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Preface

Monte Carlosimulationis an essentialtool in emissiontomographyto assistin the designof
new medicalimagingdevices,assessnew implementationsof imagereconstructionalgorithms
and/orscattercorrectiontechniques,andoptimisescanprotocols.Although dedicatedMonte
Carlocodeshavebeendevelopedfor PositronEmissionTomography(PET)andfor SinglePho-
ton EmissionComputerizedTomography(SPECT),thesetoolssuffer from a varietyof draw-
backsandlimitations in termsof validation,accuracy, and/orsupport[1]. On theotherhand,
accurateandversatilesimulationcodessuchasGEANT3 [2], EGS4[3], MCNP [4], andre-
centlyGEANT4[5] havebeenwritten for highenergy physics.They all includewell-validated
physicsmodels,geometrymodelingtools,andef�cient visualizationutilities. However these
packagesarequitecomplex andnecessitateasteeplearningcurve.

GATE, the GEANT4Applicationfor Tomographic Emission[6, 7, 8, 9], encapsulatesthe
GEANT4 librariesin orderto achieve a modular, versatile,scriptedsimulationtoolkit adapted
to the�eld of nuclearmedicine.In particular, GATE providesthecapabilityfor modelingtime-
dependentphenomenasuchasdetectormovementsor sourcedecaykinetics,thusallowing the
simulationof timecurvesunderrealisticacquisitionconditions.

GATE wasdevelopedwithin theOpenGATE Collaboration[10] with theobjective to pro-
vide theacademiccommunitywith a freesoftware,general-purpose,GEANT4-basedsimula-
tion platform for emissiontomography. The collaborationcomprisedof 21 laboratoriesfully
dedicatedto thetaskof improving, documenting,andtestingGATE thoroughlyagainstmostof
the imagingsystemscommerciallyavailablein PETandSPECT[11, 12]. Particularattention
waspaidto providemeaningfuldocumentationwith thesimulationsoftwarepackage,including
installationanduser's guides,onlinesourcecodedocumentationby doxygen[13], anda list of
FAQs.Thiswill hopefullymakepossiblethelong termsupportandcontinuityof GATE, which
we intendto proposeasanew standardfor MonteCarlosimulationin nuclearmedicine.

In nameof theOpenGATE Collaboration:

ChristianMOREL, spokesman
PETinstrumentationgroup
LPHE-IPEP
EPFL,Lausanne
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Overview

GATE combinestheadvantagesof theGEANT4simulationtoolkit well-validatedphysicsmod-
els,sophisticatedgeometrydescription,andpowerful visualizationand3D renderingtoolswith
original featuresspeci�c to emissiontomography. It consistsof severalhundredC++ classes.
Mechanismsusedto managetime,geometry, andradioactivesourcesform a corelayerof C++
classescloseto theGEANT4 kernel[Fig. 1]. An applicationlayerallows for theimplementa-
tion of userclassesderivedfrom thecorelayerclasses,e.g. building speci�c geometricalvol-
umeshapesand/orspecifyingoperationson thesevolumeslike rotationsor translations.Since
theapplicationlayerimplementsall appropriatefeatures,theuseof GATE doesnotrequireC++
programming:a dedicatedscriptingmechanism- hereafterreferredto asthemacrolanguage-
thatextendsthe native commandinterpreterof GEANT4 makesit possibleto performandto
controlMonteCarlosimulationsof realisticsetups.

Figure1: Structureof GATE

One of the most innovative featuresof GATE is its capability to synchronizeall time-
dependentcomponentsin orderto allow a coherentdescriptionof theacquisitionprocess.As
for thegeometryde�nition, theelementsof thegeometrycanbesetinto movementvia script-
ing. All movementsof the geometricalelementsarekept synchronizedwith the evolution of
the sourceactivities. For this purpose,the acquisitionis subdivided into a numberof time-
stepsduringwhich theelementsof thegeometryareconsideredto beat rest. Decaytimesare
generatedwithin thesetime-stepsso that the numberof eventsdecreasesexponentiallyfrom
time-stepto time-step,anddecreasesalsoinsideeachtime-stepaccordingto thedecaykinetics
of eachradioisotope.This allows for themodelingof time-dependentprocessessuchascount
rates,randomcoincidences,or detectordead-timeon an event-by-eventbasis. Moreover, the
GEANT4interactionhistoriescanbeusedto mimic realisticdetectoroutput.In GATE,detector
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electronicresponseis modeledasa linearprocessingchaindesignedby theuserto reproduce
e.g.thedetectorcross-talk,its energy resolution,or its triggeref�ciency.

Chapter1 of this documentguidesyou to get startedwith GATE. The macrolanguageis
detailedin Chapter2. Visualisationtoolsaredescribedin Chapter3. Then,Chapter4 illustrates
how to de�ne a geometryby using the macrolanguage,Chapter5 how to de�ne a system,
Chapter6 how to attachsensitive detectors,and Chapter7 how to set up the physicsused
for the simulation. Chapter8 discussesthe different radioactive sourcede�nitions. Chapter
9 introducesthe digitizer which allows you to tuneyour simulationto the very experimental
parametersof your setup.Chapter10 draws thearchitectureof a simulation. Dataoutputare
describedin Chapter11. Finally, Chapter12 givestheprincipalmaterialde�nitions available
in GATE.
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Chapter 1

Getting started

This paragraphis anoverview of themainstepsonemustgo throughto performa simulation
usingGate. It is presentedin the form of a simpleexampleandtheuseris encouragedto try
out the example,in an interactive modeof Gate,while readingthis chapter. A moredetailed
descriptionof thedifferentstepsis givenin thefollowing chaptersof thisuser'sguide.

Theuseof Gatedoesnotrequireany C++programming.This is dueto adedicatedscripting
mechanismthatextendsthenativecommandinterpreterof GEANT4. This interfaceallows the
userto runGateprogramsusingcommandscriptsonly.
The goalof this �rst chapteris to give a brief descriptionof theuserinterfaceandto provide
a basicunderstandingof thebasicprinciplesof Gateby going throughthedifferentstepsof a
simulation.

1.1 General simulation architecture

In eachsimulation,theuserhasto:

1) de�ne thescannergeometry

2) de�ne thephantomgeometry

3) setup thephysicsprocesses

4) initialize thesimulation

5) setup thedetectormodel

6) de�ne thesource(s)

7) specifythedataoutputformat

8) starttheacquisition

Steps1) to 4) concernthe initialization of the simulation(PreInit> mode). Following the
initialization,steps5-8areperformedin IDLE> mode,in which thegeometrycanno longerbe
changed.Thefollowing paragraphwill illustratethesedifferentsteps.
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1.2The user interface: a macro language

1.2 The user interface: a macro language

Gate,just asGEANT4, is a programin which the userinterfaceis basedon scripts. To per-
form actions,theusermusteitherentercommandsin interactivemode,or build up macro�les
containinganorderedcollectionof commands.

Eachcommandperformsa particularfunction, andmay requireoneor moreparameters.
TheGatecommandsareorganizedfollowing a treestructure,with respectto thefunctionthey
represent.For example,all geometry-controlcommandsstartwith '/geometry/', andthey will
all befoundunderthe'/geometry/' branchof thetreestructure.

WhenGateis launched,thePreInit> promptappears.At this stagethecommandinter-
preteris active ; i.e. all theGatecommandsenteredwill be interpretedandprocessedon-line.
All functionsin Gatecanbeaccessedusingcommandlines. Thegeometryof thesystem,the
descriptionof the radioactive source(s),the physicalinteractionsconsidered,etc., canbe pa-
rameterizedusing commandlines, which are translatedto the Gatekernel by the command
interpreter. In this way, thesimulationis de�ned onestepata time,andtheactualconstruction
of the geometryandde�nition of the simulationcanbe seenon-line. If the effect is not as
expected,theusercandecideto re-adjustthedesiredparameterby re-enteringtheappropriate
commandon-line.Althoughenteringcommandsstepby stepcanbeusefulwhentheuseris ex-
perimentingwith thesoftwareor whenhe/sheis not surehow to constructthegeometry, there
remainsa needfor storingthesetof commandsthatled to a successfulsimulation.
MacrosareASCII �les (with '.mac' extension)in which eachline containsa commandor a
comment. Commandsare GEANT4 or Gatescriptedcommands; commentsstart with the
character'#'. Macroscanbe executedfrom within the commandinterpreterin Gate,or by
passingit asa command-lineparameterto Gate,or by calling it from anothermacro.A macro
or setof macrosmuststateall commandsdescribingthe differentsectionsof a simulationin
theright order. Usuallythesesectionsarevisualization,de�nitions of volumes(geometry),sys-
tems,digitizer, physics,initialization,source,outputandstart.Thesestepsaredescribedin the
next sections.A singlesimulationmaybe cut down into severalmacros,for instanceonefor
thegeometry, onefor thephysics,etc. Usually, thereis a mastermacrowhich calls themore
speci�c macros(seechapter??). Cuttingdown macrosallowstheuserto re-useoneor moreof
thesemacrosin severalothersimulations,and/orto organizethesetof all commands.Examples
of completemacroscanbefoundon thewebsitereferencedabove.
To executeamacro(mymacro.macin thisexample)from theLinux prompt,just type:

Gate mymacro.mac

To executeamacrofrom insidetheGateenvironment,typeafterthepromptPreInit:

PreInit>/control/execute mymacro.mac

And �nally , toexecuteamacrofrom insideanothermacro,simplywrite in themastermacro:

/control/execute mymacro.mac

In the following paragraphs,the main stepsto perform a simulationusing Gateare ex-
plained. To test this example,the usercan launchGateand can executeall the commands
proposedin this chapter, line by line.

- 4 -



1.3First step: De�ning a scannergeometry

1.3 First step: De�ning a scannergeometry

The �rst commandlinesenteredat theGatepromptareusuallydedicatedto thegraphicalin-
terface. For on-line veri�cation of the geometrybeingbuilt, a visualizationtool needsto be
installed,usingthefollowing commands.

# V I S U A L I Z A T I O N
/vis/open OGLSX
/vis/viewer/res et
/vis/viewer/vie wpoi ntT heta Phi 60 60
/vis/viewer/zoo m 1
/vis/viewer/set /s ty le surface
/vis/drawVolume
/tracking/store Tr aj ect or y 1
/vis/scene/endO fE ve ntA ct io n accumulate
/vis/viewer/upd at e
/gate/geometry/ enableA ut oUpdat e

Figure1.1: World volume

The differentvisualizationtools and their relatedcommandsare discussedin moredetail in
chapter2.
Thevisualizationbeingset,theuserneedstode�ne thegeometryof thesimulationbasedonvol-
umes.All volumesarelinkedtogetherfollowing a treestructurewhereeachbranchrepresents
a volume. Eachvolume is characterizedby shape,size,position,andmaterialcomposition.
Thebaseof thetreeis representedby the world volume(�g ??) which �x estheexperimental
framework of thesimulation. All Gatecommandsrelatedto theconstructionof thegeometry
aredescribedin detail in Chapter3.
The world volume is a box centeredat the origin. It canbe of any sizeandhasto be large
enoughto includethe entiresimulationgeometry. The trackingof any particlestopswhenit
escapesfrom the world volume. Theexamplegivenin this chaptersimulatesa systemthat
�ts into aboxof 40� 40� 40cm3. Thus,theworld volumemaybede�ned asfollows.

# W O R L D
/gate/world/geo metr y/s et XLengt h 40. cm
/gate/world/geo metr y/s et YLengt h 40. cm
/gate/world/geo metr y/s et ZLengt h 40. cm

Theworld containsoneor moresubvolumesreferredto asdaughtervolumes.

/gate/world/dau ghte rs/ name vol_name

The namevol_name of the �rst daughterof the world hasa speci�c meaningandname.
It �x es the type of scannerto be simulated. Chapter4 gives the speci�cs of eachtype of
scanner, alsocalled system (3 typesfor PETand2 typesfor SPECT).In thecurrentexample,
the systemis a CylindricalPETsystem. This systemassumesthat the scanneris basedon a
cylindrical con�guration(�g 1.2)of blocks,eachblockcontainingasetof crystals.

Theseseven commandlines describethe global geometryof the scanner. The shapeof the
scanneris a cylinder �lled with waterwith anexternalradiusof 100mmandaninternalradius

- 5 -



1.3First step: De�ning a scannergeometry

# S Y S T E M
/gate/world/dau ghte rs/ name cylindricalPET
/gate/world/dau ghte rs/ in se rt cylinder
/gate/cylindric al PET/s et Mate ri al Water
/gate/cylindric al PET/g eometr y/ set Rmax 100 mm
/gate/cylindric al PET/g eometr y/ set Rmin 86 mm
/gate/cylindric al PET/g eometr y/ set Heig ht 18 mm
/gate/cylindric al PET/v is /f or ce Wir ef ra me
/vis/viewer/zoo m 3

Figure1.2: Cylindrical scanner

of 86 mm. The lengthof the cylinder is �x ed to 18 mm. The last commandline forcesthe
visualizationto bein wireframe.
It is notedthat at any time, the usercan list all the possiblecommands.For example, the
commandline for thevisualizationcommandsis:

PreInit> ls /gate/cylindri ca lP ET/ vi s/

Let'sassumethatthescanneris madeof 30blocks(box1),eachblockcontaining8� 8 LSO
crystals(box2). The following commandlines constructthis scanner(seechapter3 to �nd a
detailedexplanationof thesecommands).
First of all, thegeometryof eachblock needsto bede�ned asthedaughterof thesystem(here
cylindricalPETsystem).

# FIRST LEVEL OF the system
/gate/cylindric al PET/d aughte rs /na me box1
/gate/cylindric al PET/d aughte rs /in se rt box
/gate/box1/plac ement/s et Tr ansl ati on 91. 0 0 mm
/gate/box1/geom et ry /se tX Length 10. mm
/gate/box1/geom et ry /se tY Length 17.75 mm
/gate/box1/geom et ry /se tZ Length 17.75 mm
/gate/box1/setM at er ial Water
/gate/box1/vis/ se tC olo r yellow
/gate/box1/vis/ fo rc eWire fr ame

Figure 1.3: �r st level of the
scanner

Oncethe block is created(�g 1.3), the crystalcanbe de�ned asa daughterof the block (�g
1.4).Thezoomcommandline in thescriptallowstheuserto zoomthegeometryandthepanTo
commandis usedto translatetheviewerwindow in 60 mmin horizontaland40 mmin vertical
directions(thedefault is theorigin of theworld (0,0)).

In orderto obtainthecompletematrixof crystals,thevolumebox2needsto berepeatedin the
Y andZ directions(�g 1.5).To obtainthecompletering detector, theoriginalblock is repeated
30 times(�g 1.6).

- 6 -



1.3First step: De�ning a scannergeometry

# C R Y S T A L
/gate/box1/daug ht er s/n ame box2
/gate/box1/daug ht er s/i ns er t box
/gate/box2/geom et ry /se tX Length 10. mm
/gate/box2/geom et ry /se tY Length 2. mm
/gate/box2/geom et ry /se tZ Length 2. mm
/gate/box2/setM at er ial LSO
/gate/box2/vis/ se tC olo r red
/gate/box2/vis/ fo rc eWire fr ame
# Z O O M
/vis/viewer/zoo m 4
/vis/viewer/pan To 60 -40 mm

Figure1.4: crystal,daughterof
theblock

Figure1.5: matrixof crystals

# R E P E A T C R Y S T A L
/gate/box2/repe at er s/i ns er t cubicArray
/gate/box2/cubi cArr ay/ se tR epeatNu mber X 1
/gate/box2/cubi cArr ay/ se tR epeatNu mber Y 8
/gate/box2/cubi cArr ay/ se tR epeatNu mber Z 8
/gate/box2/cubi cArr ay/ se tR epeatVe ct or 0. 2.25 2.25 mm

Thegeometryof this simplePETscannerhasnow beenspeci�ed. Thenext stepis to connect
this geometryto thesystemin orderto storedatafrom particleinteractions(calledhits) within
thevolumeswhichrepresentdetectors(sensitivedetectoror physicalvolume).Gateonly stores
hits for thosevolumesattachedto a sensitivedetector. Hits regardinginteractionsoccurringin
non-sensitivevolumesarelost. A volumemustbelongto asystembeforeit canbeattachedto a
sensitivedetector. Hits, occurringin avolume,cannotbescoredin anoutput�le if this volume
is not connectedto a systembecausethis volumecannot be attachedto a sensitive detector.
Theconceptsof systemandsensitivedetectorarediscussedin moredetail in thechapter4 and
5 respectively.
Thefollowing commandsareusedto connectthevolumesto thesystem.

# A T T A C H Volumes To a S Y S T E M
/gate/systems/c yl in dri ca lP ET/r sec to r/ at ta ch box1
/gate/systems/c yl in dri ca lP ET/modu le /a tt ac h box2

Thenamesrsector andmodule are�x ednamesandcorrespondto the�rst andthesecond

- 7 -



1.4Secondstep: De�ning a phantom geometry

# R E P E A T R S E C T O R
/gate/box1/repe at er s/i ns er t ring
/gate/box1/ring /s et RepeatN umber 30
# Z O O M
/vis/viewer/zoo m 0.25
/vis/viewer/pan To 0 0 mm

Figure1.6: completering of 30
block detectors

levelsof thecylindricalPET system(seechapter4).

In order to save the hits (seechapter8) in the volumescorrespondingto the crystalsthe
appropriatecommand,in thisexample,is:

# Define a S E N S I T I V E Detector
/gate/box2/att ac hCrys ta lS D

At this level of themacro�le, theusercanimplementdetectormovement.
Oneof themostdistinctive featuresof Gateis themanagementof time-dependentphenomena,
suchasdetectormovementsandsourcedecayleadingto a coherentdescriptionof theacquisi-
tion process.For simplicity, thesimulationdescribedin this tutorial doesnot take into account
the motion of the detectoror the phantom.Chapter3 describesthe movementof volumesin
detail.

1.4 Secondstep: De�ning a phantom geometry

The volumeto be imagedis built accordingto the sameprinciple usedto build the scanner.
The externalenvelopeof the phantomis a daughterof the world. The following command
linesdescribea cylinder with a radiusof 10 mm anda lengthof 30 mm. Thecylinder is �lled
with waterandwill be displayedin gray. This objectrepresentsthe attenuationmediaof the
phantom. In orderto retrieve informationsaboutthe Comptonandthe Rayleighinteractions
within thephantom,a sensitive detector(phantomSD) is associatedwith thevolumeusingthe
following commandline:

# P H A N T O M defined as S E N S I T I V E
/gate/my_phanto m/at tac hPhant omSD
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1.5Third step: Setting-up the physicsprocesses

# P H A N T O M
/gate/world/dau ghte rs/ name my_phantom
/gate/world/dau ghte rs/ in se rt cylinder
/gate/my_phanto m/se tMa te ri al Water
/gate/my_phanto m/vi s/s et Colo r grey
/gate/my_phanto m/geometr y/ se tR max 10. mm
/gate/my_phanto m/geometr y/ se tH eig ht 30. mm

Figure 1.7: cylindrical phan-
tom

Two typesof informationwill now berecordedfor eachhit in thehit collection:

� The numberof scatteringinteractionsgeneratedin all physicalvolumesattachedto the
phantomSD.

� Thenameof thephysicalvolumeattachedto thephantomSDin whichthelastinteraction
occurred.

Theseconceptsarediscussedmorefully in chapter5.

1.5 Third step: Setting-up the physicsprocesses

After the descriptionof the volumesand the correspondingsensitive detectors,oneneedsto
specifywhich interactionprocessesareto beincludedin thesimulation.
Threestepsareexpectedto bede�ned by theuser:

- specifytype(s)of particleto betransported

- specifythephysicsprocessesto betakeninto account

- settheproductioncuts

GateusestheGEANT4modelsfor physicalprocesses.Theuserhasto chooseamongthesepro-
cessesfor eachparticle. For photons,the following processescanbemodeled;Photo-electric
effect ComptonandRayleighscatteringandpair production.For electrons,thefollowing pro-
cessescan be modeled;ionization,Moller scatteringand Bremsstrahlung.For the electron-
positronannihilation,thegammapairnon-collinearityis modeled.

For eachtype of interaction,the usercanchoosebetweentwo modelsor ignore the interac-
tion completely;
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1.6Fourth step: Initialization

- standard: usestandardmodel(transportof photonsandelectronsdownto10keV, Raleigh
scatteringnotmodeled)

- lowenergy : uselow-energy model(transportof photonsandelectronsdown to 250eV,
Raleighscatteringincluded)

- inactive : donot simulatetheinteraction

Thedefault Gatephysicsis;

- for gammaparticle,low-energy modelsusedfor all theprocesses

- for electronparticlesthestandardmodelsareused.

Thefollowing is anarbitraryexampleof aphysicslist:

/gate/physics/g amma/se le ct Phot oEl ec tr ic lowenergy
/gate/physics/g amma/se le ct Compton lowenergy
/gate/physics/g amma/se le ct GammaConv er si on standard
/gate/physics/g amma/se le ct Rayl eig h inactive

Gateallows to setthreecuts;

- rangecut for theelectrons

- Energy cut for X-rays

- Energy cut for deltarays

For the mostaccurateresults,oneshoulduselow cuts,or even no cutsat all (a low cut
alwaysexist for instanceto avoid infrareddivergencein thedeltarayproduction,seeGEANT4
documentation)sothatall secondaryparticlesareproducedandtracked. In thiscasethephysics
is veryaccurate,but thesimulationis slow. For fastsimulation,oneshoulduselargecut values
in orderto minimizethetimespenton thetrackingof secondaryparticles.

# High cuts for fast simulation
/gate/physics/s et El ect ro nCut 1000. km
/gate/physics/s et XRayCut 1. GeV
/gate/physics/s et Delta RayCut 1. GeV

Thedetailsof theinteractionsprocessesandcutsavailablein Gatearedescribedin chap.6.

1.6 Fourth step: Initialization

Whentheprecedingsteps,correspondingto thePreInit modeof GEANT4,areset,thesimula-
tion shouldbeinitializedusingthefollowing command;

# I N I T I A L I Z E
/run/initialize

Theprincipaleffect of this initialization is thatthecrosssectiontablesarecomputed.After
this step,the physicslist cannot be modi�ed any moreandnew volumescannot be inserted
into thegeometry.
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1.7Fifth step: Setting-up the digitizer

1.7 Fifth step: Setting-up the digitizer

Thebasicoutputof Gateis ahit collectionin which informationssuchastheposition,thetime
andtheenergy of eachhit arestored.Thehistoryof a particleis thussavedthroughall thehits
generatedalongits track. The goal of the digitizer is to build physicalobservablesfrom the
hits andto modelreadoutschemesandtrigger logics. Several functionsaregroupedunderthe
Gatedigitizerobject,which is composedof differentmodulesthatmaybeinsertedinto a linear
signalprocessingchain. As anexample,the following commandline insertsanadderto sum
thehitsgeneratedperelementaryvolume(a singlecrystalde�ned asbox2in ourexample).

/gate/digitizer /S in gle s/ in se rt adder

Anothermodulecandescribethereadoutschemeof thesimulation.Exceptwhenonecrystal
is readoutby onephoto-detector, thereadoutsegmentationcanbedifferentfrom theelementary
geometricalstructureof thedetector. The readoutgeometryis anarti�cial geometrywhich is
usuallyassociatedwith agroupof sensitivedetectors.In thisexample,thisgroupis box1.

/gate/digitizer /S in gle s/ in se rt readout
/gate/digitizer /S in gle s/ re adout/s et Dept h 1

In this example,the readoutmodulesumsthe energy depositedin all crystalswithin the
block and determinesthe positionof the crystal with the highestenergy deposited("winner
takesall). ThesetDepthcommandspeci�esatwhichgeometrylevel (called"depth")thereadout
functionis performed.In thecurrentexample:

- baselevel (CylindricalPET)= depth0

- 1srtdaughter(box1)of thesystem= depth1

- next daughter(box2)of thesystem= depth2

- andsoon ....

In order to take into accountthe energy resolutionof the detectorand to collect singles
within apre-de�nedenergy window only, a new modulecanbeadded.

# ENERGYBLURRING
/gate/digitizer /S in gle s/ in se rt blurring
/gate/digitizer /S in gle s/ bl ur ri ng/ se tR es ol uti on 0.19
/gate/digitizer /S in gle s/ bl ur ri ng/ se tE nerg yOf Refe re nc e 511. keV
# ENERGYWINDOW
/gate/digitizer /S in gle s/ in se rt thresholder
/gate/digitizer /S in gle s/ th re sh old er /s et Thres hold 350. keV
/gate/digitizer /S in gle s/ in se rt upholder
/gate/digitizer /S in gle s/ uphold er/ se tU phol d 650. keV

Here,a resolutionof � E
E = 19%at 511KeV is set. Furthermore,theenergy window is set

from 350keV to 600keV.
For PETsimulations,thecoincidencesorteris alsoimplementedat thedigitizer level.

# C O I N C I D E N C E S O R T E R
/gate/digitizer /C oi nci denc es /s etWin dow 10. ns

Additional digitizermodulesareavailablein Gateandcanbefoundin chapter8.
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1.8Sixth step: Setting-up the source

1.8 Sixth step: Setting-up the source

In Gate,a sourceis representedby a volumein which theparticles(positron,gamma,ion, pro-
ton,...)areemitted.Theusercande�ne thegeometryof thesourceaswell asits characteristics
suchasthedirectionof emission,theenergy distribution, andtheactivity. Thelifetime of un-
stablesources(radioactive ions)is usuallyobtainedfrom theGEANT4database,but it canalso
besetby theuser.
A voxelizedphantomor a patientdatasetcanalsobeusedto de�ne thesource,in orderto re-
producerealisticacquisitions.For acompletedescriptionof all availablefunctions,seechap.7.

In thecurrentexample,thesourceis aline sourcewith anactivity of 1 MBq. Theline source
is de�ned asa cylinder with a radiusof 0.5 mm anda lengthof 50 mm. Thesourcegenerates
pairsof 511keV gammaparticlesemitted'back-to-back'(for amorerealisticsourcemodel,the
rangeof thepositronandthenoncollinearityof its two gammascanalsobetakeninto account).

# S O U R C E
/gate/source/ad dSource twogamma
/gate/source/tw ogamma/se tA ct iv ity 100000. becquerel
/gate/source/tw ogamma/se tT yp e backtoback
# Position
/gate/source/tw ogamma/gps/ ce nt re 0. 0. 0. cm
# particle
/gate/source/tw ogamma/gps/ part icl e gamma
/gate/source/tw ogamma/gps/ ener gyt yp e Mono
/gate/source/tw ogamma/gps/ monoenerg y 0.511 MeV
# TYPE= Volume or Surface
/gate/source/tw ogamma/gps/ ty pe Volume
# SHAPE= examples Sphere or Cylinder
/gate/source/tw ogamma/gps/ sh ape Cylinder
/gate/source/tw ogamma/gps/ ra di us 0.5 mm
/gate/source/tw ogamma/gps/ half z 25 mm
# Confinement option = Only emission points inside the
# confinement volume are accepted
# here NULL means no confinenemt
/gate/source/tw ogamma/gps/ co nf ine NULL
/gate/source/tw ogamma/gps/ angt ype iso
# Set min and max emission angles
/gate/source/tw ogamma/gps/ mi nt het a 0. deg
/gate/source/tw ogamma/gps/ maxt het a 180. deg
/gate/source/tw ogamma/gps/ mi nphi 0. deg
/gate/source/tw ogamma/gps/ maxp hi 360. deg
/gate/source/li st

1.9 Seventh step: De�ning data outputs

By default, the dataoutputformatsfor all the systemsusedby GateareASCII andROOT as
describedin thefollowing commandlines
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1.10Eighth step: Starting an acquisition

# ASCII Output format
/gate/output/as ci i/ set OutF il eHits Fl ag 0
/gate/output/as ci i/ set OutF il eSing le sFla g 1
/gate/output/as ci i/ set OutF il eCoin ci denc es Fla g 1
# ROOTOutput format
/gate/output/ro ot /s etF il eName test
/gate/output/ro ot /s etR ootS in gl esF la g 1
/gate/output/ro ot /s etR ootC oi nc ide nc es Fl ag 1

In thisscript,severalASCII �les ( �datextension)andA ROOT �le (test.root) arecreated.Chapter10
explainshow to readthese�le types.

For somescannercon�gurations,the eventsmay be storedin a sinogramformat or in List Mode
Format(LMF). Thesinogramoutputmodulestoresthecoincidenteventsfrom acylindrical scannersys-
tem in a setof 2D sinogramsaccordingto the parameterssetby the user(numberof radial bins and
angularpositions).One2D sinogramis createdfor eachpair of crystal-rings.Thesinogramsarestored
eitherin raw formator ecat7format.TheList ModeFormatis theformatdevelopedby theCrystalClear
Collaboration(LGPL licence). A library hasbeenincorporatedin Gateto read,write, andanalyzethe
LMF format.A completedescriptionof all theavailableoutputsis givenin chapter10.

1.10 Eighth step: Starting an acquisition

In the next and�nal stepthe acquisitionis de�ned. The beginning andthe endof the acquisitionare
de�ned as in a real life experiment,using the commandssetTimeStartandsetTimeStop. In addition,
Gateneedsa time sliceparameter(setTimeSlice)which de�nes time periodduringwhich thesimulated
systemis assumedto bestatic. At thebeginningof eachtime-slice,thegeometryis updatedaccording
to the requestedmovements.During eachtime-slice,thegeometryis kept staticandthesimulationof
particletransportanddataacquisitionproceeds.

/gate/applicati on/s etT im eSli ce 1. s
/gate/applicati on/s etT im eSta rt 0. s
/gate/applicati on/s etT im eSto p 1. s
# S T A R T the A C Q U I S I T I O N
/gate/applicati on/s tar tD AQ

Figure 1.8: Simulation is
started

Thenumberof projectionsor runsof thesimulationis thusde�ned by:

N r un =
setTimeStop-setTimeStart

setTimeSlice
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1.10Eighth step: Starting an acquisition

In thecurrentexample,thereis no motion, theacquisitiontime equals1 secondandthenumberof
projectionsequalsone.
If you want to exit from theGateprogramwhenthesimulationtime exceedthe time duration,the last
line of yourprogramhasto beexit
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Chapter 2

Visualization

2.1 Intr oduction

Thevisualizationoptionsin GATEprovidethesamefunctionalityasprovidedin GEANT4. Mostoptions
in GEANT4 to visualizedetectorgeometry, particletrajectories,trackingsteps,etc. areavailablealso
in GATE. Thegraphicssystemsthatcanbeselectedin GATE are:DAWNFILE, VRMLFILE (version1
and2) andOpenGLin storedandimmediatemode,with OpenGLrequiredasanexternallibrary. Most
of thelibrariesareavailablein freeimplementations.

2.2 Important Hints

When loading digital imagesin combinationwith OpenGL,insteadof the frequentlyusedStored-X
viewer, theOpenGLImmediate-Xviewer is recommended.

ConcerningDAWN andVRMLVIEW it shouldbenoted,thatcomplicatedgeometriesmaytakevery
longto getrendered,likeahugenumberof crystalsin acylindrical PETsystem.To decreasethe�le size
andto speedup thevisualizationthefollowing optionmaybeused:

/gate/crystal/v is /s etV is ib le 0

Now theindividual crystalsarenot rendered,insteadthey areshown asawireframe.

2.3 CommandLines

Basic commandlines as they are usedin most macro �les. Thesecommandsare provided by the
GEANT4-package.

2.3.1 Visualization with OpenGL

# V I E W E R # We open an OpenGL Stored-X viewer which is the
#standard viewer

/vis/open OGLSX

# or we open an OpenGL Immediate-X viewer used for digital images
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2.3CommandLines

/vis/open OGLIX

# define zoom factor
/vis/viewer/zoo m 1.5

# Set the viewing angle
/vis/viewer/vie wpoi ntT heta Phi 5 60

# Set the drawing style
/vis/viewer/set /s ty le surface

# Tell the viewer to draw the volumes
/vis/drawVolume

# The trajectories for each run should be drawn together
# don't store trajectories = 0; store trajectories = 1
/tracking/store Tr aj ect or y 1

# Requests viewer to refresh hits, tracks, etc., at end of event.
# Or they are accumulated. Detector remains or is redrawn.
/vis/scene/endO fE ve ntA ct io n accumulate

Thefollowing commandsimplementadditionaloptionsfor applicationwithin GATE:

# draw object in WireFrame Mode
/gate/block/vis /f or ceWir ef ra me

or

# draw object to appear as a solid
/gate/block/vis /f or ceSol id

# define object color
/gate/block/vis /s et Col or blue

Insteadof blockalsobody;cylindrical; crystal;ecat;module;scource;scannercanbeusedin macros.

2.3.2 Visualization with DAWN

Insteadof real-timevisualizationbasedon OpenGL,storing imagesin a �le (mostly eps)for further
processingis oftenwanted.DAWN offersmany of thesefeatures.

The packagecan be downloadedfrom the Internetand installed following the instructiongiven
therein.

http://geant4.k ek .j p/~ ta naka /s rc/ dawn_3_85e. ta z

To useDAWN andDAWNFILE in your macroyou have to addthe following line, while omitting
thestatementfor OpenGL.
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2.3Command Lines

/vis/open DAWNFILE

/vis/viewer/res et
/vis/viewer/set /v ie wpoin tT heta Phi 30 0
/vis/viewer/zoo m 1.5

/vis/drawVolume
/tracking/store Tr aj ect or y 1
/vis/scene/endO fE ve ntA ct io n accumulate

/vis/viewer/upd at e
/vis/viewer/ref re sh

Note,thatspeci�c lineshave to beaddedto theenvironmentof your shell in orderto have accessto
DAWN insideGATE (for examplein a c-shell):

if ( Xn == Xy ) then
setenv G4VIS_BUILD_DAWN_DRIV ER 1
echo "On this machine the G4VIS_BUILD_DAWN_DRI VER=$G4VI S_BUIL D_DAWN_DRIV ER"
endif

andalso

if ( Xn == Xy ) then
setenv G4VIS_USE_DAWN1
echo "On this machine the G4VIS_USE_DAWN=$G4VI S_USE_DAWN"
endif

2.3.3 Visualization with VRML

Sometimesit may be helpful to checka geometrysetupby interactively manipulatingthe visualized
scene.Thesefeaturesareofferedby usingthe option VRML2FILE in connectionwith an appropriate
viewer like vrmlview. Suchaviewer canbefreelydownloadedfrom:

http://www.sim. no/p rod uc ts /V RMLvi ew/

Note,thatyouhave to adda line to yourenvironment:

setenv G4VRMLFILE_VIEWER vrmlview

For usingthis option in Gate,the following line hasto beaddedto a macroandthecorresponding
line for OpenGlomitted.Duringprocessingin GATE, a �le is writtenwith theextensionwrl.

/vis/open VRML2FILE

Again, theappropriateenvironment,asshown for thec-shell,hasto besetup:
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2.3CommandLines

if [ Xn = Xy ] ; then
G4VIS_BUILD_VRML_DRIVE R=1
export G4VIS_BUILD_VRML_DRIV ER
echo "On this machine the
G4VIS_BUILD_VRML_DRIVE R=$G4VIS _BUIL D_VRML_DRIV ER"
fi

if [ Xn = Xy ] ; then
G4VIS_USE_VRML=1
export G4VIS_USE_VRML
echo "On this machine the G4VIS_USE_VRML=$G4VI S_USE_VRML"
fi
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Chapter 3

De�ne a geometry

The de�nition of geometryis a key stepin designinga simulationbecauseit is throughthe geometry
de�nition thatthe imagingdevice andobjectaredescribed.Particlesarethentracked throughthecom-
ponentsof thegeometry.
Thischapterexplainshow to de�ne thedifferentcomponentsof thegeometry.

3.1 The world

3.1.1 De�nition

Theworld is theonly volumealreadyde�ned in GATE whenstartinga macro.All volumesarede�ned
asdaughtersor grand-daughtersof theworld. Theworld volumeis atypicalexampleof aGATE volume
andhasprede�nedproperties.Theworld volumeis aboxcentredat theorigin. For any particle,tracking
stopswhenit escapesfrom theworld volume.Theworld volumecanbeof any sizeandhasto belarge
enoughto includeall volumesinvolvedin thesimulation.

3.1.2 Use

The �rst volumethat canbe createdmustbe the daughterof the world volume. Any volumemustbe
includedin theworld volume.Thegeometryis built from theworld volume.

3.1.3 Description and modi�cation

The world volume hasbeende�ned with default parameters:shape,dimensions,material,visibility
attributesandnumberof children.Theseparameterscanbeeditedusingthefollowing GATE command:

/gate/world/des cr ib e

Theoutputof thiscommandis shown in �gure 3.1.
Theparametersassociatedwith theworld volumecanbemodi�ed to beadaptedto aspeci�c simulation
con�guration.Only theshapeof theworld volume,which is abox,cannotbechanged.
For instance,theX lengthcanbechangedfrom 50cmto 2 m using:

/gate/world/geo metr y/s et XLengt h 2. m

Theothercommandsneededto modify theworld volumeattributeswill begivenin thenext sections.
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3.2Creatinga volume

Figure3.1: Descriptionof thedefault parametersassociatedwith theworld volume

3.2 Creatinga volume

3.2.1 Generality - Treecreation

Whena volumeis createdwith GATE, it automaticallyappearsin the GATE tree(seechapter1). All
commandsapplicableto the new volumearethenavailable from this GATE tree. For instance,if the
nameof thecreatedvolumeis Volume_Name, all commandsapplicableto thisvolumestartwith:

/gate/Volume_Na me/

Thetreeincludesthefollowing commands:
- setMaterial:To assigna materialto thevolume
- attachCrystalSD:To attach a crystal-SensitiveDetector to thevolume
- attachPhantomSD:To attach a phantom-SensitiveDetector to thevolume
- enable:To enablethevolume
- disable:To disablethevolume
- describe:To describethevolume

The tree includessub-treesthat relateto differentattributesof the volumeVolume_Name. The avail-
ablesub-treesare:
- daughters/:To inserta new 'daughter'in thevolume
- geometry/:To control thegeometryof thevolume
- vis/: To control thedisplayattributesof thevolume
- repeaters/:To applya new ' repeater'to thevolume
- moves/:To 'move' thevolume
- placement/:To control theplacementof thevolume

Thecommandsavailablein eachsub-treewill bedescribedin Sections3.2.4,3.3,3.4and3.5.
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3.2Creating a volume

3.2.2 Units

Differentunitsareprede�nedin GATE (seeTable3.1)andshallbereferredto usingthecorresponding
abbreviation. Thelist of unitsavailablein GATE canbeeditedusing:

/units/list

insidetheGATE environment(seeChapter1).

3.2.3 Axes

Any positionin theworld is de�ned with respectto a three-axissystem:X, Y andZ. Thesethreeaxes
canbeseenin thedisplaywindow using:

/gate/world/dau ghte rs/ in se rt 3axes

Figure3.2shows thethree-axissystem.

Figure3.2: Three-axissystemde�ned in GATE. Thered,greenandblueaxesaretheX, Y and
Z axesrespectively.

To displayanaxiswith respectto thevolumeName_Volume, thecommand

/gate/Name_Volu me/d aught er s/ in ser t axe*

canbeused,where* canbeX, Y or Z.
The X, Y and Z axesarede�ned asvolumesbut they do not meeta fundamental rule of the Geant4
volumes,namely that a children volume must be included in its mother volume. Thesevolumes
should therefore not be usedduring the simulation asthis would inducewrongparticle transport.
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3.2Creatinga volume

LENGTH SURFACE VOLUME ANGLE

parsec pc radian rad

kilometer km kilometer2 km2 kilometer3 km3 milliradian mrad

meter m meter2 m2 meter3 m3 steradian sr

centimeter cm centimeter2 cm2 centimeter3 cm3 degree deg

millimeter mm millimeter2 mm2 millimeter3 mm3

micrometer mum

nanometer nm

angstrom Ang

fermi fm

TIME SPEED ANGULAR SPEED ENERGY

second s meter/s m/s radian/s rad/s electronvolt eV

millisecond ms centimeter/s cm/s degree/s deg/s kiloelectronvolt keV

microsecond mus millimeter/s mm/s rotation/s rot/s megaelectronvolt MeV

nanosecond ns meter/min m/min radian/min rad/min gigaelectronvolt GeV

picosecond ps centimeter/min cm/min degree/s deg/s teraelectronvolt TeV

millimeter/min m/min rotation/s rot/s petaelectronvolt PeV

meter/h m/h radian/min rad/min joule J

centimeter/h cm/h degree/min deg/min

millimeter/h mm/h rotation/min rot/min

rotation/h rot/h radian/h rad/h

degree/h deg/h

ACTIVITY - DOSE AMOUNT OF SUBSTANCE MASS VOLUMIC MASS

becquerel Bq mole mol milligram mg g/cm3 g/cm3

curie Ci gram g mg/cm3 mg/cm3

gray Gy kilogram kg kg/m3 kg/m3

ELECTRIC CHARGE ELECTRIC CURRENT ELECTRIC POTENTIAL MAGNETIC FLUX - MAGNETIC FLUX DENSITY

eplus e+ ampere A volt V weber Wb

coulomb C milliampere mA kilovolt kV tesla T

microampere muA megavolt MV gauss G

nanoampere nA kilogauss kG

TEMPERATURE FORCE - PRESSURE POWER FREQUENCY

kelvin K newton N watt W hertz Hz

pascal Pa kilohertz kHz

bar bar megahertz MHz

atmosphere atm

Table3.1: List of unitsavailablein GATE andcorrespondingabbreviations

3.2.4 Building a volume

Any new volume must be createdas the daughterof anothervolume (i.e., World volume or another
volumepreviouslycreated).
Threerulesmustberespectedwhencreatinganew volume:
- A volume which is locatedinsideanother must be its daughter;
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3.2Creating a volume

- A daughter must be fully included in its mother;
- Volumesmust not overlap.
Errorsin building thegeometryyield wrongparticletransportation,hencemisleadingresults!

Creating a new volume

To createanew volume,the�rst stepis to give it anameandamotherusing:

/gate/mother_Vo lu me_Name/d aughter s/ name Volume_Name

This commandpreparesthe creationof a new volumenamedVolume_Namewhich is the daughterof
mother_Volume_Name.
Somenamesshouldnotbeusedasthey haveprecisemeaningsin GATE . Thesenamesarethenamesof
the6 GATE systems(seechapter4) currentlyde�ned in GATE : scanner, PETscanner, cylindricalPET,
SPECTHead, ecatandCPET.
Thecreationof anew volumeis completedonly whenassigningashapeto thenew volume.Thetree

/gate/Volume_Na me/

is thengeneratedandall commandsin thetreeandthesub-treesareavailablefor thenew volume.
Differentvolumeshapesareavailable,namely:box, sphere, cylinder, cone,ellipsoid, hexagon,poly-
gon,extruded trapezoid and parallelepiped.
Thecommandline for listing theavailableshapesis:

/gate/world/dau ghte rs/ in fo

Thecommandline for assigninga shapeto avolumeis:

/gate/daughter_ Volu me_Name/d aught er s/ in se rt Volume_shape

whereVolume_shapeis theshapeof thenew volume.
Volume_shapemustnecessarilybeoneof theavailablenames(i.e.,boxfor box,spherefor sphere,cylin-
derfor cylinder, conefor cone,ellipsofor atubewith anelliptical base, hexagonefor hexagon,polycone
for polygon,trpd for extrudedtrapezoidor parallelepipedfor parallelepiped).Thecommandline assigns
theshapeto thelastvolumethathasbeennamed.

Thefollowing commandlists thedaughtersof avolume:

/gate/Volume_Na me/d aught er s/ li st

� Example

/gate/world/dau ghte rs/ name Phantom
/gate/world/dau ghte rs/ in se rt box

Thenew volumePhantomwith aboxshapeis insertedin theWorld volume.
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3.2Creatinga volume

De�ning a size

After creatinga volume with a shape,its dimensionsare the default dimensionsassociatedwith that
shape.Thesedefault dimensionscanbemodi�ed usingthesub-tree

/geometry/

Thecommandsavailablein thesub-treedependon theshape.Thedifferentcommandsfor eachtypeof
shapearelistedin table3.2.
Thesecommandscanbefoundin thedirectory

/gate/Volume_Na me/g eomet ry

BOX TRPD

setXLength Setthelengthof theboxalongtheX axis setX1Length Sethalf lengthalongX of theplaneat -dzposition

setYLength Setthelengthof theboxalongtheY axis setY1Length Sethalf lengthalongY of theplaneat -dzposition

setZLength Setthelengthof theboxalongtheZ axis setX2Length Sethalf lengthalongX of theplaneat +dz position

SPHERE setY2Length Sethalf lengthalongY of theplaneat +dz position

setRmin Settheinternal radiusof thesphere (0 for full sphere) setZLength Sethalf lengthalongZ of thetrapezoid

setRmax Settheexternalradiusof thesphere setXBoxLength Sethalf lengthalongX of theextrudedbox

setPhiStart Setthestartphi angle setYBoxLength Sethalf lengthalongYof theextrudedbox

setDeltaPhi Setthephi angularspan(2PI for full sphere) setZBoxLength Sethalf lengthalongZ of theextrudedbox

setThetaStart Setthestart thetaangle setXBoxPos SetcenterpositionX of thebox

setDeltaTheta Setthethetaangularspan(2PI for full sphere) setYBoxPos SetcenterpositionY of thebox

CYLINDER setZBoxPos SetcenterpositionZ of thebox

setRmin Settheinternal radiusof thecylinder(0 for full cylinder) PARALLELEPIPED

setRmax Settheexternalradiusof thecylinder setDx SetDx dimensionof theparallelepiped

setHeight Settheheightof thecylinder setDy SetDy dimensionof theparallelepiped

setPhiStart Setthestartphi angle setDz SetDzdimensionof theparallelepiped

setDeltaPhi Setthephi angularspan(2PI for full cylinder) setAlpha SetAlphaangle

CONE setTheta SetThetaangle

setRmin1 Settheinternal radiusof onesideof thecone(0 for full cone) setPhi SetPhi angle

setRmax1 Settheexternalradiusof onesideof thecone POLYCONE

setRmin2 Settheinternal radiusof onesideof thecone(0 for full cone) setPro�le Setvectors of z, rInner, rOuterpositions

setRmax2 Settheexternalradiusof onesideof thecone setPhiStart Setthestart phi angle

setHeight Settheheightof thecone setDeltaPhi Setthephi angularspan(2PI for full cone)

setPhiStart Setthestartphi angle HEXAGONE

setDeltaPhi Setthephi angularspan(2PI for full cone) setRadius Settheradiusof thehexagon

ELLIPSO setHeight Settheheightof thehexagon

setLong Setthelongaxislengthof theellipse

setShort Settheshortaxislengthof theellipse

setHeight Settheheightof theellipse

Table3.2: Commandsof thesub-treegeometryfor differentshapes

� Example
For aboxvolumecalledPhantom, theX, Y andZ dimensionscanbede�ned by:
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3.2Creating a volume

/gate/Phantom/g eometry /s et XLength 20. cm
/gate/Phantom/g eometry /s et YLength 10. cm
/gate/Phantom/g eometry /s et ZLength 5. cm

The dimensionsof the Phantomvolumearethen20 cm, 10 cm and5 cm alongthe X, Y andZ axes
respectively.

De�ning a material

A materialshallbeassociatedwith eachvolume.Thedefault materialassignedto a new volumeis Air.
Thelist of availablematerialsis de�ned in theGateMaterials.db�le (seeChapter11).
Thefollowing command�lls thevolumeVolume_Namewith amaterialcalledMaterial:

/gate/Volume_Na me/s etMat er ia l Material

� Example

/gate/Phantom/s et Mater ia l Water

ThePhantomvolumeis �lled with Water.

De�ning a color or an appearance

To make thegeometryeasyto visualize,somedisplayoptionscanbesetusingthesub-tree

/vis/

Thecommandsavailablein this sub-treeare: setColor, setVisible, setDaughtersInvisible, setLineStyle,
setLineWidth, forceSolidandforceWireframe(seeTable3.3).

Command Action Ar gument
setColor Selectsthecolor for thecurrentvolume white, gray, black, red,

green,blue, cyan,
magentaandyellow

setVisible Showsor hidesthecurrentvolume
setDaughtersInvisible Showsor hidesthecurrentvolumedaughters

setLineStyle Setsthecurrentvolumeline-style dashed,dotted
andunbroken

setLineWidth Setsthecurrentvolumeline-width
forceSolid Forcessoliddisplayfor thecurrentvolume

forceWireframe Forceswireframedisplayfor thecurrentvolume

Table3.3: List of commandsof theGATE sub-treegeometry

Thesecommandscanbefoundin thetree

/gate/Volume_Na me/v is.

� Example

/gate/Phantom/v is /s etC ol or blue
/gate/Phantom/v is /f orc eWir ef ra me

ThePhantomvolumewill bedisplayedin blueandwill betransparent.
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3.2Creatinga volume

Enabling or disabling a volume

A volumecannotbedestroyed.Theonly possibleactionis to disableit: thismakesthevolumedisappear
from thedisplaywindow but not from thegeometry.
Only theworld volumecannotbedisabled.
To disableavolumeVolume_Name, thecommandis:

/gate/Volume_Na me/d isa bl e

ThevolumeVolume_Namecanbeenabledagainusing:

/gate/Volume_Na me/e nab le

� Example

/gate/Phantom/d is able

ThePhantomvolumeis disabled.

Describinga volume

Theparametersassociatedwith a volumeVolume_namecanbelistedusing:

/gate/Volume_Na me/d esc ri be

� Example

/gate/Phantom/d es cr ibe

Theparametersassociatedwith thePhantomvolumearelisted.

Examples

1) how to build a NaI crystal

/gate/mother_Vo lu me_Name/d aughter s/ name crystal
/gate/mother_Vo lu me_Name/d aughter s/ in se rt box

A volumenamedcrystalis createdasthedaughterof avolumewhich its shapeis de�ned asabox.

/gate/crystal/g eometry /s et XLength 1. cm
/gate/crystal/g eometry /s et YLength 40. cm
/gate/crystal/g eometry /s et ZLength 54. cm

TheX, Y andZ dimensionsof thevolumecrystalaresetto 1 cm,40 cm,and54cmrespectively.

/gate/crystal/s et Mater ia l NaI

Thenew volumecrystalis �lled with NaI.

/gate/crystal/v is /s etC ol or yellow

Thenew volumecrystalis coloredin yellow.
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3.2Creating a volume

/gate/crystal/d es cr ibe

with this previouscommand,theparametersassociatedwith thecrystalvolumearelisted.

/gate/crystal/d is able

Thecrystalvolumeis disabled.

2) how to build a "tr pd" volume

An alternative wayof describingcomplicatedgeometriesis to useasocalled"boolean"volumein order
to describeonepieceusinga singlevolumeinsteadof usinga mother-childrencouple. This canmake
thedescriptioneasierandmoresynthetic.Theexamplebelow describeshow theshapeshown in Figure
3.3canbede�ned usinga trpd shape,basedon a "boolean"volumeconsistingof a trapezoid"minus" a
box:

# V I S U A L I S A T I O N
/vis/open OGLSX
/vis/viewer/res et
/vis/viewer/vie wpoi ntT heta Phi 60 60
/vis/viewer/zoo m 1
/vis/viewer/set /s ty le surface
/vis/drawVolume
/tracking/store Tr aj ect or y 1
/vis/scene/endO fE ve ntA ct io n accumulate
/vis/viewer/upd at e
/vis/verbose 2
/gate/geometry/ enableA ut oUpdat e

/gate/world/dau ghte rs/ name Volume_Name
/gate/world/dau ghte rs/ in se rt box
/gate/Volume_Na me/g eomet ry /s et XLength 40 cm
/gate/Volume_Na me/g eomet ry /s et YLength 40 cm
/gate/Volume_Na me/g eomet ry /s et ZLength 40 cm
/gate/Volume_Na me/v is/ fo rc eWir efr ame

/gate/Volume_Na me/d aught er s/ name trapeze_name
/gate/Volume_Na me/d aught er s/ in ser t trpd
/gate/trapeze_n ame/ geometr y/ se tX1 Length 23.3 mm
/gate/trapeze_n ame/ geometr y/ se tY1 Length 21.4 mm
/gate/trapeze_n ame/ geometr y/ se tX2 Length 23.3 mm
/gate/trapeze_n ame/ geometr y/ se tY2 Length 23.3 mm
/gate/trapeze_n ame/ geometr y/ se tZL engt h 6. mm
/gate/trapeze_n ame/ geometr y/ se tXB ox Pos 0. mm
/gate/trapeze_n ame/ geometr y/ se tYB ox Pos 0. m
/gate/trapeze_n ame/ geometr y/ se tZB ox Pos 0.7501 mm
/gate/trapeze_n ame/ geometr y/ se tXB ox Length 20.3 mm
/gate/trapeze_n ame/ geometr y/ se tYB ox Length 20.3 mm
/gate/trapeze_n ame/ geometr y/ se tZB ox Length 4.501 mm
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3.3Repeatinga volume

The new volumecalledtrapeze_name, which is the daughterof the Volume_Namevolume, is de-
scribedwith 5+6parameters.The�rst 5 parametersrelateto thetrapezoid,whereasthelast6 parameters
describetheextrudedvolumeusingabox shape.

Figure3.3: Sideview of anextrudedtrapezoidbasedon a booleansolid. Thecontoursin blue
anddashedredrepresentthecontoursof thetrapezoidandthebox respectively.

3.3 Repeatinga volume
To createX identicalvolumes,thereis noneedto createX differentvolumes.Only onevolumemustbe
createdandthenrepeated.Therearefour differentwaysto repeata volume:thelinearrepeater, thering
repeater, thecubicarrayrepeaterandthequadrantrepeater.
To list therepeatersde�ned for thevolumeName_Volume, use:

/gate/Name_Volu me/r epeat er s/ in fo

3.3.1 Linear repeater

Thelinearrepeateris appropriateto repeatavolumealongadirection(X, Y or Z axis).To usethelinear
repeater, �rst selectthis typeof repeaterusing:

/gate/Name_Volu me/r epeat er s/ in ser t linear

Thende�ne thenumberof timesN thevolumeName_Volumehasto berepeatedusing:

/gate/Name_Volu me/l ine ar /s et Repea tN umber N

Finally, de�ne thestepanddirectionof therepetitionusing:

/gate/Name_Volu me/l ine ar /s et Repea tV ec to r 0. 0. dZ. mm

A stepof dZ mmalongtheZ directionis de�ned.
The"autoCenter"commandallows theuserto setthepositionof therepeatedvolumes:

/gate/Name_Volu me/l ine ar /a ut oCent er true or false
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3.3Repeatinga volume

The"true" optionyieldsthecenteringof thegroupof repeatedvolumesaroundthepositionof theinitial
volumethathasbeenrepeated.
The"false"optioncentersthe�rst copy aroundthepositionof theinitial volumethathasbeenrepeated.
Theothercopiesarecreatedby offset.
Thedefault optionis true.

� Example

/gate/hole/repe at er s/i ns er t linear
/gate/hole/line ar /s etR epeatN umber 12
/gate/hole/line ar /s etR epeatV ec tor 0. 4. 0. cm

Theholevolumeis repeated12timesevery4 cmalongtheY axis.Theapplicationof this linearrepeater
is illustratedin �gure 3.4.

Figure3.4: Illustrationof theapplicationof thelinearrepeater

3.3.2 Ring repeater

Thering repeatermakesit possibleto repeatavolumealongaring. It is usefulto build aring of detectors
in PET.
To selectthering repeater, use:

/gate/Name_Volu me/r epeat er s/ in ser t ring

To de�ne thenumberof timesN thevolumeName_Volumehasto berepeated,use:

/gate/Name_Volu me/r ing /s et RepeatN umber N

Finally, theaxisaroundwhich thevolumeName_Volumewill berepeatedshallbede�ned by specifying
two pointsusing:

/gate/Name_Volu me/r ing /s et Poin t1 0. 1. 0. mm
/gate/Name_Volu me/r ing /s et Poin t2 0. 0. 0. mm
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3.3Repeatinga volume

Thedefault rotationaxisis theZ axis.Notethatthedefault ring repetitiongoescounterclockwise.
Thesethreecommandsareenoughto repeatavolumealongaring over360� . However, therepeataction
canbe furthercustomizedusingoneor moreof the following commands.To settherotationanglefor
the�rst copy, use:

/gate/Name_Volu me/r ing /s et Fi rs tAn gl e x deg

Thedefault angleis 0 deg.

To settherotationangledifferencebetweenthe�rst andthelastcopy, use:

/gate/Name_Volu me/r ing /s et Angular Span x deg

Thedefault angleis 360deg.

The AngularSpan,the FirstAngle and the RepeatNumberallow one to de�ne the rotation angledif-
ferencebetweentwo adjacentcopies(AngularPitch).
AngularSpan-FirstAngle

RepeatNumber-1 = AngularPitch
To setthenumberof objectsin theperiodicstructure,andsotheperiodicity, use:

/gate/Name_Volu me/r ing /s et ModuloN umber M

Whenthevolumeauto-rotationoption is enabled,this meansthat thevolumeitself is rotatedsothat its
axisremainstangentialto thering (seeFigure3.5). If this optionis disabled,all repeatedvolumeskeep
thesameorientation(seeFigure3.6). Thecommandsfor enablingor disablingtheauto-rotationoption
are:

/gate/Name_Volu me/r ing /e nabl eAuto Rota ti on
/gate/Name_Volu me/r ing /d is able Aut oRot at io n

A volumecanalsobeshiftedalongZ periodically. Eachelementof a sequenceis shiftedaccordingto
its position insidethe sequence,de�ned as"j" below. In a sequencecomposedof “M M oduloN umber ”
elements,theshift valuesarede�ned asZ shif t i � Z shif t j where:

- i is thepositionin thefull ring and
- j (i % M M oduloN umber ) + 1 is thepositionin asequence,startingat1.

To setashift andto �x thevalueof thisshift, use:

/gate/Name_Volu me/r ing /s et ModuloN umber 1
/gate/Name_Volu me/r ing /s et ZShi ft1 Z mm

Up to 8 shiftsanddifferentshift(s)value(s)canbede�ned (setZShift1to setZShift8).

Remark: This geometrydescriptionconformsto the document"List Mode Format Implementation:
ScannergeometrydescriptionVersion4.1 M.Krieguer & al." and is fully describedin the LMF out-
put, in particularin theASCII header�le entry:
"z shift sector j mod M M oduloN umber : Z shif t j units " .
Herej 1 standsfor then th: objectbeingshiftedeach“M M oduloN umber ” object. Eachshift valueintro-
ducedin thecommandline below correspondsto anew line in the.cch�le.
TheLMF version22.10.03supportsageometrywith acylindrical symmetry. As anexample,a repeater

1actuallyj is numberedstartinghereat 0
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3.3Repeatinga volume

startingat0 degreeand�nishing at90degree(aquarterof ring) will notbesupportedby theLMF output.
SeealsorelatedclassGateToLMF for LMF output.

� Example1

Figure3.5: Illustrationof theapplicationof theauto-rotationoption

Figure3.6: Illustrationof theapplicationof thering repeaterwhentheauto-rotationoption is
disabled

/gate/hole/repe at er s/i ns er t ring
/gate/hole/ring /s et RepeatN umber 10
/gate/hole/ring /s et Poi nt 1 0. 1. 0. mm
/gate/hole/ring /s et Poi nt 2 0. 0. 0. mm
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3.3Repeatinga volume

Thehole volumeis repeated10 timesaroundtheY axis. Theapplicationof this ring repeateris illus-
tratedin �gure 3.7.

� Example2

Figure3.7: Illustrationof theapplicationof thering repeater

/gate/rsector/r epeater s/ in se rt ring
/gate/rsector/r in g/ set Repeat Number 20
/gate/rsector/r in g/ set Modulo Number 2
/gate/rsector/r in g/ set ZShi ft 1 -3500 mum
/gate/rsector/r in g/ set ZShi ft 2 +3500 mum
/gate/ rsector /ring/enableAut oRota ti on

The rsectorvolumeis repeated20 timesalonga ring. The sequencelengthis 2, with the �rst andthe
secondvolumeshiftedby -3500�m and3500�m respectively.
Thersectorvolumecouldalsoincludeitself severalvolumes,eachof thembeingduplicatedall together,
which is illustratedin �gure 3.8.

3.3.3 Cubic array repeater

Thecubicarrayrepeateris appropriateto repeata volumealongone,two or threeaxes. It is usefulto
build acollimatorfor SPECTsimulations.

To selectthecubicarrayrepeater, use:

/gate/Name_Volu me/r epeat er s/ in ser t cubicArray

To de�ne thenumberof timesNx,Ny andNzthevolumeName_Volumehasto berepeatedalongtheX,
Y andZ axesrespectively, use:

/gate/hole/cubi cArr ay/ se tR epeatNu mber X Nx
/gate/hole/cubi cArr ay/ se tR epeatNu mber Y Ny
/gate/hole/cubi cArr ay/ se tR epeatNu mber Z Nz

- 32 -



3.3Repeatinga volume

Figure3.8: Exampleof a ring repeaterwith a shift. An arrayof 3 crystalmatriceshasbeen
repeated20 timeswith amoduloN=2 shift.

To de�ne thestepof therepetitionX mm, YmmandZ mmalongtheX, Y andZ axesrespectively, use:

/gate/hole/cubi cArr ay/ se tR epeatVe ct or X Y Z mm

Theautocenteringoptionsareavailablefor thecubicarrayrepeater(seeparagraph3.3.1).If avolumeis
initially at a positionP, thesetof volumesafter the repeaterhasbeenappliedis centeredon P if auto-
Centeris true(default). If autoCenteris false,the�rst copy of thegroupis centeredonP.

� Example

/gate/hole/repe at er s/i ns er t cubicArray
/gate/hole/cubi cArr ay/ se tR epeatNu mber X 1
/gate/hole/cubi cArr ay/ se tR epeatNu mber Y 5
/gate/hole/cubi cArr ay/ se tR epeatNu mber Z 2
/gate/hole/cubi cArr ay/ se tR epeatVe ct or 0. 5. 15. cm

Theholevolumeis repeated5 timeseach5 cm alongtheY axisandtwiceeach15 cmalongtheZ axis.
Theapplicationof thiscubicarrayrepeateris illustratedin �gure 3.9.
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Figure3.9: Illustrationof theapplicationof thecubicarrayrepeater

3.3.4 Quadrant repeater

The quadrantrepeateris appropriateto repeata volume in a triangle-like patternsimilar to that of a
Derenzoresolutionphantom.

To selectthequadrantrepeater, use:

/gate/Name_Volu me/r epeat er s/ in ser t quadrant

To de�ne thenumberof repetitionlines,use:

/gate/hole/quad ra nt /se tL in eNumber X

To de�ne theorientationof thequadrant(thedirectionof line repetition),use:

/gate/hole/quad ra nt /se tO ri enta tio n N deg

To de�ne thedistancebetweenadjacentcopies,use:

/gate/hole/quad ra nt /se tC opySpacin g xx cm

To de�ne themaximumrangeof the repeaterwhich is themaximumdistancebetweena copy andthe
original volume,use:

/gate/hole/quad ra nt /se tMax Range xx cm

Thiscommandenablesto removecorner-copiesthatwould fall outsideyour phantom.

� Example

/gate/hole/repe at er s/i ns er t quadrant
/gate/hole/quad ra nt /se tL in eNumber 5
/gate/hole/quad ra nt /se tO ri enta tio n 90 deg
/gate/hole/quad ra nt /se tC opySpacin g 6 cm
/gate/hole/quad ra nt /se tMax Range 30 cm
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3.4Placing a volume

Figure3.10: Illustrationof theapplicationof thecubicarrayrepeater

Theholevolumeis repeatedin a triangle-like pattern.Theapplicationof this quadrantrepeateris illus-
tratedin �gure 3.10.

Remark:Therepeatersthatareappliedto theName_Volumevolumecanbelistedusing:

/gate/Name_Volu me/r epeat er s/ li st

3.4 Placinga volume

Thepositionof thevolumein thegeometryis de�ned usingthesub-tree

/placement/

Threetypesof placementareavailable:translation,rotationandalignment.

3.4.1 Translation

To translatetheName_VolumevolumealongtheX directionby x cm, thecommandis:

/gate/Name_Volu me/p lac ement/ se tTr ansl at io n x. 0. 0. cm

Thepositionis alwaysgivenwith respectto thecenterof themothervolume.

To setthePhiangle(in XY plane)of thetranslationvector, use:

/gate/Name_Volu me/p lac ement/ se tPh iO fT ra ns lat io n N deg

To settheThetaangle(with regardto theZ axis)of thetranslationvector, use:

/gate/Name_Volu me/p lac ement/ se tTh et aOfT ra nsl at io n N deg
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To setthemagnitudeof thetranslationvector, use:

/gate/Name_Volu me/p lac ement/ se tMagOfT ra ns lat io n xx cm

� Example

/gate/Phantom/p la ce ment/ se tT ra nsl at io n 1. 0. 0. cm
/gate/Phantom/p la ce ment/ se tMagOfT ra ns la ti on 10. cm

ThePhantomvolumeis placedat10 cm,0 cmand0 cm from thecenterof themothervolume(herethe
world volume).Theapplicationof this translationplacementis illustratedin �gure 3.11.

Figure3.11: Illustrationof thetranslationplacement

3.4.2 Rotation

To rotatetheName_Volumevolumeby N degreesaroundtheX axis,thecommandsare:

/gate/Name_Volu me/p lac ement/ se tRo ta ti onAxis X 0 0
/gate/Name_Volu me/p lac ement/ se tRo ta ti onAngle N deg
/gate/Name_Volu me/p lac ement/ se tAx is 0 1 0

Thedefault rotationaxisis theZ axis.

� Example

/gate/Phantom/p la ce ment/ se tR ot ati onAxis 0 1 0
/gate/Phantom/p la ce ment/ se tR ot ati onAngl e 90 deg

ThePhantomvolumeis rotatedby 90 degreesaroundtheY axis.Theapplicationof this rotationplace-
mentis illustratedin �gure 3.12.
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Figure3.12: Illustrationof therotationplacement

3.4.3 Alignment

Using the alignmentcommand,a volume having an axis of symmetry(cylinder, ellipso, cone and
hexagone)canbealignedparallelto oneof thethreeaxisof theaxissystem.
To align theName_VolumevolumealongtheX axis,use:

/gate/Name_Volu me/p lac ement/ al ign ToX

Therotationparametersof theName_Volumevolumearethensetto +90degreearoundtheY axis.
To align theName_VolumevolumealongtheY axis,use:

/gate/Name_Volu me/p lac ement/ al ign ToY

Therotationparametersof theName_Volumevolumearethensetto -90degreearoundtheX axis.
To align theName_VolumevolumealongtheZ axis(default axisof rotation)use:

/gate/Name_Volu me/p lac ement/ al ign ToZ

Therotationparametersof theName_Volumevolumearethensetto 0 degree.

3.5 Moving a volume
The GEANT geometryarchitecturerequiresthe geometryto be staticduring a simulation. However,
the typical durationof a singleevent (e.g. ps for the particletransport,� s for scintillation,or ms for
the responseof theelectronics)is very shortwhencomparedto mostof thegeometricalchangesto be
modelled(e.g. movementsof thephantomor of thedetectoror bio-kinetics). Therefore,theelements
of thegeometryareconsideredto beat restduringeachtime-step(seetime managementin chapter?).
Betweeneverytime-step,thepositionandtheorientationof asubsetof daughtervolumescanbechanged
to mimic a movementsuchasa rotationor a translation.Thesedisplacementsareparametrizedby their
velocity. Hence,theamplitudeof thevolumedisplacementis deducedfrom thedurationof thetime-step
multipliedby thevelocityof thedisplacement.
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Giventhespeedof thecomponentsof thegeometry, it is theresponsibilityof theuserto setthetimestep
durationshortenoughin orderto producesmoothchanges.
A volumecanbemovedduringa simulationusing� ve typesof motion: rotation,translation,orbiting,
wobblingandeccentricrotation,asexplainedbelow.

3.5.1 Translation

To translateaName_Volumevolumeduringthesimulation,thecommandsare:

/gate/Name_Volu me/move s/ in se rt translation
/gate/Name_Volu me/t ran sl at io n/ set Speed x 0 0 cm/s

wherex is thespeedof translationandthetranslationis performedalongtheX axis. Thesecommands
canbeusefulto simulatetablemotionduringascanfor instance.

� Example

/gate/Table/mov es /i nse rt translation
/gate/Table/tra ns la tio n/ se tS peed 0 0 1 cm/s

TheTablevolumeis translatedalongtheZ axiswith aspeedof 1 cmpersecond.

3.5.2 Rotation

To rotatea Name_Volumevolumearoundanaxisduring thesimulation,with a speedof N degreesper
second,thecommandsare:

/gate/Name_Volu me/move s/ in se rt rotation
/gate/Name_Volu me/r ota ti on/s et Speed N deg/s
/gate/Name_Volu me/r ota ti on/s et Axi s 0 y 0

� Example

/gate/Phantom/m ov es /in se rt rotation
/gate/Phantom/r ot at ion /s et Speed 1 deg/s
/gate/Phantom/r ot at ion /s et Axis 0 1 0

ThePhantomvolumerotatesaroundtheY axiswith aspeedof 1 degreepersecond.

3.5.3 Orbiting

Rotatingavolumearoundany axisduringasimulationis possibleusingtheorbitingmotion.Thismotion
is neededto modelthecameraheadrotationin SPECT. To rotatetheName_Volumevolumearoundthe
X axiswith aspeedof N degreespersecond,thecommandsare:

/gate/SPECThead /mov es/ in se rt orbiting
/gate/SPECThead /o rb iti ng/s et Speed N. deg/s
/gate/SPECThead /o rb iti ng/s et Point 1 0 0 0 cm
/gate/SPECThead /o rb iti ng/s et Point 2 1 0 0 cm
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Thelasttwo commandsde�ne therotationaxis.
It is possibleto enableor disablethevolumeauto-rotationoptionusing:

/gate/Name_Volu me/o rbi ti ng/e nable Auto Rota tio n
/gate/Name_Volu me/o rbi ti ng/d is abl eAut oRot ati on

� Example

/gate/camera_he ad/move s/ in se rt orbiting
/gate/camera_he ad/o rbi ti ng/s et Speed 1. deg/s
/gate/camera_he ad/o rbi ti ng/s et Poi nt 1 0 0 0 cm
/gate/camera_he ad/o rbi ti ng/s et Poi nt 2 0 0 1 cm

Thecamera_headvolumeis rotatedaroundtheZ axisduringthesimulationwith aspeedof 1 degreeper
second.

3.5.4 Wobbling

Thewobblingmotionenablesanoscillatingtranslationmovementto thevolume.
This motionis neededto mimic thebehavior of certainPETscannersthatwobbleto increasethespatial
samplingof thedataduringtheacquisition.
Themovementthatis modeledis de�nedby dM(t) = A x sin(2 PI f t + phi) wheredM(t) is thetranslation
vectorat time t, A is themaximumdisplacementvector, f is themovementfrequency, phi is thephaseat
t=0, andt is thetime.
To settheparametersof thatequation,use:

/gate/Name_Volu me/move s/ in se rt osc-trans
/gate/Name_Volu me/o sc- tr ans/ se tAmpl it ude x. 0. 0. cm

to settheamplitudevectorof theoscillatingtranslation,

/gate/Name_Volu me/o sc- tr ans/ se tFr equenc y N Hz

to setthefrequency of theoscillatingtranslation,

/gate/Name_Volu me/o sc- tr ans/ se tPe ri od N s

to settheperiodof theoscillatingtranslation,

/gate/Name_Volu me/o sc- tr ans/ se tPh as e N deg

to setthephaseat t=0 of theoscillatingtranslation.

� Example

/gate/crystal/m ov es /in se rt osc-trans
/gate/crystal/o sc -t ran s/ se tA mplit ude 10. 0. 0. cm
/gate/crystal/o sc -t ran s/ se tF re quenc y 50 Hz
/gate/crystal/o sc -t ran s/ se tP er iod 1 s
/gate/crystal/o sc -t ran s/ se tP hase 90 deg

Themovementthatis modeledis de�ned by dM(t) = 10 x sin (100PI + 90).
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3.5.5 Eccentric rotation

Theeccentricrotationmotionenablesan eccentricrotationmovementof thevolume. It is a particular
caseof theorbitingmovement.
To settheobjectin eccentricposition(X-Y-Z) androtateit aroundtheOZ lab frameaxis,use:

/gate/Name_Volu me/move s/ in se rt eccent-rot
/gate/Name_Volu me/e cce nt -r ot /s etS hi ft XYZ x y z cm

to settheshift on theX-Y-Z directions,

/gate/Name_Volu me/e cce nt -r ot /s etS peed N deg/s

to settheorbitingangularspeed.
Remark: This particularmove is closelyrelatedto LMF de�nition sincethemove parameters(shift in
all 3 directionsandangularspeed)arepropagatedin the.cchheader.

� Example

/gate/crystal/m ov es /in se rt eccent-rot
/gate/crystal/e cc ent-r ot /s et Shift XYZ 5. 0. 0. cm
/gate/crystal/e cc ent-r ot /s et Speed 10 deg/s

The crystal volumeis placedat 10 cm, 0 cm and0 cm from the centerof its mothervolumeandwill
rotatedaroundtheZ axisduringthesimulationwith aspeedof 10 degreespersecond.

3.6 Updating the geometry
Updatingthegeometryis neededto take into accountany changein thegeometry. It alsorefreshesthe
displaywindow. Thegeometrycanbeupdatedeithermanuallyor automatically.

3.6.1 Manual updatemode

Whenoneor moremodi�cationsareappliedto thegeometry, thefollowing commandline mustbeused
to take theminto accountandto refreshthedisplay:

/gate/geometry/ update

3.6.2 Auto-updatemode

When one or more modi�cations are appliedto the geometry, they will automaticallybe taken into
accountandthedisplaywill berefreshedusing:

/gate/geometry/ enableA ut oUpdat e
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Chapter 4

De�ne a system

4.1 De�nition
A Systemis a key-conceptof GATE. It provides a templateof a prede�nedgeometryto simulatea
scanner. Familiesof geometrylike for examplePETor SPECTandsharingthesamegeneralgeometrical
characteristicscanbesoderivedfrom thesetemplates.
Eachsystemcanbedescribedby componentsorganizedin atreelevelstructure, eachcomponenthaving
its own speci�c roleor ordering.
As for an exampleof the cylindricalPETscannersystem,the geometricalvolumescontainingcrystals
aregroupedin matrices,themselves assembledin submodulesandmodules. At the top level of this
structure,thesectorscomposedof modulesare“repeated”on acylindrical surfaceto build up thewhole
device. Thus,onefamilly of PET scannersasshown in �gure 4.1 canbe composedof suchvolumes
called“rsectors”,“modules”,“submodules”,“crystal” and�naly (crystal)“layer”.
Different systemsare available in GATE : “scanner”, “SPECTHead”,“cylindricalPET”, “ecat”, and
“CPET”, whichcanbeusedto simulatemostof theexisting tomographicimagerydevices.

Figure4.1: Pictureof a phantomanda cylindricalPETsystemcomposedof 5 rsectors,4 mod-
ules(repeatedalongZ axis),3 submodules(repeatedalongY axis),64 crystals(8 x 8) and2
layers(redandyellow)
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4.2 Choiceof the system
It is possibleto useGATE withoutusingasystem,but in thatcase,noinformationsonparticleinteraction
in thedetectorwill beavailable. The reasonis that thevolumeswherethehits (interactionsthatoccur
inside the detectorpartsof the scanner, seechap. 8) are recordedonly for volumesthat belongto a
de�ned system(thosevolumesaredeclaredascrystalSD, SDfor “sensitive detector”,seechap.5). Once
theuseris only testingascannergeometry, theuseof aprede�nedsystemis notnecessary. But sincethe
userwant to save the physicalsinformationsfrom the particletracksinsidethe detector, the geometry
hasto beconnectedto asystem.This chapterwill explain theelementsandrulesof thisconnection.

4.2.1 Geometryconstraints

Exceptfor thegeneralsystemscanner, oneshould�rst take into accountthegeometricalshapeof the
differentcomponents(gantry, sector, bucket, etc.)andalsotheshapeof thecrystalor theactive material
whichcomposethedetectormaterial(e.g.scintillators).

Eachlevel hasto be assignedto a physicalvolumeof the geometry. A level volumehasto be fully
enclosedin theupperlevel volume.

Thenumberof level hasto be�x edandmustconformto thespeci�cationlistedin table4.1. Thenum-
beringof differentsensitive volumesis completely�x edby thechoiceof thesystemandconformsto a
speci�c outputformat.

Themaximumnumberof componentsin each leveldependson theoutputformatsinceit canbelimited
by thenumberof bit reservedto thenumberingof crystals1.
Otherconstraintscouldcomefromthespeci�c outputformatbeingused.(seeChap.10for furtherdetails)

4.2.2 Constraints relatedto the simulation of the DAQ electronics

Severalpointshave to beconsideredwhendesigningthesimulationof theelectronicscards.
First, the whole readoutelectroniccomponentsshouldbe checked in orderto de�ne its main compo-
nents.This concernsnot only thesinglechannelsimulation,with effectslike thresh-olderresponse,but
alsothecrosstalkin betweendifferentchannelsincludingtheelectronicor theoptical crosstalkamong
componentsin asamelevel.
For PET scanner, oneshouldsimulatethe coincidencebetweentwo channel,basedon the preceding
“singlecomponent”simulations.

In GATE, it is possibleto introduceall thesesignalprocessingtroughdigitizers (seechap..8),whichare
basedon thesameideaof hierarchylevel insidea system,alsoreferencedasthe“depth value” in table
4.2. Thedepthvalueis usedhereto taga groupof similar componentssitting at a certainlevel, which
couldbethescintillatorbloc level (crystal,with depth=5), thematrix of crystal(submoduleor module),
or agroupof crystalmatrix(ces)depth=1. Depthvaluesgivenhererefersto thecylindricalPETsystem.

In orderto simulatetheelectroniccircuitry in relationto thesystem,oneshouldconsiderthefollowing
procedure:

� Regroupthedetector's electroniccomponentsin differentlevels

1Seepage128for anexampleof suchlimitations
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� Draw upthelist of thesignalprocessingto beusedongroups(see“adder”,“readout”,“deadtime”
in chap.8),

� Combinethe signalscomingfrom differentvolume,with for example: readoutmodulefor the
signalssummationof a volume(page??), the crosstalkand/orthe coincidencebetweensignals
(pages93 and??).

NOTE :

– Oneor several crosstalkprocessingcanbe appliedto componentsof different level (e.g.
crosstalkbetweencrystals,thencrosstalkbetweenmodules).This involve componentsin
thesamelevel.

– For PET scanners,a test is doneto valid a coincidenceon the numberdifferenceof the
uppermostlevel components(asde�ned asdepth= 1 in table4.2).This testis doneto reject
accidentalcoincidencebetweenadjacentlogic structure.Whentheuserbuilt its geometry,
this logic organisationshouldcorrespondto the �srt level of a systemin orderto usethis
coincidencerejection(seechapter8).

4.3 How to connectthe geometryto a system
Theconnectionbetweenthegeometryandasystemis donein severalstages:

1. Thegeometricalstructureneedto be�rst de�ned, keepingin mind that it mustful�ll somecon-
straints,asdescribedbefore.

2. Thesystemgeometryhasthento beintroduced,or “attached”,in thesimulationprocesswith the
“attach” commandanda speci�c keyword argumentcorrespondingto onelevel of your geomet-
rical structure(table4.2):

The generalmacro line is :
/gate/systems/S ys te mName/L ev el /a tta ch UserVolumeName

where :
SystemName is thereservednameof thesystem(oneof theentryin column1),
Level is thereservednameof thelevel (seecolumn2),
UserVolumeName is thenametheusergave to avolume,according

to theconventionsof Chap.3.

3. Finaly, the speci�c outputcorrespondingto the systemhasto be de�ned to analysethe dataif
necessary(seechap.10).
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System Componentsand its shape Available outputs

scanner

level1

geometrynot �x ed
Basicoutput: Ascii or
ROOT, coincidences
only for PETscanner

level2
level3
level4
level5

cylindricalPET

rsector box
Basicoutput:

Ascii or ROOT.
Speci�c: LMF

module box
submode box
crystal box
layer box

CPET crystal cylinder Basicoutput: Ascii or ROOT

SPECThead geometrynot �x ed
Basicoutput: Ascii andROOT
Speci�c: PROJECTIONSETor
INTERFILE,no coincidences

crystal
pixel

ecat
Basicoutput: Ascii andROOT
Speci�c: SINOGRAMor ECAT7

block box
Crystal box

Table4.1: Dif ferentsystemsavailablein GATE andtheir characteristics.In thesecondcolumn
arelistedsomeof thekeywordthatarealsousedatin themacro(seealsotable4.2for acomplete
list). The shapein the third column describethe mothervolume, composedof “daughter”
volumesasdescribedin Chap.3 : aboxmeansaboxshapedmothervolumecontaininganarray
of daughterboxes,acylindermothervolumeswill containscylinders.Cylindersareunderstood
hereastubesectorsde�ned by aninnerandouterradius.
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System attach keyword argument Depth
for readoutsegmentation

scanner

“le vel1” 1
“le vel2” 2
“le vel3” 3
“le vel4” 4
“le vel5” 5

cylindricalPET

“r sector” 1
“module” 2

“submodule” 3
“crystal” 4

“layer[i], i=0,3a” 5
CPET “crystal” 1

SPECThead “crystal” 1
“pixel” 2

ecat
“block” 1

“crystal” 2

Specialvolumesattachment (seeChap.5)

All systems sensitivedetectorvolume “attachCrystalSD”
All systems sensitivephantomvolume “attachPhantomSD”

aup to 4 layers,named“layer0”, ...,”layer3” canbeattachedto cylindricalPET

Table4.2: keywordscorrespondingto systemcomponentsde�nition to be usedwith an “at-
tach” command.At leastonelevel hasto beattachedto thesystem.If necessary, theselevel's
namescanbe possiblyusedas input to digitizersmodules: for example,differentelectronic
deadtimesfor eachlevel's electronicscanbemodelized.Thetwo last lines,listedherefor in-
formation,arerelatedto “hits” which applyonly for “sensitive” volume.Pleasereferto Chap.
5 for moredetailson this topic.
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4.4 Differ ent typesof systems

Figure4.2: Illustrationof thescannersystem.Thedifferentvolumes,in particularthesensitive
one, can be of any shape,herecylindrical sectorscrystals,insteadof box in othersystems.
Scannercylinder is draw in magenta,whereasoneof the sectorhierarchy: Level1, Level2,
Level3, Level4 is overdrawn in yellow, blue, green,red, respectively. “Detector” volumeof
cylindrical sectorshapesareshown in plain red.

4.4.1 scanner

Description

Thescannersystemis themostgenericsystemin Gate.Thereis no geometricalconstraintson the� ve
differentcomponents.

Use

Differentshapesof thevolumesinsidethe treelevel canbechoosein table3.2 on page24. The �gure
4.4 illustratewhatkind of detectoronecansimulatewith this systemwithout geometryconstraints.On
theotherhandthereis nospeci�c outputformatandtheinformationsonhitsareonly availablein ROOT
or ASCII format.
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4.4.2 cylindricalPET

Description

“cylindricalPET” is a PETsystemthatallows to describemostof thesmallanimalPETscanners.The
mainspeci�city of cylindricalPETis thepossibilityto storeoutputdatain List ModeFormat(LMF) of
theCrystalClearCollaboration.Thewayto storeGATE outputin LMF is fully describedin thismanual
(seepart10.7). You will �nd anexampleof macrowith a cylindricalPETde�nition in themacrolisted
bellow. A CylindricalPETis basedon a cylindrical geometry. It is composedof 5 hierarchiclevels.
Hierarchy, from motherto daughteris2:

� world

� cylindricalPET is de�ned asacylinder in theworld, with anonzeroinnerradius

� rsector (depth=1)is de�ned asa box,andrepeatedwith a ring repeaterin cylindricalPET

� module (depth=2)is a box inside rsector. It is repeatedby a cubicarray repeaterwith no X
repetition(repeatNumberX= 1). This level is optional.

� submodule(depth=3)is a box insidemodule. It is repeatedby a cubicarray repeaterwith no X
repetition(repeatNumberX= 1). This level is optional.

� crystal (depth=4)is a box insidesubmodule. It is repeatedby a cubicarray repeaterwith no X
repetition(repeatNumberX= 1)

� layer (depth=5)is a (or several, in the caseof the phoswichsystem)radially arrangedbox(es)
insidecrystal. Do not usea repeaterfor layers,but build themoneby onein your macro. layer
mustbesetasasensibledetectorwith themacrocommand:/attachCrystalSD

Materialof layer(s)mustbethematerialof yourdetectorEx.: LSOor BGO+ GSOfor adoublelayer
phoswichsystem.Materialsof otherlevels(crystals,submodules,modules,rsectors,cylindricalPET)can
beanything else.Keepin mind thatGATE setasmaterialof a point of world, thematerialof themore
internalvolume(herethematerialof themoreinternalvolumeis layermaterial).

IMPORTANT : Visualizationshouldhelpyou to build this geometrywith no overlap. GATE per-
formsa testwhich is ableto detectoverlapping,but with a limited precision.This testis doneat theend
PreInit modeof Gate(seeChap.1):

/run/initialize
/geometry/test/ re cu rsi ve _t es t

Usersshouldtake carein particularof casewhereavolumeis notbiggerthanits mothervolume.

Use

You will �nd hereafteran examplewith comments(commentslines start with a “#-” symbol). This
constructionof acylindricalPETgeometrymustbeat thebeginningof yourmacro,beforeinitializations.

2pleasenotethatthewordsin bold charactersarereserved;seealsokeywordsin table4.2
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# W O R L D
/gate/world/geo metr y/s et XLengt h 40 cm
/gate/world/geo metr y/s et YLengt h 40. cm
/gate/world/geo metr y/s et ZLengt h 40. cm

# M O U S E
/gate/world/dau ghte rs/ name mouse
/gate/world/dau ghte rs/ in se rt cylinder
/gate/mouse/set Mate ria l Water
/gate/mouse/vis /s et Col or red
/gate/mouse/geo metr y/s et Rmax 18.5 mm
/gate/mouse/geo metr y/s et Rmin 0. mm
/gate/mouse/geo metr y/s et Heig ht 68. mm

# C Y L I N D R I C A L
/gate/world/dau ghte rs/ name cylindricalPET
/gate/world/dau ghte rs/ in se rt cylinder
/gate/cylindric al PET/s et Mate ri al Water
/gate/cylindric al PET/g eometr y/ set Rmax 145 mm
/gate/cylindric al PET/g eometr y/ set Rmin 130 mm
/gate/cylindric al PET/g eometr y/ set Heig ht 80 mm
/gate/cylindric al PET/v is /f or ce Wir ef ra me

# R S E C T O R
/gate/cylindric al PET/d aughte rs /na me rsector
/gate/cylindric al PET/d aughte rs /in se rt box
/gate/rsector/p la ce ment/ se tT ra nsl at io n 135 0 0 mm
/gate/rsector/g eometry /s et XLength 10. mm
/gate/rsector/g eometry /s et YLength 19. mm
/gate/rsector/g eometry /s et ZLength 76.6 mm
/gate/rsector/s et Mater ia l Water
/gate/rsector/v is /f orc eWir ef ra me

# M O D U L E
/gate/rsector/d aughter s/ name module
/gate/rsector/d aughter s/ in se rt box
/gate/module/ge omet ry/ se tX Length 10. mm
/gate/module/ge omet ry/ se tY Length 19. mm
/gate/module/ge omet ry/ se tZ Length 19. mm
/gate/module/se tMat eri al Water
/gate/module/vi s/ fo rce Wire fr ame
/gate/module/vi s/ se tCo lo r gray

# C R Y S T A L
/gate/module/da ught ers /n ame crystal
/gate/module/da ught ers /i ns er t box
/gate/crystal/g eometry /s et XLength 10. mm

- 48 -



4.4Different typesof systems

/gate/crystal/g eometry /s et YLength 2.2 mm
/gate/crystal/g eometry /s et ZLength 2.2 mm
/gate/crystal/s et Mater ia l Water
/gate/crystal/v is /f orc eWir ef ra me
/gate/crystal/v is /s etC ol or magenta

# L A Y E R
/gate/crystal/d aughter s/ name LSO
/gate/crystal/d aughter s/ in se rt box
/gate/LSO/geome tr y/ set XLengt h 10. mm
/gate/LSO/geome tr y/ set YLengt h 2.2 mm
/gate/LSO/geome tr y/ set ZLengt h 2.2 mm
/gate/LSO/place ment /se tT ra ns la tio n 0 0 0 mm
/gate/LSO/setMa te ri al LSO
/gate/LSO/vis/s et Color yellow

# R E P E A T C R Y S T A L
/gate/crystal/r epeater s/ in se rt cubicArray
/gate/crystal/c ubic Arr ay /s et Repea tN umberX 1
/gate/crystal/c ubic Arr ay /s et Repea tN umberY 8
/gate/crystal/c ubic Arr ay /s et Repea tN umberZ 8
/gate/crystal/c ubic Arr ay /s et Repea tV ec to r 10. 2.4 2.4 mm

# R E P E A T M O D U L E
/gate/module/re peat ers /i ns er t cubicArray
/gate/module/cu bi cArra y/ se tR epeat Number Z 4
/gate/module/cu bi cArra y/ se tR epeat Vect or 0. 0. 19.2 mm

# R E P E A T R S E C T O R
/gate/rsector/r epeater s/ in se rt ring
/gate/rsector/r in g/ set Repeat Number 42

# A T T A C H S Y S T E M
/gate/systems/c yl in dri ca lP ET/r sec to r/ at ta ch rsector
/gate/systems/c yl in dri ca lP ET/modu le /a tt ac h module
/gate/systems/c yl in dri ca lP ET/c rys ta l/ at ta ch crystal
/gate/systems/c yl in dri ca lP ET/l aye r0 /a tt ac h LSO

# A T T A C H L A Y E R SD
/gate/LSO/attac hCry sta lS D
/gate/mouse/att ac hPhan to mSD
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4.4.3 CPET

This systemwas conceived for the simulationof a CPET-like scanner(C-PET Plus, Philips Medical
Systems,Best,theNetherlands),with onering of NaI crystalwith a curve shape.For this scanner, one
level afterthesystemlevel is enoughto describethevolumehierarchy.

description

Thissystemhastheparticularityto havecylindricalshapedsectorcomponent,e.g.basedonthe“cylinder”
shape(see�g.4.3 andChap.3,page24 for de�nition.), whereasthosecomponentsaregenerallyboxesin
othersystems.

f Start

f Delta

Rmax

Rmin

Height

Figure4.3: De�nition of a CPETsectorvolume. This systemallows oneto de�ne cylindrical
shapesectorinsteadof boxshapesectors,like in otherPETsystems

Use

Describedbelow is anexamplecodefor modelingaonering scannerof NaI crystalwith acurve shape.

Description

# BASE = CPET SYSTEM
/gate/world/dau ghte rs/ name CPET
/gate/world/dau ghte rs/ in se rt cylinder
/gate/CPET/setM at er ial Air
/gate/CPET/geom et ry /se tR max 60 cm
/gate/CPET/geom et ry /se tR mi n 0.0 cm
/gate/CPET/geom et ry /se tH ei ght 35.0 cm
/gate/CPET/vis/ fo rc eWire fr ame

# FISRT LEVEL = CRYSTAL
/gate/CPET/daug ht er s/n ame crystal
/gate/CPET/daug ht er s/i ns er t cylinder
/gate/crystal/g eometry /s et Rmax 47.5 cm
/gate/crystal/g eometry /s et Rmin 45.0 cm
/gate/crystal/g eometry /s et Heig ht 25.6 cm
/gate/crystal/g eometry /s et PhiS tar t 0 deg
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/gate/crystal/g eometry /s et Delt aPhi 60 deg

# REPEAT THE CURVESECTORINTO THE WHOLERING
/gate/crystal/r epeater s/ in se rt ring
/gate/crystal/r in g/ set Repeat Number 6

# CRYSTAL VOLUMEIS MADEOF NAI
/gate/crystal/s et Mater ia l NaI
/gate/crystal/v is /s etC ol or green

Figure4.4: OneNaI crystalwith acurvedshape

Figure4.5: After thering repeater, 6 NaI crystalsaredescribingthescanner.

Attachment. Attachtheobjectcrystalto its correspondingcomponentin theCPETsystem.

/gate/systems/C PET/ cry st al /a tt ach crystal
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Sensitivedetector. Setthecrystalsassensitive detectors(seesection5.2.1,p.62).

/gate/crystal/a tt ac hCr ys ta lS D

Thedigitizerpart(seesection8.2) is madeof theaddermoduleandsomeblurringmodule(seeChapter
8).
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4.4.4 ecat

Description

The ecatsystemis a simpli�ed versionof cylindricalPETandwasnamedecatbecauseit is aimedto
simulatethe ECAT scannerfamily from CPSInnovations(Knoxville, TN, U.S.A.). It is basedon the
block detectorprinciple [15]: an array of crystals,typically 8 � 8, readby a few photomultipliers,
typically 4. Theblocksareorganizedon anannulargeometryto form multi-ring detectors.

You will �nd anexampleof macrowith anecatde�nition in the�le :

$GATEHOME/exampl e_PET_Sca nner /PE T_Ecat _Syst em.mac

Theecatsystemhasonly threehierarchicallevels: oneglobalfor theentiredetector(base), onefor
theblock (block), andonefor thecrystalswithin theblock (crystal).

In addition to the standardoutput modules(ASCII and root), two additionaloutput modulesare
speci�cally associatedto theecatsystem,allowing thegenerateddatato bewrittenin asinogramformat.
Thesearecalledthesinogramandtheecat7outputmodulesandarediscussedin sections10.5and10.6.

Use

Describedbelow is anexamplecodefor modelinga four block-ringsscanner.

Description of the base. It hasto be namedafter the selectedsystem(ecathere)andis declared
asa volumedaughterof the world. It hasa ring shapeandshouldcompriseentirelyall detectors(see
Figure4.6).

/gate/world/dau ghte rs/ name ecat
/gate/world/dau ghte rs/ in se rt cylinder
/gate/ecat/setM at er ial Air
/gate/ecat/geom et ry /se tR max 442.0 mm
/gate/ecat/geom et ry /se tR mi n 412.0 mm
/gate/ecat/geom et ry /se tH ei ght 155.2 mm
/gate/ecat/setT ra ns lat io n 0.0 0.0 0.0 mm

Figure4.6: De�nition of thebase.
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Description of the block. Set the sizeandthe positionof the �rst block within the baseecat. It
is a rectangularparallelepipedandshouldcompriseentirelyall crystalswithin a block. For a multiple
block-ringsystemcenteredaxially on thebaseecat, theaxial positionof this �rst blockshouldbesetto
zeroandnotat oneedgeof thebase(seeFigure4.7).

/gate/ecat/daug ht er s/n ame block
/gate/ecat/daug ht er s/i ns er t box
/gate/block/pla ce ment/ se tT ra ns lat io n 427.0 0.0 0.0 mm
/gate/block/geo metr y/s et XLengt h 30.0 mm
/gate/block/geo metr y/s et YLengt h 35.8 mm
/gate/block/geo metr y/s et ZLengt h 38.7 mm
/gate/block/set Mate ria l Air

Figure4.7: De�nition of theblock.

Description of the crystal. Setthesizeandthepositionof the �rst crystalwithin theblock. For a
crystalarraycenteredon theblock, thepositionof this �rst crystalshouldbe in thecenterof theblock
andnotatoneof its edges(seeFigure4.8).

/gate/block/dau ghte rs/ name crystal
/gate/block/dau ghte rs/ in se rt box
/gate/crystal/p la ce ment/ se tT ra nsl at io n 0.0 0.0 0.0 mm
/gate/crystal/g eometry /s et XLength 30.0 mm
/gate/crystal/g eometry /s et YLength 4.4 mm
/gate/crystal/g eometry /s et ZLength 4.75 mm
/gate/crystal/s et Mater ia l BGO

Description of the crystal array. Set the size and the samplingof the crystal arraywithin one
block. Thecrystalarraywill becenteredon thepositionof theoriginal crystal.

/gate/crystal/r epeater s/ in se rt cubicArray
/gate/crystal/c ubic Arr ay /s et Repea tN umberX 1
/gate/crystal/c ubic Arr ay /s et Repea tN umberY 8
/gate/crystal/c ubic Arr ay /s et Repea tN umberZ 8
/gate/crystal/c ubic Arr ay /s et Repea tV ec to r 0. 4.45 4.80 mm
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Figure4.8: De�nition of thecrystal.

Description of the block-rings. Setthenumberof blocksperblock-ringandthenumberof block-
rings.Multiple block-ringsystemswill becenteredaxially on theaxialpositionof theoriginalblock.

/gate/block/rep eate rs/ in se rt linear
/gate/block/lin ear/ set Repeat Number 4
/gate/block/lin ear/ set Repeat Vecto r 0. 0. 38.8 mm
/gate/block/rep eate rs/ in se rt ring
/gate/block/rin g/ se tRe peat Number 72

Thisdescriptionresultsin a4 block-ringscanner, i.e. a32crystal-ringscanner, with 576crystalsper
crystal-ring.

Attachment. Attachtheobjectsblock andcrystal to their correspondingcomponentin theecatsys-
tem.

/gate/systems/e ca t/ blo ck /a tt ac h block
/gate/systems/e ca t/ cry st al /a tt ach crystal

Sensitivedetector. Setthecrystalsassensitive detectors(seesection5.2.1,p.62).

/gate/crystal/a tt ac hCr ys ta lS D

Thedigitizerpart(seesection8.2)remainsthesameasfor thecylindricalPETsystem.
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4.4.5 SPECTHead

Description

SPECTHeadis a SPECTsystemthatenablesusersto modelSPECTdedicatedscannerswithin GATE.
The main reasonfor specifyingSPECTheadis that it canbe coupledto the InterFile outputwhich is
discussedin section10.4.An examplemacrode�ning a typicalSPECTscannercanbefoundin:

$GATEHOME/example SPECT_Sca nner s/I nt er fi le .mac

whereinthespeci�c Inter�le outputmoduleis called.A SPECTheadsystemis a box-shapedgeom-
etryelementandconsistsof threehierarchiclevels:

� basewhich is alwaysattachedto thevolumeSPECThead,which is a reservedword.

� crystal which is coupledto themaindetectorblock.

� pixel whichcanbeusedif oneis modelingapixelateddetector.

If auniformdetectorblock is beingused,thancrystalshouldmeetthematerialde�nition of thedetector.
If thedetectoris pixelatedthenthepixelmaterialde�nition shouldbechosencorrectlywhile thecrystal
materialcanbeanything non-speci�c.

Figure4.9: Exampleof a hypotheticalfour-headedSPECTheadsystem.Thedetectorsarenot
pixelatedin thisexample.

Use

You will �nd hereaftera part of the SPECTbenchmarkmacro,which wasdistributedwith the GATE
software.It detailstheSPECTheadsystemde�nitions, whichshouldbegivenasinputbeforetheinitial-
ization.

#- World
#- Define the world dimensions
/gate/world/geo metr y/s et XLengt h 100 cm
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/gate/world/geo metr y/s et YLengt h 100 cm
/gate/world/geo metr y/s et ZLengt h 100 cm

#- SPECThead is the name of the predefined SPECT system
#- Create the SPECT system, which will yield
#-an Interfile output of the projection data
/gate/world/dau ghte rs/ name SPECThead
/gate/world/dau ghte rs/ in se rt box

#- Define the dimensions
/gate/SPECThead /g eomet ry /s et XLeng th 7. cm
/gate/SPECThead /g eomet ry /s et YLeng th 21. cm
/gate/SPECThead /g eomet ry /s et ZLeng th 30. cm

#- Define the position
/gate/SPECThead /p la cement/ se tT ran sl at io n 20.0 0. 0. cm

#- Set the material associated with the main volume
/gate/SPECThead /s et Mater ia l Air

#- Replicate the head (around the Z axis by default)
#-to get a hypothetical four-headed system
/gate/SPECThead /r epeat er s/ in se rt ring
/gate/SPECThead /r in g/s et Repeat Number 4
/gate/SPECThead /r in g/s et Angula rPi tc h 90. deg

#- Define the rotation speed of the head
#- Define the orbiting around the Z axis
/gate/SPECThead /mov es/ in se rt orbiting
/gate/SPECThead /o rb iti ng/s et Speed 0.15 deg/s
/gate/SPECThead /o rb iti ng/s et Point 1 0 0 0 cm
/gate/SPECThead /o rb iti ng/s et Point 2 0 0 1 cm

#- Define some visualisation options
/gate/SPECThead /v is /fo rc eWir ef rame

#- Collimator
#- Create a full volume defining the shape of
#- the collimator (typical for SPECT)
/gate/SPECThead /d aught er s/ name collimator
/gate/SPECThead /d aught er s/ in se rt box

#- Define the dimensions of the collimator volume
/gate/collimato r/ geometr y/ se tX Lengt h 3. cm
/gate/collimato r/ geometr y/ se tY Lengt h 19. cm
/gate/collimato r/ geometr y/ se tZ Lengt h 28. cm

#- Define the position of the collimator volume
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/gate/collimato r/ pl ace ment /s et Tra ns la ti on -2. 0. 0. cm

#- Set the material of the collimator volume
/gate/collimato r/ se tMa te ri al Lead

#- Define some visualisation options
/gate/collimato r/ vi s/s et Colo r red
/gate/collimato r/ vi s/f or ce Wire fra me

#- Insert the first hole of air in the collimator
/gate/collimato r/ daugh te rs /n ame hole
/gate/collimato r/ daugh te rs /i ns ert hexagone
/gate/hole/geom et ry /se tH ei ght 3. cm
/gate/hole/geom et ry /se tR adiu s .15 cm
/gate/hole/plac ement/s et Rota ti onAxi s 0 1 0
/gate/hole/plac ement/s et Rota ti onAngle 90 deg
/gate/hole/setM at er ial Air
#- Repeat the hole in an array
/gate/hole/repe at er s/i ns er t cubicArray
/gate/hole/cubi cArr ay/ se tR epeatNu mber X 1
/gate/hole/cubi cArr ay/ se tR epeatNu mber Y 52
/gate/hole/cubi cArr ay/ se tR epeatNu mber Z 44
/gate/hole/cubi cArr ay/ se tR epeatVe ct or 0. 0.36 0.624 cm
#- Repeat these holes in a linear
/gate/hole/repe at er s/i ns er t linear
/gate/hole/line ar /s etR epeatN umber 2
/gate/hole/line ar /s etR epeatV ec tor 0. 0.18 0.312 cm
/gate/hole/atta ch Phant omSD

#- Crystal
#- Create the crystal volume
/gate/SPECThead /d aught er s/ name crystal
/gate/SPECThead /d aught er s/ in se rt box

#- Define the dimensions of the crystal volume
/gate/crystal/g eometry /s et XLength 1. cm
/gate/crystal/g eometry /s et YLength 19. cm
/gate/crystal/g eometry /s et ZLength 28. cm

#- Define the position of the crystal volume
/gate/crystal/p la ce ment/ se tT ra nsl at io n 0. 0. 0. cm

#- Set the material associated with the crystal volume
/gate/crystal/s et Mater ia l NaI
/gate/crystal/a tt ac hCr ys ta lS D

#- The SPECThead system is made of three levels: base (for the head),
#-crystal (for the crystal and crystal matrix) and pixel
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#-(for individual crystals for pixelated gamma camera)

/gate/systems/S PECThead/ cr ys ta l/a tt ac h crystal

#- Look at the system
/gate/systems/S PECThead/ desc ri be
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Chapter 5

Attach the sensitive detectors

5.1 Generalpurpose
Oncea modelhasbeende�ned for the scannerthroughthe constructionof a system(seeChapter4),
thenext stepis to attacha “sensitive detector”(SD)to somevolumesof thegeometry. As in any Geant4
simulation,thesesensitive detectorsare usedto storeinformationon interactionsof a particle in the
matter(“hits”) using information from stepsalonga particle track. A hit is a snapshotof a physical
interactionof a trackin a sensitive region of thedetector, Figure6.1 illustratesthesenotions.Hits store
variousinformationassociatedto a stepobject,theinformationcanbe: theenergy depositionof a step,
geometricalinformation,positionandtime of astep,etc.

Sensitive detector
      in water

Length of a trackof a step
 Length 

Radioactive
    source

a hit

Figure5.1: Particleinteractionsin asensitivedetector

It is essentialto rememberthatGATE recordsandstoresinformationrelatedto thehitsonly for those
volumesthatareattachedto a sensitive detector. All theinformationregardingtheinteractionsoccuring
in non-sensitive volumesis lost.
Two sensitive detectorsarede�ned in GATE:

� The crystalSD allows to recordinformationon interactionsinside the volumesbelongingto a
scannerfor instance,crystalsor collimators.
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� The phantomSDmaybeusedto recordinformationonComptonandRayleighinteractionstaking
placein thevolumesbeforethedetectionin thescannersystem(e.g.,in acaseof aSPECTcamera:
theexaminationtable,thephantom,andthecollimatoraresomeof thevolumeswhereit canbe
importantto getinformationaboutComptonandRayleighinteractions).

A completede�nition of thesimulationcontext normallyinvolvesperformingbothseriesof attachments:
oneseriesof volumesis attachedto thephantomSD, anotherseriesof volumesis attachedto thecrys-
talSD.

5.2 Two typesof sensitivedetector

5.2.1 The crystalSD

De�nition and use

ThecrystalSDmaybe usedto recordinformationon interactionstakingplaceinsidesomevolumesof
thescanner:energy deposition,positionsof interaction,origin of theparticle(emissionvertex), typeof
interaction(nameof thephysicalprocessesinvolved),etc.

Attachment of the crystalSD

A crystalSDcanbeattachedonly to thosevolumesthatbelongto a givensystem.OnceacrystalSDhas
beenattached,it is consideredasattachedto thissystem.
This sensitive detectorcanbeattachedusingthecommandattachCrystalSD. Thesevolumesareessen-
tially meantto bescintillatingelements(crystals)but canalsobeattachedto non-scintillatingelements
suchascollimators,shieldsor septa.

Hereis an exampleof commandlines that shouldbe includedin a macrousingthe crystalSD. These
commandlinesmustbeinsertedafterthedescriptionof theattachmentto thesystem:

The�r stcommandis usedto attach thescintillationcrystalto thedetectionlevel”crystal” of theSPECT-
headsystem.

# A T T A C H S Y S T E M
/gate/systems/S PECThead/ cr ys ta l/a tt ac h crystal

Then,thesecondcommandattachesthecrystalSDto thevolumerepresentingthescintillationcrystal in
thegeometry.

# A T T A C H S E N S I T I V E D E T E C T O R
/gate/crystal/a tt ac hCr ys ta lS D

5.2.2 The phantomSD

De�nition and use

ThephantomSDplaysacrucialrole in GATE simulations,asit is usedto detectandcountComptonand
Rayleighinteractionstakingplacein thescannerFOV. This informationis thenusedto estimatewhether
a photonreachinga detectoris a director a Compton-scatteredphoton. Thus,in PET, thephantomSD
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is currentlytheonly way to discriminatescatteredfrom true coincidences.To simulatelow energy X-
ray acquisitions(for examplemammographyacquisitionsfrom 7 to 28 keV), informationconcerning
Rayleighinteractionsis signi�cant.
Using this type of sensitive detector, it' s possibleto retrieve two typesof informationconsideringthe
hits:

� The numberof ComptonandRayleighinteractionsoccuringin all the volumesattachedto the
phantomSD: thisinformationisstoredin thedataoutputvariablesnPhantomComptonandnPhan-
tomRayleigh.
Note: This informationis alsoavailablefor thecrystalSDwith thevariablesnCrystalCompton
andnCrystalRayleigh.

� Thelastvolumeattachedto thephantomSDin whichaComptonor aRayleighinteractionoccured:
thedataoutputvariablesusedarenamedcompVolNameandRayleighVolName.

Attachment of the phantomSD

� One�rst needsto de�ne adummy, air-�lled volumecoveringthewhole�eld-of-view of thescan-
ner.

� Then,all thesourcevolumesshouldbeoffsprings(director indirect)of thisvolume.

� Last,all thesevolumes(FOV andsources)shouldbeattachedto thephantomSDusingthecom-
mandattachPhantomSD.

IMPORTANT: In orderto retrieve dataoutputinformationsonhitsoccuringin thephantomSD(nPhan-
tomComptonandcompVolName),acrystalSDhasto bede�nedin additionin thesimulation.Otherwise,
dataoutputvariableswill becreatedbut empty. Whenall theseconditionsaresatis�ed,any interaction
taking placewithin the FOV of the scanneris automaticallyrecordedby the phantomSD, so that the
numberof Comptoninteractionsfor eachphotoncanbeaccuratelycomputed.

Note that this proceduredoesnot take into accountComptoninteractionstaking placewithin the de-
tectors,sothatinter-crystalcross-talkvia Comptoninteractionsis notdetected.

Here is an exampleof commandelines that shouldbe includedwithin the macroin order to usethe
phantomSD. Thesecommandlinesmustbe insertedafter the descriptionof the attachmentto the sys-
tems:

Firstcommandsareusedtoattach thescatteringvolumesto thedetectionlevel“base” of theSPECThead
system.

# A T T A C H S Y S T E M
/gate/systems/S PECThead/ base /a tta ch FOV
/gate/systems/S PECThead/ base /a tta ch head
/gate/systems/S PECThead/ base /a tta ch body

Then,secondcommandsattach thephantomSDto thevolumesrepresentingthescatteringvolumesin the
geometry.

# A T T A C H S E N S I T I V E D E T E C T O R
/gate/FOV/attac hPhanto mSD
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/gate/head/atta ch Phant omSD
/gate/body/atta ch Phant omSD

Finally, thelast commandsare usedto attach thescintillation crystal to thedetectionlevel ”crystal” of
theSPECTheadsystemandto attach thecrystalSDto thevolumerepresentingthescintillationcrystalin
thegeometry.

# ATTACH SYSTEMAND SENSITIVE DETECTORCRYSTALSDIN ORDERTO RETRIEVE
DATA OUTPUTSON PHANTOMSD
/gate/systems/S PECThead/ cr ys ta l/a tt ac hCry sta lS D
/gate/crystal/a tt ac hCr ys ta lS D

IMPORTANT: It' s impossibleto attachtwo sensitive detectorsto thesamevolume.
Thus,in orderto beableto countalsotheComptoninteractionsoccuringin thescintillatingcrystal,the
variablenCrystalCompton hasbeencreated:its role is similar to thatof thevariablenPhantomComp-
ton,e.git storesthenumberof Comptoninteractionsin thescintillatingcrystal.

In the caseof a voxellized matrix: Previous commandsto attachsensitive detectorsareusedfor the
volumescreatedusingthegeometrycommandsof GATE (seeChapter3). In orderto recordthesame
informationconcerningtheinteractionsoccuringin avoxellizedmatrix (seeChapter7), two othercom-
mandlineshavebeencreated:MatrixCrystalSD andMatrixPhantomSD for attachingrespectively the
sensitive detectorcrystalSDandphantomSDto avoxellizedmatrix.

First, thevoxellizedmatrix is attachedto thesystemscanner.

# A T T A C H S Y S T E M
/gate/systems/s ca nner/ le ve l1 /a tta ch replicaMatrix

Then,thematrix is attachedto thecrystalSD.

# A T T A C H S E N S I T I V E D E T E C T O R
/gate/replicaMa tr ix /Ma tr ix Cr ys tal SD
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Chapter 6

Setup the physics

6.1 Physicsprocess

The descriptionof all of the physicsprocessesdescribedhereareextractedfrom the Geant4Physical
User's Guide.

6.1.1 Processmodel

With Geant4,two typesof packagesareavailableto simulateelectromagneticprocesses:

� StandardEnergy ElectromagneticProcesses(SEP)

� Low Energy ElectromagneticProcesses(LEP)

With the SEP, it is possibleto simulatephotoelectricandComptondiffusion interactionswith an
energy higherthan10 keV. ConcerningtheLEP package,theGeant4physicaltutorial givessomecom-
mentsanddetails:
Thelow energy processesof Geant4representelectromagneticinteractionsat lower energiesthanthose
coveredby the equivalentGeant4standardelectromagneticprocesses.The currentimplementationof
low energy processesis valid for energiesdown to 250 eV (andcanbe usedup to approximately100
GeV), unlessdifferentlyspeci�ed. It coverselementswith atomicnumberbetween1 and99. All pro-
cessesinvolve two distinctphases:

� thecalculationanduseof total crosssections,and

� thegenerationof the�nal state.

Bothphasesarebasedon thetheoreticalmodelsandonexploitationof evaluateddata.Thedatausedfor
thedeterminationof cross-sectionsandfor samplingof the �nal stateareextractedfrom a setof freely
distributedevaluateddatalibraries:

� EPDL97(EvaluatedPhotonsDataLibrary) ;

� EEDL (EvaluatedElectronsDataLibrary) ;

� EADL (EvaluatedAtomic DataLibrary) ;

� stoppingpower data;
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� bindingenergy valuesbasedon dataof Sco�eld .

Evaluateddatasetsareproducedthroughtheprocessof critical comparison,selection,renormaliza-
tion andaveragingof the availableexperimentaldata,normally complementedby modelcalculations.
Theselibrariesprovide thefollowing datarelevantfor thesimulationof Geant4low energy processes:

� totalcross-sectionsfor photoelectriceffect,Comptonscattering,Rayleighscattering,pairproduc-
tion andbremsstrahlung,

� subshellintegratedcrosssectionsfor photoelectriceffectandionization,

� energy spectraof thesecondariesfor electronprocesses,

� scatteringfunctionsfor theComptoneffect,

� form factorsfor Rayleighscattering,

� bindingenergiesfor electronsfor all subshells,

� transitionprobabilitiesbetweensubshellsfor �uorescenceandtheAugereffect,and

� stoppingpower tables.

The energy rangecoveredby the datalibrariesextendsfrom 100 GeV down to 1 eV for Rayleigh
andComptoneffects,down to the lowestbindingenergy for eachelementfor photoelectriceffect and
ionization,anddown to 10eV for bremsstrahlung.The�nal stateproductsof theprocessesaregenerated
by samplingrelevantphysicalquantities,suchasenergiesandangulardistributionsof secondaries,from
distributionsderivedfrom theoreticalmodelsandevaluateddata.Theenergy dependenceof theparam-
eterswhich characterizethedistributionsis taken into accounteitherby direct interpolationof thedata
availablein the libraries,or by interpolationof valuesobtainedfrom �ts to thedata. Whengenerating
the �nal state,anatomof thematerialin which the interactionoccursis randomlyselectedandatomic
de-excitationis simulated.Secondarieswhichwouldbeproducedwith energiesbelow theiruserde�ned
productionthresholdarenotcreatedandtheirenergy is depositedlocally.

6.1.2 Processlist

Photoelectriceffect

CrossSectionand Mean FreePath
Thephotoelectriceffect is theejectionof anelectronfrom amaterialafteraphotonhasbeenabsorbedby
thatmaterial.It is simulatedby usinga parameterizedphotonabsorptioncrosssectionto determinethe
meanfreepath,atomicshelldatato determinetheenergy of theejectedelectron,andtheK-shellangular
distribution to samplethedirectionof theelectron.Theparameterizationof thephotoabsorptioncross
sectionproposedby Biggsetal. [16] wasused:

� (Z; E  ) =
a(Z; E  )

E 
+

b(Z; E  )
E 2


+

c(Z; E  )
E 3


+

d(Z; E  )
E 4



Using the least-squaresmethod,a separate�t of eachof the coef�cients a, b, c, d to the experimental
datawasperformedin severalenergy intervals. As a rule, theboundariesof theseintervalswereequal
to thecorrespondingphotoabsorptionedges.In a givenmaterialthemeanfreepath,� , for a photonto
interactvia thephotoelectriceffect is givenby :

� (E  ) = (
X

i

nati :� (Z i :E  )) � 1
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Wherenati is thenumberof atomspervolumeof thei th elementof thematerial.Thecrosssectionand
meanfreepatharediscontinuousandmustbecomputed'on the�y' from the2 precedentformulas.

Final State

The binding energiesof the shellsdependon the atomicnumberZ of the material. In compound
materialsthei th elementis chosenrandomlyaccordingto theprobability:

Pr ob(Z i ; E  =
nati � (Z i ; E  )

P
i [nati � i (E  )]

)

A quantumcanbeabsorbedif wheretheshellenergiesaretakenfrom G4AtomicShellsdata:theclosest
availableatomicshellis chosen.In thecurrentimplementationtherelaxationof theatomisnotsimulated,
but insteadis countedasa localenergy deposit.

Compton effect

CrossSectionper Atom and Mean FreePath
WhensimulatingtheComptonscatteringof aphotonfrom anatomicelectron,anempiricalcrosssection
formulais used,which reproducesthecrosssectiondatadown to 10 keV. Thevaluesof theparameters
canbefoundwithin themethodwhichcomputesthecrosssectionperatom.A �t of theparameterswas
madeto over511datapointschosenfrom theintervals1 � Z � 100andE gamma 2 [10keV; 100GeV].
In agivenmaterialthemeanfreepath,� , for aphotonto interactvia Comptonscatteringis givenby :

� (E  = (
X

i

nati :� (Z i :E  )) � 1)

Wherenati is thenumberof atomspervolumeof thei th elementof thematerial.
Final State

ThequantummechanicalKlein-Nishinadifferentialcrosssectionperatomis :

d�
d�

= � r 2
e

mec2

E0
Z [

1
�

+ � ][1 �
� sin2 �
1 + � 2 ]

where:

� re = classicalelectronradius

� me = electronmass

� E0 = energy of theincidentphoton

� E1 = energy of thescatteredphoton

� � = E1=E0

Assuminganelasticcollision, thescatteringangle� is de�ned by theComptonformula:

E1 = E0
mec2

mec2 + E0(1 � cos� )
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Rayleight effect

Total CrossSection
The total crosssectionfor the Rayleighscatteringprocessis determinedfrom the dataasdescribedin
low energy processsection.

Samplingof the Final State
Thecoherentscatteredphotonangleis sampledaccordingto thedistribution obtainedfrom theproduct
of theRayleighformula(1 + cos2 � ) sin � andthesquareof Hubbel's form factorF F 2(q)

�( E ; � ) = [1 + cos2� ]sin� :F F 2(q)

whereq = 2E: sin(� =2) is themomentumtransfer.
Form factorsintroducea dependency on the initial energy E of the photonthat is not taken into

accountin theRayleighformula. At low energies,form factorsareisotropicanddo not affect angular
distribution,while athighenergiesthey areforwardpeaked.

Thesamplingprocedureis asfollows :

� cos� is chosenfrom auniformdistribution between-1 and1

� theform factorF F is extractedfrom thedatatablefor theconsideredelement,usinglogarithmic
datainterpolation,for q = 2E: sin(� =2)

� if thevalueobtainedfor �( E ; � ) is largerthana randomnumberuniformly distributedbetween0
andZ 2, theprocedureis repeatedfrom step1, otherwise� is takenasthephotonscatteringangle
with respectto its incidentdirection.

� theazimuthaldirectionof thescatteredphotonrandomlyis chosen.

Electron and positron physics

In GATE, the SEPis usedfor modelingthe transportof electronsandpositrons.The most important
processesare:

� Multiple Scattering;

� Ionization;

� Bremsstrahlung;

� (e+ e� ) annihilation.

Multiple Scattering
GEANT4 usesa new multiple scattering(MSC) model to simulatethe multiple scatteringof charged
particlesin matter. This modeldoesnot usetheMolière formalism,but is basedon themorecomplete
Lewis theory. Themodelsimulatesthescatteringof theparticleafteragivenstep,andalsocomputesthe
pathlengthcorrectionandthelateraldisplacement.
MSC simulationalgorithmscanbeclassi�ed aseither"detailed"or "condensed".In thedetailedalgo-
rithms,all thecollisions/interactions experiencedby theparticlearesimulated.This simulationcanbe
consideredasexact; it givesthesameresultsasthesolutionof the transportequation.However, it can
beusedonly if thenumberof collisionsis not too large,aconditionful�lled only for specialgeometries
(suchasthin foils), or low enoughkinetic energies. For larger kinetic energiesthe averagenumberof
collisions is very large andthe detailedsimulationbecomesvery inef�cient. High energy simulation
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codesusecondensedsimulationalgorithms,in which theglobaleffectsof thecollisionsaresimulatedat
theendof a tracksegment. Theglobaleffectsgenerallycomputedin thesecodesarethenetdisplace-
ment,energy loss,andchangeof directionof thechargedparticle.Thesequantitiesarecomputedfrom
themultiple scatteringtheoriesusedin thecodes.Theaccuracy of thecondensedsimulationsis limited
by theapproximationsof themultiplescatteringtheories.
Most particlephysicssimulationcodesusethe multiple scatteringtheoriesof Molière, Goudsmitand
SaundersonandLewis. The theoriesof Molière andGoudsmit-Saundersongive only the angulardis-
tribution aftera step,while theLewis theorycomputesthemomentsof thespatialdistribution aswell.
Noneof theseMSC theoriesgives the probability distribution of the spatialdisplacement.Therefore
eachof theMSC simulationcodesincorporatesits own algorithmto determinethespatialdisplacement
of thechargedparticleaftera givenstep.Thesealgorithmsarenot exact,of course,andareresponsible
for mostof theuncertaintiesin theMSCcodes.Thereforethesimulationresultscandependonthevalue
of thesteplengthandgenerallyonehasto selectthevalueof thesteplengthcarefully.
A new classof MSC simulation,the"mixed" simulationalgorithms,appearedin theliteraturerecently.
Themixedalgorithmsimulatesthe"hard" collisionsoneby oneandusesa MSC theoryto treattheef-
fectsof the"soft" collisionsat theendof a givenstep.Suchalgorithmscanpreventthenumberof steps
from becomingtoo largeandalsoreducethedependenceon thesteplength.
TheMSC modelusedin GEANT4 belongsto theclassof condensedsimulations.Themodelis based
on Lewis' MSC theoryandusesmodelfunctionsto determinetheangularandspatialdistributionsafter
a step.Thefunctionshave beenchosenin sucha way asto give thesamemomentsof the(angularand
spatial)distributionsastheLewis theory.
Ionization
TheG4eIonisationclasscalculatesthecontinuousanddiscreteenergy lossesof electronsandpositrons
dueto ionizationin a material.Above a given thresholdenergy theenergy lossis simulatedby theex-
plicit productionof deltaraysby Möller scattering(e� e� ), or Bhabhascattering(e+ e� ). Below the
threshold,softelectronsejectedaresimulatedasacontinuousenergy lossof theincidente� .
Bremsstrahlung
TheclassG4eBremsstrahlungcalculatestheenergy lossof electronsandpositronsdueto theradiation
of photonsin the�eld of a nucleus.Above a giventhresholdenergy theenergy lossis simulatedby the
explicit productionof photons.Below the threshold,emissionof soft photonsis treatedasa continu-
ousenergy loss. Theequationusedfor this simulationarethevery similar to thoseusedin GEANT3.
Theonly importantdifferenceis that in GEANT4 boththeLandau-Pomeranchuk-Migdaleffect andthe
dielectricsupressionof bremsstrahlunghave beenimplemented.Only thedielectricsuppressionis im-
plementedin GEANT3,whereit is referredto astheMigdal correction.
Positron and electron annihilation
For thepositronphysics,this is alsotheStandardEnergy Packagewhich is implemented.Concerning
thepositron/electronannihilation,theclassGatePositronAnnihilationsimulatesthein-�ight annihilation
of a positronwith an atomicelectron.As is usuallydonein shower programs,it is assumedherethat
theatomicelectronis initially freeandat rest. Also, annihilationprocessesproducingone,or threeor
more,photonsareignoredbecausetheseprocessesarenegligible comparedto theannihilationinto two
photons.The   non-colinearityis taken into account.The meanvalueof the angledistribution is '
0:50.

6.1.3 Changinga processselection

Thephysicalprocesseswhichspeci�edfor electronandpositrontransportarehardcodedin thesoftware
andcannotbealtered.Usercande�ne thephotonprocesseslist andfor eachprocess,theusercanselect
thespeci�c energy modelwith thefollowing commands:
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� standard : usestandardmodel(SEP);

� lowenergy : uselow-energy model(LEP) ;

� inactive : do notsimulatetheinteraction.

6.1.4 Exampleof processselection

An exampleof ascriptcommandlinesto de�ne acompletephotonphysiclist :

/gate/physics/g amma/se le ct Phot oel ec tr ic lowenergy
/gate/physics/g amma/se le ct Compton standard
/gate/physics/g amma/se le ct Rayl eig h inactive

6.2 Setting the cut
Thecut functionsin GATE de�ne somethresholdsfor theproductionof secondaryparticles.Wehave 2
sortsof cuts,thecut in rangeandthecut in energy.
Concerningthecut in range,this is thede�nition of theminimal distancefor allowing production.This
cut is notappliedcloseto thevolumeboundariesandit is notappliedfor someparticles.
Thecut in energy de�nes theminimumenergy for allowing production.This cut is alwaysappliedfor
low energy processes.

6.2.1 Cut for the electrons,X-ray and Delta-ray

GATE allows theuserto setthreetypesof cutsthatareappliedon electron,X-ray and� ray (low-energy
electronswhichareproducedby someatomicinteractions).
Thecut which is appliedon electronis a cut in rangeandwe cande�ne it with thefollowing command
line :

/gate/physics/s et El ect ro nCut 30. m

In thisexample,if theelectronrangeis lessthan30 meters,theparticleis notgenerated.

For X-ray and� ray, energy cutscanbeappliedas:

/gate/physics/s et XRayCut 1. GeV
/gate/physics/s et Delta RayCut 1. GeV

In thisexample,if theX-ray or � ray energy is lessthan1 GeV, particlesarenotgenerated.

6.2.2 Exampleof a completephysic list

/gate/physics/g amma/se le ct Phot oel ec tr ic lowenergy
/gate/physics/g amma/se le ct Compton standard
/gate/physics/g amma/se le ct Rayl eig h inactive
/gate/physics/s et El ect ro nCut 30. m
/gate/physics/s et XRayCut 1. GeV
/gate/physics/s et Delta RayCut 1. GeV
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6.3 Initialize the physics

6.3.1 Why ?

The initialization mustbe doneafter the geometrydetectordescriptionandprocessesde�nition. This
initializationbuild thegeometryandthecrosssectiontablesfor eachprocess.

6.3.2 Command line

Thecommandline to initialize thephysicsis :

/run/initialize
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Chapter 7

Activity, source

7.1 The GPS(GeneralParticle Source)

To introduceasourceinto aGATE simulation,theuserneeds�rst to de�ne thepropertiesof theactivity
distribution, thenthe geometry. GATE canmodelcomplex activity distributions. For eachnew event,
thesourcemanagerrandomlydecides,basedontotalsourceactivities,whichsourcedecays.It' s thenthe
chosensourcethattakescareof generatingoneor moreprimaryparticles.TheGeant4“GeneralParticle
Source”is usedto shootparticlesof agiventypeto agivendirectionwith agivenkinetic.

7.2 Createa source

Simulationscanusemultiple sources.Eachsourceis independent.It hasa user-de�ned nameandits
own commandtree:

/gate/source/NA ME

where“NAME” de�nesthearbitrarilyuser-de�ned nameof thesource.

7.2.1 Add a source

The�rst stepis to addthesource.To addasource,theusersimply typesthefollowing GATE command:

/gate/source/ad dSource NAME

In this example,a source“NAME” is added. The next commandwill de�ne the propertiesand
geometryof thatsource.

7.2.2 De�ne a type of emission

After insertingthesource,thenext stepis to de�ne thepropertiesof thesource:activity, type,energy.
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De�ne activity

To de�ne theactivity of thegiven source,theuserde�nes theamountof activity andits unit usingthe
following command:

/gate/source/NA ME/s etA ct iv it y 5. becquerel

In this example,the total activity of thesourcereferredto as“NAME” is setto 5 Bq. Theactivity
canbede�ned in Curie(Ci) aswell asin Becquerel(Bq).

De�ne the type

Thenext stepis to de�ne the typeof thesource.Threedifferenttypesof sourcesareavailable: “ion”,
“positron”, and“gamma”.

Theion typecansimulateany ion by de�ning its atomicnumber(Z), atomicweight(A), ionic charge
in unitsof energy (Q), andits excitationenergy in keV (E). It incorporatestheradioactive decay.

To usetheion source:

/gate/source/NA ME/g ps/ part ic le ion
/gate/source/NA ME/g ps/ io n 8 15 0 0

In theabove example,anion sourceof oxygen-15hasbeende�ned with Z=8, A=15,Q=0,E=0.

If it' s tooslow, theotheroptionis to de�ne thepositron.Thepositronhasto beforcedto beunstable
andis thende�ned by its half-life andits energy typei.e. its spectrum.

To usethepositronsource:

/gate/source/NA ME/g ps/ part ic le e+
/gate/source/NA ME/g ps/ se tF or ce dUnst able Fl ag true
/gate/source/NA ME/g ps/ se tF or ce dHalf Li fe 6586 s
/gate/source/NA ME/g ps/ ener gy ty pe Fluor18

In the exampledescribedabove, the �uorine-18 hasbeendescribed.The differentenergy spectra
distibution typesavailablewill bedetailedin thenext section.

The last way to de�ne a sourceis to simply descibeit asa gammaphotonemission.This type of
emissionwill beusedfor SPECTsystemsor to simulateX-Raygenerators.

To usethegammasource:

/gate/source/NA ME/g ps/ part ic le gamma

Thebacktobacktypede�nesback-to-backsources.It' sdedicatedto PET: 2 gammaphotonsaregen-
eratedat180degrees.This typeof sourceis fasterto simulateandallows to selecttheemissionangles.

To usetheback-to-backsource:

/gate/source/NA ME/s etT yp e backtoback

Thereis no radioactive decaysimulatedwhenusinggammasources.
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7.2.3 De�ne the energy

Now that thetypeof thesourceandtheactivity arede�ned, theuserwill de�ne thetypeof energy and
it' s value.

De�ne the type of energy

The type of the energy distribution hasto be de�ned. In the following example,all particleshave the
sameenergy:

/gate/source/NA ME/g ps/ ener gy ty pe Mono

The candidatesfor theenergy distribution type are: mono-energetic “Mono”, linear “Lin”, power-
law “Pow”, exponential“Exp”, Gaussian“Gauss”,bremstrahlung“Brem”, black-body“Bbody”, cosmic
diffusegammaray“Cdg”, user-de�ned histogram“User”, arbitrarypoint-wisespectrum“Arb”, anduse-
de�ned energy pernucleonhistogram“Epn”. Thecapitalisationis important,only stringsgivenexactly
asaboutwill berecognized.

De�ne the energy

For gammaphotonsandback-to-backemission,theparticleenergy is thegammaenergy:

/gate/source/NA ME/g ps/ monoener gy 511. keV

In caseof ions,theion kineticenergy is 0, theionsareat rest:

/gate/source/NA ME/g ps/ monoener gy 0. ev

Whenusingpositronsources,thecorrecte+energy spectrumhasto bede�ned (thefollowing energy
spectrumis just anexample):

/gate/source/NA ME/g ps/ ener gy ty pe Arb
/gate/source/NA ME/g ps/ hi st name MySource
/gate/source/NA ME/g ps/ emin 1.000E-01 MeV
/gate/source/NA ME/g ps/ emax 4.000E+00 MeV
/gate/source/NA ME/g ps/ hi sp oi nt 1.000E-01 2.0E-01
/gate/source/NA ME/g ps/ hi sp oi nt 5.000E-01 3.1E+01
/gate/source/NA ME/g ps/ hi sp oi nt 1.000E-00 6.5E+02
/gate/source/NA ME/g ps/ hi sp oi nt 2.000E-00 1.2E+02
...
/gps/arbint Lin

The threemostoften usedpositronenergy spectrahave beenpre-de�nedandstored. It' s the en-
ergy spectraof �uorine-18, oxygen-15,andcarbon-11respectively called:“Fluor18”, “Oxygen15”,and
“Carbon11”.Thefolllowing exampleis givenfor �uorine:

/gate/source/NA ME/g ps/ ener gy ty pe Fluor18

Any typeof energy unit within theInternationalUnit Systemcanbeused:ev, Gev, Mev, kev...
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7.2.4 De�ne the distrib ution of the emission

An emissionangledistribution canbede�ned with theangularspande�ned below:

/gate/source/NA ME/g ps/ angt yp e iso
/gate/source/NA ME/g ps/ mi nTheta 90. deg
/gate/source/NA ME/g ps/ maxTheta 90. deg
/gate/source/NA ME/g ps/ mi nPhi 0. deg
/gate/source/NA ME/g ps/ maxPhi 360. deg

In this case,all particleshave thesamepolarangle(theta)of 90 degrees.They areall emittedalong
directionsorthogonalto thez-axis. Theparticlesareemittedwith an azimuthalangle(phi) between0
and360degrees,alongall possibledirections.

By default,afull spanof 0-180degreesfor thepolarangleand0-360degreesfor theazimuthalangle
arede�ned. Theemissionspancanbereducedfor back-to-backsourcesto speedup thesimulation

7.2.5 De�ne the shapeof the source

Whencreatinga source,thelaststepis to de�ne its geometry. Thefollowing commandde�nesthetype
of sourcedistribution:

/gate/source/NA ME/g ps/ ty pe Volume

In theabove description,a volumic sourcedistribution hasbeenchose.Othertypesof sourcedistri-
butioncanbeused:“Point”, “Beam”, “Plane”,or “Surface”.Thedefault valueis “Point”.

For a “Plane” source,the sourceshapetype canbe “Circle”, “Annulus”, “Ellipsoid”, “Square”,or
“Rectangle”.For both“Surface”and“Volume” sources,this canbe“Sphere”,“Ellipsoid”, “Cylinder”,
or “Para”. The default sourceis a “Point” sourceandso “Shape”is not setto any of the above types.
Eachshapehasits own parameters:

/gate/source/NA ME/g ps/ sh ape Cylinder
/gate/source/NA ME/g ps/ ra di us 1. cm
/gate/source/NA ME/g ps/ half z 1. mm

In thepreviouscommands,thesourceis acylinderwith aradiusof 1 cmanda lengthof 2 mm. Very
often,thehalf-lengthis givenratherthanthefull length.

To de�ne a circle, onegives the radius(“radius”), for an annulusonegives the inner (“radius0”)
andouter radii (“radius”), andfor an ellipse,a square, or a rectangleonegives the half-lengthsin x
(“halfx”) andy (“halfy”). A spherecanbede�ned simplyby specifyingtheradius(“radius”). Ellipsoids
arede�ned giving their half-lenghthsin x (“halfx”), y (“halfy”), andz (“halfz”). Cylindersarede�ned
suchthattheaxisis parallelto thez-axis,theuseris thereforerequiredto give theradius(“radius”) and
thez half-length(“halfz”). Parallelepipedsarede�ned by giving x (“halfx”), y (“halfy”), andz (“halfz”)
half-length,plustheanglesalpha(“paralp”), theta(“parthe”),andphi (“parphi”).
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7.2.6 De�ne the placementof the source

Thepositionof thesourcedistribution is thende�ned by thefollowing command:

/gate/source/NA ME/g ps/ ce nt re 1. 0. 0. cm

In thatexample,thecentreof thesourcedistribution is 1 cmoff-centeralongthex-axis.

7.2.7 Con�ne a source: movementof a source

In orderto beableto de�ne sourcesin movement,thesourcedistribution hasto becon�ned in aGeant4
volume. This volumewill beanimatedusingtheusualGATE commandasdecscribedin Chapter4 of
thismanual.

Thecommand:

/gate/source/NA ME/g ps/ co nf in e NAME_P

speci�esthat theemissionmustbecon�ned to a volumeof theGeant4geometry. In this case,the
emissiondistribution is the intersectionof the GeneralParticle Source(GPS)andthe Geant4volume.
TheGeant4volumemustbespeci�edby its physicalvolumename:GATEname+ '_P'.

Oneshouldnotethatthecon�nmentslowsdown thesimulation,thecon�nementvolumeshouldhave
anintersectionwith theGPSshape,andthecon�nementvolumeshouldnotbetoo largeascomparedto
theGPSshape.

A completeexampleof a moving sourcecanbe found in the SPECTbenchmarkor in the macro
hereafter:

# Define the shape/dimension s of the moving source
/gate/MovingSou rc e/ geometr y/ se tRmax 5. cm
/gate/MovingSou rc e/ geometr y/ se tRmin 0. cm
/gate/MovingSou rc e/ geometr y/ se tHe ig ht 20. cm
/gate/MovingSou rc e/ moves /i ns er t translation
/gate/MovingSou rc e/ tra ns la ti on/se tS peed 0 0 0.04 cm/s
# Define the shape/dimension s of the large sourcecontaine r
# that should contain the full trajectory of the moving source
/gate/source/So ur ce Conta in er /g ps/ ty pe Volume
/gate/source/So ur ce Conta in er /g ps/ sh ape Cylinder
/gate/source/So ur ce Conta in er /g ps/ ra di us 4. cm
/gate/source/So ur ce Conta in er /g ps/ half z 30. cm
# Define the placement of the SourceContainer
/gate/source/So ur ce Conta in er /g ps/ ce nt re 0. 0. 0. cm
# Define the source as a gamma source
/gate/source/So ur ce Conta in er /g ps/ part ic le gamma
# Define the gamma energy
/gate/source/So ur ce Conta in er /g ps/ ener gy 140. keV
# Set the activity of the source
/gate/source/So ur ce Conta in er /s etA ct iv it y 5000. Bq
# Define a confinement and confine the large container to
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# the MovingSource at a position defined by the time and
# the translation speed
/gate/source/So ur ce Conta in er /g ps/ co nf in e MovingSource_P

7.2.8 Example: two gamma

Thefollowing exampleshows ascriptto insertapoint sourceof back-to-backtype.

# A new source with an arbitrary name
#(``twogamma'') is created
/gate/source/ad dSource twogamma
# The total activity of the source is set
/gate/source/tw ogamma/se tA ct iv ity 0.0000001 Ci
# The source emits pairs of particles back-to-back
/gate/source/tw ogamma/se tT yp e backtoback
# The particles emitted by the source are gammas
/gate/source/tw ogamma/gps/ part icl e gamma
# The gammas have an energy of 511 keV
/gate/source/tw ogamma/gps/ ener gyt yp e Mono
/gate/source/tw ogamma/gps/ monoenerg y 0.511 MeV
# The source is a full sphere with radius 0.1 mm,
# located at the centre of the FOV
/gate/source/tw ogamma/gps/ ty pe Volume
/gate/source/tw ogamma/gps/ sh ape Sphere
/gate/source/tw ogamma/gps/ ra di us 0.1 mm
/gate/source/tw ogamma/gps/ ce nt re 0. 0. 0. cm
# There is no confinement: the spatial distribution of emission points
# is specified by the shape defined above
/gate/source/tw ogamma/gps/ co nf ine NULL
# The angular distribution of emission angles is isotropic
/gate/source/tw ogamma/gps/ angt ype iso
# The parameters below mean that the source emits
# at all angles along the z axis
/gate/source/tw ogamma/gps/ mi nt het a 0. deg
/gate/source/tw ogamma/gps/ maxt het a 180. deg
# Uncomment the parameters below if you want the source
# to emit in an XY (transverse) plane
#/gate/source/t wogamma/g ps /min the ta 90. deg
#/gate/source/t wogamma/g ps /max the ta 90. deg
# The parameters below mean that the source emits
# at all angles in the transverse (XY) directions
/gate/source/tw ogamma/gps/ mi nphi 0. deg
/gate/source/tw ogamma/gps/ maxp hi 360. deg

7.3 Voxelisedsource
Therearetwo possibilitieswithin GATE to readin voxelisedsources.Onecanchoseto readin anASCII
�le or anInterFileimage.
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ASCII input

The�rst line of this �le shouldconsistof thenumberof pixelsof theimage:nx, ny, nz. Thisdetermines
thesizeof onesliceandthenumberof slicethevoxelizedsourceshouldcontain.Thesethreedimensions
arefollowedbyasequenceof numbers,onenumberfor eachvoxel. Thesenumbersrespresenttheactivity
in eachof thesevoxels andarethenlater convertedto actualactivities usinga translatorthat canbe a
linearTranslatoror thatcanbea rangeTranslator(only thenumbers> 0 areconvertedinto voxels). The
macro-inputis detailedhereafter:

# Declaration of the fact that a voxelized source will be used.
/gate/source/ad dSource voxel voxel
# always use the keyword voxel first to declare the type
# Declaration that the voxelized source will be entered
# using image (ASCII) data.
/gate/source/vo xe l/ rea der/ in se rt image
# example for a linear translator: this scales all numbers
# directly into activities
/gate/source/vo xe l/ ima geReader /tr ansl at or /in se rt linear
/gate/source/vo xe l/ ima geReader /li near Tr ansla to r/ se tS cal e 1. Bq
# example for a range translator (can not be used simultaneously)
# here the numbers of the ASCII file are discretized in intervals
# and are then converted to predefined activities
/gate/source/vo xe l/ ima geReader /tr ansl at or /in se rt range
/gate/source/vo xe l/ ima geReader /ra ngeTra ns lat or /r eadTabl e activityRange.d at
/gate/source/vo xe l/ ima geReader /ra ngeTra ns lat or /d es cr ibe 1

# The following line allows you to insert the ASCII file
# that contains all necessary numbers for all pixels
/gate/source/vo xe l/ ima geReader /re adFi le image.dat

# The deafult position of the voxelized source is in the 1^{st}
# quarter. So the voxelized source has to be shifted over half its
# dimension in the negative direction on each axis
/gate/source/vo xe l/ set Posi ti on -12.8 -12.8 0. mm

# The following lines characterize the size
# no difference with an analytical source
/gate/source/vo xe l/ set Type backtoback
/gate/source/vo xe l/ gps /p ar ti cl e gamma
/gate/source/vo xe l/ gps /e nerg yt ype Mono
/gate/source/vo xe l/ gps /monoenergy 511. keV
/gate/source/vo xe l/ gps /a ngty pe iso
/gate/source/vo xe l/ gps /min th et a 90. deg
/gate/source/vo xe l/ gps /max th et a 90. deg
/gate/source/vo xe l/ gps /min phi 0. deg
/gate/source/vo xe l/ gps /max phi 360. deg
/gate/source/vo xe l/ gps /c onfi ne NULL

/gate/source/vo xe l/ dump 1
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An exampleof a rangetranslationtablefor numbersto activities (activityRange.datin theexample)
is shown below:

# set the number of subdivisions
6
# define the intervals ex. [200,210] and attach
# a correlated activity: 1. Bq in this example
200 210 1.
211 220 3.
221 230 5.
231 240 10.
241 250 20.
251 255 40.

whereyou specifythenumberof subdivisions(6 in this example),followed by their rangeandthe
actualactivity. If thenumberin theASCII �le, for a givenvoxel, is for instancebetween221and230,
thenthe activity for that voxel is set to 5. Bq. The resultingvoxelizedsourcehasthusa discretized
numberof activity values(preliminarsegmentation).

InterFile input

Anothermoreuser-friendly possibility is to readin animagestoredin InterFile format,wherethegray
scaleof theimageis convertedinto activity values.TherangeTranslatorthesamekind astheoneabove.
Themacrofor readingin interFileimagesassourcedistributionsis detailedbelow:

# Declaration of the fact that a voxelized source will be used.
/gate/source/ad dSource voxel voxel
# Declaration that the voxelized source will be entered
# using Interfile data.
/gate/source/vo xe l/ rea der/ in se rt interfile
# example for a range translator here the numbers of the
# Interfile are discretized in intervals and are then
# converted to predefined activities
/gate/source/vo xe l/ int er fi le Reader/ tr ansl ato r/ in se rt range
/gate/source/vo xe l/ int er fi le Reader/ .. .
.../rangeTransl at or /re adTabl e activityRange.da t
/gate/source/vo xe l/ int er fi le Reader/ ra ngeTran sl at or /d esc ri be 1
# The following line allows you to insert the Interfile datafile
/gate/source/vo xe l/ int er fi le Reader/ re adFi le hof.h33
/gate/source/vo xe l/ int er fi le Reader/ ve rb os e 1
# The following lines characterize the size
# no difference with an analytical source
/gate/source/vo xe l/ set Type backtoback
/gate/source/vo xe l/ gps /p ar ti cl e gamma
/gate/source/vo xe l/ gps /e nerg yt ype Mono
/gate/source/vo xe l/ gps /monoenergy 140. keV
/gate/source/vo xe l/ gps /a ngty pe iso
/gate/source/vo xe l/ gps /min th et a 0. deg
/gate/source/vo xe l/ gps /max th et a 90. deg
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slice 40

slice 41

slice 42

slice 43

Figure7.1: emissionmapfrom digital Hoffmanphantom(left:data- right: translatedactivity
values).

/gate/source/vo xe l/ gps /min phi 0. deg
/gate/source/vo xe l/ gps /max phi 360. deg
/gate/source/vo xe l/ gps /c onfi ne NULL
# The deafult position of the voxelized source is in the 1^{st}
# quarter. So the voxelized source has to be shifted over half its
# dimension in the negative direction on each axis
/gate/source/vo xe l/ set Posi ti on -128. -128. 0. mm
/gate/source/vo xe l/ dump 1

Usingthis InterFilereaderany digital phantomor patientdata,storedin InterFileformat,canberead
in asemissiondistribution. An exampleof theHoffmanbrainphantom,wherethegrayscaleshave been
translatedto activity distributionsis shown in �gure 7.1.

GATE also offers the possibility to readin voxelisedattenuationgeometriesfollowing thesetwo
strategies.Thegrayscaleis thenconvertedto materialde�nitions in thatcaseusingananalogoustrans-
lator.
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Chapter 8

Digitizer and readoutparameters

8.1 GeneralPurpose

The purposeof the digitizer moduleis to simulatethe behavior of the scanner's detectorsandsignal
processingchain. In this section,thealgorithmsusedto simulatea scannerselectronicreadoutscheme
aredescribed.To introducethem,anoverview of themainstepsusedto producecoincidencesfrom the
simulatedparticle trajectoriesinformationis brie�y describedbelow. Following this, a moredetailed
explanationof how to control thebehavior of eachof thesestepsis given. Finally, a completeexample
of a readoutmacro�le is presented.

8.1.1 From particle detectionto coincidencesin GATE

GATE makesuseof Geant4to generateparticlesandtransportthemthroughthedifferentmaterials.This
mimics the physicalinteractionsbetweenparticlesandmatter. The informationgeneratedduring this
processis usedby GATE to simulatethedetectorpulses(digits), whichcorrespondto theobserveddata.
Thedigitizer representstheseriesof stepsand�lters thatmake up thisprocess.

Thetypicaldata-�ow for aneventis composedasfollows:

1. A particleis generated,with its parameters,suchasinitial type,time,momentum,andenergy.

2. An elementarytrajectorystep(referredto in Geant4simply asa step) is applied. A stepcorre-
spondsto the trajectoryof a particlebetweendiscreteinteractions(i.e. photoelectric,Compton,
pairproduction,etc).Duringastepthechangesto particle'senergy andmomentumarecalculated.
Thelengthof a stepdependsuponthenatureof interaction,thetypeof particleandmaterial,etc.
The calculationof steplengthis complex andis mentionedhereonly brie�y . For moredetails,
pleasereferto [5].

3. If a stepoccurswithin a volumecorrespondingto a sensitive detector(Chapter5), theinteraction
informationbetweenthe particleandthe materialis stored. For example,this informationmay
include the depositedenergy, the momentumbeforeandafter the interaction,the nameof the
volumewheretheinteractionoccurred,andsoon. Thissetof informationis referredto asaHit.

4. Steps2and3arerepeateduntil theenergy of theparticlebecomeslowerthanaprede�nedvalue,or
theparticlepositiongoesoutsidetheprede�nedlimits. Theentireseriesof stepsform asimulated
trajectoryof aparticle,thatis calledaTrack in Geant4.
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5. Theamountof energy depositedin acrystalis �ltered by thedigitizermodule.Theoutputfrom the
digitizer correspondsto thesignalafterit hasbeenprocessedby theFrontEndElectronics(FEE).
Generally, the FEE aremadeof several processingunits, working in a serialand/orin parallel.
This processof transformingtheenergy of a Hit into the�nal digital valueis calledDigitization,
andis doneby thedigitizer portionof theGATE architecture.Eachprocessingunit in theFEEis
representedin GATE by acorrespondingdigitizermodule. The�nal valueobtainedafter�ltering
by asetof thesemodulesis calledaSingle(Singlescanbesavedasoutput).Eachtransientvalue,
betweentwo modules,is calledaPulse.

Thisprocessis repeatedfor eacheventin thesimulationin orderto produceoneor moresetsof Singles.
TheseSinglescanbestoredinto anoutput�le (asaROOT tree,for example).

Oncethis list is created,asecondprocessingstageis insertedto sorttheSingleslist for coincidences.
To dothis,thealgorithmsearchesin this list for asetsof Singlespairs1, thataredetectedwithin thegiven
time interval (thesocalled'coincidentevents').

De�nition of a hit

In Geant4,ahit is asnapshotof thephysicalinteractionof a track within asensitive regionof adetector.
Theinformationgivenby ahit is

- Positionandtimeof thestep

- Momentumandenergy of thetrack

- Energy depositionof thestep

- Interactiontypeof thehit

- Volumenamecontainingthehit

As aresult,thehistoryof aparticleis savedasaseriesof hitsgeneratedalongtheparticlestrajectory.
In additionto thephysicalhits, Geant4savesa specialhit. This hit takesplacewhena particlemoves
from onevolumeto another(this type of hit depositszeroenergy). The hit datarepresentsthe basic
informationthata userhaswith which to constructthephysicallyobservablebehavior of a scanner. To
seetheinformationstoredin ahit, seethe�le GateCrystalHit.hh.

8.1.2 Roleof the digitizer

As mentionedabove, the informationcontainedin thehit doesnot correspondto what is accessibleby
a realdetector. To simulatethedigital values(pulses) thatresultfrom theoutputof theFrontEndElec-
tronics,thesamplingmethodsof thesignalmustbespeci�ed. In orderto do this, a numberof digitizer
modulesareavailableandaredescribedbelow. Moreover, in thecaseof PETanalysis,thetriggerlogic
is basedon oneor moredecisionsde�ned by theuserthatdependuponphysicallyobservablequantities
suchas,energy thresholdsandcoincidencetimes.

1In thecurrentversionof GATE,only pairsof suchcoincidenteventscanbetreated,but extendingthetreatment
to multiple coincidentsinglesis foreseen.
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The role of thedigitizer is to build, from thehits information,the physicalobservables,which in-
cludeenergy, position,andtime of detectionfor eachparticle.In addition,thedigitizer mustimplement
therequiredlogic to simulatecoincidencesduringPETsimulations.Typical usageof digitizer module
includesthefollowing actions:

- simulatedetectorresponse

- simulatereadoutscheme

- simulatetriggerlogic

Theseactionsareaccomplishedby insertingdigitizer modulesinto GATE, asis explainedin the next
sections.

8.2 Digitizer modules

The digitization consistsof a seriesof signalprocessors.The outputat eachstepalong the seriesis
de�nedasapulse. At theendof thechain,theoutputpulsesarenamedsingles. TheseSinglesrealistically
simulatethephysicalobservablesof adetector's responseto aparticleinteractingwith it. An exampleis
shown �gure 8.1.

Figure8.1: Thedigitizer is organizedasa chainof modulesthatbeginswith thehit andends
with thesinglewhich representsthephysicalobservablesseenfrom thedetector.

To specifya new signal-processingmodule(i.e. adda new processingunit in thereadoutscheme),
in themacro�le by usingthesimplecommandtemplate:

/gate/digitize r/ in ser t MODULE

WhereMODULEis the nameof the digitizer module. Note that, the orderof the moduledeclaration
shouldmakesense.In general,thedata�o w follows thesameorderasthatof moduleswithin themacro.
In a typical scannerthefollowing sequenceworkswell, however, it is notmandatory(themodulenames
will beexplainedin therestof thechapter):

- insertadderbeforereadout

- insertreadoutbeforethresholder/upholder

- insertblurringbeforethresholder/upholder

Theavailablemodulesareexplainedin thefollowing sections.
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8.2.1 Adder

De�nition

Oneparticleoftencreatesmultipleinteraction,andconsequentlymultiplehits, within agivencrystal.For
instance,a photonmayinteractwith a singlecrystalby two Comptonscatteringeventsanda photoelec-
tric absorption.The�rst stepof thedigitizer is to sumall thehits thatoccurwithin thesamecrystal(i.e.
thesamevolume). This is dueto the fact that theelectronicsalwaysmeasurean integratedsignal,and
do nothave thetime or energy resolutionnecessaryto distinguishbetweentheindividual interactionsof
theparticlewithin a crystal.This digitizer actionis completedby amodulecalledtheadder. Generally,
theaddershouldbethe�rst moduleof a digitizer chain.

The adder actson the lowest level in the systemhierarchy(asexplainedin the chapter4). This
considerationimpliestwo requirementsin orderto usetheaddermodule:

1. A registeredsystemmustbeusedto describethegeometry(alsothemothervolume's namemust
correspondsto a registeredsystemname)

2. Thelowestlevel of thissystemmustbeattachedto thedetectorvolumeandit mustbedeclaredas
asensitivedetector.

Theadderregroupshitspervolumeinto apulse. If oneparticlethatentersadetectormakesmultiple
hits within two different crystalsvolumesbeforebeingstopped,the outputof the addermodulewill
consistsof two pulses. Eachpulseis computedasfollows:

- theenergy is takento bethetotal of energiesin eachvolume,

- thepositionis obtainedwith anenergy-weightedcentroidof thedifferenthit positions.

- thetime is equalto the�rst hit's time

Command line

Thecommandto usetheaddermoduleis

/gate/digitizer /S in gle s/ in se rt adder

8.2.2 Readout

With the exceptionof a detectorsystemwhereeachcrystal is readby an individual photo-detector,
the readoutsegmentationis often different from the basicgeometricalstructuresof the detector. The
readoutgeometryis anarti�cial geometrythat is usuallyassociatedwith a groupof sensitivedetectors.
This groupinghasto bedeterminedby theuserthrougha variablenameddepth. Usingthisvariable,the
pulsesaresummedif their volumeID' saresameto this level of depth.

De�nition

Thereadoutmoduleregroupspulsesperblock (groupof sensitivedetectors). Theuserneedsto specify
theblock depthto indicatethedepthwithin thevolumehierarchyat which pulsesaresummedtogether.
Theresultsof thismoduleare

- thetotalenergy in ablock,

- thepositionof pulsewith maximumenergy (winner-takes-all).
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Command line

/gate/digitizer /S in gle s/ in se rt readout
/gate/digitizer /S in gle s/ re adout/s et Dept h 1

Figure8.2 illustratestheactionsof both theadderandreadoutmodules.Theaddermoduletrans-
formsthehits into apulsein eachindividual volume,andthenthereadoutmodulesumsagroupof these
pulsesinto asinglepulseat thelevel of depthasde�ned by theuser.

Figure8.2: Actionsof theadderandreadoutmodules.

the setDepthcommandline

The importanceof this commandline is illustratedthroughthe following examplefrom a PET system
(seeChapter4). In a cylindricalPETsystem,wherethe �rst volume level is rsector, and the second
volumelevel is module, asis shown in �gure 8.3, the readoutdepthdependsuponhow the electronic
readoutfunctions.

If onePMT readsthefour modulesin axial direction,declarethedepthwith thecommand,

/gate/digitizer /S in gle s/ re adout/s et Dept h 1

Theenergy of thissingleeventis thesumof theenergy of thepulsesinsidethewhiterectangle,(rsector),
of �gure 8.3. However, if individual PMTsreadeachmodule(groupof crystals),declarethedepthwith
thecommand,
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/gate/digitizer /S in gle s/ re adout/s et Dept h 2

In this case,the energy of the singleevent is the sumof the energiesof the pulsesinsidethe red box
(module) of the�gure 8.3.

Figure8.3: Settingthereadoutdepthin aCylindricalPETsystem.

The next taskis to transformthis outputpulsefrom the readoutmoduleinto a singlewhich is the
physicalobservableof theexperiment.This transformationis the resultof thedetector's responseand
shouldincludethebehaviors of thephoto-detector, electronics,andacquisitionsystem.

8.2.3 Blurring

De�nition

Theblurring pulse-processormodulesimulatesGaussianblurringof theenergy spectrumof apulseafter
thereadoutmodule.This is accomplishedby introducinga resolution,R0 (FWHM), at a givenenergy,
E0. By examininga Poissonprocess,it is seenthattheresolutionis a functionof energy, R(E), that is
proportionalto 1=

p
E . Theresolutionis equalto:

R =
R0

p
E0p

E
: (8.1)

To de�ne Gaussiandistribution determinedby its mean,m, andits standarddeviation, � . Theresolution
of aGaussiandistribution is givenby:

R = 2
p

2ln 2
�
m

� 2:35
�
m

(8.2)
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Command line

Usingtheblurringmoduleis asfollows:

- Inserttheblurringmodule,

- settheresolution,

- andsetthereferenceenergy.

For example,to applya resolutionof 15%@ 511keV, usethefollowing commands:

/gate/digitizer /S in gle s/ bl ur ri ng
/gate/digitizer /S in gle s/ bl ur ri ng/ se tR es ol uti on 0.15
/gate/digitizer /S in gle s/ bl ur ri ng/ se tE nerg yOf Refe re nc e 511. keV

8.2.4 Crystal Blurring for a block detector

This type of blurring is usedfor the scannerswhereall the detectorsarethe sametype of crystal. In
this case,it is oftenusefulto assigna differentenergy resolutionfor eachcrystalin thedetectorblock,
betweena minimumandamaximumvalue.In addition,in orderto modeltheef�ciency of thesystema
coef�cient (between0 and1) canbeset.

Command line

As anexample,to seta randomblurring of all thecrystalsbetween15%and35%at a referenceenergy
of 511keV, andwith aquantumef�ciency of 90%usethefollowing commands:

/gate/digitizer /S in gle s/ in se rt crystalblurring
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al Resol ut io nMin 0.15
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al Resol ut io nMax 0.35
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al QE 0.9
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al Energ yOfR ef er enc e 511.keV

In this example,for eachinteractionthe programrandomlychoosesa crystal resolutionbetween0.15
and0.35.Thecrystalsarenotassignedaconstantresolution.Theparameter, crystalquantumef�ciency2

(setCrystalQE),is �x edandrepresentstheprobabilityto detecttheeventby thephoto-detector.

8.2.5 Local Blurring for a detector modulewith several typesof crystals

The LocalBlurring moduleis very similar to the Blurring module,but in this case,different resolu-
tions areappliedto differentvolumes. This type of blurring is usefulfor detectorswith several layers
of differentscintillation crystals(e.g. depthof interactionmeasurementwith a phoswichmodulein a
CylindricalPETsystem).

2This parameterrepresentstheeffect of thetransferef�ciency of thecrystalandthequantumef�ciency of the
photo-detector.
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Command line

To applytheLocalBlurringmodule,usethefollowing:

- InserttheLocalBlurringmodule,

- chooseavalid detectorvolumenametheblurringwill beappliedto,

- settheresolutionfor thisvolume,

- andsetthereferenceenergy for thisvolume.

For example,if a detectorhasa resolutionof 15.3%@ 511 keV for a crystalcalledcrystal1andhas
a resolutionof 24.7%@ 511 keV for anothercrystal (crystal2)in a phoswichcon�guration, usethe
following commands:

/gate/digitizer /S in gle s/ in se rt localBlurring
/gate/digitizer /S in gle s/ lo ca lB lur ri ng/c hoose NewVol ume crystal1
/gate/digitizer /S in gle s/ lo ca lB lur ri ng/c ry sta l1 /s et Resol ut io n 0.153
/gate/digitizer /S in gle s/ lo ca lB lur ri ng/c ry sta l1 /s et Energ yOfR ef er enc e 511 keV
/gate/digitizer /S in gle s/ lo ca lB lur ri ng/c hoose NewVol ume crystal2
/gate/digitizer /S in gle s/ lo ca lB lur ri ng/c ry sta l2 /s et Resol ut io n 0.247
/gate/digitizer /S in gle s/ lo ca lB lur ri ng/c ry sta l2 /s et Energ yOfR ef er enc e 511 keV

BEWARE: crystal1andcrystal2mustbevalid SensitiveDetectorvolumenames!!

8.2.6 Intrinsic resolutionblurring with crystalsof differ ent composition

For a phoswichdetector, in orderto morepreciselysimulatetheenergy resolution,a bettermodelthan
thelinearlaw of equation8.1is required.

De�nition

This blurring pulse-processorsimulateslocal Gaussianblurring of the energy spectrum(different for
severalcrystals)basedon thefollowing model:

R =

s

2:352 �
1 + ��

�Nph � �� � �p
+ Ri

2 (8.3)

whereNph = LY � E andLY , �p and�� , areLight Yield, Transfer, andQuantumEf�ciencies for each
crystal. �� is the relative varianceof thegainof a PhotoMultiplier Tube(PMT) or anAvalanchePhoto
Diode(APD); it is hard-coddedandsetto 0.1. If theintrinsic resolutions,(R i ), of theindividual crystals
arenotde�ned, thenthey aresetto one.

To usethisdigitizermoduleproperly, severalmodulesmustbeset�rst. Thesedigitizermodulesare,
GateLightYield, GateTransferEf�ciency, andGateQuantumEf�ciency. After de�ning thesequantities,
thecommandlinesfor multi-crystaltypeblurringaregivenbelow.

De�nition of the Light Yield

TheLight Yield pulse-processorsimulatesthecrystal's light yield. Eachcrystalmustbegiventhecorrect
light yield. This moduleconverts the pulse's energy into the numberof scintillation photonsemitted,
Nph.
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De�nition of the Transfer ef�ciency

The Transferef�ciency pulse-processorsimulatesthe transferef�ciencies of the light photonsin each
crystal.This digitizer reducesthepulse's energy (by reducingthenumberof scintillationphotons)by a
transferef�ciency coef�cient whichmustbeanumberbetween0 and1.

De�nition of the Quantum ef�ciency

TheQuantumef�ciency pulse-processorsimulatesthequantumef�ciency for eachchannelof a photo-
detector, whichcanbeaPhotoMultiplier Tube(PMT), or anAvalanchePhotoDiode(APD).

Command lines for using intrinsic resolution

To introducethecommandlines,usinganexampleof aphoswichmodulemadeof two layersof different
crystals.Onecrystalhasa light yield of 27000photonsperMeV (LSO crystal),a transferef�ciency of
28%,andan intrinsic resolutionof 8.8%. Theothercrystalhasa light yield of 8500photonsperMeV
(LuYAP crystal),a transferef�ciency of 24%,andanintrinsic resolutionof 5.3%.

In thecaseof a cylindricalPETsystem,theconstructionof thecrystalgeometryis truncatedfor clarity
(thetruncationis denotedby theellipsis)3. Thedigitizercommandlinesare:

# LSO layer
/gate/crystal/d aughter s/ name LSOlayer
...
# BGO layer
/gate/crystal/d aughter s/ name LuYAPlayer
...
# A T T A C H S Y S T E M
...
/gate/systems/c yl in dri ca lP ET/c rys ta l/ at ta ch crystal
/gate/systems/c yl in dri ca lP ET/l aye r0 /a tt ac h LSOlayer
/gate/systems/c yl in dri ca lP ET/l aye r1 /a tt ac h LuYAPlayer
# A T T A C H C R Y S T A L S D
/gate/LSOlayer/ at ta chCry st al SD
/gate/LuYAPlaye r/ at tac hCry st al SD

In this examplethephoswichmoduleis representedby thecrystalvolumeandis madeof two different
materiallayers.To applytheresolutionblurringof equation8.3,theparametersdiscussedabovemustbe
de�ned for eachlayer(i.e. Light Yield, Transfer, IntrinsicResolution,andtheQuantumEf�ciency).

# DEFINE TRANSFEREFFICIENCY FOR EACH LAYER
/gate/digitizer /S in gle s/ in se rt transferEfficie nc y
/gate/digitizer /S in gle s/ tr ansf erE ff ic ie nc y/c hoos eNewVol ume LSOlayer
/gate/digitizer /S in gle s/ tr ansf erE ff ic ie nc y/L SOla ye r/ set TECoef 0.28
/gate/digitizer /S in gle s/ tr ansf erE ff ic ie nc y/c hoos eNewVol ume LuYAPlayer
/gate/digitizer /S in gle s/ tr ansf erE ff ic ie nc y/L uYAPla ye r/s et TECoef 0.24

# DEFINE LIGHT YIELD FOR EACH LAYER

3A completeexampleof a phoswichmoduleis foundin thePETbenchmarkin theCVSrepositoryof Gate
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/gate/digitizer /S in gle s/ in se rt lightYield
/gate/digitizer /S in gle s/ li ghtY iel d/ ch oose NewVolu me LSOlayer
/gate/digitizer /S in gle s/ li ghtY iel d/ LSOl ay er/ se tL ig ht Out put 27000
/gate/digitizer /S in gle s/ li ghtY iel d/ ch oose NewVolu me LuYAPlayer
/gate/digitizer /S in gle s/ li ghtY iel d/ LuYAPl aye r/ se tL ig htO ut put 8500

# DEFINE INTRINSIC RESOLUTIONFOR EACH LAYER
/gate/digitizer /S in gle s/ in se rt intrinsicResolu ti onBl urr in g
/gate/digitizer /S in gle s/ in tr in sic Reso lu ti onBlu rr in g/
chooseNewVolume LSOlayer
/gate/digitizer /S in gle s/ in tr in sic Reso lu ti onBlu rr in g/
LSOlayer/setInt ri ns icR es ol ut io n 0.088
/gate/digitizer /S in gle s/ in tr in sic Reso lu ti onBlu rr in g/
LSOlayer/setEne rg yOfRe fe re nc e 511 keV
/gate/digitizer /S in gle s/ in tr in sic Reso lu ti onBlu rr in g/
chooseNewVolume LuYAPlayer
/gate/digitizer /S in gle s/ in tr in sic Reso lu ti onBlu rr in g/
LuYAPlayer/setI nt ri nsi cRes ol ut ion 0.053
/gate/digitizer /S in gle s/ in tr in sic Reso lu ti onBlu rr in g/
LuYAPlayer/setE nerg yOf Refe re nc e 511 keV

# DEFINE QUANTUMEFFICIENCY OF THE PHOTODETECTOR
/gate/digitizer /S in gle s/ in se rt quantumEfficien cy
/gate/digitizer /S in gle s/ quantu mEffi ci ency /ch oose QEVolum e crystal
/gate/digitizer /S in gle s/ quantu mEffi ci ency /se tU ni queQE 0.1

Notefor QuantumEf�ciency:
With thepreviouscommands,thesamequantumef�ciency will beappliedto all thedetectorchannels.
Theusercanalsoprovide lookuptablesfor eachdetectormodule.Theselookuptablesarebuilt from the
user's �les.

To setmultiplequantumef�ciencies using�les (�leName1, �leName2, and: : : for eachof thediffer-
entmodules),usethefollowing commands:

/gate/digitizer /S in gle s/ in se rt quantumEfficien cy
/gate/digitizer /S in gle s/ quantu mEffi ci ency /ch oose QEVolum e crystal
/gate/digitizer /S in gle s/ quantu mEffi ci ency /us eFil eDat aForQE fileName1
/gate/digitizer /S in gle s/ quantu mEffi ci ency /us eFil eDat aForQE fileName2

If thevolumecrystal is a daughterof a volumemodulewhich is anarrayof 8 � 8 crystals,the �le �le-
Name1will contain64valuesof quantumef�ciency. If several�les aregiven(in thisexampletwo �les),
theprogramwill chooserandomlybetweentheses�les for eachmodules.

IMPORTANT NOTE:
After theintroductionof thelightYield (LY ), transferEf�ciency (�p) andquantumEf�ciency (�� ) modules,
theenergy variableof apulseis not in energy unit (MeV) but in numberof photoelectronsN pe.

Nphe = Nph � �� � �p = LY � E � �� � �p

In orderto correctlyapplya thresholdon a phoswhichmodule,it' s importantto basethe thresholdon
this numberandnot on therealenergy. In this situation,to applya thresholdat this stepof thedigitizer

- 92 -



8.2Digitizer modules

chain,thethresholdshouldbeappliedasexplainedin paragraph8.2.9. In this case,theGATE program
knows thatthesemoduleshave beenused,andit will applythresholdbaseduponthenumberN pe rather
thanenergy. Thethreshold,setwith this sigmoidalfunctionin energy unit by theuser, is translatedinto
numberNpe with thelower light yield of thephoswishmodule.To retrieve theenergy it is necessaryto
applyacalibrationmodule.

Calibration

TheCalibration moduleof thepulse-processormodelsa calibrationbetweenN phe ! Energy (allows
energy "recalibration").This is usefulwhenusingtheclass(es)GateLightYield, GateTransferEf�ciency,
andGateQuantumEf�ciency. In addition,auserspeci�edcalibrationfactorcanbeused.

Command line

To setacalibrationfactoron theenergy, usethefollowing commands:

/gate/digitizer /S in gle s/ in se rt calibration
/gate/digitizer /S in gle s/ se tC al ibr at io n VALUE

If the calibrationdigitizer is usedwithout any value, it will correctthe energy asa function of values
usedin GateLightYield, GateTransferEf�ciency, andGateQuantumEf�ciency.

8.2.7 Crosstalk

De�nition

Thecrosstalkmoduleis thepulse-processorfor simulatingtheopticaland/oranelectroniccrosstalkof
thescintillationlight betweenneighboringcrystals.Thus,if theinputpulsearrivesin acrystalarray, this
modulecreatespulsesaroundit (in theedgeandcornerneighborcrystals).Thepercentageof energy that
is givento theneighboringcrystalsis determinedby theuser.

BEWARE: thismodulefunctionsonly for achosenvolumethatis anarrayrepeater!!!

Command line

To inserta crosstalkmodulethatdistributes10%of input pulseenergy for theadjacentcrystalsand5%
to thecornercrystals,usethefollowing commands:

/gate/digitizer /S in gle s/ in se rt crosstalk
/gate/digitizer /S in gle s/ cr os st alk /c hoos eCros st al kVol ume crystal
/gate/digitizer /S in gle s/ cr os st alk /s et EdgesFr ac ti on 0.1
/gate/digitizer /S in gle s/ cr os st alk /s et Corn ers Fr ac ti on 0.05

In this example,within eachneighborof thecrystalthat received the pulse,a pulseis createdthathas
10%(5% for eachcornercrystals)of initial energy of thepulse.
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8.2.8 Thr esholder& Upholder

De�nition

The Thresholder/Upholdermodulesallow the userto apply an energy window cut to remove low and
high energy photons.The low energy cut, suppliedby theuser, representsa thresholdresponse,below
which the detectorremainsinactive. The usersuppliedhigh energy cut is the maximumenergy the
detectorwill register. In bothPETandSPECTanalysis,thepropersettingof thesewindows is crucialto
scatterreduction,imagereconstruction,andcountrateperformance.

Command line

In a typical PETscanner, theenergy selectionfor thephoto-peakis doneby the following commands.
Usinga low thresholdof 0 keV allows theuserto seeall theevents,andis oftenusefulfor debugginga
simulation.

/gate/digitizer /S in gle s/ in se rt thresholder
/gate/digitizer /S in gle s/ th re sh old er /s et Thres hold 250. keV
/gate/digitizer /S in gle s/ in se rt upholder
/gate/digitizer /S in gle s/ uphold er/ se tU phol d 750. keV

8.2.9 Sigmoidal thr esholder

De�nition

The Sigmoidalthresholderrepresentsa pulseprocessingclassthat modelsa thresholddiscriminator
basedona sigmoidalfunction4,

� (E ) =
1

1 + exp
�
� E � E0

E0

� ; (8.4)

wheretheparameter� is proportionalto theslopeatsymmetricalpointE 0 (� (E0) = 1=2). For this type
of thresholddiscriminatortheuserchoosesthe threshold(setThreshold ), thepercentageof accep-
tancefor this threshold(setThresholdPerC ent ), andthe� parameter(setThresholdAlph a).
With theseparametersandtheinput pulseenergy, thefunctionis calculated.If theresultis biggerthan
a randomnumbergeneratedbetween0 and1, thepulseis acceptedandcopiedinto theoutputpulse-list.
If, on theotherhand,thiscriteriais notmettheinputpulseis discarded.

Command line

/gate/digitizer /S in gle s/ in se rt sigmoidalThresh ol der
/gate/digitizer /S in gle s/ si gmoi dal Thre sh ol der /s et Thre sho ld 250 keV
/gate/digitizer /S in gle s/ si gmoi dal Thre sh ol der /s et Thre sho ld Al pha 60.
/gate/digitizer /S in gle s/ si gmoi dal Thre sh ol der /s et Thre sho ld PerC ent 0.95

4A sigmoidalfunction is an S-shapedfunctionof the form, � (x) = 1
1+ c exp( � ax ) , thatactsasan exponential

rampfrom 0 to 1.
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8.2.10 Temporal resolution

De�nition

TheTemporal resolutionmoduleintroducesaGaussianblurringin thetimedomain.It worksin thesame
mannerastheBlurring module,but with time ratherthanenergy.

Command line

To setaGaussiantemporalresolution(FWHM) of 1.4ns,usethefollowing commands:

/gate/digitizer /S in gle s/ in se rt timeResolution
/gate/digitizer /S in gle s/ ti meResol ut io n/ se tTi meReso lu tio n 1.4 ns

8.2.11 Spatial blurring for SPECT

For SPECTanalysis,thespatialresolutionis assumedto follow aGaussiandistribution determinedfrom
its width � .

Command line

/gate/digitizer /S in gle s/ in se rt spblurring
/gate/digitizer /S in gle s/ sp bl ur rin g/ se tS pr eso lu ti on 2.0 mm
/gate/digitizer /S in gle s/ sp bl ur rin g/ ve rb os e 1

8.2.12 Spatial blurring for PET

In PET analysis,coincidenceeventsprovide the lines of response(LOR) neededfor the imagerecon-
struction. Only the two crystalnumbersare transferredby the simulation. The determinationof this
crystalis basedon thecrystalwith thehighestenergy deposited.Without additionalspatialblurring of
thecrystal,simulationresultswill alwayshave a smallerspatialresolutionthanexperimentalmeasure-
ments.Thismoduleis only availablefor theecatsystem.Thespatialblurring is basedona2D Gaussian
function.

Command line

# E C A T 7
/gate/output/si nogr am/enable /g ate /o ut put/ sin ogra m/Radia lB in s
Your_Sinogram_R adia l_B in _Number
/gate/output/si nogr am/se tT angCrys ta lB lu rr ing Your_Value_1 mm
/gate/output/si nogr am/se tA xi al Cry st al Bl ur rin g Your_Value_2 mm

8.2.13 Coincidencesorter

De�nition

Whenever two singlesarefound within a coincidencewindow, the two singlesaregroupedto form a
Coincidenceevent. EachSingleemittedfrom thesamesourceparticleis storedwith thesameevent ID
number. If the two event ID numbersarenot identicalin a coincidenceevent, theevent is de�ned asa
Randomcoincidence.To excludefalsecoincidencecomingfrom thesameparticlethat scatteredfrom
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a block to anadjacentblock, a testis doneon theproximity of thetwo blocksforming thecoincidence
event.By default, thecoincidenceis valid only if thedifferencein theblocknumbersis greaterthantwo.
This rejectioncanbeadaptedto amorespeci�c analysisby usingthecommand:

/gate/digitizer /C oi nci denc es /minS ec to rD if fer ence [number]

In addition, when more than two Singlesare found within the samecoincidencewindow, the event
is not treatedasa valid coincidence.Note that this rejectionmay not re�ect the real behavior of an
acquisitionsystemin existing PETscanner. In future,thetreatmentof multiple eventsmaybeaddedto
GATE. Whenusinga coincidencesorter, the only parameterthat mustbe declaredis the width of the
coincidencewindow.

Command line

In orderto setup acoincidencewindow of 10ns,theusershouldspecify,

/gate/digitizer /C oi nci denc es /s etWin dow 10. ns

To changethedefault valueof theminimumsectordifferencefor valid coincidences(thedefault valueis
2), addtheadditionalcommandline,

/gate/digitizer /C oi nci denc es /minS ec to rD if fer ence [number]

8.2.14 Deadtime

Two modelsof thedead-timebehavior of thecountingsystemhave beenimplementedin thedigitizer:
paralysableandnonparalysableresponse.Thesemodelsrepresentthe idealizedbehavior andcanbe
implementedeventby eventduringasimulation.Thedetailedworkingsof thesemodelscanbefoundin
reference[17]. Thefundamentalassumptionsmadein thesetwo modelsareillustratedin �gure 8.4.

Figure8.4: For 7 incomingparticlesanda �x ed dead-time� , the nonparalysableelectronic
readoutwill accept3 particles,andtheparalysableonewill accept1 particle.
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De�nition

Thedeadtimemoduleis appliedto a speci�c volumewithin theSensitiveDetectorsystem's hierarchy.
All eventsthattakeplacewithin thisvolumelevel will triggeradead-timedetectorresponse.Thisaction
of thedigitizersimulatesthelive-timeduringwhich thisdetector, treatingaparticle,will beableto treat
thenext one.At present,nodead-timeis implementedat thelevel of thecoincidencelogic treatment.

Command line

For instance,to applya dead-timeto thevolume_name (which hasto bebeforeattachedat onelevel
of agivensystem),usethefollowing commands:

# ATTACHEMENTTO THE SYSTEM
/gate/systems/s ys te m_name/ sy st em_le ve l_ name/at ta ch volume_name
.
.
# DEADTIME
/gate/digitizer /S in gle s/ in se rt deadtime
/gate/digitizer /S in gle s/ deadti me/se tD eadTime 100000. ns
/gate/digitizer /S in gle s/ deadti me/se tMode paralysable
/gate/digitizer /S in gle s/ deadti me/ch oose DTVol ume volume_name

Thenamesystem_name andits correspondentsystem_level_na medoestnot exist andhave to
bechosenin thetablesgivenin thechapter4.

8.2.15 Multiple processorchains

Theuseof multiple processorchainsallows maximum�e xibility in thedesignof thedigitizer anddata
outputsystem.The managerfor the pulse-processorsis calledthe GatePulseProcessorChain, andhas
a messengercalledthe GatePulseProcessorChainMessenger. By default, all the digitizer components
arestoredin oneprocessor-chaincalled,"digitizer/Singles".New processorchainscanbecreatedthat
specifythesourceof their data.For instance,the following sequenceof commandswill generatethree
outputs:

- "Singles"with no energy cut

- "LESingles"with a low-energy window

- "HESingles"with ahigh-energy window

Thecomponentsof thestandardprocessorchainmusthave thefollowing commandsfor astandardPET
(with BGOcrystals)processorchain:

/gate/digitizer /S in gle s/ in se rt adder
/gate/digitizer /S in gle s/ in se rt readout
/gate/digitizer /S in gle s/ re adout/s et Dept h 1

Then,to addtheblurring �lter to the"Single"branch:

/gate/digitizer /S in gle s/ in se rt blurring
/gate/digitizer /S in gle s/ bl ur ri ng/ se tR es ol uti on 0.26
/gate/digitizer /S in gle s/ bl ur ri ng/ se tE nerg yOf Refe re nc e 511. keV
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Thesecommandscreatea low-energy chainbranchingfrom theoutputof "Singles"chain:

/gate/digitizer /n ame LESingles
/gate/digitizer /i ns ert singleChain
/gate/digitizer /L ESing le s/ se tI npu tN ame Singles
/gate/digitizer /L ESing le s/ in se rt thresholder
/gate/digitizer /L ESing le s/ th re sho ld er /s et Thr es hold 50. keV
/gate/digitizer /L ESing le s/ in se rt upholder
/gate/digitizer /L ESing le s/ upholde r/ se tU phold 350. keV

Thesecommandscreateahigh-energy chainbranchingfrom theoutputof the"Singles"chain:

/gate/digitizer /n ame HESingles
/gate/digitizer /i ns ert singleChain
/gate/digitizer /H ESing le s/ se tI npu tN ame Singles
/gate/digitizer /H ESing le s/ in se rt thresholder
/gate/digitizer /H ESing le s/ th re sho ld er /s et Thr es hold 350. keV
/gate/digitizer /H ESing le s/ in se rt upholder
/gate/digitizer /H ESing le s/ upholde r/ se tU phold 650. keV

8.2.16 Multiple coincidencesorters

Multiple coincidencesorterscanbe usedin GATE. To createa coincidencesorter, the sortermustbe
namedanda locationspeci�ed for the input data. In theexamplebelow, threenew coincidencesorters
arecreated:

- Onewith avery longcoincidencewindow

/gate/digitizer /n ame LongCoincidences
/gate/digitizer /i ns er t coincidenceSor te r
/gate/digitizer /L ongCoin ci denc es /se tI nput Name Singles
/gate/digitizer /L ongCoin ci denc es /se tWin dow 1000. ns

- Onefor low-energy singles

/gate/digitizer /n ame LECoincidences
/gate/digitizer /i ns er t coincidenceSor te r
/gate/digitizer /L ECoi nci denc es /s etWin dow 10. ns
/gate/digitizer /L ECoi nci denc es /s etI nput Name LESingles

- Onefor high-energy-singles

/gate/digitizer /n ame HECoincidences
/gate/digitizer /i ns er t coincidenceSor te r
/gate/digitizer /H ECoi nci denc es /s etWin dow 10. ns
/gate/digitizer /H ECoi nci denc es /s etI nput Name HESingles

Theschemecorrespondingto thisexampleis shown in the�gure 8.5

- 98 -



8.3Digitizer optimization

Figure8.5: Readoutschemeproducedby thelisting from thesections8.2.15and8.2.16.

8.3 Digitizer optimization
In GATE standardoperationmode,primary particlesare generatedby the sourcemanager, and then
propagatedthroughtheattenuatinggeometrybeforegeneratinghits in thedetectors,which feedinto the
digitizer chain.While thisoperationmodeis suitedfor productionsimulations,it is inef�cient whentry-
ing to optimizetheparametersof thedigitizer chain. In this case,theuserneedsto comparetheresults
obtainedfor many differentsetsof digitizerparametersthatarebaseduponthesameseriesof hits. Thus,
repeatingtheparticlegenerationandpropagationstagesof asimulationareunnecessary.

To suit this speci�c situation,GATE offers an operationmodededicatedto digitizer optimization,
known asDigiGATE. In this mode,hits areno longergenerated:rather, they arereadfrom a hit data-
�le (obtainedfrom an initial GATE run) andarefed directly into thedigitizer chain. By bypassingthe
generationand propagationstages,the computationspeedis signi�cantly reduced,thus allowing the
userto comparevarioussetsof digitizer parametersquickly, andoptimizethe modelof the detection
electronics.DigiGATEis explainedfurtherin chapter12.
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Chapter 9

Ar chitectureof the simulation

9.1 Principal rules

GATE simulationsarebasedon theexecutionof scriptedcommands(seeChapter1) gatheredin macros.
A simulationis generallydividedinto 7 steps(Fig. 9.1)asfollows:

1. VerbosityandVisualization(seeChapter2)

2. Geometry(seeChapters3,4,5)

3. Digitizer (seeChapter8)

4. Physics(seeChapter6)

5. Sources(seeChapter7)

6. Outputs(seeChapter10)

7. Experiment(seeChapter8)

The �rst 4 stepscorrespondto the PreInit modeof GEANT4 whereasthe last 3 occur after the
initializationof thesimulation.The�rst 4 stepsarevalidatedby theGEANT4 command:

/run/initialize

Oncethis phaseis completed,the sourcescanbe insertedin the setupandthe simulationcanbe
launched.

9.1.1 Verbosity and Visualization

Verbosity:

For eachsimulationmodule,onecanseta verbositylevel between0 and2. The higher the verbosity
level is, thehigherthelevel of informationreturnedby GATE will be. By default, theverbositylevel is
setto 0, but if onewantsto follow in detaileachstepof thesimulationit canbesetto highervalues.
As anexample,in orderto haveat theendof asimulationthecomputationtimeof thesimulationwritten
by Gateon thescreenasfollow:
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9.1Principal rules

User simulation time (sec) := 13.9
Real simulation time (sec) := 15.92
System simulation time (sec) := 0.03

theverbositylevel of theoutputshouldbesetto 2;

/gate/output/ve rb os e 2

Visualization:

Thereareseveral tools available for visualization(OpenGL, VRML, DAWN. . . ). They canbe acti-
vatedasa functionof thevisualizationoptionsselectedat theGEANT4 con�gurationstep.Theon line
visualizationis a usefultool whendevelopingnew geometries.It allows to visually checkthescanner
geometry(positions,physicalvolumeoverlaps.. . ). Oncethegeometryis checkedandonewantsto run
acompletesimulation,it is recommendedto disabletheon line visualizationin ordernot to overloadthe
CPU.

9.1.2 Geometry

The world:

The�rst volumeyou have to createis theworld. Eachnew volumewill be insertedin this one,with a
givenname,andwill beadaughterof theworld. Theworld dimensionsmustbelargeenoughto include
thescannerandthephantom.

The system:

Next you will have to choosethe systemtype: scanner, PETscanner, cylindricalPET, ecat,CPET or
SPECTHead. Eachsystemhasa de�ned numberof levelswith a hierarchicalorganization(treegeome-
try) andit is linkedwith aspeci�c dataoutputformat.Youalsohavewith provisionstwo formatsof data
independentof theselectedsystem(ROOT andASCII). Oncethescanneris built you have to attachall
thescannerelementsto thesystem.

The phantom:

You cande�ne a phantom. Its materialmustbereferredin thematerialsdatabase.Thephantomcanbe
ananalyticalor voxelisedvolume.Eachvoxel of thevolumecanbemadeof a speci�c materialwith its
own density.

Finally, you have to attachthesensitive volumescrystalSDandphantomSD. Theinteractions(hits) oc-
curringin thesevolumeswill bestoredby GATE for thedigitization.

9.1.3 Digitizer

The digitizer pre-processesthe hits by sorting, regroupingandaddingthemin order to build singles.
Thesinglesaretime-stampedandstoredin theeventshistory. Thecoincidencesarethensortedout as
a function of the coincidencewindow width. The detectionparameters(temporal resolution,crystal
blurring, deadtime, threshold,uphold.. . ) aresetat thedigitizer level.
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9.1Principal rules

9.1.4 Physics

Thephysicspartof thesimulationis dedicatedto thede�nition of thesimulatedphysicalprocesseslist
by:

� selectingtheappropriateinteractionslibrary (Standard or LowEnergy package),

� enablingordisablingthephysicalprocesses(Photoelectriceffect,Comptoneffect,Rayleigh,gamma
conversion.. . ),

� settingcutoffs in energy or range.

9.1.5 Sources

A sourceis de�ned by:

� its nature(particle / ion),

� its activity (initial activity, half live.. . ),

� its geometry(shapeor voxelized),

� its emissionangle,

� its movementif necessary.

Thesourceactivity canbecon�ned in a speci�c volume(e.g thephantomvolume).

9.1.6 Data outputs

Thedataoutputformatsareof two typesin GATE:

1. Standardoutputs:ASCII, Root

2. Systemdependentoutputs:LMF, sinogramandecat7,Inter�le

Standard outputs

ASCII outputsarespreadout into 3 �les (Hits, Singles,Coincidences). TheRootoutputis composedof
oneNTuple(Gate) andthreeTTrees(Hits, Singles,Coincidences) in whichtheinteractiontype,position
andtime informationsarestored.By default thesetwo typesof outputsareenabled.Eachoneof these
outputscanbeenabledor disabledaccordingto thekind of informationsoneis interestedto get.

Speci�c outputs

In additionto thetwo standardsoutputs,GATE canprovideaswell systemdependentoutputs.TheLMF
outputis linkedto thecylindricalPETsystem.TheSinogramandtheecat7outputsarerelatedto theecat
system,while theInter�le outputto theSPECTHeadsystem.

All theseoutputsarecharacterizedby several parameterswhich have to be correctlysetup. (see
Chapter10).
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9.2Random

9.1.7 Experiments

The last stepof the simulationconsistsin settingup the experiment. In this part you have to �x the
durationof thesimulatedacquisitionby de�ning thebeginningandtheendof thesimulation.Theoverall
acquisitiontime canbe subdivided in several time slicesof �x ed duration. This featureis very useful
in GATE, sincethe geometryis updatedonly betweentwo time slices. This provides the possibility
to take into accountthe movementsof the sourcesor the detectorsby subdividing a run in time slices
characterizedby thesamegeometry.

9.2 Random

In Gateeachtime-sliceis consideredasa run. The command /random/setSavi ngFl ag 1 en-
ablesthe writing of the �les currentRun.rndmand currentEvent.rndmin which the randomNumber-
Statusis saved respectively at the beginning of the run and at the beginning of the event. In case
of several time slicesthe �le currentRun.rndmwill contain the statusof the randomnumbergener-
ator at the beginning of the last time-slice. The directory wherethe �les currentRun.rndmand cur-
rentEvent.rndmarewrittenby default in ./ or thedestinationdirectorycouldbeselectedby thecommand

/random/setDire ct ory Name .
Thecommand /random/resetEn gi neFr om allows to resetthestatusof therandomgenerator
enginefrom astatus�le. Default �le is currentRun.rndm.In doingso,however, onewill resettheengine
from thestatusthatit hadat thebeginningof thelastrun (time-slice)processed,asexplainedbefore.

The command /gate/output/ro ot /s etS av eRndmFlag enablesthe writing of the �les
beginOfRun.rndmandendOfRun.rndm.The default for this commandis 1, so the �les will be auto-
matically created. Moreover this �ag enablesas well the automaticinitialization of a new run from
the statusof the enginesaved in the last endOfRun.rndmcontainedin the directory. This mechanism
allows,whenrunningseveraltimesamacroin thesamedirectory, to obtaindifferentevents.If thecom-
mand /random/setSav in gFla g 1 is given aswell then,for the last time slice, the �les curren-
tRun.rndmandbeginOfRun.rndmwill beequalandwill containthestatusof theenginebeforestarting
thegenerationof the last time slice,while the �le endOfRun.rndmwill containthestatusof theengine
at theendof the last time slice. Apart from ensuringanautomaticcontinuityof theseedsof theevents
generatedatdifferenttimesin thesamedirectory, the�le endOfRun.rndmcanbeeditedin orderto force
thegenerationof eventsfrom a givenseed.This canbeusefulif onewantsto generatedifferentevents
with thesamemacrolaunchedin two differentdirectoriesor batchjobs.
Similar resultscanbeobtainedby controllingdirectly theinitializationof theengineby selectingthe�le
containingtheseedswith thecommand /random/resetEng in eFro mIn this caseit is betterto
putoff theautomaticinitializationfromthe�le endOfRun.rndmby issuingthecommand /gate/output/ro ot /s et SaveRndmFla g 0 in
orderto overwritethedefault.

9.3 Exampleof a PET scanner

Thefollowing exampledescribeshow to build aPETscannerbasedon thecylindricalPETsystem.

# No verbosity
/control/verbos e 0

# OpenGL online visualization
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9.3Exampleof a PET scanner

/vis/open OGLSX
/vis/viewer/res et
/vis/viewer/set /s ty le surface
/vis/drawVolume
/vis/scene/endO fE ve ntA ct io n accumulate
/vis/viewer/vie wpoi ntT heta Phi 30 30
/vis/viewer/zoo m 2

/tracking/store Tr aj ect or y 1
/gate/geometry/ enableA ut oUpdat e

Theon line visualizationis enabled.

# W O R L D
/gate/world/geo metr y/s et XLengt h 40 cm
/gate/world/geo metr y/s et YLengt h 40. cm
/gate/world/geo metr y/s et ZLengt h 40. cm

Theworld is created.Its dimensionsshouldbe large enoughto containall thevolumesdescribing
theexperiment.

# C Y L I N D R I C A L
/gate/world/dau ghte rs/ name cylindricalPET
/gate/world/dau ghte rs/ in se rt cylinder
/gate/cylindric al PET/s et Mate ri al Water
/gate/cylindric al PET/g eometr y/ set Rmax 152 mm
/gate/cylindric al PET/g eometr y/ set Rmin 130 mm
/gate/cylindric al PET/g eometr y/ set Heig ht 80 mm
/gate/cylindric al PET/v is /f or ce Wir ef ra me

Thesystemis chosen.

# R S E C T O R
/gate/cylindric al PET/d aughte rs /na me box1
/gate/cylindric al PET/d aughte rs /in se rt box
/gate/box1/plac ement/s et Tr ansl ati on 140 0 0 mm
/gate/box1/geom et ry /se tX Length 20. mm
/gate/box1/geom et ry /se tY Length 19. mm
/gate/box1/geom et ry /se tZ Length 76.6 mm
/gate/box1/setM at er ial Water
/gate/box1/vis/ fo rc eWire fr ame

# M O D U L E
/gate/box1/daug ht er s/n ame box2
/gate/box1/daug ht er s/i ns er t box
/gate/box2/geom et ry /se tX Length 20. mm
/gate/box2/geom et ry /se tY Length 19. mm
/gate/box2/geom et ry /se tZ Length 19. mm
/gate/box2/setM at er ial Water
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9.3Exampleof a PET scanner

/gate/box2/vis/ fo rc eWire fr ame

# C R Y S T A L
/gate/box2/daug ht er s/n ame box3
/gate/box2/daug ht er s/i ns er t box
/gate/box3/geom et ry /se tX Length 20. mm
/gate/box3/geom et ry /se tY Length 2.2 mm
/gate/box3/geom et ry /se tZ Length 2.2 mm
/gate/box3/setM at er ial Water
/gate/box3/vis/ fo rc eWire fr ame

# L A Y E R LSO
/gate/box3/daug ht er s/n ame LSO
/gate/box3/daug ht er s/i ns er t box
/gate/LSO/geome tr y/ set XLengt h 10. mm
/gate/LSO/geome tr y/ set YLengt h 2.2 mm
/gate/LSO/geome tr y/ set ZLengt h 2.2 mm
/gate/LSO/place ment /se tT ra ns la tio n -5 0 0 mm
/gate/LSO/setMa te ri al LSO

# L A Y E R LuAP
/gate/box3/daug ht er s/n ame LuAP
/gate/box3/daug ht er s/i ns er t box
/gate/LuAP/geom et ry /se tX Length 10. mm
/gate/LuAP/geom et ry /se tY Length 2. mm
/gate/LuAP/geom et ry /se tZ Length 2. mm
/gate/LuAP/plac ement/s et Tr ansl ati on 5 0 0 mm
/gate/LuAP/setM at er ial LuAP
/gate/LuAP/vis/ se tC olo r cyan

# R E P E A T C R Y S T A L
/gate/box3/repe at er s/i ns er t cubicArray
/gate/box3/cubi cArr ay/ se tR epeatNu mber X 1
/gate/box3/cubi cArr ay/ se tR epeatNu mber Y 8
/gate/box3/cubi cArr ay/ se tR epeatNu mber Z 8
/gate/box3/cubi cArr ay/ se tR epeatVe ct or 10. 2.4 2.4 mm

# R E P E A T M O D U L E
/gate/box2/repe at er s/i ns er t cubicArray
/gate/box2/cubi cArr ay/ se tR epeatNu mber Z 4
/gate/box2/cubi cArr ay/ se tR epeatVe ct or 0. 0. 19.2 mm

# R E P E A T R S E C T O R
/gate/box1/repe at er s/i ns er t ring
/gate/box1/ring /s et RepeatN umber 42

# A T T A C H S Y S T E M
/gate/systems/c yl in dri ca lP ET/r sec to r/ at ta ch box1
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9.3Exampleof a PET scanner

/gate/systems/c yl in dri ca lP ET/modu le /a tt ac h box2
/gate/systems/c yl in dri ca lP ET/c rys ta l/ at ta ch box3
/gate/systems/c yl in dri ca lP ET/l aye r0 /a tt ac h LSO
/gate/systems/c yl in dri ca lP ET/l aye r1 /a tt ac h LuAP

Thevolumesof thescanner(with user'sname,e.g.box1)areconnectedto thecylindricalPETsystem
(to theprede�nednamesof cylindricalPETsystem,e.grsector).

# A T T A C H L A Y E R SD
/gate/LSO/attac hCry sta lS D
/gate/LuAP/atta ch Cr yst al SD

# P H A N T O M
/gate/world/dau ghte rs/ name phantom
/gate/world/dau ghte rs/ in se rt cylinder
/gate/phantom/g eometry /s et Rmax 20 mm
/gate/phantom/g eometry /s et Rmin 0. mm
/gate/phantom/g eometry /s et Heig ht 100. mm
/gate/phantom/p la ce ment/ se tT ra nsl at io n 0 0 -40 mm
/gate/phantom/s et Mater ia l Water
/gate/phantom/v is /s etC ol or red

# A T T A C H P H A N T O M S D
/gate/phantom/a tt ac hPhanto mSD

Thescannersystemis completelybuilt. It is composedof 42 rsectors, eachonemadeof 8 � 8 LSO
andLuAP crystalsassembledin phoswich.

# M O V E M E N T S
/gate/cylindric al PET/mov es /n ame revolution
/gate/cylindric al PET/mov es /i ns ert rotation
/gate/cylindric al PET/r ev ol ut io n/s et Axis 0 0 1
/gate/cylindric al PET/r ev ol ut io n/s et Speed 6. deg/s

/gate/phantom/m ov es /na me PhantomTransla ti on
/gate/phantom/m ov es /in se rt translation
/gate/phantom/P hant omTra ns la ti on/ se tS peed 0. 0. 0.1 cm/s

# The lines below are just to show how the system moves with time
/gate/timing/se tT im e 0. s
/gate/timing/se tT im e 5. s
/gate/timing/se tT im e 10. s
/gate/timing/se tT im e 15. s
/gate/timing/se tT im e 20. s
/gate/timing/se tT im e 25. s
/gate/timing/se tT im e 30. s
/gate/timing/se tT im e 35. s
/gate/timing/se tT im e 40. s

- 107-



9.3Exampleof a PET scanner

/gate/timing/se tT im e 45. s
/gate/timing/se tT im e 50. s
/gate/timing/se tT im e 55. s
/gate/timing/se tT im e 60. s

ThescannerrotatesalongtheZ axiswith arotationspeedof 6deg/swhile thephantomhastranslation
movementwith aspeedof 0.1cm/s.

# D I G I T I Z E R
/gate/digitizer /c onver to r/ ve rb ose 0
/gate/digitizer /S in gle s/ in se rt adder
/gate/digitizer /S in gle s/ adder/ ver bose 0
# ENERGYBLURRING
/gate/digitizer /S in gle s/ in se rt crystalblurring
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al Resol ut io nMin 0.20
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al Resol ut io nMax 0.35
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al QE 1.
/gate/digitizer /S in gle s/ cr ys ta lbl ur ri ng/s etC ry st al Energ yOfR ef er enc e 511. keV
# READOUT
/gate/digitizer /S in gle s/ in se rt readout
/gate/digitizer /S in gle s/ re adout/s et Dept h 1
# TEMPORALRESOLUTION
/gate/digitizer /S in gle s/ in se rt timeResolution
/gate/digitizer /S in gle s/ ti meResol ut io n/ se tTi meReso lu tio n 2. ns
# THRESHOLDER/ UPHOLDER
/gate/digitizer /S in gle s/ in se rt thresholder
/gate/digitizer /S in gle s/ th re sh old er /s et Thres hold 250. keV
/gate/digitizer /S in gle s/ in se rt upholder
/gate/digitizer /S in gle s/ uphold er/ se tU phol d 750. keV
/gate/digitizer /S in gle s/ th re sh old er /v er bose 0
# DEAD TIME
/gate/digitizer /S in gle s/ in se rt deadtime
/gate/digitizer /S in gle s/ deadti me/se tD eadTime 250. ns
/gate/digitizer /S in gle s/ deadti me/se tMode paralysable
/gate/digitizer /S in gle s/ deadti me/ch oose DTVol ume box1
# COINCIDENCESSORTER
/gate/digitizer /C oi nci denc es /s etWin dow 10. ns
/gate/digitizer /C oi nci denc es /minS ec to rD if fer ence 2

/gate/systems/c yl in dri ca lP ET/d esc ri be

Thedigitizer is setupwith a crystalblurring randomlychosebetweena minimumanda maximum
value.A thresholdandanupholdhavebeenrespectively setto 250keV andto 750keV. Thecoincidence
timewindow hasbeensetto 10nsandacoincidenceeventwill betakeninto acountonly if thedifference
betweenthetwo rsectors isgreateror equalthan2. Wehaveintroducedaparalyzabledead-timeof 250ns
at rsectorlevel.

# P H Y S I C S
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/gate/physics/g amma/se le ct Compton lowenergy
/gate/physics/g amma/se le ct Phot oel ec tr ic lowenergy
/gate/physics/g amma/se le ct Rayl eig h lowenergy
# INACTIVE COMPTON
#/gate/physics/ gamma/s el ec tC ompto n inactive
# CUT X , DELTA AND ELECTRON
/gate/physics/s et XRayCut 1 GeV
/gate/physics/s et Delta RayCut 1 GeV
/gate/physics/s et El ect ro nCut 1 km

At thispoint, theconstructionof thedetectoris over. Wecannow initialize thesimulation.

# I N I T I A L I Z E
/gate/systems/c yl in dri ca lP ET/v erb os e 0
/gate/geometry/ enableA ut oUpdat e
/run/initialize

An importantcheckcanbemadejust afterthis initialization in orderto testthatthereareno overlap
betweenvolumesfrom thesame"familly" (themothervolumeandher daughters) andthat a daughter
volumeis insidehermothervolume.This testis doneonly oncein orderto checkthegeometry.

/geometry/test/ re cu rsi ve _t es t

# V E R B O S I T Y
/control/verbos e 0
/grdm/verbose 0
/run/verbose 0
/event/verbose 0
/tracking/verbo se 0
/gate/applicati on/v erb os e 0
/gate/generator /v er bos e 0
/gate/stacking/ ve rb ose 0
/gate/event/ver bose 0
/gate/source/ve rb os e 0

# S O U R C E S
/gate/source/ad dSource twogamma
/gate/source/tw ogamma/se tA ct iv ity 1000. becquerel
/gate/source/tw ogamma/se tT yp e backtoback
/gate/source/tw ogamma/gps/ part icl e gamma
/gate/source/tw ogamma/gps/ ener gyt yp e Mono
/gate/source/tw ogamma/gps/ monoenerg y 0.511 MeV
/gate/source/tw ogamma/gps/ ce nt re 0. 2. 0. cm
/gate/source/tw ogamma/gps/ ty pe Volume
/gate/source/tw ogamma/gps/ sh ape Sphere
/gate/source/tw ogamma/gps/ ra di us 0.5 cm
/gate/source/tw ogamma/gps/ sh ape Cylinder
/gate/source/tw ogamma/gps/ ra di us 10. mm
/gate/source/tw ogamma/gps/ half z 50. mm
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/gate/source/tw ogamma/gps/ co nf ine phantom
/gate/source/tw ogamma/gps/ angt ype iso
/gate/source/tw ogamma/gps/ mi nt het a 0. deg
/gate/source/tw ogamma/gps/ maxt het a 180. deg
/gate/source/tw ogamma/gps/ mi nphi 0. deg
/gate/source/tw ogamma/gps/ maxp hi 360. deg

/gate/source/ad dSource sourceC11
/gate/source/so ur ce C11/s et Acti vit y 10000. becquerel
/gate/source/so ur ce C11/g ps /p ar tic le e+
/gate/source/so ur ce C11/s et Forc edUns ta bl eFlag true
/gate/source/so ur ce C11/s et Forc edHal fL if e 1223 s
/gate/source/so ur ce C11/g ps /e nergy ty pe Carbon11
/gate/source/so ur ce C11/g ps /c entre 0. 0. 0. cm
/gate/source/so ur ce C11/g ps /t yp e Volume
/gate/source/so ur ce C11/g ps /s hape Cylinder
/gate/source/so ur ce C11/g ps /r adius 10. mm
/gate/source/so ur ce C11/g ps /h al fz 50. mm
/gate/source/so ur ce C11/g ps /c onfin e phantom
/gate/source/so ur ce C11/g ps /a ngtyp e iso

/gate/source/li st

Wehave de�ned two sources.The�rst onecalledtwogammahasanactivity of 1 kBq andemitstwo
gammasbackto backin all directions.
Thesecondone,(sourceC11) emits� + accordingto thepositronenergy spectrumof C11 decays,with
an initial activity of 10 kBq anda hal�ife of 1223s. Therangeof thepositronsis simulatedaswell as
the - acolinearity.
Thetwo sourcesarecon�ned in thephantom.

# O U T P U T
# ASCII
/gate/output/as ci i/ set OutF il eHits Fl ag 0
/gate/output/as ci i/ set OutF il eSing le sFla g 0
/gate/output/as ci i/ set OutF il eCoin ci denc es Fla g 0
# ROOT
/gate/output/ro ot /s etF il eName root_output
/gate/output/ro ot /s etR ootN tu pl eFl ag 1
/gate/output/ro ot /s etR ootH it Fl ag 0
/gate/output/ro ot /s etR ootS in gl esF la g 1
/gate/output/ro ot /s etR ootC oi nc ide nc es Fl ag 1
/gate/output/ro ot /s etS av eRndmFlag 1
# LMF
/gate/output/lm f1 /d isa bl e

# S T A R T
/gate/applicati on/s etT im eSli ce 1. s
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/gate/applicati on/s etT im eSta rt 0. s
/gate/applicati on/s etT im eSto p 60. s
/gate/applicati on/s tar tD AQ

TheASCII andLMF outputsaredisabledandfor theROOT output,only GateNTuple,Singlesand
CoincidencesTTreesarestored.
Theacquisitiondurationwill last60s with slicesof 1 s. So,thegeometrywill beupdatedeverysecond.

Notice

You can de�ne the completesimulationin one macro. In order to have a more modularsimulation
you candivide it into several macros(e.g vis.mac,geometry.mac,digi.mac,physics.mac,sources.mac,
main.mac.. . ) calledfrom amainmacro.
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Figure9.1: GATE simulationarchitecture



Chapter 10

Data output

Dataoutputis akey point for asoftwareintendedto beusedfor variousapplications,in variousscienti�c
communities.It hasbeenchosento haveseveraltypesof outputformat,whichcanbeenabledor disabled
if needed.
Thefollowing chapterdescribesthevariousoutputformats,suchasASCII, Root,Inter�le, LMF, ECAT.

10.1 The ASCII output

10.1.1 Intr oduction

TheGateToASCII classof GATE allows to obtaintheASCII �le output,which aretheeasiestpossible
output. It allows you to treatyour raw datawith your own tools. In the otherhand,this outputis not
compressedandtheoutput�les arevery large.
If theASCII �les arenot neededfor analysis,it is stronglyrecommendedto disablethis outputin order
to speedup thesimulation.

10.1.2 How to enablethis output in your macro ?

All the outputcommands(/gate/output/.. . ) mustalwaysbe after the initialization line. As in
mostof theoutputmodulesof GATE, you canenableASCII output�les for Hits, Singles(at theendof
thedigitizer chain),Coincidences,but alsotheSinglesafterthedifferentstepsof thedigitizer chain. In
yourmacro,setto 1 thedifferent�ags (resp.):

# enable ascii output for hits
/gate/output/as ci i/ set OutF il eHits Fl ag 1
# enable ascii output for Singles (end of digitizer chain)
/gate/output/as ci i/ set OutF il eSing le sFla g 1
# enable ascii output for coincidences
/gate/output/as ci i/ set OutF il eCoin ci denc es Fla g 1

# enable ascii output for singles (after a digitizer module)
/gate/output/as ci i/ set OutF il eSing le s< name of the digitizer module >Flag 1

Thenamesof thedigitizermoduleare:
Adder, Readout,Spblurring,Blurring, Thresholder, Upholder.
Their actionsareexplainedin theChapter8.
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10.1.3 How to disablethis output in your macro ?

To disablecompletelytheASCII �les :

/gate/output/as ci i/ dis able

If the macrodoesnot containthis line, by default someASCII �les will be createdwhich are: gate-
Hits.dat,gateSingles.dat,gateRun.dat.
In addition,if coincidencesaretreatedin thesimulationthe�le gateCoincidences.datwill begenerated.
To disabletheseASCII �les whichcanbelarge,themacroshouldcontainthefollowing lines:

/gate/output/as ci i/ set OutF il eHits Fl ag 0
/gate/output/as ci i/ set OutF il eSing le sFla g 0
/gate/output/as ci i/ set OutF il eCoin ci denc es Fla g 0

Only the�le gateRun.datwhichcontainthenumberof decayperrunwill becreated.

10.1.4 Description osthe ASCII �le content

In all �les theunitsare:
� MeV (energy)
� mm(position)
� s (time)
� deg (angle)

Hits �le (gateHits.dat)

Eachline is ahit andthecolumnsare:
* Column1 : ID of therun (i.e. time-slice)
* Column2 : ID of theevent
* Column3 : ID of theprimaryparticlewhosedescendantgeneratedthishit
* Column4 : ID of thesourcewhichemittedtheprimaryparticle
* Columns5 to N+4: thefollowing N columnsrepresentVolumeIDs at eachlevel of thehierarchy

of a system,sothenumberof columnsdependson thesystemused.

For cylindricalPETsystemN=6 :

* Column5 : ID of volumeattachedto the"base"level of thesystem
* Column6 : ID of volumeattachedto the"rsector"level of thesystem
* Column7 : ID of volumeattachedto the"module"level of thesystem
* Column8 : ID of volumeattachedto the"submodule"level of thesystem
* Column9 : ID of volumeattachedto the"crystal" level of thesystem
* Column10 : ID of volumeattachedto the"layer" level of thesystem

For SPECTHeadsystemN=3 :
* Column5 : ID of volumeattachedto the"base"level of thesystem
* Column6 : ID of volumeattachedto the"crystal" level of thesystem
* Column7 : ID of volumeattachedto the"pixel" level of thesystem
* ColumnN+5 : Timestampof thehit
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* ColumnN+6 : Energy depositedby thehit
* ColumnN+7 : Rangeof particlewhichhasgeneratedthehit
* ColumnN+8, N+9 ,N+10: XYZ positionof thehit in theworld referential
* ColumnN+11: Geant4codeof theparticlewhichhasgeneratedthehit
* ColumnN+12: ID of theparticlewhichhasgeneratedthehit
* ColumnN+13: ID of themotherof theparticlewhichhasgeneratedthehit
* ColumnN+14: ID of thephotongiving theparticlewhichhasgeneratedthehit come
* ColumnN+15: Numberof Comptoninteractionsin phantomsbeforereachingthedetector
* ColumnN+16: Nameof theprocesswhichhasgeneratedthehit
* ColumnN+17: Nameof thelastvolumewhereaComptoneffectoccurs

For thenext sections,thesystemwill be �x ed at a cylindricalPETsystem,so that thenumberof lines
concerningtheVolumeID of eachlevel will bealways� ve.

Singles�les (gateSingles.dat)

Eachline is asingleandthecolumnsare:

� Column1 : ID of therun (i.e. time-slice)
� Column2 : ID of theevent
� Column3 : ID of thesource
� Column4, 5, 6 : XYZ positionof theannihilationin world referential
� Column7 to 12 : VolumeIDs*(cf. columns5-10of sec.10.1.4)
� Column13 : Timestampof thesingle
� Column14 : Energy depositedby thesingle
� Column15 to 17 : XYZ positionof thesinglein theworld referential
� Column18 : Numberof Comptoninteractionsin phantomsbeforereachingthedetector
� Column19 : Numberof Comptoninteractionsin detectorsbeforereachingthedetector
� Column20 : Nameof thephantomwhereaComptoneffectoccurs

Coincidences�les (gateCoincidences.dat)

Eachline is acoincidencecreatedwith two singlesandthecolumnsare:

� Column1 : ID of therun (i.e. time-slice)(�rst single)
� Column2 : ID of theevent(�rst single)
� Column3 : ID of thesource(�rst single)
� Column4 to 6 : XYZ positionof theannihilationin world referential(�rst single)
� Column7 : Timestamp(�rst single)
� Column8 : Energy deposited(�rst single)
� Column9 to 11 : XYZ positionin theworld referential(�rst single)
� Column12 to 17 : volumeIDs* (cf. columns5-10of sec.10.1.4)(�rst single)
� Column18 : Numberof Comptoninteractionsin phantomsbeforereachingthe detector(�rst

single)
� Column 19 : Numberof Comptoninteractionsin detectorsbeforereachingthe detector(�rst

single)
� Column20 : Scanneraxial position(�rst single)
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� Column21 : Scannerangularposition(�rst single)
� Column22 : ID of therun (i.e. time-slice)(secondsingle)
� Column23 : ID of theevent(secondsingle)
� Column24 : ID of thesource(secondsingle)
� Column25 to 27 : XYZ positionof theannihilationin world referential(secondsingle)
� Column28 : Timestamp(secondsingle)
� Column29 : Energy deposited(secondsingle)
� Column30 to 32 : XYZ positionin theworld referential(secondsingle)
� Column33 to 38 : volumeIDs.

Thenumberof differentvolumeIDsdependson thecomplexity of thesystemgeometry(6 IDs for
cylindricalPETsystem,3 for ecatsystem,...). Then,thenumberof columnof your ASCII �le is
not constant,but system-dependent,(cf. columns5-10of sec.10.1.4)(secondsingle).

� Column39 : Numberof Comptoninteractionsin phantomsbeforereachingthedetector(second
single)

� Column40 : Numberof Comptoninteractionsin detectorsbeforereachingthedetector(second
single)

� Column41 : Scanneraxial position(secondsingle)
� Column42 : Scannerangularposition(secondsingle)

10.1.5 What is the �le gateRun.dat?

This �le is thelist of thenumberof decaysgeneratedat thesourcefor eachrun (oneby line).
TheOutputmanageris calledfor eachevent,evenif theparticle(s)of thedecaydonotreachthedetector.
Notethatthenumberof processeddecayscanbeslighly differentfrom theexpectednumberN = A � �t
whereA is theactivity and�t is thetimeof theacquisition,dueto randomcharacterof thedecaywhich
governstheeventgeneration(Poissonlaw). Gategeneratesthetime delayfrom thepreviousevent,if it
is outof thetimesliceit stopstheeventprocessingfor thecurrenttimesliceandif neededit startsanew
timeslice.

10.1.6 What is the �le voxels.dat?

Whenyou build a voxelisedsourceor a voxelizedphantom,by default, GATE writesthevoxel density
valuesin a �le (voxels.dat), to allow a cross-checkof what you have loaded. In your macro,you can
disablethisoption:

/gate/output/as ci i/ set OutF il eVoxe lF la g 0

Theformatof the�le voxels.datis:
* line 1 : Nx Ny Nz : numberof voxelsin thethreedirections,
* line 2 : dx dy dz :sizeof thevoxel in millimeters,
* line 3 to theend:voxel densityvalues.

Theorderof thevoxelsis chosenasfollow : increasetheindex alongx, theny, thenz.
For examplefor a2 � 2 � 2 matrix thedensitiesarewritten in thefollowing order:

� d(0,0,0)d(1,0,0)
� d(0,1,0)d(1,1,0)
� d(0,0,1)d(1,0,1)
� d(0,1,1)d(1,1,1)
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10.2 The Root output

10.2.1 How to enablethis output in your macro ?

If youneedto generatetherootoutput�le, thiscanbedoneby addingthefollowing line in themacro:

/gate/output/ro ot /s etF il eName FILE_NAME

whichwill provide youwith aFILE_NAME.root �le.
If this previous commandis not in the macro,and if the /gate/output/roo t is not disabled,
thedefault namewill be gate.root. Pleasenotethat a �le gateVoxels.rootis alsocreatedwhenusinga
voxelizedphantomin your macro(seesec.7.3).
By default, this root �le will contain: 4 histograms,1 Ntuple (Gate),and2 Treesfor SPECTsystems
(Hits andSingles)or 3 Treesfor PETsystems(Coincidences,Hits andSingles)in whichseveralvariables
arestored.
Theinformationscontainedin the4 histogramsandin theNtupleconcernthePETsimulations.They are
presentin therootoutputafteraSPECTsimulationbut areempty.
The4 histogramscontainthedistributionsof:

� Acolinea_Angle_Distribution_deg : theanglein degreebetweenthe two gammaof annihilation
of the� + .

� Positron_Kinetic_Energy_MeV : theenergy of the� +

� Ion_decay_time_s: thetimeof thedecay
� Positron_annihil_distance_mm : therangeof the� +

In theNtupleGate,four similarvariablesareavailablein orderto look atcorrelationsamongstthem.

WhenlaunchingROOT with thecommand:

root file.root
root [1] TBrowser t

youshouldseethecontainof theroot �le (see.�g.10.1).

Figure 10.1: The ROOT Object Browser when openingthe GATE output �le, containing:
4 histogramsand4 trees(GATE, COINCIDENCES,HITS andSINGLES) in which several
variablesarestored.
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10.2.2 How to disablethis output in your macro ?

If needed,andfor amatterof �le size,youcouldchoosenot to generateall trees.
In thiscasejustaddthefollowing linesin yourmacro:

/gate/output/ro ot /s etR ootH it Fl ag 0
/gate/output/ro ot /s etR ootS in gl esF la g 0
/gate/output/ro ot /s etR ootC oi nc ide nc es Fl ag 0
/gate/output/ro ot /s etR ootN tu pl eFl ag 0

By turningto 1 (or 0) oneof this tree�ag, you will �ll (or not) thegiventree.

In a debug mode,it canbe usefulto storein a Treethe informationsafter the actionof oneparticular
moduleof thedigitizerchain.Thefollowing �ags exist to turn onor off theseintermediateTrees.

/gate/output/ro ot /s etO ut Fi le Si ngl es AdderF lag 0
/gate/output/ro ot /s etO ut Fi le Si ngl es ReadoutFl ag 0
/gate/output/ro ot /s etO ut Fi le Si ngl es Spbl ur rin gFla g 0
/gate/output/ro ot /s etO ut Fi le Si ngl es Bl ur ri ngFla g 0
/gate/output/ro ot /s etO ut Fi le Si ngl es Thre sh old er Fl ag 0
/gate/output/ro ot /s etO ut Fi le Si ngl es Uphold erF la g 0

10.2.3 How to analyzeof Root outputs

You caneitherplot the variablesdirectly from thebrowser, or througha macro�le (e.g. calledanaly-
sis.C).In thiscase,type:

root [0] .x analysis.C

You mayalsousetherootclasscalledMakeClass.Example:

root [0] Coincidences->M ak eCla ss( "t es t" );

PleaseconsulttheROOT Homepage[18] (http://root.cern.ch/)for moredetails.

10.3 The Online plotter
Along with standardoutputfor post-treatment(suchasroot, LMF, ecat),GATE providesa very conve-
nienttool calledtheonlineplotter, whichallows to have onlinedisplayof severalvariables.
This onlineanalysisis availableeven if the root outputis disabledin your macro,for instancebecause
theuserdo notwantto save a root �le whichcanbea largeone.

It canbeeasilyusedwith thefollowing macro:

/gate/output/pl ot te r/s howPlo tt er
/gate/output/pl ot te r/s et NCol umns 2
/gate/output/pl ot te r/s et Pl ot Heigh t 250
/gate/output/pl ot te r/s et Pl ot Width 300
/gate/output/pl ot te r/a ddPl ot hist Ion_decay_time _s
/gate/output/pl ot te r/a ddPl ot hist Positron_Kinet ic _Ener gy _MeV
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/gate/output/pl ot te r/a ddPl ot tree Singles comptonPhantom
/gate/output/pl ot te r/a ddPl ot tree Coincidences energy1
/gate/output/pl ot te r/l is tP lo ts

with thecommandsof thepreviousmacrobeing:

addPlot hist NAME_of_the_his to

to plot anhistogrampreviouslyde�ned in GATE.
and:

addPlot tree NAME_of_the_tre e NAME_of_the_var ia bl e

to plot avariablefrom oneof theGATE trees.

ThecommandssetNColumnsallows to choosethenumberof displaywindows to beused.
Figure10.2presentsanexampleof onlineplotter, obtainedwith theabove macro.

Figure10.2:TheOnlineplotter

10.4 Inter�le output

10.4.1 Description

TheInter�le ProjectionSetis designedto mimick anacquisitionprotocolfor a multipleheadedrotating
gammacamera.The total descriptionof the Inter�lev3.3 format canbe found on the Inter�le website
[19].
Especiallyimportantis to understandhow thestorageof theprojectiondatais done.Whenimagedata
relateto multiple windows etc. (e.g. energy windows, time windows, multiple heads)the imagesshall
benestedaccordingto theorderin which thecorrespondingkeys arede�ned. Thusif multiple energy
windows areused,all the imagedatafor the �rst window mustbe given �rst, followed by the image
datafor thesecondwindow, etc. This loop structureis de�ned in the Inter�le syntaxby theuseof the
'for' statement.Two �les arecreated: gate.hdr andgate.sin. Theheader�le containsall theinformation
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abouttheacquisitionwhile thegate.sin�le containsthebinaryinformation.An exampleof suchaheader
is:

!INTERFILE :=
!imaging modality := nucmed
!version of keys := 3.3
date of keys := 1992:01:01
;
!GENERAL DATA :=
data description := GATE simulation
!data starting block := 0
!name of data file := gate.sin
;
!GENERAL IMAGE DATA :=
!type of data := TOMOGRAPHIC
!total number of images := 64
study date := 2003:09:15
study time := 11:42:34
imagedata byte order := LITTLEENDIAN
number of energy windows := 1
;
!SPECT STUDY (general) :=
number of detector heads := 2
;
!number of images/energy window := 64
!process status := ACQUIRED
!number of projections := 32
!matrix size [1] := 16
!matrix size [2] := 16
!number format := UNSIGNEDINTEGER
!number of bytes per pixel := 2
!scaling factor (mm/pixel) [1] := 1
!scaling factor (mm/pixel) [2] := 1
!extent of rotation := 180
!time per projection (sec) := 10
study duration (elapsed) sec : = 320
!maximum pixel count : = 33
;
!SPECT STUDY (acquired data) :=
!direction of rotation := CW
start angle := 0
first projection angle in data set := 0
acquisition mode := stepped
orbit := circular
camera zoom factor := 1
;
!number of images/energy window := 64
!process status := ACQUIRED
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!number of projections := 32
!matrix size [1] := 16
!matrix size [2] := 16
!number format := UNSIGNEDINTEGER
!number of bytes per pixel := 2
!scaling factor (mm/pixel) [1] := 1
!scaling factor (mm/pixel) [2] := 1
!extent of rotation := 180
!time per projection (sec) := 10
study duration (elapsed) sec : = 320
!maximum pixel count : = 36
;
!SPECT STUDY (acquired data) :=
!direction of rotation := CW
start angle := 180
first projection angle in data set := 180
acquisition mode := stepped
orbit := circular
camera zoom factor := 1
;
GATE GEOMETRY:=
head x dimension (cm) := 30
head y dimension (cm) := 80
head z dimension (cm) := 70
head material := Air
head x translation (cm) := -25
head y translation (cm) := 0
head z translation (cm) := 0
crystal x dimension (cm) := 1.5
crystal y dimension (cm) := 60
crystal z dimension (cm) := 50
crystal material := NaI
;
GATE SIMULATION :=
number of runs := 32
;
!END OF INTERFILE :=

10.4.2 Use

In orderto achieve suchanInterFileProjectionOutputSet,the following lineshave to beaddedto the
executedmacro:

# PROJECTION
/gate/output/pr oj ec tio n/ pr oj ec tio nPla ne YZ
/gate/output/pr oj ec tio n/ pi xe lS ize Y 1. mm
/gate/output/pr oj ec tio n/ pi xe lS ize X 1. mm
/gate/output/pr oj ec tio n/ pi xe lN umber Y 16
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/gate/output/pr oj ec tio n/ pi xe lN umber X 16

Pleasenotethat theprojectionPlaneshouldbechosencorrectly, accordingto thesimulatedexperiment.
The pixelSizeand the pixelNumberare always describedhowever in a �x ed XY-axes system. If no
InterFileoutputis desired,thenthefollowing line hasto beaddedto themacro:

/gate/output/pr oj ec tio n/ di sa bl e

10.5 Sinogramoutput
If theecatsystemhasbeenselected(seesection4.4.4),thesinogramoutputmodulewill automatically
beenabled,unlessspeci�ed

/gate/output/si nogr am/di sa bl e

This modulestoresthe coincidenteventsin an arrayof 2D sinograms.Thereis one2D sinogramper
pair of crystal-rings. For example,for the ECAT EXACT HR+ scanner(32 crystal-rings)from CPS
Innovations(Knoxville, TN, U.S.A.),thereare10242Dsinograms.Thenumberof radialbinsisspeci�ed
by thecommand:

/gate/output/si nogr am/Radi al Bi ns 256

For a systemwith Ncr yst crystalspercrystal-ring,thedefault valueis equalto N cr yst=2. The number
of radial bins shouldbe smalleror equalto N cr yst . The numberof azimuthalbins is �x ed andequal
to Ncr yst=2. The default for the ECAT EXACT HR+ (576 crystalsper crystal-ring)correspondsto a
288� 2882D sinogramsize.

Thereis a one-to-onecorrespondencebetweenthe sinogrambins andthe lines-of-response(LOR)
joining two crystalsin coincidence.The sinogrambin assignmentis not basedon the true radial and
azimuthalpositionof theLOR, but on the indexing of thecrystals.This meansthat thesinogramsare
subjectto curvatureeffects.

By default,all coincidenteventsarerecorded,regardlessof theirorigin (random,trueunscattered,or
truescatteredcoincidence).It is possibleto discardrandomevents:

/gate/output/si nogr am/Tr uesOnl y true

In thetrues,bothscatteredandunscatteredcoincidencesareincluded.Thereis nosimulationof adelayed
coincidencewindow.

At thebeginningof eachrun, thecontentof the2D sinogramsis resetto zero. At theendof each
run, thecontentsof the2D sinogramscanbeoptionallywritten to a raw �le (oneperrun). This feature
hasto beenable:

/gate/output/si nogr am/RawOut putEn able

Thenameof the�le is speci�edby:

/gate/output/si nogr am/se tF il eName MySinogramFile Name

Three�les arewrittenperrun:

� theraw data(unsignedshortinteger) in MySinogramFileName.ima;

� amini ASCII headerin MySinogramFileName.dim;
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� aninformation�le in MySinogramFileName.info.

MySinogramFileName.dim containstheminimal informationrequiredto readthe�at �le MySinogram-
FileName.ima. Hereis anexamplewith thedefault settingfor theECAT EXACT HR+ scanner:

288 288 1024
-type U16
-dx 1.0
-dy 1.0
-dz 1.0

The �rst line speci�es the size of the matrix: 1024 2D sinograms(third coordinate)with 288 radial
bins(�rst coordinate)and288azimuthalbins(secondcoordinate).Thesecondline speci�estheformat:
unsignedshortinteger. Thenext threelinesspecifythesizeof eachbin; therearesetarbitrarlyto unity.

MySinogramFileName.info describestheorderingof the2D sinogramsin the�at �le MySinogram-
FileName.ima. Hereis anexamplewith thedefault settingfor theECAT EXACT HR+ scanner:

1024 2D sinograms
[RadialPosition;AzimuthalAngle;AxialPosition ;RingD ifferen ce]
RingDifference varies as 0,+1,-1,+2,-2, ...,+31,-31
AxialPosition varies as |RingDifference|,...,62-|RingDifference| per increment of 2
AzimuthalAngle varies as 0,...,287 per increment of 1
RadialPosition varies as 0,...,287 per increment of 1
Date type : unsigned short integer (U16)

Each2D sinogramis characterizedby thetwo crystal-ringsin coincidencer ing 1 andr ing2. Instead
of indexing the2D sinogramsby r ing1 andr ing2, they areindexedby thering differencer ing2 � r ing1
andtheaxialpositionr ing2 + r ing1:

for RingDifference = 0,+1,-1,+2,-2,....,+31,-31
for AxialPosition = |RingDifference|; AxialPosition <= 62-|RingDifference|; AxialPosition += 2

ring_1 = (AxialPosition - RingDifference)/2
ring_2 = RingDifference + (AxialPosition - RingDifference)/2
Write Sinogram(ring_1;ring_2)

In additionto the sinogramoutputmodule,thereis a conversionof the 2D sinogramsto an ecat7
formatted3D sinogramin theecat7outputmodule.This 3D sinogramis thenwritten to anecat7matrix
�le.

10.6 ECAT7 output

If, andonly if, boththeecatsystemandthesinogramoutputmodulehavebeenselected,theecat7output
modulewill automaticallybeenabled,unlessspeci�ed

/gate/output/ec at 7/ dis able

This modulewritesthecontentof the2D sinogramsde�ned in thesinogramoutputmoduleto anecat7
formattedmatrix scan�le, the native �le format from CPSInnovations(Knoxville (TN), U.S.A.) for
their ECAT scannerfamily. Dueto the large sizeof a full 3D PETdataset,thedatasetsizeis reduced
beforewriting it to disk. Thereforeit is notpossibleto go backfrom anecat7formatted3D sinogramto
theoriginal2D sinogramsset.
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10.6.1 Installation

In order to compile the ecat7outputmoduleof Gate,the ecat library written at the PET Unit of the
CatholicUniversityof Louvain-la-Neuve (UCL, Belgium)is required.It canbedownloadedfrom their
website:

http://www.topo .u cl .ac .b e/ ec at _Cl ib .h tml

Three�les arerequired:thelibrary �le libecat.aandthetwo header�les matrix.handmachine_indep.h.
To compileGatewith theecat7library withoutchangingtheenv_gate.cshandGNUmake�le �les, theen-
vironmentvariableECAT7_HOMEhasto bede�nedandsetto thenameof thehomedirectorywherethe
ecat7library is installed(for example,/usr/local/ecat7). In thisecat7homedirectory, two subdirectories
shouldbecreated:lib andinclude. Theheader�les areput in the${ECAT7_HOME}/includedirectory.
For eachsystem,aspeci�c subdirectorynamedaftertheG4SYSTEMenvironmentvariablevalueshould
becreatedin the${ECAT7_HOME}/libdirectory. Thecorrespondinglibrary �le libecat.ahasto be lo-
catedin this${ECAT7_HOME}/lib/${G4SYSTEM}directory. Thematrix.h�le hasto bemodi�ed to add
the declarationof the mh_update()function. The following line canbe addedin the "high level user
functions"partof matrix.h:

int mh_update(Matri xFi le *) ;

10.6.2 Data reduction

The polar coordinateof a LOR is approximatelyde�ned by the crystal-ringindex differencebetween
both rings in coincidence.For a NR crystal-ringsscanner, the total numberof polar samplesis given
by 2 � NR � 1. Usually, on ecatsystems,not all crystal-ringdifferencesarerecorded;only absolute
crystal-ringdifferencesup to agivenvalue,referredasthemaximumring difference,arerecorded:

/gate/output/ec at 7/ maxri ngdi ff 22

Thevalueof themaximumring differenceshouldbesmallerthanN R .
A polarmashingis appliedto group2D sinogramswith adjacentpolarcoordinates.Thesizeof this

groupingis calledthespan[20]. Its minimumvalueis 3 andit shouldbeanoddinteger.

/gate/output/ec at 7/ spa n 9

TheMichelogramrepresentedin Figure10.3graphicallyillustratesmashingin thepolarcoordinatefor
a 16 crystal-ringscannerwith a maximumring differencesetto 12 anda spanfactorof 5, resultingto
5 polarsamplesinsteadof 31. Eachdot representa 2D sinogramfor a givenpair of crystal-rings.The
grouped2D sinogramsareconnectedby diagonallines. By default, themaximumring differenceis set
to NR � 1 andthespanfactorto 3. It shouldbe notedthatafterchoosinga maximumring difference
valueM axRingD if f , only certainspanfactorsarepossibleastheresultingnumberof polarsamples
mustbeaninteger:

2 � M axRingD if f + 1
span

(10.1)

In additionto thepolarmashing,thenumberof azimuthalsamplescanalsobereducedfromN azi = Ncr yst =2
to Nazi = m wherem is themashingfactor

/gate/output/ec at 7/ mashi ng 2

Thedefault mashingvalueis 1.
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Figure10.3:Michelogramfor a 16crystal-ringscanner.

10.6.3 Sinogram�le

At theendof eachrun,anew 3D sinogramis writtenwith anincrementalframeindexing. For example,
with thefollowing con�guration

/gate/applicati on/s etT im eSli ce 60 s
/gate/applicati on/s etT im eSta rt 0 s
/gate/appicatio n/ se tTi meSt op 300 s

5 framesof 60secondeachwill begenerated.Thenameof thesinogram�le is speci�edby

/gate/output/ec at 7/ set Fi le Name MySinogramFile

andtheECAT codeof thescannermodelis speci�edby

/gate/output/ec at 7/ sys te m 962

This informationcanbeneededby someecat7basedreconstructionroutines.
It shouldbenotedthatnot all �elds of themain-or sub-headerare�lled. In particular, thecoinci-

dence_sampling_mode�eld of themain-headeris alwayssetto PromptsandDelayed(1), regardlessof
thevalueof the/gate/output/sinogram/TruesOnly tag. For thescansub-header, thevalueof theprompts
�eld is correctly�lled andthe valueof the delayed�eld is setto theactualnumberof randomcoinci-
dences,andnot to thenumberof delayedcoincidences(notsimulated).

Theradialbin sizein thescansub-headeris setto thehalf-valueof thecrystaltransversesampling
anddoesnot take into accountthearcanddepth-of-interaction(D.O.I) effects.After arccorrection,the
radialbin sizeshouldbeslightly increasedto accountfor theD.O.I. effect (seeFigure10.4). Note that
thiscorrectionis includedin thereconstructionsoftwareprovidedwith theECAT scanners.
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Figure10.4: Increaseof theradialbin sizedueto theD.O.I. effect.

10.7 LMF output

10.7.1 Intr oduction

TheCrystalClearCollaborationhasdevelopeda “List ModeFormat” (LMF) to storethedataof Clear-
PETprototypes.MonteCarlodatageneratedby GATE canalsobestoredunderthesameformatusing
the classGateToLMF. This format is only available for the cylindricalPET system(seeChap.4)and
GATE canonly storesingleevents.

Severaltoolsthatallow to readthis formatandto processeventsareimplementedin theLMF library
[21]. As an example,coincidencescanbe associatedfrom GATE singleevents. It is alsopossibleto
applydifferentdeadtimes,andeventuallyto generatesinogramsin inter�le formatasusedby theSTIR
library [22], which implementsseveralimagereconstructionalgorithms(this latteris availableonly with
theSTIR library).

TheLMF library andits documentationareavailableon theOpenGatewebsite.

10.7.2 Usage

LMF dataarecomposedof two �les with thesamebase-name,but differentextensions:

� A ASCII �le with a .cch extensioncontainsgeneralinformationaboutthe scanandaboutthe
scanner, like thescanduration,thesizesof thedetectors,or theangularrotationspeed.

� A binary �le with a .ccsextensioncontainsheaders,which �x the topologyof thescanner, fol-
lowedby �x edsizerecords.

Theusercangeneratethesetwo output�les automaticallyby usingthemacroscripting. Scriptingalso
allows to selectthekind of informationto be stored.All informationareoptional,excepttime, which
makestheClearPETLMF quiteversatile.Table10.7.2lists all optionsandmemoryrequirementsthat
canbestoredin theLMF eventrecord whenusingthecylindricalPETsystem.

Thebinaryoutput�le sizedependson its content.It amountsto 11 MB for 1 million singleevents
storedwith their time, energy anddetectorID for a small animalPET scannercomprisingabout1500
crystals.

Macroscommands(available only onceinitialisation hasbeendone)usedto con�gure the LMF
outputare:

/gate/output/lm f1 /e nab le
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Inf ormation Size(bytes/single) Real machines GATE
Time 8 YES YES

Energy 1 YES YES
detectorID 2 YES YES

PET's axialposition 2 YES YES
PET'sangularposition 2 YES YES

run ID 4 NO YES
eventID 4 NO YES
sourceID 2 NO YES

sourceXYZ Position 6 NO YES
globalXYZ Position 6 NO YES

numberof Comptonin phantomSD 1 NO YES
numberof Comptonin crystalSD 1 NO YES

Figure10.5:Sizeof informationsto bestoredin LMF.

to enableLMF output

/gate/output/lm f1 /d isa bl e

to disableLMF output

/gate/output/lm f1 /s etL MFFi le Name myFirst

to settheLMF �les name.Heretheoutput�les will bemyFirst.ccsandmyFirst.cch

/gate/output/lm f1 /s etD et ec to rI DBool 1

to store(1) or to not store(0) thedetectorID

/gate/output/lm f1 /s etE nerg yBool 1

to store(1) or to not store(0) theenergy

/gate/output/lm f1 /s etG antr yAxi alP os Bool 0

to store(1) or to not store(0) theaxialposition

/gate/output/lm f1 /s etG antr yAngula rP os Bool 0

to store(1) or to not store(0) theangularposition

Notethatthefollowing linesmustalwaysto beusedasthey appearbelow with option0:

/gate/output/lm f1 /s etS ourc ePos Bool 0
/gate/output/lm f1 /s etN ei ghbour Bool 0
/gate/output/lm f1 /s etN ei ghbour hoodOrd er 0
/gate/output/lm f1 /s etC oi nc id enceBool 0
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All informationthat is not availablein realworld is storedin a GateDigirecord adjoiningtheevent
record by usingthecommand:

/gate/output/lm f1 /s etG at eDig iB ool 1

If theoption0 is used,thefollowing commandsareignored

/gate/output/lm f1 /s etC ompt onBool 1
/gate/output/lm f1 /s etC ompt onDetec to rB ool 1

to store(1) or to not store(0) thenumberof Comptonscatteringthatoccursin (resp.)aphantomSDand
acrystalSD

/gate/output/lm f1 /s etS ourc eI DBool 0

to store(1) or to not store(0) thesourceID

/gate/output/lm f1 /s etS ourc eXYZPosBool 0

to store(1) or to not store(0) thesourceXYZ position

/gate/output/lm f1 /s etG lo balX YZPosBool 0

to store(1) or to not store(0) therealXYZ position

Theinformationon thegantryposition,translationor rotationspeed(s),or thepositionof theeccen-
tric rotationaxisareautomaticallypassedfrom themacroscriptingto theLMF output.

/gate/output/lm f1 /s etE ve nt ID Bool 1

to store(1) or to not store(0) theeventID

/gate/output/lm f1 /s etR unID Bool 1

to store(1) or to not store(0) therun ID

10.7.3 Limitation

TheLMF formatwasoriginally designedfor thedevelopmentof smallanimalPETscannersfor which
thenumberof crystalsis smallerthanfor clinical PETscanners.Consequently, theusershouldcarefully
readtheLMF speci�cationsandmake surethat this formatallows him to modelhis scannerdesign.In
particular, themaximumnumberof sub-volumesin avolume(e.g.themaximumnumberof submodules
in a module)is �x edby thenumberof bits usedto encodethesub-volumeID. All together, the�nal ID
encodingthepositionof aneventhasto bestoredon 16 bitsonly.
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Chapter 11

Materials

11.1 The Gatematerial database

Theprimarymethodfor de�ning thepropertiesof thematerialsusedin Gateis by a materialsdatabase.
Thedatabaseis locatedin thedirectory“ .../petsim/ ” in the �le GateMaterials.db. This �le holds
all the informationrequiredfor Gateto assignthenuclearpropertiesfrom theGeant4datasets,andis
easilymodi�ed by theuser. TheOpenGatecollaborationsuppliesa fairly extensive listing of materials
in this �le aspartof Gate.Thischapterdescribesthedetailsof how to modify thisdatabase.

As alludedto in the previous paragraph,thereexists an alternatemethodfor materialsde�nitions.
As discussedin previouschapters,Gatescriptsaredevelopedfrom Geant4C++ dataclassesin orderto
simplify andstandardizeinput for Geant4.As aresult,materialsde�nitions canbewrittenandcompiled
in C++ directly usingtheGeant4tools. Specifyingmaterialsin this manneris beyondthescopeof this
document.For thoseinterestedin directaccessto Geant4's materialsshouldreferto the“Geant4User's
Guide: For ApplicationDevelopers”andthe“Geant4User's Guide: For Toolkit Developers”for more
detailedinformation.

TheGateMaterials.db�le containstwo Geant4structurescalledelementsandmaterialsthatareused
to de�ne thephysicalpropertiesof theatoms,molecules,andcompounds.In contrastwith Geant4,Gate
doesnotuseisotopicabundances.Thisomissionhaslittle bearingonGateapplicationsbecauseisotopic
abundancesareunimportantin low to mid energy photonandchargedparticleinteractions.In fact,this
distinctionis only importantfor enrichedor depletedmaterialsinteractingwith neutronsor, highenergy
(> 5 MeV) photonsor chargedparticles.

11.1.1 Elements

Elementsarethe building blocksof all the materialsusedin Gatesimulations. Elementsin Gateare
de�ned asin a periodictable.Gatestorestheelementsname,symbol,atomicnumber, andmolarmass.
As statedabove, isotopicabundancesarenot referencedor used. The supplied�le GateMaterials.db
containsthemostcommonlyusedelementsandtheirmolarmassesasthey arefoundin nature.

It shouldbe notedthat someelements,particularly thosethat have an isotopewith a large cross
sectionfor neutronabsorption,have isotopicabundancesand thusmolar massesthat vary depending
upon their source. Oneelementthat exhibits this behavior is boron. In practicethis behavior is not
importantfor Gateapplications.
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11.1.2 Materials

In Gate,materialsarede�ned ascombinationsof elements,andarean importantparameterthat Gate
usesfor all of theparticleinteractionsthat take placeduringa simulation. Thesecombinationsof ele-
mentsrequirede�ning four additionalparameters.Thesearethe material's name,density, constituent
element(s),andtheir individual abundances.

Thecompositionof elementswithin a materialcanbede�ned in two differentways.If thematerial
is a chemicalcompoundthenits relative amountsof elementsarespeci�ed by thenumberof atomsin
the chemicalformula of the compound.For example,methaneCH4 would be de�ned ashaving one
carbonatomandfour hydrogenatoms. If the materialis betterdescribedasa mixture, suchas304-
stainlesssteel,thentherelative combinationsof theelementsaregivenby massfraction. In thecaseof
304-stainlesssteelthe variousmassfractionsaregiven as0.695Iron, 0.190Chromium,0.095Nickel,
and0.020Manganese.Notethatthemassfractionsfrom theelementsmustall sumto one.

Densitiesof materialsoften vary greatlybetweendifferentsourcesandmustbe carefully selected
for thespeci�c applicationin mind. Units of densitymustalsobede�ned. Thesearetypically given in
g/cm3 but canbe given in moreconvenientunits for extremecases.For example,a vacuum's density
maybeexpressedin unitsof mg/cm3.

11.2 Modifying the Gatematerial database
As mentionedin theprevioussectiontheGatematerialdatabaseis locatedin the�le GateMaterials.db.
This �le mustbepresentin everydirectoryin whichGateis rununlessGateis speci�cally compiledwith
thedatabase's locationspeci�ed.Therelevant�le is

include/GateMat er ia lDa ta base .h h

andthemodi�cation is “define DEFAULT_GATEMATERIA LDB " thelocationofGateMaterials.db" ”.
Thedatabase�le is designedto beeasilymodi�ed for userdependentapplications.It mustcontainall
theelementandmaterialde�nitions associatedwith thesystembeingmodeled.

11.2.1 Newelement

De�ning a new elementis a simpleandstraightforward process.Simply openthe GateMaterials.db
�le with the text editor of your choice. At the top of the �le is the headernamed[Elements] and
somewherein themiddleof the �le is anotherheadernamed[Materials] . All elementde�nitions
requiredby theprojectmustbeincludedbetweenthesetwo headers.Theformatfor enteringanelement
is givenby theelementsname,symbol,atomicnumber, andmolarmass.Below is anexample.

ElementExampleGateMaterials.db:

[Elements]
Hydrogen: S= H ; Z= 1. ; A= 1.01 g/mole
Helium: S= He ; Z= 2. ; A= 4.003 g/mole
Lithium: S= Li ; Z= 3. ; A= 6.941 g/mole
Beryllium: S= Be ; Z= 4. ; A= 9.012 g/mole
Boron: S= B ; Z= 5. ; A= 10.811 g/mole
Carbon: S= C ; Z= 6. ; A= 12.01 g/mole
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...

Notetheformatin theabove example.In this examplethenameof theelementis given �rst andis
followedby a colon. Next, thestandardsymbolfor theelementis givenby S= symbolicnamefollowed
by a semi-colon.The atomicnumberandmolar massfollows thesymbolicnamegiven by Z= atomic
numberwith asemi-colonandby A= molarmassunitsfor themolarmassandit' s units.

11.2.2 Newmaterial

Materialsarede�ned in asimilarmannerto elementsbut containsomeadditionalparametersto account
for theirdensityandcomposition.De�ning densityis straightforwardanddonethesamewayfor all ma-
terials. However, materialcompositionsrequiredifferentde�nitions dependingupontheir form. These
compositionalformsarepuresubstances,chemicalcompounds,andmixturesof elements.

To addor modify amaterialin thematerialdatabasebegin by openingtheGateMaterials.db�le with
a text editor. This time the new entry is madebelow the headernamed[Materials] . All material
de�nitions requiredby theprojectmustbeincludedbelow thissecondheader. Materialsde�nitions span
several lines.The�rst line speci�estheir name,density, numberof constituents,andanoptionalparam-
eterdescribingthe materialsstate(solid, liquid, or gas). The secondandsubsequentlines specifythe
individual constituentsandtheir relative abundancesthatmakeup thismaterial.

The compositionalforms of materialsthat Gateusesare pure substances,chemicalcompounds,
mixturesof elements,andmixturesof materials.Gatede�neseachof thesecasesslightly differentlyand
eachwill bedealtwith separatelybelow. It shouldbenotedthatin everycasetheelementsbeingusedin
amaterialde�nition mustbepreviouslyde�ned aselements.

Elementsasmaterials

Substancescomprisedof a pureelementarethe easiestmaterialsto de�ne. On the �rst line enterthe
nameof thematerial(thenameof thematerialcanbethesameasthatof theelement),it' s density, it' s
numberof constituents(which is onein this case),andoptionally it' s state(solid, liquid, or gas). The
default stateis gaseous.On thesecondline entertheelementthat it is composedof andthenumberof
atomsof thatelement(in thecaseof anelementasamaterialthisnumberis one).For example;

ElementsasmaterialsexampleGateMaterials.db:

[Materials]
Vacuum: d=0.000001 mg/cm3 ; n=1

+el: name=Hydrogen ; n=1

Aluminium: d=1.350 g/cm3 ; n=1 ; state=solid
+el: name=auto ; n=1

Uranium: d=18.90 g/cm3 ; n=1 ; state=solid
+el: name=auto ; n=1

...
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On the�rst line thedensity(with units) is de�ned by d= materialdensityunitsandis separatedby
a semi-colonfrom thenumberof constituentsin thematerialde�ned by n= numberof elements. If the
optionalmaterialform parameteris usedit is alsoseparatedby a semi-colon.The availableforms are
gas,liquid, andsolid. On thesecondline the individual elementsandtheir abundancesarede�ned by
+el: name= nameof theelement; n= numberof atoms. Noticethatif thenameof theelementand
thematerialaresametheelementsnamecanbede�ned by +el: name=auto command.

Compoundsasmaterials

Substancescomprisedof a chemicalcompoundsare de�ned basedupon the elementsthat comprise
themandtheir chemicalformula. The �rst line is identicalto the �rst line of a puresubstancesexcept
that the numberof constituentelementsis now greaterthanone. On the secondandsubsequentlines
the individual elementsandtheir abundancesarede�ned by+el: name= nameof theelement; n=
numberof atoms. For example;

CompoundsasmaterialsexampleGateMaterials.db:

[Materials]
NaI: d=3.67 g/cm3; n=2; state=solid

+el: name=Sodium ; n=1
+el: name=Iodine ; n=1

PWO: d=8.28 g/cm3; n=3 ; state=Solid
+el: name=Lead; n=1
+el: name=Tungsten; n=1
+el: name=Oxygen; n=4

...

Mixtur esasmaterials

Substancescomprisedof amixtureof elementsarede�nedby indicatingthemassfractionof theelements
thatmakeupthemixture. The�rst line of this de�nition is identicalto the�rst line of thede�nition of a
chemicalcompound.Onthesecondandsubsequentlinestheindividualelementsandtheirmassfractions
arede�ned by +el: name= nameof element; f= massfraction. In thecaseof materialmixturesthe
sumof themassfractionsshouldbeone.For example;

MixturesasmaterialsexampleGateMaterials.db:

[Materials]
Lung: d=0.26 g/cm3 ; n=9

+el: name=Hydrogen ; f=0.103
+el: name=Carbon ; f=0.105
+el: name=Nitrogen ; f=0.031
+el: name=Oxygen ; f=0.749
+el: name=Sodium ; f=0.002
+el: name=Phosphor ; f=0.002
+el: name=Sulfur ; f=0.003
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+el: name=Chlorine ; f=0.003
+el: name=Potassium ; f=0.002

SS304: d=7.92 g/cm3 ; n=4 ; state=solid
+el: name=Iron ; f=0.695
+el: name=Chromium ; f=0.190
+el: name=Nickel ; f=0.095
+el: name=Manganese ; f=0.020

...

Mixtur esof materials asmaterials

Anotherwaymaterialcanbede�ned is asmixturesof othermaterialsandelements.As anexample,

Mixturesof mixturesasmaterialsexampleGateMaterials.db:

[Materials]
Aerogel: d=0.200 g/cm3 ; n=3

+mat: name=SiO2 ; f=0.625
+mat: name=Water ; f=0.374
+el: name=Carbon ; f=0.001

...

In this examplethematerial,Aerogel,is de�ned to bemadeup of two materials,silicondioxideand
water, andoneelement,carbon.Massfractionsof theof thesilicondioxide,water, andcarbonaregiven
to specifytheatomdensitiesof thematerialwhenrelatedto thedensityof theAerogel.Notethatwhen
specifyingmaterialsratherthanelementsthe+mat: name= identi�er mustbeused.
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Chapter 12

How to run Gate

12.1 Interacti vemode

To startGatein interactive mode,simply type:

$ Gate

andthefollowing output(or somethingsimilar)will appearon thescreen:

1 ************** ** *** ** ** ** ** *** ** ** ** ** *** ** ** *
2 Geant4 version $Name: $
3 (3-October-200 3)
4 Copyright : Geant4 Collaboration
5 *************** ** *** ** ** ** ** *** ** ** ** ** *** ** **
6 Time set to (s) 0
7 Visualization Manager instantiating.. .
8 Visualization Manager initialising...
9 Registering graphics systems...

10 You have successfully chosen to use the following graphics systems.
11 Current available graphics systems are:
12 DAWNFILE (DAWNFILE)
13 VRML1FILE (VRML1FILE)
14 VRML2FILE (VRML2FILE)
14 OpenGLImmediat eX (OGLIX)
15 OpenGLStoredX (OGLSX)
16 /control/saveH is tor y
17 /run/verbose 0
18 /event/verbose 1
19 /tracking/verb os e 1
20 /gate/timing/s et Time 0. s
21 Time set to (s) 0
22 /gate/applicat io n/s et Ti meSl ice 1. s
23 PreInit>
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This outputwill vary dependingon your Gateinstallation,that is what softwarewasinstalledand
how it wasinstalled. Notice that thenumberson the left do not appearin the actualoutput. They are
shown herejust for didacticpurposes.

Lines1-5indicatestheversionof theGeant4softwarein your installationandlines6-9areinitializa-
tion messagesfrom Gate.If you installedGatewith visualizationsupport,thenyoushouldseemessages
like lines 10-15. Then,Gateruns the �le prerunGate.mac locatedin the petsim directoryand
it outputsthe commandlines16-22found in that �le. Finally, andif everythingwent right, thenGate
outputstheinterpreter's commandprompt(line 23). ThismeansGateis readyto readcommandsentered
by theuser.

If youarenotyet familiar with Gatecommands,youcangethelpby typing ls :

1 PreInit> ls
2 Command directory path : /
3 Sub-directorie s :
4 /control/ UI control commands.
5 /units/ Available units.
6 /persistency/ Control commands for Persistency package
7 /geometry/ Geometry control commands.
8 /tracking/ TrackingManager and SteppingManage r control commands.
9 /event/ EventManager control commands.
10 /run/ Run control commands.
11 /random/ Random number status control commands.
12 /particle/ Particle control commands.
13 /process/ Process Table control commands.
14 /gate/ Gate detector control.
15 /hits/ Sensitive detectors and Hits
16 /digi/ DigitizerModule
17 /vis/ Visualization commands.
18 Commands :
19 PreInit>

WhentheSub-directories names(lines4-17)endwith a\ (slash),it meansyoucangodeeper
in thatsub-directory. For instance,let's sayyouwantto �nd outmoreabouthow to runmacros:

1 PreInit> ls /control
2 Command directory path : /control/

3 Guidance :
4 UI control commands.

5 Sub-directorie s :
6 Commands :
7 execute * Execute a macro file.
8 loop * Execute a macro file more than once.
9 foreach * Execute a macro file more than once.
10 suppressAbortion * Suppress the program abortion caused by G4Exception.
11 verbose * Applied command will also be shown on screen.
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12 saveHistory * Store command history to a file.
13 stopSavingHistor y * Stop saving history file.
14 alias * Set an alias.
15 unalias * Remove an alias.
16 listAlias * List aliases.
17 shell * Execute a (Unix) SHELL command.
18 manual * Display all of sub-directories and commands.
19 createHTML * Generate HTML files for all of sub-directorie s and commands.
20 maximumStoredHis to ry * Set maximum number of stored UI commands.
21 PreInit>

A * attheendof theSub-directories namesmeansthatis thelastlevel for thatsubdirectory. In
line 7,we�nd thatthecommand/control/execut e executesamacro�le. Thiscommandbasically
readsthe macro�le andexecutesthe lines asthey appearin the �le. Suppose,you have a �le named
myScanner.mac thatcontainsall thenecessarycommandsto runaparticularsimulation.Thentype:

1 PreInit> /control/execut e myScanner.mac

to runthemacro�le. Themacro�le myScanner.mac cancontainadditional/control/execut e
commandsto run othermacro�les andso on. Gatewill readandexecutethose�les in the order in
which they appear. Notice that /control/execut e doesnot starta simulation(dataacquisition),
it simply readsthe commandsand executesthem. The commandthat startsthe actualsimulationis
/gate/applicati on/s tar tD AQ, which is usuallythelastcommandfoundin youmacro�les.

Dependingon the level of verbositythat you have speci�ed in your macro,you will seemoreor
lessmessagesaboutthesimulation.If yoursimulationcontainsvisualizationcommands,youwill seean
OpenGLwindow to appearwith abeautifulpictureof yourscanner.

At theendof your simulation,thecommandline interpreterpromptwill appearagain. To exit the
interpreter, type:

PreInit> exit
Graphics systems deleted.
Visualization Manager deleting...

12.2 Running parameterizedmacros

It is very commonfor usersto run several simulationsthat differ in a few parameters.For instance,a
usermighthavedesignedasmallanimalPETscannerandwould like to estimateits performancefor � ve
differentcrystalmaterialsandthreeenergy windows. In thesecases,theuserdoesnot needto write a
completesetof macrosfor eachsimulationscenario.Instead,Heor Shecanwrite parameterizedmacros.
Theactualvaluesof theparametersarespeci�edat commandline whenstartingup Gateor they canbe
de�ned with theinterpreter.

For instance,supposewe wantto parameterizethelower andupperlevel energy discriminatorsand
thelengthof coincidencewindow. Then,wemayhave thefollowing Acquisition.mac macro�le:

# D I G I T I Z E R
1 /gate/digitizer /S ing le s/ in se rt adder
2 /gate/digitizer /S ing le s/ in se rt readout
3 /gate/digitizer /S ing le s/ re adout /s et Dept h 1
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4 /gate/digitizer /S ing le s/ in se rt blurring
5 /gate/digitizer /S ing le s/ bl ur rin g/ se tR es olu ti on 0.26
6 /gate/digitizer /S ing le s/ bl ur rin g/ se tE nergy Of Refe re nce 511. keV
7 /gate/digitizer /S ing le s/ in se rt thresholder
8 /gate/digitizer /S ing le s/ th re sho ld er /s et Thr es hold {lld} keV
9 /gate/digitizer /S ing le s/ in se rt upholder
10 /gate/digitize r/ Sin gl es /u phold er /s et Uphol d {uld} keV
# C O I N C I S O R T E R
11 /gate/digitize r/ Coi nc id ence s/s et Window {CoincWindow} ns

Lines 8, 10, and11 de�ne aliasesfor the lower level discriminator, the upperlevel discriminator,
andthe lengthof the coincidencewindow, respectively. An aliasis alwaysspeci�ed between{ and}
(brackets)andit canconsistof any characters.

To passactualvaluesto themacro�le, werunGate,for instance,asfollows:

$ Gate -a CoincWindow 10 -a lld 350 -a uld 650

It is worthemphasizingthefollowing pointsaboutaliases:

� Theorderof thealiasesat thecommandline canbeany.

� Aliasesarecasesensitive, so-a lld 350 is not thesameas-a LLD 350 .

� All aliasesin your macro�le(s) mustbede�ned whenyou run Gate.If someareunde�nedyour
simulationwill fail.

12.3 Batch mode

It is possibleto run a Gatesimulationin “batch” mode,i.e. themodein which you don't needto enter
theinterpreterandrun /control/execut e andexit commandsevery time.

If youwantto run asimulationsin “batch” mode,youcando soby redirectingthestandardinputof
Gatewith the< symbolandthenameof the�le youwantto run. For example,

$ Gate -a CoincWindow 10 -a lld 350 -a uld 650 < myScanner.mac

In orderto returnto commandprompt,thelastline in myScanner.mac �le mustbe

exit

This is very important,especiallywhenyou arerunninga seriesof simulationin sequence.If Gate
doesnot �nd theexit command,it will returnto theuserinterfacepromptandtherestof thesimulations
will not run.

It is recommended,althoughnotnecessary, to avoid runningvisualizationcommandsin batchmode.
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12.4 How to launch DigiGate
GATE offersanoperationmodededicatedto digitizer optimization,known asDigiGate(seechapter8).

DigiGate worksby re-readingapreviously generatedROOT hit-�le andchangingaccordingto new
values.
It consistsof two steps. In the �rst step,the simulationrunsaccordingto MacroTest.mac . This
macro�le shouldsave theHits datain the root output�le with thename gate.root (which is the
default name). In the secondstep,the digitizer modi�cations aremadein MacroTest.mac (like
a new modulefor the energy resolution,or a differentdead-time.. . ), andthenthe re-analysisis done
by usingthe gate.root �le asan input �le for the program DigiGate andthis is achieved by
launching Gate with a '-d' option.

Gate < MacroTest.mac

–> a rootoutput�le is producedwith Hits informations

–> thedigitizerof MacroTest.macis changedalongwith thenameof therootoutput�le.

Gate -d < MacroTest.mac

–> anew rootoutput�le is producedwhichincorporatesthechangesdueto adifferentdigitizer
withouthaving to repeattheparticlegenerationandits propagation.
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