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1 Intr oduction

All atomicmatteris composedof protons,neutronsandelectrons.Theelectron,the lightestcharged
lepton,is anelementaryparticle. On thecontrary, theconstituentsof theatomicnuclei,protonsand
neutrons,oftenreferredto asnucleons,arethemselvescompoundsof otherelementaryparticles,the
quarks.The internalstructureof nucleonswasinvestigatedby a multitudeof experimentsscattering
different typesof particlesoff nucleonsat restor in flight. It could be shown, that the conceptof a
naive quarkpartonmodel,assumingthat thenucleonsarebuilt up by threevalencequarks,is not the
wholetruth. In additionto thesevalencequarks,thenucleoncontainsa largenumberof gluonskeep-
ing thequarkstogether. Thesegluons,thegaugebosonsof thestronginteraction,continuouslysplit up
into quark-antiquark(qq) pairs,referredto asseaquarks,whichrecombineafterashortperiodof time.

The nucleonsare fermionscarrying a spin of 1/2 in units of � . After the constituentsof the
nucleonhadsuccessfullybeenidentified,thequestionaroseconcerningwhich partof the nucleon’s
spin is carriedby its particularcomponents.Recentprogressobtainedby polarizeddeepinelastic
scattering(DIS) experimentshasbroughta betterunderstandingof thespinstructureof thenucleon,
demonstratingthatthevalencequarks,earlierput forwardasthemostlikely carriersof thenucleon’s
spin, contribute only a small fraction [1, 2, 3, 4]. The ensuingconclusionwas that either the
gluonsmustparticipatein a substantialmanner, or alternatively, theseaquarkscarrya largepositive
polarization.Nevertheless,essentialpartsof this spinpuzzleremainunresolved.

Several theoreticalmodelsand predictionsfor the distribution of the nucleon’s spin amongits
constituentsare currently underconsideration,but their validation or refutationdependon precise
measurementsof the gluon polarization∆G. Initial resultson ∆G have beenpublishedrecently[5];
however, greateraccuracy is necessaryfor decisive conclusions.Oneof the possibleapproachesto
solve thepuzzleof thenucleon’s spin is theanalysisof a processdirectly probingthegluonhelicity
distribution within thenucleon.Thus,theCOMPASS1 experimentatCERN2 wasdesignedto explore
reactionsof quasi-realphotonswith gluons,theso-calledphoton-gluonfusion.Thegluonpolarization
canbeextractedfrom a count-rateasymmetrymeasurementwith thespinsof beamandtargetorien-
tatedparallelandanti-parallel,respectively. Therefore,in additionto the naturallypolarizedmuon
beamalsotheusedsolidNH3 and6LiD targetshave to bepolarized.Thephoton-gluonfusionprocess
canbe detectedeithervia opencharmproductionor hadronpair productionwith a large transverse
momentumpt [6]. A spectrometerlooking for thesesignaturesneedstrackingovera largeacceptance
region andexcellentparticleidentification.

With its setup, the COMPASS detectorcan also be used for other interestingmeasurements.
Especially it gives accessto the eventually polarizedseaquarks in the nucleon. Indicationsof
polarizedstrangequarkshave beenobtainedby experimentsanalyzingsemi-inclusivedeepinelastic
scatteringevents [3], but more preciseinformation can be extractedby analysingthe decayof Λ
hyperons.SincetheΛ containsa strangequarkit is preferablyproducedby scatteringoff a valence
u quarkor a strangeseaquark. From the polarizationof the Λ insight aboutthe spin transferfrom
the struckquarkto theproducedhyperoncanbe derived aswell asconclusionsaboutthe polarized
strangeseacontentof the nucleon. The idea of using Λ and Λ as a quark spin polarimeterwas
originally proposedby Baldracchinietal. in 1981[7]. SincethentheΛ polarizationhasalreadybeen

1COmmonMuonandProtonApparatusfor StructureandSpectroscopy
2EuropeanCenterfor High Energy Physics



2 1 INTRODUCTION

investigatedby severalexperimentsin neutrino[8, 9] andchargedlepton[10, 11] scatteringreactions.
The availablestatisticsis so far ratherscarce.COMPASSwill be ableto contribute a large pieceto
thesequestions.Thephysicsgoalsof theCOMPASSexperimentwill beexplainedin Chapter2, with
specialemphasisonthephysicsaccessiblewith thereconstructionof Λ hyperons;thesegoals,in turn,
motivatethelayoutof thedetector, outlinedin Chapter3. Thepolarizedmuonbeamandthepolarized
targetnecessaryfor theproposedmeasurementsarelikewisedescribedin Chapter3.

To achieve a new level of fundamentalunderstandingof the spin structureof the nucleon,
morecomplex experimentalefforts have to bemade.Especiallythechallengefor thedataacquisition
(DAQ) systemsis increasingrapidly. It has to be capableof high trigger rateswhich ariseas a
consequenceof thehigh luminosityandthecrosssectionfor deepinelasticmuonnucleonscattering.
In combinationwith the hugenumberof approximately250000 detectorchannelsthe COMPASS
apparatuscomprisesandthe multiplicity of the measuredreactionsthis leadsto a so far unrivalled
amountof data. Due to the high trigger ratesthesedatahave to be recordedin a very short time.
Hence,on theonehand,thenewly developedDAQ systemfor theCOMPASSexperimenthasto be
optimizedfor speed,suggestinga highly specializeddesign.On theotherhand,thedesignalsohas
to beextremelyflexible for adaptationto thevery differentrequirementsof themany differenttypes
of detectorsthesystemhasto dealwith. Thesetwo contrarytasksarebestmetwith a tree-structured,
fully pipelineddesign.

Detector data are digitized as close to the detectoras possible. All time measurementsin
COMPASS are performedby meansof the � 1 TDC, developedin Freiburg, with which an early
hit selectionis possible.Due to thehigh demandsandits versatilefunctions,thecentralpart of the
COMPASSreadoutsystem,thecommonreadoutdriver CATCH (CompassAccumulateTransferand
Control Hardware)is realizedasa modulebasedon field programmablegatearrays(FPGA).These
reprogrammablechipsprovide large flexibility combinedwith the requiredbandwidthfor handling
the data. The CATCH module is responsiblefor fast and efficient dataprocessing. In parallel it
provideserror recognitionandperformssubeventbuilding at anearlystage.Theselocally formatted
subeventsare transmittedto the subsequentstagesof the readoutsystem. The developmentof the
CATCH moduleandthe software for the implementedFPGAswasonemajor taskof the presented
work. Another challengewas the implementationof the CATCH moduleinto the readoutsystem
of the experiment. The conceptof the whole COMPASS readoutsystemis presentedin Chapter
4, followed by a detaileddescriptionof the heartof this readoutsystem,the CATCH module, in
Chapter5. Performancetests,carriedout to studynot only speedandratecapabilityof thesystem,
but alsopossibleimprovementsandtheir realizationwill besummarizedin Chapter6.
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2 The Spin Structure of Baryons

Thetotal spinof thenucleonis known to be 1
2 in unitsof � ; in thefollowing theconvention � = c = 1

is used.But it is still anunresolvedpuzzlewherethisspincomesfrom. In astaticquarkpartonmodel,
thespinshouldbecarriedby theconstituentsof thenucleon,thevalencequarks.But asshown by the
EMC Experiment[1] in deepinelasticscattering(DIS), thesecarryonly a small fractionof thetotal
spin. The questionariseswhat elsecould carry the missingpart. On onehandthe gluonskeeping
togetherthequarksof thenucleoncarryspinandontheotherhandaorbitalangularmomentumof the
constituentscouldcontributeresultingin ahelicity sumrule

SN � 1
2 � 1

2 � ∆Σ � ∆G � Lq � Lg � (2.1)

where∆Σ and∆G arethespincontributionsof thequarksandgluons,Lq andLg denotetheir orbital
angularmomentum,respectively. Thepolarizedquarkdistribution functions∆q

�
x � aredefinedby the

differenceof thequarkdistributionswith parallelandanti-parallelspinwith respectto thespinof the
nucleon,whereastheunpolarizeddistributionsq(x)aredefinedby thesum:

q
�
x � � q	
	 � x � � q	
� � x �

∆q
�
x � � q	
	 � x �
� q	
� � x ��� (2.2)

Thequarkdistribution functionsintegratedover x aredenotedby ∆q withoutargumentx:

∆q � 1�
0

∆q
�
x � dx � (2.3)
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Figure2.1: Feynmandiagramof deepinelasticmuon-nucleonscattering.
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Thequarkcontribution ∆Σ hasbeenmeasuredfor instanceby theHERMESCollaboration[4] to be:

∆Σ � ∆u � ∆d � ∆s � ∆u � ∆d � ∆s� 0 � 30 � 0 � 04 � 0 � 09
�
at � Q2 � � 2 � 5 GeV2 ��� (2.4)

Accessto thedifferentfractions∆q addingupto thetotalnucleonspinis providedby deepinelastic
scattering(seeFig.2.1). DIS experiments(disregardingneutrinoexperiments)usethescatteringof a
chargedleptonl � deepinelasticallyoff anucleonN:

l � � N � l ��� � X (2.5)

Theprocessis mediatedby theexchangeof avirtual electro-weakgaugeboson,γ� or Z0. For energy
transfersν (seeTab. 2.1) from theleptonto thenucleon,whicharesmallcomparedto themassof the
heavy gaugebosons,thecontribution of theZ0 exchangecanbeneglectedandtheapproximationof
photonexchangeis valid. In an inclusivemeasurement,thescatteredleptonis detected,whereasthe
hadronicfinal stateX is notobserved.By afit to theinclusiveworld datafor scatteringoff protonsand
neutrons,thecontributionsof thedifferentquarkflavorsto thenucleonspincanbederived[2]:

∆u � � 0 � 79 � 0 � 04

∆d � � 0 � 45 � 0 � 04

∆s � � 0 � 16 � 0 � 05 (2.6)

at � Q2 � = 10 GeV2. This resultshows a significantnegative contribution of thestrangequarksto the
protonspin,which will besubjectof theanalysisof Λ productionandpolarizationin COMPASSas
discussedin Sect.2.3. Beforethedescriptionof thecurrentstatusof Λ physicsandthecontributions
COMPASS will be able to make, the techniqueto obtain theseresultsby meansof deepinelastic
scatteringis explained.

2.1 Polarized DeepInelastic Scattering

To understandpolarizedDIS, the kinematicalvariablesdescribingthe processare introducedfirst.
Themuonnucleonscatteringcanby illustratedby theFeynmangraphof Fig.2.1, thevariablesused
to characterizethis processaresummarizedin Tab. 2.1. Thescatteringprocesscanbedivided into a
leptonicanda hadronicpart. The leptonfour-momentum(four-vectorof energy andthemomentum
vector) is given by kµ for the incidentandk� µ for the scatteredmuon. The anglebetweenincoming
andoutgoingleptonin thelaboratorysystemis θ. SinceCOMPASSis a fixedtargetexperiment,the

four-momentumof thetargetnucleonis givenby Pµ Lab�� � M ���0 � .
An importantmeasurein deepinelastic scatteringcharacterizingthe energy scaleof an exper-

iment is the negative squaredfour-momentumof the virtual photon,Q2. In the infinite momentum
frame,wherethenucleonmoveswith infinite linearmomentumandhence,transversemomentaand
constituentmassescan be neglected,the scalingvariablex descriptively gives the fraction of the
nucleonmomentumcarriedby thestruckquark.In thelaboratoryframe,y denotesthefractionof the
total energy transferredby thevirtual photon. Two otherimportantparametersof thedeepinelastic
scatteringarethemassof thehadronicfinal stateWandthecenter-of-massenergy � s.
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Table2.1: Definitionof variablescharacterizingthedeepinelasticscatteringprocess.

Initial State

kµ � � E !#"k$ four-momentumof theincidentmuon

Pµ Lab%� � M ! "0$ four-momentumof thenucleon

sµ Lab%� 1
m
�'& "k & ! ˆ"kE $ ; ˆ"k = �k( �k ( spinfour-vectorof theincidentmuon(long. pol.)

Sµ Lab%� � 0 ! ˆ"S$ spinfour-vectorof thetargetnucleon

Final State

k) µ �+* E ),! "k)�- four-momentumof thescatteredmuon

Pµ
h
�.* Eh ! "ph - four-momentumof theoutgoinghadron

Kinematic Variables

qµ � kµ / k) µ �.* ν ! "q- four-momentumtransferto thetarget

Q2 � / qµqµ Lab%0 4EE ) sin2 θ
2 neg. squaredinvariantmassof thevirtual photon

ν =
Pµqµ

M
Lab%� E / E ) energy transferto thetarget

x = Q2

2Pµqµ
Lab%� Q2

2M ν Bjørkenscalingvariable

y =
Pµqµ

Pµkµ
Lab%� ν

E fractionalenergy transferof thevirtual photon

W2 �+* Pµ 1 qµ - 2 Lab%� M2 1 2Mν / Q2 squaredmassof thefinal hadronicstate

s �+* Pµ 1 kµ - 2 Lab%� 2ME 1 M2 1 m2 squaredcenter-of-massenergy

Semi-inclusive DIS

P2(3(54 6P2h 7 �q�( �q� ( longitudinalmomentumof thehadronh

xF 4 P�8 8( �q� (:9 2P�8 8
W Feynmanscalingvariable(in theγ� N c.m.s.)

z=
PµPµ

h
Pµqµ

Lab%� Ehad
ν fractionof theγ� energy carriedby thehadronh
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In the caseof semi-inclusive measurements,whereat leastone hadronh of the final stateX is
detectedin coincidencewith the scatteredmuon, two additionalvariablesbecomeimportant. The
FeynmanscalingvariablexF scalesthelongitudinalcomponentof thehadronmomentumP�8 8 with re-
spectto its maximumpossiblevaluein theγ� N center-of-masssystem(c.m.s.).In thelaboratoryframe
thefractionof thevirtual photonenergy, whichis transferredto thedetectedhadronh isexpressedby z.

Fragmentation Fig.2.1 representsa basicpicture of a semi-inclusive measurement.The struck
quarkhasto pick up eitheranantiquarkor at leasttwo morequarksin orderto form a color singlet
hadronicfinal state[12]. It is assumedthat this process,theso-calledfragmentation,is independent
from the scatteringprocessitself: scatteringand fragmenting factorize. The struckquarkcarries
the energy of the photon,the fractionalenergy of the resultinghadronis denotedby z = Ehad

ν . The
fragmentationfunctionsDh

q
�
z� Q2 � aretheprobabilitiesfor a quarkq to fragmentinto a hadronh with

theenergy fractionz. Here,thefragmentationinto Λ hyperonsis considered,sincethesearesubjectof
Sect.2.3. For final statehadronswith non-zerospin,thefragmentationfunctionscanbedecomposed
into spindependentandspinindependentcombinations:

DΛ
q
�
z� � DΛ

q 	;	 � DΛ
q 	
� �

∆DΛ
q
�
z� � DΛ

q 	;	 � DΛ
q 	
� � (2.7)

The fragmentationfunctionsrepresentthe probability, that a quark q with given helicity frag-
mentsinto a hadronh with thesame( <=< ) or opposite( <=> ) helicity. An Ansatzfor thespindependent
fragmentationfunctions

∆DΛ
q

�
z� � CΛ

q

�
z� � DΛ

q

�
z� (2.8)

with spin transfercoefficientsCq can be usedto make predictionsfor the polarizedfragmentation
functions[13]. For theΛ production,CΛ

q

�
z� canbeextractedfrom ameasurementof theΛ polarization

aswill bediscussedin Sect.2.3.1.

In general,one distinguishesbetweenfavored and unfavored fragmentationfunctions. The fa-
voredfragmentationfunctionsaretheonesstartingwith a quarkq which becomesoneof thevalence
quarksof the hadronh, whereasthe unfavored functionsstartwith a quarkwhich is not a valence
quarkof theproducedhadron.For theproductionof aΛ only two fragmentationfunctionsremain:

∆DΛ
u
�
z� � ∆DΛ

d

�
z� � ∆DΛ

s
�
z� f avored

∆DΛ
u
�
z� � ∆DΛ

d

�
z� � ∆DΛ

s
�
z� unf avored� (2.9)

Two fragmentationregionscanbedistinguished,whicharecharacterizedby thevalueof xF . If the
struckquarkfragmentsinto theparticlesought-after, i.e. theΛ, it is calledcurrentfragmentation,with
xF > 0. This is the casein Fig.2.1, wherethe struckquark fragmentsinto the detectedhadronh.
On the otherhand,the target remnantfragmentsinto the Λ or anotherdetectedhadronin the target
fragmentation(xF < 0).
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CrossSectionsand Structur e Functions Undertheassumptionof onephotonexchange,thecross
sectionfor lepton-nucleonscatteringcanbewrittenas[14, 15]:

d2σ
dxdy ? Lµν

�
k � k� � s�@ ACB D

lept � tensor
� hadr � tensorB DC@ A
Wµν � P� q � S� � (2.10)

with theleptonictensorcomputablein QED:

Lµν
�
k � k� � s� � 2 EFG kµk�ν � kνk�µ �IH k � k� � m2 J � gµν@ ACB D

symmetric

� i � m � εµναβ � sα � � k � k� � β@ ACB D
antisymmetric

KMLN � (2.11)

wherethetwo differentpartsindicatedaresymmetricandantisymmetricunderparity transformation,
respectively. Themassof themuonis givenby m. In contrastto theleptonictensor, thehadronicten-
sorWµν, which describesthephoton-quarkinteraction,is not calculable.Thereforeit is parametrized
by a setof structurefunctions. Imposingsymmetryrequirementslike Lorentzinvariance,gaugein-
variance,andsymmetryof the stronginteractionundercharge andparity (C andP) transformation,
the symmetricpart of the hadronictensorcanbe expressedin termsof two dimensionlessstructure
functionsF1

�
x � Q2 � andF2

�
x � Q2 � . In analogythe antisymmetricpart is parametrizedby two other,

likewisedimensionlessstructurefunctionsg1
�
x � Q2 � andg2

�
x � Q2 � .

Wµν � P� q � S� � symmetricB DC@ AO � gµν � qµqν

q2 P � F1
H x � Q2 J �RQ Pµ � Pλ � qλ

q2 � qµ S � Q Pν � Pλ � qλ

q2 � qν S � F2
H x � Q2 J

Pλ � qλ �
iM � εµνρσ � qρ �UT Sσ

Pλ � qλ � g1
H x � Q2 J � Sσ � � Pλ � qλ ��� Pσ � � Sλ � qλ ��

Pλ � qλ � 2 � g2
H x � Q2 JWV@ ACB D

antisymmetric

� (2.12)

Theunpolarizedcrosssectioncanbederivedby contractingthesymmetricpartsof Lµν andWµν.
The sameprocedurecanbe appliedfor the antisymmetricpart to get accessto the polarizedcross
section.Thecrosssectiondifference

d2σ XY � d2σ XZ
dxdQ2 � 8πα2 y

EQ4 �'[ � E � E � cosθ � � g1
�
x � Q2 �
� Q2

ν � g2
�
x � Q2 �#\ (2.13)

dependsonly on the polarizedstructurefunctionsg1 andg2, but not on the unpolarized,F1 andF2.
Thesestructurefunctionsareinterpretedasthe sumof thequarkdistribution functionsin thequark
partonmodel(QPM) which describesdeepinelasticscatteringasthe incoherentsumof elasticscat-
teringprocessesfrom thepartons(quarks):

F1
�
x � � 1

2 � ∑f

e2
f
H qf
�
x � � qf

�
x � J �

F2
�
x � � x � ∑f

e2
f
H qf
�
x � � qf

�
x � J �

g1
�
x � � 1

2 � ∑f

e2
f
H ∆qf
�
x � � ∆qf

�
x � J and

g2
�
x �^] 0

�
QPM � � (2.14)



8 2 THE SPIN STRUCTURE OF BARYONS

Q  (GeV/c)2 2Q  (GeV/c)

F
  (

x,
Q

  )
 +

 c
(x

)
2

2

2

2F
  (

x,
Q

  )
 +

 c
(x

)
2

2
0.1 1 10 100

0.6

0.4

0.8

1

1.2

1.4

1.6

1.8

Proton

BCDMS

E665

NMC

SLAC

x = 0.0009

x = 0.00125

x = 0.00175

x = 0.0025

x = 0.004

x = 0.005

x = 0.007

x = 0.008

x = 0.009

x = 0.0125

x = 0.0175

x = 0.025

x = 0.035

x = 0.05

1 10 100 1000
0


1

2
x = 0.07

x = 0.09

x = 0.10

x = 0.11

x = 0.14

x = 0.18

x = 0.225

x = 0.275

x = 0.35

x = 0.45

x = 0.50
x = 0.55

x = 0.65

x = 0.75

x = 0.85

0.2

0.4

0.6

0.8

1.2

1.4

1.6

1.8

Figure2.2: Theunpolarizedproton structure functionF p
2

�
x � Q2 � , measured in deepinelastic lepton

nucleonscattering(BCDMS,E665,NMCandSLAC). Thedataareshownasa functionof
Q2 for fixedvaluesof x, onlystatisticalerrors are given,from[16].

whereef is thefractionalchargeof thequarkwith flavor f. Thestructurefunctionsin Eq.2.14do not
dependon Q2. This is only true if the incomingparticlescattersoff a pointlike charge asassumed
in the quarkpartonmodel. Precisemeasurementsof F p

2

�
x � Q2 � show a small Q2 dependency of F2.

Theexperimentalresultsfor F2 arepicturedin Fig.2.2 asa functionof Q2 for differentfixedvalues
of x. For smallx valuesthestructurefunctionsrisewith increasingQ2. Theoppositeis truefor large
x values.This canbeexplainedby theexistenceof seaquarks,which carrya small fractionx of the
nucleonmomentum.For higherQ2 values,theseseaquarkscanberesolved in thescatteringprocess
resultingin anincreaseof thestructurefunctionF2. Correspondingly, theprobabilityof scatteringoff
a partonwith a large fraction of the nucleonmomentum(large x values)decreaseswith increasing
resolutionassociatedwith higherQ2 values. Therefore,the structurefunction F p

2

�
x � Q2 � decreases

with Q2 for largevaluesof x.
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2.2 The Spin Structure of the Nucleon

In the naive quarkpartonmodel,which is valid in the infinite momentumframe,a nucleonis inter-
pretedasanensembleof free,parallelmoving quarks.Structurefunctionsareobtainedasthesumof
the quarkdistribution functionsasgiven in Eq.2.14. However, the naive QPM fails to describethe
spinof thenucleon.Therefore,onedoesnotexpectit to beagoodmodelfor thespinof theremaining
membersof thehyperonoctet. Presentdataon theprotonandneutronspin,however, canbeusedin
conjunctionwith datafrom semileptonichyperondecayamplitudesto calculatethespinstructureof
otherbaryons.Themainassumptionis that thebaryonoctetis indeeda SU(3)flavor octet,which is
correctapartfrom massdifferenceeffects.

Thepolarizedquarkdistribution functionsarerelatedto thespinstructurefunctiong1
�
x � . Thefirst

momentof g1 for theprotongivenby

Γ1 � 1�
0

g1
�
x � dx � 1

2

O
4
9

∆u � 1
9

∆d � 1
9

∆sP� 1
12

O
4
3

a0 � a3 � 1� 3
a8 P (2.15)

is relatedto thehadronicmatrixelementsa0, a3, anda8 whicharedefinedasfollows:

a0 � ∆u � ∆d � ∆s

a3 � ∆u � ∆d

a8 � 1� 3

�
∆u � ∆d � 2∆s�_� (2.16)

Thethreematrixelementsgivenin Eq.2.16canbederivedfromweakneutron(a3) andhyperondecays
(a8) [14] andinclusive deepinelasticscatteringmeasurements(a0, [2]):

a0 � 0 � 18 � 0 � 11

a3 � 1 � 257 � 0 � 003

a8 � 0 � 334 � 0 � 015� (2.17)

InvertingEq.2.16givesfor theproton:

∆u � 1
6 ` 2a0 � 3a3 � � 3a8 a

∆d � 1
6 ` 2a0

� 3a3 � � 3a8 a
∆s � 1

3 ` a0
� � 3a8 a � (2.18)

leadingto thevaluessummarizedin Tab. 2.2. In general,theoctetaxial vectorcurrentsare

Ji
µ � ψγµγ5

O
λ i

2 P ψ � i � 0 � 1 � 2 � �3�3� 8 (2.19)

with ψ beinga columnvectorin theSU(3)flavor space.
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Table2.2: First momentsof the polarizedquark distribution functionsfor proton, neutron, and the
Λ hyperon, thevaluesare from[2].

∆u ∆d ∆s
p 1

3a0 b 1
2a3 bdc 36 a8 0.79 e 0.04 1

3a0 f 1
2a3 bdc 36 a8 -0.45 e 0.04 1

3a0 f 1c 3a8 -0.16 e 0.05

n 1
3a0 f 1

2a3 bdc 36 a8 -0.45 e 0.04 1
3a0 b 1

2a3 bdc 36 a8 0.79 e 0.04 1
3a0 f 1c 3a8 -0.16 e 0.05

Λ 1
3a0 f 1

4a3 b c 34 a8 -0.20 e 0.04 1
3a0 f 1

4a3 b c 34 a8 -0.20 e 0.04 1
3a0 b 1

2a3 f c 32 a8 0.58 e 0.04

The set of unitary 3 g 3 matricesform the group SU(3). Generatorsmay be taken to be any
32 - 1 = 8 linearly independenttracelesshermitianmatrices.Theseeight matricesareknown asthe
Gell-Mannmatrices.Thetriplet andoctetmatrices,λ3 andλ8, andthesingletmatrixλ0 aregivenby:

λ0 �ihj 1 0 0
0 1 0
0 0 1 kl � λ3 �mhj 1 0 0

0 � 1 0
0 0 0 kl � λ8 �on 1

3 hj 1 0 0
0 1 0
0 0 � 2 kl � (2.20)

The hadronicmatrix elementfor a specificbaryonwith spinSµ, massmB andmomentump is [17]:

mBSµai � � p � S ( Ji
µ
(
p � S� � (2.21)

ThesearetheresultsbasedontheQPMfor whicha0 hasbeenidentifiedwith thequarkpolarization
∆Σ introducedin Eq.2.4. Due to the axial U(1) anomaly[17, 18], which describesthe fact that the
axial currentsJi

µ asgivenin Eq.2.19arenot conservedin thelimit of masslessquarks,this is not true
in QuantumChromoDynamics(QCD).In considerationof virtual, off mass-shellgluons,theoutcome
is ananomalousgluoniccontribution to a0, making∆Σ dependenton the factorizationscheme.In the
Adler-Bardeenscheme[19], themeasurementof thefirst momentof g1

�
x � Q2 � , seeEq.2.15,doesnot

yield the z-componentof the sumof the quarkspins,but only a superpositionof quarkandgluon
contributions

a0 � ∆Σ � nf αs
�
Q2 �

2π � ∆G � (2.22)

whichcouldexplain thesmallmeasuredvalueof a0 if ∆G is positive [17]. Here,αs
�
Q2 �qp 4π

β0 ln r Q2 s Λ2 t
is thecoupling’constant’of thestronginteraction,whereΛ p 0 � 3 GeV is themassscaleof thestrong
interaction,andβ0 � 11 � 2

3 nf , wherenf is thenumberof quarkflavors f whichhaveamasslessthan
theenergy scaleQ. Thevalueof αs dependson Q2, in the limit Q2 � ∞ it vanisheslogarithmically.
This is calledasymptoticfreedom,implying thatfor smalldistances(correspondingto largevaluesof
Q2) thequarkscanbetreatedasfree,pointlike particlesasit hasbeendonein thequarkpartonmodel.

In a QCD improved parton model, the Q2 evolution of the polarizedquark distribution func-
tions∆q is controlledby QCDbasedsplitting functions. Thelogarithmicdependenceof thepolarized
quark distribution functionson Q2 can be seenfrom the spin dependentAltarelli-Parisi equations
[21]. Usingt = log H Q2 � Λ2 J theseare:

d
dt

∆qns � αs
�
t �

2π � Pns
qq u ∆qns�

d
dt

O
∆Σ
∆G P � αs

�
t �

2π

O
Ps

qq 2nf Ps
qg

Ps
gq Ps

gg
P u O ∆Σ

∆G P � (2.23)
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Figure2.3: Feynmangraphsof thelowestorder processeswith thecorrespondingsplitting functions,
thetimeis orientedupwards. A quarkcanemita gluon(a) or a gluoncansplit up into a
quark-antiquark(b) or gluon-gluonpair (c), wherethefinal statepartonseach havelower
momentum.

where∆qns = ∑
f

e2
f vxw e2 yw e2 y ∆qf , with � e2 � = ∑

f

e2
f

nf
, is thenonsingletand∆Σ thesingletquarkdistribution.

The coefficients Pf i are the QCD splitting functionsfor polarizedpartondistributions [20]. They
dependon the ratio of the fractionalmomentaof the final and initial statepartons. In Fig.2.3 the
leadingorderFeynmandiagramsaresketched.Theprobabilitythata quarkwith momentumfraction
x2 originatesfrom a parentquarkwith a larger momentumfractionx1 is proportionalto αs � Pqq

� x2
x1

�
asshown in Fig.2.3 a). In the sameprocessalsoa gluon with fractionalmomentumx � = x1 - x2 is
radiatedoff theinitial quarkstate.

It shouldbenotedthat thenonsingletdistribution ∆qns evolvesindependentlyfrom thegluondis-
tribution, while ∆Σ and∆G coupleto eachother. Thereforeg1

�
x � Q2 � , which like ∆Σ is proportional

to a singletcombinationof thespindependentquarkdistribution functionsasgiven in Eq.2.14,can
beusedto extract thegluonhelicity distribution ∆G from measuringtheQ2 dependenceof ∆qns and
∆Σ over awide rangein Q2.

If one generalizesEq.2.14 to include the gluonic contribution, the formula can in perturbative
QCD berewritten as:

g1
�
x � Q2 � � nf

∑
f

e2
f

2nf �{z ∆Cns u ∆qns � ∆Cs u ∆Σ � 2nf ∆Cg u ∆G | � (2.24)

Thespindependentcoefficient functions∆Ci arecalculablein QCD andthe u refersto a convolution
integral definedby [14]: �

∆C u q� � x � Q2 � � 1�
x

∆C

O
x
z
� Q2 P � q � z� Q2 � dz

z
� (2.25)

Usingnf = 3 andC
�
Q2 � � 1}

0
C
�
x � Q2 � dx, thecoefficientfunctionshavebeencalculatedin themodified

minimalsubtraction(MS) renormalizationschemeto secondandthird orderfor thequarkcontribution
[24] andto first orderfor thegluoncoefficient function∆Cg

�
Q2 � [22], which is zeroin leadingorder:
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Figure2.4: g1 � F1 asa functionof Q2 for separatex-bins.Thecurvesare a global fit to theasymme-
tries,dataare fromE155(solidcircles),E143(opencircles),andSMC(stars), [23].

∆Cns
�
Q2 � � 1 � αs

�
Q2 �
π
� 3 � 5833

O
αs
�
Q2 �
π P 2 � 20� 2153

O
αs
�
Q2 �
π P 3 �

∆Cs
�
Q2 � � 1 � αs

�
Q2 �
π
� 1 � 0959

O
αs
�
Q2 �
π P 2 �

∆Cg
�
Q2 � � � αs

�
Q2 �

36π
� (2.26)

Over the limited rangein Q2 which is accessibleby currentexperiments,no significantQ2 de-
pendenceof g1/F1 is observed (seeFig.2.4), indicatingthat the polarizedandunpolarizedstructure
functionsevolve similarly. Extractionof ∆G from a globalfit to thepolarizedpartondistributionsat
differentQ2 yields the result∆G = 1.8 � 0.6 � 1.3 [23], a first hint on a large positive gluonpolar-
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]. Complementaryinformationon the polarizationof strangequarksandantiquarkscanbe
obtainedby measuringthelongitudinalpolarizationof Λ hyperons.
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2.3 Λ Polarization

TheΛ baryonis amemberof theJP = 1
2 � baryonoctet,seeFig.2.5.With itsmassof mΛ = 1115.7MeV

it is the lighteststrangebaryon. The Λ baryonis producedin the stronginteractionin combination
with a kaon. A decayinto a nucleonplus a kaonis kinematicallyforbiddendueto the low massof

the Λ. Its possibleweak, maximal parity
violatingdecays

Λ � n � π0 �
BR � � 35� 8 � 0 � 5 � % �

Λ � p � πv � BR � � 63� 9 � 0 � 5 � % �
leadto the long lifetime of τ = 2.6 � 10v 10 s
[16], which enablesexperimentalidentifica-
tion of theΛ withoutdiluting thesignalwith
too muchbackground(cτ = 7.89 cm). The
self-analyzingpropertiesof theΛ/Λ make it
particularlyinterestingfor spinphysics.

Ξ

udd uud

uus

-

dds
s

uds

dss uss

n

Λ Σ

Σ Σ

Ξ

0

+

0

p

-
d u

Figure2.5: TheSU(3)baryonoctet(JP � 1
2 � ).

Theangulardistribution of thedecayfrom which theΛ polarizationcanbeextractedis givenby:

1
N � dN

dcosθ � 1 � α � PΛ � cosθ � (2.27)

with theΛ decayparameterα = 0.642 � 0.013[16]. Sincebothfinal stateparticlesof thedominant
decaychannelinto protonandπv areeasyto detect,theθ distribution canbeextracted.θ is theangle
betweenthespinvectorof theΛ andthemomentumvectorof theoutgoingprotonin the restframe
of theΛ. The spin of the Λ is orthogonalto the productionplanedueto parity conservation. From
thisangulardistribution theΛ polarizationcanbederivedusingEq.2.27.A simulationof theangular
distribution of theΛ decayfor theCOMPASSexperimentis shown in Fig.2.6[25].
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Figure2.6: Angulardistributionof theΛ decayassimulatedfor theCOMPASSexperiment,from[25].
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2.3.1 The Curr ent Fragmentation Region

In thecurrentfragmentationtheΛ hyperonis producedby thescatteringof avirtual photonoff either
astrangeseaquarkor avalenceu quarkasshown in Fig.2.7.For thespecialcaseof apolarizedlepton
beamanda polarizednucleontarget asgiven for the COMPASSexperimenttherearetwo possible
sourcesfor theΛ polarization.Either thepolarizationof theΛ originatesfrom thepolarizationof the
beam(PB) or from the polarizedquarkdistributions in the target nucleon. In leadingorder[26, 27]
oneobtains

PΛ
�
x � y� z� � ∑q e2

q �CzPB � D � y � � q � x � � PT � ∆q
�
x � | � ∆DΛ

q
�
z�

∑qe2
q �{z q � x � � PB � D � y � � PT � ∆q

�
x � | � DΛ

q
�
z� � (2.28)

PB andPT arethebeamandtargetpolarization,andeq is thefractionalchargeof thequark.D(y) is the
virtual photondepolarizationfactor

D
�
y �Up 1 � � 1 � y � 2

1 � � 1 � y � 2 � (2.29)

TheΛ polarizationis relatedto thebeamandtargetpolarizationaswell asthepolarizedfragmentation
functions.For anunpolarizedtargetEq.2.28simplifiesto

PΛ
�
x � y� z� � PB � D � y � � ∑q e2

q � q � x � � ∆DΛ
q

�
z�

∑qe2
q � q � x � � DΛ

q

�
z� � (2.30)

In this casethe Λ polarizationdependson the ratio of the polarizedandunpolarizedfragmentation

functions
∆DΛ

q r zt
DΛ

q r zt , which is thespin transfercoefficient CΛ
q
�
z� asdefinedby Eq.2.8 on page6. Since

thefactorPB � D � y � is typically in theorderof 0.3 it dilutestheprecisionof themeasuredvalueof PΛ,
sothattheresultingstatisticaluncertaintyonCΛ

q
�
z� becomesratherlarge. In orderto beableto make

predictionsfor theΛ polarizationatCOMPASS,assumptionsfor thespintransfercoefficientshave to
be made.Variousassumptionsareincludedin the differentmodelsdescribingtheΛ polarizationin
thecurrentfragmentationregion for thegeneralcaseof Eq.2.28.

u
ds

u
u

Λ

d

*

N

γ

µ µ

X

Figure2.7: Feynmandiagramof Λ productionin thecurrentfragmentation.
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The most simple model is the naive quark model (NQM), where the spin of the Λ is exclu-
sively carriedby thestrangequark. Therefore,thepolarizationof directly producedΛ is determined
by the polarizationof the s quark. A contribution to the Λ polarizationcomesfrom the decayof
possiblypolarizedheavier hyperons.Whena Λ is producedfrom sucha decay, its polarizationwill
reflectthatof its parent.Themostprominentcandidatesaresummarizedin Tab. 2.3. They aretaken
into accountby themodelof Bigi, GustafsonandHäkkinen(BGH) [13], which is otherwisebasedon
thenaivequarkmodel.Here,thespintransfercoefficientsfor eachindividualchannelareindependent
of z, but dueto thecontributionsfrom thedecayof heavier hyperons,CΛ

q showsaslightzdependence.

Table2.3: Contribution of hyperon decaysto theΛ polarization,from[13].

parentparticle decaychannel BR interaction resultingPΛ

Σ0 Λ γ 100% electromagnetic -1
3PΣ0

Σ(1385) Λ π p 88% strong -PΣ r 1385t
Ξ Λ π p 100% weak p 0 � 9PΞ

Ξ(1530) Ξπ � Λ ππ p 100% weak p 0 � 9PΞ r 1530t
A moresophisticatedgΛ

1 sumrule Ansatzwasinvestigatedby BurkardtandJaffe [28]. gΛ
1

�
x � is

definedin analogyto thepolarizedstructurefunction of the protonasgiven in Eq.2.14. Therefore,
thefirst momentof gΛ

1

�
x � is givenby:

ΓΛ
1 � 1�

0

gΛ
1
�
x � dx � 1

2

O
4
9

∆uΛ � 1
9

∆dΛ � 1
9

∆sΛ P � (2.31)

For theassumptionof theNQM (∆sΛ = 1, ∆uΛ = ∆dΛ = 0), thefirst momentof gΛ
1

�
x � turnsout to be

1/18. Taking into accountthehadronicmatrix elements(seeEq.2.16and2.17),a differentvalueof
ΓΛ

1 = -0.042 � 0.019is obtained[28]. Two differentmodificationsof this modelexist: in thesimpler
one(BJ I), only the valencequarkscontribute to the Λ spin, whereasin the moreadvancedmodel
(BJ II) alsocontributionsfrom theseaquarksareconsidered.

As can be seenfrom Eq.2.28, there are two sourcesfor the polarizationof the fragmenting
quarkin caseof a polarizedbeamanda polarizedtarget: thespin transferfrom thepolarizedlepton
andfrom thestruckpolarizedquarkin thetarget.ThepolarizationdifferencebetweentheΛ polariza-
tion for positive (parallel to the beampolarization)andnegative target polarization(anti-parallelto
thebeampolarization)is:

∆PΛ � P	
	Λ � P	;�Λ � (2.32)

Thepredictionsobtainedby thepresentedmodelsfor thepolarizationdifferenceof Eq.2.32areshown
in Fig.2.8 versusthe kinematicalvariablesx andz. ∆PΛ is expectedto be in the orderof -10%. A
validationof thesemodelsmaybepossiblewith theCOMPASSdetectorusinga naturallypolarized
muonbeamandapolarizedNH3 or 6LiD target.
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Figure2.8: Predictionsfromdifferentspintransfermodelsfor theΛ polarizationdifferencein caseof
a polarizedtarget in dependenceof zandx for Λ (upper)andΛ (lowerplots): NQM(solid
line), BGH(dashed),BJ I (dotted)andBJ II (dot-dashed),from[29].

2.3.2 The TargetFragmentation Region

While the previous sectiondealt with the Λ productionfrom the struck quark in the currentfrag-
mentationregion, we now turn to theproductionmechanismin thetarget fragmentationregion. The
mechanismfor longitudinal polarizationtransferfrom a polarizedlepton to the final statehadron
in this domainis shown in Fig.2.9. For helicity conservation reasonsthe exchangedvirtual photon
can only scatteroff a quark with oppositehelicity. Therefore,the target fragmentleft behind in
that processcontainssomememoryof the angularmomentumremoved, resultingin a non-trivial
longitudinalpolarizationof Λ hyperonsproducedin the target fragmentationregion (xF < 0). The
underlyingdynamicsof hyperonproductionandpolarizationin thetargetfragmentationregioncannot
bedescribedby perturbative QCD,thereforesomephenomenologicalmodelshave to beconsidered.

A significant contribution of ss pairs to the nucleonspin has been suggested[30] motivated
by theindicationof a violation of theOkubo-Zweig-Iizuka(OZI) rule in pp collisions[31]. TheOZI
rule states,thatdisconnectedquarklinesaresuppressed,thuspredictingtheratio of Φ andω mesons
producedin pp reactionsunderthe assumptionof no ss pair Fock statesin the proton. However,
experimentsat theLow Energy AntiprotonRing LEAR founda factorof 30-50moreΦ mesonsthan
expected[32]. Consequently, eithertheOZI rule is violated,or thereis a considerablefractionof ss
in thenucleon.
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Figure2.9: Feynmandiagram of Λ production in the target fragmentationregion (scatteringoff a
valenceu-quark).

According to the intrinsic strangenessmodel [26, 33, 34], the proton wave function containsa
significantfractionof ss pairs.If thesess pairsin thenucleoncanberegardedasvacuumexcitations,
they carry the vacuumquantumnumbersJPC � 0�q� . Sincequarkandantiquarkarefermions,they
arein a 3P0 statewith angularmomentumL = 1, total spinS = 1, andtotal angularmomentumJ = 0.
Experimentalresultsshow, thatthestrangequarksarepolarizedoppositelyto thenucleon,seeEq.2.6
on page4. Therefore,the projectionof the ss spin on the direction of the nucleonmomentumis
Sz � ss� = -1. Underthat prerequisite,the polarizationof the producedΛ is expectedto be large and
negative [33] andequalto the polarizationof the Λ [35]. An indicationfor this effect wasalready
obtainedin the neutrino-nucleonscatteringexperimentsWA59 [8] andNOMAD [9]. However, the
spin1 ss-systemcanalso have the spin projectionsSz � ss� = 0 andSz � ss� = +1 with respectto the
nucleonspin. For an assumedequalprobabilityof the two contributionsSz � ss� = -1 andSz � ss� = 0,
oneobtainsPΛ

� 3PΛ.

Another approachis provided by the mesoncloud model [36]. It assumesa kaon cloud in the
nucleondueto mesonicdegreesof freedom.This shareof a ΛK statein thenucleoncanberevealed
by anasymmetrymeasurementin polarizedΛ production.This modelpredictsa vanishingpolariza-
tion of theΛ andalsotheΛ in caseof anunpolarizedtarget.For apolarizedtargetasin theCOMPASS
experiment,theΛ polarizationis expectedto bestronglycorrelatedwith thetargetpolarization.

A third model of Brodsky and Ma [37] is basedon the assumptionof a different distribution
of nonvalencequarksandantiquarks.This resultsfrom negatively polarizeddown andstrangequarks
in theseaof thestrucknucleonin contrastto a vanishingpolarizationof intrinsic d ands antiquarks.
Here,anegative Λ polarizationis predictedandaslightly positive or zeropolarizationof theΛ.

So far, no experimentalevidencefor pion or kaon clouds in the nucleonhasbeenfound. The
currentlyfavoredis themodelof intrinsic strangeness,but dueto thesmall statisticsthesituationis
unclear. All presentedmodelscanbetestedin theCOMPASSexperiment.



18 2 THE SPIN STRUCTURE OF BARYONS

2.3.3 Experimental Situation

Themeasurementof theΛ andΛ polarizationcanprovide insightaboutpolarizedstrangenessin the
nucleonandcoulddiscriminatebetweendifferentmodelsfor boththetargetandcurrentfragmentation
region. Sofar a coupleof experimentspublisheddataon that topic, whereΛ hyperonsareproduced
in differentreactions.They aresummarizedin Tab. 2.4.

Table2.4: Presentresultsfor theΛ polarizationfor differentxF regions.For OPALandALEPH,where
xF is undefined,xE � 2EΛ �=� s is used.

Experiment Reaction � Ebeam� xF NΛ PΛ

WA59 [8] νµN 40GeV xF < 0 403 -0.63 � 0.13
xF > 0 66 -0.11 � 0.45

NOMAD [9] νµN 43.8GeV xF < 0 5608 -0.21 � 0.04
xF > 0 2479 -0.09 � 0.06

E665[11] µN 470GeV 0 < xF < 0.3 -1.2 � 0.5
xF > 0.3

750
0.32 � 0.7

HERMES[10] eN 27.6GeV xF > 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 ν � µ neutrino
scatteringthe interactionwith the target nucleontakesplacevia exchangeof a chargedW � boson.
The weak flavor changingcharged currentselectsthe left handedquark (right handedantiquarks)
in thenucleon,giving onehundredpercentpolarizedquarksin the initial stateof the fragmentation
process.Thenontrivial negative longitudinalpolarizationin thetargetfragmentationregionobserved
by WA59 andNOMAD asgivenin Tab. 2.4cansuccessfullybeexplainedby assumingthatall thesea
quarkpairsarecoupledto atriplet p-state(3P0) andarepolarizedoppositelyto thevalencequarks[40].

Applying the samemodel to the scatteringprocessof charged leptons,whereone assumesthe
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 thequarkto theΛ accordingto Eq.2.30. Theresultsof HERMES[10] andE665[11]
for large valuesof xF areconsistentwith zero. Nevertheless,the resultsalsoseemto confirm the
expectedtrendtowardspositive polarizationwith increasingxF anda large negative polarizationof
theΛ at low xF aspredictedby themodels.

Polarizedfragmentationfunctionsalso play a major role in e� e��� Z0 � Λ � X reactionson
the Z0 pole,wherestrangequarksareboth numerouslyproducedandstronglypolarized,leadingto
a large negative polarizationof theΛ. Theauthors[38, 39] claim that theBGH modeldescribesthe
datareasonablywell, but aspointedout by [27] this is not unique. Thepredictionsof Burkardtand
Jaffe [28] arealsoconsistentwith thedata.

In summary, theseresultsindicatea negative Λ polarizationin the target fragmentationregion
and possiblya small negative polarizationin the current fragmentationfor the νN scatteringex-
periments. In this regime, E665 obtaineda large negative polarizationfor small xF , whereasall
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Figure2.10:Predictionsfrom different spin transfermodelsfor theΛ polarizationat different beam
energies using the BGH (left plots) and BJ I (right plots) spin transfer mechanism:
Eµ = 200 GeV, COMPASS (solid line), Eµ = 500 GeV, E665 (dashedline) and
Ee = 30 GeV, HERMES(dottedline), from[29].

othermeasurementsarecompatiblewith zero. The precisionof theseresultsis strongly limited by
statistics.Thepresentedmodelsfor thecurrentfragmentationregion have beenusedto predictalso
theΛ polarizationin dependenceof thekinematicvariablez for differentbeamenergieswhichcanbe
comparedwith forthcomingexperimentalresultsof HERMES,E665andCOMPASS(seeFig.2.10).

The experimental information on Λ polarization is even more scarce,where only E665 [11]
andNOMAD [41] publishedresultsbasedon a total statisticof 1300detectedΛs. Both experiments
obtainedresultscompatiblewith zerofor the target andcurrentfragmentationregion, but with very
largeerrors.Any conclusive decisionbetweenthemodelshasto await animprovedstatisticson both
Λ andΛ.

2.3.4 Potential Contrib utions of COMPASS

Consideringtheexperimentalconditionsof COMPASS,whicharedescribedin thefollowing chapter,
possiblecontributions of the COMPASS experimentto improve the knowledge in the field of Λ
polarizationhave beenstudied[27, 29, 35]. In comparisonto the existing experiments,COMPASS
canprovide Λ polarizationmeasurementsin theDIS processwith improvedstatisticalaccuracy.

In additionto the standardkinematicalcut for the selectionof DIS eventsQ2 > 1 GeV2, further
selectioncriteria areappliedto extract the Λ hyperons.To ensurea high spin transferin the lepton
quarkscattering,thefractionalenergy of thevirtual photonis requiredto bein therange0.5< y < 0.9.
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Figure2.11:Decayof theΛ producedin muonnucleonscatteringinto a protonanda π� .
Thescatteredmuonhasto beidentifiedunambiguously, thereforethescatteringangleθLab� hasto be
larger than0.9 mrad. In theMonteCarlostudiesreportedhere,Λ eventsareconsideredasaccepted
if the tracksof both the pion and the proton from the Λ decaypassedthroughtracking detectors
upstreamanddownstreamof at leastoneof thetwo spectrometermagnetsSM1or SM2. Theposition
of theCOMPASSmagnetsandtrackingdetectorsis shown in Fig.3.7onpage30.

For backgroundsuppressionacutontheΛ decayvertex v2 (seeFig.2.11)is implemented,requiring
r

3σr
> 1 and z

3σz
> 1, wherer andz arethe radialandlongitudinaldistancebetweentheprimaryand

secondaryverticesv1 andv2. σr = 3 mm andσz = 30 mm aretheestimatedresolutionof theprimary
vertex reconstruction.Fig.2.12comparesthemeasureddistribution (left) of all primaryverticesv1 in
the two target cells (Sect. 3.2) with the simulateddistribution for Λ production(middle) andthe Λ
decayverticesv2 (right). Thesimulation[29] assumedthetwo targetcells to becenteredaroundthe
z = 0 cmposition,while duringdatatakingin 2001they wereshifted35cmupstream.Themaximum
of Λ decaysis just behindthetargetsolenoid.

Primary vertex
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Figure2.12:Measuredandsimulatedvertex distribution of Λ hyperonsin z-direction. Themeasured
primary vertex includingan experimentaloffset(seetext) is shownin theleft panel.The
simulatedprimary vertex distribution is shownin the middleand the Λ decayvertex is
displayedin theright panel,from[29].
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The momentumdistributions of the Λ and its daughterparticles are shown in Fig.2.13 for
a beam energy of 200 GeV. An averagemass resolution of σ � mΛ ��� 3.5 MeV was derived,
which strongly dependson the Λ vertex position due to the amount of target material. The
projectedprecision of xF was found to be approximately0.3 %. The xF distribution of the
simulatedΛ hyperonsfor a muon beamwith Eµ = 160 GeV and a polarizationof Pµ = -80%
scatteringoff a 6LiD target is shown in Fig.2.14. The shareof events in the target (xF < 0)
and current (xF > 0) fragmentationregion can be derived from this distribution. One can see,
that the acceptancefor events from the target fragmentationregion is restrictedto the interval
-0.2< xF < 0. Mostof therejectedeventsatnegativexF have low momentumprotonsandlargeangles
to thebeamaxis.

<p > = 1.4 GeV
π

<p > = 6.8 GeV

<p > = 7.3 GeV
Λ

p

Figure2.13:Momentumspectra of the Λ hyperons and the decay particles proton and pion,
simulatedfor a beamenergy of 200GeV, from[29].

First Λ hyperonshave beenreconstructedfrom 2001 data. Fig.2.15 shows theseevents in an
Armenterosplot obtainedfor a cut on thesecondaryvertex at z > 45 cm. In this plot the transverse
momentumin the center-of-masssystemof the decayparticlesof a neutralbaryonor mesonwith
respectto themotherparticle’s momentumvectoris plottedversustheArmenterosvariableα, which
is definedby

α � p�l � p�l
p�l � p�l � (2.33)

wherep�l is the longitudinalmomentumof the positive andnegative decayproductin the center-
of-masssystem. An ellipse spanningthe whole α rangefrom -1 to +1 correspondsto a meson
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Figure2.14:SimulatedxF distributions, from [25] The solid line showsthe generated events,the
dashedline the oneswhich were accepted. The histogram containsall reconstructed
eventspassingthevertex cutsasdescribedin thetext.

decayinginto a particle and its antiparticle,for instanceK0 � π� π� . The diffuse bandvisible at
pt � 0 GeV is causedby gammaconversions,γ � e� e� . In the Λ decaytheoutgoingprotonhasa
higher longitudinalmomentumthan the pion, thereforeoneexpectsa smallerellipse in the region
α > +0.5. On thecontrary, theΛs areexpectedin thenegative α region. Themaximumpt of theΛ
is themomentumof 101MeV availablein thedecayinto a protonanda pion [16]. Theellipsefor Λ
hyperonsis clearlyvisible on theright sideof theplot, on theleft sidetheΛ canbeseen.

For 2002 the expectedstatisticshas beenderived from a simulation with the actualbeamen-
ergy of 160 GeV. The total crosssectionfor Λ productionin DIS is σ = 41.6 nb. This projection
assumesaluminosityof 5 � 1032cm� 2s� 1 andameanmultiplicity of eventswith aΛ momentumlarger
than2 GeVof � n� = 0.06.With areconstructionefficiency of 6 % andaprimaryvertex reconstruction
efficiency of 70 %, oneobtainsa total of approximately29000reconstructedΛ hyperons[25], by far
exceedingthepresentstatistics.
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Figure2.15:Armenteros plot of 2001 COMPASSdata for secondaryverticesdownstreamfrom the
target (z> 45 cm).TheΛ hyperonscanbefoundin thesmallellipseon theright.
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3 The COMPASSExperiment

COMPASS (COmmonMuon andProton Apparatusfor StructureandSpectroscopy) is a fixed tar-
get experimentlocatedin the north areaof CERN. Protonsacceleratedby the SPS(Super Proton
Synchrotron) to an energy of 400 GeV are ejectedat the extraction point for the CERN North
Area andguidedonto the T6 productiontarget (seeFig.3.1). The collisionsof protonsandthe nu-
clei of the T6 target producemainly pionsandkaonsdecayingto naturallylongitudinally polarized
muons.TraversingtheM2 beamline,themuonsaredirectedto thepolarizedtargetof theCOMPASS
experiment,wheretheinteractiontakesplace.
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Figure3.1: Theaccelerator complex at CERN(notdrawnto scale),showingthetwoaccelerators rel-
evantfor COMPASS,PSandSPS,andthepositionof theexperimentalareaof COMPASS.
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As discussedin Chapter2, it is necessaryfor the proposedmeasurementsto have both beam
and target polarized. Therefore,the first part of this sectiondealswith the polarizedbeamand
target. The spectrometerusedfor the performedmeasurementsis designedin two stages,a large-
angleanda small-anglespectrometer. Particleidentificationis providedby a ring-imagingČerenkov
detector(RICH), the muonfilters, which distinguishmuonsfrom other charged particles,and two
hadroncalorimeters,whicharealsopartof thetriggersystem,describedin Sect.3.3.3.

3.1 The polarized Muon Beam

The muonbeamfor the COMPASS experimentis producedby shootinghigh energy protonson a
productiontarget. The protonsare acceleratedin the SPSto an energy of 400 GeV. At a special
extractionpoint they areejectedfrom theacceleratorring andguidedonto theT6 beryllium produc-
tion target with an incidentintensityat the target in the rangefrom 2 � 1012 to 1.2 � 1013 protonsper
SPScycle. Due to theworking cycle of theSPS,muonsuseablefor the COMPASSexperimentare
producedduringan5.1s longspill (on-spill time) followedby anoff-spill timeof 11.7saddingup to
a total cycle lengthof 16.8s. TheSPScycle is sketchedin Fig.3.2,wherethesolid line displaysthe
intensityof protonsin theSPS.Theinjectionof protonspreacceleratedby theProtonSynchrotronPS
(EPS = 14 GeV, intensity3.4 � 1013) filling the SPSleadsto the stepsvisible on the left handside.
During accelerationthe intensityremainsconstantuntil the protonsareextractedonto theT6 target
(slow extraction).For generatingthemuonbeam,aberylliumtargetheadwith alengthof LT6 = 50cm
hasbeenchosen.Pionsandkaonsselectedby their momentum,emerging from theproton-beryllium
collision aredecayingto muonsin thehadrondecaysectionof theM2 beamlinepicturedin Fig.3.3.
Electronproductionis suppressedby a factorof approximately10� 4 becauseof helicity conservation,
the factorarisingfrom themassdifferencebetweenelectronandmuon. Within theM2 beamlinethe
flux of particlesapartfrom muonsis further reducedby meansof hadronabsorbers.Themuonsare
thenselectedby theirmomentumwith acompositionof bendingmagnets.

injection
from the PS

first
injection
from
the PS Machine Intensity

Magnet Cycle

second

5.1 s

flat top

Acceleration

extraction
slow 

down
ramp

(extraction)

11.7 s

Figure3.2: TheSPSspill structure (not drawnto scale).Thesolid line is theproton intensitywithin
theSPS,thedashedline themagnetcurrentof theSPS.
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Figure3.3: Schematicof theM2 muonbeamline(notdrawnto scale).Pionsandkaonsproducedin the
proton-berylliumcollisionsin T6decayin a hadrondecaysection.Thefractionof hadrons
is further reducedby an absorber, before themuonsare selectedby their momentumwith
an arrangementof bendingmagnetsandscrapers. Themuonmomentumis measuredby
thebeammomentumstations(BMS)approximately100min frontof theCOMPASStarget.

Thebeammuonsaredeflectedupwardsin afirst magnet,beforethey areguidedbackto analmost
horizontaldirection. This guaranteesthat the initial beamdoesnot point to the COMPASS target.
Thebeamis focussedby meansof a beamopticssystem.Determinationof themomentum�k of the
beammuons(seeTab. 2.1) is essentialfor all physicsanalyses.Thebeammomentumstations(BMS)
responsiblefor this measurementconsistof four scintillator planesplacedbetween140m and60 m
in front of the COMPASS target in the region of the last dipole magnetbendingthe muon beam
vertically into theexperimentalhall (seeTab. 3.1andFig.3.3). Eachof thefour stations,two of which
areupstreamandtwo downstreamof the magnet,hastwo stationscontaining64 scintillators,each
with awidth of 5 mm.

Table3.1: Positionof theBMShodoscopeswith respectto thetarget.

positionin z active area

Station1 -137.194m 60 � 180mm2

Station2 -123.771m 120 � 90 mm2

Magnet -90.578m to
-106.898m

Station3 -73.705m 120 � 100mm2

Station4 -61.282m 60 � 230mm2

Themuonsarenaturallypolarizeddueto theweakmaximalparity violating pion decay[12]. The
polarizationin the laboratorysystemdependson the ratio of hadronandmuonenergies[42]. Pions
with 177GeV/candamomentumspreadof � 10%areselectedby afirst stageof deflectingmagnets,
decaymuonswith a momentumof 160 GeV/c areselectedby further bendingmagnetsbehindthe
hadronabsorberwith amomentumspreadof approximately3%RMS.Themuonsloseabout2.8GeV
on their way throughthe hadronabsorber[43]. The resultingratio Eµ � Eπ � 0.9 leadsto a beam
polarizationof Pµ � -77%for theusedµ� beamusingEq. 3.1.
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Pµ
� � m2

π� K � � 1 � 2Eπ� K
Eµ
� m2

µ

m2
π� K � m2

µ � (3.1)

wherePµ is the beampolarization,Ei and mi are the energy and massof the particle i, i.e. pion,
kaonor muon. TheSpinMuon Collaboration(SMC) experiment,which hasbeenlocatedin today’s
COMPASS area,usedthe samebeam-lineas the COMPASS experimentdoesnow. It hasverified
the beampolarizationusingtwo differentmeasurements[44]. With the obtainedresultsit could be
shown, thatthemeasuredvaluesarein goodagreementwith thecalculationusingEq.3.1. Hence,the
COMPASScollaborationcameto thedecisionnot to measurePµ again,but to rely on thecalculated
values.For 2001this givesa valueof -76% [45]. As SMC hasbeenrunningwith slightly different
beamconditions,themeasuredpolarizationof Pµ = (-79.7 � 1.1 (stat.) � 1.2(syst.))%[44] is higher
thanfor COMPASS.The parametersof the muonbeamfor COMPASSaresummarizedin Tab. 3.2.
A beamprofile measuredwith thescintillatingfiber station2, which is 3 m upstreamof thetarget, is
shown in Fig.3.4.

Table3.2: Parameters of themuonbeam.

Muons/Spill 2 � 8 � 108

MeanBeamEnergy <Eµ> 160GeV
BeamPolarization PB � -76%
BeamDiameter σx � σy 7.0 � 8.0mm2

Divergence < 1 mrad
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Figure3.4: Beamprofile measuredby thescintillating fiberstation2.
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3.2 The polarized Target

COMPASSusessolid polarizedprotonanddeuterontargets. Theadvantageof a muchhigherlumi-
nositycomparedto gaseousor liquid targetsprevails over thelargerbackground.Theexperimentally
observableasymmetryis weightedby thebeampolarizationaswell asby theeffective targetpolariza-
tion, which is thenucleonpolarizationtimesthedilution factor. Thedilution factorf is thefractionof
polarizablenucleiin thetarget.Ammonia(NH3) and6LiD aretheidealmaterialsavailablefor proton
anddeuterontargets,respectively. Hence,thesetwo materialshave beenchosenfor theCOMPASS
target. Especially6LiD which is usedin theyears2001and2002offersthehighestdilution factorof
all polarizabletarget materials.Concerningthepolarization6LiD canbe thoughtof asa three-body
compoundof anα-particle,aproton,anda neutron,with a valencenucleonpolarizationof morethan
92%[46]. Themeandilution factorof 6LiD is f = 0 � 437 � 0 � 005[47].

Thetargetnucleiarepolarizedby themethodof dynamicnuclearpolarization(DNP)ata tempera-
tureof 200-300mK. Thetargetmaterialhasbeenirradiatedwith 20 MeV electronsin orderto create
paramagneticcenters.Thetarget is placedinsideamicrowave cavity orientatingthespindirectionby
irradiatingthematerialwith microwavesslightly aboveor below theelectronspinresonance(Larmor)
frequency. This causesa transferof the high electronpolarizationto the target nuclei by resonant
absorptionof themicrowave radiation[48]. For this purposea 2.5T longitudinalfield is producedby
a superconductingmagnetaspicturedin Fig.3.5. For measurementswith longitudinalspin orienta-

z = 0 cm60 cm

Acceptance

Proposed

Present 

(70 mrad)


 


1m

Dilution refrigerator

Superconducting


        magnet

(180 mrad)
Acceptance
COMPASS

Target Cells

Figure3.5: Schematicof thetarget system.Thetwo60cmlong target cellsareplacedinsidea super-
conductingmagnet.Thedilution refrigerator is responsiblefor coolingthetargetmaterial.
Theacceptanceof thepresentlyusedSMCsolenoid(dark area) is shownin comparison
with theacceptanceof theCOMPASSsolenoid,theangleis notdrawnto scale.
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tions thetarget is operatedin this polarizingmodeduringdatatakingto achieve thehighestpossible
averagepolarization. With this configuration,using6LiD astarget material,a stablepolarizationof
up to +57% and-49% could be achieved [49]. Several measurementsof the build-up of the 6LiD
polarizationaredisplayedin Fig.3.6by thedifferentcurves.

In order to minimize the effect of
beamflux variationson theasymmetry
measurement,two oppositelypolarized
targetcellsareplacedwithin themagnet
(seeFig.3.5). To achieve a luminosity
of 1031 to 1032 cm� 2 s� 1 it is necessary
to uselong target cells of 60 cm each
having a diameterof 3 cm. They are
separatedby amicrowavestoppermade
from 0.1mm copperfoil to ensurecor-
rectmicrowave frequency to bepresent
in eachcell. Thissetuprequiresthatthe
spin directionsare frequentlyreversed
to cancel the false asymmetrydue to
the spectrometeracceptanceratio and
the differentamountof material. This
is doneby synchronouslyoperatingthe
longitudinal and vertical dipole fields
to rotate the field direction at 0.5 T
every eight hours. The averagetarget
polarizationhas beenmeasuredto be
Pt = 0.54in theup-streamhalf and0.47
in thedown-streampart.
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Figure3.6: Evolution of the 6LiD polarization as a
functionof timeasmeasuredin 2001.

For the year2001the existing magnetof theSMC experimentwasinstalled[50] with a new mi-
crowave cavity fitting insidethemagnets26.5cm diameterbore.To extendthepresentacceptanceto
180mrad,a new superconductingmagnetis in preparation.It is comparedwith theSMC magnetin
Tab. 3.3.

Table3.3: Comparisonof parameters of theSMCandtheCOMPASStarget magnet.

SMC COMPASS

diameter/cm 26.5 60

acceptance/mrad � 70 � 180

acc.for D0 � K � � π�
(160GeV beam) 73 % 100%
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3.3 The COMPASSSpectrometer

The physicsprogramof COMPASS determinesthe layout of the experiment. Opencharmevents
andhigh pT hadronpairshave to bereconstructedaswell astheΛ decayproducts,pion andproton.
Therefore,the COMPASS spectrometeris designedasa two stagedetector. The granularityof the
useddetectorsis suitedto theexpectedparticlefluxes,which reachabout30 MHz/cm2 in thebeam
center. Over the large acceptanceof the COMPASS spectrometer, this is copedwith by a tracking
systemsubdividedinto asetof nesteddetectorsof increasingratecapability.

The full detectorsetupfor the year 2002 is sketchedin Fig.3.7. The first sectiondetectspar-
ticlesemerging underlargeangles,thesecondsectionparticleswith highmomentumemerging under
smallerangles.Both sectionscontainsmallareaandlarge areatrackingdetectors.Fasttrackersare
positionedin andcloseto thebeam,therebyestablishingtheneedfor highgranularitydetectors.Large
areatrackersdetectparticlesin theregionsmoredistantto thebeam.With thissetup,anacceptanceof
vertically 200mradandhorizontally250mradis covered.Thecoordinatesaredefinedthatthex-axis
givesthehorizontalandthey-axis theverticaldirection. Thez-axispointsalongthedirectionof the
incomingmuonbeam.

Two openfield magnets(SM1 andSM2) areinstrumentedto measurethe momentumof charged
particles. The position of the two magnetscan be seenin Fig.3.7. The deflectingpowers ¡ B � dl
are approximately1.0 Tm and 4.4 Tm, respectively, enablingthe reconstructionof particleswith
momentumbetweenapproximately100MeV and200GeV. Sincethedeflectionanglein a magnetic
field dependson the ratio betweenfield strengthand particle momentum,the first spectrometer
magnetwith the lower magneticfield is usedto deflectandsplit up tracksof particlesin the lower
momentumrange.High momentumparticlespasstheSM1almostundeflectedandthesecondmagnet
is responsiblefor bendingtheir tracks.

For particle identificationseveral detectorsareused,a ring-imagingČerenkov detector(RICH),
electromagneticandhadroncalorimeters,andthemuonwalls. Particlesotherthanmuonsareabsorbed
by iron blocksin themuonfilters (MF). Thehadroncalorimetersarefurthermoreusedfor thetrigger
systemselectingthephysicsreactionasdescribedin the lastpartof this section.Thedetectoris not
totally symmetricto thez-axisdenotedby thedashedline. This is dueto the fact that thepositively
chargedbeammuonsaredeflectedby the two spectrometermagnets.Therefore,the positionof the
beamhole is shiftedto theJurasidewith respectto thez-axis. To give a moreostensive picture,the
beamdeflectionis exaggeratedin Fig.3.7.A morerealisticpictureis givenin Fig.3.17.

The different spectrometercomponentsare briefly sketchedwith referencesto designreports.
At theendof eachsectioninformationon therelevant readoutsetupis given,sincethemainpartof
this thesisdealswith thearchitectureof theCOMPASSreadoutsystem.
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3.3.1 Tracking Detectors

This sectiondescribesthe trackingsystem,startingwith thesmall-areatracking(SAT). In the target
region silicon detectorsandfour scintillating fiber stationsaresetup. Four otherscintillating fiber
stationsarepositionedcloseto SM2. In front of SM1 therearemicromegachambersanddistributed
betweenSM1 andbehindSM2 eight GEM detectorsare installed. The large-areatrackingsystem
incorporatesdrift-chambers,straw detectorsand multi-wire proportionalchambers(MWPC). Both
typesof detectorsaredistributedover thefull lengthbetweenthetargetandbehindthesecondmuon
filter. A summaryof all trackingdetectorsandtheir resolutionis givenin Tab. 3.4.

Table3.4: Resolutionof theCOMPASStracking detectors. TheW4-5drift-chamberwill beusedfrom
the2002beamtimeonwards.For thestrawsa preliminaryresultis given.Thenumbersare
fromthereferencesgivenin therespectivedetectorsections.

Spatial Time numberof
DetectorType ActiveArea Resolution Resolution channelsin 2001

SciFi (targetregion) 52.5 ¢ 52.5mm2 120µm 400-450ps 1420
SciFi (spectrometer) 123 ¢ 123mm2 410µm 370ps 1152
Silicons 70 ¢ 50 mm2 14 µm 2.5-3ns 6144
Micromegas 380 ¢ 380mm2 70 µm 8.5ns 5120
GEMs 300 ¢ 300mm2 46 µm 15ns 21504

Drift Chambers 140 ¢ 124cm2 175µm n.a. 1526
Straws 325 ¢ 277cm2 200-300µm n.a. 2688
MWPCs 150 ¢ 120cm2 500µm n.a. 24576
W 4-5 552 ¢ 262cm2 - - 2002:976

Scintillating Fibers
Eight scintillating fiber (SciFi) stationsareoperated,five of which have two planes,the remainder
have three planeseach. The first two positionedin front of the polarizedtarget can be usedto
determinethebeampositionanddirection. In combinationwith thebeammomentumstationsthese
two provide the four-momentumof the incomingmuonat the target position. The stations3 and4
arelocatedclosebehindthetarget to provide trackingof thescatteredmuon.They alsoestablishthe
possibilityof calculatingthescatteringpoint, thevertex of theprimaryreaction[51].

The detectorhas a multi-layer structureof fibers piled up in straight stacking as shown in
Fig.3.8. Thecharacteristicsof theeightfiber stationsaresummarizedin Tab. 3.5. In additionto the
horizontalandvertical projectionall scintillating fiber stationsfeature,the stations3 and4 contain
a planeinclined by -45£ andstation6 a planeinclined by +45£ . The light producedby traversing
particlesis converted to electronicsignalsby photomultipliersglued to the end of 2 m long light
guides.Beforetransmittingtheoutputsignalsof thephotomultipliersto thereadoutbuffer modules,
they are guidedthrougha discriminatorcard. With a very good time resolutionof about370 ps
[52] thescintillating fibersareusedfor precisetrack timing. Thescintillatingfibersarereadout by
TDC-CMCs(Sect.5.2.3). An exampleof a beamprofile measurementwith thescintillatingfibersis
shown in Fig.3.4on page26.



32 3 THE COMPASS EXPERIMENT

y

z

96

95

94

93

0.41 mm

1

2

3

4

0.50 mm

BEAM

Figure3.8: Structure of a scintillatingfiber bundleorganizedin straight stacking.

Table3.5: Thescintillating fiberdetectors in COMPASS.

Station z-position fiberdiameter pitch active area

FI01 -7.4m 0.50mm 0.41mm 39.4 ¢ 39.4mm2

FI02 -3.0m 0.50mm 0.41mm 39.4 ¢ 39.4mm2

FI03 1.2m 0.50mm 0.41mm 52.5 ¢ 52.5mm2

FI04 2.1m 0.50mm 0.41mm 52.5 ¢ 52.5mm2

FI05 5.9m 0.75mm 0.525mm 84.0 ¢ 84.0mm2

FI06 15.0m 1.00mm 0.70mm 100 ¢ 100mm2

FI07 21.3m 1.00mm 0.70mm 100 ¢ 100mm2

FI08 30.9m 1.00mm 0.70mm 123 ¢ 123mm2

The Silicon Detector
TheCOMPASSsilicondetectors[53] aretypicalrepresentativesof asemiconductorstripdetectorwith
pn junctions.It coversanactiveareaof 5 ¢ 7 cm2 with apitchof 50µm. Ionizingparticlestraversing
the detectorproduceelectronhole pairsalong their trackswhich areseparatedby an externalfield
beforerecombination.Electronsdrift towardstheanodewheretheirchargeinfluencesacurrentpulse.
The integral of this pulseequalsthe total charge generatedby the incidentparticleandis a measure
of thedepositedenergy. Two almostorthogonalreadoutstructuresareusedto get two projectionsat
once.Thesecondstripplaneis tilted by 2.5£ . Two detectorsmountedbackto backprovide four views
with 5£ stereoangle.Thesilicon detectorshave a goodspatialresolutiondueto their smallpitch. To
minimize the Coulombscattering,which would reducethe resolution,the siliconsareonly 280 µm
thick. Anotherreasonfor thesmallextensionsin thebeamdirectionis thehigh averageenergy loss
of typically 390 eV/µm. An advantageover gasdetectorsis the low energy thresholdof 3.6 eV for
electron-holeproduction. Togetherwith the first two scintillating fiber stationsthe silicon detectors
arepositionedin front of thetarget for precisebeamdefinition. Thesilicon detectorsarereadout via
ADCsmakinguseof APV frontendchipandtheGeSiCAmodule(Sect.4.3).
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Micr omegaChambers
MicromeshGasChambers,shortMicromegas[54], are installedassmall areatrackersbetweenthe
targetandSM1. A summaryof themicromegachambersusedin 2001andpreparedfor 2002is given
in Tab. 3.6. In thefollowing detectorsnotusedin 2001aremarkedby astar, theirpositionmaychange
in thefinal installation.Theu andv projectionsareinclinedby anangleof +45£ and-45£ , respectively.
Micromegasaregaseousdetectorsusingaparallelplateelectrodestructure,seeFig.3.9. Thedetector
consistsof a thin metalanodegrid (micromesh)stretchedat a small distanceabove the microstrip
readoutelectrodes.Above themicromeshthereis a conversiongapof 2.5 mm in which thecharges
generatedby ionizing particlesarecollectedanddrift in a moderateelectricfield of approximately
1 kV/cm. Theamplificationgap,thedistancebetweenthemeshandthereadoutelectrodesis 100µm.
Here,amuchhigherfield in theorderof 50kV/cm producesanavalancheresultingin a largenumber
of electronion pairs[55]. The pitch of theanodestripsis 360 µm in themiddle and420 µm at the
edges. The readoutof the Micromegasmakes useof the SFE16[56], a 16 channelamplifier and
discriminatorchipwith apeakingtimeof 85ns.Theoutputsignalsaredigitizedusingtheleadingand
trailing edgemodeof the ¤ 1 TDCs of which eight areforming thedigitization unit of the frontend
boarddescribedin Sect.4.2. The differencebetweenleadingand trailing edgetime, the time over
threshold, is to first ordera logarithmicfunctionof theamplitude,giving this additionalinformation
usedfor backgroundreduction.

Table3.6: Themicromega chambers in COMPASS,left 2001,right 2002.

Station z-position part pitch active area

MM01U 1.4m inner 360µm 184 ¢ 400mm2

outer 421µm (108 ¢ 400mm2)
MM01X 1.5m 346µm 398 ¢ 398mm2

MM03U 2.4m inner 360µm 184 ¢ 400mm2

outer 421µm (108 ¢ 400mm2)
MM03X 2.5m inner 360µm 184 ¢ 400mm2

outer 421µm (108 ¢ 400mm2)

Station z-position projection

MM01 ¥ 1.4m x,y
1.5m u,v

MM02 ¥ 1.9m x,y
2.0m u,v

MM03 ¥ 2.4m x,y
2.5m u,v

conversion

micromesh

360 mµ

amplification

2.5mm

100 mµ

microstrips

drift electrode

Figure3.9: Schematicview of a COMPASSmicromega detector. Traversing particlesionizethe gas
atoms,theproducedelectronsdrift in thedirectionof themicromesh.In theamplification
gapanavalancheof electronsis producedwhich is detectedby thereadoutmicrostrips.
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GasElectron Multipliers
The GasElectronMultiplier (GEM) detectorsfor the COMPASS experimentare realizedas triple
GEMs [57]. The GEM stationsusedin 2001aresummarizedin Tab. 3.7. The principle layout of a
GEM plane[58] is sketchedin Fig.3.10. It consistsof a metal-cladpolymerfoil (copperon capton)
with ahighdensityof holesin agasvolume,which is filled with amixtureof argon(70%)andcarbon
dioxide(30%).A potentialdifferencebetweentwo electrodesmakeselectrons,whicharereleasedby
radiationin the gason onesideof the structure,drift into the holes. Therethey aremultiplied and
transferredto acollectingregion. It is readout in two projectionssimultaneously. Two of theseplanes
form a stationgiving four projectionsin total. Eachof theexisting sevenGEM stationshasanactive
areaof 32 ¢ 32 cm2 anda drift spaceof 3 mm thickness.For minimal ionizing particlesthespatial
resolutionis on average46 µm [59]. TheGEM detectorsaresegmentedfor reducingthecapacitance
in caseof discharges.A centraldiscof 5 cmdiameteris independentlypoweredin orderto switchthis
region off separatelyduringhigh intensityruns.

Table3.7: TheGEMdetectors in COMPASS,new GEMsfor 2002are markedby a star.

Station z-position pitch active area

GM01 4.8m 0.4mm 316 ¢ 316mm2

GM02 5.2m 0.4mm 316 ¢ 316mm2

GM03¥ 5.6m 0.4mm 316 ¢ 316mm2

GM04 9.6m 0.4mm 316 ¢ 316mm2

GM05 13.9m 0.4mm 316 ¢ 316mm2

GM06 15.8m 0.4mm 316 ¢ 316mm2

GM07¥ 20.3m 0.4mm 316 ¢ 316mm2

GM08 20.6m 0.4mm 316 ¢ 316mm2

GM09 20.9m 0.4mm 316 ¢ 316mm2

GM10¥ 31.4m 0.4mm 316 ¢ 316mm2

2mm

3mm
drift

Ar:CO  (70:30)
gas volume

2

Cathode

transfer

transfer GEM foils

collect Readout Strips

2mm

2mm

Figure3.10:Schematicview of a COMPASSGEMdetector. Traversingparticlesionizethegasatoms,
theproducedelectronsdrift in thedirectionof thereadoutstrips.Theinlay showsa field
map[57] in theenvironmentof a GEM foil hole.
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Figure3.11:Large angletracking betweenthetarget andthefirst hadron calorimeter.

Drift-chambers
Eight drift-chamberplaneswith 176 wires eacharecurrently in operation[60]. Futureuseof the
W4-5 drift-chamberof theEMC experimentis underdiscussion,but hereonly theusedSaclaydrift-
chambers(SDC)arepresented.Theeightchamberscoveringanactiveareaof roughly140 ¢ 124cm2

aregroupedin two moduleswith onex, y, u andv-planeeach.For 2002threemoduleswill beused
at the z positions2.6 m, 4.6 m, and5.0 m with respectto the target. The pitch of the drift wires is
7.0mm. TheusedNe/C2H6/CF4 (45%/45%/10%)gasmixturehasanaveragedrift velocity of 77 µm

ns
leadingto amaximumdrift timeof 70ns.As for mostof thedetectorsthecenterregion is deactivated,
hereby neutralizinga disk of 30 cm diameter. TheSDCareoperatedwith a high voltageof 1750V
correspondingto an amplificationfactor of approximately2 ¦ 104. Electronicsignalsof 64 drift-
chamberchannelsareamplifiedby ASD8b preamplifieranddiscriminatorchips. Thesesignalsare
digitizedby ¤ 1 TDCsbeforebeingtransferredto theCATCH modulevia HOTLink (Sect.5.2.1).

Straw Chambers
The COMPASS straw chambers[61] cover an active areaof 325 ¢ 244 cm2 (horizontal,x-plane)
and 325 ¢ 277 cm2 (y-plane)with 640 and 832 straws, respectively. The straws are arrangedin
doublelayers,which aredisplacedby half a diameterwith respectto eachotherto resolve left/right
ambiguities.Threedoublelayersform onespacepoint (x,y,u), wherethethird projectionis inclined
at an angleof § 10£ with respectto vertical wires. In 2002six doublelayerswill be instrumented
between5.36m and5.56m upstreamfrom the target. The innerpartof theplanesis equippedwith
6.04mm,theouterpartwith 9.51mmstraws. TheAr/CF4/CO2 (74%/20%/6%)filled gasvolumeof a
straw is surroundedby acaptonXCfoil ascathodewith aluminizedcaptongluedto theexterior. Drift
velocitiesof theelectronsareabout70 µm

ns . Dueto thehigh rates,theflux in thebeamcenteris about
30MHz/cm2, thechambershave to beinsensitive in thiscenterregion. Thesizeof theholeproviding
this insensitivity is determinedby theareacoveredby the GEM detectorssituatednext to the straw



36 3 THE COMPASS EXPERIMENT

detector. Thefrontendboardfor thestraw readouthasbeendevelopedin Freiburg, utilizing eight ¤ 1
TDCs. Readoutis realizedin a similar way asfor thedrift-chambersby anASD8band ¤ 1 frontend
boardvia theHOTLink interface(Sect.5.2.1).

Multi-wir e Proportional Chambers
Multi-wire ProportionalChambers(MWPC) areusedthroughoutthewholeCOMPASSexperiment.
A summaryof theMWPCsinstrumentedin 2001is givenin Tab. 3.8. Threechambersarepositioned
betweenSM1 andSM2, four behindSM2 andfour behindMW2. MWPCsarewire chamberswith a
multitudeof readoutwires. A fastgasmixture(Ar, CF4 andCO2 with theproportion74%:20%:6%)
is usedwith a drift velocity of approximately100 µm

ns [62]. Initial analysesrevealedanefficiency of
approximately98%anda single-hitspaceresolutionof σ ¨ 700µm [63]. More than24000channels
have to bereadout with TDC frontendboards.Detectorsignalsarepreamplifiedby MAD IV chips.
The ¤ 1 TDCsareoperatedin a modewhereonly hit informationis provided,dueto thefactthatfor
MWPCsa moreprecisetime resolutionis not necessary. In this mode192MWPC channelscanbe
combinedononefrontendboardequippedwith six ¤ 1 TDCs(Sect.4.2.1).

Table3.8: TheMWPCsin COMPASS.

Station z-position pitch active area projections

PS01 9.5m 2 mm 152 ¢ 120cm2 x,y,u,v

PA01 13.8m 2 mm 152 ¢ 120cm2 x,u,v
PA02 15.7m 2 mm 152 ¢ 120cm2 x,u,v
PA03 20.2m 2 mm 152 ¢ 120cm2 x,u,v
PA04 20.5m 2 mm 152 ¢ 120cm2 x,u,v
PA05 20.8m 2 mm 152 ¢ 120cm2 x,u,v
PA06 31.3m 2 mm 152 ¢ 120cm2 x,u,v
PA07¥ 31.5m 2 mm 152 ¢ 120cm2 x,u,v

PB01 41.9m 2 mm 152 ¢ 92cm2 x,u
PB02 42.0m 2 mm 152 ¢ 92cm2 v
PB03 43.9m 2 mm 152 ¢ 92cm2 x,u
PB04 44.1m 2 mm 152 ¢ 92cm2 v
PB05 46.1m 2 mm 152 ¢ 92cm2 x,u
PB06 46.3m 2 mm 152 ¢ 92cm2 v

3.3.2 Particle Identification

Most of theplannedmeasurementsrequireexcellentparticleidentification.Themeasurementof the
gluon polarization∆G/G is eitherdonevia opencharmproductionor the detectionof hadronpairs
with largetransversemomentum,bothrequiringknowledgeof theproducedhadrons.In thefirst case,
the decayproductsof theD0 mesons,π© andK ª , in the secondcaseπ© πª or K © K ª pairshave to
be identified. It is alsoessentialto detectthe scatteredmuonwhich is provided by themuonfilters
positionedbehindthick absorbersto shieldthemfrom hadronsandelectrons.Thedetectorstakingon
this taskaresubjectof thefollowing section.
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The RICH
Hadron identification in the COMPASS experiment is performedby meansof a ring-imaging
Čerenkov detector(RICH). Accordingto the requirementsof theCOMPASSexperiment,theRICH
needsa capabilityto separatepions,kaonsandprotonswith a momentumup to 65 GeV/c in a high
intensityenvironment.It hasto cover thefull foreseenacceptanceof thelarge-anglespectrometerof§ 250 mrad(horizontal)and § 200 mrad(vertical). Theseconsiderationshave suggestedthe design
parametersof COMPASSRICH [64], seeFig.3.12. Particlespassingthrougha radiatorgasinduce
the emissionof Čerenkov photonswhich arefocussedonto positionsensitive photondetectorsby a
setof mirrorsasshown in theleft partof Fig.3.12.TheCOMPASSRICH is agasdetectorwith a3 m
longC4F10/N2 radiatorat atmosphericpressure.Themirror setupconsistsof sphericalmirrorswith a
radiusof 6.6m, segmentedin 116hexagonalpiecescoveringa totalareaof 20.37m2. They form two
sphericalsurfaceswith differentcentersof curvatureto focalizetheČerenkov photonsontotwo setsof
photondetectorsplacedabove andbelow theacceptanceregion. PhotonsemittedundertheČerenkov
angleθC producea ring of radiusr on the photondetectorsurfacefrom which the particlevelocity
β = v/c canbecalculated.

β «­¬ n ¦ cos
2r
RS ® ª 1 ¯ (3.2)

where n is the refraction index of the radiator (C4F10: n = 1.00153, N2: n = 1.000297)and
RS = 6.6 m is the radiusof the sphericalmirrors. Reflectanceof the mirrors hasto be reasonable
down to a wavelengthof approximately155nm becausethenumberof photonsis proportionalto the
inversewavelength.ThephotondetectorsareMWPCsequippedwith CsI photo-cathodesfor a total
active surfaceof 5.3m2. Segmentationof the8 ¢ 8 mm2 pixels resultin morethan80000channels
equippedwith analogreadoutelectronics.They arereadout via optical fibersthroughthe CATCH
Module with HOTFiber CMCs (Sect.5.2.2). For the secondstageof the COMPASS experimenta
secondRICH (RICH2) is proposedto complementtheparticleidentificationto highermomenta.
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Figure3.12:Principle schemeof the COMPASSRICH. As pictured in the left part, incomingparti-
clesradiateČerenkov light reflectedby a setof mirrors on the right back to thephoton
detectors eitheron thetopor thebottomhalf of thedetector.



38 3 THE COMPASS EXPERIMENT

First RICH rings have alreadybeenrecordedby meansof the HOTFiber - CATCH system. An
exampleof a reconstructedring is shown in Fig.3.13. Thedarker thepointsarethe larger themea-
suredamplitude.Thecrossindicatesa trackreconstructedby theCOMPASSspectrometer, thecircle
assumesaparticlewith β = 1 which in thiscasemostprobablywasakaon.

Figure3.13:Reconstructedring seenby theCOMPASSRICH (pure N2 filling).

Calorimeters
For measuringtheenergy of theparticlescalorimetersareused.They arecompositedetectorsusing
the total absorptionof the particlesto determinetheir incident energy and position. Showers are
generatedby cascadesof interactionswhicharedetectedby photomultipliers.In afirst stepelectrons,
positronsandphotonsarefully absorbedby electromagneticcalorimeters(ECAL). Hadronstraversing
the ECAL due to their larger interactionlength are detectedin hadroncalorimeters(HCAL). The
hadronsalreadystartshowering within the ECAL, but completeabsorptiononly takesplacein the
HCAL.

As electromagneticcalorimeterfor the small-anglespectrometer, ECAL2, it is plannedto use
theGAMS-4000[65]. It hasoriginally beendesignedfor theWA102 Collaboration[66] asa cellular
leadglasscalorimeterwith photomultiplierreadout. The ECAL2 coversan areaof 3.7 ¢ 1.85 m2

andusesexisting leadglassblocksin theouterregions,whereastheinnerpartwill beconstructedof
radiationhardPbWO4 crystals. It serves two functions,measuringthe energy of e° andγ, thereby
providing particleidentificationinformation. Also π0 identificationcanbeachievedby meansof the
ECAL2 analyzingthedecayinto two photons(π0 ± γγ). In COMPASStheinterestingphotonenergy
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rangesfrom sometensof MeV to about100GeVrequiringgoodenergy resolution.Goodtwo photon
separationis neededin caseof high multiplicity eventsfor unambiguousphotondetection.For the
large-anglespectrometerasecondelectromagneticcalorimeterECAL1 is planned.

Hadronslosing their energy within the iron-scintillator sandwichof the first hadroncalorime-
ter HCAL1 (25 mm iron and5 mm plasticscintillator) aredetectedvia the emittedlight, which is
transferredfrom eachof the total 480 cells of 15 ¢ 15 cm2, seeFig.3.14, via wavelengthshifters
to the photomultipliers. The total thicknessof HCAL1 is approximatelyfive absorptionlength for
pions andseven for protons. In order to allow particleswith high momentumto enterthe second
spectrometerstage,thecalorimeterin thefirst stagehasaholeof 1.2 ¢ 0.6m2.

Beam
440cm

120cm

60
cm

200cm

20 cm

200 cm

440 cm
BeamHCAL2

Figure3.14:Front view of thehadron calorimeters. For HCAL1on theleft four cellsof 15 ¢ 15 cm2

forma module. HCAL2hascellsof 20 ¢ 20 cm2, thebeamholeis off centerby20 cm.

HCAL2 is composedof interleaved leadandscintillatorplates(16 mm leadand4 mm scintillator)
covering an active areaof 440 ¢ 200 cm2 providing very goodenergy resolution. The cells of the
secondhadroncalorimeterarelarger(20 ¢ 20 cm2) thantheonesof HCAL1. Thereare216of these
cellsarrangedin a matrixof tenrows and22 columnswith a squarewindow of four cellsat thebeam
position,which is shiftedto theJuraside(seeFig.3.7and3.14)takingcareof thebeamdeflectionin
themagneticfieldsof SM1 andSM2.

For the calorimetric trigger [67] it is asked for a minimum depositof hadronicenergy in at
leastoneof the two hadroncalorimeters.Hadroniccascadesin a modularsamplingcalorimeterlike
HCAL1 andHCAL2 areusuallyspreadover severalneighboringcalorimetercells. Hence,the total
energy depositioncanonly beobtainedby summingoveranareain theorderof 60 ¢ 60cm2 centered
aroundtheimpactpoint. For generatingthetriggersignalthishasto beperformedwithin 300-400ns
with precisetiming informationof theenergy deposition.Becauseof halomuonsit is impossibleto
sumover the full calorimetersurface,but asenergy depositionof a muonin a hadroncalorimeteris
highly localized,it is sufficient to combineinformationof four modulesof 2 ¢ 2 cellseach.Signals
in the hadroncalorimeterhave to exceeda predefinedenergy deposition.To avoid electromagnetic
signalsin theHCALs they areshieldedfrom theelectromagneticquantaeitherby theelectromagnetic
calorimeteror leadwallsof about10cm thickness.
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Muon Identification
As even high energy hadronsdo not traversethe amountof iron in front of the muonidentification
detectors,only muonscan reachthe detectordue to their higher penetrationability. The muon
detectors(muonfilters)consistof anabsorberandtheactualdetector, themuonwall. Onemuonfilter
is placedbehindthehadroncalorimeterof eachspectrometerstage,i.e. HCAL1 andHCAL2. Muons
passthroughtheabsorbers(abbreviatedMF) of about60cmof iron in front of muonwall 1 (MA) and
2.4 m of concretein front of muonwall 2 (MB). Themuondetectorsconsistof plasticIarocci tubes
in caseof muonwall 1 upstreamof SM2 andaluminiumdrift tubeswith 3 cm diameterfor themuon
filter 2.

Four layersof plastic Iarocci tubes[68] are placeddirectly in front of and behindthe iron ab-
sorbereach.They cover anactive areaof 400 ¢ 200cm2. Thegasmixturecontains70%argonand
30%CO2. Its mainfunctionalityis similar to awire-chamber, but dueto its worsespatialresolutionit
canonly decideif therewasamuonor not. Theobtainedresolutionis in theorderof 3 mm. Therefore,
thedetectoris readout by ¤ 1 TDCsoperatedin thehit modelike theMWPCs(Sect.4.2.1).Like the
otherdetectorsof thelargeanglespectrometermuonfilter 1 featuresabeamhole.

The principle of muon filter 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 andCH4 (75%/25%).
In themuonfilter 2 themuonspassingtheholein muonfilter 1 aredetected.

3.3.3 The Trigger System

Themuontriggersystem[67] is designedto selectcertaintypesof muonscatteringeventsby means
of dedicatedtrigger hodoscopesandthe hadroncalorimetersHCAL1 andHCAL2. The two trigger
hodoscopesH4 and H5, consistingof several scintillation counterseach,are locatedabout40 m
and50 m downstreamfrom the target, respectively. Selectionof eventsis basedon the geometric
propertiesof themuoncandidatetrackandontheenergy depositionin thecalorimeters(seeFig.3.15).
Muon tracksareconsideredasbeinga scatteredmuonif thetrajectorypointsbackto thetarget. This
is analysedby the coincidencematrix combiningthe information of the trigger hodoscopes.The
matrix coincidenceselectstheusefulkinematicsfor thegluonpolarizationmeasurementsin theplane
scatteringangleversustotalmomentum.

As one of the tasksof the trigger systemis the reductionof halo muonstraversing the detec-
tor, a halo profile hasbeentaken with the hodoscopeHM05 shown in Fig.3.16. To discriminate
backgroundof thesehalomuonsseveral vetocountersareinstrumented3 m, 8 m and20 m in front
of the target, respectively. Theveto for COMPASSis an arrangementof scintillator paddlesaround
the beam-line. Information from thesedetectorsis complementedby information of the first two
scintillatingfiberstationsto reduceparticleswith alargeslopein they-direction,andthus,nopossible
interactionin thetarget [69]. Thereductionof thetriggerrateby includingtheveto is in theorderof
90%(seeTab. 3.9).
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Trigger: (H4 & H5) & (HCAL1  or  HCAL2) 
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Figure3.15:Principle Schemeof the trigger decisionfor semi-inclusiveDIS events. A minimum
amountof energy depositionin at leastoneof thetwohadron calorimeters is requiredin
addition to thedetectionof thescattered muon.Halo muons,whosetracksdo not point
back to thetarget,are rejectedby thecoincidencematrix.

Two main event classesare selectedby the trigger system. The first one covers inclusive DIS
eventswith Q2 > 1 GeV2. For theseno hadronicenergy depositionis required.Thesecondtypeare
quasi-real photoneventswith small four momentumtransferQ2 ² 1 GeV2 which involve at least
two hadronswith large transversemomenta. The muonscatteringangleθ is closeto zero. For a
reasonablecoverageof the crosssectionasa function of Q2 the contemplatedangleis extendedto
θ ³ 5 mrad, which correspondsto approximately90 % of the total quasi-real crosssection. The
configurationof thetwo spectrometermagnetsSM1 andSM2 separatestrackswith a relative energy
loss y > 0.3 from the deflected,noninteractingbeammuons. This minimum energy loss is also
neededto provide a sufficient photonpolarization. This is the kinematicalregion wherethe gluon
polarizationcanbe extracted. Sucheventsmanifestthemselves by the productionof either charm
quarksor a pair of hadronswith large transversemomenta.With a beamenergy of 160GeV events
with a fractionalgluon momentumof xg ´ 0.12areaccessible.To measurey it is not sufficient to
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Figure3.16:Vertical profile of thehalo muonsmeasured by HM05. Therateof particlesis givenin
dependenceuponthedistancefromthebeamcenter.

measurethedeflectionin thehorizontaldirectionjust once.To disentanglethemagneticdeflectiona
measurementat two z-positionsis necessary. Thereforethetwo hodoscopesH4 andH5 arepositioned
approximately10 m apart.

To provide accessto thesedifferentevent types,several setsof hodoscopesareused.The trigger
hodoscopeplanesH4 andH5 aresegmentedandeachof thesegmentscanbeselectedseparatelyfor
triggeringon differenttypesof reactions.Thethreesegmentsusedin 2001arethe inner, the ladder,
and the middle trigger, which are abbreviated HI, HL, and HM. For 2002 the systemis extended
by the installationof two new hodoscopes,HO03 andHO04 forming the outer trigger. Inner and
laddertriggercontainonly verticalelements,whereastheoutertriggerhashorizontalplanesandthe
middletriggerfeaturesbothprojections.Dueto their differentgeometrythey give accessto different
geometricalregions.Thesetupis shown in Fig.3.17. Themiddletriggerhodoscopesareat thesame
z-positionastheladderhodoscopesandarethereforenotexplicitly mentioned.Thedistancebetween
the z-axisandthe beamaxis at the positionof the hodoscopesis given aswell as the extensionof
the hodoscopesin the x-directionand the distanceto the beam-line(marked by the arrows). With
its smalldistanceto thebeam-linethe inner triggercoverslow y eventswith scatteringanglesbelow
5 mrad. Hence,it is predestinedfor the measurementof the gluon polarization. The laddertrigger
complementsthequasi-realphotontriggerwith thehigh y events.Themiddlesystemcoversthedeep
inelasticscatteringeventswith scatteringanglesbetween5 and15 mrad, the low andmediumQ2

range.To providehorizontalandverticaltargetpointingit consistsof planesin bothprojections.High
Q2 eventswill bedetectedby thenew outersystem[67].
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Figure3.17:Magnified sketch of the position of the trigger hodoscopes(not drawn to scale). The
middletrigger hodoscopesare positionedaboveandbelowthebeamline.

The different triggerscan individually be combinedwith the information coming from the veto
counters,thecalorimetersignalsor both. Any combinationof thesetriggerscanbechosenleadingto
different trigger rates[70] shown in Tab. 3.9. The veto is attendedasanti-coincidenceindicatedby
Veto in Tab. 3.9, asonly eventswithout a hit in thevetocountersshouldbe recorded.The2001full
trigger wasacombination(logic OR) of ladder, inner, andmiddletrigger(ITCV + MTV + LTCV), all
including theveto informationandladderandinner triggeralsothecalorimetersignals,leadingto a
total of approximately20000 triggersperspill by summingup theunderlinednumbersfor the three
combinedtriggertypesin Tab. 3.9.

Table3.9: Trigger rates for the different trigger conditions in 2001 for the nominal intensity of
2 ¦ 108 [70]. Standard conditionwasa logic OR combinationof theunderlinedtriggers.

TriggerCondition InnerTrigger Middle Trigger LadderTrigger

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

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

Hodo& Calo 12000 (ITC) 41000 (MTC) 30000 (LTC)

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

The hugenumberof more than250000 channels,togetherwith the dimensionsof the COMPASS
spectrometer(4 ¢ 5 ¢ 50m3) andthehighdataratecomparedto otherexperiments,madeanew, more
sophisticatedapproachto thereadoutsystemfor theCOMPASSExperimentmandatory. Thesystem
hadto beeasilyscaleableandupgradeablefor futureimplementationof new components.Evenmore
importantis negligible deadtime comparedto thedeadtime of the detectors.Thesystemhasto be
capableof muonbeamintensitiesof up to 2.8 ¦ 108 particlesperspill leadingto approximately20000
triggersperspill correspondingto a trigger rateof 4 kHz. For a hadronbeamto beusedoptionally,
even trigger ratesof up to 105 triggersper second(100 kHz) areexpected. This resultsin a peak
rateof severalGigabyteof datapersecond.Up to 300TByte will bestoredon tapeperyear, which
togetherwith thelargenumberof detectorchannelsobligesto follow new directionsin thedesignof
theCOMPASSDAQ scheme.

Comparisonwith other high data rate experiments(see Fig.4.1) demonstrates,that even the
LargeHadronCollider (LHC) experimentsat CERN,startingnotearlierthan2007,have to write one
orderof magnitudelesseventspersecondto tape[71]. However, dueto thelargernumberof detector
channels,theamountof datarecordedwill be larger thanfor COMPASS.TheCOMPASSDAQ not
only hasto beableto handlethesehightriggerratesleadingto thehighamountof eventspersecondto
bewritten to tape,but alsoa correspondinglylargeramountof datathantheCP-violationexperiment
BaBar, delivering thehighestdataratesin thetime beforeCOMPASS[72]. In 2002COMPASSwill
be theexperimentby far producingthe largestnumberof events,constitutinga big challengefor the
newly developedreadoutsystem.Thevaluesfor COMPASSgiven in Fig.4.1 area sustainedrateof
1200eventspersecondcorrespondingto approximately34.5MByte writtento tapepersecondaswill
beshown in Chapter6.
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Figure4.1: Data ratesof currentandplannedexperiments.
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In traditionalDAQ systems,preamplifiersaremountedat thedetectorandtypically a largenumber
of coaxial or twisted pair cablestransmitsthe signalsto amplifiersor discriminators. From there
they aretransferredto ADC3 or TDC4 modulesmountedin Camac,VME, or Fastbuscrates.In this
case,readoutis performedthroughthe backplane,local andglobal event building only takesplace
at this late stageon VME CPUsor workstations. For COMPASS a different approachhasbeen
chosen.Detectorsignalsaredigitizedasearly aspossibleon detectormountedfrontendboardsand
aretransferredto centralreadoutdriver modulesvia commercialtwistedpairpatchcables.

Traditional DAQ · · · ·· · · ·· · · ·¸ ¸ ¸ ¸¸ ¸ ¸ ¸¸ ¸ ¸ ¸¹ ¹ ¹ ¹¹ ¹ ¹ ¹¹ ¹ ¹ ¹º º º ºº º º ºº º º º» » » »» » » »» » » »¼ ¼ ¼ ¼¼ ¼ ¼ ¼¼ ¼ ¼ ¼
Camac/
VME/
Fastbus
Crate

Controller/
Interface

Local event builder/
VME CPU

VXI

S-Link

Amplifier/Discriminator

TP-cable
Multiplexer, controller, local event builder

Ethernet
Camac

Amplifier/
TDC
ADC/

Preamplifer Discriminator

ADC/TDC

B
ac

kp
la

n
e

Detector

Detector
CATCH

Readout Driver

long coax/TP-cables

COMPASS DAQ

Figure4.2: Comparisonof a traditionalDAQ with theCOMPASSsystem.In contrastto previoussys-
tems,dataaredigitizeddirectlyat thedetectors andare transferredto thecentral readout
driver requiringfewer cables.

Readoutdriver modules(CATCH) concentratethedataascloseto thefrontendboardsaspossible
into a few high bandwidthdatastreams.This is betteroptimizedon datathroughputthanthereadout
via backplanesincein COMPASS specializedpoint to point connections(S-Link) are used. This
systemalsoeconomizeson theamountof cablesascanbeseenin in Fig.4.2. For thedescriptionof
theCOMPASSreadoutsystemacoupleof abbreviationsareused.They aresummarizedin aglossary
at theendof theappendices.Informationon thesinglepartsof this systemcanbefoundin [73].

The previously outlinedgoalswhich arethe handlingof high dataandtrigger rates,large events
and the deadtime free readout,are achieved by adoptinga fully pipelinedand parallel systemin
which datafor eachtriggerareguidedthroughthewholereadoutchainwhile further triggerscanbe
accepted.Dataarebufferedat variousstagesto minimizedeadtime andto avoid thelossof data.In
orderto provide maximumflexibility thesystemis realizedin a modulardesign.Theoutlineof this
chapteris organizedfollowing thedatapaththroughthereadoutsystemvisualizedin Fig.4.3.

3Analogto Digital Converter
4Time to Digital Converter
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Wherever possible,thedigitizationunits(ADCs andTDCs)wereimplementedon frontendboards
mounteddirectly on the detector. The high trigger ratesof up to 100 kHz areonly possibleto be
handledwhenusinghit selectionmechanismson the frontendboardscombinedwith deadtime free
readout. The COMPASS frontendelectronicsis describedin Sect.4.2. From thesefrontendcards,
which are specializedfor eachtype of detector, dataare transmittedto distributed readoutdriver
modules,CATCH, an integral part of the COMPASSDAQ, via standardEthernetcables.The main
tasksof the readoutdriver modulesarethe fast readoutof the connectedfrontendboardsandlocal
subeventbuilding ataprocessingspeedof upto 160MByte/s. In parallel,theCATCH alsodistributes
the triggerandtime synchronizationsignalsfrom theTriggerControl System(TCS) to the frontend
boards.Beforethestartof datataking,theCATCH initializesall frontendcardswith theinitialization
dataprovidedvia VME. As thedevelopmentof thismodulerepresentsamajorpartof this thesis,it is
describedseparatelyin Chapter5.

Only one additional type of readoutmodulewith dedicatedfeaturesis usedfor GEM and sili-
con readout,the GEM andSilicon Control andAcquisition moduleGeSiCA[74]. It mainly works
accordingto the sameprinciple as CATCH, receiving datafrom the ADC type GEM and silicon
frontendboardsandtransferringthemto thenext stageof thereadoutsystemusingthesameinterface
asCATCH. A brief descriptionof theGeSiCAis givenin Sect.4.3.

Thedataformattedaccordingto thegeneralCOMPASSdataformatby thereadoutdriver modules
[75] aretransmittedthroughopticalfibersto highperformancereadoutbuffer PCs(ROB). TheS-Link
protocol[76] developedat CERNfor fastpoint to point connectionsis used.This takesplaceeither
via asingleS-Link, or by combiningup to four CATCH modulesby meansof anS-Link multiplexer,
explainedin Sect.4.4.Themastereventbuilding systemconsistsof thereadoutbuffer PCs(Sect.4.5)
and event builder PCs (Sect.4.6). In contrastto the previous components,which are distributed
over thewholeextentof theCOMPASSexperiment,theeventbuilding systemis locatedwithin one
dedicatedDAQ room to keepthe connectionsas short as possible. One readoutbuffer hostsfour
spillbuffers. A spillbuffer is a 512 MByte RAM modulewhich canstorethe dataof morethanone
spill. A specialsoftwarecombinesthe informationof the spillbuffers andtransfersit via a Gigabit
switchto theeventbuilder PCsfor furtherprocessing.On thesecomputers- commercialPCslike the
ROBs- the informationof eacheventcomingfrom all differentROBs is combinedto the full event,
now including thedataof all detectors.Therefore,databelongingto thesameeventaretransferred
to the sameevent builder. From the event builders, the final eventsare transferredto the central
datarecording,wherethey arewritten to massstoragemedia.In a first stagethey areintermediately
accumulatedona localdisk in theCOMPASSComputingFarm(CCF),beforethey arestoredon tape
(Sect.4.8). The full systemis highly scalableandeasyto upgrade.Higher datarates,e.g. due to
anincreasednumberof detectorchannelscaneasilybeaccommodatedby additionalreadoutbranches.

In generaldatarecordingonly takes placeduring certainphasesof the acceleratorcycle. This
spill structureis predeterminedby theSPSasshown in Sect.3.1. Dataarereceived,processed,and
transferredby the CATCH only during the 5.1 s long on-spill time. The spillbuffers aredesigned
in a way, that they canstoredataof morethanonespill. Thereforeit canbe madeuseof the spill
breaktransmittingdatato the event builder PCscontinuously. Several of thesespills are grouped
togetherforming a so-calledrun. A run containsa preselectednumberof spills in a rangefrom one
to 2047,utilizing an eleven bit spill number. Typically a run is 20-30minuteslong producingdata
which aregroupedin several files of 1 GByte each.Every run is beinggiven a uniquerun number,
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in combinationwith spill andeventnumberunequivocally characterizingevery singleeventrecorded
duringthewholelifetime of theCOMPASSexperiment.

For theoutlinedconcept,wheredetectordataarepartly combinedalreadyon theCATCH module
andfinal concentrationof theeventsis performedin a laterstage,theeventnumberhasto beknown to
theCATCH. Hence,all readoutdriver modulesareprovidedwith thetriggersignalsandanadditional
eventheadercontainingall necessaryinformation. The triggersignalsaredistributedto all frontend
boards,whereasthe event headersarestoredon the CATCH to be ableto combineand format the
incomingdata.Thetriggersignalsandtheeventheadersaregeneratedby thetriggercontrolsystem.

4.1 The Trigger-Control System

A schematicalillustrationof thetriggersystemis shown in Fig.4.4. Eventsareselectedby a logical
combinationof dedicatedtriggerhodoscopesandcalorimeterinformation(seeSect.3.3.3). For each
of theseevents,a first level trigger (in Fig.4.4 abbreviated FLT) is generatedby the trigger logic.
On onehand,it is an advantagethat the detectorsignalsaredigitized on frontendboardssitting in
the vicinity of the detectors,sincedigital dataaremucheasierto handlethananalogones. On the
otherhand,in a pipelinedreadoutsystemas for the COMPASS experiment,every event hasto be
unambiguouslyidentifiedin theearlystagesof thesystemin orderto beableto identify andhandleall
detectordatain acorrectwayafterwards.Thatmeans,thatthetriggerdecisionshave to bedistributed
to all readoutmodules,wherethedigital datahave to be accumulatedandput together. The taskof
providing all frontendequipmentswith thetriggersignalsis undertakenby thetriggercontrolsystem
(TCS).

The systemconsistsof one TCS controller, which generatesan event headercontaining the
event andspill number, theevent type andthe TCS error information[74]. Every trigger is accom-
paniedby suchaneventheader. The triggerandeventheaderinformationis broadcastedto all TCS
receiver modulesvia afibernetwork. Thedistribution is basedonapassive opticalfibernetwork with
a powerful single lasersource,which is modulatedwith the AsynchronousTransferMode (ATM,
[77]) frequency of 155.52MHz correspondingto four timestheTCSclock frequency of 38.88MHz.
The TCS clock is usedthroughoutthe whole experimentandis thereforeprovided for all frontend
boards.Two layersof 1 to 32 treecouplers,which split the light to 32 fiberscanin principlesupply
up to 1024destinations.Thedistributedinformationis receivedvia TCSreceiver modules,of which
oneis connectedto eachCATCH modulevia the P2 connectoron thebackplaneof the VME crate.
TheTCS receiver preparesthe informationfor theCATCH modules,from wherethe triggersignals
aredistributedto all frontendboardstogetherwith theexperimentwide referenceclock.

The TCS Controller
TheTCScontrolleris thecentralpart of the triggercontrolsystem.It providesall componentswith
thetriggersignalsandthetime synchronization.Via its input connectors,sketchedon theright hand
side of Fig.4.5, the clock from the TTC lasersystem[78], the first level trigger from the trigger
logic, andspill information from the SPSare received. The SPSspill structureis adoptedfor the
TCSworking cycle asshown in Fig.4.6, wheretheabbreviationsBOS andEOSstandfor thebegin
of spill andendof spill signals.The informationis usedby theTCScontrollerto generateartificial
triggersindicatingthespill structureto thesubsequentequipments.Theeventnumberis resetat the
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beginning of a new spill, simultaneouslythe spill numberis increasedby one. Different kinds of
triggersaremarked by the event type permittingdistinctionof physicaltriggersfrom artificial ones
like first-event-of-runor calibrationtriggers. Beforethenew spill is started,a resetis appliedto the
CATCH whichclearsall bufferson themoduleto guaranteecorrectdatatakingin thefollowing spill,
especiallyif problemsoccurredduringthepreviousone.

Two independentchannels(labelledtriggeranddatachannelin Fig.4.4) areusedto distribute the
eventheaderandthetriggerinformationover theserialoptical interface,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 signalsareonly broadcastedwith an accuracy of 25.72ns.
Therefore,thetriggersignalshave to measuredseparately. They areexclusively encodedonapriority
channeloptimizedfor minimumlatency. Theeventheaderinformationis broadcastedvia thesecond
channel.Thetwo channelsareoperatedindependently, makingthetriggerlatency assmallaspossible
by distributing thetriggersignalsimmediately. In contrastto that,generatingtheeventheader, which
is thentransmittedvia thesecondchannel,is delayedandneedsmoretime. Theincomingsignalsare
encodedto one77.76MBaudbit-streamby theTCSandtransferredto theopticalfiber network and
furtheron to theTCSreceiver modules.

In additionto the distribution of first level triggers,the TCS controlleris alsoresponsiblefor the
deadtime logic. Technically, thedeadtime is generatedby abusysignal,which is appliedto thetrig-
gerlogic asavetoandpreventsthetriggerlogic from distributingfirst level triggers(seeFig.4.4).This
is necessary, becausesomefrontendboardsarenotcapableof toohighdatarates.Resultsobtainedby
measuringtheperformancefor differentdeadtime settingsarepresentedin Sect.6.1. After eachtrig-
geratimewindow exists,in whichnonew triggeris allowedto beprocessed.Thisfixeddeadtimecan
beadjustedin theTCScontrollerbetween175nsand13.175µs. Ontheotherhand,onsomefrontend
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Figure4.5: Schematicof theTCScontroller. Communicationwith theVME bus and theTCSserver
software is indicatedon the left handside. The trigger and deadtime handling is per-
formedby the central FPGA. Interfaceto the trigger logic and the optical distribution
networkis providedvia thefront-panelon theright handside.
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Figure4.6: TCSspill structure. After receivingtheearlybegin of spill signal from theSPS,theTCS
generatesthelast trigger for thepreviousspill anda resetsignalfor theCATCH.Theon-
spill timein which physicstriggersarereceivedis framedbybegin of spill (BOS)and’end
of spill’ (EOS)signals. Thespill is completedby the last-event-of-spill before repeating
thecycle.

equipmentsthebuffer sizeis thelimitating factor. Thus,notmorethanacertainnumberof triggerscan
behandledwithin a giventime period.This variabledeadtime canbein a rangeof up to 15 triggers
in a time window selectablebetween25.72ns and1685.6µs correspondingto 1 to 65536cyclesof
the38.88MHz clock. Both fixedandvariabledeadtime canbespecifiedby theTCSserver software
via VME. In 2001,thesevalueshave beensetto 44 µs fixedandfour triggersin 400µs variabledead
time for mostof the datataking period. As the 44 µs fixed deadtime exceedsthe maximumvalue
selectableby software,ahardwarebusysignalwasappliedto thetriggerlogic. Thissetupwasneeded
becausetheAPV frontendchip for GEM andsilicon readoutwasoperatedin the latch-allmode,see
Sect.4.3. Thereforethe buffer size of the APV limited the possibledataand therebytrigger rate.
Standardvaluesfor the2002beamtimewill be3 µsfixedandfour triggersin 40µsvariabledeadtime.

For calibration or monitoring purposes,special triggers can be generatedby the TCS con-
troller. Theseartificial triggersaremarkedassuchby theeventtype. A pretriggersignalcanprecede
calibrationandmonitoringtriggersbetween100.5psand6.58µs beforethecorrespondingtrigger if
activatedfor this trigger type in theTCSreceiver. Thedelayis individually programmablefor every
receiver externallyvia theTCSserver, which is alsoresponsiblefor thecommunicationbetweenthe
TCS systemandthe DAQ andRun Control definingthe run structureby distributing the begin and
endof spill signalsreceivedfrom theSPS.

The TCS Receiver
The TCS receiver (seeFig.4.7) is situatedon the backplaneof the VME cratehostingthe readout
driver module. Like the TCS controller the TCS receiver canbe programmedvia VME. Incoming
informationfrom theopticallink is decodedandreformattedby thismodule.Its mainfunctionsarethe
recovery of theclock from theopticalfiber with a jitter smallerthan50 psRMS andsynchronization
of datafrom the link. The extractionof theclock from the signalof the optical receiver is doneby
theclock recovery chip [74]. Thesix bytelong eventheaderneededby theCATCH is alsogenerated
here.It is thenstoredin a 16 word deepoutputFirst In First Out (FIFO) memoryto bereadout from
thereadoutdriver modules.The informationincludedin theeventheaderis summarizedin Tab. 4.1.
Thefirst byteto bereadoutcontainsthefivebit triggertypein thedatabits four to zeroandthreebits
(two to zero)of the spill number. Spill andevent numberaresplit amongseveral bytes,the second
columnin Tab. 4.1givesthebitswithin thereadoutbyte,thethird columnthecontainedinformation.
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Figure4.7: Schematicof the TCSreceiver. Signalsfrom the TCScontroller arriving on the left side
at thefirst level trigger (FLT) input are processedby thereceiverFPGAandprovidedfor
readoutby theCATCHvia VME (right handside).

In normaloperationof thetwo inputsshown in Fig.4.7in theupperleft corner(first level (FLT) and
FastTrigger),only theonelabelledFLT is used.This is the input of theoptical fiber from theTCS
controller. For thefrontendboardsof theRICH detector, the triggersignalsarerequiredearlierthan
for theotherfrontendequipments.Thededicatedearlytriggersignalsarereceivedvia thefasttrigger
input directly from thetrigger logic. They arenot processedby theTCScontrollerandaretherefore
not synchronizedto theTCSclock,but arrive earlierat theirdestination.

Table4.1: EventinformationfromtheTCS.

Byte Bits Usage

0 4..0 TriggerType[4..0]
7..5 Spill Number[2..0]

1 7..0 Spill Number[10..3]
2 7..0 EventNumber[7..0]
3 7..0 EventNumber[15..8]
4 3..0 EventNumber[19..16]

7..4 unused
5 7..0 TCSerror[7..0]
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4.2 FrontendElectronics

The first stageof the readoutchainare the frontendboards. The COMPASS detectordescribedin
Chapter3 consistsof a variety of detectorsrequiring different readoutelectronics. The frontend
boardsadjustedto thespecialrequirementsaremounteddirectly to therespective detector. Typically
the frontend boardshouseamplifier, discriminator, and TDC or ADC chips. Different types of
frontendelectronicsusedin the COMPASS experimentalsoincludediscriminatorboardswithout a
digitization unit. This type is usedfor detectorssitting closeto thebeamlineandthereforeproduce
a large amountof data. Thesedetectorsare readout in a similar way to the traditionalDAQs, the
detectordataaretransferredto theTDCs,which arein this casehostedby theCATCH modules,via
twistedpair cables.Themajority of frontendboardsis of ADC or TDC type,hostingthedigitization
unit. Thedigitizeddataaretransmittedto thereadoutdriver modulesfor furtherprocessing.

At every power up the frontend boardsautomatically transmit a unique board identification.
This 16 bit serialnumberis storedon theCATCH moduleandcanbeusedto requestthecorrespond-
ing initialization parametersvia theVME bus. Theconnectedfrontendboardsarethensuppliedwith
informationrequiredfor furtheroperationsuchasthresholdsettingsandtheselectionof thewanted�

1 mode.Theparticularfrontendequipmentsusedin theCOMPASSexperimentareenumeratedin
Tab. 4.2,wherealsothenumberof channelswhichcanbereadoutby oneCATCH moduleis given.

Table4.2: Frontendboardsusedfor theCOMPASSexperiment.
Detector Development Components CMC Type #ch./CATCH

SciFi 1-4 Bonn/Nagoya Discriminator TDC-CMC 128
SciFi 5-8 Bonn/Nagoya Discriminator TDC-CMC 64
BMS Bonn Discriminator TDC-CMC 64
Trigger Bonn/Mainz Discriminator TDC-CMC 128
Trigger(Scaler) Freiburg Discriminator Scaler-CMC 128
MM Saclay SFE16,

�
1 HOTLink 1024

DC Saclay ASD8b,
�

1 HOTLink 1024
W4-5 Saclay/Trieste MAD IV,

�
1 HOTLink 1024

Straws Freiburg ASD8b,
�

1 HOTLink 1024
MW I Dubna/Torino MAD IV,

�
1 HOTLink 3072

MW II Freiburg/Protvino MC101165,
�

1 HOTLink 1024
MWPC Torino MAD IV,

�
1 HOTLink 3072

Calorimeter Munich QVC, FIADC HOTLink 1024
RICH Trieste Gassiplex, ADC HOTFiber 6912
GEM & Silicon Munich APV25,ADC GeSiCA -

5MotorolaMC10116triple line receiver with a transistorasinputamplifier[79]
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4.2.1 Time Measurements

All time measurementsin theCOMPASSexperimentarecarriedout by meansof the
�

1 TDC. For
theunderstandingof theTDC frontendboards,inheritingthenew

�
1 chip,a shortdescriptionof the�

1 TDC chip including an explanationof the schematicshown in Fig.4.8 precedesthe description
of the frontendcardshostingthe

�
1 chips. The typical layoutof sucha TDC frontendcardfor the

COMPASS Experimentis exemplarily demonstratedfor the straw frontendboard,developedat the
Universityof Freiburg.

The
�

1 TDC [80], also developedin Freiburg, is an ASIC exploiting the 0.6 µm CMOS sea-
of-gatetechnology. Allowed input signalstandardsfor theeight input channelsaredifferentialTTL,
PECL,LVPECL, andLVDS. Theabbreviationsarewritten out in theglossary. The referenceclock
for all time measurementsis the TCS clock provided via the CATCH module. In normaloperation
mode,incomingsignalsdigitizedwithin a dynamicrangeof 16 bits arestoredin a 16 word deephit
buffer. A triggermatchingunit comparesevery hit time with thetime stampof theactualtriggerand
writesonly wordscorrelatedto a trigger into theeight word deepreadoutbuffer FIFO, seeFig.4.8.
For this purposethetrigger latency which is subtractedfrom themeasuredtrigger time canbesetby
software. A hit is acceptedwhenit occurredwithin a userdefinedtriggerwindow. This hit selection
is a very importantfeaturefor the COMPASSexperiment,sinceonly by this on-chipdataselection
thedataratecanbekeptat a reasonableamountfor thesuccessive stagesof the readoutsystem.To
avoid thelossof triggers,thesearealsostoredin a four word deepFIFO afterthetrigger latency has
beensubtracted.On theoutputside,thedataof all channelswith matchinghits arewritten into a 16
worddeepinterfaceFIFOfor furtherreadout.They maybeframedby TDC headerandtrailer words,
whichcontaintheeventnumberderivedby internallycountingtheincomingtriggersignals.

Theoutputformatcanbeselectedto transmitthreebyteof informationeitherin parallelor serially.
The latter option is usedon the frontendboardssincethe frontendlink to the CATCH modulevia
HOTLink (Sect.4.2.3)canonly handleeight bit parallel. In both casesthe dataandheaderwords
containthe informationin the formatgiven in Tab. 4.3. Sinceheaderandtrailer wordsareidentical,
it is only givenonce.Several tablesof similar kind asTab. 4.3 arepresentedin thefollowing. Here,
thebits 23 to 0 aregivenfrom left to right. Numbersin bracketsindicatethenumberof bits reserved
for the specifiedpurpose,e.g. the TDC headerword (first line) containsthe nine bit trigger time
information. This trigger time is themeasuredarrival time of thetriggersignalat the

�
1 . Thechip

and channelnumbergiven in both headerand datawords, unambiguouslyidentifiesthe sourceof
thesewordswithin a frontendcard. An internalcountergeneratesa six bit event number, which is
comparedwith theeventnumberfrom theTCSon theCATCH module.Thexor bit is derived from
the initialization dataof the

�
1 . If this bit ever flips it indicatesthat the modein which the

�
1

is operatedmay have changed.This shouldnot happenduring datataking, hence,if observed, the
TDC informationwhich follows maybecorrupted.tbo is anabbreviation of triggerbuffer overflow

Table4.3: Formatof
�

1 TDCdata(first line: headeror trailer word, secondline: dataword).

event number  (6) channel (3)

01

0 tbo xor

23 0

trigger time  (9)

DATA   (16)

chip (3)

chip (3) channel (3)
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andis setif the triggerFIFO of the
�

1 getsfull. In this casetriggersignalswhich arrive at the
�

1
afterwardsmaybelost. Thereforethisbit is alsomonitoredon theCATCH module.

The heart of the
�

1 TDC is its time measurementunit. It consistsof an asymmetricring
oscillatorwhich is voltagecontrolledby a phaselocked loop (PLL). Only if the PLL is in a locked
state,precisetime measurementscan 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.Whenusingbothedgesthespecificationfor thepulsewidth is predefined
by the doublepulseresolution,which is typically 18 ns for the

�
1 TDC. For detectorsrequiring

an even betterresolutionthan the 120 ps of the normal modeor an increasedhit buffer size, two
neighboringchannelscan be combinedto double resolutionand hit-buffer size. The differential
nonlinearityis lessthan0.1 leastsignificantbit (LSB) ( � 0.5 LSB) for thenormal(high) resolution
mode,respectively. Thespecificationsfor thedifferentmodesaresummarizedin Tab. 4.4.

Table4.4:
�

1 TDCmodes(numbers for one
�

1 TDC,from[81]).

Mode # channels hit buffer size bin width

high resolution 4 32words 60 ps
normalresolution 8 16words 120ps
latch 32 16words 4.7ns

On the other hand,four detectorchannelscanbe connectedto oneTDC input channel. In this
caseit is only possibleto measureif a hit hasoccurredon a single channelin a time interval of
approximately4.7 ns. The mechanismof this latch modeis sketchedin Fig.4.9. It is designedfor
detectorswith eventpatternrecognitionwhichdonotrequireaprecisetimeinformation,but only time
stampsfor eventbuilding. Thereforeit suitsthe requirementsof MWPC readout,whereit is mainly
usedin COMPASS(Sect.3.3.1).Eachgroupof four inputchannelsis connectedto two fourfold input
buffers. In parallel,a logic or of thesesignalsis linkedto oneof theeighttimemeasurementchannels
of the

�
1 . Whena hit arriveson oneof the combinedchannelsa six bit counteris started. This

counteris synchronousto thetime measuringunit andrunningwith aperiodof 1LSB � 38 � 4.7ns,
whereLSB refersto thedigitizationbin sizeof the

�
1 in normalresolutionmode(seeTab. 4.4).After

a predefinedtime ( � 4.7 ns) the inputsareswitchedto the secondinput buffer anda time stampis
takenwith thefull accuracy. The12 mostsignificantbits areplacedin front of thefour bits from the
input registerandtransferredto thehit FIFO.To ensurethatnohitsarelostduringtheswitchingtime,
bothbuffersacceptsignalsin anoverlaptimeof 2 or 4 ns[80].

Since the trigger signalsare synchronousto the 38.88 MHz clock, their time is a priori only
known with a precisionof 25.72ns. Therefore,the asynchronoustrigger signalsaremeasuredby
meansof the

�
1 TDC beforethey aresynchronizedby the TCS controller. The measuredtrigger

time is thensubtractedfrom theresultsof all othertime measurements.Hence,it representsthetime
referenceof eacheventfor all othertimemeasurementsin thewholeexperiment.
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Figure4.9: Schematicmechanismof thelatch mode.

The Straw FrontendCard
Fig.4.10shows a pictureof the straw frontendcardusingthe

�
1 TDC for the time measurements.

Incoming data from the straws are discriminatedand shapedby Amplifier ShaperDiscriminator
(ASD8b) chips [82]. Thresholdsettingsof the ASD8b chips are controlledby Digital to Analog
Converters(DAC), wherethe valuesfor eachDAC canbe selectedindividually. TheseDACs are
drivenandcontrolledby thecorresponding

�
1 TDC. Outputsignalsof thepreamplifiersaredigitized

by
�

1 TDCsasdescribedbefore.

On the straw frontendcard the
�

1 TDC is operatedin normal resolutionmode, thereforethe
eight TDCs, four on the front andfour on thebacksideof theboard,provide a total of 64 channels.
To suppressbackgroundfor time measurementsonly thosehits aretransferredto thedatarecording
units which have a correlationto a trigger time. The frontendinterfaceto the CATCH modulevia
HOTLink is describedin Sect.4.2.3.

On theboard,theTCS clock is distributedby the1:9 differentialclock driver to all TDCs andto
theGateArray Logic (GAL), which decodesthe lengthcodedsignalsof theuserline. Thesearethe
trigger, reset,and the beginning andendof burst signalsas given in Tab. 4.5. The Begin of Burst
signalis usedfor synchronizingall

�
1 TDCsat thestartof eachspill.

4.2.2 ChargeMeasurements

For theCOMPASSexperiment,threedifferenttypesof ADC readoutareused.ThesearetheBORA
boards,which are the frontendboardsof the RICH detector, the calorimeterADC boards,and the
readoutof GEMsandsilicons.Theprinciplefunctionalityis similar to theTDC typefrontendboards,
detectordata are discriminatedand digitized in this caseby analogto digital converters. As an
examplefor ADC frontendboardstheBORA boardis briefly described.

The BORA board is an ADC type frontend card digitizing 432 channels[83]. It is an ad-
vancedDigital SignalProcessor(DSP)andFPGA basedreadoutboard,which providesdigitization
andpedestalsubtraction.Whena trigger arrivesat the BORA, a counteris startedto wait until the
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Figure4.10:Picture of the straw frontendcard. Detectorsignalsare discriminatedand shapedby
ASD8bchips,before they are digitizedby eight

�
1 TDCsof which four are on theback-

side. Data transferto theCATCHmoduleis providedvia a HOTLinkconnection.

shapingtime of the Gassiplex amplifiers[84] of 1 µs is reached.When the Gassiplex chips have
reachedtheir peak,thesignalsareconvertedinto a 10 bit numberby anAD9201ADC [85]. Dueto
this peakingtime the BORA needsa specialtrigger setup. In this casethe trigger is neededearlier
thantheregulartriggersignaldistributedto all otherequipmentssincefor theregulartriggerthetime
betweenthephysicseventandthearrival of thetriggerat theBORA alreadyexceeds1 µs. For optimal
performanceof theRICH readouttheGassiplex hasto bereadout closeto its peak.To achieve this,
the trigger signalsfor theRICH do not passthroughtheTCScontrollerandthe lasercrate. Instead
they aredirectly transmittedfrom thetrigger logic to theTCSreceiversof theCATCH modulesused
for thereadoutof theBORA boards.Thefastestavailablecableshave beenusedfor this distribution.
Thisproceduresavesapproximately400-450ns,thusmeetingtherequirementsof theGassiplex chip.

For the COMPASS experiment, the Gassiplex chip was modified to reduceits intrinsic dead
timeof 1.6µsby abouta factorof two. Readingof all channelsandconvertingthemto adigital value
alwayshasa time durationof 400ns. This is the reasonfor theminimal possiblevalueof thefixed
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deadtime for the trigger distribution (Sect.4.1 and6.1). The secondpart of dataprocessingwithin
the BORA covers the zerosuppressionby comparingthe signalheightwith a thresholdadjustable
by software. The time durationfor this part dependson the numberof hits above thresholdandis
typically in theorderof 5-7µs [83].

A compromisehad to be taken for the calorimeterreadout. It is performedby charge-voltage-
converters (QVC). Here the analogsignalsare delayedby cablesand then digitized outsidethe
experimentalareaby FIADCs [86]. TheseVME modulesdevelopedfor COMPASSarebasedon an
integratorwith operationalamplifieranda fastADC for eachof the64channels.Pedestalsubtraction
is performedbeforetransmittingdatathroughthestandardfrontendlink to theCATCH.

4.2.3 The Frontend Link

Interfaceto the readoutdriver CATCH is provided via the HOTLink protocol for mostof the used
frontendequipments. It is demonstratedat the exampleof a typical

�
1 frontendboard. For the

datatransferfrom thefrontendboard,the
�

1 TDCssequentiallytransmittheir datato theHOTLink
transmitterchip (seeFig.4.10). As the input of this chip is an eight bit wide bus, the

�
1 I/O in-

terfaceis operatedin a way directly sendingeight bits to the HOTLink transmitter. On the straw
frontendboard,this is donefor eight

�
1 TDC chips with eight channelseach,resultingin a 64:1

multiplexer. In COMPASS the maximumnumberof TDC channelstransmittingdatavia a single
HOTLink connectionis 192. In theHOTLink transmittertheparalleldataareserialized.Dueto the
HOTLink protocol,thedistanceto thedestinationis limited to 20 m. Transmissionof theserialdata
to theHOTLink-CMC mountedon theCATCH is donevia standardEthernetcablesat a rateof up to
40 MByte/s.

Via the samecable the time synchronizationin terms of the 38.88 MHz TCS clock (PECL)
and trigger signals(LVDS) are received from the CATCH. On the trigger/userline four different
signalsare transmitted. Therefore,they have to be codedby meansof signal length as shown in
Tab. 4.5. On the frontendboard,thesesignalsaredecodedto retrieve the initial information. At a
lower rate(10MBaud,TTL) alsotheconfigurationdata,suchasdiscriminatorthresholdsandthe

�
1

parameters,aretransmittedby theHOTLink-CMC, thecounterpartof the frontendelectronics.The
format of initialization datais: two startbits (high thenlow), 24 databits, andtwo stopbits (again,
high thenlow). If no dataaretransmittedtheselines arekept low. All signalsbetweentheCATCH
andthe frontendboardsaregalvanicallydecoupled.Theassignmentof thementionedsignalsto the
eightlinesof theEthernetcableis givenin Tab. 4.6.

Table4.5: Signalcodingfor thetrigger/userline of theHOTLink connection.

Signal Length

Trigger User1 25.72ns
Begin of Burst User2 51.44ns
Endof Burst User3 77.16ns
FE Reset User4 102.88ns
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Figure4.11: Initialization datafor
�

1 frontendcards.

Thelink is selfsynchronizingandsupportsautomaticidentificationof thedetectorfrontendboards.
On power up of the frontendor the CATCH, the frontendcardsautomaticallystart transmittingan
identificationsequence,which containsthe serial numberand a geographicalidentificationof its
positionat thedetector. Thelatter is communicatedthroughdedicatedpinsof thefrontendconnector
from thedetector.

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

Table4.6: Frontendboard connectionvia RJ-45connectors.

Pin Description
1 38.88MHz Clock,PECL-
2 38.88MHz Clock,PECL+
3 10MBaudserialline, TTL, active low signal
6 10MBaudserialline, TTL +5 V
5 Trigger/User(coded25-100ns),LVDS -
4 Trigger/User(seeTab. 4.5),LVDS +
7 388.8MBaudHOTLink, PECL-
8 388.8MBaudHOTLink, PECL+

4.3 ReadoutDri ver Modules

Dataof up to 16 frontendboardsarereadout by theCOMPASSreadoutdriver modules.Themost
frequentlyusedis the CATCH modulewhich wasdevelopedwithin the scopeof the presentthesis.
A detaileddescriptionof theCATCH moduleis givenin Chapter5. A secondreadoutdriver module
is usedfor the COMPASS Experiment,the GeSiCAmodule. GeSiCAis an abbreviation of GEM-
Silicon-Control andAcquisition. The moduleis usedexclusively for the readoutof the GEM and
silicon detectorsandis thereforeoptimizedfor this application,in contrastto the CATCH module,
which is designedas flexible interface to all other detectorfrontendboards. The functionality of
GeSiCAis similar to theoneof theCATCH module.LiketheCATCH it is drivenby a40MHz clock.
The interfaceof theGeSiCAmoduleto theTCSandvia S-Link to the readoutbuffer PCsis exactly
thesameasfor theCATCH module.All propertiesandconditionsareequallyfulfilled, thereforethe
GeSiCAis notmentionedexplicitly in thecorrespondingsections.
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Thefull readoutchainof GEM andsilicon readoutconsistsof anAPV25-S1frontendchip, origi-
nally developedfor theCMS experiment[87], anADC digitizing thedata,andtheGeSiCAmodule.
TheAPV25 is a128channelamplifierandshaperASIC with ananalogpipeline.Dataof twelveAPV
chipsaredigitizedby SiliconandGEM ADCs(SGADC),whicharethenbufferedandmergedby the
GeSiCAs[74]. Thedatapathfrom theAPV frontendchip via theADCs to theGeSiCAmodulesis
sketchedin Fig.4.12. The ADC moduleoffers two modesof operation,the latch-all modeandthe
sparsemode.In thelatch-allmode,theamplitudesof all channelswhich aresampledthreetimesare
transmitted.This limits thepossibletrigger rateto approximately1 kHz dueto the large amountof
data. To reachhighertrigger ratesasnecessaryfor the COMPASS experiment,the sparsemodeis
used.Here,only datafor channelswhichareabove acertainthresholdaretransmittedto theGeSiCA
by theADC module.
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4.4 The S-Link Connection

TheS-Link protocolhasbeendevelopedfor theATLAS experiment[88] at CERNasa fastpoint to
point connection.In COMPASS,theS-Link is usedasconnectionbetweentheCATCH moduleand
the readoutbuffer PCs,seeFig.4.13. Two differentversionsexist, in the simplex versiononly the
data(forward)channelis provided. In theCOMPASSexperimentthephysicallink is adoubleoptical
fiber (oneforwardandonereturnchannel).In this duplex versionof S-Link, flow control is provided
by a specialbit indicatinga full link (lff), which cannothandlemoredatawords. The protocolalso
provides error reporting. All threeavailable bandwidthvaluesof 100, 128, and 160 MByte/s are
instrumented.The maximumclock frequency of the S-Link is 40 MHz. Sincethis valueis exactly
theinternalclock of theCATCH moduletheCOMPASSS-Linksaredrivenwith this frequency. The
S-Link protocolhandlesdataaftertheprincipleof aFIFOonboththetransmitterandthereceiverside.

The hardware connectionbetweenthe CATCH and the S-Link sendercard (LSC) is the VME
P3connectorwhich hasdirectcontacton bothsides.In generalthepin assignmentof theP3connec-
tor is notpredefined.For COMPASSit hasbeenstandardizedandis thesameasfor theP2backplane
connector. Thepin assignmentof theVME backplaneconnectorsis given in 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 (ldown). Sincethedetectorsandtherewith the
CATCH modulesaredistributedover thewholeexperimentalareathesefiber cablesarein theorder
of 50-100m long. They arecolocatedin bunchesalsocontainingtheTCSfibers.Dataarereceivedby
the link destinationcards(LDC), which areinstalledin thereadoutbuffer PCs.Here,incomingdata
arestoredin spillbufferswhicharedescribedin thefollowing section.

Dueto themany differentdetectorsreadoutby theCATCH modules,thedatarateof theindividual
modulesvariesvery much. To provide an even load of the particularS-Link connectionsandmake
optimal useof the given bandwidth,dataof up to four CATCH modulesarecombinedto onedata
streamby meansof anS-Link multiplexer. This module,which is connectedto thebackplaneof one
CATCH with furtherconnectionto otherCATCH modulesvia adaptercablesasshown in Fig.4.14,
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Figure4.13:TheS-LinkconnectionbetweenCATCHandtheROB.
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Figure4.14:Connectionof the S-Link sendercard (LSC) to the VME backplane. With an S-Link
multiplexer dataof four CATCH modulescanbecombined,threeof themconnectedvia
specialadaptercables.

wasdevelopedat theTU Munich [89]. A schematicof theS-Link multiplexer is shown in Fig.4.15.
Datareceivedfrom theCATCH arebufferedin input FIFOsandwritten furtheron to a secondsetof
FIFOsassoonastheseareempty. In parallel,thefirst two wordsof everyeventarestoredin registers
to extract theeventnumberandsizeinformation. Theeventsizesof all connectedCATCH modules
areaddedup plus two to dealwith the two extra headerwordsgeneratedby the multiplexer itself
(seeTab. 4.7). The first multiplexer headerword containsthe total event sizeandthe sourceID of
the multiplexer. The secondheaderword is a copy of the secondS-Link headerword generatedby
CATCH containingtheeventandspill numberinformation. This canbeusedfor consistency checks
with theevent informationof theotherCATCH modulesconnectedto this multiplexer. Thefirst and
last word of eachevent aremarked ascontrol word, which is neededfor synchronizingthe S-Link.
The trailer word CFED120 is a uniqueword definedasendmarker for all event transmissionsvia
S-Link in COMPASS.
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Figure4.15:Schematicof theS-Linkmultiplexer. Data fromthefour CATCHmodulesare buffered in
a chainof FIFOs,where they arecombinedfor outputvia thestandard S-Link.

Sincetheinput protocolof theS-Link multiplexer is exactly thesameasfor theoutput,this system
is transparentandveryflexible. LikethesingleS-Link, themultiplexergeneratesalink full lff signalin
caseits inputFIFOreachesanalmostfull stateandis notcapableof handlingmoredatawords.In case
of amissingconnectionor anunprogrammedCATCH, themultiplexerdoesnotwait for incomingdata
on theselines. If anactive CATCH doesnot transmitdatafor any reason,themultiplexer deactivates
thecorrespondingCATCH by settingthe ldownsignalactive aftera timeoutof 103µs. On theoutput
sideof themultiplexer thesameLSC asfor singleS-Link connectionis usedoperatedvia theoutput
FIFO of themultiplexer to handlethelink full cases.

Table4.7: TheCOMPASSS-Linkmultiplexer eventstructure.

event type  (5) sum of event sizes +2  (16)

event number  (20)

CTRL  (4)

stat spill number  (11) 

err multiplexer source ID  (10)

31 0

Subevent from CATCH #4

... ...

0000 000

Subevent from CATCH #1

CTRL  (4)

Trailer:     CFED 120
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4.5 The ReadoutBuffer

Thereadoutbuffer PCs(ROB) arecommercialPCswith two processorsrunningtheoperatingsystem
Linux. Four PCI slots in every ROB can host one spillbuffer card each. A spillbuffer card hasa
piggybackconnectionto the S-Link receiver card asdatainput. Incoming dataare intermediately
buffered in a FIFO beforethey arestoredon boardin a 512 MByte RAM moduleas illustratedin
Fig.4.16. In the spillbuffers dataof morethanonespill canbe stored. The buffering of thesedata
allows to make efficientuseof thespill breakin theSPSacceleratorcycle. This reducesthesustained
datarateby morethana factorof three.

The spillbuffers are designedas PCI cards. A specialS-Link to PCI interface (SSPCI,[90])
is usedto readout datafrom the RAM modulesindependentof the write access,againby using
an interfaceFIFO. The Local Data Concentratorsoftware running on all ROBs is responsiblefor
combiningthedatabelongingto oneevent from thefour spillbuffers [75]. After a consistency check
of theprocesseddataby a specialsoftware,thesearetransferredto theeventbuilder PCsvia Gigabit
Ethernet.
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Figure4.16:Schematicof thespillbuffer. Input andoutputsignalsare storedin FIFOs for decoupled
readandwrite accessto theRAMdrivenby thecontroller.

4.6 The Event Builder

An eventbuilder PCcollectsall thedatafragmentsof oneevent from thedifferentROBsandmerges
theminto oneevent datablock. If several event buildersareused- in 2001up to eight wereused
togetherwith 16 readoutbuffer PCs,in 2002therewill betwelve eventbuildersasshown in Fig.4.17
- theROBstransmittheeventsto all eventbuildersin turn. Theeventbuilder PCsperformthefinal
eventbuilding, giving thedatatheformatshown on theright handsideof Fig.4.18. Thefinal events
arecombinedto files of 1 GBytewhich arestoredon local disksin eachof theeventbuilders,from
wherethey aretransferredto theCOMPASSComputingFarmvia thesameGigabit switchesasthe
dataarriveduponusingtheRemoteFile I/O (RFIO)protocol[91] on topof TCP/IP.
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TheconnectionbetweentheROBsandtheeventbuilder PCsaswell asfrom theeventbuildersto
thecentraldatarecordingarenetwork switches[92]. Thecomponentsusedin theCOMPASSDAQ
areGigabitEthernetswitchesSuperStack9300from 3COM[93].
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Figure4.17:The event building systemfor 2002 consistingof 16 ROBs and 12 event builder PCs
interconnectedbyGigabitswitches,which alsorepresenttheinterfaceto thecentral data
recording (CDR).

4.7 Data Structure

The recordeddata of the COMPASS Experimentall have the format of Data Acquisition Test
Environment(DATE) raw dataasgeneralstructure.DATE is adatatakingsoftwaredevelopedfor the
ALICE experiment[94]. Its structureandthedataformatis optimizedfor a readoutsystemwith PCs
for readoutandevent building interconnectedby a switchingnetwork, which concentrateandstore
thedata.Therefore,COMPASSadoptedthissoftwareandmodifiedit for thespecificneeds.Thedata
format is sketchedin Fig.4.18. Data inputsarethe preprocesseddatatransferredfrom the CATCH
modulesto thespillbuffer cards.Dataof all spillbuffersarecombinedformingsubdetectordatablocks
ontheROBs.Eachof theseeventsis precededby asubeventheader. It containsinformationaboutthe
typeof event,usuallyphysicsevents,thenumberof wordsof bothheaderandcompleteeventanda
detectorID which is uniquefor every ROB. This is doneby asoftwarerunningon theROB machines
(theLocal DataConcentrator).Thesubevent lengthenablesdirectedjumpingto thesubdetectorone
is interestedin within thefinal eventasindicatedby thearrows on theright-handsideof Fig.4.18.
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During normal operation,several ROBs transmit their data to the event builder PCs,as shown
in Fig.4.17. Databelongingto thesameevent areall transferredto oneevent builder. This is done
by equallydistributing the eventsamongall connectedevent buildersaccordingto the roundrobin
model.Hence,final eventbuilding canbeperformedhere,doneby generatingaglobalheadersimilar
to theLDC headerandcombiningthesubeventsof all ROBs. ThedetectorID of theglobalheaderis
abitwiseor of all subeventdetectorIDs. TheDATE softwareis notonly responsiblefor theexplained
flow andruncontrol. It alsoprovidesbookkeepingof theamountof recordeddataandtherunnumber
anddisplaysstatusanderrormessages.Sampletestsof a fractionof eventsfrom themaindatastream
is supportedby DATE. With thesedatasetsdataquality canbeverifiedonline,i.e. duringdatataking,
theso-calledmonitoring.
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Figure4.18:Datastructure of a DATEevent(left: ROBlevel, right: eventbuilder level). TheCATCH
subeventsas input are supplementedby a headerincluding thedetectorID on readout
buffer (left) aswell ason eventbuilder level.
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4.8 Data Transfer to the Central Data Recording

COMPASSdecidedto usetheCentralDataRecording(CDR)serviceatCERNto recordall data[95].
The DAQ systemdoesnot write eventsto tapeat the experimentalsite, but transmitsthem over a
few kilometersto the computercenteron the CERN main site via a dedicatednetwork. There,the
COMPASSComputingFarm(CCF), the tapeserver, andthe tapedrivesarelocated(seeFig.4.19).
Datafiles arriving from theeventbuilder PCsarelocally storedon theDataServer disks,from where
they aretransferredto the tapewriting facility. A major requirementis the useof a databaselayer
integratedwith a storagemanagerto handlethe large samplesof data. This is quite a challengeas
a few thousandfiles areexpectedto berecordedperday. Dataarereconstructedandanalyzedusing
objectorientatedtechniques.Thereforeanobjectorientateddatabasehasbeenchosen.For 2002this
will beObjectivity/DB [96]. Theexpectedamountof 150TByte in 2002- for theforthcomingyears
even dataratesof up to 300 TByte per yearareexpected- cannotbe availableon disk at the same
time. Thelimitation in diskspacecanbemadeconciseby ahierarchicalstoragemanager, whichis the
CERNAdvancedStorageManager(CASTOR) for theCOMPASSExperiment.Datareconstruction
is performedusingtheCOMPASSreconstructionandanalysisprogramCORAL (COMPASSRecon-
structionandAnalysis)[97]. Thecomputingpower to performthis taskis providedby 200CPUsof
theCOMPASSComputingFarm.
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Figure4.19:Structure of the COMPASScomputingfarm (CCF). Data files arriving from the event
builder PCsvia dedicatednetworkarestoredondataserverdisksbefore they arewritten
to tape. File handlingon the200CPUsis organizedby anobjectorientateddatabase.
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5 The CATCH Module

Oneof thecentralpartsof theCOMPASSDAQ is theCATCH (CompassAccumulateTransferand
Control Hardware) moduledevelopedin Freiburg. The functionality of the CATCH is provided
by flexible, reprogrammablechips, two Complex ProgrammableLogic Devices (CPLD) andeight
FPGAs. A pictureof the CATCH moduleis shown in Fig.5.1. Communicationwith the VME bus
of thecratewherethemoduleis installedis performedby theVME CPLD andtheController FPGA
via thebackplaneconnectorwhich canbeseenon theright handside. Theclock (CLK) driving the
chipson theCATCH is providedby a 40 MHz oscillator. Theprogramof all FPGAscanbestoredin
a Flash-PROM memory, from whereit is loadedinto theFPGAsatevery power-up. Alternatively the
CATCH canbeprogrammedvia VME. At startup,CATCH initializesall connectedfrontendboards.
During datareadout,triggeranddataflow is permanentlymonitoredby CATCH. Themaindataflow
on theCATCH follows a totally pipelinedpath:
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Figure5.1: Picture of the CATCH moduleequippedwith HOTFiber-CMCs. Thefour CMCson the
left hand side are read out by the four correspondingMerger FPGAs. The Formatter
combinesthesedata and the TCSFPGA, communicatingwith the TCSreceiveron the
VME backplane, framesthe data with a header, forming an event. The S-Link FPGA
transfers theeventsto theS-Linksendercard. Interfaceto theVMEbusis providedby the
VME CPLDvia thebackplane.
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Figure5.2: The
front-
panel
of the
CATCH
module.

For adaptationof differentdetectortypes,thedatainputsfrom thefron-
tendcardsaredesignedasexchangeablemezzaninecards. Four different
CommonMezzanineCards(CMC) have beendevelopedto provide this
flexible interface(Sect.5.2). Hence,it is very easyto exchangethe input
interface of CATCH or exchangeCATCH modules betweendifferent
detectors. Data coming from the connectedfrontendboardsare always
bufferedon the mezzaninecardsandprovided for readoutby theCATCH
in oneor moreFIFOs.

For eachof the four CMCs there is one FPGA which readsout the
incomingdata. TheseMerger chipswork in parallelandareindependent
of eachother. They combinethedatafrom all input channelsbelongingto
thesameeventandperformconsistency checksof thereceiveddata.

Data from the four Mergers are combinedby the Formatter, where
the detectordataare also formattedaccordingto the generalCOMPASS
data format [75]. The Merger FPGAs are read out in turn, adding the
sourceof thedatato thereceiveddatawords.Transmissionerrorsidentified
by the Mergers or errorswithin the datawordsdetectedby the Formatter
aremarkedwith a specialerrorword in orderto beableto reconstructthe
problemfrom the data. In order to performa local subevent building the
dataaremergedaccordingto their event number. The combineddataof
oneeventarestoredin thedataFIFO.

Every event is framed by an S-Link header containing specific
event information suchas format, event size, etc. and the S-Link trailer
consistingof justoneunique32bit word. As thefor thispurposenecessary
information is collectedby the TCS, the S-Link headeris generatedby
this FPGA after the datawords have beenprocessedby the Merger and
FormatterFPGAs.Theheaderis storedin theheaderFIFO, from whereit
is readout by theS-LinkFPGA.It precedesthecorrespondingdatawords
from thedataFIFO which areprocessedsubsequentto theS-Link header.
Therefore,two separateFIFOsareused. This datablock is transferredto
the readoutbuffer PCsvia a standardizedlink, the S-Link. In parallel,
the dataare written into the spybuffer FIFO, from wherethe eventsare
accessiblevia VME. Thisprocedureis controlledby theS-LinkFPGA.

Eventsareprocessedfor eachtrigger signal received 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
header, which is thenstoredin the headerFIFO is processedby the TCS
FPGA. The communicationof the CATCH with the TCS receiver is
describedin Sect.5.1.
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TheCATCH moduleis hotplugable,assoonasit is correctlyinstalledin theVME crateits status
is given by eight LEDs locatedin theupperpartof the front-panel,seeFig.5.2. The descriptionof
theseLEDs is summarizedin Tab. 5.1. After correctprogramming,theCATCH statusis shown by lit
LEDs for power, S-Link up, andfrontendboardsinitialized. Without an S-Link connectiontheSL
LED is off. If theinitializationof theconnectedfrontendboardfailed,this is indicatedby a turnedoff
FEI LED. In caseof noTCSreceiver connectedor if it is not readytheNOT LED is active,whereas
theOFF LED is only lit afteranover-currentleadingto a power cut. During a spill, whentriggers
arrive at theCATCH anddataaretransferredto theROBsvia S-Link, this is visualizedby theTRG
andDAT LEDs.

A four characterdisplay locateddirectly below the LEDs can be addressedby the controller
FPGAshowing thesourceID of theconnectedfrontendboard.Mostspaceon thefront panelis given
to four cutoutswherethe connectorsof the mountedCMC fit in to provide easyfront accessto the
CMC inputs.

Table5.1: Descriptionof thefront-panelLEDsof theCATCHmodule.

upperrow color description(if LED is on)

PWR green 3.3V power available
OFF red power off afterover-current
PRG red FPGAsnot correctlyprogrammed
NOT red TCSreceiver not connectedor not ready

lower row color description(if LED is on)

SL green S-Link connectionup
FEI yellow frontendboardsinitialized
TRG yellow currentlyreceiving triggers
DAT green currentlysendingdatato S-Link

5.1 Trigger Input and Distrib ution

Triggersreceived from the TCS aredirectly passedto the connectedfrontendcards. For frontend
boardsconnectedvia HOTLink, the triggersignalis transmittedon thesametrigger/userline asthe
resetfor thefrontendboardsandthebeginningandendof burstsignalsindicatingstartandendof the
SPScycle. The codingof thesesignalsis doneby the trigger CPLD. The trigger signal is 25.72ns
long,which is thetimeperiodof onecycleof the38.88MHz TCSclock. Theothersignalsareapplied
for moreclock cycles,seeTab. 4.5on page60. Theregular triggersignalsareresynchronizedto the
TCSclockby thetriggerCPLD.Only thefasttriggersarepassedthroughtheCATCH asynchronously.
TheBegin of Burstsignalis usedto resynchronizeall 8 1 TDCsfor eachspill.

At the beginning of a new spill the TCS generatesa resetsignal for the CATCH. This signal
is distributed to all otherFPGAsby the TCSFPGA andis usedto clearall buffers on the CATCH.
Hence,theCATCH moduleresumesdatatakingin a definedstate.For every trigger, theTCSsystem
provides six bytesof additional information (seeTab. 4.1). As soonas theseare available this is
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indicatedto theCATCH by aheaderreadysignal.TheCATCH modulethenrequeststheeventheader
onsix consecutive clockcyclesby applyingtheheaderenablesignal.This is doneby theTCSFPGA,
the interfacebetweentheCATCH andtheTCS.Timing of this communicationis shown in Fig.5.3.
As thereadoutof thesesix bytesnaturallytakesmuchlongerthanthedistributionof thetriggersignal
this procedureintroducesthefirst limitation for possibletriggerrates.

The event headerinformation is storedwithin the TCSFPGA in a 32 word deepinternal FIFO
in order to allow for new triggersto arrive during previous onesbeing processed.In the caseof
excessively high trigger rates,this FIFO maybecomefull. If this happens,datawordsarediscarded
in a controlledway for a singleevent in orderto speedup datatakingandcatchup on thehandling
of triggers.In this caseonly emptyS-Link header/trailerframesaretransmittedto theS-Link. These
framesarethesameasfor normalreadout.To avoid thelossof triggers,which would disarrangethe
datastructure,this procedureis startedwhenmorethan28 wordsarestoredin the FIFO. A special
skip eventbit canbe setfrom the triggercontrol systemalsoresultingin the removal of datawords
and the transmissionof empty header/trailerframes. It is also possibleto readout only specific
detectors. This is achieved by distributing specialcalibration triggers only to the corresponding
CATCH modules.Eachspill is framedby artificially generatedfirst andlastevents.

DATA 7..0

TTCLK

HEADER READY

HEADER ENABLE

ADR 3..0

t < 12ns

t > 10ns

XXXX XXXX0001 0011 0101

Byte 4 Byte 6 XXXXXXXXXXXXXXXX Byte 1 Byte 2

0000 0010 0100

Byte 5Byte 3

TRIGGER

Figure5.3: Timing of the TCSreceivercommunication.The six bytescontainingthe eventheader
informationare readout of theTCSreceiverFIFO by theTCSFPGAon six consecutive
cyclesof theTCSclock. Data (DATA 7..0) are stored on theCATCH synchronousto the
headerenablesignalshiftedby oneclock cycle(seeApp.A.4).
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5.2 CATCH MezzanineCards

Theinterfaceto thefrontendboardsof all differentdetectortypesis realizedfollowing theCommon
MezzanineCard(CMC) standard[98]. For differenttypesof inputsignals,differentCMCshave been
developedto provide easilyexchangeableconnectionsto all detectorswith the sameoutput to the
CATCH Module.All mezzaninecardsemploy a1024worddeepand36bit wideFIFOasinterfaceto
theCATCH motherboard.Writing into theFIFO is in mostinstancesdrivenwith the38.88MHz TCS
clock, readingout the datais controlledby the CATCH andthereforesynchronousto the 40 MHz
CATCH clock. Hence,theoutputFIFO commonto all mezzaninecardsdecouplesthe two different
clock frequencies.Thefour availableCMCsaredescribedin thefollowing.

5.2.1 HOTLink-CMC

The HOTLink-CMC servesasa generalinterfacefor up to four connectedremotefrontendboards
[99]. Dataaretransmittedfrom the frontendboardsby meansof a HOTLink transmitterchip. The
transmissionitself containstenserialbits,which representtheinitial eightbit convertedaccordingto
the ANSI 8B/10B code. The two additionalbits areusedfor DC-balancing6 anderror recognition.
Four incomingdatastreamsarereceivedvia a RJ-45connectoranda HOTLink receiver chip on each
of the four input portsindividually. Themaximumtransmissionrateis 40 MByte/s, for COMPASS
the datatransferis synchronousto the TCS clock, thereforethe rate is 38.88MByte/s. Depending
on the typeof frontendboardconnected,32 bit (ADC) or 24 bit (TDC) dataareconvertedfrom the
8 bit parallelHOTLink output format into 32 or 24 bit words, respectively. For this purposethere
is oneCPLD per input. Word boundariesareautomaticallyresynchronizedat eachreceived SYNC
character, which are part of the HOTLink communicationand transmissionerrorsare marked by
specialerrorcodes.Thewordsarethenstoredin four independent1k x 36 bit FIFOs. Theclock for
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Figure5.4: Pictureof theHOTLink-CMC.Signalprocessingis fromright to left. Dataarereceivedvia
theRJ-45input connectors anddeserializedby theHOTLink receivers. After combining
themto 32 bit words in the CPLD, they are provided for readoutfrom the CATCH in
FIFOs. Thisinterfaceis commonto all CMCs.

6DC-balancingmeanstheequaldistributionof high andlow signalsonaverage
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writing into theseFIFOs is ascertainedby the HOTLink receiver chip, thereforethe phasemay be
different to the TCS clock. From theseFIFOsthe 32 bit dataandfour bit error informationcanbe
readout from theCATCH atamaximumrateof 160MByte/s.

Initialization of the frontendboardsis performedvia the 10 MBaud serial lines (seeTab. 4.6)
accordingto theconnecteddetectortype.Theusedconfigurationdataarereceivedfrom theVME bus
via theCATCH in TTL standard.In additionto that,thetriggerandtime synchronizationsignalsare
transmittedto the frontendboardsvia the HOTLink-CMC. On the trigger line four differentsignals
as explainedin Tab. 4.5 aredistributed. Thesesignalsarealso received in TTL standardfrom the
CATCH andareconvertedto LVDS by a driver chip (DS90C032,[100]). TheTCSclock is already
provided in differential standardfrom the TCS receiver. The clock driver recognizablein Fig.5.4
(CLK) is responsiblefor distributing thedifferentialPECLclockto all four connectedfrontendboards
at thesametime.

5.2.2 HOTFiber-CMC

The HOTFiber-CMC is similar to the HOTLink-CMC. The two differencesare the connectorto
the frontendboardsandthat no clock andinitialization signalsare transferredfrom 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
fibers is used,one for the distribution of the fast trigger, and the other for data transmission. A
VF-45 connectorprovidesthe interfaceto the frontendboardsinsteadof theRJ-45connectorof the
HOTLink-CMC. This MezzanineCard is only usedfor readoutof the BORA boardsof the RICH
detector(seeSect.4.2.2 [83]), which needsthe trigger earlier than the other detectorsdue to the
peakingtime of the Gassiplex chip. Thereforea dedicated,fastertrigger distribution systemhasto
beusedby theTCS/CATCHsystem.Thetransmissionrateis determinedby theBORA to 400MBaud.

5.2.3 TDC-CMC

TheTDC-CMC inheritsdatafrom frontendboardsequippedwith discriminators,but no digitization
units. Suchdetectorcomponentsarescintillating fibers,beammomentumstations,and trigger ho-
doscopes.This is becausethesedetectorsarelocatedcloseto thebeamline andproducearatherlarge
datarate,which cannotbe transferredvia HOTLink. The discriminateddetectorsignalsare trans-
mitted to the CATCH via twistedpair ribbon cablesand68 pin RobinsonNugentconnectors[101].
Thedigitizationof thedatatakesplaceon theCATCH mezzaninecard. In total, this mezzaninecard
containsfour 8 1 chipsascanbe seenin the pictureof the CMC shown in Fig.5.5. Dataoutputof
thefour 8 1 TDCsis controlledby aCPLDalternatelyallowing theTDCsto write into the1024word

Table5.2: Formatof TDC-CMCdata(first line: headeror trailer word, secondline: dataword). The
eightleastsignificantbitsarehardwiredto groundandto thePLL-lockedbits,respectively.

031

channel (3)trigger time  (9) 0  (4)

0  (4)DATA   (16)

event number  (6) locked  (4)

locked  (4)01

0 tbo xor chip (3)

chip (3) channel (3)
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Figure5.5: Picture of the TDC-CMC.Analog signalsarriving at the input connectoron the right
handsideare digitizedby four 8 1 TDCsandstored in FIFOs for further processingby
theCATCH.

deepoutputFIFO of themezzaninecard. The 8 1 chipsthendirectly transmit24 bit dataor header
words.Thesearetheinformationgivenin Tab. 4.3onpage55. Eightmorebitsarewrittento theFIFO
in parallel,filling up theleastsignificantbits. If thephaselocked loop of the 8 1 TDCson theCMC
is locked thecorrespondingPLL-lockedbit is setto one. For eachof thefour TDCsthereis onebit,
theotherfour bits areunused.The formatof thesewordsis given in Tab. 5.2. Fromleft to right the
bits31 to 0 areshown, every line correspondingto onetransferredheaderor dataword.

5.2.4 Scaler-CMC

The Scaler-CMC [102] mainly consistsof a single,fastVIRTEX c
9

-E-600FPGAwith 32 inputsfor
LVDS or LVPECL signals. Connectionto the frontendboardsis establishedby the sameinterface
aswith theTDC-CMC.Themaximumcountrateis 250MHz. Thereadoutis completelydecoupled
from thescaleritself makingit absolutelydeadtime free. At thebeginningof eachspill thescaleris
reset,duringthespill incomingsignalsarecountedcontinuously. Thecountervalueis updatedevery
25.72ns.With eachtriggertheresultis written into theCMC FIFO.

Special featuresare implementedin this new scalerdesignto adapt it to the requirementsof
the COMPASS experiment. Oneis the delayof the scalervaluesby a shift register to compensate
the trigger latency. The value for this correctioncanbe suitedto every connectedequipmentsep-
aratelyby softwareup to a maximumdelayof 3 µs. Anotheroption is the useof a gatesignal to
stop the scalerfor a certainperiod. The gatesignal for the Scaler-CMC is provided by the TCS
receiver via the fasttrigger input. It hasto bedelayeddueto the trigger latency, andthemoresoas
generatingthegatesignalitself takestime,thedelaycanbesetindependentlyof theinputsignaldelay.

In the COMPASS Experiment thesescalersare mainly used for measurementsof the beam
profile with scintillating fibers and the determinationof the trigger rate. The 31 bit output value
permitscountingmorethan2 : 109 hits. Sincethe scalercontinuescountingduring the whole spill,



78 5 THE CATCH MODULE

FPGA

PROM

Scaler

FIFO
P2

T
o

 C
A

T
C

H

P1

Figure5.6: Picture of theScaler-CMC.

the spatialbeamprofile can be derived from the last event of eachspill. By analyzingthe scaler
informationof theothertriggersalsothetimedevelopmentof thebeamprofilecanbeextracted[102].
Otherapplicationsfor theScaler-CMC arethedeterminationof theTCSdeadtime by comparingthe
count-rateswith andwithout the gate. With its 32 input channelsit alsooffers the possibility to be
operatedasa patternunit. The incomingsignalsarestoredin a register for every received trigger.
This canfor examplebeusedto memorizea triggermaskwhichdefinesthetypeof this trigger.

5.3 Data Transfer within the CATCH Module

In this sectionthe generalfunctionality of the CATCH moduleis described.An importantpart is
thecommunicationwith theVME-busastheCATCH is beingprogrammedin thatway. Thecentral
part of this sectiondealswith the data transferwithin the CATCH sincethis is the main task of
the module. It is accomplishedby several FPGAssuccessively. Descriptionof the datahandlingis
divided into two parts,which aredataformatting(Sect.5.3.2)anderror handling(Sect.5.3.3). The
first partsummarizestherearrangementof incomingdatain orderto accomplishthefinal COMPASS
dataformat [75]. Possibletransmissionerrorsandtheway they aretreatedwithin the dataflow are
explainedin thesecondpart.Thesetasksareaccomplishedby theFormatterFPGA.This is oneof the
centralpartsof thelocal eventbuilding. Thecorrecteventstructureis generatedby theS-LinkFPGA
by combiningthe header, data,andtrailer informationasdescribedin Sect.5.3.4. Theseeventsare
finally transferredto thereadoutbuffer PCsvia S-Link.

5.3.1 Communication with the CATCH

Basically therearetwo typesof communicationwith the CATCH module. The first oneis the pro-
grammingof themoduleproviding eachchip with thesoftwarerequiredfor thewantedapplication.
Thesecondoneis anaccessto dedicatedregisterswithin thechipsfor controllingpurposesor reading
out theCATCH operationstatus.
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Programmingof thechipsis differentfor CPLDsandFPGAs(seeApp.A.2 andA.3). CPLDskeep
their designeven without power, thereforethey usuallyhave to be programmedonly once. This is
donevia dedicatedJTAG (Joint TestAction Group)[103] pins with a specialparallelprogramming
cablefrom aconnectedPC.JTAG is adedicatednetwork connectingall chipsof theCATCH module.
In this network chain the JTAG output (TDO) of one chip is connectedto the input (TDI) of the
next chip, serially transmittingthe configurationto every FPGA. It allows automatictestingof all
connectionsbetweenthechipsandtheserialdatatransferthroughthechainconnectingthechipsin
orderto provide themwith therequireddesign.

In contrastto CPLDs, the FPGAs have to be configuredat every power up. This is either
donefrom thePROM or manuallyvia VME. Similarly to theCPLD programmingtheFPGAdesigns
canbeprogrammedinto theFlash-PROM, from wherethey canbeloadedinto theFPGAs.

If a design is stored in the PROM, it is automaticallydistributed to all FPGAs via a special
chaincontrolledby theFormatterchip in themasterserial modeat every power up. If no designis
providedin thePROM or if adifferentdesignis required,theCATCH FPGAscanbeprogrammedvia
VME. This is doneby meansof theVME CPLD (seeApp.A.2). Communicationwith theVME bus
is provided via thebackplaneconnectorsP1andP2of theVME crate.Again theconfigurationdata
areshiftedthroughall FPGAsserially, throughthedaisychainFormatter- TCS- Merger A - Merger
B - Merger C - Merger D - S-Link - Controller using the DIN andDOUT pins of thesechips,see
Fig.5.7. In this casetheFormatteris operatedin theslaveserial mode[104]. Finishedprogramming
is indicatedto theVME-CPLD by a logic high DONEsignal,which is kept low from anopendrain
outputaslong asany of theFPGAsis not programmed.Via theCATCH theconnectedTCSreceiver
andS-Link multiplexer modulescanbeprogrammedin thesameway.

After the FPGAs have beenprogrammed,direct VME accessto every chip is possible. For
this purpose,all FPGAsareinterconnectedby a dataandanaddressbus. Eachchip is givena unique
VME addressfor unambiguouslyspecifyingthem.VME commandsreceivedby theVME CPLD are
directly forwardedto theController FPGA.Thischip is responsiblefor thecommunicationwithin the
CATCH. Readandwrite requestsareappliedto thecorrespondingenablesignalsof theselectedchip.
The dataareavailableon the internaldatabus, thusreadablefor all FPGAs,seeFig.5.7. Only one
of themis activateddependingon the valueof the VME address,specifiedby the eight bit internal
address.For readrequeststhe Controller hasto make surevia the enablesignalsthat no two chips
applydatato thebusat thesametime.
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Figure5.7: Programmingschemeof theCATCH FPGAsvia VME (DIN-DOUT connections).Access
to the internal registers of all FPGAsis provided by the addressbus and the data bus
controlled via anenablesignalfor each chip fromtheController.
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Within every FPGA thereis a setof input andoutputregistersaccessibleby this communication.
They aredefinedinternally by addressbits not usedfor distinguishingbetweenchips. The whole
functionality and operationmodeof the CATCH modulecan be controlledby theseregisters. In
the Formatter, for instance,it can be selectedbetweenADC or TDC readout,which is important
for the dataformatting. It is alsopossibleto switch off or on the readoutof oneor several of the
Merger FPGAs and therebythe connectedCMC. On the other hand the statusof the Formatter
canbe verified by a VME readcommandaswell asthe geographicalID of all connectedfrontend
boardsor their serialnumber. For eachof theCATCH FPGAsthereis avarietyof readandwrite reg-
istersaccessiblevia VME. They aresummarizedin App.D for theTCS,FormatterandS-LinkFPGAs.

5.3.2 Data Formatting

Thegeneraldataflow within theCATCH canbeexplainedby Fig.5.8. It follows a totally pipelined
datapath:dataareguidedthroughthechainMerger - Formatter- DataFIFO - S-Linkfor eachtrigger.
As soonastheeventheaderinformationis availablein theTCSFPGAa readysignalis distributedto
all Mergers andthe Formatter. After thesechipsreceived the readythey startprocessingtheevent.
Dataavailable in the outputFIFO of the connectedCMC arereadout by the four Merger FPGAs.
Thesechipswork in parallelandtotally independentto minimize the time for readout.Readoutof
the FIFOson the CMC is intentionallyslowed down by a factorof two in caseof an almostempty
FIFO (lessthan seven words storedin the FIFO), becausethe differencebetweenthe write clock
(38.88MHz) and the readclock (40 MHz) may causeproblemswhenthe FIFO getsempty [105].
Readoutis acceleratedto full speedassoonasmorewordsarestoredin theFIFO.Thedataitself are
providedfor thenext stageunchanged,but additionalinformationcomingfrom theHOTLink receiver
andgeneratedby theMerger is appended.

Theeventheaderfrom theTCSnaturallyarrivesmuchlaterat theCATCH thanthecorresponding
detectordata. Therefore,the outputFIFO of the mezzaninecard is alreadyfilled whenthe Merger
FPGAsstartto processthedata.To speedup thereadoutof theCMCs,theMergers areprovidedwith
a secondreadyif theTCSFPGA hasanotherevent storedin its internalFIFO. Whenthe first event
is finishedtheMergers canget the readyfor the third eventwhile processingthesecond,so that the
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Figure5.8: Data path through the CATCH, showing the FPGAs (Merger, Formatter and S-Link
FPGA)andtheir functionalityduring theformattingprocess.
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Mergers continuereadingoutdatafrom theCMCsaslongascorrespondingtriggersareavailableand
their internalFIFO is not full. Consequently, alsothe outputFIFO of the Merger is filled for data
transmissionto theFormatter.

For every trigger the Formatter readsout the dataof all four Merger chips in turn. Optionally
one or several Mergers can be switchedoff by a VME commandsimply ignoring data from the
concernedchips. Readout dataarecombinedandreformattedaccordingto the generalCOMPASS
dataformat [75] dependingon the type of connectedfrontenddevice and the selectedmode. All
dataare storedin a 16384 word deepdataFIFO where they are available for the final subevent
building. After completedprocessingof aneventby theFormatterthis is indicatedto theTCSFPGA
by a specialsignalaccompaniedby the informationof thenumberof transferreddatawordsandthe
numberof occurringerrors. This informationis combinedby theTCSFPGAwith the eventheader
informationfrom theTCSin orderto form theheaderfor thesubeventfrom theCATCH.

Onespecialtype of event is the first-event-of-run, characterizedby spill number1, event number
1, andevent type11100 (seeTab. C.2). Only for this event, a first-event-of-runheadercontaining
twenty additionalwordsis generatedandincludedinto the datastreambeforethe datawords. The
informationof theseheaderwordscanbedividedinto two parts,thefirst four wordsgiving thestatus
of the CATCH moduleandthe CMCs, the secondpart consistsof oneword per HOTLink port, in
total 16 words,seeTab. 5.3. CATCH informationcontainsthehardwareID of theCATCH andof all
connectedmezzaninecards,thenumberof CMCswhich arereadout andtherevision numberof the
usedFPGAsoftware.Most of this informationis storedin theinternalRAM of theFormatterFPGA
whichcanbeaddressedexternallyby standardVME access.The16following wordsarecomposedof
theinput portnumber(from 0 to 15), thecorrespondinggeographicalID, andfrontendserialnumber,
which areprovided 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
eventualhardwarefailurescanbedetectedandfaulty equipmentcanbeexchanged.For decodingthe
geographicalID is usedto unambiguouslyidentify thefrontendboardwithin adetector.

ADC typedatafrom calorimeters,RICH, andscalerscontain31 bit informationin thedatawords
and are thereforetreatedin the samemanner, even if they are internally different. Headerwords
alwayshave thesameformat,whereasdatawordshave to bedecodeddifferently. Theformatof these
datais summarizedin Tab. 5.4,wheretheabbreviation p.s. in thecalorimeterdatastandsfor pedestal

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

... ...

31

port (4)

0

1 1

1 1

frontend serial number  (16)

frontend serial number  (16)

geographical ID    0  (10)

geographical ID  15  (10)

unused  (12)

CMC 2 serial number  (16)

CMC 4 serial number  (16)CMC 3 serial number  (16)

CMC 1 serial number  (16)

CATCH  serial number  (16) 

Merger revision  (8) Formatter revision  (8) S-Link FPGA revision  (8) TCS FPGA revision  (8)

# CMCs (4)

port (4)
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subtractionandthe bit is set to 1 if it is performed.OFL andOTR aremarkers for an overflow or
underflow of the data,respectively. All thesewordsare left unchangedwhenwritten into the data
FIFO. For TDC data,which only contain24 bit usableinformation (Tab. 5.2) provided by the 8 1
TDC plustheinformationwhetherthePLL waslockedor not,thefour upto now unusedbitsarefilled
with the information,which port thedatacamefrom. This needsthe informationof theport within
the CMC from the Merger (2 bits). The final four bit port numberis thengeneratedby combining
this numberwith theinformationwhich Merger thedatacamefrom, labelling theportsfrom 0 to 15
(hexadecimal0xf), filling thefour remainingbits.

Thedifferentpossibleformatsaredefinedby eightbits includedin theheaderof eachevent. This
definition given in Tab. 5.5 is necessaryfor decodingthe data. The mostsignificantbit is only set
for thefirst-event-of-run. Sincethe formatdefinition is differentfor ADC andTDC data,which are
marked by the leastsignificantbit, theremainingsix bits aregiven for the two typesseparately. For
theADC formatthebits3 to 1 arenot yet defined,they aresetto zero.Theotherbits characterizethe
datasource.TheTDC dataformatcontainstheinformationof the 8 1 mode,i.e. latchmode,high or
normalresolutionmode.Bit 2 is undefined,bit 1 distinguishesbetweendebug andheadersuppressed
mode,andbit 6 givesthesourceof the 8 1 data,whetherit wasa 8 1 frontendboardor aTDC-CMC.

In additionto thesetwo standardmodesamixedformatis possible.For everyCMC theformatcan
be chosenseparately, resultingin the necessityof an extra headerword containingthe dataformat
accordingto thedefinitiongivenin Tab. 5.5 for thefour mezzaninecardsindividually. In thiscasethe
eight format bits in the S-Link headerareset to 0x7f (or 0xff for the first-event-of-run) andthe
additionalheaderword is generatedimmediatelyfollowing theS-Link header.

As data from the 8 1 TDCs contain redundantinformation in their headerand trailer words it
is possibleto reducethetotal datarateby removing this informationon theCATCH afterconsistency
checks.TheTDC headerinformationasshown in Tab. 4.3comprehendsthechipandchannelnumber,
theeventnumber, thetriggertime,andthetwo bits tbo andxor. Thechip andchannelnumberis also
given in thedatawords. For the trigger time it could be shown in 2001that it doesnot differ more

Table5.4: ADC dataformats.

0 0 geographical ID  (10) event number  (20)

31 0Header

1 unused  (10) channel   (6) DATA  (12)p.s. OTROFL

Calorimeter Data

RICH Data

0 1 event number  (20)geographical ID  (10)

Trailer

1 Scaler value   (31)

Scaler Data

01 ADC value   (10)0 0 channel within BORA  (10)chamber (3) BORA  (5)
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Table5.5: Definitionof theformatbits.

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- 0 = lead.or 0 = norm. 0 = no used 0 = debug readout
(else0) CMC trail. edge res latchmode mode
1 = first 0 = GeSiCA(APV) 0 = normalmode
eventof 1 = 1 = 0=ADC

arun 2 = Pattern-CMC 2 = or
(else0) 3 = Scaler-CMC 3 = scaler

4 = FIADC HOTLink 4 = readout
5 = RICH HOTFiber 5 =
6 = 6 =
7 = ScalerHOTLink 7 =

thanthe leastsignificantbit unlessa differentconfigurationwaschosenfor frontendboardsreadout
by thesameCATCH module. The event numberis comparedwith theevent numberreceived from
theTCSby theMerger FPGAs,andthetriggerbuffer overflow (tbo) bit is surveyedby theFormatter.
If tbo is oneor if theeventnumbersdo not match,theseheaderwordsaremarkedasdefective. They
arethentreatedasusually, theerrorhandlingis describedin thefollowing section.

If the TDC headerwords are accurate,they are removed from the data stream. In order not
to loseimportantinformation,thedatawordsareformattedin adifferentwayfrom themodecontain-
ing all headerandtrailer words[75]. The formatof datain theheadersuppressedmodeis shown in
Tab. 5.6. Fromthe24 bit TDC informationthetwo mostsignificantbits which arefixedto thevalues
1 and0 for datawords,seeTab. 5.2,areremovedaswell asthefour unusedandthePLL-lockedbits.
Theremaining22 bits areshiftedsothatthey cover theleastsignificantbits in theheadersuppressed
mode. Themostsignificantbits arefilled with thegeographicalID of the frontendboarddelivering
thedatafor unambiguouslyidentifying thedatasource.

Table5.6: Formatof a dataword in theheadersuppressedmode.
31 0

chip (3) DATA  (16)geographical ID (10) channel (3)

For the year 2002 anotherchallengehas arisen from a new procedureof the RICH frontend
boardsBORA at eachstartof a run. With every first-event-of-run, eachBORA transmitsengineering
frames,thresholdvaluesandpedestalandnoisefiguresaddingup to 1021words. For the following
spills the first event containsonly the event header, the engineeringframe and the event trailer,
thirteenwordsin total perBORA. Thelargeblock of two wordsfor eachof the432BORA channels
containingthepedestalandnoisevaluesis only transferredonceperrun.
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This resultsin a maximumof 16356 datawords to be storedin the dataFIFO of the CATCH
if all 16portsareusedincludingthetwentyspecialfirst-event-of-runheaderwords[75]. As thesizeof
this FIFO is 16384words,a majorproblemwouldoccurif morethan13 errorswerecontainedin the
dataflow of this first event. This is causedby thefact, that thedatatransmissionwithin theCATCH
is stoppedwhenthedataFIFO signalsanalmostfull state,which happensif thedataFIFO contains
15 wordslessthanwould totally fit into it (16369 words). In normaloperationthis is a reasonable
procedure,asotherwisedatacouldbelostwhich renderssuchdataunusablefor therestof thespill. If
thedataFIFO getsalmostfull with just oneevent,thereadoutgetsstuckcompletelybecausetheend
of theeventwill never bereachedandthereforeno S-Link headerwill begeneratedstartingthedata
transferto theS-Link. For thefirst-event-of-runit is thennecessaryto ensurethatnoadditionalwords
aregeneratedon theCATCH by deactivating theerrorflagsfor this event type. This canbedoneby
softwarevia theVME interface,but is only advisablefor RICH readout.All othereventsapartfrom
thefirst in runaretreatedin thesameway 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 engineeringframeandthe
thresholdvaluesaresent,followedby abreakof about44 µs. Thesecondblock containsthepedestal
andnoisefiguresof thefirst 216BORA channelsandafteranother44µstheremainingdata,including
thetrailer, aretransmittedin a third block.

A similar procedurecan be carried out for the readoutof ; 1 TDCs. Here, the initialization
data,which canbe storedin the internalRAM 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 then requestedby the Formatter, which receives the information from the RAM via
theController FPGA.Thesedataareincludedinto theeventdirectlyafterthefirst-event-of-runheader.

5.3.3 Err or Handling

Someinformationneededfor formattingthe datais a priori not known to the Formatter. They are
collectedby theMerger FPGAsandtransferredto theFormattertogetherwith informationonpossible
transmissionerrors.Therefore,every dataword readout from theMerger FPGAsis accompaniedby
eleven bits indicating if it is a header, data,trailer, or setupword, which HOTLink port within the
CMC thedataarrivedon andif anerrorhasoccurredduringtransferof this word. Theseelevenbits
areshown in Tab. 5.7.

The primary bit is set for the first headerand last trailer of an event from eachMerger FPGA,
communicatingthebeginning andendof theevent to theFormatter. Togetherwith thebits 9 and8
explainedin thelowerpartof Tab. 5.7it is usedby theFormatterto decidewhento switchthereadout
to thenext Merger. Thetwo bit port numberis usedin thedebug modeto generatethefinal four bit
port number. Theleastsignificantsix bits indicateanerrorif unequalto zero.

A variety of transmissionerrors are possiblein the describedreadoutsystem. Errors occur-
ring during HOTLink transmissionarerecognizedby the Merger FPGAsaswell asa mismatchof
theeventnumberfrom thefrontendboardsandfrom theTCS.It canalsohappenthatthe ; 1 internal
triggerFIFO or theoutputFIFO of oneof themezzaninecardswasfull. In thesecasesdatawould be
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Table5.7: Eventanderror informationprovidedby theMerger FPGAs.

Bit 9 Bit 8 Description

data

error

header

trailer

setup

00

0 1

1 0

1 1

10 9 8 7 6 5 4 3 2 1 0

pri. H/T/D/S port

lostwhichwouldcausesevereproblemsif they arenotdetectedandidentified.Partof this is checked
by the Merger chips,which communicatean identifiederror to the Formatterby the six error bits.
Additional errorrecognitionwhich needsa look into thedataitself is doneby theFormatterevoking
thenecessityto edit theincomingerrorinformation.

Independentof the typeof errora specialword is addedto thedatastreamdirectly in front of the
word which showedtheerror in orderto mark it assuch.This word containsall informationneeded
to identify the error, seeTab. 5.8. It is easilydistinguishedfrom dataor headerwordsby the most
significanttwelvebitsof thewordby acombination(0x7ff for ADC and0xfff for TDC data)not
allowedfor any othertypeof word [75].

In caseof a pauseddata transmissionvia S-Link due to a link full flag (Sect.5.4), the data
FIFO caneventually becomefull. For instance,the first-event-of-runfrom the RICH detectoris a
typical candidate,wherethis may happenin succession.Data transmissiononly startsas soonas
the S-Link headeris available. This headeris generatedonly after all datawordsbelongingto this
particulareventhave beenreceived. By this time, already13356wordsarestoredin thedataFIFO.
A newly arriving trigger theneasily leadsto an almostfull FIFO. Furtherdatawordsarenot lost,
becausetheFormatterFPGAstopsthereadoutof theMerger FIFOassoonasit recognizesthealmost
full flag from thedataFIFO. Thesameprocedureappliesfor the readoutof theCMC outputFIFOs
by theMerger. ShouldtheFIFO on theCMC ever get full, thendatawordsarelost. This is reported
by a specialtypeof error. Datawith this kind of errorhave to behandledwith extremecaution,asit
canpossiblyhappen,thatdatawordsareassignedthewrongeventnumberin thiscase.Thefollowing
eventsthenprobablycontaintheerroreventnumberlarger asdescribedin [75].

Table5.8: Definitionof an error word.

TDC geo ID (10) port number (4)7ff (11) error coding (6)

31 0
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5.3.4 Local Event Building

Collectingall datacorrespondingto oneeventfrom upto 16FE-boardsis performedby theFormatter.
Thesedatawords,now available in the dataFIFO, are thenframedby the event or S-Link header.
Sincemostof this informationis alreadystoredin theinternalFIFO of theTCSFPGA(seeSect.5.1),
the S-Link headeris generatedby this chip. The event sizeand the numberof error wordswhich
arebothcountedby theFormatterFPGAaretransferredto theTCSFPGAat theendof every event
processedby the Formatter. As soonasthis informationhasarrived at the TCSFPGA, the S-Link
headeris generatedandstoredin anotherFIFO on theCATCH, theheaderFIFO.Thedatapathof the
S-Link headerinformationis sketchedin Fig.5.9.

After the S-Link headerhasbeenwritten into the HeaderFIFO, all information of the current
event is complete. By readingout the headerFIFO first and then the dataFIFO and sendingthe
combinedevent to the S-Link sendercard, the CATCH module has performeda local subevent
building leadingto the datastructureshown in Tab. 5.9. The S-Link endmarker (0xCFED120) is
generatedby theFormatterafter thelast trailer of theeventhasarrived from thefourth Merger. The
twenty bit event numberandthe eleven bit spill numberallow recordingof more thanonemillion
eventsperspill and2047spillsperrun.

The informationcontainedin theS-Link headerwordscharacterizestheevent itself aswell asthe
datasource.Theeventsizeis derivedfrom thenumberof 32bit datawordscountedby theFormatter,
excludingthetwo controlwords(0000000 andCFED120). TheFormatteralsoprovidesthenum-
berof generatederrorwords.Theeventheaderinformationreceivedfrom theTCSis includedin the
S-Link header, i.e. theeventtype,thespill andeventnumber, andaneightbit TCSerror information
[106]. For betterdistinctionevery CATCH moduleis characterizedby a unique10 bit identification
definingalsoa certainpartof thedetectorit is connectedto. This sourceID is alsocontainedin the
S-Link header. The assignmentof sourceIDs andcorrespondingdetectorsis given in Tab. 5.10,the
abbreviationscorrespondingto theonesusedin Fig.3.7. ThesourceID 2 is reservedfor theCATCH
modulemeasuringthetriggertime asreferencefor theothertimemeasurements.

CATCH
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event building
to perform local
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header & data
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TCS FPGA
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DATA 

TCS
RECEIVER

header)

S-LINK

(16k)
FIFO

forming of the

(event
S-Link header

FIFO

Figure5.9: Schematicprocedure of combiningtheS-Linkheaderandthedatawordsto performlocal
eventbuilding on theCATCH.
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Table5.9: TheCOMPASSS-Linkheader, data,andtrailer structure forminga CATCHevent.

event type  (5)

event number  (20)stat

eventually extra format or first-event-of-run header

spill number  (11) 

err

31 0

0000 000 CTRL  (4)

CATCH source ID  (10) event size  (16)

format  (8) number of error words  (8) TCS error  (8) status  (8)

CTRL  (4)Trailer:     CFED 120

DATA

(format depending on the type of frontend board)

Table5.10:SourceIDs definingtheCOMPASSdetectors.

DetectorType Abbreviation SourceID (hex.) SourceID (dec.)

TDC - Triggertime 2 2
Testsetups 000-00F 0-15
Scaler/Patternunits 010-03F 16-63
TDC-CMC:
Hodoscopes& Veto HM,HI,HL

VI,VO,(HC) 040-04F 64-79
Scintillatingfiber/BMS FI 080-0FF 128-255
TDC HOTLink Readout:
Drift chambers DC 100-13F 256-319
Straw chambers ST 140-17F 320-383
Micromegas MM 180-19F 384-415
MuonFilter 2 MB 1A0-1AF 416-431
TDC HOTLink readout(Latch):
MWPC (A, B, A < ) PA,PB,PS 1C0-1DF 448-479
MuonFilter 1 MA 1E0-1EF 480-495
ADC HOTLink readout:
RICH 1/2 RI 200-21F 512-543
ECAL 1/2,HCAL 1/2 EC,HC 260-27F 608-639
APV:
Silicon SI 280-29F 640-671
GEM GM 2E0-2FF 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

Datatransmissionfrom theCATCH is realizedusingtheS-Link protocol.Specificationsgivenin [76]
areto beaccomplishedby theoutputinterfaceof theCATCH modulefor a singleS-Link line aswell
asfor thecombinedtransferof datafrom up to four CATCH modulesvia theS-Link multiplexer. In
particularthis is thehandlingof thestartupprocedure,thecorrectbehavior in caseof a full link not
capableof receiving any moredata(seeFig.5.10), andthe identificationof somespecialwordsas
controlwords.Thelink full flag lff signalsthatonly two morewordsareallowedto bewritten to the
S-Link, whichhasto betakencareof by theCATCH module.TheS-Link begin andendmarkerwords
(seeTab. 5.9) areaccompaniedby theUCTRL signalindicatinga controlword, which is neededfor
synchronizationof the link. Theprotocolalsoprovideserror reportingwhich is indicatedby a LED
andtwo of thedatabits which areoverwrittenwhena word is markedascontrolword (UCTRL, see
Tab. 5.11). Of the possibledatawidth only the 32 bit word option is used,dataarewritten to the
link sourcecard by CATCH on every rising edgeof the systemclock whenever UWEN is active.
Timing of this datatransmissionis sketchedin Fig.5.10. The datareceived on the link destination
cardmountedin theReadoutBuffer arestoredin the512MByte RAM moduleof thespillbuffer.

Specificationsof the S-Link hardware are, that datato be transferredhave to be stableat least
10 ns before the following rising clock edge(tDS). The write enablesignal UWEN also has to
becomeactive tES = 10 ns beforethe low-high transitionof the systemclock. Datacanbe written
on consecutive clock-cycles by keepingthe write enablesignal active for the durationof the data
transmission.In caseof no connectedcableor anotherwiseinactive link no datacanbesent.This is
indicatedby theS-Link with the ldownflag (active low). Whenever a new connectionis established
the link is automaticallyreset. This is doneby pulling the ldown flag low causingthe connected
componentsto performtheresetprocedure,i.e. theS-LinkFPGA.This is alsodoneateverypowerup
no matterif anS-Link multiplexer or a singleS-Link is connectedto synchronizethelink beforethe
startof datatransmission.

CFED

UCTRL

UCLK

UWEN

LFF

UD31..0 A B C D E F G H I

t   = 10nst   = 10ns

0000

ESDS

Figure5.10:Timing of theS-Linkdata transfer. Data written to the link source card on every rising
clock edgewhenUWENis low haveto bestableat least10nsbefore transmission.After
signallinga full link (lff), theS-Linkacceptstwomoredatawords.
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Table5.11:Definitionof databits in control words.

bits description

[31..4] UD[31..4]
[3..2] reservedfor futureuse

1 1 = transmissionerrorin controlword
0 = no error

0 1 = transmissionerrorin previousdatablock
0 = no error

5.4.1 The S-Link Multiplexer

For thecommunicationwith theS-Link multiplexer (seeSect.4.4andFig.4.15),thestandardprotocol
is used,but as the multiplexer doesnot a priori know how many CATCH modulesareconnected,
additional information has to be provided from the CATCH. The multiplexer deactivatesthe link
connectionto the CATCH after power up to seewhetherthereis an attemptto resetthe link from
CATCH side,which is not the caseif no CATCH is connectedor if the CATCH is not initialized.
Thus,aftera timeoutperiodof 400µs, unresponsive equipmentis consideredmissingandtherefore
keptdeactivatedby keepingthe link down. Thesameprocedureis appliedif thereareno datafrom
an active CATCH within 400 µs after otherequipmentshave transmitteddata[89]. This is alsothe
procedureif a CATCH modulehasbeenexcludedfrom the readout. Excluding and including of
modulescanbeperformedby aVME command.At thebeginningof anew spill all CATCH modules
areagaincheckedfor responseandeventuallyincludedor excludedfrom thereadout.

A special reset commandis applied to the multiplexer at the beginning of every spill since
themultiplexer hasno informationaboutthe spill structure,therebyclearingall buffers on the mul-
tiplexer andinducingthe deactivation of all CATCH modulesasin the startupprocedure.Clearing
of all buffers is the samemodusoperandiason the CATCH in order to startevery spill correctly,
especiallyif the previous oneshowed problems. Data transmissionis handledin exactly the same
way asfor asingleS-Link line.

5.4.2 Readoutvia Spybuffer

Datatransferredto theROBsvia S-Link canbewritten into aFIFOontheCATCH modulein parallel,
the so-calledspybuffer. This FIFO is controlledby the S-Link FPGA (seeApp. C.3). It can be
selected,if all eventswritten to the S-Link shouldalsobe storedin the spybuffer or, alternatively,
it canbe specifiedthat only a prescalednumberof eventsor only eventsof a certainevent type are
written to thespybuffer. Selectionof theeventtypeis agoodalternative for readingoutscalerCMCs,
asthe final scalervalue is given in the last-event-of-spill, which caneasilybe selectedby its event
type. Readoutof the spybuffer is donevia the VME interface(seeSect.5.3.1andTab. D.4 on page
146).ThisprovidesapossiblereadoutatareducedrateevenwithoutS-Link connection,whichmakes
theCATCH moduleavery usefultool for laboratoryreadoutsystems.
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5.5 HardwareTests

Before commissioningthe whole system,it is advisableto test every componentcarefully. For
that purpose,several testing routineshave beendevelopedto verify functionality of the modules
themselves as well as its communicationwith the connectedequipment. BoundaryScantest and
the CATCH in situ testprovide checksof theCATCH hardware,whereasthe TCS andS-Link tests
not only survey the correctconnectionof the componentsbut alreadyperforma verificationof the
functionality of external hardware. With the HOTLink test box the input mezzaninecardsof the
CATCH can be checked in a test setup,whereasthe MurphyTV software is usedfor consistency
checksperformedduringthedatataking.

Boundary ScanTest(JTAG)
The first necessarytestafter productionof the CATCH hardware is to checkif all componentsare
solderedcorrectly and all inter-chip connectionsare working properly. With approximately2000
connectionsbetweenthedifferentlogic chips[107] this is quiteachallenge.By usinginternalfeatures
of theusedFPGAsandCPLDs(seeApp. A.3 andA.2) this canbesimplifiedconsiderably. Modern
reprogrammablechipsprovidespecialinputandoutputconnectionsreservedfor so-calledJTAG(Joint
TestAction Group)pins [108]. All boundaryscancompatiblecomponentshave the sameresetand
clock input, for datatransferthechipsarearrangedin achainconnectingtheoutputpin (TDO) of one
chip with theinput pin (TDI) of another. With these,theBoundaryScanTestprovidesthepossibility
to seteveryoutputof anactive logic componentto eitherhighor low andcheckontheothersideof the
connectionif thepredeterminedlevel is received. On theCATCH moduleall FPGAsandCPLDsare
boundaryscancompatible.For theVME andCMC connectorsspecialadaptershave beendesigned
[109] to extendthetestingpossibilitiesto theinputandoutputsignalsof theCATCH.

CATCH in situ Test
Unfortunately, FIFOs cannotbe accessedwith boundaryscan. Thereforean internal software test
hasbeendesigned.SeveralFIFOsaresituatedon theCATCH modulefor decoupled,pipelinedfast
datatransfer. For every FIFO a specialinternallygenerateddatastreamis readout via spybuffer (see
Sect.5.4.2)to verify thecorrectsolderingandfunctionalityof all componentssuccessively. Commu-
nicationwith theRAM implementedon theCATCH canalsobechecked[110]. Differentdesignsare
usedto generatedefinedartificial data.Thesedatahave a format in which eachbit changesits value
at leastonceandneighboringchannelshave differentvalues. The spybuffer is testedfirst with data
generatedby theS-LinkFPGA.If this workscorrectly, a similar procedureis performedfor thedata
andheaderFIFOsgeneratingthesamedatain theFormatterandTCSFPGA,respectively, andreading
thedataout via spybuffer.

HOTLink TestBox (HLT)
For testsof theinput interfaceof theCATCH (CMCsandMerger FPGAs),anFPGAbasedHOTLink
TestBOX (HLT) is used[111]. This tool canbeprogrammedin differentwaysto simulatedetector
inputssimultaneouslyon four standardEthernetand/orfour fiber cables,sothatHOTLink aswell as
HOTFiber-CMCs andthe communicationof the CATCH with the CMCs canbe tested. It hasalso
beenusedto performtestsof theS-Link Multiplexer wherea stand-alonesystemwith theoptionof
differenteventsizeswasnecessary.
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TCS Test
This test only requiresa working TCS controller distributing trigger signals. It can thereforebe
executedduring normaldatataking with a CATCH modulethat is currentlyunused. This module
is programmedwith a specialsoftwareto checktheconsistency of thetriggerandevent information
received from theTCS.Within theTCSFPGAthetime differencebetweentwo triggersis measured
with respectto the 38.88MHz clock andtheminimal interval is monitored.Violationsof the fixed
deadtimeselectedby software(seeSect.4.1)canbeidentifiedaswell asbit errorsin thecommunica-
tion of theTCSreceiver with theCATCH [112]. Hence,this testnotonly verifiesthecommunication
of theCATCH with theTCSreceiver, but alsothecorrectworking of theTCScontrollerresponsible
for thedeadtime configurationandthefiberconnectionbetweencontrollerandreceiver.

S-Link Test
Like the TCS test, the S-Link test checksthe functionality of the whole S-Link, in this casefrom
CATCH to theROB. Two differentversionsof theS-Link testroutineexist, oneto testthestandard
S-Link connection,anda secondto performa similar testwith for the S-Link multiplexer. Special
designshave to be loadedinto the S-LinkFPGA to performthesechecks. In both casesa pseudo
randomdatastream,framedby thesamecontrolwordsasin thegeneraldatastreamis generatedon
theCATCH.Correcthandlingof thefull flaghasbeenensured.Thepseudorandomeventscontain512
datawords(for themultiplexer test387wordsperconnectedCATCH). Thedatastreamalwaysstarts
with thesamefirst word,all furtherwordsaregeneratedasa logical combinationof thepreviousone.
At thebeginningof thesecondevent,correctlyseparatedfrom thefirst by anS-Link trailerandheader,
thesequenceis resumedfrom thelastwordof thepreviousevent.Dataarepermanentlytransmittedvia
S-Link aslong asthelink is capableof data,abreakis insertedwhenthelink is flaggedasfull. They
arereadout on thereadoutbuffer side[113] andcomparedwith theexpectedstructurederived from
theknown procedureof generatingthedatawordsto detectcertainbit errors,transmissionproblems,
or missingcontrolbits (seeSect.4.4). It is therebypossibleto detectnot only badlysolderedpinson
theCATCH, but alsoproblemsarisingfrom theS-Link sendercardor thefibercables.Therefore,this
testis performedfor eachfiberconnectionbeforecommissioning.

Mur phyTV
During datataking the occurrenceof errorscanbe monitoredwith the MurphyTV software [114].
Thissoftwaretakesholdof sampleddatafrom theonlinedatastreamandperformsconsistency checks
of thedata.Thenumberof processeddatawordsis visualizedfor eachCATCH moduleidentifiedby
thesourceID. Theoccurringerrorsareemphasizedandcharacterized.Thenumberandtypeof these
errorsis shown. Errorswhich can be recognizedare failed initialization, transmissionerrors,and
buffer overflows. Someof thesearedetectedvia theerrorwordsgeneratedby theCATCH modules.
With this informationit canbe decidedif the run shouldcontinueor if the correspondingfrontend
boardswhich showed theerrorshave to be reinitialized,makingtheMurphyTV softwarea valuable
tool for controllingthedatataking.



92 5 THE CATCH MODULE

5.6 SoftwareFunctionality Checks

The main functionsof the CATCH moduleasdescribedin the previous sections(5.3 and5.4) are
implementedby specificsoftware for eachof the differentFPGAs. Hence,in addition to proving
correcthardware,alsothesesoftwaredesignshave to bereviewed. Not only thelogic andthetiming
of eachchip internally hasto be correct,but especiallythe communicationbetweenthe chips is a
crucialpartof datatransmissionandhasto beverified. Thesuccessive stepsof approving theactual
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 implementationtools for theCATCH FPGAscanbefound in App.B. Thebehaviour of the
implementedlogic usuallydependson externalsignals. The clock driving the device andall inputs
from theconnectedcomponentscanbeappliedto thesimulationin auserdefinedway. With this input
thesimulatorcalculatesthestatesof all selectedinternalandoutputsignalsandprovideseasyaccess
to theworking cycle of statemachines.Correctreactionof thechip designto all eventualitiescanbe
verified.Apart from thecorrectlogic structurewithin thechip, thissimulationalreadyprovidesafirst
timing estimation. As it assumesworst casedelayswithin the specifieddevice, predictionsfor the
internaltiming couldbeshown to bequite reliable. In addition,thesetuptime for theoutputsignals
is alreadyprovidedby theresultof thecompilationprocess.For time critical signalsconstraintscan
beapplied.Duringcompilationthedesignis optimizedto meettheseconstraints.

The propagationtime from chip to chip is a priori not known. Therefore,a secondstep of
softwarechecksis performed.A Logic Analyzer(App.B.4, [116]) is usedfor visualizingup to 64
digital signalsof theCATCH module.Occurringproblemscanbedetectedby triggeringon a certain
signature.This caneitherbea changeof a definedstateor any combinationof theconnectedsignals.
TherebythecommunicationamongtheFPGAscanbesurveyed.

Eachinput or outputpin of the FPGAs,CPLDs,andFIFOsis accessiblefor the Logic Analyzer
with specialprobes. For eachof theseconnectionstheperformancecanbereviewed. Requirements
of particularchips for the connectedneighbors,suchassetupor hold timescanbe examinedeven
in complex surroundings.By triggeringon theobservedeventualmisbehavior, evenrareor complex
problemscould be tracked down andanalyzed,gaininga betterunderstandingof the timing of the
system.By meansof theLogic Analyzerit couldbelearnt,wherethetiming critical partsof thedata
transferwithin theCATCH moduleare.This knowledgeleadto thefinal softwarerevision providing
bestpossiblestability.

With the same procedureit is possible to analyze the communicationwith the equipments
connectedto theCATCH modulesuchastheTCSreceiver, themezzaninecards,theS-Link sender
card, and the S-Link multiplexer. In cooperationwith the otherparticipatinggroups,problemson
all partscouldsuccessfullybe identified. For all partsof thesystemthecommunicationbetweenthe
componentscouldbeoptimizedto thefinal configurationdescribedabove.
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5.7 Stand-aloneDAQ with CATCH

Anotherpossibilityfor operatingtheCATCH moduleis presentedhere.In this caseonly triggersare
receivedon theCATCH via a specialinput connectoron thefront-panelavailablein thefirst CATCH
revision. As for somepurposesit is an interestingalternative to have an independentsystemnot
requiringany externalTCShardware,thisstand-aloneoptionfor theCATCH hasbeendeveloped.For
readoutsystemsrunningwithout the COMPASSTCS system,the possibility of a stand-aloneDAQ
wasexploited by developinga trigger distribution systemcompatibleto the input connectorof the
first series(revision 0) of CATCH modules[110]. Insteadof thefour characterdisplay, implemented
in the final revision of the CATCH hardware, (seeSect.5.3) a ten pin connectoris locatedon the
front-panelof theseCATCH modules.Thepin assignmentis givenin Tab. 5.12.

In order to handletriggers not accompaniedby the event headerinformation like in the stan-
dardCOMPASSDAQ, aninternalspill andeventcounteris provided. Therefore,theCATCH makes
available an option to ignore all signalscoming from the P2 backplaneconnector, but countsthe
triggersarriving on thetrigger line of thefront panelconnectoritself. Resettingof theeventnumber
andsimultaneouslyincreasingthespill numberfor generatingan artificial spill structureis possible
via VME.

Togetherwith the option of writing data into the spybuffer FIFO without requiring an S-Link
connection,this stand-alonesystemconstitutesa sophisticatedlaboratoryDAQ. Only a 9U VME
cratefor theCATCH andaNIM cratefor thetriggerdistributor, alsoadevelopmentof theUniversität
Freiburg [110], areneeded.

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

pin input signalnorm input pin

10 GND GND 9
8 CLK- (38.88MHz) 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 theCATCH modulesis of coursein theCOMPASSexperiment.Thenumberof
CATCH modulestogetherwith the usedCMC type for the differentdetectorsis given in Tab. 5.13.
Thenumberof modulespreparedfor thebeam-time2002is alsopresentedthereaswell astheplanned
additionalmodulesfor 2003. Accomplishedmeasurementsof speedandratecapabilitiesof the full
readoutchain with all typesof mezzanineand frontendcardsand all presentedconfigurationsof
CATCH aresubjectof thefollowing chapter.

In addition to the CATCH modulesused in the COMPASS Experiment, eight further ones
have beendeliveredto theCrystalBarrelat ELSA [117] Collaborationin Bonn. Thesearemodules
of revision 0, which canbe usedtogetherwith the stand-aloneDAQ without a TCS system.Three
moreCATCH modulesweredeliveredto Mainz, whereusageof the CATCH systemis plannedfor
theA1 Experimentat theMainzerMicrotron (MAMI) [118]. This shows that theCATCH moduleis
alreadysuccessfullyusedfor otherapplicationsin differentexperimentsandnot only for its original
purposein the COMPASS experiment. Also, a modified versionof the TDC-CMC is usedin the
NA48 experimentatCERN[119].

Table5.13:Thenumberof CATCHmodulesusedfor thedifferentCOMPASSdetectors.

Detector CMC Type # in 2001 # in 2002 # in 2003

Trigger TDC-CMC 9 14
Trigger(Scaler) Scaler 3 3
SciFi 1-4 TDC-CMC 9 9
SciFi 5-8 TDC-CMC 18 42
BMS TDC-CMC 2 4
Drift-chambers HOTLink 2 5
W4-5 HOTLink - 2 +3
Micromegas HOTLink 5 12
Straws 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 GeSiCA 1 4
GEM GeSiCA 4 5
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6 Data Acquisition PerformanceMeasurements

Variousmeasurementshave beencarriedout to determinethe performanceof different aspectsof
the COMPASS readoutsystem. Startingwith the different trigger deadtime settingsto specifythe
configurationnecessaryfor future measurementswith highertrigger ratesthey alsocover datarates
andoccupanciesof thefrontendelectronicsaswell asratemeasurementswithin theCATCH andat its
outputvia S-Link. Theartificial deadtime is necessaryto prevent thebuffersof the frontendboards
to becomefull which would result in a lossof data. Theamountof datatransferredby the frontend
electronicsdeterminesthe event size. Multiplied with the trigger ratethis givesthe amountof data
whichhasto berecordedduringonespill. In orderto avoid buffer overflowsonthemezzaninecardsor
on theCATCH, thedetectordatahave to beprocessedasfastaspossibleby theCATCH module.The
throughputof theCATCH moduleis presentedaswell astheoutputtransmittedto thereadoutbuffer
PCs.Within thereadoutbuffers, thedataof thefour spillbuffers arecombined.Thedatarateof this
procedureis explained,beforeat theendof this chapterthetapewriting performanceis presented.In
conjunctionwith thefirst physicsanalyseson thehorizontheresultsof theperformedmeasurements
prove thesuccessfulinstrumentationof theCOMPASSreadoutconcept.

6.1 ReadoutConfiguration

The deadtime configurationwhich is necessaryfor somefrontendboardsdeterminesthe efficiency
with which trigger signalsfrom the trigger logic canbe processedby the TCS. For the datataking
period in 2001 the deadtime hasbeenset to the valuesof 44 µs fixed and four triggersin 400 µs
variabledeadtime dueto the requirementsof the frontendelectronics.This value is alreadysmall
comparedto previoushigh energy physicsexperiments,but asthesystemis designedfor ratesup to
100kHz, it is ratherlargefor COMPASS.For theyear2002running,3 µsfixedand3 triggersin 40µs
variabledeadtime areplannedcomplyingwith the specificationsarisingfrom the BORA, FIADC,
and the GEM andsilicon (APV) readout. The limitation for the fixed deadtime is inducedby the
rise time of theGassiplex chip, wherefor deadtimessmallerthan3 µs a baselineshift takesplace.
For thecorrectionof this baselineshift on theBORA, a largerFPGAwould beneeded.Currentlythe
BORA boardsarere-equippedwith FPGAsproviding morelogic, but for thebeam-time2002this is
notavailable.The40µsvariabledeadtime is motivatedby thebuffer sizeof theAPV25chipusedfor
GEM andsiliconreadout,thelimit of threetriggersin this timeis dueto thebuffer sizeof theFIADC.

The cross section of the muon nucleon scatteringreactionsin combinationwith the trigger
setup(seeSect.3.3.3) determinesthe trigger rate in the order of 20000 triggers per spill. With
this rateof approximately4 kHz, the deadtime valuesfor 2002leadto a trigger efficiency closeto
100%,asonecanseefrom the measurementsshown in Fig.6.1, wherethe life time of the trigger
system(thefractionof thegeneratedtriggers)is plottedversusthenumberof acceptedtriggers.The
measurementshave beenperformedwith artificial triggers in a test benchsetup. It is clear, that
a smallerdeadtime is not necessaryfor the intendedmeasurementsin 2002. Much higher cross
sectionsandcorrespondinglyhigher trigger ratescanbe expectedfor measurementswith a hadron
beam.Thesetriggerratesof up to 100kHz areobviously impossibleto beachievedwith reasonable
efficiency by the 2002 configuration. A configurationof 400 ns fixed deadtime hasbeentested
with CATCH modulesequippedwith TDC-CMCsup to trigger ratesof 115 kHz. A changeof the
deadtime configuration,openingthe possibility to operatethe systemat 100 kHz trigger ratewith
reasonableefficiency, will thereforebepossibleconcerningtheCATCH module.
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Figure6.1: Measurementsof the life timefor different TCSconfigurations. Varioussettingscompre-
hendingconfigurationsfor 2001and2002andtwooptionsfor futureupgradesareshown.

Detailedtestshave beenperformedwith theconfigurationfor 2002usingdifferentfrontendboards
duringadedicatedtestrun. Sincesomeof thefrontendboardscouldnotbeoperatedwith theplanned
settingof 3 µsfixedandthreetriggerin 40µsvariabledeadtimeby thetimeof thesetestsin November
2001,thesmallestpossibledeadtimeswereutilizedto measurethemaximumtriggerrate.Theresults
aresummarizedin Tab. 6.1. Measurementswith ? 1 equippedfrontendboardsincludeTDC-CMCs
(beammomentumstations,hodoscopesandscintillatingfibers)aswell asmicromega,drift-chamber,
MWPC, andstraw frontendcardsreadout via HOTLink-CMCs, proving that the readoutsystemis
alreadypreparedfor thehadronbeammeasurementsplannedfor partsof thebeamtimesfrom 2003
onwards.

Table6.1: Maximummeasured trigger rateof differentCOMPASSreadoutequipmentswith theopti-
mumsetupin November2001.

equipment fixeddeadtime variabledeadtime max. testedrate

GeSiCA 30 µs 3 Triggerin 100µs 22kHz
RICH 3 µs 4 Triggerin 40 µs 60kHz
ADC (Calorimeter) 400ns 3 Triggerin 40 µs 70kHz
TDC 400ns - 115kHz
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6.2 Frontend-Electronics

In 2001,dataof morethan150000electronicchannelshavealreadybeenrecordedby theCOMPASS
DAQ. Typical valuesfor theoccupanciesandtheeventsizesof thedifferentdetectorsarepresented.
They are derived from Run 12788 taken on 17 October2001 with 8300 triggersper spill andan
intensityof 1.9 @ 108 initial muonsperspill aswell asfrom Run13218(23October2001)with 17600
triggersandan intensityof 2.3 @ 108 muonsperspill. The datarateis approximatelya factorof two
largerfor theRun13218sinceahighertriggerratewasaccepted.Theamountof 403MByte perspill
in Run13218correspondsto asustaineddatarateof 24 MByte/sto berecordedon tape.

In Fig.6.2 the occupancy, the meannumberof hits per detector, is pictured for the different
detectortypes,a summaryof the COMPASS frontendboardsis given in Tab. 4.2 on page54. The
averageoccupancy of approximately2.4% for the whole detectorleadsto a total of 3750 hits per
correspondingtrigger forming comparatively large events. For 2002it will be even morethan6000
hits per event as then the completedetectorwith 250000 channelswill be readout. Most of the
measuredoccupanciesgiven by the dark histogramsmet the expectationsof the detectorgroups,
which arestill valid for 2002. The estimationsaregiven by the light histograms.Occupanciesof
themuonwall is still underinvestigation.Thedecreaseof hits perevent for thedrift chamberswill
be reachedby betternoisesuppression,whereasthe increaseof RICH datacomesfrom the usage
of a gaswith betterpurity andhencea betterdegreeof transparency andan improved conditioning
of the photondetectors[120]. The W4-5 drift-chamberhasnot beenusedin 2001, thereforeonly
estimationsfor 2002aregiven.

The distribution of the amountof dataamongthe different detectorsis given in Fig.6.3. The
sumof the contributions of the detectorsin 2001,given by the dark histograms,was24 kByte per
event. Expectationsfor the beamtime 2002(light histograms)provided by the detectorgroupsare
comparedwith thetypical valuesof 2001.Noticeablein Fig.6.3 is thedecreasingdatarateexpected
for 2002 for all detectortypes readout by meansof the ? 1 TDC suchas the beammomentum
stations,scintillating fibers,straws, andMWPCs. In 2001all ? 1 TDCs have beenreadout by the
CATCH modulein the debug mode,writing out a large amountof TDC headerand trailer words
containingredundantinformation, suchas the event number, which is also includedin the S-Link
header(Sect.5.3.2andTab. 5.9). This modehasbeenchosenduringthecommissioningphaseof the
experimentto provide maximumpossibilitiesfor consistency checks.After proving in 2001thatall
event informationis handledin a correctway, it is not necessaryto run in debug modeagainin 2002.
Hence,all redundantinformationcanberemovedfrom thedataflow in anearlystageof datareadout.
This is doneon the CATCH module,which will thenbe operatedin the default headersuppressed
mode.Especiallyfor thestraws, wherea large numberof TDC headerwordswasrecordedin 2001,
theeffect is largetakinginto accountthatthenumberof channelsreadout in 2002will bethreetimes
largerthanin 2001.Onaveragethisprocedurereducesthedatarateby approximately25%. Thesame
is valid for micromegas(MM) anddrift-chambers(DC), but herethe effect is over-compensatedby
theincreasingnumberof channels.More channelswhich arereadout in 2002arealsothereasonfor
thelargereventsizeproducedby thecalorimeters.For theRICH theincreasingdatarateis correlated
with thelargeroccupancy.

It is very importantfor the COMPASS experimentto keepthe event size below approximately
33kByteperevent,sincewith atriggerrateof 4 kHz in 2002only thisamountof datacanberecorded
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Figure6.2: Occupanciesof thedifferentCOMPASSdetectors. Measuredvaluesfrom2001are given
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due to the limitation in tapewriting capacityof 40 MByte/s (Sect.6.6). This can successfullybe
achieved by applyingtheheadersuppressedmodeto all TDC typedetectordata. Although reading
out morethan50 % moredetectorchannels,250000comparedto the156000in 2001,theeventsize
only increasesby approximately20 %, a big achievementof theheadersuppressedmode.However,
with the estimatedevent sizeof 29 kByte for 2002, the systemis closeto the limit of the capacity
for recordingdata.For thehadronprogramwith muchhighertriggerrates,onlinefiltering of thedata
beforewriting themto tapeis thereforeamust.

6.3 The Data Throughput of the CATCH Module

Fastprocessingof thedatawithin theCATCH andat its outputis essentialin orderto make optimal
useof the internalbuffers of the system. The performanceof the outputof the CATCH moduleis
describedin thefollowing section,herethe internaldataratesaresummarizedwith specialattention
to theTCSandFormatterFPGA.Resultsof CMC andMerger datarateswill bepresentedin detail in
[121]. As describedin Chapter5, datatransferwithin theCATCH is realizedby achainof subsequent
FIFOs. The most importantonesaretheoutputFIFOsof theconnectedinput mezzaninecards,the
internalFIFOsof the Merger FPGAs,andthe dataFIFO betweenthe FormatterandS-LinkFPGA.
Within theFormatterandtheS-LinkFPGAthedataarestoredin a setof threeregistersin eachcase.
All thesebuffers store32 bit in parallel forming oneword. The pathof datathroughthis seriesof
buffersis visualizedin Fig.6.4.

A FIFO separatedfrom the main dataflow, but of no lessimportance,is usedto storethe event
informationfrom the trigger control systemwithin the TCSFPGA.Hereit hasto be notedthat the
shown buffers storedifferenttypesof data. TheTCS receiver provideseightbit of theeventheader
in parallel, readout by the CATCH moduleasshown in Sect.5.1. In the internalFIFO of the TCS
FPGAthewholeeventheaderinformationplus two additionalbits addingup to 50 bits is registered
in parallel. Hence,the completeevent informationof 32 eventscanbe storedthere,eachof which
is usedto generateoneS-Link headerof four wordsasdescribedin Sect.5.3.4. Thesefour header
wordspereventarebufferedin theheaderFIFO, which thuscanstorethe informationof up to 256
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events.In this FIFO thewordsalreadyhave thefinal format,thereforeit comprises32 bit in parallel,
equalto thedataFIFOcontainingthecorrespondingdetectordatainformation.While processingdata
theFormatterandtheS-LinkFPGAintermediatelystorethe32bit information.Thishandlesthecase
of a full datadestination,eitherdataFIFO or the S-Link. The performanceof the dataandtrigger
handlingby theFormatterandTCSFPGA,respectively, is describedin thefollowing.

TCS FPGA
As shown in the previous section,the CATCH moduleis able to handletrigger ratesof more than
100kHz. For everyreceivedtriggerwhich is distributedto theconnectedfrontendboardsdirectly, the
six byteeventheaderinformationis readout from theTCSreceiver. Distributionof triggersignalscan
in principle take placeevery clock cycle, whereasthehandlingof theeventheaderbelongingto the
triggertakesmoretime. Takinginto accountall TCSFPGAinternallogic, thiscanbeperformedevery
257.2ns, correspondingto 10 cyclesof the 38.88MHz TCS clock. The correspondingtheoretical
limitation for thetriggerrateof approximately3.89MHz is of no practicalrelevance.

Theeventheaderlatency from thetriggercontrolsystemis 40 clock cyclesincludingthe time for
thereadoutof thesix byteinformationby theCATCH. Most of this time is neededfor conveying the
broadcastvia the optical fiber. The maximumevent headerrateis mainly limited by the serialdata
transmission.Thetotal time for thedistribution of theheaderinformationof oneeventis lessthan35
clock cycles. Theoreticallyratesabove 1 MHz shouldbepossible,so far thesystemhasbeentested
up to 800kHz [122].

Formatter FPGA
The readoutof the CMC output FIFO is performedby the Merger FPGAswith two different fre-
quencies,dependingon the statusof the FIFO, seeSect.5.3.2. Presumingmaximumspeed,and
moreimportantly, that theoutputFIFOsof theMerger chipsnever becomeempty, thetransferspeed
reachedby theFormatterFPGAcanbecalculated.Heretwo factorsplay an importantrole, first the
numberof Mergers to be readout andsecondthenumberof occurringerrors. Fromthesenumbers
the internal rateof the CATCH canbe obtainedusingthe the relationbetweenevent sizeanddata
ratevisualizedin Fig.6.5.Readoutof theMerger FPGAsin thefastestpossibleway is essentialsince
slower processingwould alsoslow down the readoutof the outputFIFOsof the connectedCMCs.
Thesein turnmaygetfull in this caseandthendatawordsarelost. Themeasuredratesshow thatthis
is compliedwith by theFormatter.

Since the four Merger chips are readout 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). Thereforean immediateswitching from one Merger to the next
is not possibleanda wait statehasto be taken into account.If not all Merger FPGAsarereadout,
the numberof wait statesdecreasesleadingto a higher datarate as shown in Fig.6.5. Therethe
throughputof the Formatter FPGA is plotted dependingon the numberof datawords received in
total from thereadout Merger FPGAs.For four Mergers therateis lowestsincemorewait statesare
neededfor switchingbetweenthechips.Theotherthree(dashed)curvesshow theratefor readoutof
only three,two, or justoneMerger, respectively, eachwith increasingrate.
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Figure6.6: Data ratesof theFormatterFPGAdependingon thenumberof error for an eventsizeof
200words. Thehorizontalline indicatestheminimumdatarateasexplainedin thetext,
themeasuredvaluesare givenby thesquares.



102 6 DATA ACQUISITION PERFORMANCE MEASUREMENTS

The Formatter starts readingout the Merger FPGAs as soon as the TCS FPGA received the
event headerof the currentevent andpasseda readysignal to the Formatter. After the processing
of an event hasbeenfinishedthe Formatter in turn signalsthis to the TCSFPGA which thenstarts
generatingtheS-Link header. The minimal time neededbetweenreceiving 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 oneclock cycle andthe switchingtime
betweentheMerger FPGAsthedatarateof theFormattercanbecalculatedusingtheequation:

datarate H 160MByteI s J x
x K 1 K 2n L

wheren (= 1,2,3)is thenumberof switchingoperationsbetweenMergers andx is the total number
of datawords. The maximumdatarateof 160 MByte/s would be reachedif one32 bit dataword
was processedon eachcycle of the 40 MHz clock. As the systemis absolutelydeterministicthe
measurementsgivenby themarkersalwaysreproducethesameresults.

More wait statesare introducedif errors occur, since the error words to be generatedin this
caserequirestoppingandrestartingthe datareadoutfrom the Mergers. Thus, the dataratewithin
the CATCH decreasesfor an increasingnumberof occurringerrors. The resultingratecanbe cal-
culatedin dependenceuponthenumberof detectederrors. Assuminga total of 200wordsfrom the
four readout chips - the distribution of thesedatawordsamongthe Mergers is irrelevant - this is
plotted in Fig.6.6 (dashedline). This is not entirely correct,sincethis calculationis basedon the
assumptionthat no two errorsoccur after eachother. Therefore,this worst caselimit is not valid
for a randomdistribution of errors,in this casethe ratemay be higher. As is intuitively clear, two
errorshaveto occurnext to eachotherassoonasmorethanhalf of thereceivedwordscontainanerror.

In caseof two consecutive errors the numberof wait statesis the sameas for just one error,
asthesecondword is internallystoredandthenchecked for anerror. This is dueto thefact that the
time for generatingtheerrorword for theseconddataword hasto beprovidedsinceit is not a priori
known if it is an error or not. Hence,thedataratecanbe larger thanthecurve in Fig.6.6 indicates
andit doesnever fall below theratemarked by thesolid horizontalline. This line startswhenmore
thanhalf of thedatawordscontainan error. Theneachadditionalerror occursnext to anotherone,
thusnot increasingthenumberof wait states.Thedatarateplottedon they-axis is theinput ratenot
including thegeneratederrorwords. Theoutputrateof theFormatteris thereforehigher. Measured
valuesfor artificially generateddatawith avaryingnumberof errorsaregivenby thesquares.
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6.4 The Data Output of the CATCH Module

Of the threepossibledataoutputsof the CATCH, the two taking placevia the S-Link optical fiber
connectionarepresentedfirst. Datatransfervia spybuffer andthe VME bus is briefly discussedat
theendof this section.As transfervia singleS-Link andS-Link multiplexer areessentiallythesame
with regard to the CATCH, the measuredratesare given for the output of CATCH independently
of the connectedequipment.The transfervia singleS-Link only usesan adaptercardproviding an
interfacebetweentheVME backplaneconnectorP3andtheS-Link sendercard. For themultiplexer
communicationoneadditionalresetsignalwasimplementedon the CATCH side,but no changeof
functionalitywasnecessary. As this resetsignalis unconnectedin caseof a singleS-Link, thesame
designcanbeusedfor both,asingleS-Link andtheS-Link multiplexer.

6.4.1 Output via S-Link

Fast datatransmissionfrom the CATCH is necessaryin order to 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 readout
by the S-LinkFPGA.While switchingfrom oneFIFO to the other therearenecessarilywait states
causinga reductionof the maximalpossibletransferrate. Words from the dataFIFO canbe read
out on consecutive clock cycles. The more data words an event containsthe closer the readout
speedapproachesthe theoreticallimit. The maximumspeedcanbe calculatedand is presentedin
Fig.6.7 asthe solid line. It asymptoticallyconvergesto the maximalrateof 160MByte/s indicated
by thehorizontalline. This predictionis comparedwith measurementsmarked by thesquares.For
thesemeasurementsartificially high trigger rateswereappliedfor a shorttime to guaranteethat the
FIFOsontheCATCH donotbecomeemptyasthiswouldaddmorewait statesandlowerthedatarate.

Themarked rateof 128MByte/s is themaximumrateof theS-Link usedfor mostof the readout
channelsas the double S-Link reaching160 MByte/s is only utilized for RICH and micromega
readout.This rateis alreadyexceededif morethan38 datawordsbelongto oneevent,corresponding
to lessthanthreedatawordsperHOTLink input. In 2002,18 S-Link connectionswith 100MByte/s
outputrateareused,herethemaximumpossiblewriting speedto thelink is alreadyreachedfor more
thanthirteenwordsperevent. This demonstratesthe importanceof correcthandlingof the link full
signalexplainedin Sect.5.4. But aswill beseenin thefollowing, alsofor 128MByte or 100MByte
S-Linksthetransmissionof eventswith far morethan38wordsis notaproblem.In thiscaseonly the
numberof wait statesincreases.

The possibledata rates of the CATCH S-Link interface, representedby the area below the
curve in Fig.6.7,leadto amaximumpossibletriggerrate,sincenotmorethanthisamountof datacan
beprocessedpersecond.Thetriggerratedecreaseswith increasingeventsize,it is plottedversusthe
numberof wordspereventin Fig.6.8,showing thatthenumberof datawordspereventhasto bekept
below 380wordson averagefor triggerratesin theorderof 100kHz for a 160MByte S-Link. The
dashedanddottedcurvesgive this limitation for a 128MByte anda 100MByte S-Link, respectively.
It canbe seenthat althoughthe numberof wait statesincreasesfor more than38 (13) datawords
pereventwhenusinga 128(100)MByte S-Link, eventsup to 320(250)wordscanberecordedat a
triggerrateof 100kHz. Thesevaluesaremuchlargerthanthetypical eventsizesin COMPASS.
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6.4.2 Output via S-Link Multiplexer

TheS-Link multiplexer hasto combinedataof up to four CATCH modules.Thereforethemaximum
possiblerate of a single CATCH moduleis reducedby a factor of four on average. This is not a
problemfor mostof the detectorsbut somewith larger event sizessuchasthe calorimetersandthe
RICH are,asaprecaution,readoutwithout multiplexer.

The S-Link multiplexer is instrumentedfor the data transfer from equipmentswith a compa-
rably low datarate. By combiningfour of thesedatastreamsbetterusecanbemadeof theavailable
bandwidth.It hasto beensuredby theuserthatthemaximumdatarateis not exceeded.Varioustests
of theS-Link multiplexer softwarehave beencarriedout in collaborationwith theMunich groupin
November2001in a similar way asdescribedfor the CATCH in Sect.5.6. Eventsfrom up to four
connectedCATCH modulescanbecombined.Correcthandlingof thesedatais ensuredevenunder
conditionsin which theeventsizesareverydifferentor they arelargerthanthesizeof theinputFIFO
of themultiplexer [89].

6.4.3 Output via Spybuffer

The alternative accessto the datavia spybuffer is muchslower andfollows the maximumspeedof
the VME access.The spybuffer FIFO is identical to the dataFIFO, hence,beingable to storeup
to 16384 words. Writing into the spybuffer FIFO is performedin parallel to the S-Link transmis-
sion reachingdataratesof up to 160 MByte/s. Differentmodesarepossible,they aredescribedin
App.C.3. Readoutof the spybuffer is possibleusing block transfer. It hasbeenmeasuredon a
MotorolaMVME2604 333MHz CPU[123]. Theobtainedresultwas14 MByte/s.

6.5 ReadoutBuffer Performance

The performanceof the readoutbuffer PCsdependson the numberof usedspillbuffer cards. The
averagetotaleventsizein 2001wasapproximately24kByte. With amaximumof 52spillbuffers,the
averagedatarateperspillbuffer is in theorderof half a kilobyte. Approximatelythesameamountof
datacanbeexpectedfor 2002sincethelargereventsarespreadamong64 spillbuffers.

Measurementshave been performed with different numbersof spillbuffers used within one
readoutbuffer. The resultsareshown in Fig.6.9. Here,thedatarateis given asthesumof all used
spillbuffers. For the measurementwith onespillbuffer the input ratewas4 kByte. Whenusingtwo
andfour spillbuffers the input ratewas2 kByte and1 kByte perspillbuffer, respectively, in all three
measurementssummingup to a total of 4 kByte per readoutbuffer. In the threegiven curves the
datawerenot transferredfurtheron to theeventbuilder PCs.Thesetestshave beencarriedout using
artificially generateddatawith a constantevent size. Therefore,the measureddatarate increases
linearly with increasingtrigger rateup to approximately10 kHz. As soonasthe amountof datain
the spillbuffer is larger thancanbe processedduring the on-spill time, the datarateof the readout
buffer goesinto saturation.With an increasingamountof incomingdata,the processingrateof the
readoutbuffer remainsconstant,but thetimeneededfor processingthedataincreases.Thesaturation
with a constantrate is reachedfirst for four spillbuffers. Here a maximumrate of approximately
45 MByte/s is reached.Statisticalerrorsof the performedmeasurementsvary between0.5 % and
2.0 %. The systematicuncertaintyis much higher sincethe datarate strongly dependson other
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processesrunning on the readoutbuffers. The optimal ratecan be obtainedwith two spillbuffers.
This canbe explainedwith the fact, that the readoutbuffer PCshave two processorssymmetrically
handlingthedata.Therefore,aconfigurationwith two spillbufferscanbeoperatedin anoptimalway.
In all otherconfigurationstheprocessingspeedis lower becauseof context switching7 [92]. For just
onespillbuffer this is dueto automaticswitchingbetweenthetwo processorsby theoperatingsystem.
This maybethereasonfor thedifferenttrendbetween10 kHz and30 kHz for themeasurementwith
onespillbuffer. Sincetheeventsizeis larger for this measurement,theprocedureof skippingevents
startsat trigger ratesabove 32 kHz. Therefore,thedataratedecreasesfor highertrigger rates.The
trigger ratefor 2002will be in theorderof 4 kHz, which is indicatedby thevertical line. With this
ratethesystemis far away from thelimit of theoutputdatarateof thereadoutbuffer PCs.

In Fig.6.10, the valueswheredataare not transferredto the event builders ( Q ), are compared
with measurementswheredataweretransmitted( R ) andwherethesedatawerealsorecordedon the
eventbuilder ( S ). Thismeasurementwasperformedwith a lower input datarateof 1.9kByte leading
to a lowermaximumratethanin Fig.6.9.Up to atriggerrateof 10kHz thereis nodifferencebetween
thethreemeasurements.Thesaturationis lower, approximately25 MByte/s,whentransmittingdata
as comparedto the caseof no transmission(30 MByte/s). The situationfor real datataking is of
courserecordingthesedataandstoringthemon a local disk in theeventbuilder PCsasdescribedin
Sect.4.6. No significantdifferencebetweenrecordingandjust transmittingdatato theeventbuilders
canbeobserved. This indicatesthatthelimit is in thedatatransferandnot in thestorage.A constant
rateof 26 MByte/sis reachedfor triggerrateslargerthan15kHz. All describedmeasurementshave
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7context switchingis theoperationof switchingbetweenprocessesby theCPU
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beenperformedwith a 128MByte S-Link. In caseof a 160MByte S-Link asusedfor theRICH and
themicromegachamberreadout,dataaretransmittedto thespillbuffersmuchfasterfrom theCATCH.
In thecasewherethesaturationof transferrateis not reachedalsothedataratein theROB is higher,
whereasthesaturationrateis thesame.

In combinationwith the known time of dataprocessingwithin the ROB the measuredperfor-
manceof thereadoutbufferscanbeusedto calculatethesustainedoutputrateof theCATCH. This is
plottedin Fig.6.11,wheretheaveragerateof datatransmissionfrom theCATCH to thereadoutbuffer
is shown. Thetrendof thetheoreticalcurvesis validatedby themeasurementsgivenby themarkers,
showing thatnodataarelost. Thelimitation for theeventsizein dependenceuponthetriggerratehas
beenshown in Fig.6.8. For a 100MByte S-Link anda trigger rateof 100kHz themaximumevent
size is 250 words. This correspondsto a datarateof 100 MByte/s, which is far above the relevant
region. As expectedthethreecurvesarecongruentwhenscaledby theeventsize.

The saturationdata rate hasbeenmeasuredwith four spillbuffers on three readoutbuffers for
differenteventsizes.Theresultsplottedin Fig.6.12areslightly differentfor thethreereadoutbuffers
thesemeasurementshave beenperformedwith. Theeventsizeis muchlargerthantheoneof asingle
CATCH, sinceup to 16 modulescan be connectedto one readoutbuffer. If 16 CATCH modules
are connectedto one readoutbuffer, an event size of 10 kByte correspondsto 156 datawords on
averagetransferredper event by a singleCATCH. In normalrunningconditionsof the experiment,
theaverageevent sizeon oneROB will beapproximately1.8 kByte. Undertheassumptionthat the
wholeoff-spill time is usedfor dataprocessingandaneventsizeof 2 kByte perROB, giving a data
rateof 27 MByte/s,themaximumpossibletriggerratewill beapproximately44kHz.
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6.6 Data Storage

The maximumbandwidthfor writing datato tapeis limited to 40 MByte/s. For a spill durationof
16.8sapproximately670MByte canbestoredontapeperspill, correspondingto asustaineddatarate
of approximately130 MByte/s during the on-spill time. The systemhasbeendesignedin this way
dueto thecrosssectionmotivatedtrigger rateof 4 kHz for themuonprogram.Dueto the limitation
of 40 MByte/s,theeventsizehasto bekeptbelow 33 kByte, which will becompliedwith asshown
in Sect.6.2. Althoughit hasbeenproventhat thereadoutsystemis capableof handlingtrigger rates
of about100 kHz, this is only necessaryfor thehadronprogramstartingnot earlierthan2003. For
thisupgradetheamountof datahasto bereducedsignificantlywhich is plannedto bedoneby afilter
farmpreprocessingthedataandselectinginterestingeventsalreadyon theeventbuilder level.
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During October2001measurementsof datarateswritten to tapehave beenperformed[124]. As
shown in Fig.6.13 the COMPASS experimentcontinuouslyrecordeddata,in the displayedperiod
of 27 days about19 TByte in total, of which 15 TByte are currently usedfor physicsanalysis.
The averagedatarate was about700 GByte per day, correspondingto 8.3 MByte/s, to be written
to tape. Thesedatawere written in form of up to 2000 files per day, eachof them with a sizeof
1 GByte, seeleft handside of Fig.6.14. On the right handside of Fig.6.14 the amountof data
is shown for every single day. The maximum rate of approximately1.8 TByte/day exceedsthe
averageby more than a factor of two, giving about21 MByte/s written to tape,which is still the
averagefor this particularday(October21st). Theperiodin which physicsdatahave beenrecorded
lastedfrom October5th to October24th. The last day of the 2001 beamtime is indicatedby the
dashedverticalline. In thefollowing daysalsogivenin thefigures,dedicatedDAQ testsleadingto the
resultspresentedin Sect.6.1- 6.5havebeenperformed.Therefore,thedataratewrittento tapesignifi-
cantlydropsafterOctober24thandthedatarecordedafterthatdayarenotsubjectof physicsanalyses.

6.7 First Results

After recordingdataof all detectorsthemeasuredhit informationcanbecombinedfor reconstructing
tracksof particlestraversingthe COMPASS detector. Schematicallythesetrackscanbe displayed
in form of aneventdisplayasshown in Fig.6.15. A reconstructionalgorithmtakesinto accountthe
fieldsof thetwo spectrometermagnetsto calculateparticlemomentum.
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Figure6.15:Eventdisplayof a typical inclusivemuonscatteringevent.
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An exampleof data readout via the TDC-CMC is given in Fig.6.16, showing a beamprofile
measuredby thescintillatingfiber station7 (FI07 in Fig.3.7on page30). Thetwo upperplotsshow
thex andy beamprofile asa functionof TDC channels,theobviously missingchannelcorresponds
to a known broken discriminatorchannel.Thefiber pitch is 0.7 mm resultingin a beamdiameterof
1.51 Y 1.72cm2.

The time distribution of measuredhits is illustratedin the two lower plots. It is given relative
to the referencetrigger time (tref) as measuredby a separateCATCH equippedwith TDC-CMCs
(sourceID 2). Therefore,thetimemeasuredwith respectto thetriggertimeis negativesinceof course
the traversingparticle is detectedearlier comparedto the arrival of the trigger signal at the TDC.
Clearly to be seenis the triggercorrelatedtime peakat approximately-7900time bins. Sincethese
plots containthe hits of all channels,the uncorrelatedbackgroundis distributed over the full time
window of the Z 1 TDCs.Next to thetriggerpeakareductionof hitscanbeasserted.Thisoccursdue
to the20 nsdoublepulseresolutioncorrespondingto anareawith reducedentriesof approximately
150 bins. During this time only onehit is acceptedby the Z 1 TDC, mostof themnaturallyfalling
into thetriggerpeak.
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Figure6.16:Scintillating fiber beamprofile measured 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 TDCbinsfor all channels,clearlyshowingthetrigger correlatedtimepeak.
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7 Summary and Outlook

The main goal of the COMPASS experimentis the determinationof the gluon polarization∆G/G.
To achieve this goal, particlesproducedin the scatteringprocessof beammuonswith a nucleonof
thepolarizedtargethave to bedetected.For theproposedmeasurementsparticleidentificationhasto
beprovided aswell astrack reconstructionover a wide acceptancerange.This requiresa multitude
of different tracking and particle identification detectorsresulting in a large numberof detector
channelsto be readout. The developmentof a readoutsystemcapableof handlingthe amountof
dataproducedby sucha detectoris a complex task. A centralpartof theCOMPASSreadoutsystem
is theCATCH moduledevelopedandintegratedinto thereadoutsystemwithin thescopeof this thesis.

The CATCH module comprisesten programmablelogic chips of different types and several
FIFOs. The variousconnectionsto theotherpartsof the readoutsystemmadeit necessaryto adapt
the CATCH moduleto differentprotocols. Apart from the integration of the CATCH moduleinto
the COMPASS readoutsystem,the developmentof the software for threeof the CATCH FPGAs,
theTCSFPGA,theS-LinkFPGA,andtheFormatter, wasthe responsibilityof theauthor, including
thecommunicationwith theTCSreceiver andtheS-Link interface.Triggersignalsandeventheader
informationarereceived 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 data format is
generatedanderrorhandlingis performed,beforethedatawordsarestoredin thedataFIFO. Local
subeventsareformedby theS-LinkFPGA,which combinestheheaderinformationprovided by the
TCSFPGA with the detectordata,and transmittedto the readoutbuffer PCsutilizing the S-Link
protocol. In thereadoutbuffer PCsdataof at leastonespill arestoredin 512MByte RAM modules,
the spillbuffers. From the readoutbuffers dataaretransferredto event builder PCs,wherethe final
event building takes place. In a further step,dataarewritten to tapein the centraldatarecording
facility of CERN.Thisdataacquisitionconceptis designedasatree-structured,fully pipelinedsystem.

Thefunctionalityof theCATCH moduleis providedby achainof subsequentField Programmable
GateArrays, eachof themcontributing a particularpiece. Therefore,the logic structureof all chip
designshasto beachievedaswell asoptimizedcommunicationbetweenthedifferentparts.Themost
crucial factor in the designprocessis the timing. With the given hardware,which waschosenasa
compromisebetweencostand the necessarylogic andspeedcapacity, the requiredbandwidthhas
to be provided. The systemis driven by a 40 MHz clock correspondingto a cycle lengthof 25 ns.
Circuit timesfor mostof theusedFPGAsare3.5nsfrom theinput to thefirst register, which in turn
needsa setuptime of approximately2.5 ns for a single input or output. Therefore,datahave to be
appliedfor the following componentin the orderof 10 ns beforethe rising clock edge,considering
thepropagationtime betweenthechips. This demandhadto bemetat all stageswithin theCATCH
modulefor wide busesof usually32 bits. Thatrequireda multitudeof detailedtiming studies,since
the setuptime of the outputsignalafter the clock is typically 6.8 ns [104]. It hasbeensuccessfully
achievedby pipeliningthedataflow andbufferingof theflowing throughdataatvariouspoints.

The readoutsystemhas been in use for the beamtime 2001 including 73 CATCH modules.
Performancemeasurementsof thecentralcomponentsof thereadoutsystemhave beencarriedout as
a partof this thesis.They comprehendthedataratesof thedifferenttypesof detectorsandfrontend
boards,aswell aspossiblereadoutconfigurations,andthedatarateswithin theCATCH moduleand
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thereadoutbuffer PCs.Dataof up to 6912detectorchannelswerereadoutandprocessedby asingle
CATCH andtrigger ratesof 115kHz, far above theexpectedmaximum,weresuccessfullyattained.
Dependingon the event size and the numberof observed errors, the datarate within the CATCH
modulewas determined,reachingvaluesup to 155 MByte/s closeto the theoreticalmaximumof
160 MByte/s. From the CATCH thesedatawere transmittedvia optical fibers to the subsequent
componentsof the COMPASS DAQ, alsoreachingpeakratesof up to 155 MByte/s andsustained
ratesof morethan40 MByte/s. Within thereadoutbuffer PCsit canbeprofitedfrom the11.7s long
break,reducingthesustaineddatarate.Dependingon theeventsize,valuesbetween25 MByte/sand
75MByte/swerereached.In total,15TByteof datawerewritten to tapeat ratesof up to 40MByte/s.

For a spill structurelike the presentone with a 30 % on-spill time, and an averageevent size
of 2 kByte per readoutbuffer, which is a typical valuefor the currentconfiguration,the outputrate
of the readoutbuffers is approximately27 MByte/s. This leadsto a limitation for the trigger rateof
approximately44 kHz. For larger eventsasexpectedfor thehadronprogramthis maximumtrigger
rateeven decreases.Therefore,a different ratio of on-spill andoff-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 sizeof 29 kByte asexpectedfor the 2002runningof COMPASS, it
leadsto a maximumpossibletrigger rateof 4.5 kHz just above the currentconfigurationof 4 kHz.
That clearlyshows thateven if theproposedtrigger rateof 100kHz for thehadronprogramwill be
possibleconcerningthereadoutbuffers,onlinefiltering of thedatabeforewriting theeventsto tapeis
necessary.

During detailedstudiesof the whole system,the designof the CATCH module has beenim-
proved leading to the performancepresentedin Section6. The obtainedresultsconcerningthe
capability of the CATCH module and the whole DAQ show the functionality and quality of the
COMPASS readoutsystem. In summary, a high speeddataacquisitionsystemwhich fulfills all
currentrequirementsof the COMPASS experimentcould successfullybe provided. The setupfor
2002comprises15 differenttypesof frontendboards,13 of themreadout by a total of 129CATCH
modules. With this configurationthe physicsgoalsof the COMPASS experimentcanbe realized,
hopefully gaininga betterunderstandingof the spin structureof baryons.The proven capabilityof
handlinghigh dataratesandtriggerratesabove the100kHz expectedfor thehadronprogramshows
thattheCATCH moduleis preparedfor theforthcomingtasksevenfarbeyondtheyear2002.

Possiblefurther extensionsof functionality of the CATCH module are already in preparation
in someparts.An upgradedsoftwarerevisionwill includeaneightbit RISCCPUimplementedin the
Controller FPGA[125]. This will allow computationaloperationsby meansof standardCprograms
on the CATCH. Also the automaticinitialization of the connectedfrontendboardsis possiblewith
configurationdatastoredin a RAM on theCATCH avoiding externalVME accessfor this purpose.
An additionalCMC type connectionwhich hasnot beenusedso far provides direct accessto the
Formatter and S-Link FPGAs. With a new developmentof a dedicatedCATCH utility card this
connectioncouldbeusedfor onboarddatacompression.Anotheroptionwhich is alreadypreparedis
theaccelerationof dataprocessingon theCATCH by usinga 60 MHz insteadof thecurrent40 MHz
clock. In conclusion,the CATCH modulewith its flexible layout and the variouspossibilitiesfor
upgradesrepresentsa futureorienteddesign.
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A Appendix: Componentsof the CATCH Module

In thefollowing thecomponentsof theCATCH modulearedepicted.Interfaceto themezzaninecards
is realizedby specialCMC connectors.Thepin assignmentsof theCMC connectorsaswell asthe
VME backplaneconnectionsof the CATCH moduleto the VME bus, the TCS receiver, andthe S-
Link aregiven in App.A.1. TheCATCH moduleis mainly basedon reprogrammablelogic devices.
For betterunderstandingof the implementeddesignsdescribedin App. C their generalstructureis
explainedin App. A.3. Data transferwithin the moduleis pipelinedby meansof several FIFOs.
TheinstrumentedFIFO chipsandtheir functionalityarepresentedin App. A.4. A multitudeof small
componentslikeresistorsandcapacitorsareessentialfor properworkingof anelectronicmodule.Due
to thehugenumberthey arenot summarizedhere. OtherimportantpartsaretheHOTLink receiver
situatedon the HOTLink CMC (seeSect. 5.2.1)andespeciallythe clocks,asdigital datahandling
stronglydependsonaprecisetiming, which is describedin App.A.5.

A.1 CMC and VME Connectors

The connectionbetweenthe CATCH and the mezzaninecardsis realizedaccordingto the CMC
standard[98]. Two 64 pin connectorsestablishthis interface,their pin-out is given in Tab. A.1. One
pairof theseconnectors(P1andP2)is instrumentedfor eachMerger [126].

As the CATCH Module is realizedas a 9U VME board, communicationwith the VME Bus
andthecomponentsonthebackplanetakesplacevia threeconnectors,P1,P2andP3asshown in Tab.
A.2 - A.2. In generalVME which standsfor VersaModuleEurocardis a cratewith slotsfor several
modulesproviding all necessaryvoltages. The VME Bus hasa master-slavearchitecturewith an
active master(it is possibleto have morethanonemasterforming a multiprocessorbus)andpassive
slave modules.TheCATCH modulesarepassive modulesonly reactingon requestsfrom themaster
which is a Motorola PowerPCMVME2604 333 MHz CPU [123] in caseof the COMPASS VME
crates.

The pin assignmentof the P1 andpartsof the P2 backplaneconnectorsaredefinedby the VME
standard.TheVME interfaceitself, whichprovidestheVME commandsfor theCATCH FPGAs(see
App. C) like definingthe working modeor readingout the Spybuffer, usesP1 andonethird of P2
(B1-B32). On P2alsotheTCSinterfaceis implemented.Thepin assignmentis a priori not defined,
for COMPASStheassignmentof thedatalines is definedin ananalogway to theP3connector. Via
P3, which is directly connectedwith the connectoron the backplane(like the partsof P2 usedfor
TCS communication)the S-Link communicationis performed. The P3 backplaneconnectionis a
priori notdefined,for COMPASSastandardizedpin assignmentasfor theP2connectorhasbeencho-
sen.Eachconnectoris dividedinto threerowsof 32pinseach.Thepin-outis shown in Tab. A.2 - A.2.
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TableA.1: Pin assignmentof theCMCconnectors.

P1connector

Pin Signal Pin Signal

1 CMCTCK 2 -12 V
3 GND 4 FF1
5 EF1 6 PAE1
7 BUSMODE1 8 VCC
9 DEVID1 10 USR1

11 GND 12 USR2
13 CLKCMC 14 GND
15 GND 16 DX3
17 DX2 18 VCC
19 VCC 20 D31
21 D28 22 D27
23 D25 24 GND
25 GND 26 REN3
27 D22 28 D21
29 D19 30 VCC
31 VCC 32 D17
33 EF0 34 GND
35 GND 36 FF3
37 EF2 38 VCC
39 GND 40 FF0
41 PAE0 42 DX1
43 DX0 44 GND
45 VCC 46 D15
47 D12 48 D11
49 D9 50 VCC
51 GND 52 REN0
53 D6 54 D5
55 D4 56 GND
57 VCC 58 D3
59 D2 60 D1
61 D0 62 VCC
63 GND 64 USRC

P2connector

Pin Signal Pin Signal

1 +12V 2 TRST
3 CMCTMS 4 CMCTDIB
5 CMCTDI 6 GND
7 GND 8 START
9 USR3 10 STARTN

11 MODE2 12 +3.3V
13 RST 14 MODE3
15 +3.3V 16 MODE4
17 USR4 18 GND
19 D30 20 D29
21 GND 22 D26
23 D24 24 +3.3V
25 EF3 26 D23
27 +3.3V 28 D20
29 D18 30 GND
31 D16 32 REN2
33 GND 34 E3
35 PAE2 36 +3.3V
37 GND 38 FF2
39 PAE3 40 GND
41 +3.3V 42 DEVST
43 REN1 44 GND
45 D14 46 D13
47 GND 48 D10
49 D8 50 +3.3V
51 D7 52 SND0
53 +3.3V 54 SND1
55 SND2 56 GND
57 TCLK 58 SND3
59 GND 60 E2
61 DTCLK+ 62 +3.3V
63 GND 64 DTCLK-
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TableA.2: Pin assignmentof theVMEBackplaneConnectorP1 (VME)

Pin Description Pin Description Pin Description

A1 VD0 B1 - C1 VD8
A2 VD1 B2 - C2 VD9
A3 VD2 B3 - C3 VD10
A4 VD3 B4 - C4 VD11
A5 VD4 B5 - C5 VD12
A6 VD5 B6 - C6 VD13
A7 VD6 B7 - C7 VD14
A8 VD7 B8 - C8 VD15
A9 GND B9 - C9 GND
A10 - B10 BG3IN C10 -
A11 GND B11 BG3OUT C11 BERR
A12 DS1 B12 - C12 SYSRES
A13 DS0 B13 - C13 LWORD
A14 Write B14 - C14 AM5
A15 GND B15 - C15 A23
A16 DTACK B16 AM0 C16 A22
A17 GND B17 AM1 C17 A21
A18 AS B18 AM2 C18 A20
A19 GND B19 AM3 C19 A19
A20 IACK B20 GND C20 A18
A21 IACKIN B21 - C21 A17
A22 IACKOUT B22 - C22 A16
A23 AM4 B23 GND C23 A15
A24 A7 B24 - C24 A14
A25 A6 B25 - C25 A13
A26 A5 B26 - C26 A12
A27 A4 B27 - C27 A11
A28 A3 B28 - C28 A10
A29 A2 B29 IRQ C29 A9
A30 A1 B30 - C30 A8
A31 -12VIN B31 - C31 +12VIN
A32 VCCIN B32 VCCIN C32 VCCIN
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TableA.2: Pin assignmentof theVMEBackplaneConnectorP2 (VME andTCS)

Pin Description Pin Description Pin Description

A1 TCLK+ B1 VCCIN C1 -
A2 TCLK- B2 - C2 -
A3 - B3 - C3 -
A4 TDATA0 B4 A24 C4 TDATA1
A5 TDATA2 B5 A25 C5 TDATA3
A6 TDATA4 B6 A26 C6 TDATA5
A7 TDATA6 B7 A27 C7 TDATA7
A8 TADDR0 B8 A28 C8 TADDR1
A9 TADDR2 B9 A29 C9 TADDR3
A10 THREADY B10 A30 C10 THENA
A11 TTCLK B11 A31 C11 TSENA
A12 TDMODE B12 - C12 TRRDY
A13 TBOS B13 VCCIN C13 TEOS
A14 TTRIG B14 VD16 C14 TPRETRG
A15 TRESET B15 VD17 C15 TERROR
A16 TSKIPD B16 VD18 C16 TASYNCTRG
A17 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 -
A31 - B31 - C31 TGATE+
A32 - B32 VCCIN C32 TGATE-
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TableA.2: Pin assignmentof theVME BackplaneConnectorP3 (S-Link)

Pin Description Pin Description Pin Description

A1 SINIT B1 VCCIN C1 SDONE
A2 SCCLK B2 - C2 SDIN
A3 - B3 - C3 SPROG
A4 UD0 B4 - C4 -
A5 UD2 B5 - C5 UD1
A6 UD4 B6 - C6 UD3
A7 UD6 B7 - C7 UD5
A8 - B8 - C8 UD7
A9 UD8 B9 - C9 -
A10 UD10 B10 - C10 UD9
A11 UD12 B11 - C11 UD11
A12 UD14 B12 - C12 UD13
A13 - B13 VCCIN C13 UD15
A14 UD17 B14 - C14 UD16
A15 UD18 B15 - C15 -
A16 UD20 B16 - C16 UD19
A17 UD22 B17 - C17 UD21
A18 - B18 - C18 UD23
A19 UD25 B19 - C19 UD24
A20 UD26 B20 - C20 -
A21 UD28 B21 - C21 UD27
A22 UD30 B22 - C22 UD29
A23 - B23 - C23 UD31
A24 UCTRL B24 - C24 UDW0
A25 UDW1 B25 - C25 UTEST
A26 URESET B26 - C26 -
A27 - B27 - C27 UWEN
A28 UCLK B28 - C28 -
A29 - B29 - C29 LFF
A30 LDOWN B30 - C30 SRESET
A31 - B31 - C31 -
A32 - B32 VCCIN C32 -
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A.2 ComplexProgrammableLogic Devices

Complex ProgrammableLogic Devices(CPLD) arecomposedof threeelementaryparts,I/O (input-
output)blocks,function blocks,andan interconnectmatrix [127]. Of all pins somecannotbe used
for externaluserdefinedcommunication,they are reserved for power andgroundconnectionsand
for specialJTAG pinswith which thechip canbeprogrammed(seeSect.5.3.1). Within thefunction
block,complex userdesignedlogic circuitsnot requiringa largenumberof flip flopscanberealized,
wherebysignaldelaysfrom any input to any outputpin arefixed to a certainvaluespecificto the
chosendevice. For theusedCPLDsof theXILINX XC9500series[115] thepin to pin propagation
time is in theorderof 5 to 10 ns. Theresultingpredictabilityof timing is oneof themainadvantages
of CPLD architectures.TheusedCPLDsin theCATCH systemaresummarizedin Tab. A.3. Typical
applicationsfor CPLDs are I/O intensive or time critical designswith few registeringneeds. The
connectionsbetweenthe function blocksareprovided by the interconnectmatrix incorporatingall
blocksof thedevice asshown in Fig.A.1. CPLDskeeptheir programmeddesignevenwithout power
supply, but canbe reprogrammedwhenever necessary. The CPLDsimplementedon the mezzanine
cardsaredescribedthere(seeSect.5.2.1and5.2.3),theothertwo areexplainedbelow.

TableA.3: CPLDsusedin theCATCHsystem.

CPLD speed-grade application delay

XC9536XL -5 TDC-CMC 5 ns
XC9536XL -5 CATCH, Trigger-CPLD 5 ns

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

The VME-CPLD is responsiblefor externalaccessto theCATCH moduleandprogrammingof the
differentcomponentsof theCATCH system[128]. Datareceivedvia theP1backplaneconnectorfrom
theVME busareprocessedto decideon their purpose.A finishedcommunicationwith theVME bus
is notifiedby a dataacknowledgesignal. RegularVME commandsintendedfor a certainFPGAare
transferredto theController FPGAwherethey arefollowedup,whereasspybuffer readoutis directly
performedby theCPLD.All accessescanbedoneusingnormalor block transfersin A32/D32mode.

Programmingof theCATCH via VME is alsocontrolledby this chip. Thedesignsfor theFPGAs
aretransmittedto their destinationafterserializingthedatafrom theVME bus. In a similar way also
theTCSreceiver andtheS-Link multiplexer on thebackplaneof theCATCH canbeprogrammedby
meansof theVME CPLD.As CPLDsthemselvescannotbeprogrammedvia VME they have adirect
connectionto theCPLD/EPROM JTAG connector. In addition,theVME-CPLD is usedasinterface
for programmingtheCPLDson theconnectedmezzaninecards.

The Trigger-CPLD receives the PECL and TTL clock via the P2 backplaneconnectordirectly
from theTCS receiver andtrigger, begin andendof spill (BoS andEoS)aswell asthe resetsignal
from theTCSFPGAthelattercommunicatedvia VME bus.Thesesignalsarelengthcodedaccording
to Tab. 4.5anddistributedto all CMCs. In this tablethedefault configurationis givenin whichUser2
andUser3arethe Begin of Burst andEnd of Burst signals,respectively. For differentapplications
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FigureA.1: Block diagramof a CPLD.Programmingof theCPLDtakesplacevia thededicatedJTAG
pins. Thefunctionblocks inheriting thelogic are connectedto each otherandto theI/O
blocksby theinterconnectmatrix, from[127].

othermodescanbe selected.Thesearecontrolledby the TCSFPGA, seeTab. D.1. Insteadof the
Begin of Burst,thepretriggersignalsgeneratedby theTCSfor eachcalibrationandmonitoringtrigger
canbedistributedasUser3.Themostimportantoption is to selectthemodeof trigger transmission.
It can be switchedto a specialmodefor HOTFiber communicationby a VME command. In this
caseonly thetrigger is distributedon theuserline, no lengthcodingis performedandhencethereis
no othersignal transmissionexcept for the trigger signal. By meansof the trigger CPLD it canbe
selectedwhich of the two triggers,regular or fast trigger, is transmitted. In contrastto the regular
trigger, thefasttriggeris not resynchronizedto theTCSclockon theCATCH, but directly transferred
to thedestination.For theRICH readoutvia HOTFiber-CMC thefasttriggeroptionis used.Thereset
signal for the frontendboardsis distributedasUser4for TDC-CMCsandHOTLink-CMCs, for the
HOTFibercommunicationit is ignoredasit is not requiredon theBORA. A schematicof thetrigger
CPLD is shown in Fig.A.2.
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A.3 Field ProgrammableGate Arrays

Field ProgrammableGateArrays(FPGA)aresimilar to CPLDsconcerningtheI/O interface,but the
function blocks arepart of the interconnectmatrix itself, allowing very high logic capacity[129].
This createsthe possibility of interweaving logic blocks and thus creatingmore complex circuits,
however, constantdelayscanno longerbe guaranteed.Therefore,FPGAsareusedfor applications
in which complex logic hasto beimplementedsuchasthemainpartsof theCATCH responsiblefor
datahandling.

Two typesof Field ProgrammableGateArrays are usedon the CATCH module. Seven of the
eight implementedFPGAsareof SpartanXLtype (XCS40XL-4-PQ208C[104]), the Formatter is a
Virtex XCV200-4-PQ240C[130] FPGA. The generalstructureof differentFPGAsis quite similar,
therefore,thelayoutof aSpartanFPGAis describedexemplary. Someof theimportantfeaturesof the
Virtex chipandits differencesto theSpartanarealsoexplainedin orderto comprehendtheFormatter.

SpartanseriesFPGAscomprisea two-dimensionalregular array of ConfigurableLogic Blocks
(CLBs) thatcanbeinterconnectedby ahierarchyof versatilehorizontalandverticalroutingchannels.
They aresurroundedby anarrayof programmableInput/OutputBlocks(IOBs) asshown in Fig.A.3
on the left handside. The device is customizedby loading configurationdatainto internal static
memorycells asdescribedin Sect.5.3.1. Valuesstoredin thesecells determinethe logic functions
andinterconnectionsof theFPGA.Reprogrammingis possibleanunlimitednumberof times[104].

Importantpartsof the FPGA are enlarged on the right handside of Fig.A.3. Logic functions
are implementedwithin the ConfigurableLogic Blocks. Every CLB containsthreelookup tables
(LUTs) which are able to combineup to nine inputs (F1-F4, G1-G4 and H1) in any userdefined
way. Technically, a LUT is a onebit wide memoryarray, wherethe addresslines for the memory
are the four inputsof the LUT andthe outputof the memoryis alsothe outputof the whole LUT.
The combinatorialpart of the CLB is controlledby multiplexerswhoseparametersarefixed by the
staticmemorycell values.Theoutputsideconsistsof two flip flopsdrivenby theclockK with a joint
clockenableinputEC.Combinatorialandregisteredpartscanbeoperatedindependently, for example
usingthecombinatorialoutputX for onepartof thecombinatoriallogic not requiringstorageof data
andstoringa single input in a flip flop for registeredoutputYQ (seeFig.A.3 andA.4). The entire
architectureis symmetricandregular concerningthe input andoutputpins like the arrangementof
CLBs within theFPGAitself, providing maximumroutingflexibility.

Connectionbetweenthe logic blocks is provided by an interconnectstructureconsisting of
horizontalandvertical channels.Eachchannelcontainssomenumberof short wire segments(la-
belledsinglein Fig.A.3) thatspana singleCLB, doublewire segmentsspanningtwo CLBs andlong
wire segmentscovering the entire lengthor width of the chip. The wire segmentsareconnectedto
eachother or to the inputs and outputsof the CLBs by programmableswitchesforming a matrix
(PSM).The PSM consistsof a programmablepasstransistorusedto establishconnectionsbetween
thelines.
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ing thecomplex logic blocks(CLBs),I/O blocks,andtheinterconnectroutingchannelsis
shownin theupperleft part. Thesethreecentral partsare enlarged,especiallytheCLB
structure is explainedin thetext.
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Interfaceto the infrastructureof the printedcircuit board(PCB) the FPGA is mountedon is pro-
videdvia theInput/OutputBlocks(IOBs). Eachpadcanbeusedasinput,output,or both. Thelatter,
usedfor driving bidirectionallines like for exampleneededfor the TCS-Formattercommunication,
is controlledby a tristateoutput driver which hasto be handledcarefully to avoid short circuits.
Alternatively to bufferedI/O the interfacecanbeoperatedwith registeredsignalsmakinguseof one
of thetwo flip flopsof every IOB.

I/O blocks of the Virtex FPGA aresimilar to the IOBs of a Spartan. On two sidesof the chip
thereis anadditionallayer betweenIOBs andCLBs containingBlock SelectRAMmemories.Each
RAM cell is a fully synchronousdualport 4096bit RAM with independentcontrolsignalsfor every
port. Datawidth of theportscanbeconfiguredindependently.

Anotherdifferenceto theSpartanFPGAsis theinputvoltagerequirement.TheSpartanFPGAsare
operatedwith 3.3V, whereastheVirtex hasits own 2.5V power supply. TheTTL inputsandoutputs
of theVirtex areoperatedwith 3.3V. Every logic block containstwo so-calledsliceseachproviding
two flip flops and the preliminary function generator(seeFig.A.4). It is possibleto combinethe
functiongeneratorsof theslices,but asthethird LUT of theSpartanlayoutis missinghereonly up to
six inputscanbeconcatenated.

The Formatter FPGA is not only extensive for itself, as it hasto readout four Merger FPGAs
in thefastestpossibleway it is alsovery time critical. Thatmakesa fully pipelinedinternalstructure
with several registersthe bestsolution. In betweentheseregistersthe dataformattingdescribedin
Sect.5.3.2is performed.Theobverseof truth is a designat the limit of theavailablelogic. Register
basedstorageof neededinformationlike theCATCH serialnumber, thesoftwarerevision numbers,
the CMC IDs, andthe setupdatareceived from the frontendboardscontainingthegeographicalID
andthefrontendserialnumber(seeSect.5.3.4)is thereforeimpossible.Hence,theabove information
arestoredin theVirtex Block SelectRAM.
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Developingdesignsfor FPGAsis basedondifferenttools. In thefirst stepamixtureof entrymeth-
ods- schematicandtext, seeApp. C andFig.C.2- is employedby theuser. Furtherstepsasshown in
Fig.A.5 arecarriedoutby theXILINX Foundationsoftware[115] in caseof thedevelopmentoutlined
below. They cover translationof the initial designinto a hardwareunderstandableform, optimizing
the circuit and fitting the logic into the available logic blocks accomplishinghardware conditions
andeventualuserdefinedconstraints.Simulationis a usefultool to find out timing behaviour of the
design. This chain is iterateduntil all specificationsare fulfilled without any logical errors. From
this designrevision a configurationfile is generatedwhich is thenloadedinto thedestinationdevice.
Comparisonof the simulationwith the real hardware performanceanalyzedby meansof a Logic
Analyzer (HP16700A[116]) often reveals information aboutoptimizationpossibilitiesmotivating
furtheriterations.
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is translatedinto a formatunderstandablefor theFPGA,optimizedby eventuallyremov-
ing redundantlogic, and fitted to the specifiedtypeof FPGA. The final designcan be
programmedinto theCATCHin order to testfunctionality.
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A.4 First In First Out Memories

First In First Out memories(FIFO) areanessentialpartof all pipelineddatatransfersystems.They
provide decouplingof differentstagesof readoutallowing easyandfastaccessto thestoreddata.The
first FIFOsusedin theCOMPASSdatastreamarealreadyimplementedwithin the b 1 TDCs. Data
combinedafterHOTLink transmissionontheHOTLink-CMC or directlyon theTDC-CMCareagain
bufferedin FIFOson themezzaninecards,providing theinterfaceto theCATCH. Communicationof
thedatawithin theCATCH is alsobasedonFIFOsbetweeneveryusedFPGA.Incomingtriggersfrom
theTCSreceiver arestoredinternally in theTCSFPGAaswell astheMerger FPGAsprovide their
outputfor theFormatterin internalFIFOs.To form thefinal eventstructure(seeSect.5.3.4)detector
dataandS-Link headerinformationarestoredinterim in theDataandHeaderFIFO, respectively. In
parallelto theS-Link readoutdataarestoredin thespybuffer FIFO to provide accessto thedatavia
VME bus. Two differenttypesof FIFOsareused,the1k word deepCY7C4225VFIFO on all CMCs
andasheaderFIFO on theCATCH andthe16k word deepCY7C43683Vis usedasdataFIFO and
spybuffer [131].

All FIFOs obey the sametiming for writing and readingdata as shown in Fig. A.6. Data
(DIN) arewritten into the FIFO on every rising clock edgewhenever the write enablesignalWEN
is active (low). The emptyflag EF indicatesthe statusof the FIFO to connectednext stageof data
transfer, if the flag is high statingthat now valid dataareavailable. Thenreadoutof the FIFO can
startwhich is controlledby a FPGA in mostof the caseson the CATCH. The participatingFPGA
activatesthereadenableflag RENassoonasit is readyto receive data.An outputenableflag OE is
only neededin caseof severalFIFOsreadout via thesamedatabus. This is indeednecessaryon the
CATCH becausetheFormatterreadsout four Merger FIFOsvia thesamebus aswell astheS-Link
FPGAhasconnectionto headeranddataFIFO usingonly onedatabus. For every connectedFIFO a
uniqueRENandOE signalhasto beprovided. Only oneFIFO is allowedto beactivatedat a time by
settingtheOE signalactive. Datafrom thisFIFO arethenvalid on thebus.

CLOCK

1 2 3 4DOUT

REN

OE

EF

WEN

DIN 1 2 3 4

FigureA.6: Timing of readand write accessto a FIFO. Writing is performedon every rising clock
edgewhenthewrite enablesignalWENis active, storingtheinputdataDIN, whereasthe
readoutis shiftedbyoneclock cyclewith respectto thereadenablesignalREN,providing
outputdataDOUToneclock edge later.
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On the first rising clock edgewith an active REN signal the FIFO recognizesthat dataare re-
questedandappliesdata(DOUT) to the bus on the next clock cycle. Thereforethe dataareshifted
with respectto theRENsignalby oneclock period,which makesit necessaryto keeptheOE active
for onemoreclockcycle thantheRENsignal.As it is very importantnever to have two outputenables
activesimultaneously, notevenfor a fractionof aclockcycle,asthiswouldcausetwo FIFOsto apply
dataon thebus, thecorrecthandlingof theOE signalsis responsiblefor the implementationof wait
states.Althoughpicturedin thisway in Fig.A.6 it is notmandatoryto usethesameclock for readand
write accessto theFIFO, it is alsopossibleto make useof two differentclocksasfor exampledone
on theCMCswriting datainto theFIFO with the38.88MHz TCSclock andreadingfrom theFIFO
synchronousto the40 MHz CATCH clock.

A.5 Clocks in the CATCH system

The CATCH systemcomprehendstwo major clocks. Theseareresponsiblefor driving the compo-
nentsexplainedabove, as every registeredlogic and statemachineis working synchronouslyto a
clock signal. For precisefunctionality theusedclockshave to bevery stableandmusthave a small
jitter. Oneof theseclocksis the38.88MHz TCSclock. It is receivedvia theVME backplanefrom the
TCSreceiver with a jitter of lessthan50 ps[106]. It is provided in a twofold way, first in TTL level
usedon theCATCH for operatingpartsof the TCSFPGA (seeApp.C.1) andsecondin differential
PECLstandard.Thesetwo lines(TCLK+ andTCLK-) areconnectedto theCATCH mezzaninecards
via a clock distribution chip and the CMC connectors,from wherethe clock is transmittedto the
connectedfrontendcards.Hence,thedatatransferup to theoutputFIFOsof theCMCsis drivenby
theTCSclockaswell asthecommunicationof theTCSFPGAwith theTCSreceiver.

The secondimportantclock is the 40 MHz CATCH clock. It is usedfor operatingall FIFOs,
CPLDs,andFPGAson the CATCH. Decouplingof the two clocks is doneby the outputFIFOsof
theCMCs,wherewrite accesstakesplacewith theTCSclock,whereasreadaccesscontrolledby the
CATCH is operatedwith 40 MHz. Thesecondplacewherebothclocksareusedis theTCSFPGA,
wherethe event headerinformationreceived from the TCS receiver synchronousto the 38.88MHz
clock is processedandprovided for theMerger andFormatterFPGAswith a frequency of 40 MHz.
The 40 MHz CATCH clock is provided by a SMD quarzoscillatorchip from DaeJin[132]. Three
zero-delayclockdistribution chips(two CY2308andoneCY7B991V, [131]) supplyall logic chipson
theCATCH with this operationfrequency. Alternatively a 60 MHz clock is foreseenon theCATCH
modulefor accelerateddatahandlingfrom theCMC FIFO via theFPGAsMerger andFormatterto
thedataFIFO.
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B Appendix: The Implementation Tools

Thedesignprocessandthefirst partof functionalitychecks,thesimulation,is basedon theXILINX
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 is followedby a brief introduction
to the useddebugging tools startingwith the simulationalreadyprovided by the XILINX software,
followed by a descriptionof the Logic Analyzer, which wasusedfor thefinal softwarechecks.An
exampleof a performedsimulationandthe checkof the performanceon the hardwareby meansof
theLogic Analyzeris shown in Fig.C.4.

B.1 The SchematicEditor

Thetop level of all CATCH FPGAandCPLD designsis realizedasa so-calledschematic.Therefore
theinputandoutputinterfaceof thechipis performedonthislevel by theinputandoutputpads. These
andsomeotherbasiclogic functionssuchascounterandregisteraresketchedin Fig.B.1 to give an
ideaaboutthe appearanceof the schematiceditor. Also shown is a simpleABEL code,which can
easilybeincludedinto theschematicdesignby connectingits inputsandoutputsto thecorresponding
componentsof theschematic.
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B.2 The HardwareDescription LanguageABEL

ABEL (AdvancedBooleanEquationLanguage)is onerepresentative of thehardwaredescriptionlan-
guagesusedfor implementingcomplex softwarefor reprogrammablechips. ThesimpleABEL code
mentionedabovecontainsoneinputandoneoutputconnection.Additionally thereis oneclock(CLK)
andoneresetinput. As a typical examplenot only for the languageABEL, but alsofor a finite state
machine,Tab. B.1 shows aso-calledmonoflop, a logic modulewhichsetsits outputhigh for onecycle
of thedriving clockevery time theinput line changesits statefrom low to high.

B.3 The Timing Simulator

After adesignhasbeendevelopedusingthedescribedtools,thefirst functionalitytestis performedby
meansof thetiming simulator, apartof theXILINX software.All internallogic canbetestedfor logic
errorsor internaltiming problems.Externalsignalslikefor instancetheCLOCK inputin Fig.B.1have
to beappliedto theseinputs. Thesituationto be simulatedcanthusbechosenby theuser. Internal
signals,notonly coveringtheschematiclines,but alsothestatesof astatemachine,e.g.thestatewait
of Tab. B.1,andall outputsarethencalculatedby thesimulatordependingontheselectedinputs.This
givesa detailedanalysisof the implementedlogic. For the selecteddevice, i.e. the type of FPGA,
thesimulatorassumesworstcasesignalpropagationtimeswithin thechip andthereforealsogivesa
timing estimationfor thedesignundertest.Thesetupandhold timessimulatedfor theoutputsignals
is afirst hint on thetime atwhich thesignalwill beavailablefor thesuccessive partsof thedatapath,
but asthepropagationtime betweenthechipsis unknown, the interchipcommunicationcanonly be
simulatedrudimentary.

B.4 The Logic Analyzer

An importanttool for debuggingall digital electronicspresentedin this thesiswastheLogic Analyzer
(HP16700A).It cansimplifiedbethoughtof asamultichanneloscilloscopeillustratingup to 64 digi-
tal signalsin a waveformeasilycomparablewith thesimulationsbeingavailableafterprogramming
the software for the logic chips. It is especiallysuitedfor testingthe signal propagationbetween
connectedFPGAs.Every pin of a chip on theCATCH modulecanbeconnectedwith a specialprobe
which canbeappliedto thechip. Theconnectedsignalscanthenbemadeobservablein a so-called
waveform showing the state(i.e. high or low) of the signal. The samplingtime is 4 ns andcanbe
improved to 2 ns if only 32 input channelsareused. A total periodof approximately8 ms (4 ms
for the2 nssampling)canbevisualized,in which thetrigger time canbeselectedto beat any time,
dependingontheintendedmeasurement.Thus,onecanmakevisible thetimebeforeor afteracertain
signaturewhichhasbeentriggeredon.

Triggering is the processof selectingthe situation one wants to have a look at. The Logic
Analyzerprovidesa multitudeof possibilitiesto do so. Themostimportantandmostfrequentlyused
onesaretriggeringon a definedstateor a rising or falling edgeof oneof thesignals.Setupor hold
time violationscanbemadevisible by triggeringon a certainstatewhich is presentfor a too shortor
too long time. For morecomplex applicationscombinationsof theseandotheruserdefinedtriggers
can be chosen. The whole software functionality was carefully examinedwith thesetools, logic
and timing problemswereobserved andcould subsequentlybe solved leadingto the final revision
presentedin Sect.5.
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TableB.1: Exampleof an ABEL statemachine, a monoflopwhich is usedfrequentlyin the CATCH
FPGAdesigns.Commentsare markedby theslantedfont.

moduleABEL
Title ’ABEL’

” Definition of inputsandoutputs:
Declarations
CLK PIN;
RESETPIN;
INPUT PIN;
OUTPUTPIN istype’reg’;

” Definition of usedstates:
Sreg0STATE_REGISTER;
wait, enabled,rdy STATE;

Equations
” clock signalsdefinitions:

Sreg0.clk= CLK;

State_diagramSreg0
ASYNC_RESETwait : RESET;

” Begin of thestatemachine:
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 threeof the CATCH FPGAswas one of the major
tasksof theon handthesis.Fastandefficient datatransferhasto beprovidedtogetherwith full error
detection. Data and trigger flow are monitoredpermanentlyand the format of datais completely
standardizedfrom the FormatterFPGA onwards. Implementationof the presentedlogic hasbeen
achievedusingaspecialschematiceditorprovidedwithin theXILINX Foundationsoftware[115] and
the hardwaredescriptionlanguageABEL [133]. Complex applicationsare implementedasABEL
codemostlyrealizedasstatemachines[134]. This is a logic structurewithin whicha jumpto thenext
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 Tab. C.1with thecorrespondingflowchartin Fig.C.3.
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FigureC.1: Schematicof thedataflow in theCATCH module. Data are guidedthroughthepipeline
CMC - Merger - Formatter- dataFIFO and trigger informationfrom the TCSreceiver
via theTCSFPGAto theheaderFIFO. TheS-LinkFPGAcombinesbothdatastreamsto
forman eventthen,transferredto thereadoutbuffer PCsvia S-Link.

Thebasicstructureof thedesignis a so-calledschematic.Themostbasicpartsof thedesigncan
easilybe implementedby usingpredefinedsymbols,i.e. input andoutputbuffer, inverter, register,
logic and, logic or, simplemultiplexer, etc.Statemachinesmentionedabove canbeimportedinto the
top level schematicby generatinga macrofrom theABEL code.For a generaldescriptionof design
techniquesanddigital hardwaresystemssee[134]. An exampleof theschematiceditorwindow for
theFormatterFPGAcanbefoundin Fig.C.2.

A simplified sketch of the CATCH working principle is shown in Fig.C.1 The data handling
within theCATCH is basedon sevenFPGAs,theeighthone,theController FPGA,is responsiblefor
furtherprocessingof theexternalaccessesto theCATCH via theVME-CPLD describedin App. A.2.
Thecontroller FPGAdistributesVME readandwrite commandsto theaddressedpartof theCATCH,
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performsthe communicationwith the RAM and transmitsthe initialization datato the connected
frontendboardsvia theserialinterface. Four Merger FPGAsareprogrammedto readout oneCMC
each,transferringthe incoming datafurther on to the Formatter. Data from all four Mergers are
combinedandeditedby theFormatter. For everyreceivedtriggeranS-Link header(seeSect.5.3.4)is
generatedby theTCSFPGA.Both dataandheaderinformationarestoredin two FIFOsfrom where
they arereadout for further transferto the readoutbuffer PCsvia S-Link by theS-LinkFPGA.The
featuresandworkingprinciplesof theFormatter, TCSandS-LinkFPGAarepresentedbelow.

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

Unlike the frontendboards,theCATCH moduledoesnot work with the38.88MHz clock provided
by theTCSsystem.Instead,aninternal40 MHz clock is usedwhichalsodrivestheS-Link interface.
As thetriggerinformationis synchronousto theTCSclock, theTCSFPGAmustusebothclocks,the
TCS clock to readout the TCS receiver correctly, andthe CATCH clock to communicatewith the
restof the CATCH system.For every trigger, the six byte information(seeTab. 4.1) is readout on
six consecutive clock cycles.Eventnumberandtype,spill number, andtheTCSerrorbytearestored
in a 32 word deepinternalFIFO alsodriven by theTCS clock. All otherFPGAsandFIFOson the
CATCH areoperatedwith theinternal40 MHz clock. Thereforethestoredeventheaderinformation
have to besynchronizedto this frequency whenthey areprovidedfor theMerger andFormatterchips.
For decouplingof thetwo clock frequencies,thedataof theinternalFIFOareintermediatelybuffered
in a registerworkingwith the40MHz clock.

The readoutprocedureis startedby a commandto the Formatter and the Merger FPGAs. As
theMergers comparetheeventnumberof theTCSsystemwith thenumbergeneratedon thefrontend
board,they areprovidedwith the20bit eventnumber. TheFormattergetstheinformationif theevent
is to be skipped(this is alsogiven to the Merger), and,asthe Formattergeneratesa specialheader
for thefirst-event-of-runcontainingthesoftwarerevision numberof all FPGAs[75], theTCSFPGA
revision is communicatedto theFormattertogetherwith theinformationif it is thefirst-event-of-run
or not. A skip eventsignalis distributedif sucha commandis received from theTCSsystem,if the
internaltriggerFIFO is almostfull, or if thedataFIFO wasfull while processingthepreviousevent.
In the latter two casesthe event skip signal is generatedinternally in orderto avoid lossof triggers
(internalFIFO almostfull) or to catchup with the usualreadoutspeed. After receiving their start
command,theMergers arepreparedto readout theoutputFIFOsof theCMCsandtheFormatter is
readyto readout thefour Mergers. Whenthelasttrailerbelongingto theeventhasbeenprocessedby
theFormatter, it sendsanacknowledgesignaltogetherwith theeventsizeandnumberof errorwords
information(seeApp. C.2)backto theTCSFPGA.All informationneededto form theS-Link header
(seeTab. 5.9) is thenavailableandit is written into theheaderFIFO. In parallel,thenext triggercan
have causedtheFPGAto transmitnew informationto theFormatterandMergers.

In order to speedup the readoutprocedureto a higher degree, the following event number(if
alreadyreceived) is transferredto theMerger duringprocessinganevent. Thus,at high triggerrates,
whentheoutputFIFO of theCMCsalreadycontaindatawordsof thenext event,thesearealsoread
outandkeptreadyfor theFormatterin theinternaloutputFIFOof theMergers, moreoveraccelerating
alsotheFormatter.
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C.2 The Formatter (Virtex V200PQ240-4)

As long asthe frontendboardsarenot initialized, they sendsetupdatato requesttheir initialization
data.ThesesetupdatawordscontainthegeographicalID of thedetectorto which they areconnected
aswell astheir serialnumber. Setupwordsarecarriedthroughby theMerger FPGAsandarestored
in theinternalRAM of theFormatter. ThegeographicalID is includedin thefirst-event-of-runheader
andin theerrorwordsbothgeneratedby theFormatter.

After receiving the readysignal from the TCSFPGA, the Formatter startsreadingout the first
Merger as soonas its empty flag disappears.If it is the first-event-of-run, a specialheader[75]
precedesthe datareadout from the Mergers, giving the statusof the CATCH and the connected
frontendboards.The main taskof the Formatter is the fastreadoutof the Merger FPGAs. In case
no erroroccursandthedataFIFO to which thedataarewritten doesnot becomefull theFormatter
requestsdatafrom the Merger until a word is marked as the last trailer of the event (seeTab. 5.7).
Thenthereadoutis stoppedby deactivating thereadenablesignal.As a readenablefor a FIFO asks
for a datawordon thenext rising clock edge,onemoreword is receivedby theFormatter. This word
is storedinternallyandis addedto thedatastreamof thenext eventin front of thefirst newly readout
word. A word is alsostoredinternally if anerroroccurs,eithermarkedby theMerger or detectedby
theFormatter itself. Here,thereadoutis stoppedfor threeclock cycles,which allows theFormatter
to generatetheerrorword andto checkthestoredword, sinceeventuallyalsofor thestoredword an
errorword hasto begenerated.Themainschematicandpartsof thecentralABEL codefor readout
of thethird Merger FPGAis givenbelow in Fig.C.2.

This ABEL codecan be visualizedwith a flowchart as shown in Fig.C.3. After finishing the
communicationwith thesecondMerger FPGAthehandlingof datafrom MergerC startsdepending
on thestatusof theMerger outputFIFO.Every clockcycle anew stateillustratedby theoval fieldsis
activatedfollowing thearrows. In normaloperationthe logic follows theunlabelledarrows, special
caseslikeoccurringerrorsor theprimarytrailermotivatingtheendof MergerC readoutareexpressed
by thelabelledarrows.

The information included in the datawords is eventually rearrangedaccordingto their format
(ADC, TDC, or TDC headersuppressed), seeFig.C.2. This is doneby preselectingthe readout
modevia VME whichthencontrolsthemultiplexerson theright handsideof themainABEL codein
Fig.C.2,decidingin whichformatthedataarewritten into thedataFIFOvia theoutputbusFD[32..0].
In theADC mode,datawordsareunchanged,whereasfor theTDC modeadditionalinformationis
simply added. The headersuppressedmoderequiresthe reshuffling of the incoming information
within theword plus theadditionof thegeographicalID of theparentfrontendboard,which is read
from the internalRAM. Unlessthey aremarked to containanerror, all headerandtrailer wordsare
removed from the dataflow in the headersuppressedmode. Datawordsarewritten into the data
FIFO like it is donefor all words in the other modesas long as the dataFIFO is not full. If this
happensthe readoutof theMergers is alsostoppedanda marker indicatingthis incidentis addedto
the informationto be transmittedto the TCSFPGA.The numberof wordswritten to the dataFIFO
is countedaswell asthenumberof errorswhich appearedwithin theevent. Both thesenumbersare
transferredto the TCSFPGA after the last Merger indicatedthe last trailer belongingto the current
event.
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TableC.1: Typical part of a CATCHABELcode.

Statereadc:"storederror word
stat:= [0,0,1,1,0,0,0,1];
abcd:= [1,0];
abcd.ce=n b11;
IRpta:= 0;
IRpta.ce=n b1;
IRptb := 0;
IRptb.ce=n b1;
cena:= IRsetupc& IRerrorc& !skip;
fwen := IRsetupc& IRerrorc& !skip;
fwenb:= IRsetupc& IRerrorc& !skip;
fd32:=0;
[fd31..fd20]:= [mode,1,1,1,1,1,1,1,1,1,1,1];
[fd19 .. fd10] := [geo9.. geo0];
[fd9 .. fd8] := [1,0];
[fd7 .. fd6] := [IRcc7 .. IRcc6];
fd5:=(IRcc5# IRcc4);
fd4:=(IRcc4# (IRdc30& mode));
[fd3 .. fd0] := [IRcc3 .. IRcc0];
GoTo read0c;

Stateread0c:"storeddataword
stat:= [0,0,1,1,0,0,1,0];
IRsetupc:= 0;
IRsetupc.ce= n b1;
IRsetupc2:= 0;
IRsetupc2.ce= n b1;
IRerrorc:= 0;
IRerrorc.ce= n b1;
IRpt := pt & IRmefc;
IRpt.ce=n b1;
fd32 := 0;
[fd31 .. fd0] := IRdc;
port := [IRcont7,IRcont6];
fwen := IRsetupc& !skip;
fwenb:= IRsetupc& (IRerrorc# IRdc31)& !skip;
IF (mergeron3& IRptc) THEN

GoTo readdWITH
moec_off = 1;
IRsetupc:= 0;
IRsetupc.ce=n b1;

ENDWITH
ELSEIF (IRptc) THEN

GoTo trailerWITH
IRptc := 0;
IRptc.ce=n b1;
IRsetupc:= 0;
IRsetupc.ce=n b1;

ENDWITH

ELSEIF (var1& error& IRmefc)THEN
GoTo read4cWITH

mrenc_off = 1;
ENDWITH

ELSEIF (var1)THEN
GoTo read4c;

ELSEIF (mefc& faf) THEN
GoTo read1cWITH

mrenc_on = 1;
moec_on = 1;
var2:= 1;
var2.ce=n b1;

ENDWITH
ELSE

GoTo read1c;

Stateread1c:
stat:= [0,0,1,1,0,0,1,1];
IF (var2)THEN

GoTo read3c;
ELSEIF (mefc& faf) THEN

GoTo read2cWITH
mrenc_on = 1;
moec_on = 1;

ENDWITH
ELSE

GoTo read1c;

Stateread2c:
stat:= [0,0,1,1,0,1,0,0];
abcd:=[1,0];
abcd.ce=n b11;
IRdata:= md;
IRdata.ce= n hffffffff;
IRcont:= mctrl;
IRcont.ce= n h7ff;
GoTo read3c;

Stateread3c:
stat:= [0,0,1,1,0,1,0,1];
mrenc_off = !faf # (pt & IRmefc) # (error &

IRmefc);
moec_off = !IRfaf;
setup:= (!(mctrl9 & mctrl8));
setup.ce= n b1;
IRport := [mctrl7 .. mctrl6];
IRport.ce= n b11;
IRsetupc:= 0;
IRsetupc.ce= n b1;
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TableC.1: Typical part of a CATCHABELcode, continued.

IRsetupc2:= 0;
IRsetupc2.ce= n b1;
IRerrorc:= 0;
IRerrorc.ce= n b1;
IRpt := pt & IRmefc;
IRpt.ce=n b1;
IRdata:= md;
IRdata.ce= n hffffffff;
IRcont:= mctrl;
IRcont.ce= n h7ff;
GoTo read4c;

Stateread4c:
stat:= [0,0,1,1,0,1,1,0];
mrenc_off = !faf # (pt & IRmefc) # (error &

IRmefc);
moec_off = !IRfaf;
var1:= 0;
var1.ce=n b1;
var2:= 0;
var2.ce=n b1;
var3:= 0;
var3.ce=n b1;
var5:= 0;
var5.ce=n b1;
setup:= (!(mctrl9 & mctrl8));
setup.ce= n b1;
pause:= IR2faf;
pause.ce=n b1;
IRport := [mctrl7 .. mctrl6];
IRport.ce= n b11;
IRpt := pt & IRmefc;
IRpt.ce=!IRpt;
IRdata:= md;
IRdata.ce= n hffffffff;
IRcont:= mctrl;
IRcont.ce= n h7ff;
IRmd := md;
IRmd.ce= n hffffffff;
IRsetupc:= setup& IRpt;
IRsetupc.ce= IRmefc;
IRsetupc2:= setup& IRpt;
IRsetupc2.ce= IRmefc2;
IF (IRpt & !IRerror) THEN

GoTo read9cWITH
moec_off = 1;

ENDWITH
ELSEIF (IRerror& IRmefc2)THEN

GoTo read6cWITH
moec_off = 1;

ENDWITH

ELSE
GoTo read5c;

Stateread5c:
stat:= [0,0,1,1,0,1,1,1];
mrenc_off = !faf # (pt & IRmefc) # (error &

IRmefc);
moec_off = !IRfaf;
setup:= (!(mctrl9 & mctrl8));
setup.ce= n b1;
pause:= IR2faf;
pause.ce=n b1;
IRport := [mctrl7 .. mctrl6];
IRport.ce= n b11;
IRpt := pt & IRmefc;
IRpt.ce=n b1;
IRdata:= md;
IRdata.ce= n hffffffff; IRcont:= mctrl;
IRcont.ce= n h7ff;
IRmd:= md;
IRmd.ce= n hffffffff;
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 read1c;
ELSEIF (IRerror& IRmefc2)THEN

GoTo read6cWITH
moec_off = 1;

ENDWITH
ELSE

GoTo read5c;
Stateread5c:

stat:= [0,0,1,1,0,1,1,1];
mrenc_off = !faf # (pt & IRmefc) # (error &

IRmefc);
moec_off = !IRfaf;
setup:= (!(mctrl9 & mctrl8));
setup.ce= n b1;
pause:= IR2faf;
pause.ce=n b1;
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TableC.1: Typical part of a CATCHABELcode, continued.

IRport := [mctrl7 .. mctrl6];
IRport.ce= n b11;
IRpt := pt & IRmefc;
IRpt.ce=n b1;
IRdata:= md;
IRdata.ce= n hffffffff; IRcont:= mctrl;
IRcont.ce= n h7ff;
IRmd := md;
IRmd.ce= n hffffffff;
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 read1c;
ELSEIF (IRerror& IRmefc2)THEN

GoTo read6cWITH
moec_off = 1;

ENDWITH
ELSE

GoTo read5c;

Stateread6c:"generateerror word
stat:= [0,0,1,1,1,0,0,0];
cena:= setup& !skip;
fwen := setup& !skip;
fwenb:= setup& !skip;
fd32:=0;
[fd31 .. fd20] := [mode,1,1,1,1,1,1,1,1,1,1,1];
[fd19 .. fd10] := [geo9.. geo0];
[fd9 .. fd8] := [1,0];
[fd7 .. fd6] := [IRcont7.. IRcont6];
fd5:=(IRcont5# IRcont4);
fd4:=(IRcont4# (IRdata30& mode));
[fd3 .. fd0] := [IRcont3.. IRcont0];
IRerrorc:= (IRerror& IRmefc2);
IRerrorc.ce= n b1;
IRmc := mctrl;
IRmc.ce= n h7ff;
IRdata:= md;
IRdata.ce= n hffffffff;

IRcont:= mctrl;
IRcont.ce= n h7ff;
GoTo read7cWITH

moec_off = 1;
ENDWITH

Stateread7c:
stat:= [0,0,1,1,1,0,0,1];
setup:= (!(IRcont9& IRcont8)& IRmefc3);
setup.ce= n b1;
IRptc := (IRcont10& IRcont9& !IRcont8);
IRptc.ce= n b1;
IRdc := IRdata;
IRdc.ce= n hffffffff;
IRcc := [IRcont7.. IRcont0];
IRcc.ce= n h7ff;
fd32 := 0;
[fd31 .. fd0] := IRmd;
port := [IRport1,IRport0];
serr:= 1;
fwen := setup& !skip;
fwenb:= setup& !skip;
IF (mergeron3& IRsetupc2& !IRsetupd)THEN

GoTo read1dWITH
moec_off = 1;

ENDWITH
ELSEIF (mergeron3& IRsetupc2)THEN

GoTo readdWITH
moec_off = 1;

ENDWITH
ELSEIF (IRsetupc2)THEN

GoTo trailer;
ELSEIF (IRerrorc& mefc& faf & !IRpt) THEN

GoTo read7c2WITH
mrenc_on = 1;
moec_on = 1;
var5:= 1;
var5.ce=n b1;

ENDWITH
ELSEIF (IRerrorc)THEN

GoTo read7c2;
ELSEIF (!IRpt & mefc& faf) THEN

GoTo read8cWITH
mrenc_on = 1;
moec_on = 1;
var3:= 1;
var3.ce=n b1;

ENDWITH
ELSE

GoTo read8c;
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TableC.1: Typical part of a CATCHABELcode, continued.

Stateread8c:
stat:= [0,0,1,1,1,0,1,1];
fd32 := 0;
[ fd31 .. fd0 ] := IRdata;
port := [IRmc7,IRmc6];
serr:= IRerrorc;
fwen := setup& !skip;
fwenb:= setup& (IRerrorc# IRdata31)& !skip;
IF (mergeron3& IRpt & !IRsetupd)THEN

GoTo read1dWITH
moec_off = 1;

ENDWITH
ELSEIF (mergeron3& IRpt) THEN

GoTo readdWITH
moec_off = 1;

ENDWITH
ELSEIF (IRpt) THEN

GototrailerWITH
moec_off = 1;

ENDWITH
ELSEIF (var3)THEN

GoTo read3c;
ELSEIF (mefc& faf) THEN

GoTo read2cWITH
mrenc_on= 1;
moec_on = 1;

ENDWITH
ELSE

GoTo read1c;

Stateread9c:"gotohandlingof next merger
stat:= [0,0,1,1,1,1,0,1];
moec_off = 1;
IRdc := md;
IRdc.ce= n hffffffff;
IRcc := [mctrl7 .. mctrl0];
IRcc.ce= n h7ff;
IRptc := (mctrl10& mctrl9& !mctrl8);
IRptc.ce= n b1;
IRerrorc:= IRerror;
IRerrorc.ce= IRmefc;
fd32 := 0;
[fd31 .. fd0] := IRdata;
port:= [IRcont7,IRcont6];
fwen := setup& IRmefc3& !skip;
fwenb:= setup& IRmefc3& IRdata31& !skip;
IF (mergeron3& !IRsetupd& mefd& faf) THEN

GoTo read2dWITH
mrend_on = 1;
moed_on= 1;

ENDWITH
ELSEIF (mergeron3& !IRsetupd)THEN

GoTo read1d;
ELSEIF (mergeron3& mefb& faf) THEN

GoTo readdWITH
mrend_on = 1;
moed_on= 1;
var1:= 1;
var1.ce=n b1;

ENDWITH
ELSEIF (mergeron3)THEN

GoTo readd;
ELSE

GoTo trailer;

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

The completeevent structure(seeTab. 5.9) has beengeneratedand stored in two FIFOs by the
FormatterandTCSFPGAs.At thisposition,anabsolutedecouplingof theinput datato theoutgoing
dataflow is attained.TheS-LinkFPGAalternatelyreadsout thetwo FIFOsandtransmitstheevents
to the S-Link sendercard(seeSect.4.4). A full link not ableto handlenew datawordsis correctly
treatedby stoppingtheoutputandthereadoutwhile intermediatelystoringthereadout wordsin the
meantime.Occurrenceof a link full flag is relatedto theusedlink; 100MByte/s,128MByte/s and
160MByte/slinks wereused,for the160MByte S-Link thelink cannotbecomefull.
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FigureC.3: Flowchart of parts of the main Formatterstatemachine. After finishingthe readoutof
thesecondMerger, communicationwith thethird Merger startsin oneof the four upper
statesdependingon thestatusof this Merger. Normaloperation is donein stateread5c
indicatedby the loop arrow. It is only left in caseof an error or the endof the event
resultingin a jumpto thenext Merger or thetrailer handling.
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The outgoingdata lines to the S-Link are connectedto the spybuffer FIFO on the CATCH in
parallel. Writing into thespybuffer is controlledby theS-LinkFPGA,offering thepossibilityto write
all eventsto the spybuffer or just oneevent eachtime the FIFO is empty. Otheralternativesare to
write prescaledevents,so i.e. every tenthor hundredthevent,or to selectoneor severalevent types
whichareto bewritten to thespybuffer (seeTab. D.3). Theeventtypeselectionprovidesa reasonable
way to readout especiallyscalerdata,sincethescalercontinuescountingafterevery trigger, thereby
delivering increasingarbitrarycountervalues,whereasonly thefinal number, given in the lastevent
of cycle, containsthe interestingfinal countervalue. Thus,by selectingthetypeslast-event-of-cycle
andlast-event-of-runonly thephysicallyinterestingscalervaluesarestoredin thespybuffer. Thelast
possiblemodeis to write dataonly to thespybuffer. For this optionno S-Link connectionis needed,
makingtheCATCH moduleaneasyto handlelaboratoryreadoutmodule.

TableC.2: Eventtypedefinition.

Bit Combination Description

00000 physicaltrigger
00001...11011 calibrationor monitoringtrigger

11100 first triggerin therun
11101 lasttriggerin therun
11110 first triggerin thecycle
11111 lasttriggerin thecycle

Thespybuffer modecanbechosenby softwaresettingthe internalS-LinkFPGAregisterwith the
baseaddress1804to a certainvalue. All possibilitiesaresummarizedin Tab. D.3. The event types
to be storedin the spybuffer in caseof event type selectioncanbe setwith a vme_writecommand
to address180c (bits 15..0)and 1810 (bits 31..16),with which 32 event typescan be selectedin-
dividually or any combinationof them. If bit 3 is set to one (vme_writee0**180c 8), event type
’eight’ is chosen,correspondingto theeventtype01000asgivenin Tab. C.2. Thevaluen for writing
a prescalednumberof eventsinto the spybuffer canbe setby the seven bits 15..8. Readoutof the
spybuffer via VME is performedwith thecommand’vme_reade0**8000’, where** is thehardware
addressof theselectedCATCH module.

Apart from the control of the outgoing data flow, the S-Link can also be resetmanually via
theS-LinkFPGA.Differenttestingpossibilitiesareprovided,eithersendingfiveartificially generated
test words to the S-Link and the spybuffer or startinga pseudo-randomdatastream. For a single
S-Link aswell asfor the S-Link multiplexer a routine is provided to test the interfacebetweenthe
CATCH andtheROB automatically(seeSect.5.5).

For future upgradingof the readoutsystemthe possibility to implementa new software into
theS-LinkFPGA to communicatewith theextensionport is foreseen.Therefore,thedataoutputof
the FormatterFPGA is connectedto a CMC typeextensionport in parallelto theconnectionto the
dataFIFO.A secondCMC connectionprovidesaccessto theVME businterfaceanda40bit databus
to theS-LinkFPGA.This createsthepossibilityof developinganothermezzaninecard,on which for
example,datacompressionalgorithmscanbeperformed,reducingthedataoutputof theCATCH via
S-Link.
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FigureC.4: Comparisonof the specificationsfor S-Link communication(top) with simulationper-
formedwith theXILINX Foundationsoftware(middle)andhardwarerealization(bottom),
executingtheprocedure picturedin Fig.A.5. Thelatter is performedwith an100MByte/s
link leadingto an extendedtimewith activefull flag (LFF). This investigationwasdone
usinga Logic Analyzerto visualizetheCATCHinternal digital signals.
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D Appendix: CATCH VME Commands

The statusof all CATCH FPGAscan be requestedfrom the chips via VME readcommands.By
writing to the specificI/O registersof the FPGAsthe configurationcanbe selected.The following
tablesprovide a list of possiblereadandwrite commandsandtheirdescription.

TableD.1: TCSFPGAregisters.
Offset Read/Write Bits Description

14 00 W 0 0: USR3=Endof Burst(default), 1: USR3= pretrigger
1 1: TCSdummyconnected
3-2 1,3: Sendcodedtriggervia HOTLink (3=default)

2 : Sendtriggeronly via HOTFiber
0 : Sendfasttriggervia HOTFiber

W 4 0: special(synchronizebegin of burstfor CMC-Cards(1=default))
1400 R 0-7 TCSFPGAdesignrevision

8 pretriggerasUSR3
10 TCSReady
11 TCSError
12 CurrentlyBurst
13 RESET
14 TCS-dummy

14 04 W 0 sendUSR425 ns(front endreset)
1 sendUSR4400ns(front endresetfor CMC)
2 special(counteventsandspill numberon CATCH)
3 special(resetspill numberto zero,if bit 2 = 1 )
4 special(resetCATCH, sameasTRESET)
5 readoutTCSreceiver status

14 04 R 0-15 Triggercounterin currentspill

14 08 R 0-15 Triggercounterin lastspill

14 10 R 0-4 triggermask(eventtype)
5-15 spill number

14 0C R 0-7 TCSreceiver ID
8-15 TCSstatusregisterafterlasterror

14 14 R 0-15 eventnumberbit 0-15

14 18 R 0-3 eventnumberbit 16-19
8-15 errorword



144 D APPENDIX: CATCH VME COMMANDS

TableD.1: TCSFPGAregisters, continued.
Offset Read/Write Bits Description

14 1C R 0 skipcurrentevent
1 modeof currentevent
2 HFFHeaderFIFOfull
3 HAF HeaderFIFOalmostfull
4 internalFIFO empty
5 internalFIFO full
6 FILLED = TCSdatareadyfor currentevent
7 EREADY (Merger ready)
8 FREADY (Formatterready)
10 MEVTRDY (Eventnumberreadyflag)
11 THREADY (TCSHeaderready)
12 MEVTSELA (acknowledgeMergerA)
13 MEVTSELB (acknowledgeMergerB)
14 MEVTSELC (acknowledgeMergerC)
15 MEVTSELD (acknowledgeMergerD)

14 20 R 0-3 address0 from tcsFIFO
4-7 address1 from tcsFIFO
8-11 address2 from tcsFIFO
12-15 address3 from tcsFIFO

14 24 R 0-3 address4 from tcsFIFO
4-7 address5 from tcsFIFO
8-12 internalFIFO counter

14 28 R 0-15 TCSheaderin counterin lastspill

14 2C R 0-15 TCSheaderout counterin lastspill

14 40 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 typereadout,0=TDCreadout(default)

14 48 R/W 9-0 sourceID (asgivenin theS-link header)
R/W 15-10 formatbits6..1

14 4C R 0-15 counterof calibrationtriggers
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TableD.2: FormatterFPGAregisters.
Offset Read/Write Bits Description

10 00 R 0-7 FormatterFPGAdesignrevision
8-15 Statusof readoutstatemachine

10 04 R/W 0-3 1 = Switchoff readoutof CMC 1-4 (MergerA-D)
4 1 = ADC typereadout,0 = TDC readout(default)
5 1 = compressedmode,0 = uncompressed(default)
6 mixedformatfor MergerA-D
7 1 = requesto 1 init datafor first-event-of-run
8 1 = no errorhandlingfor first-event-of-run

R 14-15 DataFIFO almostfull/full

10 08 R/W 0-15 CATCH serialnumber

10 0C R/W 0-7 Merger softwarerevision
8-15 S-LINKFPGAsoftwarerevision

10 10 R/W 0-15 CMC-1 ID
10 14 R/W 0-15 CMC-2 ID
10 18 R/W 0-15 CMC-3 ID
10 1C R/W 0-15 CMC-4 ID

10 24 W 0-6 mixedformatfor Merger B
10 24 W 8-14 mixedformatfor Merger A

10 28 W 0-6 mixedformatfor Merger D
10 28 W 8-14 mixedformatfor Merger C

TableD.2: FormatterFPGAregisters, readonly.
Offset Bits Description

10 20 0-15 FE-Serialnumberfor port0
10 30 0-9 FE-geographicID for port0
10 60 0-15 FE-Serialnumberfor port1
10 70 0-9 FE-geographicID for port1
10 A0 0-15 FE-Serialnumberfor port2
10 B0 0-9 FE-geographicID for port2
10 E0 0-15 FE-Serialnumberfor port3
10 F0 0-9 FE-geographicID for port3
11 20 0-15 FE-Serialnumberfor port4
11 30 0-9 FE-geographicID for port4
11 60 0-15 FE-Serialnumberfor port5
11 70 0-9 FE-geographicID for port5
11 A0 0-15 FE-Serialnumberfor port6
11 B0 0-9 FE-geographicID for port6
11 E0 0-15 FE-Serialnumberfor port7
11 F0 0-9 FE-geographicID for port7

Offset Bits Description

1220 0-15 FE-Serialnumberfor port 8
1230 0-9 FE-geographicID for port 8
1260 0-15 FE-Serialnumberfor port 9
1270 0-9 FE-geographicID for port 9
12A0 0-15 FE-Serialnumberfor port 10
12B0 0-9 FE-geographicID for port 10
12E0 0-15 FE-Serialnumberfor port 11
12F0 0-9 FE-geographicID for port 11
1320 0-15 FE-Serialnumberfor port 12
1330 0-9 FE-geographicID for port 12
1360 0-15 FE-Serialnumberfor port 13
1370 0-9 FE-geographicID for port 13
13A0 0-15 FE-Serialnumberfor port 14
13B0 0-9 FE-geographicID for port 14
13E0 0-15 FE-Serialnumberfor port 15
13F0 0-9 FE-geographicID for port 15
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TableD.3: S-LinkFPGAregisters.
Offset Read/Write Bits Description

18 00 R 0-7 S-LinkFPGAdesignrevision
11 HeaderFIFOempty
12 DataFIFO empty
13 Spybuffer FIFOempty
14 LDOWN (link down)
15 LFF (link full flag)

18 04 R/W 0-1 0: Spymodewrite eventsuntil FIFO full
1: Spymodewrite 1 eventif FIFO empty
2: Spymodewrite everynth eventuntil FIFO full
3: Spymodewrite to spybuffer only

2 sendURESET
3 send5 testwordsincl. controlwords
4 sendUTEST(32x SLINK testpattern)
5 Resetspy FIFO
6 resetspybuffer atTRESETsignal
7 switchoff CATCH
8-15 n: write every nth word to spy buffer

18 08 R/W 0-9 setCATCH sourceID for S-Link testwords
10 resetS-Link (URESET)atTRESETsignal
11 Write selectedeventtypeto spybuffer

18 0C R 0-15 Statusof statemachine
18 0C W 0-15 Selecteventtype(bits0..15)

18 10 W 0-15 Selecteventtype(bits16..31)

TableD.4: Spybuffer readout.
Offset Read/Write Bits Description
80 00- R 0-31 Readdatafrom spy buffer (block transferpossible)
8F FF
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E Glossary

Glossary1: Abbreviations.

ADC Analogto Digital Converter
ASD8b Amplifier ShaperDiscriminatorChip
CASTOR CERNAdvancedStorageManager
CATCH COMPASSAccumulateTransferandControlHardware
CCF COMPASSComputingFarm
CDR CentralDataRecording
CLB ConfigurableLogicBlock
CMC CommonMezzanineCard
COMPASS CommonMuonandProtonApparatusfor StructureandSpectroscopy
CORAL COMPASSReconstructionandAnalysisSoftware
CPLD Complex ProgrammableLogicDevice
CPU CentralProcessingUnit
DAQ DataAcquisition
DATE DataAcquisitionTestEnvironment
ECL EmitterCoupledLogic
FIFO First In First Out memory
FLT First Level Trigger
FPGA Field ProgrammableGateArray
GAL GateArrayLogic
GeSiCA GEM Silicon Control andAcquisition
IOB InputOutputBlock
JTAG Joint TestActionGroup
LSB LeastSignificantBit
LUT Lookup Table
LVDS Low VoltageDif ferentialSignal
LVPECL Low VoltagePECL
MSB MostSignificantBit
NIM NuclearInstrumentationMethods
PCB PrintedCircuit Board
PCI PeripheralComponentInterconnect
PECL Positive ECL
PROM ProgrammableRead-Only Memory
PSM ProgrammableSwitchingMatrix
RAM RandomAccessMemory
RFIO RemoteFile I/O
RISCCPU ReducedInstructionSetComputerCPU
ROB Readout Buffer
SMD SurfaceMountedDevice
TCP/IP TransmissionControlProtocol/InternetProtocol
TCS TriggerControlSystem
TDC Time to Digital Converter
TTL TransistorTransistorLogic
VME VersaModuleEurocard
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Glossary2: Componentsof theCOMPASSDAQ.

BORA ADC typefrontendboardfor theRICH
CATCH Commonreadoutdriver andbuffer module
CCF Computingfarmwith 200CPUs
CDR Tapewriting facility at CERN
Eventbuilder PCscombiningtheeventsfrom all ROBsto performthefinal eventbuildingo 1 TDC usedfor all timemeasurementsin COMPASS
Frontend Readoutelectronicsmounteddirectlyat thedetector
GeSiCA Readoutdriver for GEMsandsilicons
HOTLink Protocolusedfor datatransmissionfrom thefrontendboardsto theHOTLink-CMC
HOTLink-CMC CATCH mezzaninecardwith aHOTLink interface
HOTFiber-CMC Identicalto HOTLink-CMC, but with opticalinput
LSC/LDC Link source/destinationcard,theS-Link transmitterandreceiver
ROB Readoutbuffer PCsstoringthedataof onespill or morein four spillbuffers
S-Link Protocolusedfor datatransmissionfrom theCATCH to theROBs
S-Link multiplexer Adaptercardto combinethedatafrom up to four CATCH modules

for joint transferto theROB
Scaler-CMC CATCH mezzaninecardwith 32 scalerchannels
Spillbuffer 512MByte RAM module
TCScontroller Modulefor generatingthetriggersignalsfor theCATCH modules
TCSreceiver Modulelocatedon thebackplaneof eachCATCH asinterfaceto the

TCScontroller
TDC-CMC CATCH mezzaninecardhostingfour o 1 TDCs

Glossary3: Chipsof theCATCHmodule.

Controller FPGA FPGAresponsiblefor thecommunicationbetweenthechipson theCATCH
FormatterFPGA FPGAresponsiblefor combiningthedataof thefour Merger FPGAs,

formattingandwriting thedatato thedataFIFO
Merger FPGA FPGAresponsiblefor readingout thedatafrom theconnectedCMCs
S-LinkFPGA FPGAresponsiblefor readingdatafrom dataandheaderFIFO and

transferof theeventsto theROB
TCSFPGA FPGAresponsiblefor thecommunicationwith theTCSandgenerating

theS-Link header

DataFIFO 16 k FIFO to storethedetectordataof theprocessedevents
HeaderFIFO 1 k FIFO to storetheS-Link headerof theprocessedevents
Spybuffer 16 k FIFO whereeventsarestoredin parallelto theS-Link transmission

TriggerCPLD CPLDcontrollingthetriggerdistribution to thefrontendboards
VME CPLD CPLDcontrollingthecommunicationwith theVME bus
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