2)is proposedo complementhe particleidentificationto highermomenta.
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Figure3.12: Principle schemeof the COMPASSRICH. As pictured in the left part, incomingparti-
clesradiate Cerenlov light reflectedby a setof mirrors on the right bad to the photon
detectos eitheronthetop or the bottomhalf of the detector
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First RICH rings have alreadybeenrecordedby meansof the HOTFiber - CATCH system. An
exampleof areconstructeding is shawvn in Fig.3.13. The darker the pointsarethe larger the mea-
suredamplitude.The crossindicatesa trackreconstructedby the COMPASS spectrometethecircle
assumes particlewith 3 = 1 whichin this casemostprobablywasa kaon.
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Figure3.13: Reconstructedng seernby the COMPASSRICH (pure N filling).

Calorimeters

For measuringhe enegy of the particlescalorimetersareused. They arecompositedetectorausing
the total absorptionof the particlesto determinetheir incidentenegy and position. Shavers are
generatedby cascadesf interactionsvhich aredetectedy photomultipliers.In afirst stepelectrons,
positronsandphotonsarefully absorbedby electromagneticalorimeterdECAL). Hadrondraversing
the ECAL dueto their larger interactionlength are detectedin hadroncalorimeters(HCAL). The
hadronsalreadystartshavering within the ECAL, but completeabsorptiononly takes placein the
HCAL.

As electromagneticalorimeterfor the small-anglespectrometerECAL2, it is plannedto use
the GAMS-4000[65]. It hasoriginally beendesignedor the WA102 Collaboration66] asa cellular
lead glasscalorimeterwith photomultiplierreadout. The ECAL2 coversan areaof 3.7 x 1.85m?
andusesexisting leadglassblocksin the outerregions,whereagheinnerpartwill be constructedf
radiationhard PBWO, crystals. It senestwo functions,measuringhe enegy of e* andy, thereby
providing particleidentificationinformation. Also T identificationcanbe achiazed by meansof the
ECAL2 analyzingthe decayinto two photons(r® — yy). In COMPASStheinterestingohotonenegy
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rangedrom sometensof MeV to about100GeV requiringgoodenegy resolution.Goodtwo photon
separatioris neededn caseof high multiplicity eventsfor unambiguougphotondetection. For the
large-anglespectrometea seconcklectromagneticalorimetetECAL1 is planned.

Hadronslosing their enegy within the iron-scintillator sandwichof the first hadroncalorime-
ter HCAL1 (25 mm iron and 5 mm plastic scintillator) are detectedvia the emittedlight, which is
transferredrom eachof the total 480 cells of 15 x 15 cn?, seeFig.3.14, via wavelengthshifters
to the photomultipliers. The total thicknessof HCAL1 is approximatelyfive absorptionlength for
pions and seven for protons. In orderto allow particleswith high momentumto enterthe second
spectrometestage the calorimeterin thefirst stagehasaholeof 1.2 x 0.6 m?.

/383m
440cm

HCAL2 / Beam
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Figure3.14: Frontview of the hadion calorimetes. For HCAL1 on theleft four cellsof 15 x 15 cn?
forma module HCAL2hascellsof 20 x 20 cn?, thebeamholeis off centerby 20 cm.

HCAL?2 is composedf interleared leadandscintillator plates(16 mm leadand4 mm scintillator)
covering an active areaof 440 x 200 cn? providing very good enegy resolution. The cells of the
seconchadroncalorimeterarelarger (20 x 20 cm?) thanthe onesof HCAL1. Thereare216of these
cellsarrangedn a matrix of tenrows and22 columnswith a squarewvindow of four cellsatthebeam
position,which is shiftedto the Juraside(seeFig. 3.7 and3.14)taking careof the beamdeflectionin
themagnetidieldsof SM1andSM2.

For the calorimetric trigger [67] it is asled for a minimum depositof hadronicenegy in at
leastoneof thetwo hadroncalorimeters.Hadroniccascades a modularsamplingcalorimeterlike
HCAL1 andHCAL2 areusuallyspreadover several neighboringcalorimetercells. Hence,the total
enegy depositiorcanonly beobtainedoy summingover anareain theorderof 60 x 60 cn? centered
aroundtheimpactpoint. For generatinghetriggersignalthis hasto be performedwithin 300-400ns
with precisetiming informationof the enegy deposition.Becausef halo muonsit is impossibleto
sumover thefull calorimetersurface,but asenegy depositionof a muonin a hadroncalorimeteris
highly localized,it is suficient to combineinformationof four modulesof 2 x 2 cellseach.Signals
in the hadroncalorimeterhave to exceeda predefinedenegy deposition. To avoid electromagnetic
signalsin the HCALSs they areshieldedrom theelectromagnetiquantaeitherby the electromagnetic
calorimeteror leadwalls of about10 cm thickness.
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Muon Identification

As even high enegy hadronsdo not traversethe amountof iron in front of the muonidentification
detectors,only muonscan reachthe detectordue to their higher penetrationability. The muon
detectorgmuonfilters) consistof anabsorberandthe actualdetectorthe muonwall. Onemuonfilter
is placedbehindthe hadroncalorimeterof eachspectrometestage,.e. HCAL1 andHCAL2. Muons
pasghroughtheabsorbergabbreriatedMF) of about60 cm of iron in front of muonwall 1 (MA) and
2.4 m of concreten front of muonwall 2 (MB). The muondetectorsconsistof plasticlaroccitubes
in caseof muonwall 1 upstreanof SM2 andaluminiumdrift tubeswith 3 cm diameterfor the muon
filter 2.

Four layersof plastic larocci tubes[68] are placeddirectly in front of and behindthe iron ab-
sorbereach. They cover anactive areaof 400 x 200cn?. The gasmixture contains70% argon and
30%CO,. Its mainfunctionalityis similar to awire-chamberbut dueto its worsespatialresolutionit
canonly decideif therewasamuonor not. Theobtainedresolutionis in theorderof 3 mm. Therefore,
thedetectoiis readoutby # 1 TDCsoperatedn the hit modelike the MWPCs(Sect4.2.1).Like the
otherdetectorf the large anglespectrometemuonfilter 1 featuresabeamhole.

The principle of muonfilter 2 is similar to the one of muon filter 1, but the muon detectionis
performedby drift tubeswith a betterresolution. The muonfilter 2 consistsof four stations,each
containingadoublelayerof 3 cmaluminiumdrift tubeswith agasmixtureof Ar andCH,4 (75%/25%).
In the muonfilter 2 the muonspassingheholein muonfilter 1 aredetected.

3.3.3 The Trigger System

Themuontriggersystem[67] is designedo selectcertaintypesof muonscatteringeventsby means
of dedicatedrigger hodoscopeandthe hadroncalorimeterdHCAL1 andHCAL2. Thetwo trigger
hodoscopedi4 and H5, consistingof several scintillation counterseach, are locatedabout40 m

and 50 m downstreamfrom the tamget, respectiely. Selectionof eventsis basedon the geometric
propertieof themuoncandidatdrackandontheenegy depositionin thecalorimetergseefig. 3.15).

Muon tracksareconsideredisbeinga scatterednuonif the trajectorypointsbackto thetamget. This

is analysedby the coincidencematrix combiningthe information of the trigger hodoscopes.The

matrix coincidenceselectghe usefulkinematicsfor the gluon polarizationmeasurements the plane
scatteringangleversustotal momentum.

As one of the tasksof the trigger systemis the reductionof halo muonstraversingthe detec-
tor, a halo profile hasbeentaken with the hodoscopeHMO05 shavn in Fig.3.16. To discriminate
backgroundf thesehalo muonsseveral veto countersareinstrumented m, 8 m and20 m in front
of thetamget, respecirely. The vetofor COMPASS s an arrangemenof scintillator paddlesaround
the beam-line. Information from thesedetectorsis complementedy information of the first two
scintillatingfiber stationgo reduceparticleswith alarge slopein they-direction,andthus,nopossible
interactionin thetarget[69]. Thereductionof thetriggerrateby includingthe vetois in the orderof
90% (seeTah 3.9).
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Figure3.15: Principle Sthemeof the trigger decisionfor semi-inclusiveDIS events. A minimum
amountof enegy depositionin at leastoneof the two hadion calorimetes is requiredin
additionto the detectionof the scatteed muon. Halo muons whosetradks do not point
bad to thetarget, are rejectedby the coincidencamatrix.

Two main event classesare selectedby the trigger system. The first one covers inclusive DIS
eventswith Q? > 1 Ge\2. For theseno hadronicenegy depositionis required. The secondype are
quasi-eal photoneventswith small four momentumtransferQ? < 1 GeV? which involve at least
two hadronswith large transersemomenta. The muon scatteringangle 8 is closeto zero. For a
reasonable&overageof the crosssectionasa function of Q? the contemplatedangleis extendedto
8 < 5 mrad, which correspondgo approximately90 % of the total quasi-eal crosssection. The
configurationof the two spectrometemagnetsSM1 and SM2 separatesrackswith arelatve enegy
lossy > 0.3 from the deflected,noninteractingbeammuons. This minimum enegy loss is also
neededo provide a suficient photonpolarization. This is the kinematicalregion wherethe gluon
polarizationcan be extracted. Sucheventsmanifestthemseles by the productionof either charm
quarksor a pair of hadronswith large transersemomenta.With a beamenegy of 160 GeV events
with a fractional gluon momentumof xy > 0.12 are accessible.To measurey it is not sufficient to
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Figure3.16: Vertical profile of the halo muonsmeasued by HMO5. Therate of particlesis givenin
dependencaponthedistancefromthe beamcenter

measureahe deflectionin the horizontaldirectionjust once. To disentangléhe magneticdeflectiona
measuremerdttwo z-positionds necessaryT hereforethetwo hodoscopebi4 andH5 arepositioned
approximatelyl0 m apart.

To provide accesdo thesedifferenteventtypes,sereral setsof hodoscopesreused. Thetrigger
hodoscopelanesH4 andH5 areseggmentedandeachof the segmentscanbe selectedseparatelyor
triggeringon differenttypesof reactions.The threeseggmentsusedin 2001aretheinner, theladder,
and the middle trigger, which are abbreviated HI, HL, and HM. For 2002 the systemis extended
by the installationof two new hodoscopestHO03 and HO04 forming the outer trigget Inner and
laddertrigger containonly vertical elementswhereashe outertrigger hashorizontalplanesandthe
middle triggerfeaturesboth projections.Dueto their differentgeometrythey give accesgo different
geometricalegions. The setupis shavn in Fig.3.17. The middletrigger hodoscopesareat the same
z-positionastheladderhodoscopeandarethereforenot explicitly mentioned.The distancebetween
the z-axis andthe beamaxis at the position of the hodoscopess given aswell asthe extensionof
the hodoscope#n the x-direction andthe distanceto the beam-line(marked by the arravs). With
its smalldistanceto the beam-linethe innertrigger coverslow y eventswith scatteringanglesbelow
5 mrad. Hence,it is predestinedor the measurementf the gluon polarization. The laddertrigger
complementshe quasi-reaphotontriggerwith thehighy events. The middle systemcoversthe deep
inelasticscatteringeventswith scatteringanglesbetween5 and 15 mrad, the low and mediumQ?
range.To provide horizontalandverticaltargetpointingit consistf planesn bothprojections High
Q? eventswill bedetectedby the new outersystem67].
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Figure3.17: Magnified sketch of the position of the trigger hodoscopegnot drawn to scale). The
middletrigger hodoscopeare positionedabove andbelowthe beamline

The differenttriggerscanindividually be combinedwith the information coming from the veto
countersthe calorimetersignalsor both. Any combinationof thesetriggerscanbe choserleadingto
differenttrigger rates[70] shavn in Tah 3.9. The vetois attendedas anti-coincidencendicatedby
Vetoin Tah 3.9, asonly eventswithout a hit in the veto countersshouldbe recorded.The 2001 full
trigger wasa combination(logic OR) of ladder inner, andmiddletrigger(ITCV + MTV + LTCV), all
including the vetoinformationandladderandinnertrigger alsothe calorimetersignals,leadingto a
total of approximately20000 triggersper spill by summingup the underlinednumberdsfor the three
combinedtriggertypesin Tah 3.9.

Table3.9: Trigger rates for the different trigger conditionsin 2001 for the nominal intensity of
2-10° [70]. Standad conditionwasa logic OR combinationof the underlinedtriggers.

| TriggerCondition | InnerTrigger | Middle Trigger | LadderTrigger |

Hodoscopes
(with matrix cuts) 701000 (IT) 796000 (MT) 391000 (LT)

Hodo& Veto 109000 (ITV) 11000 (MTV) 20000 (LTV)

Hodoé& Calo 12000 (ITC) | 41000 (MTC) | 30000 (LTC)

Hodo& Calo& Veto| 5300 (ITCV) | 1200 (MTCV) | 3100 (LTCV)
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4 The ReadoutConceptof the COMPASS Experiment

The hugenumberof morethan 250000 channelstogetherwith the dimensionsof the COMPASS
spectrometefd x 5 x 50m3) andthehigh dataratecomparedo otherexperimentsmadeanew, more
sophisticate@pproacho the readoutsystemfor the COMPASS Experimentmandatory The system
hadto be easilyscaleableandupgradeabléor futureimplementatiorof nev componentsEvenmore
importantis ngyligible deadtime comparedo the deadtime of the detectors.The systemhasto be
capableof muonbeamintensitiesof upto 2.8-1C® particlesperspill leadingto approximately20000
triggersper spill correspondingo atriggerrate of 4 kHz. For a hadronbeamto be usedoptionally

even trigger ratesof up to 10° triggersper second(100 kHz) are expected. This resultsin a peak
rate of several Gigabyteof datapersecond.Up to 300 TByte will be storedon tapeperyear which

togethermwith the large numberof detectorchannelobligesto follow new directionsin the designof

the COMPASSDAQ scheme.

Comparisonwith other high data rate experiments(see Fig.4.1) demonstratesthat even the
Large HadronCollider (LHC) experimentsat CERN, startingnot earlierthan2007,have to write one
orderof magnituddesseventspersecondo tape[71]. However, dueto thelargernumberof detector
channelsthe amountof datarecordedwill belargerthanfor COMPASS. The COMPASS DAQ not
only hasto beableto handlethesehightriggerrateseadingto thehighamountof eventspersecondo
bewritten to tape,but alsoa correspondinglyarger amountof datathanthe CP-violationexperiment
BaBar deliveringthe highestdataratesin thetime before COMPASS[72]. In 2002 COMPASS will
be the experimentby far producingthe largestnumberof events,constitutinga big challengefor the
newly developedreadoutsystem.Thevaluesfor COMPASSgivenin Fig.4.1 area sustainedate of
1200eventsperseconccorrespondingo approximately34.5MByte written to tapepersecondaswill
beshavn in Chapter6.

n r
~
) .
-E -
O] 103 =
> -
()] C
N BABAR
I 1999
L i Ll L1 ..12007,
3
1 10 10

MBlfl)te/s

Figure4.1: Dataratesof currentand plannedexperiments.
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In traditional DAQ systemspreamplifiersaremountedat the detectorandtypically alarge number
of coaxial or twisted pair cablestransmitsthe signalsto amplifiersor discriminators. From there
they aretransferredo ADC? or TDC* modulesmountedin Camac VME, or Fastlus crates.In this
case,readoutis performedthroughthe backplane]ocal and global event building only takes place
at this late stageon VME CPUs or workstations. For COMPASS a different approachhasbeen
chosen.Detectorsignalsaredigitized asearly as possibleon detectormountedfrontendboardsand
aretransferredo centralreadoutdriver modulesvia commerciakwistedpair patchcables.

Traditional DAQ Camac/
. Amplifier/ ADC/ \F/:’;Aslft/)us Controller/
Preamplifer  piscriminator TDC  ceata Interface

Local event builder/
VME CPU

Camac
Ethernet

Backplane

long coax/TP-cables

COMPASS DAQ

Amplifier/Discriminator
ADC/TDC

TP-cable Multiplexer, controller, local event builder

Readout Driver

Detector
CATCH

S-Link

Figure4.2: Comparisorof a traditional DAQ with the COMPASSsystemIn contrastto previoussys-
temsdataare digitizeddirectlyat the detectos and are transferedto the cential readout
driver requiringfewer cables.

Readoutdriver modules(CATCH) concentratehe dataascloseto the frontendboardsaspossible
into a few high bandwidthdatastreams.This is betteroptimizedon datathroughputhanthe readout
via backplanesincein COMPASS specializedpoint to point connectiongS-Link) are used. This
systemalsoeconomize®n the amountof cablesascanbe seenin in Fig.4.2. For the descriptionof
the COMPASSreadoutystema coupleof abbreiationsareused.They aresummarizedn aglossary
attheendof theappendicesinformationon the singlepartsof this systemcanbefoundin [73].

The previously outlined goalswhich are the handlingof high dataandtrigger rates,large events
and the deadtime free readout,are achiezed by adoptinga fully pipelinedand parallel systemin
which datafor eachtriggerareguidedthroughthe whole readoutchainwhile furthertriggerscanbe
acceptedDataarebufferedat variousstagego minimize deadtime andto avoid thelossof data. In
orderto provide maximumflexibility the systemis realizedin a modulardesign. The outline of this
chapteris organizedfollowing the datapaththroughthe readoutsystenvisualizedin Fig.4.3.

3Analogto Digital Corverter
4Time to Digital Corverter
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Figure4.3: Thereadoutconcepibofthe COMPAS Sexperiment.Thedataflowis fromleft to right. Detectordatafollow the pathfrontendboards
- CATCH - readoutuffer - eventbuilder - centraldatarecordingasdescribedn thetext. Trigger signalsare providedbythetrigger
contmol systeniTCS.
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Wherever possible the digitization units (ADCs and TDCs) wereimplementedn frontendboards
mounteddirectly on the detector The high trigger ratesof up to 100 kHz are only possibleto be
handledwhenusinghit selectionmechanism®n the frontendboardscombinedwith deadtime free
readout. The COMPASS frontendelectronicsis describedn Sect4.2. From thesefrontendcards,
which are specializedfor eachtype of detector data are transmittedto distributed readoutdriver
modules,CATCH, anintegral part of the COMPASS DAQ, via standarcEthernetcables. The main
tasksof the readoutdriver modulesare the fastreadoutof the connectedrontendboardsand local
subeentbuilding ata processingpeedf upto 160MByte/s. In parallel,the CATCH alsodistributes
the trigger andtime synchronizatiorsignalsfrom the Trigger Control System(TCS) to the frontend
boards.Beforethe startof datataking,the CATCH initializesall frontendcardswith theinitialization
dataprovidedvia VME. As thedevelopmeniof this modulerepresents major partof thisthesis,it is
describedseparatelyn Chapters.

Only one additionaltype of readoutmodulewith dedicatedfeaturesis usedfor GEM and sili-
conreadoutthe GEM and Silicon Control and Acquisition module GeSiCA[74]. It mainly works
accordingto the sameprinciple as CATCH, receving datafrom the ADC type GEM and silicon
frontendboardsandtransferringhemto the next stageof thereadoutsystemusingthe samenterface
asCATCH. A brief descriptionof the GeSiCAis givenin Sect4.3.

Thedataformattedaccordingto the generalCOMPASS dataformatby the readoutdriver modules
[75] aretransmittedhroughopticalfibersto high performanceeadoubuffer PCs(ROB). The S-Link
protocol[76] developedat CERN for fastpoint to point connectionss used. This takes placeeither
via asingleS-Link, or by combiningup to four CATCH modulesby meansof anS-Link multiplexer,
explainedin Sect4.4. The mastereventbuilding systemconsistsof thereadoutouffer PCs(Sect4.5)
and event builder PCs (Sect4.6). In contrastto the previous componentswhich are distributed
over the whole extent of the COMPASS experiment, the event building systemis locatedwithin one
dedicatedDAQ room to keepthe connectionsas shortas possible. One readoutbuffer hostsfour
spillbuffers. A spillbuffer is a 512 MByte RAM modulewhich canstorethe dataof morethanone
spill. A specialsoftware combinesthe informationof the spillbuffers andtransfersit via a Gigabit
switchto the eventbuilder PCsfor furtherprocessingOn thesecomputers commercialPCslike the
ROBs - theinformationof eacheventcomingfrom all differentROBsis combinedto the full event,
now including the dataof all detectors.Therefore databelongingto the sameeventaretransferred
to the sameevent builder. From the event builders, the final eventsare transferredto the central
datarecording,wherethey arewritten to massstoragemedia. In afirst stagethey areintermediately
accumulatean alocal diskin the COMPASS ComputingFarm(CCF),beforethey arestoredontape
(Sect4.8). Thefull systemis highly scalableand easyto upgrade. Higher datarates,e.g. dueto
anincreasechumberof detectorchannelganeasilypeaccommodately additionalreadoutbranches.

In generaldatarecordingonly takes placeduring certainphasesof the acceleratorcycle. This
spill structureis predeterminedby the SPSasshavn in Sect.3.1. Dataarereceved, processedand
transferredby the CATCH only during the 5.1 s long on-spill time. The spillbuffers are designed
in away, thatthey canstoredataof morethanonespill. Thereforeit canbe madeuseof the spill
breaktransmittingdatato the event builder PCscontinuously Several of thesespills are grouped
togetherforming a so-calledrun. A run containsa preselectesiumberof spills in a rangefrom one
to 2047, utilizing an eleven bit spill number Typically a run is 20-30 minuteslong producingdata
which aregroupedin severalfiles of 1 GByte each. Every run is beinggiven a uniquerun numbey
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in combinationwith spill andeventnumberunequvocally characterizingvery singleeventrecorded
duringthewholelifetime of the COMPASSexperiment.

For the outlinedconceptwheredetectordataare partly combinedalreadyon the CATCH module
andfinal concentratiorof the eventsis performedn alaterstagetheeventnumberhasto beknown to
the CATCH. Hence all readoudriver modulesareprovidedwith thetriggersignalsandanadditional
eventheadercontainingall necessarynformation. Thetrigger signalsaredistributedto all frontend
boards,whereaghe event headersare storedon the CATCH to be ableto combineand formatthe
incomingdata.Thetriggersignalsandthe eventheader@aregeneratedby thetriggercontrolsystem.

4.1 The Trigger-Control System

A schematicaillustration of thetrigger systemis shavn in Fig.4.4. Eventsareselectedy alogical
combinationof dedicatedriggerhodoscopesndcalorimeterinformation(seeSect.3.3.3). For each
of theseevents, a first level trigger (in Fig.4.4 abbreiated FLT) is generatedy the trigger logic.

On onehand,it is an adwantagethat the detectorsignalsare digitized on frontendboardssitting in

the vicinity of the detectorssincedigital dataare mucheasierto handlethananalogones. On the
otherhand,in a pipelinedreadoutsystemas for the COMPASS experiment,every event hasto be
unambiguouslydentifiedin the earlystagef the systemin orderto beableto identify andhandleall

detectordatain a correctway afterwards. Thatmeansthatthetriggerdecisionshave to bedistributed
to all readoutmodules wherethe digital datahave to be accumulatedndput together The task of

providing all frontendequipmentswith thetrigger signalsis undertaken by thetrigger controlsystem
(TCS).

The systemconsistsof one TCS controller which generatesan event headercontaining the
eventandspill numbey the eventtype andthe TCS errorinformation[74]. Every triggeris accom-
paniedby suchaneventheader Thetriggerandeventheadernformationis broadcastedo all TCS
recever modulesvia afiber network. Thedistribution is basedn a passie opticalfiber network with
a powerful single lasersource,which is modulatedwith the AsynchronousTransferMode (ATM,
[77]) frequeng of 155.52MHz correspondingo four timesthe TCS clock frequeng of 38.88MHz.
The TCS clock is usedthroughoutthe whole experimentandis thereforeprovided for all frontend
boards.Two layersof 1 to 32 treecouplerswhich split the light to 32 fiberscanin principle supply
up to 1024 destinationsThe distributedinformationis receved via TCSrecever modules,of which
oneis connectedo eachCATCH modulevia the P2 connectoron the backplaneof the VME crate.
The TCSrecever prepareghe informationfor the CATCH modules, from wherethe trigger signals
aredistributedto all frontendboardstogethemith the experimentwide referenceclock.

The TCS Controller

The TCS controlleris the centralpart of the trigger control system. It providesall componentsvith
the trigger signalsandthe time synchronizationVia its input connectorssketchedon the right hand
side of Fig.4.5, the clock from the TTC lasersystem[78], the first level trigger from the trigger
logic, and spill informationfrom the SPSare receved. The SPSspill structureis adoptedfor the
TCSworking cycle asshavn in Fig.4.6, wherethe abbreiationsBOS andEOS standfor the bagin
of spill andendof spill signals. The informationis usedby the TCS controllerto generateartificial
triggersindicatingthe spill structureto the subsequengquipments.The eventnumberis resetat the
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Figure4.4: Architectue of the COMPAS Strigger contol systenshowingthetrigger distribution from
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beginning of a new spill, simultaneouslythe spill numberis increasedoy one. Differentkinds of

triggersare marked by the event type permitting distinctionof physicaltriggersfrom artificial ones
like first-event-of-runor calibrationtriggers. Beforethe new spill is started a resetis appliedto the
CATCH which clearsall bufferson the moduleto guaranteeorrectdatatakingin the following spill,

especiallyif problemsoccurredduringthepreviousone.

Two independenthannelglabelledtrigger anddatachannelin Fig.4.4) areusedto distribute the
eventheademndthetriggerinformationover the serialopticalinterface,eachproviding a bandwidth
of 38.88 MBaud. The first level triggersare synchronizedto the 38.88 MHz clock by the TCS
controller This meansthat the trigger signalsare only broadcastedvith an accurag of 25.72ns.
Thereforethetriggersignalshave to measuredeparatelyThey areexclusively encodedn a priority
channeloptimizedfor minimumlateng. Theeventheadeiinformationis broadcastedia the second
channel.Thetwo channelareoperatedndependentlymakingthetriggerlateny assmallaspossible
by distributing the trigger signalsimmediately In contrasto that,generatinghe eventheaderwhich
is thentransmittedvia the seconcchannel|s delayedandneedsmoretime. Theincomingsignalsare
encodedo one77.76 MBaud bit-streamby the TCS andtransferredo the opticalfiber network and
furtheronto the TCSrecever modules.

In additionto the distribution of first level triggers,the TCS controlleris alsoresponsibldor the
deadtime logic. Technically thedeadtime is generatedyy a busy signal,whichis appliedto thetrig-
gerlogic asavetoandpreventsthetriggerlogic from distributing first level triggers(seefFig. 4.4). This
is necessarpecaussomefrontendboardsarenot capableof too high datarates.Resultsobtainedby
measuringhe performancdor differentdeadtime settingsarepresentedn Sect6.1. After eachtrig-
geratimewindow exists,in whichnonew triggeris allowedto beprocessedThisfixeddeacdtime can
beadjustedn the TCScontrollerbetweeril75nsand13.175ps. Onthe otherhand,on somefrontend
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Figure4.5: Shematicof the TCScontwoller. Communicatiorwith the VME bus and the TCSserver
softwae is indicatedon the left handside Thetrigger and deadtime handlingis per
formedby the cential FPGA. Interfaceto the trigger logic and the optical distribution
networkis providedvia thefront-panelontheright handside
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equipmentshebuffer sizeis thelimitating factor Thus,notmorethanacertainnumberof triggerscan
be handledwithin a giventime period. This variabledeadtime canbein arangeof up to 15triggers
in atime window selectablébetweern25.72ns and 1685.6ps correspondingo 1 to 65536c¢ycles of
the 38.88MHz clock. Both fixedandvariabledeadtime canbe specifiedby the TCS sener software
via VME. In 2001,thesevalueshave beensetto 44 us fixed andfour triggersin 400 ps variabledead
time for mostof the datataking period. As the 44 ps fixed deadtime exceedsthe maximumvalue
selectabldy software,a hardwarebusysignalwasappliedto thetriggerlogic. This setupwasneeded
becausehe APV frontendchip for GEM andsilicon readoutwasoperatedn thelatch-allmode,see
Sect4.3. Thereforethe buffer size of the APV limited the possibledataand therebytrigger rate.
Standard/aluesfor the2002beamtime will be3 psfixedandfour triggersin 40 ys variabledeadtime.

For calibration or monitoring purposes,special triggers can be generatedby the TCS con-
troller. Theseartificial triggersaremarked assuchby the eventtype. A pretriggersignalcanprecede
calibrationandmonitoringtriggersbetweenl00.5ps and6.58 ys beforethe correspondingrigger if
activatedfor this triggertypein the TCSrecever. Thedelayis individually programmabldor every
recever externallyvia the TCS sener, which is alsoresponsibldor the communicatiorbetweenthe
TCS systemandthe DAQ and Run Control definingthe run structureby distributing the begin and
endof spill signalsrecevedfrom the SPS.

The TCS Recever

The TCSrecever (seeFig.4.7) is situatedon the backplaneof the VME cratehostingthe readout
driver module. Like the TCS controllerthe TCS recever canbe programmedvia VME. Incoming
informationfrom theopticallink is decodedndreformattedy thismodule.lts mainfunctionsarethe
recovery of the clock from the opticalfiber with a jitter smallerthan50 ps RMS andsynchronization
of datafrom thelink. The extractionof the clock from the signalof the optical recever is doneby
theclock recavery chip [74]. Thesix bytelong eventheademneededy the CATCH is alsogenerated
here.lIt is thenstoredin a 16 word deepoutputFirst In First Out (FIFO) memoryto bereadoutfrom
the readoutdriver modules.The informationincludedin the eventheadelis summarizedn Tah 4.1.
Thefirst byteto bereadout containghefive bit triggertypein the databits four to zeroandthreebits
(two to zero)of the spill number Spill andevent numberare split amongsereral bytes,the second
columnin Tah 4.1 givesthe bits within thereadout byte, thethird columnthe containednformation.
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Figure4.7: Shematicof the TCSreceiver Signalsfromthe TCScontwoller arriving on the left side
at thefirstleveltrigger (FLT) input are processedy thereceiverFPGAand providedfor
readoutby the CATCH via VME (right handside).

In normaloperatiorof thetwo inputsshavn in Fig.4.7in theupperleft corner(firstlevel (FLT) and
FastTrigger), only the onelabelledFLT is used. This is the input of the opticalffiber from the TCS
controller For the frontendboardsof the RICH detector the trigger signalsarerequiredearlierthan
for the otherfrontendequipmentsThe dedicatedearlytriggersignalsarereceved via thefasttrigger
input directly from thetriggerlogic. They arenot processedby the TCS controllerandaretherefore
notsynchronizedo the TCSclock, but arrive earlierat their destination.

Table4.1: Eventinformationfromthe TCS.

| Byte | Bits | Usage \
0 4..0 | TriggerType[4..0]
Spill Number[2..0]
Spill Number[10..3]
EventNumber[7..0]
EventNumber[15..8]
EventNumber[19..16]
unused
TCSerror[7..0]

EINEVIE NI
NN WO NN NN
o|» o|o|o|o|u




54 4 THE READOUT CONCEPT OF THE COMPASS EXPERIMENT

4.2 Frontend Electronics

The first stageof the readoutchain are the frontendboards. The COMPASS detectordescribedn
Chapter3 consistsof a variety of detectorsrequiring different readoutelectronics. The frontend
boardsadjustedo the specialrequirementsre mounteddirectly to therespectre detector Typically
the frontend boardshouseamplifier, discriminatoy and TDC or ADC chips. Different types of
frontendelectronicsusedin the COMPASS experimentalsoinclude discriminatorboardswithout a
digitization unit. This typeis usedfor detectorssitting closeto the beamlineandthereforeproduce
a large amountof data. Thesedetectorsare readout in a similar way to the traditional DAQs, the
detectordataaretransferredo the TDCs, which arein this casehostedby the CATCH modulesyia
twistedpair cables.The majority of frontendboardsis of ADC or TDC type, hostingthe digitization
unit. Thedigitized dataaretransmittedo thereadoutriver modulesfor furtherprocessing.

At every power up the frontend boardsautomaticallytransmit a unique board identification.
This 16 bit serialnumberis storedon the CATCH moduleandcanbe usedto requesthe correspond-
ing initialization parametersia the VME bus. The connectedrontendboardsarethensuppliedwith
informationrequiredfor further operationsuchasthresholdsettingsandthe selectionof the wanted
F1 mode. The particularfrontendequipmentsisedin the COMPASS experimentareenumeratedh
Tah 4.2, wherealsothe numberof channelavhich canbereadout by one CATCH moduleis given.

Table4.2: Frontendboards usedfor the COMPAS Sexperiment.

| Detector | Development | Components | CMC Type | #ch.CATCH |
SciFil-4 Bonn/Nagga Discriminator | TDC-CMC 128
SciFi5-8 Bonn/Nagga Discriminator | TDC-CMC 64
BMS Bonn Discriminator | TDC-CMC 64
Trigger Bonn/Mainz Discriminator | TDC-CMC 128
Trigger(Scaler) Freiturg Discriminator | ScalerCMC 128
MM Saclay SFE16,71 HOTLink 1024
DC Saclay ASD8b, F1 HOTLink 1024
W4-5 Saclay/Tieste MAD IV, F1 HOTLink 1024
Straws Freiburg ASDS8b, F1 HOTLink 1024
MW | Dubna/Drino MAD IV, F1 HOTLink 3072
MW I Freiturg/Protvino | MC10116, 71 | HOTLink 1024
MWPC Torino MAD IV, F1 HOTLink 3072
Calorimeter Munich QVC, FIADC HOTLink 1024
RICH Trieste Gassiple, ADC | HOTFiber 6912
GEM & Silicon Munich APV25,ADC GeSIiCA -

SMotorolaMC10116triple line receier with atransistorasinputamplifier[79]
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4.2.1 Time Measurements

All time measurementi®n the COMPASS experimentare carriedout by meansof the #1 TDC. For
the understandingf the TDC frontendboardsjnheritingthenew 1 chip, a shortdescriptionof the
F1 TDC chip including an explanationof the schematicshavn in Fig.4.8 precedeghe description
of the frontendcardshostingthe # 1 chips. Thetypical layout of sucha TDC frontendcardfor the
COMPASS Experimentis exemplarily demonstratedor the strawv frontendboard,developedat the
University of Freikurg.

The F1TDC [80], alsodevelopedin Freilurg, is an ASIC exploiting the 0.6 ym CMOS sea-
of-gatetechnology Allowed input signalstandardgor the eightinput channelsaredifferential TTL,
PECL,LVPECL, andLVDS. The abbreiations arewritten out in the glossary The referenceclock
for all time measurementss the TCS clock provided via the CATCH module. In normaloperation
mode,incomingsignalsdigitized within a dynamicrangeof 16 bits are storedin a 16 word deephit
buffer. A trigger matchingunit comparesvery hit time with the time stampof the actualtriggerand
writes only wordscorrelatedo a trigger into the eightword deepreadoutbuffer FIFO, seeFig.4.8.
For this purposehetriggerlateny which is subtractedrom the measuredriggertime canbe setby
software. A hit is acceptedvhenit occurredwithin a userdefinedtriggerwindow. This hit selection
is a very importantfeaturefor the COMPASS experiment,sinceonly by this on-chipdataselection
the datarate canbe kept at a reasonableamountfor the successie stagesf the readoutsystem.To
avoid thelossof triggers,thesearealsostoredin afour word deepFIFO afterthetriggerlateny has
beensubtracted On the outputside,the dataof all channelsvith matchinghits arewritten into a 16
word deepinterfaceFIFO for furtherreadout.They maybeframedby TDC heademndtrailer words,
which containtheeventnumberderived by internally countingtheincomingtriggersignals.

Theoutputformatcanbe selectedo transmitthreebyte of informationeitherin parallelor serially
The latter option is usedon the frontendboardssincethe frontendlink to the CATCH modulevia
HOTLIink (Sect4.2.3)canonly handleeight bit parallel. In both caseshe dataand heademwords
containthe informationin the formatgivenin Tah 4.3. Sinceheaderandtrailer wordsareidentical,
it is only givenonce. Severaltablesof similar kind asTah 4.3 are presentedn thefollowing. Here,
thebits 23 to 0 aregivenfrom left to right. Numbersin bracletsindicatethe numberof bits resered
for the specifiedpurpose,e.g. the TDC headerword (first line) containsthe nine bit trigger time
information. This triggertime is the measuredrrival time of thetriggersignalatthe #1 . Thechip
and channelnumbergiven in both headerand datawords, unambiguouslyidentifiesthe sourceof
thesewordswithin a frontendcard. An internalcountergenerates six bit event numbey which is
comparedwvith the eventnumberfrom the TCS on the CATCH module. The xor bit is derived from
the initialization dataof the #1. If this bit ever flips it indicatesthat the modein which the F1
is operatedmay have changed.This shouldnot happenduring datataking, hence,if obsered, the
TDC informationwhich follows may be corrupted.tbo is an abbreiation of trigger buffer overflov

Table4.3: Formatof F1 TDC data(firstline: headeror trailer word, secondine: dataword).
23 0
[0
[ 1] 0] chip 3) [channel 3)] DATA (16) |

tbo [ event number (6) | trigger time (9) xor [ chip (3) |channe| (3)|
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Figure4.8: Working principle of the 1 TDC (the perspectivelydrawn boxesare existing eightfold,
theothers are shaedbetweeriheeightchannelsfrom[80]). Dataandtrigger flowwithin
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andis setif thetrigger FIFO of the F1 getsfull. In this casetrigger signalswhich arrive atthe 1
afterwardsmaybelost. Thereforethis bit is alsomonitoredonthe CATCH module.

The heartof the F1TDC is its time measurementnit. It consistsof an asymmetricring
oscillatorwhich is voltagecontrolledby a phaselocked loop (PLL). Only if the PLL is in alocked
state, precisetime measurementsan be performed. Different modesof operationare possible:
measuringthe time on the rising (leading) edgeof the incoming signal as well as on the falling
(trailing) or on bothedges Whenusingbothedgeghe specificatiorfor the pulsewidth is predefined
by the double pulseresolution,which is typically 18 ns for the 1 TDC. For detectorsrequiring
an even betterresolutionthanthe 120 ps of the normal modeor an increasedit buffer size, two
neighboringchannelscan be combinedto double resolutionand hit-buffer size. The differential
nonlinearityis lessthan0.1 leastsignificantbit (LSB) (< 0.5 LSB) for the normal(high) resolution
mode,respecirely. The specificationgor the differentmodesaresummarizedn Tah 4.4.

Table4.4: ¥ 1 TDC modegnumbes for one ¥ 1 TDC, from[81]).

| Mode | #channels| hit buffer size | bin width |
high resolution 4 32words 60 ps
normalresolution 8 16 words 120ps
latch 32 16 words 4.7ns

On the other hand, four detectorchannelscan be connectedo one TDC input channel. In this
caseit is only possibleto measurdf a hit hasoccurredon a single channelin a time interval of
approximately4.7 ns. The mechanisnof this latch modeis sketchedin Fig.4.9. It is designedor
detectorswvith eventpatternrecognitionwhich do notrequirea preciseime information,but only time
stampdgor eventbuilding. Thereforeit suitsthe requirement®f MWPC readoutwhereit is mainly
usedin COMPASS(Sect.3.3.1). Eachgroupof four inputchannelss connectedo two fourfold input
buffers. In parallel,alogic or of thesesignalsis linkedto oneof the eighttime measuremerghannels
of the 1. Whena hit arrives on one of the combinedchannelsa six bit counteris started. This
counteris synchronouso thetime measuringunit andrunningwith a periodof 1LSB x 38= 4.7ns,
whereLSB refersto thedigitizationbin sizeof the 1 in normalresolutionmode(seeTah 4.4). After
a predefinedime (> 4.7 ns) the inputs are switchedto the secondinput buffer anda time stampis
takenwith thefull accurag. The 12 mostsignificantbits areplacedin front of thefour bits from the
inputregisterandtransferredo thehit FIFO. To ensureghatno hits arelost duringthe switchingtime,
both buffersacceptignalsin anoverlaptime of 2 or 4 ns[80].

Since the trigger signalsare synchronougo the 38.88 MHz clock, their time is a priori only
known with a precisionof 25.72ns. Therefore,the asynchronousrigger signalsare measurecy
meansof the 71 TDC beforethey are synchronizedoy the TCS controller The measuredrigger
time is thensubtractedrom the resultsof all othertime measurementddence,it representshetime
referenceof eacheventfor all othertime measurements thewhole experiment.
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Figure4.9: Sthematicmedianismof thelatch mode

The Straw Frontend Card

Fig.4.10shaws a picture of the strav frontendcardusingthe #1 TDC for the time measurements.
Incoming datafrom the straws are discriminatedand shapedby Amplifier ShaperDiscriminator
(ASD8b) chips[82]. Thresholdsettingsof the ASD8b chips are controlled by Digital to Analog
Corverters(DAC), wherethe valuesfor eachDAC can be selectedndividually. TheseDACs are
drivenandcontrolledby thecorrespondingF 1 TDC. Outputsignalsof the preamplifiersaredigitized
by #1 TDCsasdescribedefore.

On the straw frontend card the 1 TDC is operatedin normal resolutionmode, thereforethe
eight TDCs, four on the front andfour on the backsideof the board,provide a total of 64 channels.
To suppressackgroundor time measurementsnly thosehits aretransferredo the datarecording
units which have a correlationto a trigger time. The frontendinterfaceto the CATCH modulevia
HOTLink is describedn Sect4.2.3.

Ontheboard,the TCS clock is distributed by the 1:9 differential clock driver to all TDCsandto
the GateArray Logic (GAL), which decodeghe lengthcodedsignalsof the userline. Thesearethe
trigger, reset,andthe beginning and end of burst signalsas givenin Tah 4.5. The Begin of Burst
signalis usedfor synchronizingall #1 TDCsatthe startof eachspill.

4.2.2 ChargeMeasurements

For the COMPASS experiment threedifferenttypesof ADC readoutareused. Thesearethe BORA
boards,which are the frontendboardsof the RICH detector the calorimeterADC boards,andthe
readouf GEMsandsilicons. The principlefunctionalityis similar to the TDC typefrontendboards,
detectordata are discriminatedand digitized in this caseby analogto digital corverters. As an
examplefor ADC frontendboardsthe BORA boardis briefly described.

The BORA boardis an ADC type frontend card digitizing 432 channels[83]. It is an ad-
vancedDigital SignalProcesso(DSP)andFPGA basedreadoutboard,which providesdigitization
and pedestakubtraction.Whena trigger arrives at the BORA, a counteris startedto wait until the
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Figure4.10: Picture of the straw frontendcard. Detectorsignalsare discriminatedand shapedby
ASDB8hchips, befoke they are digitizedby eight # 1 TDCsof which four are on the bad-
side Datatransferto the CATCH moduleis providedvia a HOTLink connection.

shapingtime of the Gassiple& amplifiers[84] of 1 us is reached. Whenthe Gassipl& chips have
reachedheir peak,the signalsare corvertedinto a 10 bit numberby an AD9201 ADC [85]. Dueto
this peakingtime the BORA needsa specialtrigger setup. In this casethe triggeris neededearlier
thantheregulartriggersignaldistributedto all otherequipmentsincefor theregulartriggerthetime
betweerthephysicseventandthearrival of thetriggeratthe BORA alreadyexceedsl ps. For optimal
performanceof the RICH readoutthe Gassipl& hasto bereadout closeto its peak. To achieve this,
the trigger signalsfor the RICH do not passthroughthe TCS controllerandthe lasercrate. Instead
they aredirectly transmittedrom thetriggerlogic to the TCSreceversof the CATCH modulesused
for thereadoutof the BORA boards.Thefastestvailablecableshase beenusedfor this distribution.
This proceduresaresapproximately00-450ns, thusmeetingtherequirementsf the Gassipl& chip.

For the COMPASS experiment, the Gassipl& chip was modified to reduceits intrinsic dead
time of 1.6 ps by abouta factorof two. Readingof all channelsandconvertingthemto a digital value
alwayshasa time durationof 400 ns. This is the reasonfor the minimal possiblevalue of the fixed
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deadtime for the trigger distribution (Sect4.1 and6.1). The secondpart of dataprocessingvithin
the BORA coversthe zero suppressiorby comparingthe signal heightwith a thresholdadjustable
by software. The time durationfor this part dependson the numberof hits abore thresholdandis
typically in the orderof 5-7 pus[83].

A compromisehadto be taken for the calorimeterreadout. It is performedby chage-wltage-
corverters (QVC). Here the analogsignals are delayedby cablesand then digitized outsidethe
experimentalareaby FIADCs [86]. TheseVME modulesdevelopedfor COMPASS arebasedon an
integratorwith operationabmplifierandafastADC for eachof the 64 channelsPedestasubtraction
is performedbeforetransmittingdatathroughthe standardrontendlink to the CATCH.

4.2.3 The FrontendLink

Interfaceto the readoutdriver CATCH is provided via the HOTLink protocolfor mostof the used
frontend equipments. It is demonstratedt the example of a typical #1 frontendboard. For the
datatransferfrom the frontendboard,the 1 TDCs sequentiallytransmittheir datato the HOTLink
transmitterchip (seeFig.4.10). As the input of this chip is an eight bit wide bus, the F1 1/O in-
terfaceis operatedn a way directly sendingeight bits to the HOTLink transmitter On the strav
frontendboard, this is donefor eight #1 TDC chipswith eight channelseach,resultingin a 64:1
multiplexer. In COMPASS the maximumnumberof TDC channelstransmittingdatavia a single
HOTLink connectionis 192. In the HOTLink transmitterthe paralleldataareserialized.Dueto the
HOTLink protocol,the distanceto the destinations limited to 20 m. Transmissiorof the serialdata
to the HOTLink-CMC mountedon the CATCH is donevia standarcEthernetcablesat arateof upto
40 MBytel/s.

Via the samecable the time synchronizationin terms of the 38.88 MHz TCS clock (PECL)
and trigger signals(LVDS) are receved from the CATCH. On the trigger/userline four different
signalsare transmitted. Therefore,they have to be codedby meansof signal length as shavn in
Tah 4.5. On the frontendboard,thesesignalsare decodedo retrieve the initial information. At a
lower rate(10 MBaud, TTL) alsothe configurationdata,suchasdiscriminatorthresholdsandthe 71
parametersaretransmittedby the HOTLink-CMC, the counterparof the frontendelectronics.The
format of initialization datais: two startbits (high thenlow), 24 databits, andtwo stopbits (again,
high thenlow). If no dataaretransmittedtheselines arekeptlow. All signalsbetweenthe CATCH
andthe frontendboardsare galvanically decoupled.The assignmenbf the mentionedsignalsto the
eightlinesof the Ethernetcableis givenin Tah 4.6.

Table4.5: Signalcodingfor thetrigger/userline of the HOTLink connection.

| Signal | Length]
Trigger Userl| 25.72ns
Begin of Burst User2| 51.44ns
Endof Burst  User3| 77.16ns
FE Reset User4 | 102.88ns
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/ 1. start bit 1. stop bit\
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Figure4.11:Initialization datafor ¥ 1 frontendcards.

Thelink is self synchronizingandsupportsautomatiddentificationof the detectorfrontendboards.
On power up of the frontendor the CATCH, the frontendcardsautomaticallystarttransmittingan
identification sequencewhich containsthe serial numberand a geographicaidentification of its
positionatthe detector Thelatteris communicatedhroughdedicatedins of the frontendconnector
from thedetector

This interface to the CATCH module via standardEthernetcablesis commonto most fron-
tendboardswith digitization units. For the RICH, wherefull electricdecouplingand cableslonger
than 20 m are needed,a fiber connectionbasedon the VF-45 connectorschemeis used. Here,
one fiber is usedfor trigger transmissiornand a secondfor datatransferfrom the frontend board.
Therefore the fiber interfacecanonly be usedfor ADC readoutwhereclock andconfigurationdata
arenotneeded.

Table4.6: Frontendboard connectiorvia RJ-45connectos.

Pin Description

1 38.88MHz Clock, PECL-

38.88MHz Clock, PECL +

10 MBaudserialline, TTL, actve low signal
10MBaudserialline, TTL +5V
Trigger/Usercoded25-100ns),LVDS -
Trigger/Usern(seeTah 4.5),LVDS +
388.8MBaudHOTLink, PECL-
388.8MBaudHOTLink, PECL +

ONP>OOITO WN

4.3 ReadoutDriver Modules

Dataof up to 16 frontendboardsarereadout by the COMPASS readoutdriver modules. The most
frequentlyusedis the CATCH modulewhich wasdevelopedwithin the scopeof the presentthesis.
A detaileddescriptionof the CATCH moduleis givenin Chapter5. A secondreadoutdriver module
is usedfor the COMPASS Experiment,the GeSiCAmodule. GeSiCAis an abbre&iation of GEM-

Silicon-Control and Acquisition. The moduleis usedexclusiely for the readoutof the GEM and
silicon detectorsandis thereforeoptimizedfor this application,in contrastto the CATCH module,
which is designedas flexible interfaceto all other detectorfrontendboards. The functionality of
GeSiCAis similarto theoneof the CATCH module.Likethe CATCH it is drivenby a 40 MHz clock.
Theinterfaceof the GeSiCAmoduleto the TCS andvia S-Link to the readoutbuffer PCsis exactly
the sameasfor the CATCH module.All propertiesandconditionsareequallyfulfilled, thereforethe
GeSiCAis not mentionedxplicitly in thecorrespondingections.
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Thefull readoutchainof GEM andsilicon readoutconsistsof an APV25-S1frontendchip, origi-
nally developedfor the CMS experiment[87], an ADC digitizing the data,andthe GeSiCAmodule.
The APV25is al128channebmplifierandshapeASIC with ananalogpipeline. Dataof twelve APV
chipsaredigitizedby SiliconandGEM ADCs (SGADC),which arethenbufferedandmeigedby the
GeSiCAs[74]. Thedatapathfrom the APV frontendchip via the ADCs to the GeSiCAmodulesis
sketchedin Fig.4.12. The ADC moduleoffers two modesof operation,the latch-all modeandthe
sparsemode. In the latch-allmode,the amplitudesof all channelsvhich aresampledhreetimesare
transmitted. This limits the possibletrigger rateto approximatelyl kHz dueto the large amountof
data. To reachhighertrigger ratesas necessaryor the COMPASS experiment,the sparsemodeis
used.Here,only datafor channelavhich areabove a certainthresholdaretransmittedo the GeSiCA
by the ADC module.
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Figure4.12: Thedatapathfor GeSiCAreadoutfrom[74].
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4.4 The S-Link Connection

The S-Link protocolhasbeendevelopedfor the ATLAS experiment[88] at CERN asa fastpoint to
point connection.In COMPASS, the S-Link is usedasconnectiorbetweerthe CATCH moduleand
the readoutbuffer PCs,seeFig.4.13. Two differentversionsexist, in the simplex versiononly the
data(forward)channels provided. In the COMPASS experimentthe physicallink is adoubleoptical
fiber (oneforwardandonereturnchannel).In this duplex versionof S-Link, flow controlis provided
by a specialbit indicatinga full link (Iff), which cannothandlemore datawords. The protocolalso
provides error reporting. All three available bandwidthvaluesof 100, 128, and 160 MByte/s are
instrumented.The maximumclock frequeng of the S-Link is 40 MHz. Sincethis valueis exactly
theinternalclock of the CATCH modulethe COMPASS S-Links aredrivenwith this frequeng. The
S-Link protocolhandlesdataaftertheprinciple of aFIFO onboththetransmitteandtherecever side.

The hardware connectionbetweenthe CATCH and the S-Link sendercard (LSC) is the VME
P3connectowhich hasdirectcontacton both sides.In generakhe pin assignmenof the P3 connec-
tor is notpredefined For COMPASSIt hasbeenstandardize@ndis the sameasfor theP2backplane
connectar The pin assignmenof the VME backplaneconnectorss givenin App.A.1. Thephysical
link itself is an optical fiber transmitting32 databits in parallelaccompaniedby a control bit. The
caseof no connectionis indicatedby a link down flag (Idown). Sincethe detectorsandtherevith the
CATCH modulesaredistributed over the whole experimentalareathesefiber cablesarein the order
of 50-100m long. They arecolocatedn bunchesalsocontainingthe TCSfibers. Dataarereceved by
thelink destinationcards(LDC), which areinstalledin the readoutbuffer PCs. Here,incomingdata
arestoredin spillbufferswhich aredescribedn thefollowing section.

Dueto themary differentdetectorseadout by the CATCH modulesthedatarateof theindividual
modulesvariesvery much. To provide an evenload of the particularS-Link connectionsand make
optimal useof the given bandwidth,dataof up to four CATCH modulesare combinedto one data
streamby meansof an S-Link multiplexer. This module,whichis connectedo the backplaneof one
CATCH with further connectionto other CATCH modulesvia adaptercablesasshavn in Fig.4.14,

Link Source Link Destination
Interface Physical Link Interface

\ ROB
LD

” return channel
forward channel

LSC

S-Link

Figure4.13: TheS-LinkconnectiorbetweerCATCH andthe ROB.
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Figure4.14: Connectionof the S-Link sendercard (LSC) to the VME badplane Wth an S-Link
multiplexer data of four CATCH modulescanbe combinedthree of themconnectedria
specialadaptercables.

wasdevelopedatthe TU Munich [89]. A schematimf the S-Link multiplexer is shavn in Fig.4.15.
Datarecevedfrom the CATCH arebufferedin input FIFOsandwritten furtheron to a secondsetof

FIFOsassoonastheseareempty In parallel,thefirst two wordsof every eventarestoredin registers
to extractthe eventnumberandsizeinformation. The eventsizesof all connectedCATCH modules
are addedup plus two to dealwith the two extra headerwords generatedy the multiplexer itself

(seeTah 4.7). Thefirst multiplexer heademword containsthe total event size andthe sourcelD of

the multiplexer. The secondheademword is a copy of the secondS-Link heademword generatedy

CATCH containingthe eventandspill numberinformation. This canbe usedfor consisteng checks
with the eventinformationof the other CATCH modulesconnectedo this multiplexer. Thefirst and
lastword of eacheventare marked ascontrol word, which is neededor synchronizingthe S-Link.

The trailer word CFED120is a uniqueword definedas end marker for all event transmissionwvia

S-Linkin COMPASS.
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Figure4.15: Sdhematicof the S-Linkmultiplexer Data fromthefour CATCH modulesare bufferedin
a chain of FIFOs, where they are combinedor outputvia the standad S-Link.

Sincetheinput protocolof the S-Link multiplexer is exactly the sameasfor the output,this system
istransparenandveryflexible. LikethesingleS-Link, themultiplexer generatealink full Iff signalin
casdtsinputFIFOreachesnalmostfull stateandis notcapableof handlingmoredatawords.In case
of amissingconnectioror anunprogramme@AT CH, themultiplexer doesnotwait for incomingdata
onthesedines. If anactive CATCH doesnot transmitdatafor ary reasonthe multiplexer deactvates
the correspondin@CATCH by settingthe ldown signalactive afteratimeoutof 103 us. Onthe output
side of the multiplexer the sameL SC asfor single S-Link connectionis usedoperatedvia the output
FIFO of themultiplexer to handlethelink full cases.

Table4.7: TheCOMPASSS-Linkmultiplexer eventstructue.
31 0

0000 000 | ctrL (@) |

e event type (5) | multiplexer source ID (10) | sum of event sizes +2 (16)

stat spill number (11) | event number (20)

Subevent from CATCH #1

Subevent from CATCH #4

Trailer: CFED 120 | CTRL (4) |
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45 The ReadoutBuffer

Thereadoutuffer PCs(ROB) arecommercialPCswith two processorsunningthe operatingsystem
Linux. Four PCI slotsin every ROB can hostone spillbuffer card each. A spillbuffer card hasa
piggybackconnectionto the S-Link recever card asdatainput. Incoming dataare intermediately
bufferedin a FIFO beforethey arestoredon boardin a 512 MByte RAM moduleasillustratedin
Fig.4.16. In the spillbuffers dataof morethanone spill canbe stored. The buffering of thesedata
allows to make efficient useof the spill breakin the SPSacceleratocycle. This reduceghe sustained

datarateby morethanafactorof three.

The spillbuffers are designedas PCI cards. A special S-Link to PCI interface (SSPCI,[90])
is usedto readout datafrom the RAM modulesindependenbf the write accessagainby using
an interface FIFO. The Local Data Concentratorsoftware running on all ROBs is responsiblefor
combiningthe databelongingto oneeventfrom thefour spillbuffers[75]. After a consisteng check
of the processedlataby a specialsoftware,thesearetransferredo the eventbuilder PCsvia Gigabit
Ethernet.

Controller
Ref}i/ Nﬂte E .
S-Link FIFO @ rw FIFO o7 =
—_— T Adr. T = | —
\ / : 8
)
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DRAM =
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Figure4.16: Shematicof the spillbuffer. Inputand outputsignalsare storedin FIFOs for decoupled
readandwrite accesdo the RAMdrivenby the contoller.

4.6 The EventBuilder

An eventbuilder PC collectsall the datafragmentsof oneeventfrom the differentROBsandmerges
theminto one event datablock. If several event buildersareused- in 2001 up to eight were used
togethemwith 16 readoutbuffer PCs,in 2002therewill betwelve eventbuildersasshavn in Fig.4.17
- the ROBstransmitthe eventsto all eventbuildersin turn. The eventbuilder PCsperformthefinal
eventbuilding, giving the datathe formatshavn on the right handsideof Fig.4.18. Thefinal events
arecombinedto files of 1 GByte which arestoredon local disksin eachof the eventbuilders,from
wherethey aretransferredo the COMPASS ComputingFarm via the sameGigabit switchesasthe
dataarrived uponusingthe RemoteFile I/0 (RFIO) protocol[91] ontop of TCP/IR
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The connectiorbetweenthe ROBs andthe eventbuilder PCsaswell asfrom the eventbuildersto
the centraldatarecordingare network switches[92]. The componentsisedin the COMPASS DAQ
areGigabitEthernetswitchesSuperStack9300from 3COM[93].

PC PC PC PC PC PC PC PC
Twin PCI| |Twin PCI| |Twin PCI| |Twin PCI Twin PCI| |Twin PCI| (Twin PCI| |Twin PCI
Readout Buffer

PC || PC || PC || PC PC || PC || PC || P
Twin PCI| |Twin PCINTwin PCI| |Twin PCI Twin PCI| | Twin PCI |/ Twin PCI Tvyﬁ(:l

Central Data
Recording

Gigabit Gigabit
Switch Gigabit Switch
Switch
PC PC PC PC PC PC PC PC
Twin PCI| [Twin PCI| |Twin PCI| [Twin PCI Twin PCI| |Twin PCI| [Twin PCI| [Twin PCI
Event Builder Event Builder

PC PC PC PC

Twin PCI| (Twin PCI| [Twin PCI| |Twin PCI

Event Builder

Figure4.17: The eventbuilding systemfor 2002 consistingof 16 ROBs and 12 event builder PCs
interconnectedy Gigabitswitdhes,which alsorepresentheinterfaceto thecentral data
recoding (CDR).

4.7 Data Structure

The recordeddata of the COMPASS Experimentall have the format of Data Acquisition Test
Environment(DATE) raw dataasgeneralstructure DATE is a datataking softwaredevelopedfor the
ALICE experiment[94]. Its structureandthe dataformatis optimizedfor a readoutsystenmwith PCs
for readoutand event building interconnectedby a switching network, which concentrateand store
thedata.Therefore COMPASSadoptedhis softwareandmodifiedit for the specificneeds.Thedata
formatis sketchedin Fig.4.18. Datainputsarethe preprocessedatatransferredrom the CATCH
modulego thespillbuffer cards.Dataof all spillbuffersarecombinedorming subdetectodatablocks
ontheRROBs. Eachof theseeventsis precededy asuberentheaderlt containanformationaboutthe
type of event, usuallyphysicsevents,the numberof wordsof both headerandcompleteeventanda
detectorD whichis uniquefor every ROB. This is doneby a softwarerunningon the ROB machines
(the Local DataConcentrator) The subeentlengthenabledirectedjumping to the subdetectoone
is interestedn within thefinal eventasindicatedby the arrows on theright-handsideof Fig.4.18.
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During normal operation,several ROBs transmittheir datato the event builder PCs, as shavn
in Fig.4.17. Databelongingto the sameeventareall transferredo oneeventbuilder. This is done
by equally distributing the eventsamongall connectedevent builders accordingto the roundrobin
model.Hence final eventbuilding canbe performedhere,doneby generatinga globalheadesimilar
to theLDC headerandcombiningthe subeentsof all ROBs. ThedetectorD of the globalheadeiis
abitwiseor of all sub&rentdetectolDs. The DATE softwareis notonly responsibldor theexplained
flow andrun control. It alsoprovidesbookleepingof theamountof recordeddataandtherun number
anddisplaysstatusanderrormessagesSampletestsof a fractionof eventsfrom the maindatastream
is supportedby DATE. With thesedatasetsdataquality canbe verifiedonline,i.e. duringdatataking,
the so-calledmonitoring.

Event Builder

ROB Full event from GDC
Event length
Subevent from ROB A
Subevent A length type=PHYSICS_EVENT
Header length
type=PHYSICS_EVENT
Header length detectorld
8000 0000 8001
detectorld Subevent A length
0000 0000 0001
CATCH type=PHYSICS_EVENT

DATA Subdetector A data

detectorld
0000 0000 0001

Subdetector A data
Subevent from ROB B
Subevent B length

Subevent B length '

type=PHYSICS_EVENT

Header length type=PHYSICS_EVENT
Header length
detectorld
0000 0000 0800 detectorld
0000 0000 0800

CATCH
DATA Subdetector B data

T

Subdetector B data

\

Figure4.18: Data structue of a DATE event(left: ROB level, right: eventbuilder level). The CATCH
sube/entsasinput are supplementethy a headerincluding the detectorlD on readout
buffer (left) aswell ason eventbuilder level.
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4.8 Data Transfer to the Central Data Recording

COMPASSdecidedo usethe CentralDataRecording[CDR) serviceat CERNto recordall data[95].
The DAQ systemdoesnot write eventsto tapeat the experimentalsite, but transmitsthemover a
few kilometersto the computercenteron the CERN main site via a dedicatedhetwork. There,the
COMPASS ComputingFarm (CCF), the tapesener, andthe tapedrivesarelocated(seeFig.4.19).
Datafiles arriving from the eventbuilder PCsarelocally storedon the DataSener disks,from where
they aretransferredo the tapewriting facility. A major requiremenis the useof a databasdayer
integratedwith a storagemanagetto handlethe large samplesof data. This is quite a challengeas
afew thousandiles areexpectedto berecordedperday Dataarereconstructeéindanalyzedusing
objectorientatedechniques.Thereforean objectorientateddatabaséasbeenchosen.For 2002this
will be Objectivity/DB [96]. The expectedamountof 150 TByte in 2002- for the forthcomingyears
even dataratesof up to 300 TByte peryearare expected- cannotbe available on disk at the same
time. Thelimitation in disk spacecanbe madeconciseby a hierarchicaktoragenanagerwhichis the
CERN AdvancedStorageManager(CASTOR) for the COMPASS Experiment.Datareconstruction
is performedusingthe COMPASSreconstructiorandanalysisprogramCORAL (COMPASSRecon-
structionandAnalysis)[97]. The computingpower to performthis taskis provided by 200 CPUsof
the COMPASS ComputingFarm.
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Figure4.19: Structue of the COMPASScomputingfarm (CCF). Data files arriving from the event
builder PCsvia dedicatechetworkare stored on dataserverdisksbefore they are written
to tape File handlingonthe 200 CPUsis organizedby an objectorientateddatabase
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5 The CATCH Module

Oneof the centralpartsof the COMPASS DAQ is the CATCH (CompassAccumulateT ransferand
Control Hardware) module developedin Freiturg. The functionality of the CATCH is provided
by flexible, reprogrammablehips, two Complex Programmabld_ogic Devices (CPLD) and eight
FPGAs. A pictureof the CATCH moduleis shavn in Fig.5.1. Communicatiorwith the VME bus
of the cratewherethe moduleis installedis performedby the VME CPLD andthe Contoller FPGA
via the backplaneconnectowhich canbe seenon the right handside. The clock (CLK) driving the
chipsonthe CATCH is provided by a 40 MHz oscillator The programof all FPGAscanbe storedin
aFlash-PROM memory from whereit is loadedinto the FPGAsat every power-up. Alternatively the
CATCH canbe programmediia VME. At startup,CATCH initializes all connectedrontendboards.
During datareadouttriggeranddataflow is permanentlynonitoredoy CATCH. The maindataflow
onthe CATCH follows atotally pipelinedpath:

B Controlle r;;

FPGA

VME

36.6 cm
TCS:

Data=s- Llnk
FIFO FPGA wn

Figure5.1: Picture of the CATCH moduleequippedwith HOTFiber-CMCs. The four CMCson the
left hand side are read out by the four correspondingMerger FPGAs. The Formatter
combinesthesedata and the TCSFPGA, communicatingwvith the TCSreceiveron the
VME badkplane framesthe data with a header forming an event. The S-Link FPGA
transfes the eventsto the S-Linksendercard. Interfaceto the VME busis providedbythe
VME CPLD via thebadkplane
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front-
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For adaptatiorof differentdetectortypes,the datainputsfrom the fron-
tend cardsare designedas exchangeablenezzaninecards. Four different
CommonMezzanineCards(CMC) have beendevelopedto provide this
flexible interface (Sect5.2). Hence,it is very easyto exchangethe input
interface of CATCH or exchange CATCH modules betweendifferent
detectors. Data coming from the connectedrontend boardsare always
bufferedon the mezzaninecardsand provided for readoutby the CATCH
in oneor moreFIFOs.

For eachof the four CMCs thereis one FPGA which readsout the
incomingdata. TheseMerger chipswork in parallelandareindependent
of eachother They combinethe datafrom all input channeldelongingto
the sameeventandperformconsisteng checksof thereceveddata.

Data from the four Mergers are combinedby the Formatter where
the detectordataare also formattedaccordingto the general COMPASS
dataformat [75]. The Merger FPGAsare read out in turn, addingthe
sourceof thedatato thereceveddatawords. Transmissiorerrorsidentified
by the Mergers or errorswithin the datawordsdetectecby the Formatter
aremarkedwith a specialerrorword in orderto be ableto reconstructhe
problemfrom the data. In orderto performa local sube&ent building the
dataare meiged accordingto their event number The combineddataof
oneeventarestoredin thedataFIFO.

Every event is framed by an S-Link header containing specific
eventinformation suchas format, event size, etc. andthe S-Link trailer
consistingof justoneunique32 bit word. As thefor this purposenecessary
information is collectedby the TCS the S-Link headeris generatedby
this FPGA after the datawords have beenprocessedy the Merger and
FormatterFPGAs. The headerlis storedin the heade~IFO, from whereit
is readout by the S-Link FPGA. It precedeshe correspondinglatawords
from the dataFIFO which areprocessedubsequenio the S-Link header
Therefore two separatd-IFOsare used. This datablock is transferredo
the readoutbuffer PCsvia a standardizedink, the S-Link. In parallel,
the dataare written into the spybuffer FIFO, from wherethe eventsare
accessibleria VME. This procedurés controlledby the S-LinkFPGA.

Eventsare processedor eachtrigger signalreceved from the Trigger
Control System. Thesetriggersare transferreddirectly to all connected
frontendboardsby the CATCH, thus, acting as a fan-outfor the trigger
signals. The event headerinformation neededto generatethe S-Link
headerwhich is thenstoredin the headerFIFO is processedy the TCS
FPGA. The communicationof the CATCH with the TCS recever is
describedn Sect5.1.
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The CATCH moduleis hotplugable assoonasit is correctlyinstalledin the VME crateits status
is given by eight LEDs locatedin the upperpart of the front-panel,seeFig.5.2. The descriptionof
theseL EDsis summarizedn Tah 5.1. After correctprogrammingthe CATCH statusis shavn by lit
LEDs for power, S-Link up, andfrontendboardsinitialized. Without an S-Link connectionthe SL
LED is off. If theinitialization of theconnectedrontendboardfailed, thisis indicatedby a turnedoff
FEI LED. In caseof no TCSrecever connectear if it is notreadythe NO T LED is active, whereas
the OFF LED is only lit afteranover-currentleadingto a power cut. During a spill, whentriggers
arrive at the CATCH anddataaretransferredo the ROBsvia S-Link, this is visualizedby the TRG
andDAT LEDs.

A four characterdisplay located directly belov the LEDs can be addressedy the controller
FPGAshawing thesourcelD of theconnectedrontendboard.Most spaceon thefront panelis given
to four cutoutswherethe connectorf the mountedCMC fit in to provide easyfront accesgo the
CMC inputs.

Table5.1: Descriptionof the front-panelLEDs of the CATCH module

| upperrow | color | description(if LED is on) |
PWR green 3.3V power available
OFF red power off afterovercurrent
PRG red FPGAsnot correctlyprogrammed
NOT red | TCSrecevernotconnectedr notready

| lowerrow | color | description(if LED is on) |
SL green S-Link connectiorup
FEI yellow frontendboardsnitialized
TRG yellow currentlyreceving triggers
DAT green currentlysendingdatato S-Link

5.1 Trigger Input and Distrib ution

Triggersreceved from the TCS are directly passedo the connectedrontendcards. For frontend

boardsconnectedria HOTLink, the trigger signalis transmittedon the sametrigger/usedine asthe

resetfor thefrontendboardsandthe beginningandendof burstsignalsindicatingstartandendof the

SPScycle. The codingof thesesignalsis doneby thetrigger CPLD. Thetrigger signalis 25.72ns

long, whichis thetime periodof onecycle of the38.88MHz TCSclock. Theothersignalsareapplied

for moreclock cycles,seeTah 4.5 on page60. Theregulartrigger signalsareresynchronizedo the

TCSclockby thetriggerCPLD. Only thefasttriggersarepassedhroughthe CATCH asynchronously
TheBegin of Burstsignalis usedto resynchronizell #1 TDCsfor eachspill.

At the beginning of a new spill the TCS generates resetsignal for the CATCH. This signal
is distributed to all otherFPGAsby the TCSFPGA andis usedto clearall buffers on the CATCH.
Hencethe CATCH moduleresumeglatatakingin a definedstate.For every trigger, the TCS system
provides six bytesof additionalinformation (seeTah 4.1). As soonas theseare available this is
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indicatedto the CATCH by aheaderreadysignal. The CATCH modulethenrequestsheeventheader
on six consecutie clock cyclesby applyingthe headerenablesignal. Thisis doneby the TCSFPGA,

the interfacebetweerthe CATCH andthe TCS. Timing of this communicatioris shovn in Fig.5.3.

As thereadout of thesesix bytesnaturallytakesmuchlongerthanthedistribution of thetriggersignal

this procedurantroduceghefirst limitation for possibletriggerrates.

The event headerinformationis storedwithin the TCSFPGA in a 32 word deepinternal FIFO
in orderto allow for new triggersto arrive during previous onesbeing processed.In the caseof
excessvely hightriggerrates,this FIFO may becoméfull. If this happensdatawordsarediscarded
in a controlledway for a singleeventin orderto speedup datataking andcatchup on the handling
of triggers.In this caseonly empty S-Link header/traileframesaretransmittedo the S-Link. These
framesarethe sameasfor normalreadout.To avoid the lossof triggers,which would disarrangehe
datastructure this procedures startedwhenmorethan 28 wordsare storedin the FIFO. A special
skip eventbit canbe setfrom the trigger control systemalsoresultingin the removal of datawords
and the transmissionof empty header/trailefframes. It is also possibleto read out only specific
detectors. This is achieved by distributing specialcalibrationtriggers only to the corresponding
CATCH modules.Eachspill is framedby artificially generatedirst andlastevents.

t<12ns

HEADER READY |

-

Byte 1XByte 2XByte 3XByte 4XByte 5XByte 6} XXXXXXXX

DATA 7..0 XXXXXXXX

ADR 3..0 XXXX ! 0000 X 0001 X 0010 X 0011 X 0100 X 0101 XXXX

HEADER ENABLE

Figure5.3: Timing of the TCSreceivercommunication. The six bytescontainingthe eventheader
informationare readout of the TCSreceiverFIFO by the TCSFPGA on six consecutive
cyclesof the TCSclodk. Data (DATA 7..0) are stored on the CATCH syndironousto the
headerenablesignal shiftedby oneclock cycle(seeApp.A.4).
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5.2 CATCH MezzanineCards

Theinterfaceto the frontendboardsof all differentdetectortypesis realizedfollowing the Common
MezzanineCard(CMC) standard98]. For differenttypesof inputsignals differentCMCshave been
developedto provide easily exchangeableonnectiongo all detectorswith the sameoutputto the
CATCH Module. All mezzanineardsemplgy a1024word deepand36 bit wide FIFO asinterfaceto
the CATCH motherboardWriting into the FIFO is in mostinstanceslrivenwith the 38.88MHz TCS
clock, readingout the datais controlledby the CATCH andthereforesynchronougo the 40 MHz
CATCH clock. Hence,the outputFIFO commonto all mezzaninecardsdecoupleghe two different
clock frequenciesThefour available CMCsaredescribedn thefollowing.

5.2.1 HOTLink-CMC

The HOTLIink-CMC senes asa generalinterfacefor up to four connectedemotefrontendboards
[99]. Dataaretransmittedfrom the frontendboardsby meansof a HOTLink transmitterchip. The
transmissiontself containsten serialbits, which representheinitial eightbit corvertedaccordingto
the ANSI 8B/10B code. The two additionalbits are usedfor DC-balancin§ anderror recognition.
Fourincomingdatastreamsarerecevedvia a RJ-45connectoanda HOTLink recever chip oneach
of the four input portsindividually. The maximumtransmissiorrateis 40 MByte/s, for COMPASS
the datatransferis synchronougo the TCS clock, thereforethe rateis 38.88 MByte/s. Depending
on the type of frontendboardconnected32 bit (ADC) or 24 bit (TDC) dataare corvertedfrom the
8 bit parallelHOTLink outputformatinto 32 or 24 bit words, respectiely. For this purposethere
is one CPLD perinput. Word boundariesare automaticallyresynchronizect eachreceved SYNC
characterwhich are part of the HOTLink communicationand transmissiorerrors are marked by
specialerrorcodes.The wordsarethenstoredin four independentk x 36 bit FIFOs. The clock for
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Figure5.4: Picture of theHOTLink-CMC.Signalprocessings fromright to left. Dataare receivedvia
the RJ-45input connectos and deserializedby the HOTLink receives. After combining
themto 32 bit words in the CPLD, they are provided for readoutfrom the CATCH in
FIFOs. Thisinterfaceis commorto all CMCs.

6DC-balancingneanshe equaldistribution of high andlow signalson average
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writing into theseFIFOsis ascertainedy the HOTLink recever chip, thereforethe phasemay be
differentto the TCS clock. FromtheseFIFOsthe 32 bit dataandfour bit errorinformationcanbe
readout from the CATCH ata maximumrateof 160 MByte/s.

Initialization of the frontend boardsis performedvia the 10 MBaud serial lines (see Tah 4.6)
accordingo the connectedletectoitype. Theusedconfigurationdataarerecevved from the VME bus
viathe CATCH in TTL standardlIn additionto that, thetriggerandtime synchronizatiorsignalsare
transmittedto the frontendboardsvia the HOTLink-CMC. On the trigger line four differentsignals
asexplainedin Tah 4.5 are distributed. Thesesignalsarealsoreceved in TTL standardfrom the
CATCH andareconvertedto LVDS by a driver chip (DS90C032][100]). The TCSclock is already
provided in differential standardfrom the TCS recever. The clock driver recognizablen Fig.5.4
(CLK) is responsibldor distributing thedifferentialPECL clockto all four connectedrontendboards
atthesametime.

5.2.2 HOTFiber-CMC

The HOTFiberCMC is similar to the HOTLink-CMC. The two differencesare the connectorto
the frontendboardsandthat no clock andinitialization signalsare transferredrom the HOTFiber
CMC. It is usedwhere full optical decouplingis required. Clock and initialization signalsare
not usedbecauseonly one trigger and one data-lineare available. In this case,a pair of optical
fibersis used,one for the distribution of the fasttrigger and the other for datatransmission. A
VF-45 connectoiprovidestheinterfaceto the frontendboardsinsteadof the RJ-45connectorof the
HOTLink-CMC. This MezzanineCardis only usedfor readoutof the BORA boardsof the RICH
detector(seeSect4.2.2[83]), which needsthe trigger earlier than the other detectorsdue to the
peakingtime of the Gassipl& chip. Thereforea dedicatedfastertrigger distribution systemhasto
beusedby the TCS/CATCH system.Thetransmissiomateis determinedy theBORA to 400MBaud.

5.2.3 TDC-CMC

The TDC-CMC inheritsdatafrom frontendboardsequippedwith discriminatorsput no digitization
units. Suchdetectorcomponentsare scintillating fibers, beammomentumstations,and trigger ho-
doscopesThisis becaus¢hesedetectorsarelocatedcloseto the beamline andproducearatherlarge
datarate, which cannotbe transferredvia HOTLink. The discriminateddetectorsignalsare trans-
mitted to the CATCH via twisted pair ribbon cablesand 68 pin RobinsonNugentconnectorg101].

Thedigitization of the datatakesplaceon the CATCH mezzaninecard. In total, this mezzaninecard
containsfour F1 chipsascanbe seenin the picture of the CMC shawvn in Fig.5.5. Dataoutputof
thefour 71 TDCsis controlledby a CPLD alternatelyallowing the TDCsto write into the 1024word

Table5.2: Formatof TDC-CMCdata(firstline: headeror trailer word, secondine: dataword). The

eightleastsignificantbits are hardwiredto groundandto the PLL-lockedbits, respectively
31 0

lo
[ 1] 0] chip 3) [channel 3)] DATA (16) | 0@ | locked (@ |

tbo | event number (6) | trigger time (9) xor | chip (3) |channel (3)| 0 (4 | locked (4) |
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Figureb5.5: Picture of the TDC-CMC. Analay signalsarriving at the input connectoron the right
handsideare digitizedby four #1 TDCsand stored in FIFOs for further processindoy
the CATCH.

deepoutputFIFO of the mezzaninecard. The 71 chipsthendirectly transmit24 bit dataor header
words. Thesearetheinformationgivenin Tah 4.3onpage55. Eight morebits arewrittento the FIFO
in parallel,filling up theleastsignificantbits. If the phasdocked loop of the #1 TDCsonthe CMC
is locked the correspondind’LL-locked bit is setto one. For eachof thefour TDCsthereis onebit,
the otherfour bits areunused.The formatof thesewordsis givenin Tah 5.2. Fromleft to right the
bits 31to 0 areshavn, every line correspondingo onetransferrecheadeior dataword.

5.2.4 ScalerCMC

The ScalerCMC [102] mainly consistsof a single, fastVIRTEX©-E-600 FPGA with 32 inputsfor
LVDS or LVPECL signals. Connectionto the frontendboardsis establishedy the sameinterface
aswith the TDC-CMC. The maximumcountrateis 250MHz. The readoutis completelydecoupled
from the scaleritself makingit absolutelydeadtime free. At the beginning of eachspill the scaleris
reset,duringthe spill incomingsignalsarecountedcontinuously The countervalueis updatedevery
25.72ns. With eachtriggertheresultis writteninto the CMC FIFO.

Specialfeaturesare implementedin this newv scalerdesignto adaptit to the requirementsof
the COMPASS experiment. Oneis the delay of the scalervaluesby a shift registerto compensate
the trigger lateny. The value for this correctioncan be suitedto every connectedequipmentsep-
aratelyby software up to a maximumdelay of 3 ys. Anotheroption is the useof a gatesignalto
stop the scalerfor a certainperiod. The gatesignal for the ScalerCMC is provided by the TCS
recever via the fasttriggerinput. It hasto be delayeddueto thetriggerlateng, andthe moreso as
generatinghegatesignalitself takestime, thedelaycanbe setindependentlyf theinputsignaldelay

In the COMPASS Experimentthese scalersare mainly usedfor measurementsf the beam
profile with scintillating fibers and the determinationof the trigger rate. The 31 bit outputvalue
permitscountingmorethan?2 -10° hits. Sincethe scalercontinuescountingduring the whole spill,



78 5 THE CATCH MODULE

—_PTDD-TDO-FTDO
-PTDO-FFDI-¥D1 . -
PTNS-TNS-DFF

Figure5.6: Picture of the ScalerCMC.

the spatialbeamprofile can be derived from the last event of eachspill. By analyzingthe scaler
informationof theothertriggersalsothetime developmentof the beamprofile canbe extracted[102)].
Otherapplicationgor the ScalerCMC arethe determinatiorof the TCS deadtime by comparingthe
count-ratesvith andwithout the gate. With its 32 input channelst also offers the possibility to be
operatedas a patternunit. The incoming signalsare storedin a registerfor every receved trigger
This canfor examplebe usedto memorizea triggermaskwhich defineshetype of this trigger

5.3 Data Transfer within the CATCH Module

In this sectionthe generalfunctionality of the CATCH moduleis described. An importantpart is
the communicatiorwith the VME-bus asthe CATCH is beingprogrammedn thatway. The central
part of this sectiondealswith the datatransferwithin the CATCH sincethis is the main task of
themodule. It is accomplishedy several FPGAssuccessiely. Descriptionof the datahandlingis
divided into two parts,which are dataformatting (Sect5.3.2) and error handling(Sect5.3.3). The
first partsummarizeshe rearrangementdf incomingdatain orderto accomplisithefinal COMPASS
dataformat[75]. Possibletransmissiorerrorsandthe way they aretreatedwithin the dataflow are
explainedin thesecondpart. Thesetasksareaccomplishedby the FormatterFPGA. Thisis oneof the
centralpartsof thelocal eventbuilding. The correcteventstructureis generatedy the S-LinkFPGA
by combiningthe headerdata,andtrailer informationasdescribedn Sect5.3.4. Theseeventsare
finally transferredo thereadoutbuffer PCsvia S-Link.

5.3.1 Communication with the CATCH

Basicallytherearetwo typesof communicatiorwith the CATCH module. Thefirst oneis the pro-
grammingof the moduleproviding eachchip with the softwarerequiredfor the wantedapplication.
Thesecondneis anaccesso dedicatedegisterswithin the chipsfor controllingpurpose®r reading
outthe CATCH operationstatus.



5.3 DATA TRANSFER WITHIN THE CATCH MODULE 79

Programmingof the chipsis differentfor CPLDsandFPGAs(seeApp.A.2 andA.3). CPLDskeep
their designeven without power, thereforethey usually have to be programmednly once. This is
donevia dedicated]TAG (Joint TestAction Group)[103] pinswith a specialparallelprogramming
cablefrom aconnectedPC.JTAG is adedicatedchetwork connectingall chipsof the CATCH module.
In this network chainthe JTAG output (TDO) of one chip is connectedo the input (TDI) of the
next chip, serially transmittingthe configurationto every FPGA. It allows automatictestingof all
connectionetweerthe chipsandthe serialdatatransferthroughthe chainconnectingthe chipsin
orderto provide themwith therequireddesign.

In contrastto CPLDs, the FPGAs have to be configuredat every power up. This is either
donefrom the PROM or manuallyvia VME. Similarly to the CPLD programminghe FPGAdesigns
canbe programmednto the Flash-PROM, from wherethey canbeloadedinto the FPGAs.

If a designis storedin the PROM, it is automaticallydistributed to all FPGAsvia a special
chaincontrolledby the Formatterchip in the masterserial modeat every power up. If no designis
providedin the PROM or if adifferentdesignis requiredthe CATCH FPGAscanbe programmedia
VME. Thisis doneby meansof theVME CPLD (seeApp.A.2). Communicatiorwith the VME bus
is provided via the backplaneconnectord?1 and P2 of the VME crate. Again the configurationdata
areshiftedthroughall FPGAsserially throughthe daisychainFormatter- TCS- Merger A - Merger
B - Merger C - Merger D - S-Link- Controller usingthe DIN and DOUT pins of thesechips, see
Fig.5.7. In this casethe Formatteris operatedn the slaveserial mode[104]. Finishedprogramming
is indicatedto the VME-CPLD by alogic high DONE signal,which is keptlow from anopendrain
outputaslong asary of the FPGAsis not programmedVia the CATCH the connectedl CSrecever
andS-Link multiplexer modulescanbe programmedn the sameway.

After the FPGAs have beenprogrammed,direct VME accessto every chip is possible. For
this purposeall FPGAsareinterconnectedhy a dataandanaddressus. Eachchip is givenaunique
VME addresgor unambiguoushspecifyingthem.VME commandseceved by the VME CPLD are
directly forwardedto the Contoller FPGA. This chipis responsibldor the communicatiorwithin the
CATCH. Readandwrite requestareappliedto the correspondingnablesignalsof the selectedhip.
The dataare available on the internaldatabus, thusreadabldor all FPGAs,seeFig.5.7. Only one
of themis actvateddependingon the value of the VME addressspecifiedby the eight bit internal
address.For readrequestghe Contwoller hasto make surevia the enablesignalsthat no two chips
applydatato thebusatthe sametime.

Formatter TCS FPGA Merger A Merger B Merger C Merger D  S-Link FPGA  Controller

From DIN IDINT] DINA| IN INC] IND INS) INM|

DINg| DI p D1 o
VME CPLD_i DIN DOUT-== DIN DOUT-—== DIN DOUT-==t DIN DOUT-==1 DIN DOUT-==t DIN DOUT-== DIN DOUT-==- DIN DOUT-

ccLKk DONE[ |ccLk DONE[ [ccLk DONE[ [ccLk DONE |ccLk DONE[ [ccLk DONE[ [ccLk DONE[ [ccLk DONE

N | N | N | N | N | N | N | \
Clock | | | | | | HE

bit/Address

3Noa

16|bit Data To
VME
CPLD
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Figure5.7: Programmingschemeof the CATCH FPGAsvia VME (DIN-DOUT connections)Access
to the internal registers of all FPGAsis provided by the addressbus and the data bus
contrwolled via an enablesignalfor ead chip fromthe Contmoller.
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Within every FPGA thereis a setof input and outputregistersaccessibléy this communication.
They are definedinternally by addressbits not usedfor distinguishingbetweenchips. The whole
functionality and operationmode of the CATCH module can be controlled by theseregisters. In
the Formatter, for instance,it canbe selectedbetweenADC or TDC readout,which is important
for the dataformatting. It is alsopossibleto switch off or on the readoutof one or several of the
Merger FPGAs and therebythe connectedCMC. On the other hand the statusof the Formatter
canbe verified by a VME readcommandaswell asthe geographicalD of all connectedrontend
boardsor their serialnumber For eachof the CATCH FPGAsthereis a variety of readandwrite reg-
istersaccessibleia VME. They aresummarizedn App.D for the TCS,FormatterandS-LinkFPGAs.

5.3.2 Data Formatting

The generaldataflow within the CATCH canbe explainedby Fig.5.8. It follows atotally pipelined
datapath: dataareguidedthroughthechainMerger - Formatter- DataFIFO - S-Linkfor eachtrigger

As soonasthe eventheadeiinformationis availablein the TCSFPGAareadysignalis distributedto
all Mergers andthe Formatter After thesechipsreceved the readythey startprocessinghe event.
Dataavailablein the output FIFO of the connectedCMC are readout by the four Merger FPGAs.
Thesechipswork in parallelandtotally independento minimize the time for readout. Readoutof
the FIFOson the CMC is intentionally sloved down by a factorof two in caseof an almostempty
FIFO (lessthan seven words storedin the FIFO), becausehe differencebetweenthe write clock
(38.88MHz) andthe readclock (40 MHz) may causeproblemswhenthe FIFO getsempty [105].

Readouis acceleratedo full speedassoonasmorewordsarestoredin the FIFO. The dataitself are
providedfor thenext stageunchangedput additionalinformationcomingfrom the HOTLink recever
andgeneratedby the Merger is appended.

Theeventheaderfrom the TCS naturallyarrivesmuchlaterat the CATCH thanthe corresponding
detectordata. Therefore,the output FIFO of the mezzaninecardis alreadyfilled whenthe Merger
FPGAsstartto procesghedata.To speedup thereadoubf the CMCs,the Mergers areprovidedwith
a secondreadyif the TCSFPGA hasanothereventstoredin its internal FIFO. Whenthe first event
is finishedthe Mergers cangetthe readyfor thethird eventwhile processinghe second sothatthe

CATCH

HEADER
---> FIFO
(1K)

[
Detectors| . H ﬁ
MERGER

CMC - FIFO|
+
information

512 MByte
> RAM

FORMATTER

(1k)

DATA
FIFO
(16k)

data formatting

(4 - 16 times)

Figure5.8: Data path through the CATCH, showingthe FPGAs (Merger, Formatter and S-Link
FPGA)andtheir functionalityduring theformattingprocess.
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Mergers continuereadingout datafrom the CMCsaslong ascorrespondingdriggersareavailableand
their internal FIFO is not full. Consequentlyalsothe output FIFO of the Merger is filled for data
transmissiorio the Formatter

For every trigger the Formatter readsout the dataof all four Merger chipsin turn. Optionally
one or several Mergers can be switchedoff by a VME commandsimply ignoring datafrom the
concernedchips. Readout dataare combinedand reformattedaccordingto the general COMPASS
dataformat [75] dependingon the type of connectedrontenddevice andthe selectedmode. All
dataare storedin a 16384 word deepdata FIFO wherethey are available for the final sub&ent
building. After completedprocessingf aneventby the Formatterthis is indicatedto the TCSFPGA
by a specialsignalaccompaniedby the informationof the numberof transferreddatawordsandthe
numberof occurringerrors. This informationis combinedby the TCSFPGA with the eventheader
informationfrom the TCSin orderto form the headeifor the subarentfrom the CATCH.

Onespecialtype of eventis the first-event-of-run characterizedby spill numberl, eventnumber
1, andeventtype 11100 (seeTah C.2). Only for this event, a first-event-of-runheadercontaining
twenty additionalwordsis generatedandincludedinto the datastreambeforethe datawords. The
informationof theseheadewordscanbedividedinto two parts,thefirst four wordsgiving the status
of the CATCH moduleandthe CMCs, the secondpart consistsof oneword per HOTLink port, in
total 16 words,seeTah 5.3. CATCH informationcontainsthe hardwarelD of the CATCH andof all
connectednezzanineards,the numberof CMCswhich arereadout andthe revision numberof the
usedFPGA software. Most of thisinformationis storedin theinternalRAM of the FormatterFPGA
which canbeaddressedxternallyby standard/ME accessThe 16 following wordsarecomposeaf
theinput portnumber(from 0 to 15), the correspondingeographicalD, andfrontendserialnumbey
which are provided by the frontenddevicesat power up. In caseof TDC-CMCsonly four of these
16 words, the onesfor the ports 0, 4, 8 and 12 containvalid information. With this information
eventualhardwarefailurescanbe detectecandfaulty equipmentanbe exchangedFor decodingthe
geographicalD is usedto unambiguouslydentify thefrontendboardwithin a detector

ADC typedatafrom calorimetersRICH, andscalerscontain31 bit informationin the datawords
and are thereforetreatedin the samemanney even if they are internally different. Headerwords
alwayshave the sameformat, whereaslatawordshave to be decodedlifferently Theformatof these
datais summarizedn Tah 5.4, wheretheabbre&iation p.s. in the calorimeterdatastandgor pedestal

Table5.3: Thefirst-event-of-runheaderformat.

31 0
CATCH serial number (16) # CMCs (4) | unused (12)
Merger revision (8) | Formatter revision (8) S-Link FPGA revision (8) | TCS FPGA revision (8)
CMC 1 serial number (16) CMC 2 serial number (16)
CMC 3 serial number (16) CMC 4 serial number (16)

| port (4) | 1 | 1 | geographical ID 0 (10) | frontend serial number (16) |

| port (4) | 1 | 1 | geographical ID 15 (10) | frontend serial number (16) |
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subtractionandthe bit is setto 1 if it is performed. OFL and OTR are markersfor an overflow or
underflav of the data,respectrely. All thesewordsare left unchangedvhenwritten into the data
FIFO. For TDC data,which only contain24 bit usableinformation (Tah 5.2) provided by the 71
TDC plustheinformationwhetherthe PLL waslockedor not, thefour upto now unusedits arefilled
with the information,which port the datacamefrom. This needsthe informationof the port within
the CMC from the Merger (2 bits). The final four bit port numberis thengeneratedy combining
this numberwith theinformationwhich Merger the datacamefrom, labelling the portsfrom 0 to 15
(hexadecimalOxf), filling thefour remainingbits.

The differentpossibleformatsare definedby eightbits includedin the headerf eachevent. This
definition givenin Tah 5.5 is necessaryor decodingthe data. The mostsignificantbit is only set
for thefirst-event-of-run Sincethe formatdefinitionis differentfor ADC and TDC data,which are
marked by the leastsignificantbit, the remainingsix bits aregiven for the two typesseparately For
the ADC formatthebits 3 to 1 arenotyetdefinedthey aresetto zero. The otherbits characterizeéhe
datasource.The TDC dataformatcontainstheinformationof the 1 mode,i.e. latchmode,high or
normalresolutionmode.Bit 2 is undefinedbit 1 distinguishebetweerdelug andheadersuppessed
mode,andbit 6 givesthe sourceof the # 1 data,whetherit wasa ¥ 1 frontendboardor a TDC-CMC.

In additionto thesetwo standardnodesa mixedformatis possible.For every CMC theformatcan
be chosenseparatelyresultingin the necessityof an extra heademword containingthe dataformat
accordingto thedefinitiongivenin Tah 5.5for thefour mezzanineardsindividually. In this casethe
eight format bits in the S-Link headerare setto Ox7f (or Oxf f for the first-event-of-ru) andthe
additionalheademordis generatedmmediatelyfollowing the S-Link header

As datafrom the F1 TDCs containredundantinformation in their headerand trailer words it
is possibleto reducethetotal datarateby removing this informationon the CATCH afterconsisteng
checks.The TDC headeinformationasshavn in Tah 4.3comprehendthechipandchannehumbey
the eventnumber thetriggertime, andthe two bits tbo andxor. The chip andchannehumberis also
givenin the datawords. For the triggertime it could be shavn in 2001thatit doesnot differ more

Table5.4: ADC dataformats.

31 Header 0
| 0 | 0 | geographical ID (10) | event number (20) |

Calorimeter Data

|1 ps. unused (10) | channel (6) |OFL|OTR| DATA (12) |
RICH Data
[1]0] 0] 0lchamber @] BORA (55 | channel within BORA (10) | ADC value (10) |
Scaler Data
| 1 | Scaler value (31) |
Trailer

| 0 | 1 | geographical ID (10) | event number (20) |
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Table5.5: Definition of the formatbits.

7 6 5 4 3 2 1 0
1=first | 1=HOTL- | 1=lead.& | 1=high | 1=latch 1 = sparsi-
eventof CMC trail edge res mode un- | fiedmode | 1=TDC
arun 0=TDC- | O=lead.or | 0=norm. 0=no used| O0=dehug | readout
(else0) CMC trail. edge res latchmode mode
1=first | 0=GeSIiCA(APV) 0=normalmode
eventof | 1= 1= 0=ADC
arun | 2= Pattern-CMC = or
(else0) | 3=ScalerCMC = scaler
4 = FIADC HOTLink = readout
5=RICH HOTFiber =
6= =
7 = ScalerHOTLink =

thanthe leastsignificantbit unlessa differentconfigurationwas choserfor frontendboardsreadout
by the sameCATCH module. The eventnumberis comparedwith the eventnumberreceved from
the TCShy the Merger FPGAs,andthetriggerbuffer overflow (tbo) bit is surneyed by the Formatter.
If tbois oneor if theeventnumbersdo not match,theseheademwordsaremarked asdefectie. They
arethentreatedasusually the errorhandlingis describedn thefollowing section.

If the TDC headerwords are accurate they are removed from the data stream. In order not
to loseimportantinformation,the datawordsareformattedin a differentway from the modecontain-
ing all headerandtrailer words[75]. Theformatof datain the headersuppessednodeis shavn in
Tah 5.6. Fromthe 24 bit TDC informationthe two mostsignificantbits which arefixedto thevalues
1 andO for datawords,seeTah 5.2, areremoved aswell asthe four unusedandthe PLL-lockedbits.
Theremaining22 bits areshiftedsothatthey cover theleastsignificantbits in the headersuppessed
mode. The mostsignificantbits arefilled with the geographicalD of the frontendboarddelivering
the datafor unambiguouslydentifying the datasource.

Table5.6: Formatof a dataword in the headesuppressethode
31 0

| geographical ID (10) | chip (3) |channe| (3)| DATA (16) |

For the year 2002 anotherchallengehas arisenfrom a new procedureof the RICH frontend
boardsBORA ateachstartof arun. With every first-event-of-run eachBORA transmitsengineering
frames,thresholdvaluesandpedestabndnoisefiguresaddingup to 1021 words. For the following
spills the first event containsonly the event header the engineeringframe and the event trailer,
thirteenwordsin total perBORA. Thelarge block of two wordsfor eachof the 432 BORA channels
containingthe pedestabndnoisevaluesis only transferreconceperrun.
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This resultsin a maximumof 16356 datawordsto be storedin the dataFIFO of the CATCH
if all 16 portsareusedincludingthetwentyspecialfirst-event-of-runheademwords[75]. Asthesizeof
this FIFOis 16384 words,a major problemwould occurif morethan13 errorswerecontainedn the
dataflow of this first event. This is causeddy the fact, thatthe datatransmissiorwithin the CATCH
is stoppedwhenthe dataFIFO signalsan almostfull state,which happensf the dataFIFO contains
15 wordslessthanwould totally fit into it (16369 words). In normal operationthis is a reasonable
procedureasotherwisedatacouldbelostwhich renderssuchdataunusabldor therestof thespill. If
the dataFIFO getsalmostfull with just oneevent,thereadoutgetsstuckcompletelybecause¢he end
of theeventwill never bereachedandthereforeno S-Link headewill be generatedtartingthe data
transferto the S-Link. For thefirst-event-of-runit is thennecessaryo ensureghatno additionalwords
aregeneratean the CATCH by deactvating the errorflagsfor this eventtype. This canbe doneby
softwarevia the VME interface,but is only advisablefor RICH readout.All othereventsapartfrom
thefirstin run aretreatedn the sameway asusual.

Due to the length of the FIFO inside the FPGA on the BORA board, these1021 words are
transmittedin threeblocks. First, 156 words, including the header the engineeringframe and the
thresholdvaluesaresent followed by a breakof about44 ps. The secondlock containsthe pedestal
andnoisefiguresof thefirst 216 BORA channelandafteranothed4 ustheremainingdata,including
thetrailer, aretransmittedn athird block.

A similar procedurecan be carried out for the readoutof #1 TDCs. Here, the initialization
data,which canbe storedin the internal RAM of the CATCH, canoptionally be addedto the data
streamfor the first event of a run. This option can be chosenby software. The ¥ 1 configura-
tion dataare thenrequestedy the Formatter which receves the information from the RAM via
theContoller FPGA.Thesedataareincludedinto theeventdirectly afterthefirst-event-of-runheader

5.3.3 Error Handling

Someinformation neededor formattingthe datais a priori not known to the Formatter They are
collectedby theMerger FPGAsandtransferredo the Formattertogethemwith informationon possible
transmissiorerrors. Therefore every dataword readout from the Merger FPGAsis accompaniedby
eleven bits indicatingif it is a headerdata,trailer, or setupword, which HOTLink port within the
CMC thedataarrived on andif anerrorhasoccurredduring transferof this word. Theseeleven bits
areshavnin Tah 5.7.

The primary bit is setfor the first headerand last trailer of an event from eachMerger FPGA,
communicatinghe beaginning andend of the eventto the Formatter Togetherwith the bits 9 and8
explainedin thelower partof Tah 5.7it is usedby the Formatterto decidewhento switchthereadout
to the next Merger. Thetwo bit port numberis usedin the delug modeto generatehefinal four bit
port number Theleastsignificantsix bitsindicateanerrorif unequako zero.

A variety of transmissionerrors are possiblein the describedreadoutsystem. Errors occur
ring during HOTLIink transmissiorare recognizedby the Merger FPGAsaswell asa mismatchof
the eventnumberfrom the frontendboardsandfrom the TCS. It canalsohapperthatthe # 1 internal
trigger FIFO or the outputFIFO of oneof the mezzanineardswasfull. In thesecasedatawould be
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Table5.7: Eventanderror informationprovidedby the Merger FPGAs.

10 9‘8 7‘6 5‘4‘3‘2‘1‘0

pri.| H/T/D/S port error
Bit 9 Bit 8 Description
0 0 data
0 1 header
1 0 trailer
1 1 setup

lostwhich would causesevereproblemsf they arenot detectecandidentified. Part of thisis checled
by the Merger chips, which communicatean identified error to the Formatter by the six error bits.
Additional errorrecognitionwhich needsa look into the dataitself is doneby the Formatterevoking
the necessityto edittheincomingerrorinformation.

Independenbf the type of errora specialword is addedto the datastreamdirectly in front of the
word which shaved the errorin orderto markit assuch. This word containsall informationneeded
to identify the error, seeTah 5.8. It is easily distinguishedrom dataor heademwords by the most
significanttwelve bits of theword by a combination(0x 7f f for ADC andOxf f f for TDC data)not
allowedfor ary othertype of word[75].

In caseof a pauseddatatransmissionvia S-Link due to a link full flag (Sect5.4), the data
FIFO caneventually becomefull. For instance the first-event-of-runfrom the RICH detectoris a
typical candidate wherethis may happenin succession.Datatransmissioronly startsas soonas
the S-Link headeris available. This headeris generatednly after all datawordsbelongingto this
particulareventhave beenreceved. By thistime, already13356 wordsarestoredin the dataFIFO.
A newly arriving trigger then easily leadsto an almostfull FIFO. Furtherdatawords are not lost,
becaus¢he FormatterFPGAstopsthereadoutf the Merger FIFO assoonasit recognizeshealmost
full flag from the dataFIFO. The sameprocedureappliesfor the readoutof the CMC output FIFOs
by the Merger. Shouldthe FIFO onthe CMC ever getfull, thendatawordsarelost. Thisis reported
by a specialtype of error Datawith this kind of errorhave to be handledwith extremecaution,asit
canpossiblyhappenthatdatawordsareassignedhewrongeventnumberin this case.Thefollowing
eventsthenprobablycontainthe erroreventnumbenarger asdescribedn [75].

Table5.8: Definition of an error word.
31 0

|TDC| 7ff (11) | geo ID (10) |p0rtnumber (4)| error coding (6) |
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5.3.4 Local Event Building

Collectingall datacorrespondingo oneeventfrom upto 16 FE-boardss performedoy the Formatter
Thesedatawords, now availablein the dataFIFO, arethenframedby the event or S-Link header
Sincemostof this informationis alreadystoredin theinternalFIFO of the TCSFPGA (seeSect5.1),
the S-Link headeris generatedy this chip. The event size and the numberof error wordswhich
areboth countedby the FormatterFPGA aretransferredo the TCSFPGA at the endof every event
processedy the Formatter As soonasthis information hasarrived at the TCSFPGA, the S-Link
headeiis generatedndstoredin another~IFO onthe CATCH, the headelFIFO. The datapathof the
S-Link headeinformationis sketchedin Fig.5.9.

After the S-Link headerhas beenwritten into the HeaderFIFO, all information of the current
eventis complete. By readingout the headerFIFO first and then the dataFIFO and sendingthe
combinedevent to the S-Link sendercard, the CATCH module has performeda local subeent
building leadingto the datastructureshavn in Tah 5.9. The S-Link endmarker (OxCFED120) is
generatedy the Formatterafterthe lasttrailer of the eventhasarrived from thefourth Merger. The
twenty bit event numberand the eleven bit spill numberallow recordingof more than one million
eventsperspill and2047spills perrun.

Theinformationcontainedn the S-Link heademwordscharacterizethe eventitself aswell asthe
datasource.Theeventsizeis dervedfrom the numberof 32 bit datawordscountedoy the Formatter,
excludingthetwo controlwords(0000 000 andCFED120). The Formatteralsoprovidesthe num-
berof generateerrorwords. The eventheadeiinformationreceved from the TCSis includedin the
S-Link headeri.e. theeventtype, the spill andeventnumbeyandaneightbit TCSerrorinformation
[106]. For betterdistinctionevery CATCH moduleis characterizedby a uniquel0 bit identification
definingalsoa certainpart of the detectorit is connectedo. This sourcelD is alsocontainedn the
S-Link header The assignmenof sourcelDs andcorrespondingletectords givenin Tah 5.10,the
abbreviationscorrespondingo the onesusedin Fig.3.7. ThesourcelD 2 is reseredfor the CATCH
modulemeasuringhetriggertime asreferencdor the othertime measurements.

TCS FPGA

HEADER

FIFO
TCS
i S-LINK
RECEIVER for.mlng of the (1k)

S-Link header combining of
(event header & data > ROB
header) to perform local
event building

DATA /

~| FIFO

CATCH S

Figure5.9: Shematicprocedue of combiningthe S-Linkheaderandthe datawordsto performlocal
eventbuilding onthe CATCH.
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Table5.9: The COMPASSS-Linkheaderdata,andtrailer structue forminga CATCH event.
31 0
| 0000 000 | ctrL (@) |
err event type (5) | CATCH source ID (10) | event size (16)
stat spill number (11) event number (20)
format (8) | number of error words (8) | TCS error (8) status (8)
eventually extra format or first-event-of-run header
DATA
(format depending on the type of frontend board)
Trailer: CFED 120 | ctrL (1) |
Table5.10: Souce IDs definingthe COMPAS Sdetectos.
| DetectorType | Abbreviation | SourcelD (hex.) | SourcelD (dec.) |
TDC - Triggertime 2 2
Testsetups 000-00F 0-15
Scaler/Rtternunits 010-03F 16-63
TDC-CMC:
Hodoscope# Veto HM,HI,HL
VI,VO,(HC) 040-04F 64-79
Scintillatingfiber/BMS Fl 080-0FF 128-255
TDC HOTLink Readout:
Drift chambers DC 100-13F 256-319
Strav chambers ST 140-17F 320-383
Micromegas MM 180-19F 384-415
Muon Filter 2 MB 1A0-1AF 416-431
TDC HOTLink readout(Latch):
MWPC (A, B, A*) PA,PB,PS 1CO0-1DF 448-479
Muon Filter 1 MA 1EO-1EF 480-495
ADC HOTLIink readout:
RICH 1/2 RI 200-21F 512-543
ECAL 1/2,HCAL 1/2 EC,HC 260-27F 608-639
APV:
Silicon Sl 280-29F 640-671
GEM GM 2EOQ-2FF 736-767
Futuredetectorsetc. 300-37F 768-895
S-Link multiplexer 380-3FF 896-1023
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5.4 Data Output via S-Link

Datatransmissiorirom the CATCH is realizedusingthe S-Link protocol. Specificationgivenin [76]

areto be accomplishedby the outputinterfaceof the CATCH modulefor a singleS-Link line aswell

asfor the combinedtransferof datafrom up to four CATCH modulesvia the S-Link multiplexer. In

particularthis is the handlingof the startupprocedurethe correctbehaior in caseof afull link not
capableof receving ary more data(seeFig.5.10), andthe identificationof somespecialwords as
controlwords. Thelink full flag Iff signalsthatonly two morewordsareallowedto be written to the
S-Link, which hasto betakencareof by the CATCH module.The S-Link begin andendmarkerwords
(seeTah 5.9) areaccompaniedby the UCTRL signalindicatinga control word, which is neededor

synchronizatiorof the link. The protocolalsoprovideserror reportingwhich is indicatedby a LED

andtwo of the databits which areoverwrittenwhena word is marked ascontrolword (UCTRL, see
Tah 5.11). Of the possibledatawidth only the 32 bit word option is used,dataare written to the
link sourcecardby CATCH on every rising edgeof the systemclock whenerer UWEN is active.

Timing of this datatransmissioris sketchedin Fig.5.10. The datareceved on the link destination
cardmountedn the ReadouBuffer arestoredin the512 MByte RAM moduleof the spillbuffer.

Specificationsof the S-Link hardware are, that datato be transferredhave to be stableat least
10 ns before the following rising clock edge(tps). The write enablesignal UWEN also hasto
becomeactive tes = 10 ns beforethe low-high transitionof the systemclock. Datacanbe written
on consecutie clock-g/cles by keepingthe write enablesignal active for the durationof the data
transmissionln caseof no connectedtableor anotherwiseinactive link no datacanbesent. Thisis
indicatedby the S-Link with theldownflag (active low). Whene&er a new connectionis established
the link is automaticallyreset. This is done by pulling the Idown flag low causingthe connected
componentso performtheresetprocedurej.e. the S-LinkFPGA. Thisis alsodoneat every power up
no matterif an S-Link multiplexer or a single S-Link is connectedo synchronizehelink beforethe
startof datatransmission.

UCLK

UCTRL ] ]
UWEN | | | T
UD31..0 0000} A X B X _C X DX EXFX G H (I )creD

LFF e | 3

t..=10ns t..=10ns

Figure5.10: Timing of the S-Linkdatatransfer Data written to the link souice card on everyrising
clodk edge whenUWENIs low haveto be stableat least10 nsbefoe transmissionAfter
signallinga full link (Iff), the S-Linkacceptdwo more datawords.
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Table5.11: Definition of databits in contol words.

| bits | description \
[31..4] UDI[31..4]
[3..2] reseredfor futureuse

1 1 =transmissiorerrorin controlword
O=noerror
0 1 =transmissiorerrorin previousdatablock
O=noerror

5.4.1 The S-Link Multiplexer

For thecommunicatiorwith the S-Link multiplexer (seeSect4.4andFig.4.15),thestandargrotocol
is used,but asthe multiplexer doesnot a priori know how mary CATCH modulesare connected,
additionalinformation hasto be provided from the CATCH. The multiplexer deactvatesthe link
connectionto the CATCH after power up to seewhetherthereis an attemptto resetthe link from
CATCH side,which is not the caseif no CATCH is connectedr if the CATCH is not initialized.
Thus, after a timeoutperiod of 400 ps, unresponsie equipments considerednissingandtherefore
keptdeactvatedby keepingthe link down. The sameprocedurds appliedif thereareno datafrom
an active CATCH within 400 ps after otherequipmentshave transmitteddata[89]. This is alsothe
procedureif a CATCH module hasbeenexcludedfrom the readout. Excluding and including of
modulescanbe performedby a VME commandAt the beginning of a new spill all CATCH modules
areagainchecledfor responsa@ndeventuallyincludedor excludedfrom thereadout.

A specialresetcommandis appliedto the multiplexer at the beginning of every spill since
the multiplexer hasno informationaboutthe spill structure therebyclearingall buffers on the mul-
tiplexer andinducingthe deactvation of all CATCH modulesasin the startupprocedure.Clearing
of all buffers is the samemodusoperandias on the CATCH in orderto startevery spill correctly
especiallyif the previous one shaved problems. Datatransmissioris handledin exactly the same
way asfor asingleS-Link line.

5.4.2 Readoutvia Spybuffer

Datatransferredo theROBsvia S-Link canbewritteninto a FIFO onthe CATCH modulein parallel,
the so-calledspybuffer. This FIFO is controlledby the S-Link FPGA (seeApp. C.3). It canbe
selected|f all eventswritten to the S-Link shouldalso be storedin the spybuffer or, alternatvely,

it canbe specifiedthat only a prescalechumberof eventsor only eventsof a certaineventtype are
written to the spybuffer. Selectionof theeventtypeis agoodalternatve for readingoutscalerCMCs,
asthefinal scalervalueis givenin the last-event-of-spil] which caneasily be selectedby its event
type. Readoutof the spybuffer is donevia the VME interface(seeSect5.3.1and Tah D.4 on page
146). This providesapossiblereadouiatareducedateevenwithout S-Link connectionwhich makes
the CATCH modulea very usefultool for laboratoryreadoutsystems.
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5.5 Hardware Tests

Before commissioningthe whole system,it is advisableto test every componentcarefully For
that purpose,sereral testing routineshave beendevelopedto verify functionality of the modules
themseles aswell asits communicationwith the connectedequipment. Boundary Scantestand
the CATCH in situ testprovide checksof the CATCH hardware,whereaghe TCS and S-Link tests
not only suney the correctconnectionof the componentsut alreadyperforma verification of the
functionality of external hardware. With the HOTLink testbox the input mezzaninecardsof the
CATCH canbe checled in a testsetup,whereasthe MurphyTV software is usedfor consisteng
checksperformedduringthe datataking.

Boundary ScanTest(JTAG)

The first necessaryestafter productionof the CATCH hardwareis to checkif all componentsare

solderedcorrectly and all inter-chip connectionsare working properly With approximately2000

connectiondetweerthedifferentlogic chips[107] thisis quiteachallenge By usinginternalfeatures
of theusedFPGAsandCPLDs(seeApp. A.3 andA.2) this canbe simplified considerably Modern

reprogrammablehipsprovide speciainputandoutputconnectionseseredfor so-calledITAG (Joint

TestAction Group) pins[108]. All boundaryscancompatiblecomponenthiave the sameresetand

clockinput, for datatransferthe chipsarearrangedn a chainconnectinghe outputpin (TDO) of one

chipwith theinput pin (TDI) of another With these the BoundaryScanTestprovidesthe possibility

to setevery outputof anactive logic componento eitherhigh or low andcheckon theothersideof the

connectionf the predeterminedevel is receved. Onthe CATCH moduleall FPGAsandCPLDsare

boundaryscancompatible.For the VME andCMC connectorspecialadapterdave beendesigned
[109] to extendthetestingpossibilitiesto theinput andoutputsignalsof the CATCH.

CATCH in situ Test

Unfortunately FIFOs cannotbe accesseavith boundaryscan. Thereforean internal software test
hasbeendesigned.Several FIFOs are situatedon the CATCH modulefor decoupledpipelinedfast
datatransfer For every FIFO a specialinternally generatediatastreamis readout via spybuffer (see
Sect5.4.2)to verify the correctsolderingandfunctionality of all componentsuccessiely. Commu-
nicationwith the RAM implementedn the CATCH canalsobechecled[110]. Differentdesignsare
usedto generatedefinedartificial data. Thesedatahave aformatin which eachbit changests value
at leastonceandneighboringchannelshave differentvalues. The spybuffer is testedfirst with data
generatedy the S-LinkFPGA. If this works correctly a similar procedurds performedfor the data
andheadelFIFOsgeneratinghe samedatain the FormatterandTCSFPGA, respectiely, andreading
the dataout via spybuffer.

HOTLink TestBox (HLT)

For testsof theinputinterfaceof the CATCH (CMCsandMerger FPGAS),anFPGAbasedHOTLink
TestBOX (HLT) is used[111]. Thistool canbe programmedn differentwaysto simulatedetector
inputssimultaneoushon four standardethernetand/orfour fiber cables sothatHOTLink aswell as
HOTFiberCMCs andthe communicatiorof the CATCH with the CMCs canbe tested. It hasalso
beenusedto performtestsof the S-Link Multiplexer wherea stand-alonesystemwith the option of
differenteventsizeswasnecessaty
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TCS Test

This testonly requiresa working TCS controller distributing trigger signals. It canthereforebe

executedduring normal datataking with a CATCH modulethat is currently unused. This module

is programmeavith a specialsoftwareto checkthe consisteng of the triggerandeventinformation

received from the TCS. Within the TCSFPGA the time differencebetweerntwo triggersis measured
with respecto the 38.88MHz clock andthe minimal intenal is monitored. Violations of the fixed

deadtime selectedy software(seeSect4.1) canbeidentifiedaswell asbit errorsin the communica-
tion of the TCSrecever with the CATCH [112]. Hence thistestnotonly verifiesthe communication
of the CATCH with the TCSrecever, but alsothe correctworking of the TCS controllerresponsible
for the deadtime configurationandthefiber connectiorbetweercontrollerandrecever.

S-Link Test

Like the TCStest, the S-Link test checksthe functionality of the whole S-Link, in this casefrom
CATCH to the ROB. Two differentversionsof the S-Link testroutineexist, oneto testthe standard
S-Link connectionanda secondto performa similar testwith for the S-Link multiplexer. Special
designshave to be loadedinto the S-Link FPGA to performthesechecks. In both casesa pseudo
randomdatastream framedby the samecontrolwordsasin the generaldatastreamis generatecebn
the CATCH. Correcthandlingof thefull flaghasbeenensuredThepseudaandomeventscontain512
datawords(for the multiplexer test387wordsperconnectedCATCH). The datastreamalwaysstarts
with the samefirst word, all furtherwordsaregeneratedsalogical combinationof the previousone.
At thebeginningof thesecondavent,correctlyseparatedrom thefirst by anS-Link trailerandheader
thesequencé resumedrom thelastword of the previousevent. Dataarepermanentifransmittedria
S-Link aslong asthelink is capableof data,a breakis insertedwhenthelink is flaggedasfull. They
arereadout on the readoutbuffer side[113] andcomparedwith the expectedstructurederived from
theknown procedureof generatinghe datawordsto detectcertainbit errors,transmissiorproblems,
or missingcontrolbits (seeSect4.4). It is therebypossibleto detectnot only badly solderedoinson
the CATCH, but alsoproblemsarisingfrom the S-Link sendercardor thefiber cables.Thereforethis
testis performedor eachfiber connectiorbeforecommissioning.

Mur phyTV

During datataking the occurrenceof errorscanbe monitoredwith the MurphyTV software [114].
This softwaretakeshold of sampleddatafrom theonlinedatastreamandperformsconsisteng checks
of thedata. Thenumberof processedatawordsis visualizedfor eachCATCH moduleidentifiedby
thesourcelD. The occurringerrorsareemphasize@ndcharacterizedThe numberandtype of these
errorsis shawvn. Errorswhich canbe recognizedare failed initialization, transmissiorerrors, and
buffer overflovs. Someof thesearedetectedvia the errorwordsgeneratedby the CATCH modules.
With this informationit canbe decidedif the run shouldcontinueor if the correspondindrontend
boardswhich shaved the errorshave to bereinitialized, makingthe MurphyTV software a valuable
tool for controllingthe datataking.



92 5 THE CATCH MODULE

5.6 Software Functionality Checks

The main functionsof the CATCH moduleas describedn the previous sections(5.3 and 5.4) are
implementedby specificsoftware for eachof the differentFPGAs. Hence,in additionto proving
correcthardware,alsothesesoftware designshave to be reviewed. Not only thelogic andthetiming
of eachchip internally hasto be correct, but especiallythe communicationbetweenthe chipsis a
crucial partof datatransmissiorandhasto be verified. The successie stepsof appraing the actual
softwarerevision aresubjectof this section.

At first, the logic of the designcan be investigatedby a simulator which is integratedin the
XILINX Foundationsoftware [115] usedduring the designprocess.A descriptionof the different
typesof implementatiortools for the CATCH FPGAscanbefoundin App.B. Thebehaiour of the
implementedogic usuallydependson externalsignals. The clock driving the device andall inputs
from theconnectedomponentganbeappliedto thesimulationin auserdefinedway. With thisinput
the simulatorcalculateghe statesof all selectednternalandoutputsignalsandprovideseasyaccess
to theworking cycle of statemachines Correctreactionof the chip designto all eventualitiescanbe
verified. Apartfrom thecorrectlogic structurewithin thechip, this simulationalreadyprovidesafirst
timing estimation. As it assumesvorst casedelayswithin the specifieddevice, predictionsfor the
internaltiming could be shavn to be quitereliable. In addition,the setuptime for the outputsignals
is alreadyprovided by the resultof the compilationprocess.For time critical signalsconstraintan
beapplied.During compilationthe designis optimizedto meettheseconstraints.

The propagationtime from chip to chip is a priori not known. Therefore,a secondstep of
software checksis performed. A Logic Analyzer(App.B.4, [116]) is usedfor visualizingup to 64
digital signalsof the CATCH module.Occurringproblemscanbe detectedy triggeringon a certain
signature.This caneitherbe a changeof a definedstateor any combinationof the connectedignals.
Therebythe communicatioramongthe FPGAscanbe suneyed.

Eachinput or outputpin of the FPGAs,CPLDs,andFIFOsis accessibldor the Logic Analyzer
with specialprobes For eachof theseconnectionghe performancecanbe reviewed. Requirements
of particularchipsfor the connectecheighbors suchassetupor hold times can be examinedeven
in complex surroundings By triggeringon the obsered eventualmisbehaior, evenrareor comple
problemscould be tracked down and analyzed gaining a betterunderstandingf the timing of the
system.By meansof theLogic Analyzerit could belearnt,wherethetiming critical partsof the data
transferwithin the CATCH moduleare. This knowledgeleadto the final softwarerevision providing
bestpossiblestability.

With the same procedureit is possibleto analyzethe communicationwith the equipments
connectedo the CATCH modulesuchasthe TCSrecever, the mezzaninecards,the S-Link sender
card, andthe S-Link multiplexer. In cooperationwith the other participatinggroups, problemson
all partscould successfullybe identified. For all partsof the systemthe communicatiorbetweerthe
componentgouldbe optimizedto thefinal configurationdescribedabore.
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5.7 Stand-aloneDAQ with CATCH

Anotherpossibility for operatingthe CATCH moduleis presentedhere.In this caseonly triggersare
receved on the CATCH via a specialinput connectomon the front-panelavailablein thefirst CATCH
revision. As for somepurposest is an interestingalternatve to have an independensystemnot
requiringary externalTCShardware,this stand-alon@ptionfor the CATCH hasbeendeveloped.For
readoutsystemsunningwithout the COMPASS TCS system the possibility of a stand-alonddAQ
was exploited by developing a trigger distribution systemcompatibleto the input connectorof the
first series(revision 0) of CATCH moduleg[110]. Insteadof thefour charactedisplay implemented
in the final revision of the CATCH hardware, (seeSect5.3) a ten pin connectoris locatedon the
front-panelof theseCATCH modules.Thepin assignmenis givenin Tah 5.12.

In order to handletriggers not accompaniedyy the event headerinformation like in the stan-
dardCOMPASS DAQ, aninternalspill andeventcounteris provided. Therefore the CATCH malkes
available an option to ignore all signalscoming from the P2 backplaneconnectar but countsthe
triggersarriving on thetrigger line of the front panelconnectoiitself. Resettingof the eventnumber
andsimultaneouslyncreasingthe spill numberfor generatingan artificial spill structureis possible
viaVME.

Togetherwith the option of writing datainto the spybuffer FIFO without requiring an S-Link
connection,this stand-alonesystemconstitutesa sophisticatedaboratoryDAQ. Only a 9U VME
cratefor the CATCH andaNIM cratefor thetriggerdistributor, alsoa developmentof the Universitét
Freiturg [110], areneeded.

Table5.12: Pin assignmenof theinput connectorfor a stand-aloneDAQ.

| pin | input | signalnorm | input | pin |
10 | GND GND 9
8 | CLK- (38.88MH2z) PECL CLK+ 7
6 | Timesync.- LVDS Timesync.+| 5
4 | GATE- LVDS GATE+ 3
2 | TRG- LVDS TRG+ 1
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5.8 Applications of the CATCH Module

The main usageof the CATCH modulesis of coursein the COMPASS experiment. The numberof
CATCH modulestogetherwith the usedCMC type for the differentdetectorss givenin Tah 5.13.
Thenumberof modulegpreparedor thebeam-time2002is alsopresentedhereaswell astheplanned
additionalmodulesfor 2003. Accomplishedmeasurementsf speedandrate capabilitiesof the full
readoutchain with all typesof mezzanineand frontend cardsand all presentecconfigurationsof
CATCH aresubjectof thefollowing chapter

In addition to the CATCH modulesusedin the COMPASS Experiment, eight further ones
have beendeliveredto the CrystalBarrelat ELSA [117] Collaborationin Bonn. Thesearemodules
of revision 0, which canbe usedtogethemwith the stand-alondDAQ without a TCS system. Three
more CATCH modulesweredeliveredto Mainz, whereusageof the CATCH systemis plannedfor
the A1 Experimentat the MainzerMicrotron (MAMI) [118]. This shavs thatthe CATCH moduleis
alreadysuccessfullyusedfor otherapplicationsn differentexperimentsandnot only for its original
purposein the COMPASS experiment. Also, a modified versionof the TDC-CMC is usedin the
NA48 experimentat CERN[119].

Table5.13: Thenumberof CATCH modulesusedfor the different COMPASSdetectos.

| Detector | CMC Type | #in 2001 | #in 2002 | #in 2003 |
Trigger TDC-CMC 9 14
Trigger(Scaler) Scaler 3 3
SciFil1-4 TDC-CMC 9 9
SciFi5-8 TDC-CMC 18 42
BMS TDC-CMC 2 4
Drift-chambers | HOTLink 2 5
W4-5 HOTLink - 2 +3
Micromegas HOTLink 5 12
Strawvs HOTLink 3 8 +5
Muon-Walls HOTLink 1 5
MWPC HOTLink 8 9
Calorimeter HOTLink 1 3 +5
Scaler HOTLink - 1
RICH HOTFiber 12 12 +4

| Sumof CATCH modules \ 73 | 129 | 146 |
Silicon GeSIiCA 1 4
GEM GeSIiCA 4 5
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6 Data Acquisition Performance Measurements

Various measurementhave beencarriedout to determinethe performanceof different aspectsof
the COMPASS readoutsystem. Startingwith the differenttrigger deadtime settingsto specifythe
configurationnecessaryor future measurementwith highertrigger ratesthey alsocover datarates
andoccupanciesf thefrontendelectronicaaswell asratemeasurementsithin the CATCH andatits
outputvia S-Link. Theartificial deadtime is necessaryo preventthe buffers of the frontendboards
to becomefull which would resultin a lossof data. The amountof datatransferredoy the frontend
electronicsdetermineghe event size. Multiplied with the trigger ratethis givesthe amountof data
which hasto berecordedduringonespill. In orderto avoid buffer overflowvs onthemezzanineardsor
onthe CATCH, thedetectordatahave to be processe@sfastaspossibleby the CATCH module.The
throughputof the CATCH moduleis presentedswell asthe outputtransmittedo the readoutouffer
PCs. Within the readoutbuffers, the dataof the four spillbuffers arecombined.The datarateof this
proceduras explained,beforeat the endof this chapterthe tapewriting performancas presentedin
conjunctionwith thefirst physicsanalysen the horizonthe resultsof the performedmeasurements
prove the successfuinstrumentatiorof the COMPASSreadoutconcept.

6.1 ReadoutConfiguration

The deadtime configurationwhich is necessaryor somefrontendboardsdeterminedhe efficiency
with which trigger signalsfrom the trigger logic canbe processedy the TCS. For the datataking
periodin 2001 the deadtime hasbeensetto the valuesof 44 ps fixed and four triggersin 400 ps
variabledeadtime dueto the requirement®f the frontendelectronics. This valueis alreadysmall
comparedo previous high enegy physicsexperiments put asthe systemis designedor ratesup to
100kHz, it is ratherlargefor COMPASS. For theyear2002running,3 ps fixedand3 triggersin 40 ps
variabledeadtime are plannedcomplying with the specificationsarisingfrom the BORA, FIADC,
andthe GEM andsilicon (APV) readout. The limitation for the fixed deadtime is inducedby the
rise time of the Gassipl& chip, wherefor deadtimessmallerthan3 ps a baselineshift takes place.
For the correctionof this baselineshift onthe BORA, a larger FPGAwould be needed Currentlythe
BORA boardsarere-equippedvith FPGAsproviding morelogic, but for the beam-time2002this is
notavailable. The40 s variabledeadtime is motivatedby the buffer sizeof the APV25 chip usedfor
GEM andsiliconreadoutthelimit of threetriggersin thistimeis dueto thebuffer sizeof the FIADC.

The cross section of the muon nucleon scatteringreactionsin combinationwith the trigger
setup(see Sect3.3.3) determinesthe trigger rate in the order of 20000 triggers per spill. With
this rate of approximately4 kHz, the deadtime valuesfor 2002 leadto a trigger efficiengy closeto
100%, as one can seefrom the measurementshavn in Fig.6.1, wherethe life time of the trigger
system(the fraction of the generatedriggers)is plottedversusthe numberof acceptedriggers. The
measurementhave beenperformedwith artificial triggersin a testbenchsetup. It is clear that
a smallerdeadtime is not necessaryor the intendedmeasurements 2002. Much higher cross
sectionsand correspondinglyhighertrigger ratescan be expectedfor measurementwith a hadron
beam.Thesetriggerratesof up to 100kHz are obviously impossibleto be achiered with reasonable
efficiency by the 2002 configuration. A configurationof 400 ns fixed deadtime hasbeentested
with CATCH modulesequippedwith TDC-CMCsup to trigger ratesof 115kHz. A changeof the
deadtime configuration,openingthe possibility to operatethe systemat 100 kHz trigger rate with
reasonablefficiengy, will thereforebe possibleconcerninghe CATCH module.
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Figure6.1: Measuementsf the life timefor different TCSconfiguations. Various settingscompe-
hendingconfiguationsfor 2001and2002andtwo optionsfor future upgradesare shown.

Detailedtestshave beenperformedwith the configurationfor 2002usingdifferentfrontendboards
duringadedicatedestrun. Sincesomeof thefrontendboardscould not be operatedvith theplanned
settingof 3 psfixedandthreetriggerin 40 psvariabledeadiime by thetime of thesetestsin November
2001,thesmallesipossibledeadtimeswereutilizedto measuréhe maximumtriggerrate. Theresults
aresummarizedn Tah 6.1. Measurementsvith 71 equippedrontendboardsinclude TDC-CMCs
(beammomentunstations hodoscopeandscintillating fibers)aswell asmicromeya, drift-chambey
MWPC, andstrawv frontendcardsreadout via HOTLink-CMCs, proving thatthe readoutsystemis
alreadypreparedor the hadronbeammeasurementglannedfor partsof the beamtimesfrom 2003
onwards.

Table6.1: Maximummeasued trigger rate of different COMPASSreadoutequipmentsvith the opti-
mumsetupin November2001.

| equipment | fixeddeadtime | variabledeadtime | max. testedrate |
GeSiCA 30ps | 3 Triggerin 100ps 22kHz
RICH 3us | 4Triggerin 40 s 60kHz
ADC (Calorimeter) 400ns | 3Triggerin 40 ps 70kHz
TDC 400ns - 115kHz
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6.2 Frontend-Electronics

In 2001,dataof morethan150000electronicchanneldave alreadybeenrecordedby the COMPASS
DAQ. Typical valuesfor the occupanciesndthe event sizesof the differentdetectorsare presented.
They are derived from Run 12788 taken on 17 October2001 with 8300 triggersper spill andan
intensityof 1.9-1® initial muonsperspill aswell asfrom Run13218(23 October2001)with 17600
triggersandan intensityof 2.3-10° muonsper spill. The datarateis approximatelya factorof two
largerfor theRun13218sincea highertriggerratewasacceptedTheamountof 403MByte perspill
in Run13218correspond$o a sustainediatarateof 24 MByte/sto berecordedn tape.

In Fig.6.2 the occupanyg, the meannumberof hits per detector is pictured for the different
detectortypes,a summaryof the COMPASS frontendboardsis givenin Tah 4.2 on page54. The
averageoccupang of approximately2.4% for the whole detectorleadsto a total of 3750 hits per
correspondingrigger forming comparatrely large events. For 2002it will be even morethan6000
hits per event as then the completedetectorwith 250000 channelswill be readout. Most of the
measuredccupanciegjiven by the dark histogramsmet the expectationsof the detectorgroups,
which are still valid for 2002. The estimationsare given by the light histograms. Occupancie®of
the muonwall is still underinvestigation. The decreas®f hits per eventfor the drift chamberswill
be reachedby betternoise suppressionwhereashe increaseof RICH datacomesfrom the usage
of a gaswith betterpurity and hencea betterdegreeof transparenc andan improved conditioning
of the photondetectord120]. The W4-5 drift-chamberhasnot beenusedin 2001, thereforeonly
estimationdor 2002aregiven.

The distribution of the amountof dataamongthe different detectorsis given in Fig.6.3. The
sum of the contritutions of the detectorsn 2001, given by the dark histogramswas 24 kByte per
event. Expectationdor the beamtime 2002 (light histograms)rovided by the detectorgroupsare
comparedwith the typical valuesof 2001. Noticeablein Fig.6.3is the decreasinglatarate expected
for 2002 for all detectortypesreadout by meansof the 1 TDC such as the beammomentum
stations,scintillating fibers, stravs, and MWPCs. In 2001 all #1 TDCs have beenreadout by the
CATCH modulein the delug mode, writing out a large amountof TDC headerand trailer words
containingredundantinformation, suchas the event number which is alsoincludedin the S-Link
header(Sect5.3.2andTah 5.9). This modehasbeenchoserduringthe commissioningohaseof the
experimentto provide maximumpossibilitiesfor consisteng checks. After proving in 2001 thatall
eventinformationis handledn a correctway, it is not necessaryo runin delug modeagainin 2002.
Hence all redundantnformationcanberemovedfrom thedataflow in anearly stageof datareadout.
This is doneon the CATCH module,which will thenbe operatedn the default headersuppessed
mode. Especiallyfor the straws, wherea large numberof TDC heademwordswasrecordedn 2001,
theeffectis large takinginto accounthatthe numberof channelgeadoutin 2002will bethreetimes
largerthanin 2001.0Onaveragethis procedurgeduceghedatarateby approximateh25%. Thesame
is valid for micromegas(MM) anddrift-chambergDC), but herethe effect is overcompensatethy
theincreasinghumberof channelsMore channelsvhich arereadoutin 2002arealsothe reasorfor
thelargereventsizeproducedy the calorimetersFor the RICH theincreasingdatarateis correlated
with thelargeroccupang.

It is very importantfor the COMPASS experimentto keepthe event size belov approximately
33 kByte perevent,sincewith atriggerrateof 4 kHz in 2002only thisamountof datacanberecorded
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Figure6.2: Occupancie®f the different COMPASSdetectos. Measued valuesfrom2001are given
by thedark histagrams,expectationgor 2002by thelight histagrams.
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Figure6.3: Eventsizesof the different COMPASSdetectos, the dark histagramsshowingmeasued
valuesfrom2001,thelight histagramsexpectationgor 2002(onedataword £ four Byte).
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due to the limitation in tapewriting capacityof 40 MByte/s (Sect6.6). This cansuccessfullybe
achiered by applyingthe headersuppessedmodeto all TDC type detectordata. Although reading
outmorethan50 % moredetectorchannels250000 comparedo the 156000in 2001,the eventsize
only increasedy approximately20 %, a big achiezementof the headersuppessednode. However,

with the estimatedavent size of 29 kByte for 2002, the systemis closeto the limit of the capacity
for recordingdata.For the hadronprogramwith muchhighertriggerrates,onlinefiltering of thedata
beforewriting themto tapeis thereforea must.

6.3 The Data Throughput of the CATCH Module

Fastprocessingf the datawithin the CATCH andat its outputis essentialn orderto make optimal
useof the internalbuffers of the system. The performanceof the outputof the CATCH moduleis
describedn thefollowing section,herethe internaldataratesare summarizedvith specialattention
to the TCSandFormatterFPGA.Resultsof CMC andMerger datarateswill bepresentedn detailin
[121]. Asdescribedn Chapter5, datatransfemwithin the CATCH is realizedby achainof subsequent
FIFOs. The mostimportantonesarethe output FIFOs of the connectednput mezzaninecards,the
internal FIFOs of the Merger FPGAs,andthe dataFIFO betweenthe Formatterand S-Link FPGA.
Within the Formatterandthe S-LinkFPGAthe dataarestoredin a setof threeregistersin eachcase.
All thesebuffers store32 bit in parallelforming oneword. The pathof datathroughthis seriesof
buffersis visualizedin Fig.6.4.

A FIFO separatedrom the main dataflow, but of no lessimportance,is usedto storethe event
informationfrom the trigger control systemwithin the TCSFPGA. Hereit hasto be notedthat the
shavn buffers storedifferenttypesof data. The TCSrecever provideseightbit of the eventheader
in parallel,readout by the CATCH moduleasshavn in Sect5.1. In theinternal FIFO of the TCS
FPGAthewhole eventheaderinformationplus two additionalbits addingup to 50 bits is registered
in parallel. Hence,the completeeventinformationof 32 eventscanbe storedthere,eachof which
is usedto generateone S-Link headerof four wordsasdescribedn Sect5.3.4. Thesefour header
words per eventarebufferedin the headerIFO, which thus canstorethe informationof up to 256

TCS FPGA TCS

Receiver
(32 words, 50 bits (16 words,
8 bits)
= 1event header)
HEADER

FIFO
(k)

S-LINK FPGA
512 MByte
— o
oM - FIFQ FORMATTER
(k)

DATA
(3 words) FIFO
(16k)

(4 - 16 times)

Figure6.4: Buffer sizesand the data path on the CATCH, showingthe FPGAs(TCS, Merger, For-
matterand S-Link) as well as external buffers (CMC-FIFO, data and headerFIFO), all
storing 32 bit words.
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events.In this FIFO the wordsalreadyhave thefinal format, thereforeit comprises32 bit in parallel,
equalto thedataFIFO containingthe correspondingletectordatainformation. While processinglata
the Formatterandthe S-LinkFPGA intermediatelystorethe 32 bit information. This handleghecase
of afull datadestinationeitherdataFIFO or the S-Link. The performanceof the dataandtrigger
handlingby the Formatterand TCSFPGA, respeciiely, is describedn thefollowing.

TCSFPGA

As shawn in the previous section,the CATCH moduleis ableto handletrigger ratesof morethan
100kHz. For everyrecevedtriggerwhichis distributedto the connectedrontendboardsdirectly, the
six byteeventheadeinformationis readoutfrom the TCSrecever. Distribution of triggersignalscan
in principle take placeevery clock cycle, whereaghe handlingof the eventheadeibelongingto the
triggertakesmoretime. Takinginto accountall TCSFPGAInternallogic, thiscanbe performedevery
257.2ns, correspondingo 10 cyclesof the 38.88MHz TCS clock. The correspondingheoretical
limitation for thetriggerrateof approximately3.89MHz is of no practicalrelevance.

The eventheadedatengy from thetrigger control systemis 40 clock cyclesincluding the time for
thereadoutof the six byte informationby the CATCH. Most of this time is neededor corveying the
broadcasvia the optical fiber. The maximumeventheaderateis mainly limited by the serialdata
transmissionThetotal time for the distribution of the headetinformationof oneeventis lessthan35
clock cycles. Theoreticallyratesabore 1 MHz shouldbe possible sofar the systemhasbeentested
upto 800kHz [122].

Formatter FPGA

The readoutof the CMC output FIFO is performedby the Merger FPGAswith two different fre-

quencies,dependingon the statusof the FIFO, seeSect5.3.2. Presumingmaximum speed,and

moreimportantly thatthe outputFIFOsof the Merger chipsnever becomeempty the transferspeed
reacheduy the Formatter FPGA canbe calculated.Heretwo factorsplay animportantrole, first the

numberof Mergersto bereadout andsecondhe numberof occurringerrors. Fromthesenumbers
the internalrate of the CATCH can be obtainedusing the the relation betweenevent size and data
ratevisualizedin Fig.6.5. Readoubf the Merger FPGAsin thefastespossibleway is essentiakince
slower processingvould alsoslov down the readoutof the output FIFOs of the connectedCMCs.

Thesen turn maygetfull in this caseandthendatawordsarelost. The measuredatesshaow thatthis

is compliedwith by the Formatter

Sincethe four Merger chips are read out via the samedatabus, flow control is performedby
the Formatter by meansof an output enablesignal, allowing only one of the Merger FPGAs to
apply datato the bus (App.C.2). Thereforeanimmediateswitching from one Merger to the next
is not possibleanda wait statehasto be taken into account.If not all Merger FPGAsarereadout,
the numberof wait statesdecreaseseadingto a higher datarate as shavn in Fig.6.5. Therethe
throughputof the Formatter FPGA is plotted dependingon the numberof datawords receved in
total from the readout Merger FPGAs. For four Mergers therateis lowestsincemorewait statesare
neededor switchingbetweerthe chips. The otherthree(dashedyurvesshawv theratefor readoutof
only three,two, or justoneMerger, respectrely, eachwith increasingate.
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Figure6.5: Data ratesof the FormatterFPGA dependingn thetotal eventsizefromthe four Merger
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The Formatter startsreadingout the Merger FPGAs as soon as the TCS FPGA receved the
event headerof the currentevent and passeda readysignalto the Formatter After the processing
of aneventhasbeenfinishedthe Formatterin turn signalsthis to the TCSFPGA which then starts
generatinghe S-Link header The minimal time neededbetweenreceving the readyfrom the TCS
FPGA and startingthe readoutof the first Merger is one clock cycle. This time may be larger if
the FIFO of the Merger is empty Taking into accountthis one clock cycle andthe switchingtime
betweerthe Merger FPGAsthe datarateof the Formattercanbe calculatedusingthe equation:

=160MB —_—
datarate = 160MByte/s riion
wheren (= 1,2,3)is the numberof switchingoperationsetweenMergers andx is the total number
of datawords. The maximumdatarate of 160 MByte/s would be reachedf one 32 bit dataword
was processewn eachcycle of the 40 MHz clock. As the systemis absolutelydeterministicthe
measuremengivenby the markersalwaysreproducehe sameresults.

More wait statesare introducedif errorsoccur since the error words to be generatedn this
caserequirestoppingand restartingthe datareadoutfrom the Mergers. Thus, the datarate within
the CATCH decrease$or an increasingnumberof occurringerrors. The resultingrate canbe cal-
culatedin dependenceponthe numberof detectecerrors. Assuminga total of 200 wordsfrom the
four readout chips - the distribution of thesedatawords amongthe Mergers is irrelevant - this is
plottedin Fig.6.6 (dashedine). This is not entirely correct, sincethis calculationis basedon the
assumptiorthat no two errorsoccur after eachother Therefore,this worst caselimit is not valid
for a randomdistribution of errors,in this casethe rate may be higher As is intuitively clear two
errorshaveto occurnext to eachotherassoonasmorethanhalf of therecevedwordscontainanerror.

In caseof two consecutie errorsthe numberof wait statesis the sameas for just one error,
asthe secondword is internally storedandthenchecled for anerror This is dueto thefactthatthe
time for generatinghe errorword for the seconddataword hasto be provided sinceit is not a priori
known if it is anerroror not. Hence,the datarate canbe larger thanthe cune in Fig.6.6 indicates
andit doesnever fall belov the ratemarked by the solid horizontalline. This line startswhenmore
thanhalf of the datawordscontainan error Theneachadditionalerror occursnext to anotherone,
thusnotincreasinghe numberof wait states.The datarateplottedon the y-axisis theinput ratenot
including the generateaerrorwords. The outputrate of the Formatteris thereforehigher Measured
valuesfor artificially generatediatawith a varyingnumberof errorsaregivenby thesquares.



6.4 THE DATA OuTPUT OF THE CATCH MODULE 103

6.4 The Data Output of the CATCH Module

Of the threepossibledataoutputsof the CATCH, the two taking placevia the S-Link optical fiber
connectionare presentedirst. Datatransfervia spybuffer andthe VME bus is briefly discussedat
the endof this section.As transfervia single S-Link and S-Link multiplexer areessentialljthe same
with regardto the CATCH, the measuredatesare given for the outputof CATCH independently
of the connectedcequipment. The transfervia single S-Link only usesan adaptercard providing an
interfacebetweerthe VME backplaneconnectoiP3andthe S-Link sendercard. For the multiplexer
communicatiorone additionalresetsignalwasimplementedon the CATCH side, but no changeof
functionality wasnecessaryAs this resetsignalis unconnectedh caseof a single S-Link, the same
designcanbeusedfor both,asingleS-Link andthe S-Link multiplexer.

6.4.1 Output via S-Link

Fast datatransmissionfrom the CATCH is necessaryn orderto avoid the dataFIFO to become
full. In this casethe following event would not contain datawords, only the headerand trailer
are transmittedand thereforedetectorinformation would be lost. The datatransferto the S-Link
dependsprimarily on the readoutspeedof the two FIFOs (headerand dataFIFO) to be read out
by the S-Link FPGA. While switchingfrom one FIFO to the otherthereare necessarilywait states
causinga reductionof the maximal possibletransferrate. Words from the dataFIFO canbe read
out on consecutie clock cycles. The more datawords an event containsthe closerthe readout
speedapproacheshe theoreticallimit. The maximumspeedcan be calculatedandis presentedn
Fig.6.7 asthe solid line. It asymptoticallycornvergesto the maximalrate of 160 MByte/s indicated
by the horizontalline. This predictionis comparedwvith measurementsarked by the squares.For
thesemeasurementartificially high trigger rateswere appliedfor a shorttime to guaranteehatthe
FIFOsonthe CATCH do notbecomeemptyasthis would addmorewait statesandlowerthedatarate.

The marked rateof 128 MByte/s is the maximumrate of the S-Link usedfor mostof the readout
channelsas the double S-Link reaching160 MByte/s is only utilized for RICH and micromeya
readout.Thisrateis alreadyexceededf morethan38 datawordsbelongto oneevent,corresponding
to lessthanthreedatawordsper HOTLink input. In 2002,18 S-Link connectionsvith 100 MByte/s
outputrateareused herethe maximumpossiblewriting speedo thelink is alreadyreachedor more
thanthirteenwords per event. This demonstratethe importanceof correcthandlingof thelink full
signalexplainedin Sect5.4. But aswill be seenin the following, alsofor 128 MByte or 100 MByte
S-Linksthetransmissiorof eventswith far morethan38 wordsis nota problem.In this caseonly the
numberof wait statesncreases.

The possibledata rates of the CATCH S-Link interface, representecby the areabelov the
curwein Fig.6.7,leadto amaximumpossibletriggerrate,sincenot morethanthis amountof datacan
beprocessegersecond.Thetriggerratedecreasewith increasingeventsize,it is plottedversusthe
numberof wordspereventin Fig.6.8,shaving thatthe numberof datawordspereventhasto bekept
belonv 380wordson averagefor triggerratesin the orderof 100kHz for a 160 MByte S-Link. The
dashedanddottedcurvesgive this limitation for a128 MByte anda 100 MByte S-Link, respectiely.
It canbe seenthat althoughthe numberof wait statesincreasedor more than 38 (13) datawords
pereventwhenusinga 128 (100) MByte S-Link, eventsup to 320 (250) wordscanberecordedat a
triggerrateof 100kHz. Thesevaluesaremuchlargerthanthetypical eventsizesin COMPASS.
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Figure6.7: Dataratesof the S-Linkinterfaceversusthe numberof words per event. Thecurvegives
the theoetical limit regarding the necessarywait statesas describedin the text. The
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6.4.2 Output via S-Link Multiplexer

The S-Link multiplexer hasto combinedataof up to four CATCH modules.Thereforethe maximum
possiblerate of a single CATCH moduleis reducedby a factor of four on average. This is not a
problemfor mostof the detectorsdout somewith larger event sizessuchasthe calorimetersandthe
RICH are,asaprecautionreadout without multiplexer.

The S-Link multiplexer is instrumentedfor the datatransferfrom equipmentswith a compa-
rably low datarate. By combiningfour of thesedatastreamsetterusecanbe madeof the available
bandwidth.It hasto be ensuredy the userthatthe maximumdatarateis not exceededVarioustests
of the S-Link multiplexer software have beencarriedout in collaborationwith the Munich groupin
November2001in a similar way asdescribedor the CATCH in Sect5.6. Eventsfrom up to four
connectedCATCH modulescanbe combined.Correcthandlingof thesedatais ensuredeven under
conditionsin whichthe eventsizesarevery differentor they arelargerthanthesizeof theinput FIFO
of themultiplexer [89].

6.4.3 Output via Spybuffer

The alternatve accesdo the datavia spybuffer is muchslower andfollows the maximumspeedof

the VME access. The spybuffer FIFO is identicalto the dataFIFO, hence,being able to storeup

to 16384 words. Writing into the spybuffer FIFO is performedin parallelto the S-Link transmis-
sion reachingdataratesof up to 160 MByte/s. Differentmodesare possiblethey are describedn

App.C.3. Readoutof the spybuffer is possibleusing block transfer It hasbeenmeasuredn a
MotorolaMVME2604 333MHz CPU[123]. Theobtainedresultwas14 MByte/s.

6.5 ReadoutBuffer Performance

The performanceof the readoutbuffer PCsdependson the numberof usedspillbuffer cards. The
averagetotal eventsizein 2001wasapproximately24 kByte. With a maximumof 52 spillbuffers, the
averagedatarateperspillbuffer is in the orderof half akilobyte. Approximatelythe sameamountof
datacanbeexpectedior 2002sincethe largereventsarespreacamong64 spillbuffers.

Measurementhave been performedwith different numbersof spillbuffers used within one
readoutbuffer. Theresultsareshavn in Fig.6.9. Here,the datarateis given asthe sumof all used
spillbuffers. For the measuremenwith one spillbuffer the input ratewas4 kByte. Whenusingtwo
andfour spillbuffers the input ratewas2 kByte and 1 kByte per spillbuffer, respecirely, in all three
measurementsummingup to a total of 4 kByte per readoutbuffer. In the threegiven curvesthe
datawerenottransferredurtheronto the eventbuilder PCs. Thesetestshave beencarriedout using
artificially generateddatawith a constantevent size. Therefore,the measureddatarate increases
linearly with increasingtrigger rate up to approximatelylO kHz. As soonasthe amountof datain
the spillbuffer is larger thancan be processedluring the on-spill time, the datarate of the readout
buffer goesinto saturation.With anincreasingamountof incomingdata,the processingate of the
readoutbuffer remainsconstantput thetime neededor processinghedataincreasesThe saturation
with a constantrate is reachedfirst for four spillbuffers. Here a maximumrate of approximately
45 MByte/s is reached. Statisticalerrorsof the performedmeasurementgary between0.5 % and
2.0 %. The systematicuncertaintyis much higher since the datarate strongly dependson other
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processesunning on the readoutbuffers. The optimal rate can be obtainedwith two spillbuffers.
This canbe explainedwith the fact, that the readoutbuffer PCshave two processorsymmetrically
handlingthe data. Therefore a configuratiorwith two spillbuffers canbe operatedn anoptimalway.

In all otherconfigurationghe processingpeeds lower becausef contect switching' [92]. For just
onespillbuffer thisis dueto automaticswitchingbetweerthetwo processordy the operatingsystem.
This may bethereasorfor the differenttrendbetweenl0 kHz and30 kHz for the measuremenwith

onespillbuffer. Sincethe eventsizeis larger for this measurementhe procedureof skippingevents
startsat trigger ratesabore 32 kHz. Therefore the datarate decreasefor highertriggerrates. The
triggerratefor 2002will bein the orderof 4 kHz, which is indicatedby the vertical line. With this

ratethe systemis far away from thelimit of the outputdatarateof thereadoutouffer PCs.

In Fig.6.10, the valueswhere dataare not transferredto the event builders (l), are compared
with measurementwheredataweretransmitted A) andwherethesedatawerealsorecordedon the
eventbuilder (¥). This measuremenvasperformedwith alower input datarateof 1.9 kByte leading
to alower maximumratethanin Fig.6.9. Up to atriggerrateof 10 kHz thereis no differencebetween
the threemeasurementslhe saturationis lower, approximately25 MByte/s, whentransmittingdata
as comparedo the caseof no transmission(30 MByte/s). The situationfor real datataking is of
courserecordingthesedataandstoringthemon alocal disk in the eventbuilder PCsasdescribedn
Sect4.6. No significantdifferencebetweerrecordingandjust transmittingdatato the eventbuilders
canbeobsenred. Thisindicatesthatthelimit is in thedatatransferandnotin the storage A constant
rateof 26 MByte/sis reachedor triggerrateslargerthan15kHz. All describedneasurementsave
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Figure6.9: Data ratesat the outputof the readoutbuffer for a different numberof spillbuffers with
128 MByte/sS-Linksandwithouteventbuilder.

Tcontet switchingis the operationof switchingbetweerprocesseby the CPU
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Figure6.10: Dataratesat the outputof thereadoutbuffer with the configuation for 2002for different
processingconditions,i.e. with and without transmittingdata to the eventbuilder PCs
(0 EBand1 EB) andwith recoding data.
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Figure6.12: Maximumoutputdataratesof thereadoutbuffer for differenteventsizes.Only statistical
errors are shown.

beenperformedwith a 128 MByte S-Link. In caseof a 160 MByte S-Link asusedfor the RICH and
themicromeyachambereadoutdataaretransmittedo thespillbuffers muchfasterfrom the CATCH.
In the casewherethe saturatiorof transferrateis not reachedalsothe dataratein the ROB is higher
whereaghe saturatiorrateis the same.

In combinationwith the known time of dataprocessingwithin the ROB the measuredoerfor
manceof the readoutbuffers canbe usedto calculatethe sustainedutputrateof the CATCH. Thisis
plottedin Fig.6.11,wheretheaveragerateof datatransmissiorirom the CATCH to thereadoubuffer
is shawvn. Thetrendof thetheoreticalcunesis validatedby the measurementgiven by the markers,
shaving thatno dataarelost. Thelimitation for theeventsizein dependencaponthetriggerratehas
beenshavn in Fig.6.8. For a 100 MByte S-Link anda triggerrateof 100 kHz the maximumevent
sizeis 250 words. This correspondg$o a datarate of 100 MByte/s, which is far above the relevant
region. As expectedthe threecurvesarecongruenivhenscaledby theeventsize.

The saturationdatarate has beenmeasuredwith four spillbuffers on three readoutbuffers for
differenteventsizes.Theresultsplottedin Fig. 6.12areslightly differentfor thethreereadoutbuffers
thesemeasurementsave beenperformedwith. The eventsizeis muchlargerthanthe oneof asingle
CATCH, sinceup to 16 modulescan be connectedo one readoutbuffer. If 16 CATCH modules
are connectedo one readoutbuffer, an event size of 10 kByte correspondso 156 datawords on
averagetransferredoer event by a single CATCH. In normalrunning conditionsof the experiment,
the averageevent sizeon one ROB will be approximatelyl.8 kByte. Underthe assumptiorthatthe
whole off-spill time is usedfor dataprocessingandan eventsize of 2 kByte per ROB, giving a data
rateof 27 MByte/s,the maximumpossibletriggerratewill beapproximately44 kHz.
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6.6 Data Storage

The maximumbandwidthfor writing datato tapeis limited to 40 MByte/s. For a spill durationof

16.8sapproximately670MByte canbe storedontapeperspill, correspondingo asustainedlatarate
of approximatelyl30 MByte/s during the on-spill time. The systemhasbeendesignedn this way
dueto the crosssectionmotivatedtrigger rate of 4 kHz for the muonprogram.Dueto the limitation

of 40 MByte/s, the eventsizehasto be keptbelon 33 kByte, which will be compliedwith asshavn

in Sect6.2. Althoughit hasbeenproventhatthe readoutsystemis capableof handlingtriggerrates
of about100kHz, this is only necessaryor the hadronprogramstartingnot earlierthan2003. For

this upgradethe amountof datahasto bereducedsignificantlywhichis plannedo bedoneby afilter

farmpreprocessinthe dataandselectingnterestingeventsalreadyon the eventbuilder level.
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Figure6.13: Accumulatecamountof data written to tapein GBytefor the two weeksof stabledata
takingin 2001 from October5th to 24th. Thedashedine indicatesthe end of the run
afterwhich only testdatahavebeenrecoded.
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Figure6.14: Data rate written to tape per day for the sameperiod asin Fig.6.13 (left: numberof
writtenfilesper day, right: amountof datain GByteper day).
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During October2001 measurementsf datarateswritten to tapehave beenperformed[124]. As
shawvn in Fig.6.13 the COMPASS experimentcontinuouslyrecordeddata, in the displayedperiod
of 27 daysabout19 TByte in total, of which 15 TByte are currently usedfor physicsanalysis.
The averagedatarate was about 700 GByte per day correspondingo 8.3 MByte/s, to be written
to tape. Thesedatawere written in form of up to 2000 files per day, eachof themwith a size of
1 GByte, seeleft handside of Fig.6.14. On the right handside of Fig.6.14 the amountof data
is shawvn for every single day The maximum rate of approximatelyl.8 TByte/day exceedsthe
averageby morethan a factor of two, giving about21 MByte/s written to tape,which is still the
averagefor this particularday (October21st). The periodin which physicsdatahave beenrecorded
lastedfrom October5th to October24th. The last day of the 2001 beamtime is indicatedby the
dashedrerticalline. In thefollowing daysalsogivenin thefigures,dedicatedAQ testsleadingto the
resultspresentedh Sect6.1- 6.5have beenperformed.Thereforethedataratewrittento tapesignifi-
cantlydropsafterOctober24thandthedatarecordedafterthatdayarenot subjectof physicsanalyses.

6.7 First Results

After recordingdataof all detectorgshe measuredhit informationcanbe combinedfor reconstructing
tracksof particlestraversingthe COMPASS detector Schematicallythesetrackscanbe displayed
in form of aneventdisplayasshavn in Fig.6.15. A reconstructioralgorithmtakesinto accountthe

fields of thetwo spectrometemagnetgo calculateparticlemomentum.
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Figure6.15: Eventdisplayof a typical inclusivemuonscatteringevent.
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An example of dataread out via the TDC-CMC is given in Fig.6.16, shaving a beamprofile
measuredy the scintillating fiber station7 (FIO7 in Fig. 3.7 on page30). Thetwo upperplots shav
thex andy beamprofile asa function of TDC channelsthe obviously missingchannelcorresponds
to a known broken discriminatorchannel. The fiber pitch is 0.7 mm resultingin a beamdiameterof
1.51x 1.72cn?.

The time distribution of measuredits is illustratedin the two lower plots. It is given relatve
to the referencetrigger time (tef) as measuredy a separatecCATCH equippedwith TDC-CMCs
(sourcdD 2). Thereforethetime measuredvith respecto thetriggertime is negative sinceof course
the traversing particle is detectedearlier comparedto the arrival of the trigger signal at the TDC.
Clearlyto be seenis the trigger correlatedime peakat approximately-7900time bins. Sincethese
plots containthe hits of all channelsthe uncorrelatedbackgrounds distributed over the full time
window of the 71 TDCs. Next to thetriggerpeaka reductionof hits canbeassertedThis occursdue
to the 20 nsdoublepulseresolutioncorrespondingo an areawith reducedentriesof approximately
150 bins. During this time only onehit is accepteddy the F1 TDC, mostof them naturallyfalling
into thetriggerpeak.
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Figure6.16: Scintillating fiber beamprofile measued by meansof the TDC-CMC (left: x-profile,
right: y-profile), the fiber diameteris 1 mm. In the lower part the time distribution is
plottedin TDC binsfor all channelsclearly showingthetrigger correlatedtime peak.
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7 Summary and Outlook

The main goal of the COMPASS experimentis the determinationof the gluon polarizationAG/G.
To achieve this goal, particlesproducedin the scatteringprocessof beammuonswith a nucleonof
the polarizedtamgethave to be detected For the proposedneasurementgarticleidentificationhasto
be provided aswell astrack reconstructiorover a wide acceptanceange. This requiresa multitude
of different tracking and particle identification detectorsresultingin a large numberof detector
channelgo be readout. The developmentof a readoutsystemcapableof handlingthe amountof
dataproducedby sucha detectoris a complex task. A centralpartof the COMPASSreadoutsystem
is the CATCH moduledevelopedandintegratedinto thereadoutsystemwithin thescopeof thisthesis.

The CATCH module comprisesten programmablelogic chips of different types and several
FIFOs. The variousconnectiondo the otherpartsof the readoutsystemmadeit necessaryo adapt
the CATCH moduleto differentprotocols. Apart from the integration of the CATCH moduleinto
the COMPASS readoutsystem,the developmentof the software for three of the CATCH FPGAs,
the TCSFPGA, the S-LinkFPGA, andthe Formatter wasthe responsibilityof the author including
the communicatiorwith the TCSrecever andthe S-Link interface. Trigger signalsandeventheader
information are receved from the trigger control systemvia the TCSFPGA. The detectordataare
collectedfor eachtrigger by meansof specializedmezzaninecardsand four Merger FPGAs. The
Formatter FPGA is responsiblefor fast processingof thesedata. Here, the final dataformat is
generatedainderror handlingis performed beforethe datawordsare storedin the dataFIFO. Local
subeentsareformedby the S-LinkFPGA, which combinesthe headerinformationprovided by the
TCSFPGA with the detectordata, and transmittedto the readoutbuffer PCsutilizing the S-Link
protocol. In thereadoutbuffer PCsdataof atleastonespill arestoredin 512 MByte RAM modules,
the spillbuffers. From the readoutbuffers dataare transferredo event builder PCs,wherethe final
event building takes place. In a further step, dataare written to tapein the centraldatarecording
facility of CERN.Thisdataacquisitionconcepis designedisatree-structuredully pipelinedsystem.

Thefunctionality of the CATCH moduleis provided by a chainof subsequerfield Programmable
GateArrays, eachof themcontrituting a particularpiece. Therefore the logic structureof all chip
designshasto be achievedaswell asoptimizedcommunicatiorbetweerthe differentparts. The most
crucial factorin the designprocesss the timing. With the given hardware, which was chosenasa
compromisebetweencostand the necessaryogic and speedcapacity the requiredbandwidthhas
to be provided. The systemis driven by a 40 MHz clock correspondindo a cycle lengthof 25 ns.
Circuit timesfor mostof the usedFPGAsare 3.5 nsfrom theinputto thefirst register which in turn
needsa setuptime of approximately2.5 nsfor a singleinput or output. Therefore datahave to be
appliedfor the following componenin the orderof 10 ns beforethe rising clock edge,considering
the propagatiortime betweerthe chips. This demandhadto be metat all stageswithin the CATCH
modulefor wide busesof usually 32 bits. Thatrequireda multitudeof detailedtiming studiessince
the setuptime of the outputsignalafter the clock is typically 6.8 ns[104]. It hasbeensuccessfully
achiered by pipelining the dataflow andbuffering of the flowing throughdataat variouspoints.

The readoutsystemhas beenin use for the beamtime 2001 including 73 CATCH modules.
Performanceneasurementsf the centralcomponent®f thereadoutsystemhave beencarriedout as
a partof this thesis. They comprehendhe dataratesof the differenttypesof detectorsandfrontend
boardsaswell aspossiblereadoutconfigurationsandthe datarateswithin the CATCH moduleand
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thereadoutbuffer PCs.Dataof up to 6912detectorchannelsverereadout andprocessedby a single
CATCH andtriggerratesof 115kHz, far above the expectedmaximum,were successfullyattained.
Dependingon the event size and the numberof obsered errors, the datarate within the CATCH
module was determined reachingvaluesup to 155 MByte/s closeto the theoreticalmaximum of
160 MByte/s. From the CATCH thesedatawere transmittedvia optical fibersto the subsequent
componentof the COMPASS DAQ), also reachingpeakratesof up to 155 MByte/s and sustained
ratesof morethan40 MByte/s. Within the readoutbuffer PCsit canbe profitedfrom the 11.7slong
break,reducingthe sustainedlatarate. Dependingon the event size,valuesbhetweer25 MByte/sand
75 MByte/swerereachedIn total, 15 TByte of datawerewritten to tapeat ratesof up to 40 MByte/s.

For a spill structurelike the presentone with a 30 % on-spill time, and an averageevent size
of 2 kByte perreadoutbuffer, which is a typical valuefor the currentconfiguration the outputrate
of the readoutbuffersis approximately27 MByte/s. This leadsto a limitation for the trigger rate of
approximatelyd4 kHz. For larger eventsasexpectedfor the hadronprogramthis maximumtrigger
rate even decreases.Therefore,a differentratio of on-spill and off-spill time hasto be considered
for this measurement.The rate of 40 MByte/s for writing datato tapeis a secondlimitation. In
conjunctionwith a total event size of 29 kByte as expectedfor the 2002 running of COMPASS, it
leadsto a maximumpossibletrigger rate of 4.5 kHz just above the currentconfigurationof 4 kHz.
That clearly shawvs thatevenif the proposedrigger rateof 100 kHz for the hadronprogramwill be
possibleconcerninghereadoutouffers, onlinefiltering of the databeforewriting the eventsto tapeis
necessary

During detailedstudiesof the whole system,the designof the CATCH module has beenim-
proved leading to the performancepresentedn Section6. The obtainedresultsconcerningthe
capability of the CATCH module and the whole DAQ shav the functionality and quality of the
COMPASS readoutsystem. In summary a high speeddataacquisitionsystemwhich fulfills all
currentrequirementof the COMPASS experimentcould successfullybe provided. The setupfor
2002comprisesl5 differenttypesof frontendboards,13 of themreadout by atotal of 129 CATCH
modules. With this configurationthe physicsgoalsof the COMPASS experimentcan be realized,
hopefully gaining a betterunderstandin@f the spin structureof baryons. The proven capability of
handlinghigh dataratesandtriggerratesabove the 100 kHz expectedfor the hadronprogramshavs
thatthe CATCH moduleis preparedor theforthcomingtasksevenfar beyondtheyear2002.

Possiblefurther extensionsof functionality of the CATCH module are alreadyin preparation
in someparts.An upgradedoftwarerevisionwill includeaneightbit RISCCPUimplementedn the
Contoller FPGA[125]. Thiswill allow computationabperationdy meansof standardC programs
on the CATCH. Also the automaticinitialization of the connectedrontendboardsis possiblewith
configurationdatastoredin a RAM on the CATCH avoiding external VME accesdor this purpose.
An additional CMC type connectionwhich hasnot beenusedso far provides direct accesgo the
Formatter and S-Link FPGAs. With a new developmentof a dedicatedCATCH utility card this
connectiorcouldbe usedfor on boarddatacompressionAnotheroptionwhichis alreadyprepareds
the acceleratiorof dataprocessingn the CATCH by usinga 60 MHz insteadof the current40 MHz
clock. In conclusion,the CATCH modulewith its flexible layout and the various possibilitiesfor
upgradesepresentsa future orienteddesign.
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A Appendix: Componentsof the CATCH Module

In thefollowing the component®sf the CATCH modulearedepicted.Interfaceto themezzanineards
is realizedby specialCMC connectors.The pin assignmentsf the CMC connectoraswell asthe
VME backplaneconnectionsof the CATCH moduleto the VME bus, the TCS recever, andthe S-
Link aregivenin App.A.1. The CATCH moduleis mainly basedon reprogrammabléogic devices.
For betterunderstandingf the implementeddesignsdescribedn App. C their generalstructureis
explainedin App. A.3. Datatransferwithin the moduleis pipelinedby meansof several FIFOs.
Theinstrumented=IFO chipsandtheir functionalityarepresentedn App. A.4. A multitudeof small
componentsik e resistorsandcapacitorareessentialor properworking of anelectronicmodule.Due
to the hugenumberthey arenot summarizechere. Otherimportantpartsarethe HOTLink recever
situatedon the HOTLink CMC (seeSect. 5.2.1)andespeciallythe clocks,asdigital datahandling
stronglydepend®n a precisetiming, whichis describedn App.A.5.

A.1 CMC and VME Connectors

The connectionbetweenthe CATCH and the mezzaninecardsis realizedaccordingto the CMC
standard98]. Two 64 pin connectorsestablishthis interface,their pin-outis givenin Tah A.1. One
pair of theseconnector¢P1andP2)is instrumentedor eachMerger [126].

As the CATCH Module is realizedas a 9U VME board, communicationwith the VME Bus
andthecomponent®nthebackplangakesplacevia threeconnectorsP1,P2andP3asshavn in Tah
A.2 - A.2. In generaMME which standsfor VersaModule Eurocardis a cratewith slotsfor several
modulesproviding all necessaryoltages. The VME Bus hasa masterslave architecturewith an
active master(it is possibleto have morethanonemasterforming a multiprocessobus) andpassie
slave modules.The CATCH modulesare passve modulesonly reactingon requestsrom the master
which is a Motorola PaverPCMVME2604 333 MHz CPU [123] in caseof the COMPASS VME
crates.

The pin assignmenbf the P1 and partsof the P2 backplaneconnectorsare definedby the VME
standard The VME interfaceitself, which providesthe VME commanddgor the CATCH FPGAs(see
App. C) like definingthe working modeor readingout the Spybuffer, usesP1 andonethird of P2
(B1-B32). On P2alsothe TCSinterfaceis implemented.The pin assignmenis a priori notdefined,
for COMPASSthe assignmenof the datalinesis definedin ananalogway to the P3 connectar Via
P3, which is directly connectedwith the connectoron the backplang(like the partsof P2 usedfor
TCS communication)the S-Link communicationis performed. The P3 backplaneconnectionis a
priori notdefined for COMPASSastandardizeg@in assignmenasfor the P2connectohasbeencho-
sen.Eachconnectois dividedinto threerows of 32 pinseach.Thepin-outis shovnin Tah A.2- A.2.
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TableA.1: Pin assignmentf the CMC connectos.

P1connector P2connector

| Pin ] Signal || Pin | Signal | | Pin | Signal || Pin | Signal |
1 CMCTCK 2 -12V 1 +12V 2 TRST
3 GND 4 FF1 3 | CMCTMS 4 | CMCTDIB
5 EF1 6 PAE1 5 CMCTDI 6 GND
7 | BUSMODE1 8 VCC 7 GND 8 START
9 DEVID1 10 | USR1 9 USR3 10 STARTN
11 GND 12 | USR2 11 MODE2 12 +3.3V
13 CLKCMC 14 GND 13 RST 14 MODE3
15 GND 16 DX3 15 +3.3V 16 MODE4
17 DX2 18 VCC 17 USR4 18 GND
19 VCC 20 D31 19 D30 20 D29
21 D28 22 D27 21 GND 22 D26
23 D25 24 GND 23 D24 24 +3.3V
25 GND 26 | REN3 25 EF3 26 D23
27 D22 28 D21 27 +3.3V 28 D20
29 D19 30 VCC 29 D18 30 GND
31 VCC 32 D17 31 D16 32 REN2
33 EFO 34 GND 33 GND 34 E3
35 GND 36 FF3 35 PAE2 36 +3.3V
37 EF2 38 VCC 37 GND 38 FF2
39 GND 40 FFO 39 PAE3 40 GND
41 PAEO 42 DX1 41 +3.3V 42 DEVST
43 DXO0 44 GND 43 REN1 44 GND
45 VCC 46 D15 45 D14 46 D13
47 D12 48 D11 47 GND 48 D10
49 D9 50 VCC 49 D8 50 +3.3V
51 GND 52 | RENO 51 D7 52 SNDO
53 D6 54 D5 53 +3.3V 54 SND1
55 D4 56 GND 55 SND2 56 GND
57 VCC 58 D3 57 TCLK 58 SND3
59 D2 60 D1 59 GND 60 E2
61 DO 62 VCC 61 DTCLK+ 62 +3.3V
63 GND 64 | USRC 63 GND 64 DTCLK-
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TableA.2: Pin assignmenbf the VME BadkplaneConnectoP1 (VME)

| Pin | Description|| Pin | Description|| Pin | Description|
Al VDO Bl - Ci VD8
A2 VD1 B2 - Cc2 VD9
A3 VD2 B3 - C3 VD10
A4 VD3 B4 - C4 VD11
A5 VD4 B5 - C5 VD12
A6 VD5 B6 - C6 VD13
A7 VD6 B7 - Cc7 VD14
A8 VD7 B8 - C8 VD15
A9 GND B9 - C9 GND
Al10 - B10 BGS3IN C10 -
All GND B11| BG3OUT || Cl11 BERR
Al2 DS1 B12 - Cl12 | SYSRES
Al3 DSO B13 - C13| LWORD
Al4 Write B14 - Ci14 AM5
Al5 GND B15 - C15 A23
Al6 DTACK B16 AMO C16 A22
Al7 GND B17 AM1 C17 A21
Al18 AS B18 AM2 C18 A20
Al19 GND B19 AM3 C19 Al9
A20 IACK B20 GND C20 Al8
A21 IACKIN B21 - Cc21 Al7
A22 | IACKOUT || B22 - Cc22 Al6
A23 AM4 B23 GND C23 Al5
A24 A7 B24 - C24 Al4
A25 A6 B25 - C25 Al3
A26 A5 B26 - C26 Al2
A27 A4 B27 - c27 All
A28 A3 B28 - C28 Al10
A29 A2 B29 IRQ C29 A9
A30 Al B30 - C30 A8
A3l -12VIN B31 - C31| +12VIN
A32 VCCIN B32 VCCIN C32 VCCIN
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TableA.2: Pin assignmenof the VME BadkplaneConnectorP2 (VME and TCS)

Pin | Description|| Pin | Description|| Pin | Description |
Al TCLK+ Bl VCCIN C1 -

A2 TCLK- B2 - Cc2 -

A3 - B3 - C3 -

A4 TDATAO B4 A24 C4 TDATAl
A5 TDATA2 BS A25 C5 TDATA3
A6 TDATA4 B6 A26 C6 TDATAS
A7 TDATAG B7 A27 Cc7 TDATA7
A8 TADDRO || B8 A28 C8 TADDR1
A9 TADDR2 || B9 A29 C9 TADDR3
Al10 | THREADY || B10 A30 C10 THENA

All TTCLK B11 A3l C1 TSENA
Al2 | TDMODE || B12 - C12 TRRDY
Al3 TBOS B13| VCCIN C13 TEOS
Al4 TTRIG B14 VD16 Cl4| TPRETRG
Al5 | TRESET || B15 VD17 C15 TERROR
Al6 | TSKIPD B16 VD18 C16 | TASYNCTRG
Al7 TINIT B17 VD19 C17 TDONE
A18 TPROG B18 VD20 C18 TDIN
A19 | TCCLK B19 vD21 C19 -

A20 - B20 VD22 C20 -
A21 - B21 VD23 C21 -
A22 - B22 - C22 -
A23 - B23 vD24 C23 -
A24 - B24 VD25 C24 -
A25 - B25 VD26 C25 -
A26 - B26 vD27 C26 -
A27 - B27 VD28 c27 -
A28 - B28 VD29 C28 -
A29 - B29 VD30 C29 -
A30 - B30 VD31 C30 -
A3l - B31 C31 TGATE+

A32 - B32| VCCIN C32 TGATE-
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TableA.2: Pin assignmenbf the VME BadplaneConnectorP3 (S-Link)

Pin | Description|| Pin | Description]|

Pin | Description|

Al SINIT Bl VCCIN C1 SDONE
A2 SCCLK B2 - C2 SDIN
A3 - B3 - C3 SPROG
A4 ubO B4 - C4 -
A5 ub2 BS - C5 uD1
A6 ubD4 B6 - C6 ubD3
A7 ubD6 B7 - C7 uUb5
A8 - B8 - C8 ubD7
A9 ubD8 B9 - C9 -
A10 ubD10 B10 - C10 uD9
All ub12 B11 - Cl1 uD11
Al12 ub14 B12 - C12 uD13
Al3 - B13| VCCIN C13 uD15
Al4 ub17 B14 - Cl4 uD16
Al5 uD18 B15 - C15 -
Al6 ub20 B16 - C16 ubD19
Al7 ub22 B17 - C17 ub21
Al18 - B18 - C18 ub23
A19 ub25 B19 - C19 ub24
A20 ubD26 B20 - C20 -
A21 ub28 B21 - c21 ubD27
A22 uUbD30 B22 - Cc22 ubD29
A23 - B23 - C23 uUD31
A24 | UCTRL B24 - C24 ubwo
A25 UDW1 B25 - C25| UTEST
A26 | URESET | B26 - C26 -
A27 - B27 - c27 UWEN
A28 UCLK B28 - Cc28 -
A29 - B29 - C29 LFF
A30 | LDOWN B30 - C30| SRESET
A3l - B31 - C31 -
A32 - B32| VCCIN C32 -
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A.2 ComplexProgrammableLogic Devices

Complex Programmablé.ogic Devices(CPLD) arecomposef threeelementaryparts,l/O (input-
output) blocks, function blocks,andan interconnecmatrix [127]. Of all pins somecannotbe used
for externaluserdefinedcommunicationthey areresenred for powver and groundconnectionsand
for specialJTAG pinswith which the chip canbe programmedseeSect5.3.1). Within thefunction
block, complex userdesignedogic circuits not requiringa large numberof flip flopscanberealized,
wherebysignal delaysfrom ary input to any outputpin arefixed to a certainvalue specificto the
chosendevice. For the usedCPLDsof the XILINX XC9500series[115] the pin to pin propagation
timeis in theorderof 5 to 10 ns. Theresultingpredictabilityof timing is oneof the mainadwantages
of CPLD architecturesThe usedCPLDsin the CATCH systemaresummarizedn Tah A.3. Typical
applicationsfor CPLDs are I/O intensve or time critical designswith few registeringneeds. The
connectionsbetweenthe function blocks are provided by the interconnecimatrix incorporatingall
blocksof thedevice asshavn in Fig. A.1. CPLDskeeptheir programmediesignevenwithout power
supply but canbe reprogrammedvheneer necessaryThe CPLDsimplementedon the mezzanine
cardsaredescribedhere(seeSect5.2.1and5.2.3),the othertwo areexplainedbelow.

TableA.3: CPLDsusedin the CATCH system.

\ CPLD | speed-grade application | delay |
XC9536XL -5 TDC-CMC 5ns
XC9536XL -5 | CATCH, TriggerCPLD | 5ns

XC95288XL -10 | CATCH, VME-Interface | 10ns
XC95144XL -10 HOTLink-CMC 10ns

The VME-CPLD isresponsibldor externalaccesso the CATCH moduleandprogrammingof the
differentcomponentsf the CATCH systen{128]. DatarecevedviathePlbackplaneonnectofrom
the VME busareprocessedo decideon their purpose A finishedcommunicatiorwith the VME bus
is notified by a dataacknavledgesignal. Regular VME commandsntendedfor a certainFPGA are
transferredo the Contwoller FPGAwherethey arefollowed up, whereaspybuffer readouis directly
performedby the CPLD. All accessesanbedoneusingnormalor block transferdn A32/D32mode.

Programmingpf the CATCH via VME is alsocontrolledby this chip. The designsfor the FPGAs
aretransmittedo their destinatiorafter serializingthe datafrom the VME bus. In a similar way also
the TCSrecever andthe S-Link multiplexer on the backplaneof the CATCH canbe programmedy
meanf theVME CPLD. As CPLDsthemselescannotbe programmedia VME they have adirect
connectiorto the CPLD/EPFOM JTAG connectar In addition,the VME-CPLD is usedasinterface
for programminghe CPLDson the connectednezzanineards.

The Trigger-CPLD recevesthe PECL and TTL clock via the P2 backplaneconnectordirectly
from the TCS recever andtrigger, begin andendof spill (BoS andEoS)aswell asthe resetsignal
from the TCSFPGAthelattercommunicatedia VME bus. Thesesignalsarelengthcodedaccording
to Tah 4.5 anddistributedto all CMCs. In this tablethe default configurationis givenin which User2
and User3arethe Begin of Burstand End of Burstsignals,respectiely. For differentapplications



A.2 COMPLEX PROGRAMMABLE LoGIc DEVICES 121

3
JTAG .
JTAG Port { < 1 <—>‘ In-System Programming Controller

> 54 - -
Function
nw K F3F—— 18 Block 1
Macrocells
o K +———  EEm— . 1io1s
o K F———] ¢ T T
X
o K3 > B = > Function
. = 18 Block 2
. é Macrocells
. o | 3 hd 1to018
Blocks =
o | 5 ¢ T T
w 4
ok F——— > 2 2 >|  Function
o 18 Block 3
o gL J}—— % Macrocells
- B ¢ 1to018
o K F—
N e 11
1/0/GCK 54
1 > > Function
IVOIGSR K F———1—9— 18 Block 4
4 Macrocells
I10/GTS (<l -~ ¢
L]
L]
L]
it
> 5 > Function
18 Block 16
Macrocells
hd 1to 18
4* T A

FigureA.1: Block diagramofa CPLD. Programmingof the CPLD takesplacevia thededicated TAG
pins. Thefunctionblodksinheriting the logic are connectedo ead otherandto thel/O
bloks by theinterconnectmatrix, from[127].

othermodescanbe selected. Theseare controlledby the TCSFPGA, seeTah D.1. Insteadof the
Begin of Burst,thepretriggersignalsgeneratedby the TCSfor eachcalibrationandmonitoringtrigger
canbedistributedasUser3. The mostimportantoptionis to selectthe modeof triggertransmission.
It can be switchedto a specialmodefor HOTFiber communicationby a VME command. In this
caseonly thetriggeris distributed on the userline, no lengthcodingis performedandhencethereis
no othersignaltransmissiorexceptfor the trigger signal. By meansof the trigger CPLD it canbe
selectedwhich of the two triggers,regular or fasttrigger, is transmitted. In contrastto the regular
trigger, thefasttriggeris notresynchronizedo the TCSclock onthe CATCH, but directly transferred
to thedestination For the RICH readoutvia HOTFiberCMC thefasttriggeroptionis used.Thereset
signalfor the frontendboardsis distributed as User4for TDC-CMCsandHOTLink-CMCs, for the
HOTFibercommunicatiorit is ignoredasit is notrequiredon the BORA. A schemati®f thetrigger
CPLDis shawnin Fig.A.2.
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A.3 Field Programmable Gate Arrays

Field Programmabl&ateArrays (FPGA) aresimilar to CPLDsconcerninghel/O interface,but the
function blocks are part of the interconnectmatrix itself, allowing very high logic capacity[129].
This createsthe possibility of interweaing logic blocks and thus creatingmore comple circuits,
however, constantdelayscanno longerbe guaranteed Therefore FPGAsare usedfor applications
in which comple logic hasto be implementedsuchasthe main partsof the CATCH responsibldor
datahandling.

Two typesof Field Programmablesate Arrays are usedon the CATCH module. Seven of the
eightimplemented=PGAsare of SpartanXLtype (XCS40XL-4-PQ208(104]), the Formatteris a
Virtex XCV200-4-PQ240(130] FPGA. The generalstructureof different FPGAsis quite similar,
thereforethelayoutof a SpartarFPGAIs describedexemplary Someof theimportantfeatureof the
Virtex chip andits differencego the Spartamarealsoexplainedin orderto comprehendhe Formatter

SpartanseriesFPGAs comprisea two-dimensionalregular array of ConfigurableLogic Blocks
(CLBs)thatcanbeinterconnectetby a hierarchyof versatilehorizontalandverticalroutingchannels.
They aresurroundedy anarrayof programmablénput/OutputBlocks (IOBs) asshavn in Fig.A.3
on the left handside. The device is customizedby loading configurationdatainto internal static
memorycells asdescribedn Sect5.3.1. Valuesstoredin thesecells determinethe logic functions
andinterconnectionsf the FPGA.Reprogrammings possibleanunlimited numberof times[104].

Importantparts of the FPGA are enlaged on the right handside of Fig.A.3. Logic functions
are implementedwithin the ConfigurableLogic Blocks. Every CLB containsthreelookup tables
(LUTs) which are ableto combineup to nine inputs (F1-F4, G1-G4and H1) in ary userdefined
way. Technically a LUT is a one bit wide memoryarray wherethe addresdines for the memory
arethe four inputsof the LUT andthe outputof the memoryis alsothe outputof the whole LUT.
The combinatorialpart of the CLB is controlledby multiplexers whoseparametersre fixed by the
staticmemorycell values.The outputsideconsistf two flip flopsdrivenby theclock K with ajoint
clock enableinput EC. Combinatoriabndregisteredpartscanbe operatedndependentlyfor example
usingthe combinatorialoutputX for onepartof the combinatorialogic not requiringstorageof data
andstoringa singleinputin aflip flop for registeredoutputYQ (seeFig.A.3 andA.4). The entire
architectures symmetricand regular concerningthe input and outputpins like the arrangemenof
CLBswithin the FPGA itself, providing maximumroutingflexibility .

Connectionbetweenthe logic blocks is provided by an interconnectstructure consisting of
horizontaland vertical channels. Eachchannelcontainssomenumberof shortwire segments(la-
belledsinglein Fig.A.3) thatspana single CLB, doublewire sggmentsspanningwo CLBs andlong
wire sggmentscovering the entire lengthor width of the chip. The wire sggmentsare connectedo
eachotheror to the inputs and outputsof the CLBs by programmableswitchesforming a matrix
(PSM). The PSM consistsof a programmablgasstransistorusedto establishconnectiondbetween
thelines.
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CLB Block Diagram
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FigureA.3: Blodck diagram of a SpartanFPGA, producedfrom[104]. Thegenerl structue contain-
ing thecomple logic blodks (CLBs),I/O blodks, andtheinterconnectrouting channelsis
shownin the upperleft part. Thesethreecential parts are enlamged, especiallythe CLB
structue is explainedin thetext.
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Interfaceto the infrastructureof the printed circuit board(PCB) the FPGA is mountedon is pro-
videdvia the Input/OutputBlocks (IOBs). Eachpadcanbe usedasinput, output,or both. Thelatter,
usedfor driving bidirectionallines like for exampleneededor the TCS+ormatter communication,
is controlledby a tristate output driver which hasto be handledcarefully to avoid short circuits.
Alternatively to bufferedl/O the interfacecanbe operatedwith registeredsignalsmakinguseof one
of thetwo flip flopsof every IOB.

I/0O blocks of the Virtex FPGA are similar to the IOBs of a Spartan. On two sidesof the chip
thereis an additionallayer betweenlOBs and CLBs containingBlock SelectRAMmemories.Each
RAM cellis afully synchronouslualport4096bit RAM with independentontrol signalsfor every
port. Datawidth of the portscanbe configuredndependently

Anotherdifferenceto the SpartarFPGAsis theinput voltagerequirementThe SpartarFPGAsare
operatedvith 3.3V, whereaghe Virtex hasits own 2.5V power supply The TTL inputsandoutputs
of the Virtex areoperatedvith 3.3 V. Every logic block containstwo so-calledsliceseachproviding
two flip flops and the preliminary function generator(seeFig.A.4). It is possibleto combinethe
functiongenerator®f theslices,but asthethird LUT of the Spartarayoutis missinghereonly up to
six inputscanbe concatenated.

The Formatter FPGA is not only extensve for itself, asit hasto readout four Merger FPGAs
in thefastespossibleway it is alsovery time critical. Thatmakesa fully pipelinedinternalstructure
with several registersthe bestsolution. In betweentheseregistersthe dataformatting describedn
Sect5.3.2is performed.The obverseof truth is a designat the limit of the availablelogic. Register
basedstorageof needednformationlike the CATCH serialnumbey the software revision numbers,
the CMC IDs, andthe setupdatareceved from the frontendboardscontainingthe geographicalD
andthefrontendserialnumbern(seeSect5.3.4)is thereforeampossible Hence theabove information
arestoredin the Virtex Block SelectRAM.

CouT CcouT
YB YB
G4 Y a4 Y
G3 SP G3 SP
LUT Carry & D Q YQ LUT Carry & D Q YQ
G2 2
Control Ec G Control EC
G1 G1
BY RC BY RC
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F2 Control EC Q XQ  F2 > Control EC Q
F1 F1 >
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BX RC BX
Slice 1 Slice 0
slice_b.eps
CIN CIN

FigureA.4: 2-SliceCLB of a Virtex FPGA.
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Developingdesigndor FPGAsis basedn differenttools. In thefirst stepa mixture of entrymeth-
ods- schemati@andtext, seeApp. C andFig.C.2- is emploedby the user Furtherstepsasshavn in
Fig.A.5 arecarriedoutby the XILINX Foundatiorsoftware[115] in caseof thedevelopmenbutlined
belon. They cover translationof the initial designinto a hardware understandablérm, optimizing
the circuit and fitting the logic into the available logic blocks accomplishinghardware conditions
andeventualuserdefinedconstraints.Simulationis a usefultool to find out timing behaiour of the
design. This chainis iterateduntil all specificationsare fulfilled without ary logical errors. From
this designrevision a configurationfile is generatedvhich is thenloadedinto the destinatiordevice.
Comparisonof the simulationwith the real hardware performanceanalyzedby meansof a Logic
Analyzer (HP16700A[116]) often revealsinformation about optimization possibilitiesmotivating
furtheriterations.

fix errors
merge & optimize device simulate
| textentry translate equations fitter FPGA
~ schematic : :
‘. capture \ configuration
R CATCH file
- p» - >
manual automatic

FigureA.5: Designprocessfor a CATCH FPGA. After developingthe schematicor ABEL design,it
is translatednto a formatundestandablefor the FPGA, optimizedby eventuallyremov-
ing redundantiogic, and fitted to the specifiedtype of FPGA. The final designcan be
programmednto the CATCH in order to testfunctionality
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A.4 First In First Out Memories

FirstIn First Out memoriegFIFO) arean essentiapart of all pipelineddatatransfersystems.They
provide decouplingof differentstagesf readoutallowing easyandfastaccesdo thestoreddata. The
first FIFOsusedin the COMPASS datastreamare alreadyimplementedvithin the #1 TDCs. Data
combinedafterHOTLink transmissioronthe HOTLink-CMC or directly onthe TDC-CMC areagain
bufferedin FIFOson the mezzaninecards providing theinterfaceto the CATCH. Communicatiorof
thedatawithin the CATCH is alsobasedn FIFOsbetweerevery usedFPGA.Incomingtriggersfrom
the TCSrecever arestoredinternallyin the TCSFPGA aswell asthe Merger FPGAsprovide their
outputfor the Formatterin internalFIFOs. To form the final eventstructure(seeSect5.3.4)detector
dataandS-Link headeinformationarestoredinterim in the DataandHeaderFIFO, respectrely. In
parallelto the S-Link readoutdataare storedin the spybuffer FIFO to provide accesgo the datavia
VME bus. Two differenttypesof FIFOsareusedthe 1k word deepCY7C4225VFIFO onall CMCs
andasheader~IFO on the CATCH andthe 16k word deepCY7C43683Vis usedasdataFIFO and
spybuffer [131].

All FIFOs obegy the sametiming for writing and readingdata as shavn in Fig. A.6. Data
(DIN) arewritten into the FIFO on every rising clock edgewhenerer the write enablesignal WEN
is active (low). The emptyflag EF indicatesthe statusof the FIFO to connectechext stageof data
transfey if the flag is high statingthat now valid dataare available. Thenreadoutof the FIFO can
startwhich is controlledby a FPGA in mostof the caseson the CATCH. The participatingFPGA
actvatesthe readenableflag RENassoonasit is readyto receve data. An outputenableflag OE is
only neededn caseof several FIFOsreadoutvia the samedatabus. This is indeednecessargn the
CATCH becausdhe Formatterreadsout four Merger FIFOsvia the samebus aswell asthe S-Link
FPGAhasconnectiono headeranddataFIFO usingonly onedatabus. For every connected-IFO a
uniqgueRENandOE signalhasto be provided. Only oneFIFO is allowedto be activatedat a time by
settingthe OE signalactive. Datafrom this FIFO arethenvalid on the bus.

cLock /J \J UV VYV VYV VY VYVYYY YT YT U
DIN
WEN ] |

EF |
OE | ﬁ
REN | |

DOUT  -seeseessenssenssesas s DX 2X BBy oo

FigureA.6: Timing of readand write accesgo a FIFO. Writing is performedon every rising clock
edge whenthewrite enablesignal WEN:is active storingtheinputdataDIN, wheeasthe
readouis shiftedby oneclock cyclewith respecto thereadenablesignalREN,providing
outputdataDOUT oneclodk edee later.
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On the first rising clock edgewith an actve REN signal the FIFO recognizeghat dataare re-
questedandappliesdata(DOUT) to the bus on the next clock cycle. Thereforethe dataare shifted
with respecto the RENsignalby oneclock period,which makesit necessaryo keepthe OE actve
for onemoreclock cycle thanthe RENsignal.As it is veryimportantnever to have two outputenables
active simultaneouslynotevenfor afractionof a clock cycle, asthiswould causewo FIFOsto apply
dataon the bus, the correcthandlingof the OE signalsis responsibldor the implementatiorof wait
states Althoughpicturedin thiswayin Fig. A.6 it is notmandatoryto usethe sameclock for readand
write accesgo the FIFO, it is alsopossibleto make useof two differentclocksasfor exampledone
on the CMCswriting datainto the FIFO with the 38.88MHz TCS clock andreadingfrom the FIFO
synchronouso the 40 MHz CATCH clock.

A.5 Clocksin the CATCH system

The CATCH systemcomprehend$wo major clocks. Theseare responsiblgor driving the compo-
nentsexplainedabove, as every registeredlogic and statemachineis working synchronouslyto a
clock signal. For precisefunctionality the usedclocks have to be very stableand musthave a small
jitter. Oneof theseclocksis the38.88MHz TCSclock. It is recevedvia theVME backplandrom the
TCSrecever with ajitter of lessthan50 ps[106]. It is providedin atwofold way, firstin TTL level
usedon the CATCH for operatingpartsof the TCSFPGA (seeApp.C.1) andsecondn differential
PECLstandardThesetwo lines(TCLK+ andTCLK-) areconnectedo the CATCH mezzanineards
via a clock distribution chip andthe CMC connectorsfrom wherethe clock is transmittedto the
connectedrontendcards.Hence the datatransferup to the outputFIFOsof the CMCsis driven by
theTCSclock aswell asthe communicatiorof the TCSFPGAwith the TCSrecever.

The secondimportantclock is the 40 MHz CATCH clock. It is usedfor operatingall FIFOs,
CPLDs,and FPGAson the CATCH. Decouplingof the two clocksis doneby the output FIFOs of
the CMCs,wherewrite accessakesplacewith the TCS clock, whereageadaccessontrolledby the
CATCH is operatedwith 40 MHz. The secondplacewhereboth clocksareusedis the TCSFPGA,
wherethe event headerinformationreceved from the TCS recever synchronougo the 38.88 MHz
clock is processe@ndprovided for the Merger and Formatter FPGAswith a frequenyg of 40 MHz.
The 40 MHz CATCH clock is provided by a SMD quarzoscillatorchip from Daeldin[132]. Three
zero-delayclockdistribution chips(two CY2308andoneCY7B991V, [131]) supplyall logic chipson
the CATCH with this operationfrequeng. Alternatively a 60 MHz clock is foreseeron the CATCH
modulefor acceleratedlatahandlingfrom the CMC FIFO via the FPGAsMerger and Formatterto
thedataFIFO.
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B Appendix: The Implementation Tools

Thedesignprocessandthefirst partof functionality checksthe simulation,is basedon the XILINX
Foundationsoftware usedfor developing the CATCH software. In the first part of this appendix
the implementationtools, the schematiceditor and the usedhardware descriptionlanguageABEL
(AdvancedBooleanEquationLanguage]133] aresketched.This s followed by a brief introduction
to the useddehuggingtools startingwith the simulationalreadyprovided by the XILINX software,
followed by a descriptionof the Logic Analyzer which wasusedfor the final software checks. An
exampleof a performedsimulationandthe checkof the performanceon the hardware by meansof
theLogic Analyzeris shavn in Fig.C.4.

B.1 The SchematicEditor

Thetop level of all CATCH FPGAandCPLD designss realizedasa so-calledschematic Therefore
theinputandoutputinterfaceof thechipis performedonthislevel by theinputandoutputpads These
andsomeotherbasiclogic functionssuchascounterandregisterare sketchedin Fig.B.1 to give an
ideaaboutthe appearancef the schematiceditor Also shavn is a simple ABEL code,which can
easilybeincludedinto the schematiadesignby connectingts inputsandoutputsto the corresponding
component®f the schematic.

1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘ 8
H Some basic elements H
of the schematic editor: ABEL CODE
s cLock A — s
ABEL
INPUT PAD OUTPUT PAD
i -
. AND OR INVERTER .
D D
COUNTER REGISTER
¢ e el N B ¢
 E— B - I O  E—
B B
CLOCK INPUT cLOCK
— o ——Hre— —
Xilinx Corporation FPGA:
A 2100 Logic Drive For: SCH1 A
San Jose, CA 95124 Date: 4/1/02
Date Last Modified: 4/1/02
r 1 2 [ s 1« [ s | & | 1 ] =

FigureB.1: Shematiceditor picture featuringsomebasicfunctionblodks.
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B.2 The Hardware Description LanguageABEL

ABEL (AdvancedBooleanEquationLanguage)s onerepresentate of thehardwaredescriptiorlan-
guagesusedfor implementingcomple softwarefor reprogrammablehips. The simple ABEL code
mentionedabore containsoneinputandoneoutputconnection Additionally thereis oneclock (CLK)

andoneresetinput. As atypical examplenotonly for the languageABEL, but alsofor afinite state
machine,Tah B.1 shavs aso-callednonoflop alogic modulewhich setsits outputhigh for onecycle
of thedriving clock every time theinputline changests statefrom low to high.

B.3 The Timing Simulator

After adesignhasbeendevelopedusingthedescribedools,thefirst functionalitytestis performedoy
meanf thetiming simulator apartof the XILINX software.All internallogic canbetestedor logic
errorsor internaltiming problems Externalsignaldik e for instanceahe CLOCK inputin Fig.B.1 have
to be appliedto theseinputs. The situationto be simulatedcanthusbe choserby the user Internal
signalsnotonly coveringthe schematidines, but alsothe statesof a statemachine g.g. the statewait
of Tah B.1, andall outputsarethencalculatedy the simulatordependingntheselectednputs. This
gives a detailedanalysisof the implementedogic. For the selecteddevice, i.e. the type of FPGA,
the simulatorassumesvorst casesignal propagatiortimeswithin the chip andthereforealsogivesa
timing estimationfor the designundertest. The setupandhold timessimulatedfor the outputsignals
is afirst hint onthetime atwhich the signalwill be availablefor the successie partsof the datapath,
but asthe propagatiortime betweerthe chipsis unknavn, theinterchipcommunicatiorcanonly be
simulatedrudimentary

B.4 The Logic Analyzer

An importanttool for detuggingall digital electronicgpresentedhn thisthesiswasthelLogic Analyzer
(HP16700A).It cansimplified be thoughtof asa multichanneloscilloscopéllustratingup to 64 digi-

tal signalsin a waveform easilycomparablavith the simulationsbeingavailable after programming
the software for the logic chips. It is especiallysuitedfor testingthe signal propagationbetween
connected~PGAs.Every pin of achip onthe CATCH modulecanbe connectedvith a specialprobe
which canbe appliedto the chip. The connectedsignalscanthenbe madeobserablein a so-called
waveform shawing the state(i.e. high or low) of the signal. The samplingtime is 4 nsandcanbe
improved to 2 nsif only 32 input channelsare used. A total period of approximately8 ms (4 ms
for the 2 ns sampling)canbe visualized,in which thetriggertime canbe selectedo be at ary time,

dependingntheintendedmeasuremeniThus,onecanmale visible thetime beforeor aftera certain
signaturewvhich hasbeentriggeredon.

Triggering is the processof selectingthe situation one wantsto have a look at. The Logic
Analyzerprovidesa multitudeof possibilitiesto do so. The mostimportantandmostfrequentlyused
onesaretriggeringon a definedstateor arising or falling edgeof oneof the signals. Setupor hold
time violationscanbe madevisible by triggeringon a certainstatewhich is presenfor atoo shortor
too long time. For morecomplex applicationscombinationof theseand otheruserdefinedtriggers
can be chosen. The whole software functionality was carefully examinedwith thesetools, logic
andtiming problemswere obsered and could subsequentle solved leadingto the final revision
presentedn Sectb5.
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TableB.1: Exampleof an ABEL statemadine a monoflopwhich is usedfrequentlyin the CATCH
FPGAdesigns Commentsre marked by the slantedfont.

moduleABEL
Title 'ABEL’

" Definition of inputsandoutputs:
Declarations

CLK PIN;

RESETPIN;

INPUT PIN;

OUTPUTPIN istype’reg’;

" Definition of usedstates:
Sreg0 STATE_REGISTER,;
wait, enabledrdy STATE;

Equations
" clock signalsdefinitions:
Sregy0.clk= CLK;

State_diagransreg0
ASYNC_RESETwait: RESET

” Begin of the statemachine:
Statewait:
IF (INPUT=1) THEN
GOTO enabled
ELSE
GOTO wait;

Stateenabled:
OUTPUT=1;
GOTO rdy;

Staterdy:
IF (INPUT=0) THEN
GOTO wait
ELSE
GOTO rdy;

endABEL
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C Appendix: The FPGA Designs

The developmentof the complex software for three of the CATCH FPGAswas one of the major
tasksof the on handthesis.Fastandefficient datatransferhasto be providedtogethemwith full error
detection. Data and trigger flow are monitoredpermanentlyand the format of datais completely
standardizedrom the Formatter FPGA onwards. Implementationof the presentedogic hasbeen
achiered usinga specialschematieditorprovidedwithin the XILINX Foundationsoftware[115] and
the hardware descriptionlanguageABEL [133]. Comple applicationsare implementedas ABEL

codemostlyrealizedasstatemachineg134]. Thisis alogic structurewithin which ajumpto the next

stateis performedon every rising clock edge. The next state,which canalsobe the sameagain,is

definedby internalor externalvariables.Thusit canbeillustratedasa flowchart. A partof a typical
ABEL codeis givenin Tah C.1with the correspondindglowchartin Fig.C.3.

Controller
VME
MERGER B
TCS-RECEIVER ‘

FORMATTER

FigureC.1: Shematicof the dataflowin the CATCH module Data are guidedthroughthe pipeline
CMC - Merger - Formatter- dataFIFO and trigger informationfrom the TCSreceiver
via the TCSFPGAto theheaderFIFO. TheS-LinkFPGA combinesdothdatastreamsto
forman eventthen,transferedto thereadoutbuffer PCsvia S-Link.

The basicstructureof the designis a so-calledschematic.The mostbasicpartsof the designcan
easily be implementedby using predefinedsymbols,i.e. input and outputbuffer, inverter register
logic and logic or, simplemultiplexer, etc. Statemachinesnentionedaborve canbeimportedinto the
top level schematidoy generatinga macrofrom the ABEL code. For a generaldescriptionof design
techniqguesanddigital hardware systemssee[134]. An exampleof the schematieditor window for
the FormatterFPGAcanbefoundin Fig.C.2.

A simplified sketch of the CATCH working principle is shavn in Fig.C.1 The data handling
within the CATCH is basedn seven FPGAs the eighthone,the Controller FPGA, is responsibldor
furtherprocessingf the externalaccesset the CATCH via the VME-CPLD describedn App. A.2.
Thecontwoller FPGAdistributesVME readandwrite commandso theaddressegartof the CATCH,
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performsthe communicationwith the RAM and transmitsthe initialization datato the connected
frontendboardsvia the serialinterface. Four Merger FPGAsare programmedo readout one CMC
each,transferringthe incoming datafurther on to the Formatter Datafrom all four Mergers are
combinedandeditedby the Formatter. For everyrecevedtriggeranS-Link headeseeSect5.3.4)is
generatedy the TCSFPGA. Both dataandheadeiinformationarestoredin two FIFOsfrom where
they arereadout for further transferto the readoutbuffer PCsvia S-Link by the S-LinkFPGA. The
featuresandworking principlesof the Formatter, TCSandS-LinkFPGAarepresentedbelow.

C.1 The TCS-Interface (XCS40XL-PQ208-4)

Unlike the frontendboards,the CATCH moduledoesnot work with the 38.88MHz clock provided
by the TCSsystem.Instead aninternal40 MHz clock is usedwhich alsodrivesthe S-Link interface.
As thetriggerinformationis synchronouso the TCS clock, the TCSFPGA mustusebothclocks,the
TCS clock to readout the TCS recever correctly andthe CATCH clock to communicatewith the
restof the CATCH system. For every trigger, the six byte information (seeTah 4.1) is readout on
six consecutie clock cycles. Eventnumberandtype, spill numbeyandthe TCSerror byte arestored
in a 32 word deepinternal FIFO alsodriven by the TCS clock. All otherFPGAsandFIFOson the
CATCH areoperatedvith theinternal40 MHz clock. Thereforethe storedeventheadelinformation
have to besynchronizedo this frequeng whenthey areprovidedfor the Merger andFormatterchips.
For decouplingof thetwo clock frequenciesthe dataof theinternal FIFO areintermediatelybuffered
in aregisterworking with the40 MHz clock.

The readoutprocedureis startedby a commandto the Formatter and the Merger FPGAs. As
the Mergers comparethe eventnumberof the TCS systemwith thenumbergeneratean thefrontend
board they areprovidedwith the 20 bit eventnumber The Formattergetstheinformationif theevent
is to be skipped(this is alsogiven to the Merger), and, asthe Formattergenerates specialheader
for the first-event-of-runcontainingthe software revision numberof all FPGASs[75], the TCSFPGA
revision is communicatedo the Formattertogetherwith theinformationif it is thefirst-event-of-run
or not. A skip eventsignalis distributedif sucha commands receved from the TCS system,if the
internaltrigger FIFO is almostfull, or if the dataFIFO wasfull while processinghe previous event.
In the latter two caseshe event skip signalis generatednternally in orderto avoid lossof triggers
(internal FIFO almostfull) or to catchup with the usualreadoutspeed. After receving their start
commandthe Mergers arepreparedo readout the outputFIFOs of the CMCs andthe Formatteris
readyto readout thefour Mergers. Whenthelasttrailer belongingto theeventhasbeenprocessethy
the Formatter, it sendsanacknavledgesignaltogethemwith the eventsizeandnumberof errorwords
information(seeApp. C.2)backto the TCSFPGA.AIll informationneededo form the S-Link header
(seeTah 5.9)is thenavailableandit is written into the heade=IFO. In parallel,the next triggercan
have causedhe FPGAto transmitnew informationto the FormatterandMergers.

In orderto speedup the readoutprocedureto a higher degree, the following event number (if
alreadyreceved)is transferredo the Merger during processingn event. Thus,at high triggerrates,
whenthe outputFIFO of the CMCs alreadycontaindatawordsof the next event, thesearealsoread
outandkeptreadyfor the Formatterin theinternaloutputFIFO of theMergers, moreweraccelerating
alsothe Formatter
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C.2 The Formatter (Virtex V200PQ240-4)

As long asthe frontendboardsarenot initialized, they sendsetupdatato requestheir initialization

data.Thesesetupdatawordscontainthe geographicalD of the detectorto which they areconnected
aswell astheir serialnumber Setupwordsarecarriedthroughby the Merger FPGAsandarestored
in theinternalRAM of the Formatter ThegeographicalD is includedin thefirst-event-of-runheader
andin theerrorwordsbothgeneratedy the Formatter

After receving the readysignal from the TCSFPGA, the Formatter startsreadingout the first
Merger as soonasits empty flag disappears.If it is the first-event-of-run a specialheader[75]
precedeghe datareadout from the Mergers, giving the statusof the CATCH and the connected
frontendboards. The main task of the Formatteris the fastreadoutof the Merger FPGAs. In case
no error occursandthe dataFIFO to which the dataarewritten doesnot becomefull the Formatter
requestdatafrom the Merger until a word is marked asthe last trailer of the event (seeTah 5.7).
Thenthereadouts stoppedoy deactvating the readenablesignal. As a readenablefor a FIFO asks
for adataword onthenext rising clock edge ,onemoreword is receved by the Formatter This word
is storedinternallyandis addedo the datastreamof the next eventin front of thefirst newly readout
word. A word is alsostoredinternallyif anerroroccurs,eithermarked by the Merger or detectedoy
the Formatteritself. Here,the readoutis stoppedor threeclock cycles,which allows the Formatter
to generatehe errorword andto checkthe storedword, sinceeventuallyalsofor the storedword an
errorword hasto be generatedThe main schematiandpartsof the centralABEL codefor readout
of thethird Merger FPGAis givenbelow in Fig.C.2.

This ABEL code can be visualizedwith a flowchartas shavn in Fig.C.3. After finishing the
communicatiorwith the secondMerger FPGA the handlingof datafrom Merger C startsdepending
onthestatusof the Merger outputFIFO. Every clock cycle anew stateillustratedby the oval fieldsis
actvatedfollowing the arronvs. In normaloperationthe logic follows the unlabelledarrows, special
casedike occurringerrorsor the primarytrailer motivatingtheendof Merger C readoutareexpressed
by thelabelledarrowns.

The information includedin the datawords is eventually rearrangedaccordingto their format
(ADC, TDC, or TDC headersuppessell seeFig.C.2. This is doneby preselectinghe readout
modevia VME whichthencontrolsthe multiplexerson theright handsideof themain ABEL codein
Fig.C.2,decidingin whichformatthedataarewritten into thedataFIFO via theoutputbus FD[32..0].
In the ADC mode,datawordsareunchangedwhereador the TDC modeadditionalinformationis
simply added. The headersuppessedmoderequiresthe reshufling of the incoming information
within the word plus the additionof the geographicalD of the parentfrontendboard,which is read
from the internal RAM. Unlessthey aremarked to containan error, all headerandtrailer wordsare
removed from the dataflow in the headersuppessedmode. Datawords are written into the data
FIFO like it is donefor all wordsin the other modesaslong asthe dataFIFO is not full. If this
happenghe readoutof the Mergers is alsostoppedanda marker indicatingthis incidentis addedto
the informationto be transmittecto the TCSFPGA. The numberof wordswritten to the dataFIFO
is countedaswell asthe numberof errorswhich appearedvithin the event. Both thesenumbersare
transferredo the TCSFPGA after the last Merger indicatedthe lasttrailer belongingto the current
event.
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C.2 THE FORMATTER (VIRTEX V200PQ240-4)
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TableC.1: Typical part of a CATCHABEL code

Statereadc:"stored error word
stat:=[0,0,1,1,0,0,0,1];
abcd:=[1,0];
abcd.ce2b11;

IRpta:=0;

IRpta.ce®b1l;

IRptb:=0;

IRpth.ce=\b1;

cena=IRsetupc& IRerrorc& !skip;
fwen:= IRsetupc& IRerrorc& !skip;
fwenb:= IRsetupc& IRerrorc& !skip;
fd32:=0;

[fd31..fd20]:= [mode,1,1,1,1,1,1,1,1,1,1];
[fd19.. fd10]:=[ge09.. geoO];

[fd9 .. fd8] :=[1,0];

[fd7 .. fd6] := [IRcc7 .. IRcc6];
fd5:=(IRcc5# IRcc4);

fd4:=(IRcc4# (IRdc30& mode));
[fd3 .. fdO] :=[IRcc3.. IRccO];

GoTo readOc;

StatereadOc:"stored dataword
stat:=[0,0,1,1,0,0,1,0];
IRsetupc=0;

IRsetupc.ce "\bl;
IRsetupc2=0;
IRsetupc2.ce "\b1;
IRerrorc:=0;
IRerrorc.ce= "b1;
IRpt:= pt & IRmefc;
IRpt.ce=\b1;
fd32:=0;
[fd31 .. fd0] := IRd(c;
port:=[IRcont7,IRcont6];
fwen := IRsetupc& !skip;
fwenb:= IRsetupc& (IRerrorc# IRdc31)& !skip;
IF (memreron3& IRptc) THEN
GoTo readdWITH
moec off = 1;
IRsetupc=0;
IRsetupc.cefbl;
ENDWITH
ELSEIF (IRptc) THEN
GoTo trailer WITH
IRptc :=0;
IRptc.ce®bl;
IRsetupc=0;
IRsetupc.cebl;
ENDWITH

ELSEIF (varl& error& IRmefc) THEN
GoTo read4cWITH
mrenc off = 1;
ENDWITH
ELSEIF (varl)THEN
GoTo read4c;
ELSEIF (mefc& faf) THEN
GoTo read1cWITH
mrencon=1,;
moecon=1;
var2:=1;
var2.ce®bl;
ENDWITH
ELSE
GoToreadlc;

Statereadlc:
stat:=1[0,0,1,1,0,0,1,1]
IF (var2) THEN

GoTo read3c;
ELSEIF (mefc& faf) THEN
GoTo read2cWITH
mrencon=1,;
moecon=1;
ENDWITH
ELSE
GoToreadlc;

Stateread2c:
stat:=[0,0,1,1,0,1,0,0]
abcd:=[1,0];
abcd.ce#bl1;
IRdata:= md;
IRdata.ce= hffffffff;
IRcont:= mctrl;
IRcont.ce= "h7ff;
GoTo read3c;

Stateread3c:
stat:=[0,0,1,1,0,1,0,1]
mrenc off = Ifaf # (pt & IRmefc) # (error &

IRmefc);
moec off = lIRfaf;
setup:= (I(mctrl9 & mctrI8));
setup.ce= "b1;
IRport:=[mctrl7 .. mctrl6];
IRport.ce="b11;
IRsetupc=0;

IRsetupc.ce= "\b1;
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TableC.1: Typical part of a CATCH ABEL code continued.

IRsetupc2=0;
IRsetupc2.ce "\b1l;
IRerrorc:= 0;
IRerrorc.ce= "\b1;
IRpt := pt & IRmefc;
IRpt.ce='b1;
IRdata:= md;
IRdata.ce= Mhffffffff;
IRcont:= mctrl;
IRcont.ce= *hT7ff;
GoTo read4c;

Stateread4c:
stat:=[0,0,1,1,0,1,1,0];
mrenc off = Ifaf # (pt & IRmefc) # (error &

IRmefc);
moec off = lIRfaf;
varl:=0;
varl.ce£bl;
var2:=0;
var2.ce®bli;
var3:=0;
var3.ce®bl;
var5:=0;
var5.ce£bl;
setup:= ((mctrl9 & mctri8));
setup.ce= "\b1;
pause= IR2faf;
pause.cebi;

IRport:= [mctrl7 .. mctrl6];

IRport.ce= "b11;

IRpt := pt & IRmefc;

IRpt.ce=!IRpt;

IRdata:= md;

IRdata.ce= Mhffffffff;

IRcont:= mctrl;

IRcont.ce= “h7ff;

IRmd := md;

IRmd.ce= Ahffffffff;

IRsetupc.= setup& IRpt;

IRsetupc.ce= IRmefc;

IRsetupc2= setup& IRpt;

IRsetupc2.ces IRmefc2;

IF (IRpt& !IRerror) THEN
GoToread9cWITH

moec off = 1;

ENDWITH

ELSEIF (IRerror& IRmefc2) THEN
GoToread6cWITH

moec off = 1;

ENDWITH

ELSE
GoToread5c;

Stateread5c:
stat:=[0,0,1,1,0,1,1,1];
mrenc off = Ifaf # (pt & IRmefc) # (error &
IRmefc);
moec off = lIRfaf;
setup:= (!(mctrl9 & mctrl8));
setup.ce= "\b1;
pause= IR2faf;
pause.cetbi;
IRport:=[mctrl7 .. mctrl6];
IRport.ce="b11;
IRpt := pt & IRmefc;
IRpt.ce='b1;
IRdata:= md;
IRdata.ce= hffffffff;
IRcont.ce= "h7ff;
IRmMd:=md;
IRmd.ce= Mhffffffff;
IRsetupc= setup& IRpt;
IRsetupc.ces IRmefc;
IRsetupc2= setup& IRpt;
IRsetupc2.ce IRmefc2;
fd32:=0;
[fd31 .. fd0] := IRdata;
port:= [IRcont7,IRcont6];
fwen := setup& IRmefc3& !skip;
fwenb:= setup& IRmefc3& IRdata31& !skip;
IF (IRpt & !IRerror) THEN
GoToread9cWITH
moec off = 1;
ENDWITH
ELSEIF (pause)THEN
GoToreadlc;
ELSEIF (IRerror& IRmefc2) THEN
GoToread6cWITH
moec off = 1;
ENDWITH
ELSE
GoTo read5c;
Stateread5c:
stat:=[0,0,1,1,0,1,1,1];
mrenc off = Ifaf # (pt & IRmefc) # (error
IRmefc);
moec off = lIRfaf;
setup:= (I(mctrl9 & mctrI8));
setup.ce= "\b1;
pause= IR2faf;
pause.cetbl;

IRcont:= mctrl;
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TableC.1: Typical part of a CATCH ABEL code continued.

IRport:= [mctrl7 .. mctrl6];
IRport.ce="b11;
IRpt := pt & IRmefc;
IRpt.ce='b1;
IRdata:= md;
IRdata.ce= " hffffffff; IRcont:= mctrl;
IRcont.ce= "h7ff;
IRmMd := md;
IRmd.ce= Mhffffffff;
IRsetupc= setup& IRpt;
IRsetupc.ce= IRmefc;
IRsetupc2= setup& IRpt;
IRsetupc2.ce IRmefc2;
fd32:=0;
[fd31 .. fd0] := IRdata;
port:= [IRcont7,IRcont6];
fwen := setup& IRmefc3& !skip;
fwenb:= setup& IRmefc3& IRdata31& !skip;
IF (IRpt & !IRerror) THEN
GoTo read9cWITH
moec off = 1;
ENDWITH
ELSEIF (pause)THEN
GoTo readlc;
ELSEIF (IRerror& IRmefc2) THEN
GoTo read6¢WITH
moec off = 1;
ENDWITH
ELSE
GoTo read5c;

Stateread6c:"geneateerror word
stat:=[0,0,1,1,1,0,0,0];
cena= setup& !skip;
fwen := setup& !skip;
fwenb:= setup& !skip;
fd32:=0;
[fd31 .. fd20]:=[mode,1,1,1,1,1,1,1,1,1,1];
[fd19.. fd10] :=[ge09.. geoO];
[fd9 .. fd8] :=[1,0];
[fd7 .. fd6] := [IRcont7.. IRcont6];
fd5:=(IRcont5# IRcont4);
fd4:=(IRcont4# (IRdata30& mode));
[fd3 .. fd0] := [IRcont3.. IRcontO];
IRerrorc:= (IRerror& IRmefc2);
IRerrorc.ce= "b1;
IRmMc := mctrl;
IRmc.ce= "h7ff;
IRdata:= md;
IRdata.ce= "hffffffff;

IRcont:= mctrl;
IRcont.ce= Ah7ff;
GoToread7cWITH

moec off = 1;
ENDWITH

Stateread7c:

stat:=[0,0,1,1,1,0,0,1]
setup:= (!(IRcont9& IRcont8)& IRmefc3);
setup.ce= "\b1;
IRptc:= (IRcontl0& IRcont9& !IRcont8);
IRptc.ce="b1;
IRdc:= IRdata;
IRdc.ce= " hffffffff;
IRcc:=[IRcont7.. IRcontO];
IRcc.ce= "h7ff;
fd32:=0;
[fd31 .. fd0] := IRmd;
port:=[IRportl,IRport0];
serr:=1,
fwen := setup& !skip;
fwenb:= setup& !skip;
IF (memgeron3& IRsetupc2& !IRsetupd)THEN
GoToreadldwITH
moec off = 1;
ENDWITH
ELSEIF (memeron3& IRsetupc2)THEN
GoToreaddWITH
moec off = 1;
ENDWITH
ELSEIF (IRsetupc2)THEN
GoTo trailer;
ELSEIF (IRerrorc& mefc& faf & !IRpt) THEN
GoToread7c2WITH
mrencon=1,;
moecon=1;
var5:=1;
var5.ce®bl1;
ENDWITH
ELSEIF (IRerrorc)THEN
GoToread7c2;
ELSEIF (lIRpt & mefc& faf) THEN
GoTo read8cWITH
mrencon=1,;
moecon=1;
var3:=1,
var3.ce£bl;
ENDWITH
ELSE
GoTo read8c;
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TableC.1: Typical part of a CATCH ABEL code continued.

Stateread8c:
stat:=1[0,0,1,1,1,0,1,1];
fd32:=0;

[ fd31..fdO] := IRdata;
port:= [IRmc7,IRmc6];
serr:= IRerrorc;

fwen := setup& !skip;

IF (memeron3& IRpt & !IRsetupd)THEN
GoToreadldwITH
moec off = 1;
ENDWITH
ELSEIF (memgeron3& IRpt) THEN
GoTo readdWITH
moec off = 1;
ENDWITH
ELSEIF (IRpt) THEN
Gototrailer WITH
moec off = 1;
ENDWITH
ELSEIF (var3)THEN
GoToread3c;
ELSEIF (mefc& faf) THEN
GoTo read2cWITH
mrencon=1,;
moecon=1;
ENDWITH
ELSE
GoToreadlc;

fwenb:= setup& (IRerrorc# IRdata31)& !skip;

Stateread9c:"goto handlingof next meiger
stat:=[0,0,1,1,1,1,0,1];
moec off = 1;
IRdc:=md,;
IRdc.ce= Mhffffffff;
IRcc:=[mctrl7 .. mctrlQ];
IRcc.ce="hT7ff;
IRptc:= (mctrl10& mctrl9 & !mctri8);
IRptc.ce="\b1;
IRerrorc:= IRerror;
IRerrorc.ce= IRmefc;
fd32:=0;
[fd31.. fd0] := IRdata;
port:=[IRcont7,IRcont6];
fwen := setup& IRmefc3& !skip;
fwenb:= setup& IRmefc3& IRdata31& !skip;
IF (memgeron3& !IRsetupd& mefd& faf) THEN
GoToread2dWITH
mrend on=1,
moed on=1;
ENDWITH
ELSEIF (memgeron3& !IRsetupd)THEN
GoToreadld;
ELSEIF (memgeron3& mefb& faf) THEN
GoToreaddWITH
mrend on=1,
moed on=1;
varl:=1,
varl.ce£bl;
ENDWITH
ELSEIF (memgeron3)THEN
GoTo readd;
ELSE
GoTotrailer;

C.3 The S-Link Interface (XCS40XL-PQ208-4)

The completeevent structure(see Tah 5.9) has beengeneratedand storedin two FIFOs by the
Formatterand TCSFPGASs.ALt this position,anabsolutedecouplingof theinput datato the outgoing
dataflow is attained.The S-Link FPGA alternatelyreadsout thetwo FIFOsandtransmitsthe events
to the S-Link sendercard (seeSect4.4). A full link not ableto handlenewv datawordsis correctly
treatedby stoppingthe outputandthe readoutwhile intermediatelystoringthe readout wordsin the
meantime.Occurrenceof a link full flagis relatedto the usedlink; 100 MByte/s, 128 MByte/s and
160MByte/slinks wereused for the 160 MByte S-Link thelink cannotbecoméull.
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Readout of Merger B
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error

\
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W= L

primary read8c

trailer

Readout of Merger D primary trailer
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FigureC.3: Flowchart of parts of the main Formatter statemadiine After finishingthe readoutof
the secondMerger, communicatiorwith the third Merger startsin oneof the four upper
statesdependingon the statusof this Merger. Normal opeiation is donein stateread5c
indicatedby the loop arrow. It is only left in caseof an error or the end of the event
resultingin a jumpto thenext Merger or thetrailer handling
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The outgoing datalines to the S-Link are connectedto the spybuffer FIFO on the CATCH in
parallel. Writing into the spybuffer is controlledby the S-LinkFPGA, offering the possibilityto write
all eventsto the spybuffer or just one event eachtime the FIFO is empty Otheralternatves areto
write prescaledvents,soi.e. every tenthor hundredthevent, or to selectoneor several eventtypes
which areto bewritten to the spybuffer (seeTah D.3). Theeventtypeselectionprovidesareasonable
way to readout especiallyscalerdata,sincethe scalercontinuescountingafter every trigger, thereby
delivering increasingarbitrary countervalues,whereasonly the final number givenin the lastevent
of cycle, containstheinterestingfinal countervalue. Thus, by selectingthe typeslast-event-of-cycle
andlast-event-of-runonly the physicallyinterestingscalervaluesarestoredin the spybuffer. Thelast
possiblemodeis to write dataonly to the spybuffer. For this optionno S-Link connectioris needed,
makingthe CATCH moduleaneasyto handlelaboratoryreadoutmodule.

TableC.2: Eventtypedefinition.

| Bit Combination| Description \
00000 physicaltrigger
00001...11011 | calibrationor monitoringtrigger
11100 firsttriggerin therun
11101 lasttriggerin therun
11110 firsttriggerin thecycle
11111 lasttriggerin thecycle

The spybuffer modecanbe chosenby softwaresettingthe internal S-Link FPGA registerwith the
baseaddressl804to a certainvalue. All possibilitiesare summarizedn Tah D.3. The eventtypes
to be storedin the spybuffer in caseof eventtype selectioncanbe setwith a vme_writecommand
to addressl80c (bits 15..0)and 1810 (bits 31..16), with which 32 event typescan be selectedn-
dividually or ary combinationof them. If bit 3 is setto one (vme_writee0**180c 8), event type
‘eight’ is chosengorrespondingo the eventtype 01000asgivenin Tah C.2. Thevaluen for writing
a prescalechumberof eventsinto the spybuffer canbe setby the seven bits 15..8. Readoutof the
spybuffer via VME is performedwith the commandvme_reace0**8000’, where** is the hardware
addres®f theselectedCATCH module.

Apart from the control of the outgoing dataflow, the S-Link can also be resetmanually via
the S-LinkFPGA.. Differenttestingpossibilitiesareprovided, eithersendingfive artificially generated
testwordsto the S-Link andthe spybuffer or startinga pseudo-randondlatastream. For a single
S-Link aswell asfor the S-Link multiplexer a routineis provided to testthe interface betweenthe
CATCH andthe ROB automatically(seeSect5.5).

For future upgradingof the readoutsystemthe possibility to implementa newv software into
the S-LinkFPGA to communicatewith the extensionport is foreseen.Therefore the dataoutputof
the FormatterFPGA s connectedo a CMC type extensionportin parallelto the connectiorto the
dataFIFO. A secondCMC connectiormprovidesaccesgo the VME businterfaceanda 40 bit databus
to the S-LinkFPGA. This createghe possibility of developinganothemezzaninecard,on which for
example,datacompressioralgorithmscanbe performed reducingthe dataoutputof the CATCH via
S-Link.
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FigureC.4: Comparisonof the specificationgor S-Link communicationtop) with simulationper-

formedwith the XILINX Foundationsoftwae (middle)andhardware realization(bottom),
executingthe procedue picturedin Fig. A.5. Thelatter is performedwith an 100 MByte/s
link leadingto an extendedtime with activefull flag (LFF). Thisinvestigationwasdone
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The statusof all CATCH FPGAscan be requestedrom the chipsvia VME readcommands. By
writing to the specificl/O registersof the FPGAsthe configurationcan be selected. The following
tablesprovide alist of possiblereadandwrite commandsndtheir description.

TableD.1: TCSFPGAregistes.
| Offset | Read/Write| Bits | Description

1400 W 0 0: USR3=Endof Burst(default), 1: USR3= pretrigger
1 1. TCSdummyconnected
3-2 | 1,3: Sendcodedtriggervia HOTLink (3=defult)
2. Sendtriggeronly via HOTFiber
0: Sendfasttriggervia HOTFiber
w 4 0: special(synchronizebegin of burstfor CMC-Cards(1=dehult))
1400 R 0-7 | TCSFPGAdesignrevision
8 pretriggerasUSR3
10 | TCSReady
11 TCSError
12 CurrentlyBurst
13 RESET
14 | TCS-dummy
1404 w 0 sendUSR425 ns(front endreset)
1 sendUSR4400ns (front endresetfor CMC)
2 special(counteventsandspill numberon CATCH)
3 special(resetspill numberto zero,if bit2=1)
4 special(resetCATCH, sameasTRESET)
5 readout TCSrecever status
1404 R 0-15| Triggercounterin currentspill
| 1408 | R | 0-15 | Triggercounterin lastspill
1410 R 0-4 | triggermask(eventtype)
5-15 | spill number
140C R 0-7 | TCSreceverID
8-15 | TCSstatusregisterafterlasterror
| 1414 | R | 0-15 | eventnumberbit 0-15
1418 R 0-3 | eventnumberbit 16-19
8-15 | errorword
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TableD.1: TCSFPGAregisters, continued.

\ Offset\ Read/Write\ Bits

Description

141C R 0 skip currentevent
1 modeof currentevent
2 HFF HeaderIFO full
3 HAF HeaderIFO almostfull
4 internalFIFO empty
5 internal FIFO full
6 FILLED = TCSdatareadyfor currentevent
7 EREADY (Merger ready)
8 FREADY (Formatterready)
10 MEVTRDY (Eventnumberreadyflag)
11 THREADY (TCSHeaderready)
12 MEVTSELA (acknavledgeMergerA)
13 MEVTSELB (acknavledgeMergerB)
14 MEVTSELC (acknavledgeMergerC)
15 MEVTSELD (acknavledgeMergerD)
1420 R 0-3 addres® from tcsFIFO
4-7 addresd from tcsFIFO
8-11 | addresg fromtcsFIFO
12-15 | address from tcsFIFO
1424 R 0-3 addresgl from tcsFIFO
4-7 address$ from tcsFIFO
8-12 | internalFIFO counter
| 1428 | R | 0-15 | TCSheadeiin counterin lastspill
| 142C | R | 0-15 | TCSheadeoutcounterin lastspill
1440 R/W 0-7 (Merger designrevision)
R/W 8 1 = Switchoff readoutCMC A (MergerA)
R/W 9 1 = Switchoff readoutCMC B (MergerB)
R/W 10 1 = Switchoff readoutCMC C (MergerC)
R/W 11 1 = Switchoff readoutCMC D (MergerD)
R/W 12 1= ADC typereadout0=TDC readoutdefault)
1448 R/W 9-0 sourcelD (asgivenin the S-link header)
R/W 15-10 | formatbits6..1
| 144C | R | 0-15 | counterof calibrationtriggers




145

TableD.2: FormatterFPGAregistess.

| Offset | Read/Write| Bits | Description

1000 R 0-7 FormatterFPGAdesignrevision
8-15 | Statusof readoutstatemachine

1004 R/W 0-3 1 = Switchoff readoutof CMC 1-4 (MergerA-D)
4 1=ADC typereadout0Q = TDC readout(default)
5 1 = compressedhode,0 = uncompresseftiefault)
6 mixedformatfor Merger A-D
7 1 =requestf 1 init datafor first-event-of-run
8 1 =no errorhandlingfor first-event-of-run

R 14-15 | DataFIFO almostfull/full
1008 | RMW 0-15 | CATCH serialnumber

100C R/W 0-7 Merger softwarerevision
8-15 | S-LINKFPGAsoftwarerevision

1010 R/W 0-15 | CMC-11D

1014 R/W 0-15 | CMC-2ID

1018 R/W 0-15 | CMC-3ID

101C R/W 0-15 | CMC-41ID

1024 \W 0-6 mixedformatfor Merger B

1024 w 8-14 | mixedformatfor Merger A

1028 w 0-6 mixedformatfor Merger D

1028 W 8-14 | mixedformatfor Merger C

TableD.2: FormatterFPGAreggisters, readonly.

Offset | Bits | Description | Offset | Bits | Description

1020 | 0-15| FE-Serialnumberfor port0 1220 | 0-15 | FE-Serialnumberfor port8
1030 | 0-9 | FE-geographi¢D for portO 1230 | 0-9 | FE-geographi¢D for port8
1060 | 0-15| FE-Serialnumberfor port1 1260 | 0-15 | FE-Serialnumberfor port9
1070 | 0-9 | FE-geographi¢D for port1l 1270 | 0-9 | FE-geographi¢D for port9
10A0 | 0-15 | FE-Serialnumberfor port2 12A0 | 0-15| FE-Serialnumberfor port10
10BO | 0-9 | FE-geographi¢D for port2 12B0 | 0-9 | FE-geographid¢D for port10
10EO | 0-15 | FE-Serialnumberfor port3 12EO | 0-15 | FE-Serialnumberfor port11
10F0 | 0-9 | FE-geographi¢D for port3 12F0 | 0-9 | FE-geographid¢D for port11
1120 | 0-15| FE-Serialnumberfor port4 1320 | 0-15 | FE-Serialnumberfor port12
1130 | 0-9 | FE-geographi¢D for port4 1330 | 0-9 | FE-geographi¢D for port12
1160 | 0-15| FE-Serialnumberfor port5 1360 | 0-15 | FE-Serialnumberfor port13
1170 | 0-9 | FE-geographi¢D for port5 1370 | 0-9 | FE-geographi¢D for port13
11A0 | 0-15| FE-Serialnumberfor port6 13A0 | 0-15 | FE-Serialnumberfor port 14
11BO | 0-9 | FE-geographi¢D for port6 13B0 | 0-9 | FE-geographid¢D for port14
11EO | 0-15 | FE-Serialnumberfor port7 13EO | 0-15| FE-Serialnumberfor port15
11F0 | 0-9 | FE-geographi¢D for port7 13F0 | 0-9 | FE-geographid¢D for port15
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TableD.3: S-LinkFPGAregisters.

| Offset | Read/Write]

Bits | Description

1800 R 0-7 | S-LinkFPGAdesignrevision
11 HeaderIFO empty
12 DataFIFO empty
13 Spybuffer FIFO empty
14 LDOWN (link down)
15 LFF (link full flag)
1804 R/W 0-1 | 0: Spymodewrite eventsuntil FIFO full
1. Spymodewrite 1 eventif FIFO empty
2: Spymodewrite every nth eventuntil FIFO full
3: Spymodewrite to spyluffer only
2 sendURESET
3 send5 testwordsincl. controlwords
4 sendUTEST (32x SLINK testpattern)
5 Resetspy FIFO
6 resetspybuffer at TRESETsignal
7 switchoff CATCH
8-15| n: write every nth wordto spy buffer
1808 R/W 0-9 | setCATCH sourcelD for S-Link testwords
10 resetS-Link (URESET)at TRESETsignal
11 Write selectedeventtypeto spybuffer
180C R 0-15 | Statusof statemachine
180C w 0-15 | Selecteventtype (bits0..15)
| 1810 | W 0-15 | Selecteventtype (bits 16..31)
TableD.4: Spybuffer readout.
Offset | Read/Write| Bits | Description
8000- R 0-31 | Readdatafrom spy buffer (block transferpossible)

8F FF
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ADC
ASD8b
CASTOR
CATCH
CCF
CDR
CLB
CMC
COMPASS
CORAL
CPLD
CPU
DAQ
DATE
ECL
FIFO
FLT
FPGA
GAL
GeSIiCA
10B
JTAG
LSB
LUT
LVDS
LVPECL
MSB
NIM
PCB
PCI
PECL
PROM
PSM
RAM
RFIO
RISCCPU
ROB
SMD
TCP/IP
TCS
TDC
TTL
VME

Glossaryl: Abbreviations.

Analogto Digital Converter

Amplifier ShaperDiscriminatorChip
CERN AdvancedStorageManager
COMPASS AccumulateT ransferandControl Hardware
COMPASS ComputingFarm
CentralDataRecording

Configurablel ogic Block

CommonM ezzanineCard

CommonM uonandProton Apparatudor StructureandSpectroscop
COMPASSReconstructiormandAndysis Software
Complex Programmablé-ogic Device
CentralProcessingJnit
DataAcquisition
DataAcquisitionTestEnvironment
Emitter CoupledL ogic

First In First Out memory

First Level Trigger

Field ProgrammableésateArray
GateArray L ogic

GEM Silicon ControlandAcquisition
InputOutputBlock

Joint TestAction Group

L eastSignificantBit

L ookup Table

Low VoltageDifferentialSignal

Low VoltagePECL

M ost SignificantBit

Nuclearl nstrumentatiotM ethods
Printed Circuit Board
PeripheralComponent nterconnect
Positive ECL

Programmabld&RkeadOnly Memory
ProgrammableSwitching M atrix
RandomAccesaviemory

RemoteFile 1/0

Reduced nstructionSet ComputerCPU
Readut Buffer

SurfaceM ountedDevice
TransmissiorControl Protocoll nternetProtocol
TriggerControl System

Timeto Digital Corverter

TransistorT ransistoiL ogic

VersaM oduleEurocard
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Glossary2: Componentsfthe COMPASSDAQ.

BORA ADC typefrontendboardfor the RICH

CATCH Commonreadouiriver andbuffer module

CCF Computingfarmwith 200CPUs

CDR Tapewriting facility at CERN

Eventbuilder PCscombiningthe eventsfrom all ROBsto performthefinal eventbuilding

Fi TDC usedfor all time measurements COMPASS

Frontend Readoutlectronicamounteddirectly at the detector

GeSIiCA Readoudriver for GEMsandsilicons

HOTLink Protocolusedfor datatransmissiordrom thefrontendboardsto the HOTLink-CMC

HOTLink-CMC CATCH mezzanineardwith aHOTLink interface
HOTFiberCMC Identicalto HOTLink-CMC, but with opticalinput

LSC/LDC Link source/destinatiooard,the S-Link transmitterandrecever
ROB Readoutbuffer PCsstoringthe dataof onespill or morein four spillbuffers
S-Link Protocolusedfor datatransmissiorirom the CATCH to the ROBs

S-Link multiplexer Adaptercardto combinethedatafrom up to four CATCH modules
for joint transferto the ROB

ScalerCMC CATCH mezzanineardwith 32 scalerchannels

Spillbuffer 512MByte RAM module

TCScontroller Modulefor generatinghetriggersignalsfor the CATCH modules

TCSrecever Modulelocatedon the backplaneof eachCATCH asinterfaceto the
TCScontroller

TDC-CMC CATCH mezzanineardhostingfour 1 TDCs

Glossary3: Chipsofthe CATCH module

Contoller FPGA FPGAresponsibldor thecommunicatiorbetweerthe chipsonthe CATCH

FormatterFPGA FPGAresponsibldor combiningthe dataof thefour Merger FPGAS,
formattingandwriting the datato the dataFIFO

Merger FPGA FPGAresponsibldor readingout the datafrom the connectedCMCs

S-LinkFPGA FPGAresponsibldor readingdatafrom dataandheadeiFIFO and
transferof the eventsto the ROB

TCSFPGA FPGAresponsibldor thecommunicatiorwith the TCSandgenerating
the S-Link header

DataFIFO 16 k FIFO to storethe detectordataof the processedvents
Header~IFO 1k FIFOto storethe S-Link headeof the processedvents
Spybuffer 16 k FIFO whereeventsarestoredin parallelto the S-Link transmission

TriggerCPLD CPLD controllingthetriggerdistribution to the frontendboards
VME CPLD CPLD controllingthe communicatiorwith the VME bus
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