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Abstract

AGILE (Light Imagerfor Gamma-rayAstrophysics)is a smallscientificsatellitefor the
detectionof cosmicγ-ray sourcesin theenergy range30 MeV-50 GeV with a very large
field of view (1/4 of the sky). It is plannedto be operationalin the years2003-2006,a
periodin whichnootherγ-raymissionin thesameenergy rangeis foreseen.

The AGILE scientificinstrumentis madeof a silicon-tungstenTracker, a CsI(Tl)
Minicalorimeter, an Anticoincidencesystemanda X-ray imagingdetectorsensitive in
the10-40keV range.

We presentherea detaileddescriptionof the architecturaldesignof the Silicon
Tracker with its triggerandreadoutlogic, andtheperformanceof thedetectorprototype
during a testbeamperiod at the CERN PS in May 2000. The Tracker performanceis
describedin termsof positionresolutionandsignalto noiseratio for on-axisandoff-axis
incidentchargedparticles.Themeasured40 µm resolutionfor a large rangeof incident
angleswill provideanexcellentangularresolutionfor cosmicγ-ray imaging.
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1 Intr oduction

Cosmicgammaraysarea manifestationof the mostenergetic phenomenain our Uni-

verse.Amongtheγ-ray emittingsources,we canlist relativistic compactstars,massive

blackholesin activegalacticnuclei,γ-rayburstsourcesandtheSunduringintenseflares.

Gammarays reachthe Earth also from remoteregionsof the Universeproviding fun-

damentalinformationon the cosmologicalevolution of energetic sources.Many γ-ray

sourcesaretransientson timescalesrangingbetweensecondsandseveraldays,showing

aUniversein turmoil andsubjectto catastrophicevents.Theunderstandingof thesephe-

nomenais still preliminaryandatremendousamountof work bothfrom theexperimental

andthetheoreticalpointof view is necessaryto understandall thedetails.

ASI (AgenziaSpazialeItaliana- Italian SpaceAgency) haspromotedin 1997a new pro-

gramof smallscientificmissions.

In December1998AGILE (AstrorivelatoreGammaa ImmaginiLEggero- Light Imager

for Gamma-rayAstrophysics)wasselectedasthefirst smallmissionamong8 proposals

thatASI supportedfor thephaseA study.

At themomentAGILE is enteringthephaseC/D, which is theconstructionandassembly

phaseof thesatellite.

The AGILE missionwill provide a powerful Observatory for γ-ray astrophysicsin the

energy range30MeV-50GeV, duringtheyears2003-2006.No otherγ-raymissionin this

energy rangeis plannedin thesameperiod.

Theinstrumentis light ( � 80 kg) andeffective in detectingandmonitoringγ-ray sources

within a largefield of view ( � 1/4of thewholesky). Theinstrumentconsistsof asilicon-

tungstenTracker, a 1.5 X0 deepCsI Minicalorimeter, an Anticoincidencesystemmade

of segmentedplasticscintillators,a X-ray detectorin therange10-40keV with a coded

masksystem,fastreadoutelectronicsandprocessingunits.

TheAGILE teamcurrentlyincludesscientistsfrom CNR andINFN laboratoriesandthe

Universitiesof Trieste,RomaLa SapienzaandRomaTor Vergata.

Theworking principleof AGILE is shown in fig. 1: thephotonconvertsin anelectron-

positronpair in theTracker tungstenlayers,which is detectedby thesilicon strips. The

CsI(Tl) Minicalorimetermeasuresthe energy releasedby the electronandthe positron

while theAnticoincidenceAC is usedto rejectchargedparticles.

Fig. 2 is a 3D sketchof theinstrument;theoveralldimensionis 61 � 61 � 58cm3.

For a detaileddescriptionof thescientificperformancesof AGILE, see(1).

In thefollowing, wepresentthearchitecturaldesignof theSiliconTracker (section

2) andthetestbeamresultswehaveobtainedwith thefinal silicon prototypes(section3).
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Figure1: Workingprincipleof theAGILE instrument.

2 The AGILE Silicon Tracker

TheSilicon Tracker is theheartof theAGILE mission.It hasa twofold purpose:

� to providethetriggerto thewholeinstrumentwhenaγ-rayhasconvertedinsidethe

Tracker itself

� to provideacompleterepresentationof theeventtopology, allowing thereconstruc-

tion of themomentumanddirectionof theelectron-positronpair producedby the

photonconversionandthustheincomingdirectionof theγ-ray itself.

Togetherwith theMinicalorimeter, theTrackerconstitutestheAGILE GammaRay

ImagingDetector(GRID).

TheAGILE Tracker is madeof 14 planesof silicon strip detectors.Eachplaneis

configuredasfollows:

� active part: two views of 16 silicon padseach,whosefeaturesaredescribedin the
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Figure2: 3D sketchof theAGILE instrumentwithout thetop andtwo of thelateralsides
of theanticoincidence;theoveralldimensionis 61 � 61 � 58cm3.

next subsection;thestrip orientationof thefirst view is perpendicularto theoneof

thesecondview resultingin ax-y detector.

� passive converter: onetungstenlayer 245 µm thick (correspondingto 0.07 radia-

tion lengths)positionedabove the silicon layer; the last 2 planesdo not have this

converterlayerdueto thetriggerconfiguration

Fig. 3 showsthestructureof the14siliconplanes.They areorganizedin trays,each

of themcontaining2 silicon views, with theexceptionof thefirst andlast tray. Starting

from thetopof theplane,thestructureconsistsof:

� a 410 µm silicon detectorview gluedon a 100 µm kaptonlayer (except the first

tray);

� a500µm thick carbonfibre layer;
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� a12mm thick layerof aluminumhoneycomb;

� a500µm thick carbonfibre layer;

� a245µm thick tungstenlayer(exceptthetraysfrom 12 to 15);

� a 410 µm silicon detectorview gluedon a 100 µm kaptonlayer (except the last

tray);

Figure3: Silicon Tracker traysconfiguration(not to scale).
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Four silicon detectorsarebondedtogetherto createa “ladder”. Eachview is thusmade

of four ladders.Fig. 4 showsasketchof theSiliconTracker tray with all its components.

Figure4: SiliconTracker traysketch.

As farastheelectronicsis concerned,the28viewsaredividedinto 14 logic blocks

(FrontEndBlock, FEB) of 2 viewseach(2 x or 2 y views).

The Tracker FrontEndElectronics(FEE) is madeof 2 Frontendand Trigger Boards

(FTBs) (1 for the x and1 for the y views) positionedon 2 of the 4 lateralsidesof the

Tracker itself.

2.1 Silicon Detectors

Thesilicon detectorsaresingle-sideAC-coupledstrip detectors,built on high resistivity

( � 4 kΩ � cm) 6” substrateby HAMAMA TSU PK. Their sizeis 9.5� 9.5 cm2 while their

thicknessis 410µm. Thebiasingof thedetectoris achievedthroughpolysiliconresistors.

The detectoris usedwith a “floating strip” configuration(2); the physicalstrip pitch is

121µm andthereadoutoneis 242µm.

This configurationhasbeenchosenin orderto have anexcellentspatialresolutionwhile

keepingundercontrolthenumberof readoutchannelsandhencethedetectorpowercon-

sumption.

Theprototypeproductionconsistsof 10detectorswith thefollowingelectricalchar-

acteristics:

� biasresistorvalue:40 MΩ

� couplingcapacitancevalue(measuredat 10kHz): 527pF
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� AC couplingAl resistancevalue:4.5Ω/cm

� leakagecurrentdensityat a biasingvoltage20% higher than the depletionone

(VFD=75V): 1.5nA/cm2

Fig. 5 shows oneof the AGILE silicon detectors,while fig. 6 is a pictureof the

ladderbuilt for theAGILE May 2000testbeamat theCERNPSarea.

Figure5: TheHAMAMA TSUfinal prototypefor theAGILE silicondetector

Figure6: PrototypeladdertestedduringtheMay 2000testbeamat theCERNPSarea.
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2.2 FrontendElectronics

TheTracker FrontendElectronicsconsistsof:

� 2 FrontendandTriggerBoards(FTBs),onepereachview type

� ahybrid (HDI, High DensityInterconnection)perladderfor a total of 56 HDIs per

FTB

� 3 frontendASICs(TAA1) perHDI for a total of 168TAA1s perFTB

Thetotal numberof theTracker readoutchannelsis 43008.

Thelogic unit of theFTB is theFEB,for a total of 7 FEBsperFTB.

In thefollowing, wedescribethemaincharacteristicsof eachcomponent.

2.2.1 TheTAA1 ASIC

TheTAA1 ASIC is a 128channel,low noise,low power, self triggeringASIC designed

by IDE AS 1 andproducedby AMS 2 with 0.8µm N-well BiCMOS,doublepoly, double

metalonepitaxiallayertechnology.

TheTAA1 is theevolution of theTA1 ASIC andit hasbeendesignedon purposefor the

AGILE project.

Theversionwehaveusedin thetestbeamis theTA1, madeon 1.2µm technology.

Eachchannelis madeof a foldedcascodechargesensitive preamplifier, a CR-RC

shaper, a sample& hold circuit, a level sensitive discriminator(seefig. 7). The dis-

criminatorinput is theshaperoutputfilteredby a high passfilter with a very low cutoff

frequency (set internally) to eliminatethe fluctuationsin the DC working point of the

preamplifier+shaperfoldedcascodetopology.

Thediscriminatorthresholdhasto besetfrom outsidetheASIC andit is uniquefor

the128channels.In theTAA1 ASIC, a 3-bit trimming DAC perchannelis implemented

in orderto guaranteeathresholduniformity betterthan10%.A triggersignalis produced

by thediscriminatoreachtime theshaperoutputis abovethreshold.Thetriggeroutputof

theASIC is theOR of thetriggersignalsof the128channels.In theTAA1 version,the

trigger outputwidth canbe chosenin the rangefrom 0.5 to 4 µs, while in the TA1 this

width is givenby thetime thesignalis above thethreshold.

Noisychannelscanbedisabledby loadingabit-patternin ashift register(“trigger mask”).

Oncethe trigger hasbeenreceived, the logic hasto generatea hold signalwhich

samplesthesignalpulseheightattheshaperoutput.Thetimedistancebetweenthetrigger

and the hold is a function of the peakingtime of the signal itself andof the threshold

setting.
1IDE AS, Oslo,Norway
2AustriaMikro SystemeInternationalAG, Austria
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Thereadoutis a multiplexedanalogreadout.Themaximumreadoutclock frequency is

10MHz. Weplanto usetheASIC with a5 MHz clock.

The TA1 ASIC hasa calibrationfeature. Applying a voltagestepto a capacitor

which is in parallelwith thecalibrationinput, it is possibleto checkthebehaviour of the

ASIC itself in termsof gainandnoise.Whenusingthetestmode,anadditionalnoisehas

to be taken into accountdueto the seriesresistanceandadditionalloadingcapacitance

to thechannel.Thecalibrationsignalcanbe injectedinto onechannelin a givenASIC

at a time, selectingthe channelvia a 128-bit shift register. We plan to usethis facility

duringtheladdertestsandtheAssembly, IntegrationandVerificationphase(AIV), while

this typeof calibrationis not foreseenduring thesatelliteflight. In theTAA1 version,a

calibrationcapacitorof 0.5pFperchannelis integratedin theASIC itself.

To limit thepowerconsumptionof theTracker, wehavedecidedto operatetheASIC

in averylow powerconfiguration.Tab. 1 showsthemainfeaturesof theTA1 ASIC,while

tab. 2 shows thepower consumptionwhenthenominalvaluesfor theinput biascurrents

areusedandthe onecorrespondingto the chosenvalues. Fig. 8 plots the outputsignal

shapescorrespondingto thenominalparametersettings(curve a) andto thechosenones

(curveb).

Figure7: Schematicview of theTAA1 ASIC.

2.2.2 TheHDI

TheTracker HDI with thefrontendASICsis positionedon thetray to avoid thepresence

of delicatecablesandboardssuchasupilex fanoutsandtheHDIs themselvesonthelateral

wallsof thestructure.

To adaptthedetectorpitch (242µm) andtheTAA1 input padpitch (100µm, keepingin
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Figure8: Outputsignalshapecorrespondingto thenominalparametersettings(curve a)
andto theAGILE ones(curveb). Thesignalshavebeenmeasuredwith theVA-TA DAQ
board(IDE AS).

Dimension(mm2) 4.85� 6.9
Thickness(µm) � 600

Channels 128
Gain(mV/fC) 25
Noise(e� rms) 165+6.1/pFfor Tp=2 µs

Peakingtime (µs) 1-3
Nominalpowerconsumption(mW/channel) 1.3

Range(fC) � 18
Inputpadsize 50µm � 90 µm
Inputpadpitch 100µm
Controlpadsize 90µm � 90 µm
Controlpadpitch 140µm

Power rails Vdd=+2V, Vss=-2V
(separatefor digital andanalogsections)

Backcontact connectto analogVss

Table1: Main featuresof theTA1 ASIC.

mind thattheTAA1 inputpadsarepositionedon threesidesof theTAA1 itself), wehave

decidedto usetheHDI itself.
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IVss (mA) IVdd (mA) Powerconsumption(mW/channel)
Nominalparameters 70 11.2 1.27
AGILE parameters 17.6 5.2 0.360

Table2: Power consumptionwhentheTA1 is operatedwith thenominalvaluesandwith
theAGILE parameters;IVssandIVdd arethecurrentsdrawn onthe-2 V and+2 V power
supplies.

In thetestbeamHDI, thepitchadaptionis still madethroughaupilex fanout.

Figure9: Pictureof thetestbeamHDI.

Fig. 9 is apictureof thetestbeamHDI:

� in thelowerpart,thereis a50-pinERNI connectorfor thedigital/analogsignalsand

thelow voltagesandalemoconnectorfor thedetectorbiasvoltage;all thevoltages

aredecoupledcloseto theASICs;

� in theupperpart therearethethreeTA1s: thebondingpadsfor thecontrolsignals

arepositionedon the lower sideof theASIC andpartly on the left andright sides

while theinput padsfor thesilicon signalsarepositionedon thefront of theASIC

(64pads)andon thesides(32 perside).

ThetestbeamHDI, which is a two layerPCBcard,hasbeenmanufacturedby TecnoMas-
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Figure10: Pictureof thenew versionof theHDI, with thepitch adapterincludedon the
HDI itself.

ter 3 andassembledby Mipot 4.

Thefinal HDI will haveadimensionof 9.5 � 3 cm2 to becomparedwith thetestbeamone

(10 � 6 cm2). Fig. 10showsthe4-layerversionof theHDI with thepitchadapterincluded

on theHDI itself, manufacturedby theCERNESTDivision.

2.2.3 TheFrontendandTriggerBoard- FTB

TheFTB is thesupervisorboardof theTracker frontend(seefig. 11); it hasto interface

the silicon detectorsto the readoutsystemand to handleproperly the trigger signals,

thepower linesandtheTracker housekeepings(currentsandtemperaturesusedto check

theoperationalstatusof the Tracker). EachFTB correspondsto a boardof 39 � 27 cm2

locatedon oneof theTracker lateralsides.

The Tracker FEE for the x (y) views is organizedinto 7 logic units (FEBs). EachFEB

controls2 views (2 x or 2 y views). EachFTB handles7 FEBs. The two FTBs are

connectedwith a flat cable.TheconnectionbetweentheFTB andtheHDIs is donewith

suitableflexible cables.

A blockdiagramof theFTB functionsis shown in fig. 11. Startingfrom thetop, theFTB

goalsare:
3Tecnomaster, Italy
4Mipot S.p.A.,Cormons(GO), Italy
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Figure11: Schematicrepresentationof theFTB.

� to configurethevariouspartsof theTrackerFEE;

� to distributethedigital signalsneededfor theTracker readoutphase;

� to serializethetriggerbits for theLevel 1.5 trigger(seenext subsection);

� to generatetheTrackerLevel 1 triggersignalsandsendthemto thedataacquisition
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box (DataHandlingbox,DH);

� to handletheanalogsignalscomingfrom the triggeredTAA1s during thereadout

phase;

� to distributeandfilter power;

� to handlethehousekeepings.

ThecomunicationbetweentheFTBsandtheDH box is implementedthroughaset

of serialbuses,power linesandanalogoutputs.

2.3 The trigger and readoutelectronics

TheAGILE-GRID trigger is divided into 3 levels, two hardwareones(Level 1 and1.5)

anda softwareone(Level 2) (3).

The Tracker readoutsystemconsistsin a synchronouspart andan asynchronousoneto

reducethedeadtimeof theinstrument.

A detaileddescriptionof thetriggerandreadoutsystemof thesatelliteis givenin (4).

2.3.1 Thehardwaretriggers:Level 1 and1.5

Figure12: Schematicrepresentationof thebaselineLevel 1 triggerphilosophy.

For the AGILE orbital environment,we expect a ratio of cosmicγ-rays to total

background(chargedparticlesandalbedophotons)eventratesnear10� 4 for γ-ray ener-

gieslargerthan100MeV.

The main goal of the two hardwaretrigger levels is to identify the γ-raysandavoid the

14



Figure13: Flow diagramof theLevel 1.5 triggeroperations.

frontendfreeingprocedurefor backgroundevents,thusreducingtheseeventsof a factor

near100. In thefollowing, wesummarizethebasicideasof thetwo triggerstages:

� Level 1:

– baselinephilosophy(fig. 12): theLevel 1 trigger is givenby thecoincidence

of 3 outof 4 consecutiveSiliconTrackerviews(x and/ory view triggerstrobe

in fig. 12), indipendentlyfor thex andthey views. Vetosignalsfrom thetop

AC anda suitablecombinationof the lateralACs are foreseen(AC veto in

fig. 12). For energetic photons(E � 1 GeV), an indipendenttrigger canbe
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generatedby a high energy releasein the minicalorimeter(calorimeterhigh

thresholdin fig. 12).

– timeavailablefor thedecision: � 1-1.3µs; if thedecisionis positiveaT1 YES

signal is generated,otherwisethe detectoris kept blind for � 10 µs (T1 NO

status)

– expecteddeadtime:a T1 NO rateof 1 kHz correspondsto adeadtimeof 1%.

� Level 1.5:

– baselinephilosophy:oncetheT1 YEShasbeengenerated,all thetriggerbits

arelatchedand,uponreceiptof theholdsignal,all theanalogsignals(TAA1s)

aresetto “hold”; aclock (24 cyclesat 5 MHz) generatedby theDH box seri-

alizesthetriggerbits ononeline perFEBfor theLevel 1.5processing.

Thesameclock,while transferringthebits, if thereis a lateralAC condition,

enablestheDH to countthenumberof x (y) triggeredASICsandthenumber

of x (y) triggeredviews and,by usinga RAM, to evaluatethe so called“R-

trigger”, thatis theratio of thenumberof triggeredASICsandthenumberof

triggeredviews; this ratiohasavalueof theorderof 1 for abackgroundevent

suchasa singlechargedparticle(1 ASIC perview) andgreaterfor a cosmic

γ-ray (if aphotonhasconverted,two particlesareproducedwhichcantrigger

morethanoneASIC perview).

If theR-valueindicatesthepresenceof a chargedparticle,theLevel 1.5pro-

cessordiscardsthe event beforestarting the distance-algorithmprocessing

(seeflow diagramin fig. 13).

Thedistance-algorithmprocessingis doneby comparingtherelativeposition

of thetriggeredASICswith respectto thehit lateralAC asshown in fig. 14. If

only oneof thelateralACsgivesasignal,thedistanceof thetriggeredASICs

from that AC is computed.This distanceincreasesif the event is a charged

particlewhich hasenteredtheAC (right partof fig. 14) anddecreasesif one

particleof thepair createdby thephotonhits theAC (left partof fig. 14).

Thisalgorithmis in practiceavetoof thefrontendfreeingphase.

– requiredtime for the decision: for the R-trigger, it is � 5 µs (essentiallythe

clockingphaseduration);for theLevel 1.5processingit is � 20 µs. Thetime

neededto resettheSiliconTracker FEEis 10 µs.

– expecteddeadtime:from thesimulationweestimateto haveaT1 YESrateof

500Hz andto cut 400Hz with theR-triggerand30 Hz morewith theLevel

1.5 processing;the total deadtimein caseof a negative decision,afterLevel

1.5processing,is then

�
5µs � 500Hz� 20µs � 100Hz� 10µs � 400Hz��� 10� 6 � 0 � 85%
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Figure14: Distance-algorithmprocessingin theLevel 1.5phase.

2.3.2 Thefrontendfreeing

To reducethe time neededby the readoutphase,a sparsereadoutwill be implemented.

Thus,only theTAA1s thathavegivena triggersignalwill beread.

EachASIC trigger bit is latcheduponreceiptof a T1 YES signalandstoredin a shift

registeron the FTB itself. The frontendfreeingphaseis controlledby a 5 MHz clock,

so that eachTAA1 needs25.6 µs to be readout. EachADC boardcontrolstwo views

(24 ASICs). Themaximumnumberof TAA1s thatcanbereadfor eachADC is 8 for a

maximumdeadtimeof 200µs.

Thetotal numberof 12-bitADCs is 14,organizedin 4 boards(TAB, TrackerAcquisition

Board). Fig. 15 describesthe working principle of the Tracker readoutboard,which is

controlledby a FPGA:thefour signalscomingfrom four FEBsaredigitizedby four 12-

bit ADCs with a 5 MHz clock. The four digital ADC outputsare multiplexed with a

20MHz clock andstoredin astaticRAM.

Thefrontendfreeingis thelastoperationof thesynchronousphaseof theTrackerreadout.

2.3.3 ThedatapreprocessingandtheLevel 2 trigger

ThedatapreprocessingandtheLevel 2 triggerareasynchronouswith respectto thesys-

temtiming andthusthey donot introducedeadtime.

The datapreprocessingcompressesthe event information in order to transferit to the

payloadCPU.It consistsof thefollowing phases:

� pedestalsubtraction:eachchannelpedestalis computedbeforeeachobservation

phaseandstoredin adedicatedmemoryregion
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Figure15: Schematicrepresentationof theTAB.

� commonmodesubtraction:for eachASIC themeanvalueof thestripADC counts

is computedandthensubtractedfrom thestrippulseheight.Thenoisyandthedead

channelsarenotusedin this operation,which is implementedin hardware.

� zerosuppression:thestripswhichhaveapulseheightlowerthanachosenthreshold

(expressedasa function of the channelnoiserms; e.g. 2 σ) aresuppressed.The

datacompressionfactoris estimatedto be96%.

TheLevel 2 processingis asoftware-onlyprocessperformedby theCPU.For each

Trackerview theclustersareidentifiedandtheir information(position,charge,numberof

strips)is stored.

Thealgorithmsusedfor theLevel 2 arebasedonthesamecriteriaof theLevel 1.5trigger

with a highermodularity, sincethey areperformedat theclusterlevel. Thesealgorithms

arestill understudyandthey will bedescribedin a forthcomingpublication.

The time neededfor the Level 2 phaseis of the orderof 5 ms. The input event rate is

70Hz while theoutputone(correspondingto theeventsthataretransmittedto ground)is

10-20Hz.
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3 The silicon detector performance

The final prototypeof the silicon detectorhasbeentestedwith the TA1 versionof the

frontendASIC duringa testbeamperiodat theT11beamlineat theCERNPS(EastHall,

May 1-11,2000).

The main featuresof the beamaresummarizedin tab. 3; for a detaileddescription,see

(5).

As farasthebeamparticlecompositionis concerned,therelativefractionof thedifferents

typesis shown in fig. 16.

Maximumdesignmomentum 3.5GeV/c
Theoreticalmomentumresolution 1.9%

Calculatedbeamcross-section 18(h)� 10(v) mm2

Productionangle 149.2mrad
Angularacceptance � 6.2(h)mrad, � 19.2(v)mrad

Table3: Main featuresof theT11 beam(h = horizontal,v = vertical).
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Figure16: Particlecompositionof theT11beamasa functionof theenergy.

Themaingoalof thetestwasto confirmand/orsuggestchangesto thedesignof the

detectorin orderto startthefinal production.In the following subsections,we describe

thetestbeamandthedetectorsetupandthemainresultswehaveobtained.
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3.1 Testbeamsetup

Fig. 17 showsthetestbeamsetup,which consistsof:

� a Cherenkov counterfor particleidentification,which is part of the T11 beamin-

strumentation,followedby thelastmagnetof theT11beamline;

� asystemof two plasticscintillators(S1andS2)of 3 � 5 cm2 and1 cmthick, for the

trigger;

� acoupleof delaywire chambers(6) for thebeamcharacterizationandmonitoring;

� a systemof 3 x-y silicon telescopes(7) for thetracking.Eachtelescopeis madeof

two single-sideAC-coupledsilicon detectorsof 3.2 � 3.2 cm2 with a readoutpitch

of 50 µm anda floatingstrip configuration;thedetectoris readoutby VA2 ASICs

(8);

� the detectorundertestwhich is shown in fig. 6; it is an AGILE laddermadeof

four HAMAMTSU prototypesconnectedtogetherwith 17 µm wire bondingsand

readoutby TA1s;

� the AGILE top anticoincidencescintillator and two of the bars of the CsI (Tl)

minicalorimeter;the test resultsof theseitemswill be the subjectof otherpubli-

cations.

Figure17: TestbeamsetupontheT11beamlineat theCERNPSfor theMay AGILE run.

Fig. 18showsthetestbeamdataacquisitionsystem,whichcanbedividedinto three

blocks:
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� trigger logic: thesignalsfrom thescintillatorsandtheCherenkov counteraredis-

criminatedandsentto thetriggerlogic for thegenerationof theDAQ triggerneeded

by themainacquisitionboard,theViking Sequencer6; thesamelogic treatstheTA1

triggersignalswhendigitized;

� beammonitoring:thesignalsfrom theDWCsandtheCherenkov counterareread-

outby asetof TDCs(LeCroy 1176and2228A)andusedin theoffline analysis;

� detectortest:thesiliconstripsignals(the1280stripsof eachof thethreetelescopes

andthe384ladderstrips)arereadoutby four 10 bit VME ADCs (Sirocco6) while

theinformationof theCsIbarsis readby a 10bit ADC CAEN V550.

Figure18: Testbeamdataacquisitionsystem.

Theanticoincidencehadanindipendentdataacquisitionsystemwhichis notshown

in fig. 18.

As farasthehardwareis concerned,weadoptedtheVME standardwhile theCAMAC is

accessedby meansof aCESCBD8210branchdriver.

TheDAQ systemhasto fulfil thefollowing tasks:

� generatethetiming sequencefor thereadoutwhena triggersignalis present;
6LEPSI,Strasbourg, France
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� get the informationfrom the detectors(the DWCs, the telescopes,the ladderand

theCsIbars)andwrite it on disk;

� checktherun conditionsandtheworkingparametersof theTA1s;

� displaythemonitorhistograms.

TheDAQ systemhasbeendevelopedso thateachtaskis controlledby a separate

process.Theinter-processcommunicationis performedvia TCP/IPusingtheRPCproto-

col (9).

This approachwould allow thedistribution of theavailableresourcesin a trasparentway

acrossthedifferentmachinesconnectedto anetwork.

In thepresentsetup,all theprocessesrunonaPCwith anAthlon 500MHz processorwith

theLinux operatingsystem.Theaccessto theVME is donethroughaBit3 Mod.617con-

troller (10).

Thedataacquisitionframerelieson theTcl/Tk package(11), which providesa flexible

structureto implementthedifferentfunctionsandto controlthemvia aGUI. Theaddition

of theTcl-DPpackage(12)hasgiventhepossibilityto easilydistributethefunctionalities

acrossthenetwork. Eachelementaryactionof eachtaskhasbeenimplementedasa Tcl

commandthatcanbeexecutedlocally or remotelyvia Tcl-DP.

Fig. 19 shows therelationshipamongthedifferentprocessesfor whatconcernsthe

dataandcommandflow, while fig. 20 presentsthegraphicalinterfaceof theprocesses:

� DAQ CONTROL: it is themainclient-onlyprocessandit is thesupervisorof the

activity of thedifferenttasks.It sendscommandsto theVME SERVER to configure

thesystemandto starttheacquisitionrun. It receivesinformationon therun itself

(runnumber, numberof events,run status)from theDAQ MONITOR.

� DAQ MONITOR: it is aserver-only process.It storestherunstatusandthenumber

of thelastprocessedeventandit fills thehistogramswith thedatacomingfrom the

VME SERVER. TheDAQ CONTROL hasaccessto thestatusdatato start/stopthe

run.

� VME SERVER: it is aclientprocesswith respectto theDAQ MONITOR,to which

it sendsthe data for the monitoring, and a server one with respectto the DAQ

CONTROL, from which it receivescommands.Sinceit is theonly processwhich

hasphysicalaccessto the VME bus, it is responsibleboth of the readoutsystem

configurationandof the readoutitself. It is alsotheprocesswhich writes thedata

ondisk (DATA LOGGER).

TheDAQ codeis written in C andC++ while thehistogrammingpart is built using

HPLOT (13).
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Figure19: Schematicof thetestbeamdataacquisitionsystem.

3.2 Testbeamresults

More than2.3million eventshavebeencollectedin orderto study:

� the ladderbehaviour accordingto theregion hit by thebeam(differentsilicon tile

or differentregion insidethetile);

� theladderbehaviour asafunctionof theangleof incidenceof thebeamwith respect

to thesiliconstrips,in termsof clusterpulseheight,signalto noiseratio,numberof

stripspercluster. Theincidenceangleis theanglebetweenthebeamandtheplane

of thesiliconstriptile. Therangebetween30# and90# (thatis theinterestingregion

for AGILE) hasbeenscannedin stepsof 15# . Fig. 21 definesthe incidenceangle

of thebeam:thetrackshavebeenchosenusingthey telescopeinformationin order

to guaranteethatthebeamis containedin a horizontalplaneandthex information

to selecttrackswith thesameangle.

� thetriggerefficiency of theladderasa functionof theincidenceangleof thebeam.

Pedestaldatafor all the strips are collectedin dedicatedruns and then analized

offline to computethepedestalvaluefor eachstrip (meanvalueof thedistribution of all

theevents)andthenoisermsbeforeandafterthesubtractionof thecommonmode.

All theresultspresentedin thefollowingsectionshavebeenobtainedwith apositive

chargedparticlebeam(mostlypions)characterizedby amomentumof 2 GeV/c.
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Figure20: Graphicalinterfaceof thetestbeamDAQ system,representingthe3 processes
describedin fig. 19.

3.2.1 Noise

Giventhecharacteristicsof thedetectorsundertest,it is possibleto computetheexpected

noisefor theAGILE ladder.

From(14), thedifferentnoisecontributionsare:

� from theleakagecurrent:

ENCleak
� e

q

$
qIleakTp % 4

with enaturallogarithmbase,q electroncharge,Ileak total strip leakagecurrentand

Tp shaperpeakingtime (in our case5 µs);

� from thepolarizationresistors:
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Figure21: Definitionof theincidenceangleof thebeamwith respectto thedetectorplane.

ENCres
� e

q

kTTp

2Rp

with kT=0.025eV at T=300K andRp biasingresistor;

� from theresistanceof themetalstrip:

ENCms
� Cte

q
kTRms

6Tp

with Rms total resistanceof themetalstripendto endandCt total stripcapacitance;

� from thereadoutASIC:

ENCTA1
� 165 � 6 � 1 � Ct

asgivenby IDE AS.

Thetotal noiseis computedasthesumin quadratureof thedifferentcomponents:

ENCtot
� ENCTA1 & ENCms & ENCres & ENCleak
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Tab. 4 shows the different noisecontributions expressedin rms electronsfor an

AGILE Silicon Tracker ladder.

NoiseContribution Value(rmse-)
ENCleak 227
ENCres 508
ENCms 45.5
ENCTA1 490
ENCtot 743

Table4: AGILE Silicon Tracker noisecontributionsfor a ladderexpressedin rms elec-
trons.

Fig. 22 shows the distribution of the rms noiseof all the ladderchannelsbefore

(13 ADC) andafterthecommonmode(CM) subtraction(5.9ADC). Thecommonmode

componentis givenby thefluctuationof all thechannelsat thesametime andis mainly

dueto pickupon thedetectorbiasvoltage.A too high CM couldprevent thepossibility

of settingthetriggerthresholdat 1/4of aMIP.
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Figure22: LaddernoisermsbeforeandaftertheCM subtraction.
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3.2.2 Ladderbehaviour

Someof themain featuresof thesilicon detector(implantwidth, interstripcapacitance)

havebeenchosenin orderto have morethanonestrip percluster, thusobtaininga better

position resolution,while at the sametime maintainingthe signalhigh enoughon the

readoutstripsto generatea triggerevenwhentheparticlecrossesthefloatingones.

Fig. 23showsthebeamprofilemeasuredby theladder(upperplot) andthecorrela-

tion betweentheladderandoneof thex telescopeposition(lowerplot).
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Figure23: Ladderbeamprofile (upperplot) andcorrelationbetweenthe ladderandone
of thex telescopeposition(lowerplot); two of theladderstripshavebeenexcludedin the
offline analysisbecauseof their highnoise.

Thefollowing methodhasbeenusedto definea clusterin eachevent:
� thepulseheightof eachstripPHi is definedas:

PHi
� rawi 2 pedi 2 CM

where rawi is the raw contentof the readoutchannelin ADC counts, pedi the

channelpedestalascomputedusingthe pedestalrun andCM the commonmode

contribution for theevent;
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� for eacheventa proceduresearchesfor thestrip with themaximumsignal,which

hasto begreaterthan5 timesthenoisermsof thestrip itself (σi);

� for eachevent thesameprocedureconsidersthestripscontiguousto theonewith

themaximumsignalwhich arecharacterizedby a ratio PHi % σi � 3. Thegroupof

stripsobtainedis calledacluster.

Thechoiceof thecutsfor thestripwith themaximumsignal(5 σ) andfor thenearby

ones(3 σ) is explainedby fig. 24, wherethe“pull” (definedastheratio of thestrip PH

andits noise)for thestripwith themaximumsignal(upperplot) andfor thenoise(lower

plot) is represented.
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Figure24: Upperplot: pull distribution for thestrip with themaximumsignal;thepeak
on theleft is theonedueto thenoisewhile theothertwo correspondto thecasein which
theparticlecrossesa readoutstrip (highersignal)or a floatingone(lower signal).Lower
plot: pull distribution for thenoise.

Fig. 25 shows the clusterpulseheightasa function of the incidenceangleof the

beam.Thefit with a1/cosθ functionis superimposed.

Fig. 26 shows theclusterpulseheightin ADC counts(upperplot) andthesignalto
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Figure25: Clusterpulseheightasa function of the incidenceangleof the beamwith
respectto thestripplane.Thefit hasbeenperformedwith a1/cosθ function.

noiseratio (SNR,lowerplot) definedas:

SNR � ∑i PHi

� noise �
wherethe sumis madeover the stripsof the cluster, PHi is the pulseheightof the i-th

stripand � noise � is themeanvalueof theclusternoise.

Both histogramshave beenobtainedwith a beamperpendicularto thedetectorandthey

havebeenfitted with asimplifiedLandaufunction(15):

F
�
λ � � 1=

2π
exp� 0 > 5 ? λ @ exp A λ �

whereλ � ∆E � ∆EMP
ξ andξ � FWHM % 4 � 02.

Fig. 27 shows thenumberof stripsperclusterasa functionof the incidenceangle

of thebeam.Evenfor largeangleswith respectto thepointingdirectionof AGILE, the

meanvalueis below 5, which is the maximumnumberof stripsper clusterthat canbe

transmittedto grounddueto telemetrybandwidthlimitations.

3.2.3 Positionresolution

To evaluatethe positionresolutionof the AGILE silicon detector, the track wasrecon-

structedusingthe informationof thesilicon telescopesnearestto the ladderandthedis-

tribution of the residuals,that is the distribution of the differenceof the extrapolated
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Figure26: Clusterpulseheight(upperplot) andSNR(lower plot) for an incidentbeam
perpendicularto thedetectorplane.Thefit hasbeendonewith asimplifiedLandaufunc-
tion describedin thetext.

positionon theladderandtheonemeasuredby theladderitself, wasplotted.

Theladdermeasuredpositionis computedwith acenterof gravity method,weightingthe

positionof eachclusterstrip with thepulseheightof thestrip itself.

Sincethebeammomentumis low (2 GeV/c), themultiple scatteringdueto thematerial

betweenthetwo telescopeshasto be takeninto account.Themultiple scatteringcontri-

bution to the telescopepositionresolutionhasbeenmeasuredreplacingthe ladderwith

thethird telescope.Theresulthasbeencomparedwith thetheoreticalcalculationandthe

simulation.

Fig.28showstheresidualdistributionobtainedwith anormalincidencebeamof 2 GeV/c.

Thepositionresolutioncanbeevaluatedfrom thesigmaof thegaussianfit σ f it as:

σres
� $

σ2
f it 2 σ2

ext

whereσext is the uncertaintyintroducedby the track reconstructionof the silicon tele-

scopes,which is dueto themultiplescattering.
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Figure27: Numberof stripsperclusterasa functionof theincidenceangleof thebeam.

Tab. 5presentsthepositionresolutionof theAGILE detectorasafunctionof theincidence

angleof thebeam.

Fig. 29 shows the advantage,in termsof spatialresolution,resultingfrom using

theanaloginformationon thechargecollectedby thesilicon strips. As far asthedigital

evaluationis concerned,theclusteris identifiedby applyinga 3σ cut to thestripsandthe

hit positionis thecenterof gravity of thecluster(in this case,all thestripsin thecluster

have thesameweight).

3.2.4 Triggerefficiency

Oneof themostinnovativefeaturesof theAGILE Tracker is representedby theautotrig-

gercapability.

Dedicatedrunshave beenperformedin orderto studythe trigger efficiency of the sili-

31



Constant
K

  4416.
Mean  0.4731E-05
Sigma
L

 0.5459E-02

Residuals (cm)

Angle = 90o

0
M

1000

2000

3000
N

4000

5000
O

-0.1 -0.075 -0.05 -0.025 0
M

0.025
M

0.05
M

0.075
M

0.1
M

Figure28: Positionresolutionat normalincidenceof thebeam.Thevalueobtainedwith
the fit is the convolution of the real position resolutionof the ladderand of the error
introducedby reconstructingthetrackwith thetelescopes.

Angle (degrees) σ f it (µm) σres (µm)
90 55 47
75 47 37
60 51 41.3
45 67 59
30 116 110

Table5: Positionresolutionof theAGILE detectorasa functionof theincidenceangleof
thebeam.

con stripsasa function of the incidentangleof the beam. The efficiency is evaluated

consideringfor eachthresholdthenumberof eventswith a high pulseheightin thestrip

with the maximumandno trigger signal. The presenceof a trigger signal is measured

with a multihit TDC thatfollows thetimedevelopmentof thetriggersignalitself sinceit

samplesup to 16 transitions.

Fig. 30showsthetime interval (y axis)in µsbetweentheparticlecrossingandthetrigger

signalgenerationasa functionof thesignalamplitude(x axis) in thestrip with themax-

imum. Theplot hasbeenobtainedwith a 2 GeV/c beamimpingingorthogonallyon the

silicondetector. TheTA1 thresholdhasbeensetto 50 keV (0.5MIP).
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Figure 29: Comparisonbetweenthe digital and the analogposition resolutionfor the
AGILE silicon detector.

Thelower is thepulseheight,thehigheris thetimeneededto generatethetrigger.

From the trigger efficiency point of view, the worst conditionis representedby a

particlecrossinga floating strip, which correspondsto the minimum signalseenby the

nearbyreadoutones.Fig. 31 shows thesignalamplitudeof thestrip with themaximum

asa functionof theincidenceangleof thebeamfor thetwo extremecasesof theparticle

crossingthecenterof a readoutstripor of afloatingstrip. Theline representsa threshold

of 1/4 of a MIP. The signal amplitudecorrespondsto the most probablevalue of the

Landaufunction(upperplot in fig. 26).

For all theanglesthesignalis higherthanthe threshold,ensuringthemaximumtrigger

efficiency. If the detectornoise increases,thus requiring an increasein the threshold

value,theefficiency will decreasefor tracksimpingingorthogonally. Fig. 32 shows the

efficiency asa functionof the thresholdvaluefor two incidentanglesof thebeam.The

measuredefficiency valuesarewritten in tab. 6.

3.3 Comparison betweendata and simulation

Fromthe testbeamdata,it is possibleto evaluatea setof detectorparameterswhich are

fundamentalfor thesimulationof thebehaviour of theentiresatellite.

ThetestbeamsetuphasbeensimulatedusingGEANT 3.21(16).

Thesilicon stripsareimplementedby dividing thesilicon itself in slicesof 121µm and

theenergy informationof eachof thesesub-volumesis savedfor eachevent.
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Figure30: Time interval betweentheparticlecrossingandthe triggersignalgeneration
asa functionof thesignalamplitudein thestripwith themaximum.

Threshold(keV) ε (%) at 90# ε (%) at 60#
25 99.46
38 99.4
51 99.13 99.25
64 98 99.57
76 85.1 99.55
89 68 98
102 58 91.4

Table6: Triggerefficiency asa function of the thresholdvaluefor an incidentangleof
thebeamof 60# and90# .

The capacitive couplingbetweenthe strips is implementedasdescribedin fig. 33: the

energy realeasedin eachstrip is multipliedby a factorandassignedto thenearbyreadout

strips. This procedureis applied for eachevent and for all the strips, and the signal

obtainedhasto becomparedwith themeasuredone.

Fig. 34 shows the comparisonof the positionresolutionasa function of the inci-

denceanglefor dataandsimulation.

Fig. 35 shows thecomparisondata-simulationfor thefunctionη which represents

theway thesignalis dividedbetweenadjacentstrips:
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Figure31: Signalamplitudeof thestripwith themaximumasa functionof theincidence
angleof thebeamfor thetwo extremecasesof a particlecrossingthecenterof a readout
stripor of a floatingone.

η � PHmax 2 PHmax� 1

PHmax � PHmax@ 1
if PHmax� 1 � PHmax@ 1

� PHmax@ 1 2 PHmax

PHmax@ 1 � PHmax
if PHmax@ 1 � PHmax� 1

wherePHmax is thesignalof thestripwith themaximumandPHmaxS 1 is thesignal

of thenearbystripwith thehighersignal.
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4 Conclusions

AGILE is a realsteptowardsthefutureof γ astrophysics,bothfor theinnovativetechnol-

ogy it usesandfor theperformaceit will reachbeingsuchanup-to-dateinstrument.

TheAGILE heartis theSiliconTracker. Around43000siliconchannelswill belaunched

in 2003for atotalof 4 m2 of silicondetectors,whichis thelargestnumberof siliconstrips

asfarassatellitesareconcernedup to now.

Thesilicondetectordescribedin thispaperis thelargesteverbuilt. Thetestbeamanalysis

hasdemonstratedthevalidity of theanalogreadoutandof thefloatingstripprincipleeven

with a largepitch detectorasthis one.In this way, it hasbeenpossibleto maintainunder

controlthenumberof channelsandthusthepowerneededby theinstrumentwhile at the

sametimeobtainingagoodspatialresolution.

No stability problemshave arisenin theuseof theensembledetector-electronics,which

is a fundamentalaspectfor asatelliteexperiment.

Thefinal productionof theAGILE silicon detectorsis underway andwill becompleted

beforethemiddleof theyear2001.
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