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Preface

Monte Carlo simulationis an essentiatool in emissiontomographyto assistin the designof
new medicalimagingdevices,assessen implementation®f imagereconstructioralgorithms
and/orscattercorrectiontechniguesandoptimisescanprotocols. Although dedicatedMonte
Carlocodeshave beendevelopedfor PositronEmissionTomographyPET)andfor SinglePho-
ton EmissionComputerizedfomography(SPECT) thesetools suffer from a variety of draw-
backsandlimitationsin termsof validation,accurag, and/orsupport[1]. On the otherhand,
accurateand versatilesimulationcodessuchas GEANT3 [2], EGS4[3], MCNP [4], andre-
centlyGEANTA4[5] have beenwrittenfor high enegy physics.They all includewell-validated
physicsmodels,geometrymodelingtools, andef cient visualizationutilities. However these
packagesrequite complex andnecessitata steepgearningcurve.

GATE, the GEANT4Applicationfor Tomaraphic Emission[6, 7, 8, 9], encapsulatethe
GEANT4 librariesin orderto achieze a modular versatile scriptedsimulationtoolkit adapted
tothe eld of nucleamedicine.In particular GATE providesthe capabilityfor modelingtime-
dependenphenomenauchasdetectormovementsor sourcedecaykinetics,thusallowing the
simulationof time curvesunderrealisticacquisitionconditions.

GATE wasdevelopedwithin the OpenGAE Collaboration10] with the objectve to pro-
vide the academiccommunitywith a free software,general-purposé;EANT4-basedsimula-
tion platform for emissiontomography The collaborationcomprisedof 21 laboratoriesully
dedicatedo thetaskof improving, documentingandtestingGATE thoroughlyagainsimostof
theimagingsystemsommerciallyavailablein PET andSPECT[11, 12]. Particularattention
waspaidto provide meaningfuldocumentationvith the simulationsoftwarepackageincluding
installationandusers guides,online sourcecodedocumentatioroy doxygen[13], andalist of
FAQs. Thiswill hopefullymake possiblethelongtermsupportandcontinuityof GATE, which
we intendto proposeasa new standardor Monte Carlosimulationin nucleammedicine.

In nameof the OpenGAE Collaboration:

ChristianMOREL, spokesman
PET instrumentatiorgroup
LPHE-IPEP

EPFL,Lausanne
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Overview

GATE combinegheadwantage®f the GEANT4 simulationtoolkit well-validatedohysicsmod-
els,sophisticatedieometrydescriptionandpowerful visualizationand3D renderingoolswith
original featuresspeci ¢ to emissiontomography It consistsof severalhundredC++ classes.
Mechanismaisedto managdime, geometryandradioactve sourcegorm a corelayerof C++
classexloseto the GEANT4 kernel[Fig. 1]. An applicationlayerallows for theimplementa-
tion of userclasseglerivedfrom the corelayerclassese.g. building speci ¢ geometricalol-
umeshapesnd/orspecifyingoperationn thesevolumeslik e rotationsor translations Since
theapplicationlayerimplementsall appropriatdeaturestheuseof GATE doesnotrequireC++
programming:a dedicatedscriptingmechanism hereaftereferredto asthe macrolanguage
that extendsthe natve commandnterpreterof GEANT4 makesit possibleto performandto
controlMonte Carlosimulationsof realisticsetups.

User level

/" Application layer ™\

Figurel: Structureof GATE

One of the mostinnovative featuresof GATE is its capability to synchronizeall time-
dependentomponentsn orderto allow a coherendescriptionof the acquisitionprocess.As
for the geometryde nition, the elementsf the geometrycanbe setinto movementvia script-
ing. All movementsof the geometricalkelementsare kept synchronizedvith the evolution of
the sourceactwities. For this purpose the acquisitionis subdvided into a numberof time-
stepsduring which the elementof the geometryareconsideredo be atrest. Decaytimesare
generatedvithin thesetime-stepsso that the numberof eventsdecreasesxponentiallyfrom
time-stepto time-stepanddecreasealsoinsideeachtime-stepaccordingio the decaykinetics
of eachradioisotope.This allows for the modelingof time-dependenprocessesuchascount
rates,randomcoincidencesor detectordead-timeon an event-by-eentbasis. Moreover, the
GEANTA4interactionhistoriescanbeusedo mimic realisticdetectooutput.In GATE, detector
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electronicresponses modeledasa linear processinghaindesignedy the userto reproduce
e.g.thedetectorcross-talkjts enegy resolution,or its triggeref ciency.

Chapterl of this documentguidesyou to get startedwith GATE. The macrolanguages
detailedin Chapter2. Visualisationtoolsaredescribedn Chapter3. Then,Chapted illustrates
how to de ne a geometryby using the macrolanguage Chapter5 how to de ne a system,
Chapter6 how to attachsensitve detectors,and Chapter7 how to setup the physicsused
for the simulation. Chapter8 discusseghe differentradioactve sourcede nitions. Chapter
9 introducesthe digitizer which allows you to tune your simulationto the very experimental
parameter®f your setup. ChapterlO draws the architectureof a simulation. Dataoutputare
describedn Chapterll. Finally, Chapterl2 givesthe principal materialde nitions available
in GATE.
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Chapter 1

Getting started

This paragraphs anoverview of the main stepsonemustgo throughto performa simulation
usingGate. It is presentedn the form of a simple exampleandthe useris encouragedo try
out the example,in aninteractve modeof Gate,while readingthis chapter A moredetailed
descriptionof thedifferentstepss givenin thefollowing chapterof thisusers guide.
Theuseof Gatedoesnotrequireary C++ programming.Thisis dueto adedicatedcripting
mechanisnthatextendsthe natve commandnterpreterof GEANT4. This interfaceallowsthe
userto run Gateprogramausingcommandscriptsonly.
The goal of this rst chapteris to give a brief descriptionof the userinterfaceandto provide
a basicunderstandin@f the basicprinciplesof Gateby goingthroughthe differentstepsof a
simulation.

1.1 Generalsimulation architecture

In eachsimulation,the userhasto:
1) de ne thescannegeometry
2) de ne thephantomgeometry
3) setupthephysicsprocesses
4) initialize the simulation
5) setupthedetectomodel
6) de ne thesource(s)

7) specifythedataoutputformat
8) starttheacquisition

Stepsl) to 4) concernthe initialization of the simulation(Prelnit>  mode). Following the
initialization, stepss-8 areperformedn IDLE> mode,in whichthe geometrycannolongerbe
changedThefollowing paragraphwill illustratethesedifferentsteps.
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1.2The userinterface: a macro language

1.2 The userinterface: a macro language

Gate,just asGEANT4, is a programin which the userinterfaceis basedon scripts. To per
form actions,the usermusteitherentercommandsn interactve mode,or build up macro les
containinganorderedcollectionof commands.

Eachcommandperformsa particularfunction, and may requireone or more parameters.
The Gatecommandsareorganizedfollowing a treestructure with respecto the functionthey
representFor example,all geometry-controtcommandsstartwith '/geometry/’, andthey will
all befoundunderthe'/geometry/' branchof thetreestructure.

WhenGateis launchedthePrelnit>  promptappears At this stagethe commandnter-
preteris actve ; i.e. all the Gatecommandsnteredwill beinterpretedandprocessean-line.
All functionsin Gatecanbe accessedisingcommandines. The geometryof the systemthe
descriptionof the radioactve source(s)the physicalinteractionsconsideredgtc., canbe pa-
rameterizedusing commandlines, which are translatedo the Gatekernel by the command
interpreter In this way, the simulationis de ned onestepatatime, andthe actualconstruction
of the geometryand de nition of the simulationcan be seenon-line. If the effect is not as
expectedthe usercandecideto re-adjustthe desiredparameteby re-enteringhe appropriate
commandn-line. Althoughenteringcommandstepby stepcanbe usefulwhentheuseris ex-
perimentingwith the softwareor whenhe/shds not surehow to constructhe geometrythere
remainsa needfor storingthe setof commandshatled to a successfusimulation.

Macrosare ASCII les (with ".mac’ extension)in which eachline containsa commandor a

comment. Commandsare GEANT4 or Gate scriptedcommands commentsstart with the
character#'. Macroscanbe executedfrom within the commandinterpreterin Gate,or by

passingt asa command-lingparameteto Gate,or by calling it from anothermacro.A macro
or setof macrosmuststateall commandgescribingthe differentsectionsof a simulationin

theright order Usuallythesesectionsarevisualizationde nitions of volumes(geometry) sys-
tems,digitizer, physics,initialization, source putputandstart. Thesestepsaredescribedn the
next sections.A single simulationmay be cut down into several macros for instanceonefor

the geometry onefor the physics,etc. Usually, thereis a mastermacrowhich calls the more
speci ¢ macrog(seechapter??). Cuttingdown macrosallows the userto re-useoneor moreof

thesemacrosn severalothersimulationsand/orto organizethe setof all commandsExamples
of completemacroscanbefoundon thewebsitereferencedbove.

To executea macro(mymacro.madn this example)from the Linux prompt,justtype:

Gate mymacro.mac

To executea macrofrom insidethe Gateervironment,type afterthe promptPrelnit:
Prelnit>/control/execute mymacro.mac

And nally , to executeamacrofrom insideanothemacro,simplywrite in themastemacro:
/control/execute mymacro.mac

In the following paragraphsthe main stepsto performa simulationusing Gate are ex-
plained. To testthis example,the usercanlaunch Gate and can executeall the commands
proposedn this chapterline by line.



1.3First step: De ning a scannergeometry

1.3 First step: De ning a scannergeometry

The rst commandines enteredat the Gatepromptareusuallydedicatedo the graphicalin-
terface. For on-line veri cation of the geometrybeingbuilt, a visualizationtool needsto be
installed,usingthe following commands.

# VI SUALI ZATI ON
/vis/open OGLSX

Ivislviewer/res et

Iis/viewer/vie wpoi ntT heta Phi 60 60
Ivis/viewer/zoo m1l

Ivis/viewer/set /s ty le surface
/vis/drawVolume

[tracking/store Trajectory 1
Ivis/scene/endO fE ventA ct io n accumulate
Ivis/viewer/upd ate

/gate/geometry/ enableA ut oUpdat e .
gaterg Y P Figurel.1: World volume

The differentvisualizationtools and their relatedcommandsare discussedn more detail in
chapter2.

Thevisualizationbeingset,theusemeedso de ne thegeometryof thesimulationbasednvol-
umes.All volumesarelinkedtogetherfollowing a treestructurewhereeachbranchrepresents
a volume. Eachvolumeis characterizedy shape,size, position, and materialcomposition.
Thebaseof thetreeis representetly the world volume( g ??) which x estheexperimental
framavork of the simulation. All Gatecommandselatedto the constructionof the geometry
aredescribedn detailin Chapter3.

The world volumeis a box centeredat the origin. It canbe of ary size andhasto be large
enoughto includethe entire simulationgeometry The trackingof ary particle stopswhenit
escape$rom the world volume. The examplegivenin this chaptersimulatesa systemthat
ts intoaboxof40 40 40cmd. Thus,theworld volumemaybede ned asfollows.

# WORLD

/gate/world/geo mer y/s et XLengt h 40. cm
/gate/world/geo mer y/s et YLengt h 40. cm
/gate/world/geo mer 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 esthe type of scannerto be simulated. Chapter4 givesthe speci cs of eachtype of
scanneralsocalled system (3typesfor PETand2 typesfor SPECT).In thecurrentexample,
the systemis a CylindricalPET system. This systemassumegshat the scanneris basedon a
cylindrical con guration( g 1.2)of blocks,eachblock containinga setof crystals.

Theseseven commandlines describethe global geometryof the scanner The shapeof the
scanneis acylinder lled with waterwith anexternalradiusof 100mm andaninternalradius

-5-



1.3First step: De ning a scannergeometry

# SYSTEM

/gate/world/dau ghte rs/ name cylindricalPET
/gate/world/dau ghte rs/ in sert cylinder
/gate/cylindric al PET/s et Mae ri al Water
/gate/cylindric al PET/g eomer y/ set Rnax 100 mm
/gate/cylindric al PET/g eomér y/ set Rnin 86 mm
/gate/cylindric al PET/g eomer y/ set Heig ht 18 mm
/gate/cylindric al PET/v is /f or ce Wir ef ra me
Ivis/viewer/zoo m 3

Figurel.2: Cylindrical scanner

of 86 mm. The lengthof the cylinderis x edto 18 mm. The lastcommandine forcesthe
visualizationto bein wireframe.

It is notedthat at any time, the usercanlist all the possiblecommands. For example, the
commandine for the visualizationcommandss:

Prelnit> Is /gate/cylindri calP ET/vi s/

Let'sassumehatthe scanners madeof 30 blocks(box1),eachblockcontainingd 8LSO
crystals(box2). The following commandines constructthis scannerseechapter3 to nd a
detailedexplanationof thesecommands).

First of all, the geometryof eachblock needdo be de ned asthe daughteiof the system(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 sert box
/gate/box1/plac ement/s et Transl ati on 91. 0 0 mm

/gate/boxl/geom etry /se tXLength 10. mm
/gate/boxl/geom et ry /se tY Length 17.75 mm
/gate/boxl/geom etry /se tZ Length 17.75 mm
/gate/box1/setM at erial Water

/gate/box1/vis/ setColo 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). Thezoomcommandine in the scriptallows the userto zoomthe geometryandthe pan
commands usedto translatethe viewer window in 60 mmin horizontaland40 mm n vertical
directions(thedefaultis theorigin of theworld (0,0)).

In orderto obtainthe completematrix of crystalsthe volumebox2needdo berepeatedn the
Y andZ directions( g 1.5). To obtainthecompletering detectortheoriginal blockis repeated
30times(g 1.6).

-6-



1.3First step: De ning a scannergeometry

# CRYSTAL

/gate/box1/daug ht er s/n ame box2
/gate/box1/daug ht er sfi nsert box
/gate/box2/geom et ry /se tX Length 10. mm
/gate/box2/geom et ry /se tY Length 2. mm
/gate/box2/geom  etry /se tZ Length 2. mm
/gate/box2/setM aterial LSO

/gate/box2/vis/ setColo r red
/gate/box2/vis/ fo rc eWire fr ame
#Z OO0OM

Ivis/viewer/zoo m 4
Ivislviewer/pan To 60 -40 mm

Figurel.4: crystal,daughterof
theblodk

# REPEAT CRYSTAL

/gate/box2/repe at ers/i nsert cubicArray

/gate/box2/cubi cArr ay/ setRepeatNu mber X 1

/gate/box2/cubi cArr ay/ setRepeatNumkerY 8

/gate/box2/cubi cArr ay/ setRepeatNumber Z 8

/gate/box2/cubi cArr ay/ setRepeatVector 0. 225 2.25 mm

Figurel.5: matrix of crystals

The geometryof this simplePET scannehasnow beenspeci ed. The next stepis to connect
this geometryto the systemin orderto storedatafrom particleinteractiongcalledhits) within
thevolumeswhich representetectorgsensitve detectoror physicalvolume).Gateonly stores
hits for thosevolumesattachedo a sensitve detector Hits regardinginteractionsoccurringin
non-sensitie volumesarelost. A volumemustbelongto a systenmbeforeit canbeattachedo a
sensitve detector Hits, occurringin avolume,cannotbe scoredn anoutput le if thisvolume
is not connectedo a systembecausehis volume cannot be attachedo a sensitve detector
The conceptf systemandsensitve detectorarediscussedn moredetailin the chapter4 and
5 respectiely.

Thefollowing commandsreusedto connecthe volumesto the system.

# ATTACH Volumes Toa SYSTEM
/gate/systems/c yl in dri calP ET/r secto r/ atta ch boxl
/gate/systems/c yl in dri calP ET/module /a tt ach box2

Thenamessector andmodule are x ednamesandcorrespondo the rst andthesecond

-7-



1.4 Secondstep: De ning a phantom geometry

# REPEAT RSECTOR
/gate/box1/repe aters/i nsert ring
/gate/box1/ring /s et RepeatN unber 30

#Z OO0OM
Ivis/viewer/zoo m 0.25
Ivislviewer/pan To 0 0 mm

Figurel.6: completeing of 30
blod detectos

levelsof thecylindricalPET system(seechapterd).

In orderto save the hits (seechapter8) in the volumescorrespondingo the crystalsthe
appropriatecommandjn this example,is:

# Defne a SENS I T 1 V E Detector
/gate/box2/att achCrys talS D

At thislevel of themacro le, theusercanimplementdetectormovement.
Oneof themostdistinctive featuresof Gateis the managemenf time-dependerpphenomena,
suchasdetectormovementsaandsourcedecayleadingto a coherentdescriptionof the acquisi-
tion processFor simplicity, the simulationdescribedn this tutorial doesnot take into account
the motion of the detectoror the phantom. Chapter3 describegshe movementof volumesin
detail.

1.4 Secondstep: De ning a phantom geometry

The volumeto be imagedis built accordingto the sameprinciple usedto build the scanner
The external ervelope of the phantomis a daughterof the world. The following command
linesdescribea cylinder with a radiusof 10 mmanda lengthof 30 mm. Thecylinderis lled
with waterandwill be displayedin gray. This objectrepresentshe attenuatiormediaof the
phantom. In orderto retrieve informationsaboutthe Comptonandthe Rayleighinteractions
within the phantom a sensitve detector(phantomSDis associatedvith the volumeusingthe
following commandine:

#PHANTOMGCdefined as SENSI TI VE
/gate/my_phanto  m/at tac hPhant omSD



1.5Third step: Setting-up the physicsprocesses

#PHANTOM

/gate/world/dau ghte rs/ name my_phantom
/gate/world/dau ghte rs/ in sert cylinder
/gate/my_phanto  m/setMate ri al Water
/gate/my_phanto  m/vi s/s et Colo r grey
/gate/my_phanto  m/geometr y/ setRmax 10. mm
/gate/my_phanto  m/geometr y/ setHeig ht 30. mm

Figure 1.7: cylindrical phan-
tom

Two typesof informationwill now berecordedor eachhit in thehit collection:

The numberof scatteringnteractionsgeneratedn all physicalvolumesattachedo the
phantomSD

Thenameof the physicalvolumeattachedo the phantomSDn which thelastinteraction
occurred.

Theseconceptarediscusseanorefully in chapters.

1.5 Third step: Setting-up the physicsprocesses

After the descriptionof the volumesandthe correspondingensitve detectorsone needsto
specifywhichinteractionprocesseareto beincludedin the simulation.
Threestepsareexpectedo bede ned by theuser:

- specifytype(s)of particleto betransported
- specifythephysicsprocesseto betakeninto account
- settheproductioncuts

Gateusegshe GEANT4 modelsfor physicalprocesseslheuserhasto chooseamongthesepro-

cessegor eachparticle. For photons the following processesanbe modeled;Photo-electric
effect ComptonandRayleighscatteringandpair production.For electronsthefollowing pro-

cessegcan be modeled;ionizationMoller scatteringand Bremsstrahlung.For the electron-
positronannihilation,the gammapair non-collinearityis modeled.

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

- standard usestandardanodel(transporof photonsandelectronglownto 10keV, Raleigh
scatteringhot modeled)

- lowenegy : uselow-enegy model(transportof photonsandelectronsdown to 250eV,
Raleighscatteringncluded)

- inactve: donotsimulatetheinteraction
Thedefault Gatephysicsis;
- for gammaparticle,low-enegy modelsusedfor all theprocesses

- for electronparticlesthe standardnodelsareused.

Thefollowing is anarbitraryexampleof a physicslist:

/gate/physics/g anmmase le ct Phot oEl ectr ic lowenergy
/gate/physics/g ammdse le ct Compon lowenergy
/gate/physics/g anmase le ct GanmConver si on standard
/gate/physics/g ammadse le ct Rayl eig h inactive

Gateallows to setthreecuts;

- rangecutfor theelectrons
- Enepgy cutfor X-rays

- Enepgy cutfor deltarays

For the mostaccurateresults,one shoulduselow cuts, or even no cutsat all (a low cut
alwaysexist for instanceto avoid infrareddivergencean thedeltaray production,seeGEANT4
documentationgothatall secondaryarticlesareproducedandtracked. In this casethe physics
is very accuratebut the simulationis slow. For fastsimulation,oneshoulduselarge cut values
in orderto minimizethetime spenton thetrackingof secondaryarticles.

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

Thedetailsof theinteractiongrocesseandcutsavailablein Gatearedescribedn chap.6.

1.6 Fourth step: Initialization
Whentheprecedingstepscorrespondingo the Prelnit modeof GEANT4, areset,thesimula-
tion shouldbeinitialized usingthe following command;

#1 NI T1I ALI ZE
[run/initialize

Theprincipaleffect of thisinitialization is thatthe crosssectiontablesarecomputed After
this step,the physicslist cannot be modi ed any moreandnew volumescannot beinserted
into thegeometry
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1.7 Fifth step: Setting-upthe digitizer

1.7 Fifth step: Setting-upthe digitizer

Thebasicoutputof Gateis a hit collectionin which informationssuchasthe position,thetime
andthe enepy of eachhit arestored.Thehistory of a particleis thussavedthroughall the hits
generatedilongits track. The goal of the digitizer is to build physicalobsenablesfrom the
hits andto modelreadoutschemesndtriggerlogics. Several functionsaregroupedunderthe
Gatedigitizer object,whichis composeaf differentmoduleshatmaybeinsertednto alinear
signalprocessinghain. As an example,the following commandine insertsanadderto sum
the hits generategherelementarywolume(asinglecrystalde ned asbox2in our example).

/gate/digitizer /Sin gle s/ in sert adder

Anothermodulecandescribahereadouschemef thesimulation.Exceptwhenonecrystal
is readoutby onephoto-detectqthereadousggmentatiorcanbedifferentfrom theelementary
geometricaktructureof the detector The readoutgeometryis anarti cial geometrywhichis
usuallyassociateavith a groupof sensitve detectorsin this example,this groupis box1.

/gate/digitizer /Sin gle s/ in sert readout
/gate/digitizer /Sin gle s/ re adout/s et Dept h 1

In this example,the readoutmodulesumsthe enegy depositedn all crystalswithin the
block and determineghe position of the crystalwith the highestenegy deposited("winner
takesall). ThesetDepttcommandspeci esatwhichgeometryievel (called"depth™)thereadout
functionis performed.In the currentexample:

basedevel (CylindricalPET)= depthO

1srtdaughter(boxl)of the system= depthl

next daughtei(box2) of thesystem= depth2

andsoon....

In orderto take into accountthe enegy resolutionof the detectorandto collect singles
within a pre-de nedenegy window only, a nev modulecanbeadded.

# ENERGYBLURRING

/gate/digitizer /Sin gle s/ in sert blurring

/gate/digitizer /Sin gle s/ bl urri ng/ setResol uti on 0.19

/gate/digitizer /Sin gle s/ bl urri ng/ setE nerg yOf Refe re nce 511. keV
# ENERGYWINDOW

/gate/digitizer /Sin gle s/ in sert thresholder

/gate/digitizer /Sin gle s/ th re shold er/s et Thres hold 350. keV
/gate/digitizer /Sin gle s/ in sert upholder

/gate/digitizer /Sin gle s/ uphold er/ setUphol d 650. keV

Here,a resolutionof ?E =19%at511KeV is set. Furthermorethe enegy window is set
from 350keV to 600keV.
For PET simulationsthe coincidencesorteris alsoimplementedat thedigitizer level.

#COI NCI DENCE SORTER
/gate/digitizer /Coi nci dences/s etWin dow 10. ns

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

1.8 Sixth step: Setting-up the source

In Gate,a sourceis representely a volumein which the particles(positron,gammajon, pro-
ton,...)areemitted. Theusercande ne thegeometryof the sourceaswell asits characteristics
suchasthedirectionof emission the enegy distribution, andthe actvity. Thelifetime of un-
stablesourcegradioactve ions)is usuallyobtainedrom the GEANT4 databasehut it canalso
be setby theuser
A voxelizedphantomor a patientdatasetanalsobe usedto de ne the source,in orderto re-
producerealisticacquisitionsFor acompletedescriptionof all availablefunctions,seechap.7.
In thecurrentexample thesourcds aline sourcewith anactvity of 1 MBg. Theline source
is de ned asa cylinder with aradiusof 0.5 mm andalengthof 50 mm. The sourcegenerates
pairsof 511keV gammaparticlesemitted'back-to-back'(for amorerealisticsourcemodel,the
rangeof the positronandthe noncollinearityof its two gammasanalsobetakeninto account).

# SOURCE
/gate/source/ad dSource twogamma
/gate/source/tw ogamma/setAct iv ity 100000. becquerel

/gate/source/tw ogamma/setT ype backtoback

# Position

/gate/source/tw ogamma/gps/ centre 0. 0. 0. cm
# particle

/gate/source/tw ogamma/gps/ part icl e gamma

/gate/source/tw ogamma/gps/ ener gyt ype Mono
/gate/source/tw ogamma/gps/ mmoenergy 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/ shape Cylinder

/gate/source/tw ogamma/gps/ radi 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/ confine NULL

/gate/source/tw oganmma/gps/ angt ype iso

# Set min and max emission angles
/gate/source/tw oganmma/gps/ mint het a 0. deg
/gate/source/tw ogamma/gps/ maxt het a 180. deg
/gate/source/tw ogamma/gps/ minphi 0. deg
/gate/source/tw ogamma/gps/ maxp hi 360. deg
/gate/sourcelli st

1.9 Seventhstep: De ning data outputs

By default, the dataoutputformatsfor all the systemsusedby Gateare ASCIl andROOT as
describedn the following commandines
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1.10Eighth step: Starting an acquisition

# ASCIl Output format

/gate/output/as ci i/ set OuF il eHits Flag O
/gate/output/as ci i/ set OuF il eSing le sFlag 1
/gate/output/as ci i/ set OutF il eCoin ci dencesFla g 1
# ROOTOutput format

/gate/output/ro ot /s etF il eNanme test
/gate/output/ro ot /s etRootSin gl esFlag 1
/gate/output/ro ot /s etR ootCoi ncide ncesFl ag 1

In thisscript,seseral ASCII les (datextension)andA ROOT le (test.oof) arecreatedChapterl0
explainshow to readthesele types.

For somescannercon gurations,the eventsmay be storedin a sinogramformator in List Mode
Format(LMF). Thesinogramoutputmodulestoreshecoincidenteventsfrom a cylindrical scannesys-
temin a setof 2D sinogramsaccordingto the parametersetby the user(numberof radial bins and
angularpositions).One2D sinogramis createdor eachpair of crystal-rings.The sinogramsarestored
eitherin raw formator ecat7format. The List Mode Formatis theformatdevelopedby the CrystalClear
Collaboration(LGPL licence). A library hasbeenincorporatedn Gateto read,write, andanalyzethe
LMF format. A completedescriptionof all the availableoutputsis givenin chapterlO.

1.10 Eighth step: Starting an acquisition

In the next and nal stepthe acquisitionis de ned. The beginning andthe endof the acquisitionare
de ned asin areal life experiment,usingthe commandssetTimeStartand setTimeStop. In addition,
Gateneedsatime slice paramete(setTimeSlice)which de nestime periodduringwhich the simulated
systemis assumedo be static. At the beginning of eachtime-slice,the geometryis updatedaccording
to the requestednovements.During eachtime-slice, the geometryis kept staticandthe simulationof

particletransporianddataacquisitionproceeds.

/gate/applicati on/s etT imeSli ce 1. s
/gate/applicati on/s etT imeSta rt 0. s
/gate/applicati on/s etT imeSto p 1. s
#START the ACQUI SI Tl ON
/gate/applicati on/s tar tDAQ

Figure 1.8: Simulation is
started

The numberof projectionsor runsof the simulationis thusde ned by:

setTimeStop-setimeStart

N = -
run setTimeSlice
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1.10Eighth step: Starting an acquisition

In the currentexample,thereis no motion, the acquisitiontime equalsl secondandthe numberof
projectionsequalsone.
If youwantto exit from the Gateprogramwhenthe simulationtime exceedthe time duration,the last
line of your programhasto be exit
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Chapter 2

Visualization

2.1 Intr oduction

Thevisualizationoptionsin GATE provide thesamefunctionalityasprovidedin GEANT4. Mostoptions
in GEANTA4 to visualizedetectorgeometry particletrajectories fracking steps,etc. areavailablealso
in GATE. Thegraphicssystemghatcanbeselectedn GATE are: DAWNFILE, VRMLFILE (versionl
and?2) andOpenGLin storedandimmediatemode,with OpenGLrequiredasanexternallibrary. Most
of thelibrariesareavailablein freeimplementations.

2.2 Important Hints

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

ConcernindAWN andVRMLVIEW it shouldbe noted thatcomplicatecgeometriesnaytake very
longto getrenderedlike ahugenumberof crystalsin acylindrical PET system.To decreas¢he le size
andto speedup thevisualizationthefollowing optionmaybe used:

/gate/crystallv is/setVisible 0

Now theindividual crystalsarenotrenderedinsteadthey areshavn asawireframe.

2.3 CommandLines

Basic commandlines as they are usedin mostmacro les. Thesecommandsare provided by the
GEANT4-package.

2.3.1 Visualization with OpenGL

# VI EWE R # Weopen an OpenGL Stored-X viewer which is the
#standard  viewer

/vis/open OGLSX

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

/vis/open OGLIX

# define zoom factor
Ivis/viewer/zoo m 1.5

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

# Set the drawing style
Ivislviewer/set /s ty le surface

# Tell the viewer to draw the volumes
Ivis/drawVolume

# The trajectories for each run should be drawn together

# don't store trajectories = 0; store trajectories =1
/tracking/store Trajectory 1

# Requests viewer to refresh hits, tracks, etc., at end of event.

# Or they are accumulated. Detector remains or is redrawn.
Ivis/scene/endO fE ventA ct io n accumulate

Thefollowing commandsmplementadditionaloptionsfor applicationwithin GATE:

# draw object in WireFrame Mode
/gate/block/vis /f or ceWr ef rame

or

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

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

Insteadof blockalsobody;cylindrical; crystal;ecat;module;scourcescannecanbeusedn macros.

2.3.2 Visualization with DAWN

Insteadof real-timevisualizationbasedon OpenGL,storingimagesin a le (mostly eps)for further

processings oftenwanted. DAWN offersmary of thesefeatures.

The packagecan be downloadedfrom the Internetand installed following the instruction given

therein.

http://geant4.k ek.j p/~ta naka/s rc/ dawn 3_85e. ta z

To useDAWN and DAWNFILE in your macroyou have to addthe following line, while omitting

the statemenfor OpenGL.
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2.3CommandLines

Ivis/open DAWNFILE

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

Ivis/drawVolume
[tracking/store Trajectory 1
Ivis/scene/endO fE ventA ct io n accumulate

Ivislviewer/upd ate
Ivis/viewer/ref re sh

Note,thatspeci c lineshave to beaddedto the ervironmentof your shellin orderto have accesgo
DAWN insideGATE (for examplein a c-shell):

if ( Xn == Xy ) then

setenv  G4VIS_BUILD_DAWN DRV ER 1

echo "On this machine the G4VIS BUILD DAWN DRIVER=$G4VI S BUL D_DAW_ DRV ER'
endif

andalso
if ( Xn == Xy ) then
setenv  G4VIS_USE_DAWNL

echo "On this machine the G4VIS_USE_DAWN$G4VIS_USE_DAW"
endif

2.3.3 Visualization with VRML

Sometimest may be helpful to checka geometrysetupby interactvely manipulatingthe visualized
scene.Thesefeaturesare offered by usingthe option VRML2FILE in connectionwith an appropriate
viewer like vrmlview. Suchaviewer canbefreely dowvnloadedfrom:
http://www.sim. no/p rod ucts /V RM.vi ew/

Note,thatyou have to addaline to your ervironment:

setenv  G4VRMLFILE_VIEVER vrmlview

For usingthis optionin Gate,the following line hasto be addedto a macroandthe corresponding
line for OpenGlomitted.Duringprocessingn GATE, a le is written with the extensionwrl.

/vis/open VRML2FILE

Again, theappropriateervironment,asshavn for thec-shell,hasto be setup:
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2.3CommandLines

if [ Xn =Xy ] ; then

G4VIS_BUILD VRM._DRVER=1

export G4VIS BUILD VRM._DRV ER

echo "On this machine the

G4VIS_BUILD_VRM._DRVE R=$G4VIS _BUL D_VRML DRV ER'
fi

if [ Xn =Xy ] ; then
G4VIS_USE_VRML#
export G4VIS_USE_VRML

echo "On this machine the G4VIS USE VRML$G4VIS USE VRM"

fi
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Chapter 3

De ne a geometry

The de nition of geometryis a key stepin designinga simulationbecausat is throughthe geometry
de nition thattheimagingdevice andobjectaredescribed Particlesarethentracked throughthe com-
ponentof thegeometry

This chapterexplainshow to de ne thedifferentcomponent®f thegeometry

3.1 Theworld
3.1.1 De nition

Theworld is theonly volumealreadyde ned in GATE whenstartinga macro.All volumesarede ned
asdaughtersr grand-daughtersf theworld. Theworld volumeis atypical exampleof a GATE volume
andhasprede nedpropertiesTheworld volumeis abox centredattheorigin. For ary particle,tracking
stopswhenit escape$rom the world volume. Theworld volumecanbe of ary sizeandhasto belarge
enoughto includeall volumesinvolvedin the simulation.

3.1.2 Use

The rst volumethat canbe createdmustbe the daughterof the world volume. Any volume mustbe
includedin theworld volume. The geometryis 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. Theseparametersanbe editedusingthefollowing GATE command:

/gate/world/des crib e

Theoutputof thiscommands shavnin gure 3.1.

The parameterassociateavith theworld volumecanbemodi ed to beadaptedo a speci ¢ simulation
con guration. Only the shapeof theworld volume,whichis abox, cannotbe changed.

For instancethe X lengthcanbe changedrom 50 cmto 2 m using:

/gate/world/geo mdr y/s et XLength 2. m

Theothercommandsieededo modify theworld volumeattributeswill be givenin the next sections.
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3.2Creating a volume

/gate/world/describe

GATE object: ‘'world”

Is the whole world? Yes

Humber of physical volumes: 1

Total volume: 125000 cm3
GATE object: ‘'world”’
Shape: box

Length along X: 50 cm
Length along Y: 50 cm
Length along Z: 50 cm

Material: ‘AiT”

Total volume: 125000 cm3

Vigibility attributes: visible, Colour=(1,1,1,1), wireframe
JMb of children: 0

Figure3.1: Descriptionof the default parametergassociatedavith theworld volume

3.2 Creatingavolume

3.2.1 Generality - Treecreation

Whena volumeis createdwith GATE, it automaticallyappearsn the GATE tree (seechapterl). All
commandsapplicableto the new volume are thenavailable from this GATE tree. For instance,f the
nameof the createdvolumeis Volume_Namgall commandsapplicableo this volumestartwith:

/gate/Volume_Na mé

Thetreeincludesthefollowing commands:

- setMaterial:To assigna materialto thevolume

- attachCrystalSDTo attach a crystal-SensitiveDetéor to thevolume

- attachPhantomSDOb attadh a phantom-SensitiveDetectto the volume
- enable:To enablethevolume

- disable:To disablethevolume

- describeTo describethevolume

The tree includessub-treeghat relateto differentattributesof the volume Volume_Name The avail-
ablesub-treesre:

- daughters/To inserta new 'daughter'in thevolume

- geometry/:To contol the geometryof the volume

- vis/: To contol thedisplayattributesof thevolume

- repeaters/To applya new 'repeater'to thevolume

- moves/: To 'move’ thevolume

- placement/To contol the placemenbf thevolume

Thecommandswvailablein eachsub-treewill bedescribedn Sections3.2.4,3.3,3.4and3.5.
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3.2Creatinga volume

3.2.2 Units

Differentunitsareprede nedin GATE (seeTable3.1) andshall be referredto usingthe corresponding
abbreiation. Thelist of unitsavailablein GATE canbe editedusing:

/units/list

insidethe GATE ervironment(seeChapterl).

3.2.3 Axes

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

/gate/world/dau ghte rs/ in sert 3axes

Figure3.2shavsthethree-axisystem.

Figure3.2: Three-axisystemde nedin GATE. Thered,greenandblue axesarethe X, Y and
Z axesrespectiely.

To displayanaxiswith respecto thevolumeName_¥lume the command
/gate/Name_Volu med aught er s/ in sert axe*

canbeusedwhere* canbeX, Y orZ.

The X, Y and Z axesare de 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 induce wrong particle transport.

-21-



3.2Creating a volume

LENGTH SURFACE VOLUME ANGLE
parsec pc radian rad
kilometer km kilomete? km2 kilomete? km3 milliradian mrad
meter m mete? m2 mete? m3 steradian sr
centimeter cm centimete? cm2 centimetet cm3 degree degy
millimeter mm millimeter mm2 millimeter® mm3
micrometer mum
nanometer nm
angstrom Ang
fermi fm
TIME SPEED ANGULAR SPEED ENERGY
second s meter/s m/s radian/s rad/s electrorolt eV
millisecond ms centimeter/s cm/s degreels dey/s kiloelectrowolt keV
microsecond  mus millimeter/s mm/s rotation/s rot/s megaelectrovolt MeV
nanosecond ns meter/min m/min radian/min rad/min gigaelectrovolt GeV
picosecond ps centimeter/min cm/min degreels dey/s teraelectrovolt TeV
millimeter/min m/min rotation/s rot/s petaelectrorolt PeVv
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 \% weber Wb
coulomb C milliampere mA kilovolt kv tesla T
microampere  muA megavolt MV gauss
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 andcorrespondin@bbreviations

3.2.4 Building avolume

Any newn volume must be createdas the daughterof anothervolume (i.e., World volume or another
volumepreviously created).
Threerulesmustberespectedvhencreatinga nev volume:
- A volume which is locatedinside another 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 the geometryyield wrong particletransportationhencemisleadingresults!

Creating a newvolume

To createa new volume,the rst stepis to give it anameandamotherusing:
/gate/mother_Vo lu me Named aughter s/ name Volume_Name

This commandprepareghe creationof a nev volume namedVolume_Namavhich is the daughterof
mother_dlume_Name

Somenamesshouldnot be usedasthey have precisemeaningsn GATE . Thesenamesarethe nameof
the 6 GATE systemgqseechapterd) currentlyde ned in GATE : scanner PETscannercylindricalPET,
SPECTHeadecatandCPET.

The creationof a new volumeis completedonly whenassigninga shapeo the new volume. Thetree

/gate/Volume_Na mé¢
is thengeneratedndall commandsn thetreeandthe sub-treesreavailablefor the new volume.
Differentvolumeshapesreavailable,namely:box, sphere, cylinder, cone,ellipsoid, hexagon,poly-

gon, extruded trapezoid and parallelepiped.
Thecommandine for listing the availableshapess:

/gate/world/dau ghte rs/ in fo

Thecommandine for assigninga shapeo avolumeis:

/gate/daughter_ Volu me_Named aught er s/ in sert  Volume_shape
whereVolume_shapés the shapeof thenew volume.

Volume_shapeustnecessarilypeoneof theavailablenamegi.e., boxfor box, spherdor spheregylin-
derfor cylinder, conefor cone ellipsofor atubewith anelliptical base, hexagonefor hexagon,polycone
for polygon,trpd for extrudedtrapezoidor parallelepipedor parallelepiped)Thecommandine assigns

theshapeo thelastvolumethathasbeennamed.

Thefollowing commandists the daughter®f avolume:

/gate/Volume_Na med aught er s/ li st

Example
/gate/world/dau ghte rs/ name Phantom
/gate/world/dau ghte rs/ in sert box

Thenew volumePhantomwith abox shapds insertedn the World volume.
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De ning asize

After creatinga volume with a shape,its dimensionsare the default dimensionsassociatedvith that
shape Thesedefault dimensionsanbemodi ed usingthe sub-tree

/geometry/

Thecommandswvailablein the sub-treedependon the shape. The differentcommanddgor eachtype of

shapaarelistedin table3.2.
Thesecommandganbe foundin thedirectory

/gate/Volume_Na meg eomet ry

BOX TRPD
setXLength Setthelengthof theboxalongthe X axis setX1llLength  Sethalf lengthalong X of the planeat -dz position
setYLength Setthelengthof theboxalongthe Y axis setYlLength Sethalf lengthalongY of the planeat -dzposition
setZLength Setthelengthof theboxalongthe Z axis setX2Length  Sethalf lengthalong X of theplaneat +dz position
SPHERE setY2Length  Sethalf lengthalong of the planeat +dz position
setRmin Settheinternal radiusof thesphee (0 for full sphee) setZLength Sethalf lengthalongZ of thetrapezoid
setRmax Setthe externalradiusof thesphee setXBoxLength Sethalf lengthalong X of the extrudedbox
setPhiStart Setthe startphi angle setYBoxLength Sethalf lengthalong Y of the extrudedbox
setDeltaPhi Setthe phi angularspan(2PI for full sphee) setZBoxLength Sethalf lengthalong Z of the extrudedbox
setThetaStart Setthestartthetaangle setXBoxPos SetcenterpositionX of thebox
setDeltaTheta Setthethetaangularspan(2PI for full sphee) setYBoxPos SetcenterpositionY of thebox
CYLINDER setZBoxPos SetcenterpositionZ of thebox
setRmin Settheinternal radiusof thecylinder (O for full cylinder) PARALLELEPIPED
setRmax Setthe externalradiusof thecylinder setDx SetDx dimensiorof the parallelepiped
setHeight Setthe heightof thecylinder setDy SetDy dimensiorof the parallelepiped
setPhiStart Setthestartphi angle setDz SetDz dimensiorof the parallelepiped
setDeltaPhi Setthe phi angularspan(2PI for full cylinder) setAlpha SetAlphaangle
CONE setTheta SetThetaangle
setRminl Settheinternal radiusof onesideof the cone(0 for full cone) setPhi SetPhiangle
setRmax1 Settheexternalradiusof onesideof thecone POLYCONE
setRmin2 Settheinternal radiusof onesideof the cone(0 for full cone) setPro le Setvectos of z, rinner, rOuter positions
setRmax2 Settheexternalradiusof onesideof thecone setPhiStart Setthestart phi angle
setHeight Setthe heightof thecone setDeltaPhi Setthe phi angularspan(2PI for full cone)
setPhiStart Setthestart phi angle HEXAGONE
setDeltaPhi Setthe phi angularspan(2PI for full cone) setRadius Settheradiusof the hexagon
ELLIPSO setHeight Setthe heightof the hexagon
setLong Setthelong axislengthof theellipse
setShort Settheshortaxislengthof theellipse
setHeight Setthe heightof theellipse

Table3.2: Command®f the sub-treegeometryfor differentshapes

Example
For abox volumecalledPhantom, the X, Y andZ dimensioncanbede ned by:
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3.2Creating a volume

/gate/Phantom/g
/gate/Phantom/g
/gate/Phantom/g

eomdry /s et XLength
eomdry /s et YLength
eomdry /s et ZLength

20. cm
10. cm
5. cm

The dimensionsof the Phantomvolume arethen20 cm, 10 cm and5 cm alongthe X, Y andZ axes

respectiely.

De ning a material

A materialshallbe associatedavith eachvolume. The default materialassignedo a new volumeis Air.
Thelist of availablematerialss de ned in the GateMaterials.dde (seeChapterll).
Thefollowing commandlls thevolumeVolume_Namaevith a materialcalledMaterial:

/gate/Volume_Na
Example
/gate/Phantom/s

ThePhantonmvolumei

me's etMat eria | Material

et Maer ia | Water
s lled with Water

De ning acolor or an appearance

To make the geometryeasyto visualize,somedisplayoptionscanbesetusingthe sub-tree

Ivis/

The commandsvailablein this sub-treeare: setColoy set\Msible, setDaughtersiisible, setLineStyle,

setLineWdth, forceSolidandforceWreframe(seeTable3.3).

Command Action Argument
setColor Selectghecolor for thecurrentvolume white gray, black, red,
green,blue cyan,
magentaandyellow
set\Msible Showsor hidesthe currentvolume
setDaughtershisible | Showsor hidesthe currentvolumedaughtes
setLineStyle Setgshe currentvolumeline-style dasheddotted
andunbroken
setLineWdth Setsthecurrentvolumeline-width
forceSolid Forcessolid displayfor the currentvolume
forceWreframe Forceswireframedisplayfor the currentvolume

Table3.3: List of command®f the GATE sub-treegeometry

Thesecommandsanbefoundin thetree

/gate/Volume_Na
Example

/gate/Phantom/v
/gate/Phantom/v

me'v is.

is /s etC ol or blue
is /f orc eWr ef rame

ThePhantonmvolumewill bedisplayedn blueandwill betransparent.
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3.2Creating a volume

Enabling or disabling a volume

A volumecannotbedestryed. Theonly possibleactionis to disableit: this makesthevolumedisappear
from thedisplaywindow but notfrom thegeometry

Only theworld volumecannotbedisabled.

To disableavolumeVolume_Namghecommands:

/gate/Volume_Na med isa bl e
ThevolumeVolume_Nameanbeenabledagainusing:
/gate/Volume_Na meée nable

Example
/gate/Phantom/d  is able

ThePhantonvolumeis disabled.

Describing a volume

Theparameterassociateavith a volumeVolume_nameanbelisted using:
/gate/Volume_Na méd escri be

Example
/gate/Phantom/d  escr ibe

Theparametergissociateavith the Phantomvolumearelisted.

Examples

1) how to build a Nal crystal

/gate/mother_Vo lu me Named aughter s/ name crystal
/gate/mother_Vo  lu me Named aughter s/ in sert box

A volumenameccrystalis createdasthe daughteiof a volumewhich its shapéds de ned asa box.

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

The X, Y andZ dimension®f thevolumecrystalaresetto 1 cm, 40 cm, and54 cm respectrely.
/gate/crystal/s et Maer ia | Nal

Thenew volumecrystalis lled with Nal.

/gate/crystallv is /s etCol or yellow

Thenew volumecrystalis coloredin yellow.
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3.2Creating a volume

/gate/crystal/d escr ibe
with this previous commandthe parameterassociatedvith the crystalvolumearelisted.
/gate/crystal/d is able

Thecrystalvolumeis disabled.

2) how to build a"tr pd" volume

An alternatve way of describingcomplicatedyeometriess to usea socalled"boolean'volumein order
to describeone pieceusinga singlevolumeinsteadof usinga motherchildrencouple. This canmake
the descriptioneasierandmoresynthetic. The examplebelon describesiow the shapeshavn in Figure
3.3canbede ned usingatrpd shapepasedon a "boolean"volumeconsistingof atrapezoid'minus" a
box:

# VI SUALI SATI ON
/vis/open OGLSX

Ivis/viewer/res et

Ivislviewer/vie wpoi ntT heta Phi 60 60
Ivis/viewer/zoo m1l

Ivis/viewer/set
/vis/drawVolume
ltracking/store
Ivis/scene/endO
Ivis/viewer/upd
Ivis/verbose 2
/gate/geometry/

/gate/world/dau
/gate/world/dau
/gate/Volume_Na
/gate/Volume_Na
/gate/Volume_Na
/gate/Volume_Na

/gate/Volume_Na
/gate/Volume_Na

/s ty le surface
Trajectory 1

fE ventA ct io n accumulate
at e

enableA ut oUpdat e

ghte rs/ name Volume_Name
ghte rs/ in sert box

meg eomet ry /s et XLength 40 cm
me'g eomet ry /s et YLength 40 cm
meg eomet ry /s et ZLength 40 cm

mev is/ fo rc eWr efr ame

med aught er s/ name trapeze_name

med aught er s/ in ser t trpd

/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n
/gate/trapeze_n

ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer
ame/ geomer

y/ setX1 Length 23.3 mm
y/ setYl Length 21.4 mm
yl setX2 Length 23.3 mm
y/ setY2 Length 23.3 mm

y/ setZL ength 6. mm

y/ setXBoxPos 0. mm

y/ setYBoxPos 0. m

yl setZB oxPos 0.7501 mm
y/ setXBoxLength 20.3 mm
y/ setYBoxLength 20.3 mm
y/ setZB oxLength 4.501 mm

-27-



3.3Repeatinga volume

The new volume calledtrapeze_namewhich is the daughterof the Volume_Nameolume, is de-
scribedwith 5+6 parametersThe rst 5 parameterselateto thetrapezoidwhereaghelast6 parameters
describeheextrudedvolumeusinga box shape.

Figure3.3: Sideview of anextrudedtrapezoidoasedon a booleansolid. The contoursin blue
anddashededrepresenthe contoursof thetrapezoidandthe box respectiely.

3.3 Repeatinga volume

To createX identicalvolumes thereis no needto createX differentvolumes.Only onevolumemustbe
createdandthenrepeatedTherearefour differentwaysto repeata volume:thelinearrepeaterthering
repeaterthecubicarrayrepeateandthequadrantepeater

To list therepeatersle ned for thevolumeName_dlume use:

/gate/Name_Volu mér epeat er s/ in fo

3.3.1 Linear repeater

Thelinearrepeateis appropriatéo repeata volumealongadirection(X, Y or Z axis). To usethelinear
repeater rst selectthistypeof repeateusing:

/gate/Name_Volu mér epeat er s/ in ser t linear

Thende ne thenumberof timesN thevolumeName_¥lumehasto berepeatedising:
/gate/Name_Volu mél ine ar /s et RepeatNumber N
Finally, de ne the stepanddirectionof therepetitionusing:

/gate/Name_Volu mél ine ar/s et RepeatVector 0. 0. dZ. mm

A stepof dZ mmalongtheZ directionis de ned.
The"autoCentertommandallows the userto setthe positionof therepeatediolumes:

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

The"true" optionyieldsthe centeringof the groupof repeatedrolumesaroundthe positionof theinitial
volumethathasbeenrepeated.

The"false"optioncenterghe rst copy aroundthe positionof theinitial volumethathasbeenrepeated.
Theothercopiesarecreatedoy offset.

Thedefaultoptionis true.

Example
/gate/hole/repe aters/i nsert linear
/gate/hole/line ar /s etR epeatN umber 12
/gate/hole/line ar/s etRepeatVector 0. 4. 0. cm

Theholevolumeis repeated 2timesevery 4 cmalongtheY axis. Theapplicationof thislinearrepeater
is illustratedin gure 3.4.

Figure3.4: lllustration of the applicationof thelinearrepeater

3.3.2 Ring repeater

Thering repeatemakesit possibleo repeatavolumealongaring. It is usefulto build aring of detectors
in PET.
To selectthering repeateruse:

/gate/Name_Volu mér epeat er s/ in sert ring
To de ne thenumberof timesN the volumeName_¥glumehasto berepeateduyse:
/gate/Name_Volu mér ing /s et RepeatN unber N

Finally, theaxisaroundwhich thevolumeName_¥9lumewill berepeatedhallbe de ned by specifying
two pointsusing:

/gate/Name_Volu mér ing /s etPointl 0. 1. 0. mm
/gate/Name_Volu mer ing /s etPoint2 0. 0. 0. mm
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3.3Repeatinga volume

Thedefaultrotationaxisis theZ axis. Notethatthedefault ring repetitiongoescounterclockwise.
Thesehreecommandsreenoughto repeatavolumealongaring over 360 . However, therepeatction
canbe further customizedusingoneor more of the following commands.To setthe rotationanglefor
the rst copy, use:

/gate/Name_Volu mér ing /s et Firs tAngl e x deg

Thedefaultangleis O deg.

To settherotationangledifferencebetweerthe rst andthelastcopy, use:
/gate/Name_Volu méer ing /s et Angular Span x deg
Thedefaultangleis 360deg.

The AngularSpan the FirstAngle and the RepeatNumbeallow oneto de ne the rotation angle dif-

ferencebetweentwo adjacentopies(AngularPitch).

AngularSpan-FirstAngle_ ;
RepeaiNumbet — — ANY ularPitch

To setthenumberof objectsin the periodicstructure andsothe periodicity use:

/gate/Name_Volu mér ing /s et MaduloN unber M

Whenthe volumeauto-rotatioroptionis enabledthis meanghatthe volumeitself is rotatedso thatits
axisremainstangentiako thering (seeFigure3.5). If this optionis disabled all repeated/olumeskeep
the sameorientation(seeFigure 3.6). The commandsgor enablingor disablingthe auto-rotatioroption
are:

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

A volumecanalsobe shiftedalongZ periodically Eachelementof a sequencés shiftedaccordingto
its positioninsidethe sequencede ned as"j" belav. In a sequenceomposedf “M y\ oduloN umber
elementstheshift valuesarede ned asZ shif t; Zshif t; where:

- i isthepositionin thefull ring and
-j (1% My odulonumber ) + 1is thepositionin asequencestartingat 1.

To setashiftandto x thevalueof this shift, use:

/gate/Name_Volu mér ing /s et MaduloN unber 1
/gate/Name_Volu mer ing /s et ZShi ftl Z mm

Up to 8 shiftsanddifferentshift(s)value(s)canbe de ned (setZShiftlto setZShift8).

Remark: This geometrydescriptionconformsto the document'List Mode Format Implementation:
ScannergeometrydescriptionVersion4.1 M.Krieguer & al." andis fully describedn the LMF out-
put,in particularin the ASCII headerle entry:

"z shift  sector j mod My oduloNumber:  Zshif tj units .

Herej ! standsfor the n'™ objectbeingshiftedeach*M y oguionumber” Object. Eachshift valueintro-
ducedin thecommandine belon correspond$o anew line in the.cch le.

TheLMF version22.10.03supportsageometrywith acylindrical symmetry As anexample,arepeater

lactuallyj is numberedstartinghereat0
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3.3Repeatinga volume

startingat 0 degreeand nishing at90 degree(aquarterof ring) will notbesupportedy the LMF output.
SeealsorelatedclassGate DLMF for LMF output.

Examplel

Figure3.5: lllustration of the applicationof the auto-rotatioroption

Figure 3.6: lllustration of the applicationof the ring repeatewhenthe auto-rotationoptionis
disabled

/gate/hole/repe aters/i nsert ring
/gate/hole/ring /s et RepeatN unber 10
/gate/hole/ring /IsetPointl 0. 1. 0. mm
/gate/hole/ring [setPoint2 0. 0. 0. mm
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3.3Repeatinga volume

The hole volumeis repeatedLO timesaroundthe Y axis. The applicationof this ring repeateiis illus-
tratedin gure 3.7.

Example2

Figure3.7: lllustration of the applicationof thering repeater

/gate/rsector/r epeater s/ in sert ring

/gate/rsector/r in g/ set Repeat Number 20
/gate/rsector/r in g/ set Madulo 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 repeate®0 timesalonga ring. The sequencéengthis 2, with the rst andthe
secondvolumeshiftedby -3500 m and3500 m respectiely.
Thersectorvolumecouldalsoincludeitself severalvolumes eachof thembeingduplicatedall together
whichis illustratedin gure 3.8.

3.3.3 Cubic array repeater

The cubic arrayrepeateiis appropriateo repeata volumealongone,two or threeaxes. It is usefulto
build a collimatorfor SPECTsimulations.

To selectthe cubicarrayrepeateruse:
/gate/Name_Volu mer epeat er s/ in sert cubicArray

To de ne thenumberof timesNx, Ny andNzthe volumeName_dlumehasto berepeatedlongthe X,
Y andZ axesrespectiely, use:

/gate/hole/cubi cArr ay/ setRepeatNu mker X Nx
/gate/hole/cubi cArr ay/ setRepeatNu mker Y Ny
/gate/hole/cubi cArr ay/ setRepeatNu mber Z Nz
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3.3Repeatinga volume

Figure 3.8: Exampleof aring repeatemwith a shift. An arrayof 3 crystalmatriceshasbeen
repeate®0 timeswith amoduloN=2 shift.

To de ne the stepof therepetitionX mm Y mmandZ mmalongthe X, Y andZ axesrespectiely, use:

/gate/hole/cubi cArr ay/ setRepeatVector XY Z mm

Theautocenteringptionsareavailablefor the cubicarrayrepeatefseeparagrapt8.3.1).If avolumeis
initially at a positionP, the setof volumesafterthe repeatehasbeenappliedis centerecon P if auto-
Centeris true (default). If autoCenters false,the rst copy of thegroupis centerecbn P,

Example
/gate/hole/repe aters/i nsert cubicArray
/gate/hole/cubi cArr ay/ setRepeatNumbker X 1
/gate/hole/cubi cArr ay/ setRepeatNumberY 5
/gate/hole/cubi cArr ay/ setRepeatNumker Z 2
/gate/hole/cubi CArr ay/ setRepeatVector 0. 5. 15. cm

Theholevolumeis repeated timeseach5 cm alongthe Y axisandtwice eachl5 cmalongthe Z axis.
Theapplicationof this cubicarrayrepeateis illustratedin gure 3.9.
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3.3Repeatinga volume

Figure3.9: lllustrationof the applicationof the cubicarrayrepeater

3.3.4 Quadrant repeater

The quadrantrepeatelis appropriateto repeata volumein a triangle-like patternsimilar to that of a
Derenzaresolutionphantom.

To selecthe quadrantrepeateruse:

/gate/Name_Volu mér epeat er s/ in ser t quadrant

To de ne thenumberof repetitionlines,use:

/gate/hole/quad rant /se tL in eNunber X

To de ne the orientationof the quadran{thedirectionof line repetition),use:
/gate/hole/quad rant /se tOri entatio n N deg

To de ne thedistancebetweeradjacentopies,use:

/gate/hole/quad ra nt /se tCopySpacin g xx cm

To de ne the maximumrangeof the repeatemhich is the maximumdistancebetweena copy andthe
original volume,use:

/gate/hole/quad rant /se tMaxRange xx cm

This commandenablego remove cornercopiesthatwould fall outsideyour phantom.

Example

/gate/hole/repe aters/i nsert quadrant
/gate/hole/quad rant /se tL in eNunber 5
/gate/hole/quad rant /se tOri entatio n 90 deg
/gate/hole/quad ra nt /se tCopySpacin g 6 cm
/gate/hole/quad rant /se tMaxRange 30 cm
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3.4Placing avolume

Figure3.10: lllustration of the applicationof the cubicarrayrepeater

Theholevolumeis repeatedn atriangle-like pattern.The applicationof this quadrantepeateis illus-
tratedin gure 3.10.

Remark:Therepeatershatareappliedto theName_dlumevolumecanbelistedusing:

/gate/Name_Volu mer epeat ers/ li st

3.4 Placingavolume
Thepositionof thevolumein thegeometryis de ned usingthe sub-tree
/placement/

Threetypesof placementreavailable:translationyotationandalignment.

3.4.1 Translation

To translatehe Name_¥lumevolumealongthe X directionby x cm, thecommands:
/gate/Name_Volu mép lac ement/ setTr ansl ation x. 0. 0. cm

The positionis alwaysgivenwith respecto the centerof the mothervolume.

To setthePhiangle(in XY plane)of thetranslationvector use:
/gate/Name_Volu mép lac erment/ setPhiOfT ranslat io n N deg
To setthe Thetaangle(with regardto the Z axis) of thetranslatiorvector use:

/gate/Name_Volu mép lac erment/ setTh et aOfT ransl atio n N deg
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3.4Placinga volume

To setthe magnitudeof thetranslationvector use:
/gate/Name_Volu mép lac ement/ setMagOfT ranslat io n xx cm
Example

/gate/Phantom/p  la cement/ setTransl ation 1. 0. 0. cm
/gate/Phantom/p  la cement/ setMagOfTranslati on 10. cm

ThePhantomvolumeis placedat 10 cm, 0 cmand0 cm from the centerof the mothervolume(herethe
world volume). The applicationof this translationplacements illustratedin gure 3.11.

Figure3.11:Illustrationof the translationplacement

3.4.2 Rotation

To rotatethe Name_ ¥lumevolumeby N degreesaroundthe X axis,thecommandsare:
/gate/Name_Volu mép lac ement/ setRotati onAxis X 0 O
/gate/Name_Volu mép lac erment/ setRotati onAngle N deg
/gate/Name_Volu mép lac enment/ setAxis 0 1 0
Thedefaultrotationaxisis theZ axis.

Example

/gate/Phantom/p  la cement/ setRot ati onAxis 0 1 0O
/gate/Phantom/p  la cement/ setRot ati onAngl e 90 deg

The Phantonmvolumeis rotatedby 90 degreesaroundthe Y axis. The applicationof this rotationplace-
mentis illustratedin gure 3.12.
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3.5Moving avolume

Figure3.12: lllustration of therotationplacement

3.4.3 Alignment

Using the alignmentcommand,a volume having an axis of symmetry (cylinder, ellipso, coneand
hexagone)anbealignedparallelto oneof thethreeaxis of theaxissystem.
To aligntheName_¥lumevolumealongthe X axis, use:

/gate/Name_Volu mép lac erment/ al ign ToX

Therotationparametersf the Name_dlumevolumearethensetto +90 degreearoundthe Y axis.
To alignthe Name_¥lumevolumealongthe Y axis,use:

/gate/Name_Volu mép lac erment/ al ign ToY

Therotationparametersf the Name_9dlumevolumearethensetto -90 degreearoundthe X axis.
To alignthe Name_¥lumevolumealongthe Z axis (default axis of rotation)use:

/gate/Name_Volu mép lac enment/ al ign ToZ

Therotationparametersf the Name_dlumevolumearethensetto 0 degree.

3.5 Moving avolume

The GEANT geometryarchitecturerequiresthe geometryto be static during a simulation. However,
the typical durationof a singleevent (e.g. ps for the particletransport, s for scintillation, or ms for
the responsef the electronics)s very shortwhencomparedo mostof the geometricachangego be
modelled(e.g. movementsof the phantomor of the detectoror bio-kinetics). Therefore the elements
of the geometryare consideredo be at restduring eachtime-step(seetime managemenin chapter?).
Betweereverytime-stepthepositionandtheorientationof asubsebf daughtevolumescanbechanged
to mimic amovementsuchasarotationor atranslation.Thesedisplacementareparametrizedy their
velocity. Hence theamplitudeof thevolumedisplacemenis deducedrom thedurationof thetime-step
multiplied by the velocity of thedisplacement.
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3.5Moving a volume

Giventhespeedf thecomponentsf thegeometryit is theresponsibilityof the userto setthetime step
durationshortenoughin orderto producesmoothchanges.

A volume canbe moved during a simulationusing ve typesof motion: rotation,translation,orbiting,
wobblingandeccentriaotation,asexplainedbelow.

3.5.1 Translation

To translatea Name_¥lumevolumeduringthe simulation,thecommandsre:

/gate/Name_Volu mémoves/ in sert translation
/gate/Name_Volu mét ran sl at io n/ set Speed x 0 0 cm/s

wherex is the speedof translationandthe translationis performedalongthe X axis. Thesecommands
canbeusefulto simulatetablemotionduringa scanfor instance.

Example

/gate/Table/mov es/i nsert translation
/gate/Table/tra nsla tio n/ setSpeed 0 0 1 cm/s

The Tablevolumeis translatedalongthe Z axiswith aspeedf 1 cm persecond.

3.5.2 Rotation

To rotatea Name_\dlumevolumearoundan axis during the simulation,with a speedof N degreesper
secondthecommandsre:

/gate/Name_Volu mémoves/ in sert rotation
/gate/Name_Volu mer ota ti on/s et Speed N deg/s
/gate/Name_Volu mer otati on/setAxis 0y O

Example

/gate/Phantom/m  oves/in sert rotation
/gate/Phantom/r ot at ion /s et Speed 1 deg/s
/gate/Phantom/r otation /[setAxis 0 1 0

ThePhantonmvolumerotatesaroundthe Y axiswith a speedf 1 degreepersecond.

3.5.3 Orbiting

Rotatingavolumearoundary axisduringasimulationis possibleusingtheorbiting motion. Thismotion
is neededo modelthe cameraheadrotationin SPECT To rotatethe Name_@dlumevolumearoundthe
X axiswith aspeedf N degreespersecondthecommandsre:

/gate/SPECThead /moves/ in sert orbiting
/gate/SPECThead /o rbiti ng/s et Speed N. deg/s
/gate/SPECThead /orbiti ng/s etPoint 1 0 0 0 cm
/gate/SPECThead /orbiti ng/s etPoint 2 1 0 0 cm
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3.5Moving avolume

Thelasttwo commandsle ne therotationaxis.
It is possibleto enableor disablethe volumeauto-rotatioroptionusing:

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

Example

/gate/camera_he ad/moves/ in sert orbiting
/gate/camera_he ad/o rbi ti ng/s et Speed 1. deg/s
/gate/camera_he ad/orbi ti ng/s etPointl1 0 0 0 cm
/gate/camera_he ad/orbi ti ng/s etPoint2 0 0 1 cm

Thecamern_headvolumeis rotatedaroundthe Z axisduringthe simulationwith aspeecdf 1 degreeper
second.

3.5.4 Wobbling

Thewobblingmotionenablesainoscillatingtranslationrmovementto the volume.

Thismotionis neededo mimic thebehaior of certainPET scannershatwobbleto increasehe spatial
samplingof thedataduringthe acquisition.

Themovementhatis modeleds de ned by dM(t) = A x sin(2 PIf t + phi) wheredM(t) is thetranslation
vectorattimet, A is themaximumdisplacementector f is themovementfrequeng, phiis the phaseat
t=0, andt is thetime.

To setthe parametersf thatequationuse:

/gate/Name_Volu mémoves/ in sert osc-trans
/gate/Name_Volu meo sc- tr ans/ setAmpl it ude x. 0. 0. cm

to settheamplitudevectorof the oscillatingtranslation,

/gate/Name_Volu méeo sc- tr ans/ setFr equency N Hz

to setthefrequeng of the oscillatingtranslation,

/gate/Name_Volu meo sc- tr ans/ setPeri od N s
to setthe periodof the oscillatingtranslation,

/gate/Name_Volu meo sc- tr ans/ setPhase N deg

to setthe phaseatt=0 of the oscillatingtranslation.

Example
/gate/crystal/m oves/in sert osc-trans
/gate/crystal/o sc-t ran s/ setAmgdit ude 10. 0. 0. cm
/gate/crystal/o sc-t ran s/ setF re quency 50 Hz
/gate/crystal/o sc-t ran s/ setPeriod 1 s
/gate/crystal/o sc-t ran s/ setP hase 90 deg

Themovementthatis modeleds de ned by dM(t) = 10 x sin (100P1 + 90).
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3.6 Updating the geometry

3.5.5 Eccentric rotation

The eccentricrotationmotion enablesan eccentricrotationmovementof the volume. It is a particular
caseof the orbiting movement.
To settheobjectin eccentrigposition(X-Y-Z) androtateit aroundthe OZ lab frameaxis, use:

/gate/Name_Volu mémoves/ in sert eccent-rot
/gate/Name_Volu meéee ccent-r ot/s etShift XYZ x y z cm

to settheshift onthe X-Y-Z directions,

/gate/Name_Volu mée ccent -r ot /s etS peed N deg/s

to setthe orbiting angularspeed.
Remark: This particularmove is closelyrelatedto LMF de nition sincethe move parametergshiftin
all 3 directionsandangularspeedyarepropagatedh the.cchheader

Example

/gate/crystal/m oves/in sert eccent-rot

/gate/crystal/e ccent-r ot/s et Shift XYZ 5. 0. 0. cm
/gate/crystal/e ccent-r ot/s et Speed 10 deg/s

The crystal volumeis placedat 10 cm, 0 cm and 0 cm from the centerof its mothervolume andwill
rotatedaroundthe Z axisduringthe simulationwith a speedf 10 degreespersecond.

3.6 Updating the geometry
Updatingthe geometryis neededo take into accountary changein the geometry It alsorefresheghe

displaywindow. The geometrycanbe updateckithermanuallyor automatically

3.6.1 Manual update mode

Whenoneor moremodi cations areappliedto the geometrythe following commandine mustbeused
to take theminto accouniandto refreshthedisplay:

/gate/geometry/ update

3.6.2 Auto-update mode

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

/gate/geometry/ enableA ut oUpdat e
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Chapter 4

De ne asystem

4.1 De nition

A Systemis a key-conceptof GATE. It provides a templateof a prede nedgeometryto simulatea

scannerFamiliesof geometnylike for examplePETor SPECTandsharingthe samegenerabeometrical
characteristiceanbesoderivedfrom thesetemplates.

Eachsystemcanbedescribedy componentsrganizedn atreelevel structue, eachcomponenhaving

its own speci c role or ordering.

As for an exampleof the cylindricalPET scannersystem,the geometricalvolumescontainingcrystals
are groupedin matrices,themseles assembledn submodulesand modules. At the top level of this
structure the sectorcomposeaf modulesare“repeated’on a cylindrical surfaceto build up thewhole
device. Thus,onefamilly of PET scanner@asshavn in gure 4.1 canbe composedf suchvolumes
called“rsectors”,“modules”,“submodules”;‘crystal” and naly (crystal)“layer”.

Different systemsare available in GATE : “scanner”,“SPECTHead",“cylindricalPET”", “ecat”, and
“CPET", which canbeusedto simulatemostof the existing tomographidmagerydevices.

Figure4.1: Pictureof a phantomanda cylindricalPETsystemcomposef 5 rsectors4 mod-
ules(repeatedhlongZ axis), 3 submodulegrepeatedhlongy axis), 64 crystals(8 x 8) and2
layers(redandyellow)
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4.2 Choiceof the system

4.2 Choiceof the system

It is possibleto useGATE withoutusinga systembut in thatcase noinformationson particleinteraction
in the detectowill be available. Thereasoris thatthe volumeswherethe hits (interactionsthat occur
inside the detectorpartsof the scannerseechap. 8) are recordedonly for volumesthat belongto a

de ned system(thosevolumesaredeclaredascrystalSD SDfor “sensitve detector” seechap.5). Once
theuseris only testinga scannegeometrytheuseof aprede nedsystemis not necessaryBut sincethe

userwantto save the physicalsinformationsfrom the particletracksinsidethe detector the geometry
hasto be connectedo a system.This chaptewill explainthe elementsandrulesof this connection.

4.2.1 Geometry constraints

Exceptfor the generalsystemscanney oneshould rst take into accountthe geometricalshapeof the
differentcomponentggantry sectoy bucket, etc.) andalsothe shapeof the crystalor the active material
which composédhe detectomaterial(e.g.scintillators).

Eachlevel hasto be assignedo a physicalvolume of the geometry A level volume hasto be fully
enclosedn the upperlevel volume.

The numberof level hasto be x edandmustconformto the speci cationlistedin table4.1. Thenum-
beringof differentsensitve volumesis completely x edby the choiceof the systemandconformsto a
speci ¢ outputformat.

The maximumnumberof componentin ead level depend®n the outputformatsinceit canbelimited
by the numberof bit resenedto the numberingof crystals.
Otherconstraint€ouldcomefrom thespeci c outputformatbeingused.(seeChap.1dor furtherdetails)

4.2.2 Constraints relatedto the simulation of the DAQ electronics

Severalpointshave to be consideredvhendesigninghe simulationof the electronicscards.

First, the whole readoutelectroniccomponentshouldbe checled in orderto de ne its main compo-
nents.This concernsot only the singlechannekimulation,with effectslik e thresh-olderesponsebut
alsothe crosstalkin betweendifferentchanneldncludingthe electronicor the optical crosstalkamong
componentsn asameevel.

For PET scannerone shouldsimulatethe coincidencebetweentwo channel,basedon the preceding
“single component’simulations.

In GATE, it is possibleto introduceall thesesignalprocessindgroughdigitizers (seechap..8), which are
basedn the sameideaof hierarchylevel insidea systemalsoreferencedasthe “depth value’ in table
4.2. Thedepthvalueis usedhereto taga groupof similar componentsitting at a certainlevel, which
couldbethescintillatorbloc level (crystal,with depth=5, the matrix of crystal(submoduleor module),
or agroupof crystalmatrix(ces)epth=1 Depthvaluesgivenhererefersto the cylindricalPETsystem.

In orderto simulatethe electroniccircuitry in relationto the systemone shouldconsiderthe following
procedure:

Regroupthe detectors electroniccomponentsn differentlevels

1Seepagel28for anexampleof suchlimitations
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Draw upthelist of thesignalprocessingo beusedon groups(se€‘adder”, “readout”,“deadtime”
in chap.8),

Combinethe signalscoming from differentvolume, with for example: readoutmodulefor the
signalssummationof a volume (page??), the crosstalkand/orthe coincidencebetweersignals
(pageL3and??).

NOTE:

— Oneor several crosstalkprocessingcan be appliedto componentf differentlevel (e.g.
crosstalkbetweencrystals,then crosstalkbetweenmodules). This involve componentsn
thesameevel

— For PET scannersa testis doneto valid a coincidenceon the numberdifferenceof the
uppermostevel componentgasde ned asdepth= 1 in table4.2). Thistestis doneto reject
accidentakoincidencebetweeradjacentogic structure.Whenthe userbuilt its geometry
this logic organisationshouldcorrespondo the srt level of a systemin orderto usethis
coincidenceejection(seechapterB).

4.3 How to connectthe geometryto a system

The connectiorbetweerthe geometryanda systemis donein severalstages

1. Thegeometricaktructureneedto be rst de ned, keepingin mind thatit mustful I somecon-
straints,asdescribedefore.

2. Thesystemgeometryhasthento beintroducedor “attached”,in the simulationprocesswith the
“attach” commandanda speci ¢ keyword argumentcorrespondingo onelevel of your geomet-
rical structure(table4.2):

The generalmacroline is :
/gate/systems/S yste mMNime/L evel /a tta ch UserVolumeName

where:
SystemName is theresered nameof the system(oneof theentryin columnl),
Level is theresened nameof thelevel (seecolumn?2),

UserVolumeName isthenametheusergave to avolume,according
to the conventionsof Chap.3.

3. Finaly, the speci ¢ outputcorrespondindo the systemhasto be de ned to analysethe dataif
necessaryseechap.10).
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System Componentsand its shape Available outputs
levell
level2 Basicoutput: Ascii or
scanner level3 geometrynot x ed ROQT, coincidences
level4 only for PETscanner
level5
rsector box
module box Basicoutput:
cylindricalPET | submode box Ascii or ROOT.
crystal box Speci c: LMF
layer box
CPET crystal cylinder Basicoutput: Ascii or ROOT

Basicoutput: Ascii andROOT

SPECThead Cr?’:;?' geometrynot x ed Speci ¢c: PROJECTIONSEDr
P INTERFILE,no coincidences

ecat block box Basicoutput: Ascii andROOT
Crystal box Speci c: SINOGRAMor ECAT7

Table4.1: Differentsystemsavailablein GATE andtheir characteristicsln the secondcolumn
arelistedsomeof thekeywordthatarealsousedatin themacro(seealsotable4.2for acomplete
list). The shapein the third column describethe mothervolume, composedf “daughter”
volumesasdescribedn Chap.3: aboxmeansaboxshapednothervolumecontaininganarray
of daughteboxes,a cylindermothervolumeswill containscylinders.Cylindersareunderstood
hereastubesectorgle ned by aninnerandouterradius.
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System attach keyword argument Depth
for readoutsegmentation
“levell” 1
“level2” 2
scanner “level3” 3
“level4” 4
“le vel5” 5
“r sector” 1
“module” 2
cylindricalPET S‘I‘meOd%,"e 3
crystal 4
“layer[i], i=0,3?" 5
CPET “crystal” 1
SPECThead “crystal” 1
“pixel” 2
ecat “block” 1
“crystal” 2
Specialvolumesattachment (seeChap.5)
All systems sensitve detectorvolume “attachCrystalSD”
All systems sensitve phantonvolume | “attachPhantomSD”
aupto 4 layers, namedayerQ”, ...)layer3” canbeattachedto cylindricalPET

Table4.2: keywords correspondindgo systemcomponentgle nition to be usedwith an “at-
tach” command.At leastonelevel hasto be attachedo the system.If necessarytheselevel's
namescan be possiblyusedasinput to digitizers modules:for example,differentelectronic
deadtimesfor eachlevel's electronicscanbe modelized.Thetwo lastlines, listed herefor in-
formation,arerelatedto “hits” which apply only for “sensitve” volume. Pleaseeferto Chap.
5 for moredetailsonthis topic.
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4.4 Differ enttypesof systems

Figure4.2: lllustration of the scannesystem.Thedifferentvolumes,in particularthe sensitve
one, can be of ary shape,herecylindrical sectorscrystals,insteadof box in other systems.
Scannercylinder is drav in magentawhereasone of the sectorhierarchy: Levell, Level2,
Level3, Leveld is overdravn in yellow, blue, green,red, respectiely. “Detector” volume of
cylindrical sectorshapesreshovn in plainred.

4.4.1 scanner
Description

The scannersystemis the mostgenericsystemin Gate. Thereis ho geometricakonstraintonthe ve
differentcomponents.

Use

Differentshape®f the volumesinsidethe treelevel canbe choosen table 3.2 on page24. The gure
4 4illustratewhatkind of detectoronecansimulatewith this systemwithout geometryconstraints On
theotherhandthereis no speci ¢ outputformatandtheinformationson hits areonly availablein ROOT
or ASCII format.
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4.4.2 cylindricalPET
Description

“cylindricalPET is a PET systemthat allows to describemostof the smallanimalPET scannersThe
mainspeci city of cylindricalPETis the possibility to storeoutputdatain List Mode Format(LMF) of
the CrystalClearCollaboration.Thewayto storeGATE outputin LMF is fully describedn thismanual
(seepart10.7). Youwill nd anexampleof macrowith a cylindricalPETde nition in the macrolisted
bellov. A CylindricalPETis basedon a cylindrical geometry It is composedf 5 hierarchiclevels.
Hierarchy from motherto daughteiis?:

world
cylindricalPET is de ned asacylinderin theworld, with anonzeroinnerradius
rsector (depth=1)is de ned asa box,andrepeatedvith aring repeatelin cylindricalPET

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

submodulgdepth=3)is a box insidemodule It is repeatedy a cubicarmay repeaterwith no X
repetition(repeatNumberX 1). Thislevel is optional.

crystal (depth=4)is a box insidesubmodule It is repeatedyy a cubicarry repeaterwith no X
repetition(repeatNumberx 1)

layer (depth=5)is a (or several, in the caseof the phoswichsystem)radially arrangedoox(es)
insidecrystal Do notusearepeateffor layers,but build themoneby onein your macro. layer
mustbe setasa sensibledetectomwith the macrocommand?attachCrystalSD

Materialof layer(s) mustbethematerialof yourdetectoiEx.: LSO or BGO+ GSOfor adoublelayer
phoswichsystem Materialsof otherlevels(crystals submodulesnodulesysectorseylindricalPET)can
be arything else. Keepin mind that GATE setasmaterialof a point of world, the materialof the more
internalvolume(herethe materialof the moreinternalvolumeis layermaterial).

IMPORTANT : Visualizationshouldhelpyou to build this geometrywith no overlap. GATE per
formsatestwhichis ableto detectoverlapping but with alimited precision.Thistestis doneattheend
Prelnit modeof Gate(seeChap.1):

/run/initialize
/geometry/test/ re cursi ve_t est

Usersshouldtake carein particularof casewherea volumeis not biggerthanits mothervolume.

Use

You will nd hereafteran examplewith commentsgcommentdines startwith a “#-" symbol). This
constructiorof acylindricalPETgeometrymustbeatthebeginningof your macro beforeinitializations.

2pleasenotethatthewordsin bold charactersireresered; seealsokeywordsin table4.2
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# WORLD

/gate/world/geo mer y/s et XLengt h 40 cm
/gate/world/geo mer y/s et YLengt h 40. cm
/gate/world/geo mer y/s et ZLengt h 40. cm

# MOUSE
/gate/world/dau ghte rs/ name mouse
/gate/world/dau ghte rs/ in sert cylinder

/gate/mouse/set Mae ria | Water
/gate/mouse/vis /s et Col or red
/gate/mouse/geo  mar y/s et Rnax 18.5 mm
/gate/mouse/geo  mdr y/s et Rnin 0. mm
/gate/mouse/geo  mar y/s et Heig ht 68. mm

# CYLI NDRI CAL

/gate/world/dau ghte rs/ name cylindricalPET
/gate/world/dau ghte rs/ in sert cylinder
/gate/cylindric al PET/s et Mae ri al Water
/gate/cylindric al PET/g eomér y/ set Rnax 145 mm
/gate/cylindric al PET/g eomer y/ set Rnin 130 mm
/gate/cylindric al PET/g eomer y/ set Heig ht 80 mm
/gate/cylindric al PET/v is /f or ce Wir ef ra me

# RSECTOR

/gate/cylindric al PET/d aughte rs /na me rsector
/gate/cylindric al PET/d aughte rs /in sert box
/gate/rsector/p la cement/ setTransl ation 135 0 0 mm
/gate/rsector/g eomdry /s et XLength 10. mm
/gate/rsector/g eomdry /s et YLength 19. mm
/gate/rsector/g eomdry /s et ZLength 76.6 mm
/gate/rsector/s et Maer ia | Water

/gate/rsector/v is /f orc eWr ef rame

# MODUL E

/gate/rsector/d aughter s/ name module
/gate/rsector/d aughter s/ in sert box

/gate/module/ge onmet ry/ setX Length 10. mm
/gate/module/ge onmet ry/ setY Length 19. mm
/gate/module/ge omet ry/ setZ Length 19. mm
/gate/module/se tMat eri al Water

/gate/module/vi s/ fo rce Wire fr ame
/gate/module/vi s/ setColo r gray
# CRYSTAL

/gate/module/da ught ers /n anme crystal
/gate/module/da ught ers /i nsert box
/gate/crystal/g eomdry /s et XLength 10. mm
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/gate/crystal/g eomdry /s et YLength 2.2 mm
/gate/crystal/g eomdry /s et ZLength 2.2 mm
/gate/crystal/s et Maer ia | Water

/gate/crystallv is /f orc eWr ef rame

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

# LAYER

/gate/crystal/d aughter s/ name LSO

/gate/crystal/d aughter s/ in sert 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 tTranslatio n 0 0 0 mm
/gate/LSO/setMa  teri al LSO

/gate/LSOlvis/s et Color yellow

# REPEAT CRYSTAL

/gate/crystal/r epeater s/ in sert cubicArray
/gate/crystal/c ubic Arr ay/s et RepeatN unberX 1
/gate/crystal/c ubic Arr ay/s et RepeatN unberY 8
/gate/crystal/c ubic Arr ay/s et RepeatN unberZ 8
/gate/crystal/c ubic Arr ay/s et RepeatVector 10. 24 24 mm
# REPEAT MODULE

/gate/module/re peat ers /i nsert cubicArray
/gate/module/cu bi cArra y/ setRepeat Numbker Z 4
/gate/module/cu bi cArra y/ setRepeat Vect or 0. 0. 19.2 mm
# REPEAT RSECTOR
/gate/rsector/r epeater s/ in sert ring

/gate/rsector/r in g/ set Repeat Number 42

# ATTACH SYSTEWM

/gate/systems/c yl in dri calP ET/r secto r/ atta ch rsector
/gate/systems/c yl in dri calP ET/module /a tt ach module
/gate/systems/c yl in dri calP ET/c rys tal/ at ta ch crystal
/gate/systems/c yl in dri calP ET/I ayerO/att ach LSO

# ATTACH LAYER SD
/gate/LSO/attac hCry sta ISD

/gate/mouse/att achPhanto m®
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443 CPET

This systemwas conceved for the simulationof a CPEFlike scanner{C-PET Plus, Philips Medical
SystemsBest,the Netherlands)with onering of Nal crystalwith a curve shape.For this scannerone
level afterthe systemlevel is enoughto describethe volumehierarchy

description

Thissystemhastheparticularityto have cylindrical shapedectorcomponente.g.basednthe“cylinder”
shapgsee g.4.3 andChap.3 page24 for de nition.), whereaghosecomponentsregenerallyboxesin
othersystems.

Figure4.3: De nition of a CPET sectorvolume. This systemallows oneto de ne cylindrical
shapesectorinsteadof box shapesectors,lilein otherPET systems

Use

Describedbelaw is anexamplecodefor modelinga onering scanneof Nal crystalwith a curve shape.

Description

# BASE = CPET SYSTEM

/gate/world/dau ghte rs/ name CPET
/gate/world/dau ghte rs/ in sert cylinder
/gate/CPET/setM at erial Air
/gate/CPET/geom etry /se tRmax 60 cm
/gate/CPET/geom et ry /se tRmin 0.0 cm
/gate/CPET/geom etry /se tHei 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 hters/i nsert cylinder

/gate/crystal/g eomdry /s et Rnax 47.5 cm
/gate/crystal/g eomdry /s et Rnin 45.0 cm
/gate/crystal/g eomdry /s et Heig ht 25.6 cm
/gate/crystal/g eomdry /s et PhiStar t 0 deg
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/gate/crystal/g

eomdry /s et Delt aPhi 60 deg

# REPEAT THE CURVESECTORINTO THE WHOLERING

/gate/crystal/r
/gate/crystal/r

epeater s/ in sert ring
in g/ set Repeat Number 6

# CRYSTAL VOLUMEIS MADEOF NAI

/gate/crystal/s
/gate/crystallv

et Maer ia | Nal
is /s etCol or green

Figure4.4: OneNal crystalwith acurvedshape

Figure4.5: After thering repeater6 Nal crystalsaredescribingthe scanner

Attachment.

Attachtheobjectcrystalto its correspondingomponentn the CPETsystem.

/gate/systems/C PET/ cry st al /att ach crystal
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Sensitve detector  Setthecrystalsassensitve detectorgseesection5.2.1,p.62).
/gate/crystal/a tt achCrysta IS D

Thedigitizer part(seesection8.2) is madeof the addermoduleandsomeblurring module(seeChapter
8).
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4.4.4 ecat
Description

The ecatsystemis a simpli ed versionof cylindricalPET andwas namedecatbecausat is aimedto
simulatethe ECAT scanneifamily 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.

Youwill nd anexampleof macrowith anecatde nition in the le :

$GATEHOME/examl e_PET _Scanner /PET_Ecat _Syst emmac

The ecatsystemhasonly threehierarchicalevels: oneglobalfor the entiredetector{basg, onefor
theblock (blod), andonefor the crystalswithin the block (crysta).

In additionto the standardoutput modules(ASCII androot), two additional output modulesare
speci cally associatetb theecatsystemallowing thegeneratedatato bewrittenin asinogranformat.
Thesearecalledthe sinaggramandthe ecat7outputmodulesandarediscussedh sectionsl0.5and10.6.

Use
Describedbelav is anexamplecodefor modelingafour block-ringsscanner
Description of the base It hasto be namedafter the selectedsystem(ecathere)andis declared

asa volume daughterof the world. It hasa ring shapeandshouldcompriseentirely all detectorgsee
Figure4.6).

/gate/world/dau ghte rs/ name ecat
/gate/world/dau ghte rs/ in sert cylinder
/gate/ecat/setM aterial Air

/gate/ecat/geom etry /se tRmax 442.0 mm
/gate/ecat/geom etry /se tRmin 412.0 mm
/gate/ecat/geom etry /se tHei ght 155.2 mm
/gate/ecat/setT ranslat ion 0.0 0.0 0.0 mm

Figure4.6: De nition of thebase
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Description of the blodk. Setthe size andthe positionof the rst block within the baseecat It
is arectangulaparallelepipedand shouldcompriseentirely all crystalswithin a block. For a multiple
block-ringsystemcenteredaxially on the baseecat the axial positionof this rst block shouldbe setto
zeroandnot at oneedgeof the base(seeFigure4.7).

/gate/ecat/daug ht er s/n ame block

/gate/ecat/daug ht ers/i nsert box

/gate/block/pla cement/ setTranslat ion 427.0 0.0 0.0 mm
/gate/block/geo mer y/s et XLengt h 30.0 mm

/gate/block/geo mer y/s et YLengt h 35.8 mm

/gate/block/geo mer y/s et ZLengt h 38.7 mm

/gate/block/set Mae ria | Air

Figure4.7: De nition of theblock.

Description of the crystal Setthe sizeandthe positionof the rst crystalwithin the blodk. For a
crystalarraycenteredn the blodk, the positionof this rst crystalshouldbe in the centerof the block
andnotatoneof its edgegseeFigure4.8).

/gate/block/dau ghte rs/ name crystal

/gate/block/dau ghte rs/ in sert box

/gate/crystal/p la cement/ setTransl ation 0.0 0.0 0.0 mm
/gate/crystal/g eomdry /s et XLength 30.0 mm

/gate/crystal/g eomdry /s et YLength 4.4 mm

/gate/crystal/g eomdry /s et ZLength 4.75 mm

/gate/crystal/s et Maer ial BGO

Description of the crystal array. Setthe size andthe samplingof the crystal array within one
block. Thecrystalarraywill becenteredn the positionof theoriginal crystal.

/gate/crystal/r epeater s/ in sert cubicArray

/gate/crystal/c ubic Arr ay/s et RepeatN unberX 1

/gate/crystal/c ubic Arr ay/s et RepeatN unberY 8

/gate/crystal/c ubic Arr ay/s et RepeatN unberZ 8

/gate/crystal/c ubic Arr ay/s et RepeatVector 0. 445 4.80 mm
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Figure4.8: De nition of thecrystal

Description of the block-rings. Setthe numberof blocksperblock-ringandthe numberof block-
rings. Multiple block-ringsystemswill be centeredxially ontheaxial positionof the original block.

/gate/block/rep eate rs/ in sert linear

/gate/block/lin ear/ set Repeat Numbe 4

/gate/block/lin ear/ set Repeat Vector 0. 0. 38.8 mm
/gate/block/rep eate rs/ in sert ring

/gate/block/rin g/ setRe peat Number 72

This descriptiorresultsin a4 block-ringscanneri.e. a32 crystal-ringscannerwith 576crystalsper
crystal-ring.

Attachment. Attachthe objectsblodk andcrystalto their correspondinggomponentn the ecatsys-
tem.

/gate/systems/e cat/ blo ck/att ach block
/gate/systems/e cat/ cry st al /att ach crystal

Sensitve detector  Setthecrystalsassensitve detector{seesection5.2.1,p.62).

/gate/crystal/a tt achCrysta IS D

Thedigitizer part(seesection8.2) remainghe sameasfor the cylindricalPETsystem.
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4.4.5 SPECTHead
Description

SPECTHeads a SPECTsystemthat enablesusersto modelSPECTdedicatedscannersvithin GATE.
The main reasonfor specifyingSPECTheads thatit canbe coupledto the InterFile outputwhich is
discussedh section10.4. An examplemacrode ning atypical SPECTscannecanbefoundin:

$GATEHOME/examfe SPECT Scanner s/l nterfi le .mac

whereinthe speci c Inter le outputmoduleis called. A SPECTheadystemis a box-shapedjeom-
etry elementandconsistof threehierarchiclevels:

basewnhichis alwaysattachedo thevolumeSPECTheadyhichis areseredword.
crystal whichis coupledto themaindetectomblock.
pixel which canbe usedif oneis modelinga pixelateddetector

If auniformdetectoblockis beingused thancrystalshouldmeetthe materialde nition of thedetector
If thedetectoris pixelatedthenthe pixel materialde nition shouldbe chosercorrectlywhile thecrystal
materialcanbearything non-speci c.

Figure4.9: Exampleof a hypotheticafour-headedSPECTheadystem.The detectorsarenot
pixelatedin this example.

Use

You will nd hereaftera part of the SPECThenchmarkmacro,which wasdistributed with the GATE
software. It detailsthe SPECTheadystemde nitions, which shouldbe givenasinput beforetheinitial-
ization.

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

#- SPECThead is the name of the predefined SPECT system
#- Create the SPECT system, which will vyield

#-an Interfile output of the projection data
/gate/world/dau ghte rs/ name SPECThead
/gate/world/dau ghte rs/ in sert box

#- Define the dimensions

/gate/SPECThead /g eometry /s et XLength 7. cm
/gate/SPECThead /g eometry /s et YLength 21. cm
/gate/SPECThead /g eometry /s et ZLength 30. cm

#- Define the position
/gate/SPECThead /p la cement/ setTransl ation 20.0 0. 0. cm

#- Set the material associated with the main volume
/gate/SPECThead /s et Materia | Air

#- Replicate the head (around the Z axis by default)
#-to get a hypothetical four-headed system
/gate/SPECThead /r epeat er s/ in sert ring
/gate/SPECThead /r in g/s et Repeat Nunber 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 /moves/ in sert orbiting
/gate/SPECThead /o rbiti ng/s et Speed 0.15 deg/s
/gate/SPECThead /orbiti ng/s etPoint 1 0 0 0 cm
/gate/SPECThead /orbiti ng/s etPoint 2 0 0 1 cm

#- Define some visualisation options
/gate/SPECThead /v is /fo rc eWr 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 sert box

#- Define the dimensions of the collimator volume
/gate/collimato r/ geomer y/ setXLength 3. cm
/gate/collimato r/ geomer y/ setY Lengt h 19. cm
/gate/collimato r/ geomer y/ setZ Lengt h 28. cm

#- Define the position of the collimator volume
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/gate/collimato r/ pl acement/s et Translati on -2. 0. 0. cm
#- Set the material of the collimator volume
/gate/collimato r/ setMate 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/ daughte rs /n ame hole
/gate/collimato r/ daughte rs /i nsert hexagone
/gate/hole/geom etry /se tHei ght 3. cm
/gate/hole/geom etry /se tRadiu s .15 cm
/gate/hole/plac ement/s et Rotati onAxis 0 1 0O
/gate/hole/plac ement/s et Rotati onAngle 90 deg
/gate/hole/setM at erial Air

#- Repeat the hole in an array

/gate/hole/repe aters/i nsert cubicArray

/gate/hole/cubi cArr ay/ setRepeatNumbker X 1
/gate/hole/cubi cArr ay/ setRepeatNu mber Y 52
/gate/hole/cubi cArr ay/ setRepeatNumbker Z 44
/gate/hole/cubi cArr ay/ setRepeatVect or 0. 0.36 0.624 cm
#- Repeat these holes in a linear

/gate/hole/repe aters/i nsert linear

/gate/hole/line ar /s etR epeatN umber 2

/gate/hole/line ar/s etRepeatVector 0. 0.18 0.312 cm
/gate/hole/atta chPhant onSD

#- Crystal

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

#- Define the dimensions of the crystal volume

/gate/crystal/g eomdry /s et XLength 1. cm
/gate/crystal/g eomdry /s et YLength 19. cm
/gate/crystal/g eomdry /s et ZLength 28. cm

#- Define the position of the crystal volume
/gate/crystal/p la cement/ setTransl ation 0. 0. 0. cm

#- Set the material associated  with the crystal volume
/gate/crystalls et Maer ia |l Nal
/gate/crystal/a tt achCrysta IS D

#- The SPECThead system is made of three levels: base (for the
#-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 ysta l/a tt ach crystal

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

Attach the sensitve detectors

5.1 Generalpurpose

Oncea modelhasbeende ned for the scannethroughthe constructionof a system(seeChapter4),

the next stepis to attacha “sensitve detector”’(SD)Yo somevolumesof thegeometry As in ary Geant4
simulation, thesesensitve detectorsare usedto storeinformation on interactionsof a particlein the
matter (“hits”) usinginformationfrom stepsalonga particletrack. A hit is a snapshobf a physical
interactionof atrackin a sensitve region of the detectorFigure6.1illustratesthesenotions. Hits store
variousinformationassociatedo a stepobject,theinformationcanbe: the enegy depositionof a step,
geometricalnformation,positionandtime of a step,etc.

Length
of a step > Length of a track

LR/

Radioactive
source

a hit ——

l Sensitive detector
in water

Figure5.1: Particleinteractionsn a sensitve detector

It is essentiato remembethatGATE recordsandstoresinformationrelatedto thehits only for those
volumesthatareattachedo a sensitve detector All theinformationregardingtheinteractionsoccuring
in non-sensitie volumesis lost.

Two sensitve detectorsarede ned in GATE:

The crystalSD allows to recordinformation on interactionsinside the volumesbelongingto a
scannefor instancecrystalsor collimators.
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The phantomSDmaybeusedo recordinformationon ComptonandRayleighinteractiongaking
placein thevolumesbeforethedetectiorin thescannesystem(e.g.,in acaseof aSPECTcamera:
the examinationtable, the phantom,andthe collimator aresomeof the volumeswhereit canbe
importantto getinformationaboutComptonandRayleighinteractions).

A completede nition of thesimulationcontext normallyinvolvesperformingbothseriesof attachments:
oneseriesof volumesis attachedo the phantomSDanotherseriesof volumesis attachedo the crys-
talSD.

5.2 Two typesof sensitve detector

5.2.1 ThecrystalSD
De nition and use

The crystalSDmay be usedto recordinformationon interactiongaking placeinside somevolumesof
the scannerenegy deposition positionsof interaction,origin of the particle (emissionvertex), type of
interaction(nameof the physicalprocesseswolved),etc.

Attachment of the crystalSD

A crystalSDcanbeattachednly to thosevolumesthatbelongto a givensystem.Oncea crystalSDhas
beenattachedit is consideredsattachedo this system.

This sensitve detectorcanbe attachedusingthe commandattachCrystalSD. Thesevolumesareessen-
tially meantto be scintillating elementgcrystals)but canalsobe attachedo non-scintillatingelements
suchascollimators,shieldsor septa.

Hereis an exampleof commandiines that shouldbe includedin a macrousingthe crystalSD These
commandines mustbeinsertedafterthe descriptionof theattachmento the system:

The r stcommands usedto attach thescintillation crystalto thedetectiorievel”crystal” oftheSPECT
headsystem.

# ATTACH SYSTEM
/gate/systems/S PECThead/ cr ysta l/a tt ach crystal

Then,the seconccommandattachesthe crystalSDto the volumerepresentinghe scintillation crystalin
thegeometry

# ATTACH SENSI TI VE DETECTOR
/gate/crystal/a tt achCrysta IS D

5.2.2 The phantomSD

De nition and use

ThephantomS[playsacrucialrole in GATE simulationsasit is usedto detectandcountComptonand
Rayleighinteractiongakingplacein thescanneFOV. Thisinformationis thenusedto estimatevhether
a photonreachinga detectoris a director a Compton-scattereghoton. Thus,in PET, the phantomSD
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is currentlythe only way to discriminatescatteredrom true coincidences.To simulatelow enegy X-
ray acquisitions(for examplemammographycquisitionsfrom 7 to 28 keV), information concerning
Rayleighinteractionds signi cant.

Using this type of sensitve detector it's possibleto retrieve two typesof informationconsideringthe
hits:

The numberof Comptonand Rayleighinteractionsoccuringin all the volumesattachedo the
phantomSDthisinformationis storedn thedataoutputvariablesnPhantomComptonandnPhan-
tomRayleigh

Note: This informationis alsoavailablefor the crystalSDwith the variablesnCrystalCompton
andnCrystalRayleigh.

Thelastvolumeattachedo thephantomSDn whicha Comptonor aRayleighinteractionoccured:
the dataoutputvariablesusedarenamedcomp\VolName andRayleigh\VoIName

Attachment of the phantomSD

One rst needdo de ne adummy air- lled volumecoveringthewhole eld-of-view of thescan-
ner

Then,all the sourcevolumesshouldbe offsprings(director indirect) of this volume.

Last, all thesevolumes(FOV andsourceskhouldbe attachedo the phantomSDusingthe com-
mandattachPhantomSD

IMPOR TANT: In orderto retrieve dataoutputinformationson hits occuringin the phantomSinPhan-
tomComptorandcomp\bIName),acrystalSDhasto bede nedin additionin thesimulation.Otherwise,
dataoutputvariableswill be createdbut empty Whenall theseconditionsaresatis ed, ary interaction
taking placewithin the FOV of the scannelis automaticallyrecordedby the phantomSDso that the
numberof Comptoninteractiongor eachphotoncanbe accuratelycomputed.

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

Hereis an exampleof commanddines that shouldbe includedwithin the macroin orderto usethe
phantomSDThesecommandines mustbe insertedafter the descriptionof the attachmento the sys-
tems:

Firstcommandsire usedo attach thescatteringvolumeso thedetectiorievel “base” of the SPECThead
system.

# ATTACH SYSTEM

/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,seconccommandsittach thephantomSDo thevolumesepresentinghescatteringvolumesn the
geometry

# ATTACH SENSI TI VE DETECTOR
/gate/FOV/attac hPhanto m®
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/gate/head/atta chPhant onSD
/gate/body/atta chPhant omSD

Finally, the last commandsre usedto attach the scintillation crystalto the detectionlevel "crystal” of
the SPECTheadystenmandto attach the crystalSDto the volumerepresentinghe scintillation crystalin
thegeometry

# ATTACHSYSTEMAND SENSITIVE DETECTORCRYSTALSDIN ORDERTO RETRIEVE
DATA OUTPUTSON PHANTOMSD

/gate/systems/S PECThead/ cr ysta l/a tt achCry sta IS D

/gate/crystal/a tt achCrysta IS D

IMPOR TANT: It'simpossibleto attachtwo sensitve detectordo the samevolume.

Thus,in orderto beableto countalsothe Comptoninteractionsoccuringin the scintillatingcrystal,the
variablenCrystalCompton hasbeencreated:its role is similar to thatof the variablenPhantomComp-
ton, e.git storeshe numberof Comptoninteractiondn the scintillatingcrystal.

In the caseof a voxellized matrix: Previous commandgo attachsensitve detectorsare usedfor the
volumescreatedusingthe geometrycommandf GATE (seeChapter3). In orderto recordthe same
informationconcerningheinteractionsoccuringin a voxellized matrix (seeChapter7), two othercom-
mandlineshave beencreatedMatrixCrystalSD andMatrixPhantomSD for attachingespectiely the
sensitve detectorcrystalSDandphantomSDQo a voxellized matrix.

First,thevoxellizedmatrix is attachedto the systenscanner

# ATTACH SYSTEM
/gate/systems/s canner/ le vell /a tta ch replicaMatrix

Then,the matrix is attachedto thecrystalSD.

# ATTACH SENSI TI VE DETECTOR
/gate/replicaMa tr ix /Matr ix Crystal SD
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Chapter 6

Setup the physics

6.1 Physicsprocess

The descriptionof all of the physicsprocesseslescribechereare extractedfrom the Geant4Physical
Users Guide.

6.1.1 Processmodel

With Geant4two typesof packagesreavailableto simulateelectromagnetiprocesses
StandarcEnegy Electromagneti®rocesseéSEP)
Low Enegy Electromagneti®rocessef_ EP)

With the SER it is possibleto simulatephotoelectricand Comptondiffusion interactionswith an

enegy higherthan10 keV. Concerninghe LEP packagethe Geant4physicaltutorial givessomecom-
mentsanddetails:
Thelow enegy processesf Geantdrepresenelectromagnetinteractionsat lower enegiesthanthose
coveredby the equivalent Geant4dstandarcdelectromagnetiprocessesThe currentimplementatiorof
low enegy processess valid for enegiesdown to 250 eV (andcanbe usedup to approximatelyl00
GeV), unlessdifferently speci ed. It coverselementswith atomicnumberbetweenl and99. All pro-
cessednvolve two distinctphases:

the calculationanduseof total crosssectionsand
thegeneratiorof the nal state.

Both phasesrebasednthetheoreticaimodelsandon exploitationof evaluateddata. The datausedfor
the determinatiorof cross-sectionandfor samplingof the nal stateareextractedfrom a setof freely
distributedevaluateddatalibraries:

EPDL97(EvaluatedPhotondDatal.ibrary) ;
EEDL (EvaluatecElectronsDatalLibrary) ;
EADL (EvaluatedAtomic DataLibrary) ;

stoppingpower data;
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6.1Physicsprocess

bindingenegy valuesbasedn dataof Sco eld .

Evaluateddatasetsareproducedhroughthe procesof critical comparisonselectionrenormaliza-
tion and averagingof the available experimentaldata,normally complementedby modelcalculations.
Thesdlibrariesprovide thefollowing datarelevantfor the simulationof Geantdlow enegy processes:

total cross-sectionfor photoelectrieffect, ComptonscatteringRayleighscatteringpair produc-
tion andbremsstrahlung,

subshelintegratedcrosssectiondor photoelectrieeffect andionization,

enepy spectraof the secondariefor electronprocesses,

scatteringunctionsfor the Comptoneffect,

form factorsfor Rayleighscattering,

bindingenegiesfor electrondor all subshells,
transitionprobabilitiesbetweersubshellor uorescenceandthe Augereffect,and

stoppingpowertables.

The enegy rangecoveredby the datalibrariesextendsfrom 100 GeV down to 1 eV for Rayleigh
and Comptoneffects,down to the lowestbinding enegy for eachelementfor photoelectriceffect and
ionization,anddown to 10eV for bremsstrahlungThe nal stateproductsof theprocessearegenerated
by samplingrelevant physicalquantities suchasenegiesandangulardistributionsof secondariedrom
distributionsderived from theoreticaimodelsandevaluateddata. The enegy dependencef the param-
eterswhich characterizehe distributionsis taken into accounteitherby directinterpolationof the data
availablein thelibraries,or by interpolationof valuesobtainedfrom ts to the data. Whengenerating
the nal state,anatomof the materialin which theinteractionoccursis randomlyselectecandatomic
de-ecitationis simulated.Secondariesrhichwould be producedvith enegiesbelawv theiruserde ned
productionthresholdarenot createdandtheir enegy is depositedocally.

6.1.2 Procesdist
Photoelectriceffect

CrossSectionand Mean FreePath

Thephotoelectrieffectis theejectionof anelectronfrom a materialafteraphotonhasbeenabsorbedby
thatmaterial. It is simulatedby usinga parameterizeghotonabsorptiorcrosssectionto determinghe
meanfree path,atomicshelldatato determingheenegy of theejectecelectron andthe K-shellangular
distribution to samplethe directionof the electron. The parameterizationf the photoabsorptiorross
sectionproposedy Biggsetal. [16] wasused:

a(Z;E )+ b(z;E )+ c(Z;E )+ d(Z;E )
E E?2 E3 E4

(Z;E )=

Usingthe least-squaremethod,a separatet of eachof the coefcients a, b, ¢, d to the experimental
datawasperformedin several enegy intenals. As arule, the boundarie®f theseintenals wereequal
to the correspondinghotoabsorptiordges.In a given materialthe meanfree path, , for a photonto

interactvia the photoelectrieffectis givenby :

X
(E)=( na: (Z:E)) !
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Whereng; is thenumberof atomspervolumeof thei™ elementof the material. The crosssectionand
meanfree patharediscontinuousindmustbe computedon the y' from the 2 precedenformulas.
Final State

The binding enegies of the shellsdependon the atomichnumberZ of the material. In compound
materialsghei™ elemenis choserrandomlyaccordingo the probability:

ati (Zi;E)
iNai i(E )]
A quantumcanbe absorbedf wheretheshellenegiesaretakenfrom G4AtomicShellslata:the closest

availableatomicshellis chosenln thecurrentimplementationtherelaxationof theatomis notsimulated,
but insteads countedasalocal enegy deposit.

Prolz;;E )

Compton effect

CrossSectionper Atom and Mean FreePath
Whensimulatingthe Comptonscatteringpf a photonfrom anatomicelectron anempiricalcrosssection
formulais used which reproduceshe crosssectiondatadowvn to 10 keV. The valuesof the parameters
canbefoundwithin the methodwhich computeghe crosssectionperatom.A t of theparametersvas
madeto over511datapointschoserfrom theintenals1 Z  100andE gamma 2 [10keV; 100GeV].
In agivenmaterialthe meanfreepath, , for a photonto interactvia Comptonscatterings givenby :

X
(E =( nai: (ZEE ) Y

Whereng;i is thenumberof atomspervolumeof theit™ elemenif thematerial.
Final State

The guantummechanicaKlein-Nishinadifferentialcrosssectionperatomis :

zits @ S

d r2mec2
1+

d ¢ Eo

where:
re = classicaklectronradius
Mme = electronmass
E = enegy of theincidentphoton
E1 = enegy of thescattereghoton
= E1=Eg
Assuminganelasticcollision, thescatteringangle is de ned by the Comptonformula:

MeC?

Eq,=
! OmecZ+ Eo(1 cos )
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Rayleight effect

Total CrossSection
Thetotal crosssectionfor the Rayleighscatteringprocesds determinedrom the dataasdescribedn
low enegy processsection.

Sampling of the Final State
The coherensscattereghotonangleis sampledaccordingto the distribution obtainedfrom the product
of theRayleighformula(l + cos )sin andthesquareof Hubbels form factorF F 2(q)

(E; )=[1+ cos Jsin :FF?(q)

whereq = 2E:sin( =2) isthemomentuntransfer

Form factorsintroducea dependenc on the initial enegy E of the photonthatis not taken into
accountin the Rayleighformula. At low enegies,form factorsareisotropicanddo not affect angular
distribution, while at high enegiesthey areforward pealed.

Thesamplingprocedurds asfollows :

cos is choserfrom auniformdistribution between1 andl1

theform factorF F is extractedfrom the datatablefor the considerecglementusinglogarithmic
datainterpolationfor q= 2E:sin( =2)

if thevalueobtainedor ( E; ) is largerthanarandomnumberuniformly distributedbetweerD
andz ?, the procedurds repeatedrom stepl, otherwise is takenasthe photonscatteringangle
with respecto its incidentdirection.

theazimuthaldirectionof the scatteregphotonrandomlyis chosen.

Electron and positron physics

In GATE, the SEPis usedfor modelingthe transportof electronsand positrons. The mostimportant
processeare:

Multiple Scattering
lonization;
Bremsstrahlung
(e* e ) annihilation.

Multiple Scattering

GEANT4 usesa new multiple scattering(MSC) modelto simulatethe multiple scatteringof chaged
particlesin matter This modeldoesnot usethe Moliére formalism,but is basedon the morecomplete
Lewis theory Themodelsimulateghescatteringpf the particleaftera givenstep,andalsocomputeghe
pathlengthcorrectionandthelateraldisplacement.

MSC simulationalgorithmscanbe classi ed aseither"detailed"or "condensed"In the detailedalgo-
rithms, all the collisions/interactins experienceddy the particleare simulated. This simulationcanbe
consideredasexact; it givesthe sameresultsasthe solutionof the transportequation.However, it can
beusedonly if thenumberof collisionsis nottoo large,a conditionful lled only for specialgeometries
(suchasthin foils), or low enoughkinetic enegies. For larger kinetic enegiesthe averagenumberof
collisionsis very large andthe detailedsimulationbecomesvery inefcient. High enegy simulation
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codesusecondensedimulationalgorithms,in which the globaleffectsof the collisionsaresimulatedat
the endof atrack segment. The global effectsgenerallycomputedn thesecodesarethe netdisplace-
ment,enegy loss,andchangeof directionof the chagedparticle. Thesequantitiesarecomputedrom
the multiple scatteringheoriesusedin the codes.The accurayg of the condensedimulationsis limited
by the approximation®f the multiple scatteringheories.

Most particle physicssimulationcodesusethe multiple scatteringtheoriesof Moliére, Goudsmitand
Saundersomnd Lewis. Thetheoriesof Moliere and Goudsmit-Saundersagive only the angulardis-
tribution after a step,while the Lewis theorycomputeghe momentsof the spatialdistribution aswell.
None of theseMSC theoriesgives the probability distribution of the spatialdisplacement.Therefore
eachof the MSC simulationcodesincorporatests own algorithmto determinethe spatialdisplacement
of thechagedparticleaftera given step. Thesealgorithmsarenot exact, of courseandareresponsible
for mostof theuncertaintiesn the MSC codes.Thereforeghesimulationresultscandependnthevalue
of thesteplengthandgenerallyonehasto selectthevalueof the steplengthcarefully

A new classof MSC simulation,the "mixed" simulationalgorithms,appearedn theliteraturerecently
The mixed algorithmsimulateghe "hard" collisionsoneby oneandusesa MSC theoryto treatthe ef-
fectsof the "soft" collisionsatthe endof a given step.Suchalgorithmscanpreventthe numberof steps
from becomingoo large andalsoreducethe dependencen the steplength.

The MSC modelusedin GEANT4 belongsto the classof condensedimulations. The modelis based
on Lewis' MSC theoryandusesmodelfunctionsto determinethe angularandspatialdistributionsafter
a step. Thefunctionshave beenchoserin suchaway asto give the samemomentsof the (angularand
spatial)distributionsasthe Lewis theory

lonization

The G4elonisatiorclasscalculateghe continuousanddiscreteenegy lossesof electronsandpositrons
dueto ionizationin a material. Above a giventhresholdenegy the enegy lossis simulatedby the ex-
plicit productionof deltaraysby Moller scattering(e e ), or Bhabhascattering(e® e ). Below the
threshold soft electronsejectedaresimulatedasa continuousnegy lossof theincidente .
Bremsstrahlung

The classG4eBremsstrahlungalculateghe enegy lossof electronsandpositronsdueto the radiation
of photonsin the eld of anucleus.Above a giventhresholdenegy the enegy lossis simulatedby the
explicit productionof photons. Below the threshold,emissionof soft photonsis treatedasa continu-
ousenegy loss. The equationusedfor this simulationarethe very similar to thoseusedin GEANT3.
Theonly importantdifferenceis thatin GEANT4 boththe Landau-Pomeranchuk-Migdaffect andthe
dielectricsupressiorof bremsstrahlunfpave beenimplemented.Only the dielectricsuppressiolis im-
plementedn GEANT3, whereit is referredto asthe Migdal correction.

Positron and electron annihilation

For the positronphysics,this is alsothe Standardenegy Packagewhich is implemented.Concerning
the positron/electromnnihilation the classGatePositronAnnihilatiosimulateghein- ight annihilation
of a positronwith an atomicelectron. As is usuallydonein shaver programsit is assumederethat
the atomicelectronis initially free andat rest. Also, annihilationprocessegroducingone,or threeor
more,photonsareignoredbecauseheseprocessearenggligible comparedo the annihilationinto two
photons.The  non-colinearityis taken into account. The meanvalue of the angledistribution is *
0:5°.

6.1.3 Changinga processselection

Thephysicalprocessewhichspeci edfor electronandpositrontransportarehardcodedn the software
andcannotbealtered.Usercande ne the photonprocesseblist andfor eachprocesstheusercanselect
the speci ¢ enegy modelwith the following commands
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standard : usestandardnodel(SEP);
lowenemgy : uselow-enegy model(LEP);

inactive : do notsimulatetheinteraction.

6.1.4 Example of processselection

An exampleof a scriptcommandinesto de ne acompletephotonphysiclist :

/gate/physics/g ammadse le ct Phot oel ectr ic lowenergy
/gate/physics/g anmase le ct Comgon standard
/gate/physics/g ammadse le ct Rayl eig h inactive

6.2 Settingthe cut

Thecutfunctionsin GATE de ne somethresholdgor the productionof secondaryarticles.We have 2
sortsof cuts,the cutin rangeandthecutin enegy.

Concerninghecutin range thisis thede nition of the minimal distancefor allowing production.This
cutis notappliedcloseto thevolumeboundariegndit is not appliedfor someparticles.

Thecutin enegy de nesthe minimumenegy for allowing production. This cutis alwaysappliedfor
low enegy processes.

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

GATE allows the userto setthreetypesof cutsthatareappliedon electron X-ray and ray (low-enegy
electronswhich areproducedby someatomicinteractions).

Thecutwhichis appliedon electronis a cutin rangeandwe cande ne it with thefollowing command
line:

/gate/physics/s et Elect ronCut 30. m
In thisexample,if the electronrangeis lessthan30 metersthe particleis notgenerated.

For X-ray and ray, enegy cutscanbeappliedas:

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

In thisexample,if the X-ray or rayenegy is lessthanl GeV, particlesarenotgenerated.

6.2.2 Example of acompletephysiclist

/gate/physics/g anmase le ct Phot oel ectr ic lowenergy
/gate/physics/g ammdse le ct Compon standard
/gate/physics/g anmase le ct Rayl eig h inactive

/gate/physics/s et Elect ronCut 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 geometrydetectordescriptionand processesle nition. This
initialization build the geometryandthe crosssectiontablesfor eachprocess.

6.3.2 Commandline

Thecommandine to initialize the physicsis :

[run/initialize
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Chapter 7

Activity, source

7.1 The GPS(General Particle Source)

To introducea sourceinto a GATE simulation theusemeedsrst to de ne the propertieof theactivity
distribution, thenthe geometry GATE canmodelcomples actvity distributions. For eachnew event,
thesourcemanagerandomlydecideshasedntotal sourceactvities, which sourcedecayslt' sthenthe
chosersourcethattakescareof generatingoneor moreprimary particles.The Geant4'‘GeneralParticle
Source”is usedto shootparticlesof agiventypeto a givendirectionwith a givenkinetic.

7.2 Createasource

Simulationscanusemultiple sources.Eachsourceis independentlIt hasa userde ned nameandits
own commandree:

/gate/source/NA ME

where“NAME” de nesthearbitrarily userde ned nameof thesource.

7.2.1 Add asource

The rst stepis to addthe source.To adda sourcetheusersimply 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 atype of emission

After insertingthesource the next stepis to de ne the propertiesof the source:actvity, type,enegy.
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De ne activity

To de ne the actvity of the given source the userde nesthe amountof actvity andits unit usingthe
following command:

/gate/source/NA MHEs etAct iv it y 5. becquerel

In this example,the total activity of the sourcereferredto as“NAME” is setto 5 Bg. The actiity
canbede nedin Curie(Ci) aswell asin Becquere(Bq).

De ne the type
The next stepis to de ne the type of the source. Threedifferenttypesof sourcesareavailable: “ion”,
“positron”, and“gamma”.

Theion typecansimulateary ion by de ning its atomicnumber(Z), atomicweight(A), ionic chage
in unitsof enegy (Q), andits excitationenepgy in keV (E). It incorporatesheradioactve decay
To usetheion source

/gate/source/NA MEg ps/ part ic le ion
/gate/source/NA MHEg ps/ion 8 15 0 0

In theabove example,anion sourceof oxygen-15hasbeende ned with Z=8, A=15, Q=0,E=0.
If it'stoo slow, the otheroptionis to de ne thepositron. Thepositronhasto beforcedto be unstable
andis thende ned by its half-life andits enegy typei.e. its spectrum.

To usethe positronsource:

/gate/source/NA MHEg ps/ part ic le e+

/gate/source/NA MEg ps/ setF or cedUnst able Fl ag true
/gate/source/NA MEg ps/ setF or cedHalf Li fe 6586 s
/gate/source/NA MEg ps/ ener gyty pe Fluorl8

In the exampledescribedabore, the uorine-18 hasbeendescribed. The differentenegy spectra
distibution typesavailablewill bedetailedin the next section.

The lastway to de ne a sourceis to simply descibeit asa gammaphotonemission. This type of
emissionwill beusedfor SPECTsystemr to simulateX-Ray generators.
To usethegammasource:
/gate/source/NA MEg ps/ part ic le gamma
Thebacktobackypede nesback-to-baclsourceslt's dedicatedo PET. 2 gammaphotonsaregen-
eratedat 180degrees.Thistype of sourceis fasterto simulateandallows to selectthe emissionangles.
To usethe back-to-baclsource:
/gate/source/NA MHEs etT ype backtoback

Thereis noradioactve decaysimulatedvhenusinggammasources.
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7.2.3 De ne the enegy

Now thatthetype of the sourceandthe activity arede ned, the userwill de ne thetype of enegy and
it'svalue.

De ne the type of energy
Thetype of the enepy distribution hasto be de ned. In the following example,all particleshave the
sameenepy:

/gate/source/NA MEg ps/ ener gyty pe Mono

The candidatedor the enepgy distribution type are: mono-enggetic “Mono”, linear“Lin”, power
law “Pow”, exponential'Exp”, GaussiariGauss”,bremstrahlungBrem”, black-body‘Bbody”, cosmic
diffusegammaray “Cdg”, userde ned histogram‘User”, arbitrarypoint-wisespectruni'Arb”, anduse-
de ned enegy pernucleonhistogram‘Epn”. The capitalisatioris important,only stringsgiven exactly
asaboutwill berecognized.

De ne the enemy

For gammaphotonsandback-to-baclemissionthe particleenegy is thegammaenengy:
/gate/source/NA MEg ps/ mamoener gy 511. keV

In caseof ions,theion kineticenegy is 0, theionsareatrest:
/gate/source/NA MEg ps/ maoenergy 0. ev

Whenusingpositronsourcesthecorrecte+enegy spectrunhasto bede ned (thefollowing enegy
spectrumis justanexample):

/gate/source/NA MEg ps/ ener gyty pe Arb
/gate/source/NA MEg ps/ hi st name MySource
/gate/source/NA MEg ps/ emin 1.000E-01 MeV
/gate/source/NA MEg ps/ emax 4.000E+00 MeV
/gate/source/NA MEg ps/ hi spoi nt 1.000E-01 2.0E-01
/gate/source/NA MEg ps/ hi spoi nt 5.000E-01 3.1E+01
/gate/source/NA MEg ps/ hi spoi nt 1.000E-00 6.5E+02
/gate/source/NA MEg ps/ hi spoi nt 2.000E-00 1.2E+02

/gps/arbint Lin

The threemost often usedpositronenegy spectrahave beenpre-de nedand stored. It's the en-
ey spectraof uorine-18, oxygen-15andcarbon-1Irespectiely called:“Fluorl8”, “Oxygenl5”,and
“Carbonl1l”. Thefolllowing exampleis givenfor uorine:

/gate/source/NA MEg ps/ ener gyty pe Fluorl8

Any type of enegy unit within the InternationalUnit Systemcanbe used:ev, Gev, Mev, kev...
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7.2.4 De ne the distrib ution of the emission

An emissionangledistribution canbede ned with the angularspande ned below:

/gate/source/NA MEg ps/ angt ype iso
/gate/source/NA MEg ps/ minTheta 90. deg
/gate/source/NA MEg ps/ maxTheta 90. deg
/gate/source/NA MEg ps/ minPhi 0. deg
/gate/source/NA MEg ps/ maxPhi 360. deg

In this caseall particleshave the samepolarangle(theta)of 90 degrees.They areall emittedalong
directionsorthogonalto the z-axis. The particlesare emittedwith an azimuthalangle (phi) between0
and360degreesalongall possibledirections.

By default, afull spanof 0-180degreedor thepolarangleand0-360degreedor theazimuthalangle
arede ned. Theemissionspancanbereducedor back-to-backsourcegso speedup the simulation

7.2.5 De ne the shapeof the source

Whencreatinga sourcethe laststepis to de ne its geometry Thefollowing commandie nesthetype
of sourcedistribution:

/gate/source/NA MEg ps/ ty pe Volume

In the above descriptiona volumic sourcedistribution hasbeenchose.Othertypesof sourcedistri-
bution canbeused:“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” sourcesthis canbe “Sphere”,“Ellipsoid”, “Cylinder”,
or “Para”. The default sourceis a “Point” sourceandso “Shape”is not setto ary of the above types.
Eachshapehasits own parameters:

/gate/source/NA MEg ps/ shape Cylinder
/gate/source/NA MEg ps/ radius 1. cm
/gate/source/NA MEg ps/ half z 1. mm

In the previouscommandsthe sourceds a cylinder with aradiusof 1 cmandalengthof 2 mm. Very
often, the half-lengthis givenratherthanthefull length.

To de ne a circle, one givesthe radius (“radius”), for an annulusone givesthe inner (“radius0”)
andouterradii (“radius”), andfor an ellipse,a square, or a rectangleone givesthe half-lengthsin x
(“halfx”) andy (“halfy”). A spherecanbede ned simply by specifyingtheradius(“radius”). Ellipsoids
arede ned giving their half-lenghthsn x (“halfx”), y (“halfy”), andz (“halfz”). Cylindersarede ned
suchthatthe axisis parallelto the z-axis,the useris thereforerequiredto give theradius(“radius”) and
thez half-length(“halfz”). Parallelepipedsirede 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

The positionof the sourcedistribution is thende ned by thefollowing command:

/gate/source/NA MEg ps/ centre 1. 0. 0. cm

In thatexample the centreof the sourcedistribution is 1 cm off-centeralongthe x-axis.

7.2.7 Con ne asource: movementof a source

In orderto beableto de ne sourcesn movementthe sourcedistribution hasto becon ned in a Geant4
volume. This volumewill be animatedusingthe usualGATE commandasdecscribedn Chapter4 of
this manual.

Thecommand:

/gate/source/NA MHEg ps/ confin e NAME_P

speci esthatthe emissionmustbe con ned to a volume of the Geant4geometry In this case the
emissiondistribution is the intersectionof the GeneralParticle Source(GPS)andthe Geantdvolume.
The Geantdvolumemustbe speci ed by its physicalvolumename:GATEnamet ' P'.

Oneshouldnotethatthecon nmentslowvs down thesimulation thecon nementvolumeshouldhave
anintersectiorwith the GPSshapeandthe con nementvolumeshouldnot betoo large ascomparedo
the GPSshape.

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/ geomer y/ setRmax 5. cm

/gate/MovingSou  rc e/ geomer y/ setRmin 0. cm

/gate/MovingSou  rc e/ geomer y/ setHeig ht 20. cm
/gate/MovingSou  rc e/ moves/i nsert translation

/gate/MovingSou rc e/ tra nslati on/se tSpeed 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 ceConta in er /g ps/ ty pe Volume

/gate/source/So ur ceConta in er /g ps/ shape Cylinder
/gate/source/So urceConta in er /g ps/ radi us 4. cm
/gate/source/So ur ceConta in er /g ps/ half z 30. cm

# Define the placement of the SourceContainer

/gate/source/So urceContain er/g ps/ centre 0. 0. 0. cm

# Define the source as a gamma source

/gate/source/So ur ceConta in er /g ps/ part ic le gamma

# Define the gamma energy

/gate/source/So ur ceConta in er /g ps/ ener gy 140. keV

# Set the activity of the source

/gate/source/So ur ceConta in er /s etAct 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 ceConta in er /g ps/ confin e MovingSource P

7.2.8 Example: two gamma

Thefollowing exampleshawvs a scriptto inserta point sourceof back-to-backype.

# 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/setAct iv ity 0.0000001 Ci

# The source emits pairs of particles back-to-back
/gate/source/tw ogamma/setT ype 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 ype Mono
/gate/source/tw ogamma/gps/ mmoenergy 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/ shape Sphere

/gate/source/tw ogamma/gps/ radi us 0.1 mm

/gate/source/tw ogamma/gps/ centre 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/ confine NULL

# The angular distribution of emission angles is isotropic
/gate/source/tw oganmma/gps/ angt ype iso

# The parameters below mean that the source emits
# at all angles along the =z axis

/gate/source/tw ogamma/gps/ mint 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 wogammag ps/min the ta 90. deg
#/gate/source/t wogammdég ps/maxthe ta 90. deg

# The parameters below mean that the source emits
# at all angles in the transverse (XY) directions
/gate/source/tw ogamma/gps/ minphi 0. deg
/gate/source/tw ogamma/gps/ maxp hi 360. deg

7.3 Voxelisedsource

Therearetwo possibilitieswithin GATE to readin voxelisedsourcesOnecanchoseo readin anASCII
le oraninterFileimage.
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ASCII input

The rst line of this le shouldconsistof the numberof pixelsof theimage:nx, ny, nz. This determines
thesizeof onesliceandthenumberof slicethevoxelizedsourceshouldcontain. Thesethreedimensions
arefollowedby asequencef numberspnenumbeffor eachvoxel. Thesenumbersespresertheactivity
in eachof thesevoxels andarethenlater corvertedto actualactiities usinga translatorthat canbe a
linearTranslatoror thatcanbe a rangeTanslator{only thenumbers> 0 arecorvertedinto voxels). The
macro-inputis detailedhereatfter:

# 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 (ASCIl) data.

/gate/source/vo xell rea der/ in sert image

# example for a linear translator: this scales all numbers

# directly into  activities

/gate/source/vo xel/ imageReader /tr ansl at or /in sert linear
/gate/source/vo xel/ imageReader /li near Transla to r/ setScal e 1. Bq
# example for a range translator (can not be used simultaneously)
# here the numbers of the ASCIl file are discretized in intervals
# and are then converted to predefined activities

/gate/source/vo xel/ imageReader /tr ansl at or/in sert range
/gate/source/vo xel/ imageReader /ra ngeTranslat or/r eadTabl e activityRange.d
/gate/source/vo xel/ imageReader /ra ngeTranslat or/d escribe 1

# The following line allows vyou to insert the ASCIl file
# that contains all necessary numbers for all pixels
/gate/source/vo xel/ imageReader /re adFile image.dat

# The deafult position of the voxelized source is in the 1Mst}

# quarter. So the voxelized source has to be shifted over half its
# dimension in the negative direction on each axis

/gate/source/vo xel/ set Positi on -12.8 -12.8 0. mm

# The following lines characterize the size
# no difference with an analytical source
/gate/source/vo xel/ set Type backtoback
/gate/source/vo xell gps/p arti cl e gamma
/gate/source/vo xell gps/e nerg yt ype Mono
/gate/source/vo xel/ gps/monoenergy 511. keV
/gate/source/vo xel/ gps/a ngty pe iso
/gate/source/vo xell gps/mintheta 90. deg
/gate/source/vo xell gps/maxth eta 90. deg
/gate/source/vo xell gps/min phi 0. deg
/gate/source/vo xell gps/maxphi 360. deg
/gate/source/vo xel/ gps/c onfi ne NULL

/gate/source/vo xel/ dump 1
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An exampleof arangetranslationtablefor numbergo actities (activityRange.datn the example)
is shavn belaw:

# set the number of subdivisions

6

# define the intervals ex. [200,210] and attach
# a correlated activity: 1. Bg in this example
200 210 1.

211 220 3.

221 230 5.

231 240 10.
241 250 20.
251 255 40.

whereyou specifythe numberof subdvisions (6 in this example),followed by their rangeandthe
actualactvity. If thenumberin the ASCII le, for agivenvoxel, is for instancebetweer221 and230,
thenthe actiity for that voxel is setto 5. Bg. The resultingvoxelized sourcehasthusa discretized
numberof actvity values(preliminarsegmentation).

InterFile input

Anothermoreuserfriendly possibilityis to readin animagestoredin InterFile format, wherethe gray
scaleof theimageis corvertedinto actiity values.TherangeTanslatoithe samekind astheoneabore.
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 xell rea der/ in sert 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 xel/ int erfi le Reader/ tr ansl ato r/ in sert range
/gate/source/vo xell int erfi le Reader/ .. .

...[rangeTransl at or /re adTabl e activityRange.da t
/gate/source/vo xel/ int erfi le Reader/ rangeTran sl at or/d escri be 1
# The following line allows vyou to insert the Interfile datafile

/gate/source/vo xel/ int erfi le Reader/ re adFile hof.h33
/gate/source/vo xell int erfi le Reader/ verbose 1
# The following lines  characterize the size
# no difference with an analytical source
/gate/source/vo xell set Type backtoback
/gate/source/vo xell gps/p arti cl e gamma
/gate/source/vo xell gps/e nerg yt ype Mono
/gate/source/vo xell gps/monoenergy 140. keV
/gate/source/vo xel/ gps/a ngty pe iso
/gate/source/vo xell gps/mintheta 0. deg
/gate/source/vo xell gps/maxth eta 90. deg
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slice 40 slice 42

slice 41 slice 43

Figure7.1: emissionmapfrom digital Hoffman phantom(left:data- right: translatedactiity
values).

/gate/source/vo xell gps/min phi 0. deg

/gate/source/vo xell gps/maxphi 360. deg

/gate/source/vo xel/ gps/c onfi ne NULL

# The deafult position of the voxelized source is in the 1Mst}

# quarter. So the voxelized source has to be shifted over half its
# dimension in the negative direction on each axis

/gate/source/vo xel/ set Posi ti on -128. -128. 0. mm

/gate/source/vo xel/ dump 1

Usingthis InterFilereaderary digital phantonor patientdata,storedin InterFileformat,canberead
in asemissiondistribution. An exampleof the Hoffmanbrainphantomwherethe gray scaleshave been
translatedo actiity distributionsis shavnin gure 7.1.

GATE also offers the possibility to readin voxelisedattenuationgeometriedollowing thesetwo
stratgjies. The grayscaleis thencorvertedto materialde nitions in thatcaseusingananalogoudrans-
lator.
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Chapter 8

Digitizer and readoutparameters

8.1 General Purpose

The purposeof the digitizer moduleis to simulatethe behaior of the scannes detectorsand signal

processinghain. In this section the algorithmsusedto simulatea scannerlectronicreadoutscheme
aredescribed.To introducethem,an overview of the mainstepsusedto producecoincidence$rom the

simulatedparticle trajectoriesinformationis brie y describedbelown. Following this, a more detailed
explanationof how to controlthe behaior of eachof thesestepsis given. Finally, a completeexample
of areadoutmacro le is presented.

8.1.1 From particle detectionto coincidencesn GATE

GATE makesuseof Geant4to generatgarticlesandtransporthemthroughthedifferentmaterials.This
mimics the physicalinteractionsbetweenparticlesand matter The informationgeneratediuring this
processs usedby GATE to simulatethe detectompulsegdigits), which correspondo theobsereddata.
Thedigitizer representthe seriesof stepsand Iters thatmake up this process.

Thetypical data- ow for aneventis composedsfollows:

1.

2.

A patrticleis generatedith its parameterssuchasinitial type,time, momentumandenegy.

An elementartrajectorystep(referredto in Geantdsimply asa step is applied. A stepcorre-
spondgto the trajectoryof a particle betweendiscreteinteractiong(i.e. photoelectricCompton,
pairproduction gtc). Duringastepthechangeso particles enegy andmomentumarecalculated.
Thelengthof a stepdependsiponthe natureof interaction thetype of particleandmaterial,etc.
The calculationof steplengthis complex andis mentionedhereonly brie y. For moredetails,
pleaseeferto [5].

. If astepoccurswithin avolumecorrespondingo a sensitve detector{Chapters), theinteraction

informationbetweerthe particleandthe materialis stored. For example,this informationmay
include the depositecenepgy, the momentumbeforeand after the interaction,the nameof the
volumewheretheinteractionoccurred andsoon. This setof informationis referredto asa Hit.

Step and3 arerepeatedintil theenegy of theparticlebecomes$owerthanaprede nedvalue,or
the particlepositiongoesoutsidethe prede nedlimits. Theentireseriesof stepsorm asimulated
trajectoryof a particle,thatis calleda Track in Geant4.

83



8.1General Purpose

5. Theamountbof enegy depositedn acrystalis Itered by thedigitizermodule.Theoutputfrom the
digitizer corresponds$o the signalafterit hasbeenprocessetby the FrontEndElectronicg FEE).
Generally the FEE are madeof several processingunits, working in a serialand/orin parallel.
This processf transformingthe enegy of a Hit into the nal digital valueis calledDigitization
andis doneby thedigitizer portion of the GATE architecture Eachprocessinginit in the FEE s
representeth GATE by a correspondingligitizer module The nal valueobtainedafter Itering
by a setof thesemoduless calleda Single(Singlescanbe savedasoutput). Eachtransientvalue,
betweertwo modulesjs calleda Pulse

This processs repeatedor eacheventin the simulationin orderto produceoneor moresetsof Singles
TheseSinglescanbe storedinto anoutput le (asa ROOT tree,for example).

Oncethislist is createdasecondprocessingtages insertedo sortthe Singledist for coincidences.
To dothis, thealgorithmsearche this list for asetsof Singlespairs', thataredetectedwithin thegiven
timeintenal (thesocalled'coincidentevents’).

De nition of ahit

In Geant4ahit is asnapshobf the physicalinteractionof atradk within asensitve region of adetector
Theinformationgivenby a hit is

Positionandtime of thestep

Momentumandenegy of thetradk

Enegy depositionof the step

Interactiontype of the hit

Volumenamecontainingthe hit

As aresult,thehistoryof aparticleis savedasaseriesof hits generate@longtheparticlestrajectory
In additionto the physicalhits, Geantdsaresa specialhit. This hit takes placewhena particlemoves
from onevolumeto another(this type of hit depositszeroenegy). The hit datarepresentshe basic
informationthata userhaswith which to constructhe physicallyobserable behaior of a scannerTo
seetheinformationstoredin a hit, seethe le GateCrystalHit.hh

8.1.2 Role of the digitizer

As mentionedabore, the informationcontainedn the hit doesnot correspondo whatis accessibldy

arealdetector To simulatethe digital values(pulse$ thatresultfrom the outputof the FrontEnd Elec-
tronics,the samplingmethodsof the signalmustbe speci ed. In orderto do this, a numberof digitizer
modulesareavailableandaredescribedelon. Moreover, in the caseof PET analysisthetriggerlogic

is basedn oneor moredecisiongde ned by theuserthatdependuponphysicallyobsenablequantities
suchas,enepy thresholdsandcoincidencdimes.

n thecurrentversionof GATE, only pairsof suchcoincidenteventscanbetreated put extendingthetreatment
to multiple coincidentsinglesis foreseen.
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Therole of thedigitizer is to build, from the hits information, the physicalobserables,which in-
cludeenenpy, position,andtime of detectiorfor eachparticle. In addition,thedigitizer mustimplement
the requiredlogic to simulatecoincidencesluring PET simulations. Typical usageof digitizer module
includesthefollowing actions:

- simulatedetectoresponse
- simulatereadoutscheme
- simulatetriggerlogic

Theseactionsare accomplishedy insertingdigitizer modulesinto GATE, asis explainedin the next
sections.

8.2 Digitizer modules

The digitization consistsof a seriesof signal processors.The outputat eachstepalongthe seriesis
de nedasapulse At theendof thechain,theoutputpulsesarenamedsingles TheseSinglegealistically
simulatethe physicalobserablesof a detectors responséo a particleinteractingwith it. An exampleis
shavn gure 8.1.

Figure8.1: Thedigitizer is organizedasa chainof modulesthat begins with the hit andends
with the singlewhich representshe physicalobsenablesseenfrom the detector

To specifya new signal-processingiodule(i.e. adda new processinginit in the readoutscheme),
in themacro le by usingthesimplecommandemplate:

/gate/digitize r/ in sert MODULE

WhereMODULEs the nameof the digitizer module. Note that, the order of the module declaration
shouldmalke senseln generalthedata o w follows thesameorderasthatof moduleswithin themacro.
In atypical scannethefollowing sequencavorkswell, however, it is not mandatorythe modulenames
will beexplainedin therestof the chapter):

- insertadderbeforereadout
- insertreadoutbeforethresholder/uphotet

- insertblurring beforethresholder/uphder

Theavailablemodulesareexplainedin thefollowing sections.
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8.2.1 Adder
De nition

Onepatrticleoftencreategnultiple interaction andconsequentlynultiple hits, within agivencrystal. For

instancea photonmay interactwith a singlecrystalby two Comptonscatteringeventsanda photoelec-
tric absorption.The rst stepof thedigitizeris to sumall the hits thatoccurwithin the samecrystal(i.e.

the samevolume). This is dueto the factthatthe electronicsalways measureanintegratedsignal,and

do not have thetime or enegy resolutionnecessaryo distinguishbetweertheindividual interactionsof

the particlewithin a crystal. This digitizer actionis completedoy amodulecalledthe adder Generally

theaddershouldbethe rst moduleof adigitizer chain.

The adderactson the lowestlevel in the systemhierarchy(as explainedin the chapter4). This
considerationmpliestwo requirementén orderto usetheaddermodule:

1. A registeredsystemmustbe usedto describehe geometry(alsothe mothervolumes namemust
correspondso aregisteredsystemname)

2. Thelowestlevel of this systemmustbeattachedo thedetectovolumeandit mustbedeclaredas
asensitivedetector

Theaddemregroupshits pervolumeinto apulse If oneparticlethatentersadetectormakesmultiple
hits within two different crystalsvolumesbeforebeing stopped.the output of the addermodulewill
consistof two pulses Eachpulseis computedasfollows:

- theenegy is takento bethetotal of enegiesin eachvolume,
- thepositionis obtainedwith anenegy-weightedcentroidof the differenthit positions.

- thetimeis equalto the rst hit'stime

Commandline

Thecommando usetheaddermoduleis

/gate/digitizer /Sin gle s/ in sert adder

8.2.2 Readout

With the exceptionof a detectorsystemwhere eachcrystalis readby an individual photo-detector
the readoutsegmentationis often differentfrom the basicgeometricalstructuresof the detector The
readoutgeometryis anarti cial geometrythatis usuallyassociatedavith a groupof sensitivedetectos.
This groupinghasto bedeterminedy the userthrougha variablenameddepth Usingthis variable,the
pulsesaresummedf theirvolumelD's aresameto thislevel of depth

De nition

Thereadoutmoduleregroupspulsesperblock (groupof sensitivedetectos). The userneeddo specify
the block depthto indicatethe depthwithin the volumehierarchyat which pulsesaresummedogether
Theresultsof this moduleare

- thetotalenegy in ablock,

- thepositionof pulsewith maximumenegy (winnertakes-all).
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Commandline

/gate/digitizer /Sin gle s/ in sert readout
/gate/digitizer /Sin gle s/ re adout/s et Depth 1

Figure8.2 illustratesthe actionsof both the adderandreadoutmodules.The addermoduletrans-
formsthehitsinto a pulsein eachindividual volume,andthenthereadoutmodulesumsa groupof these
pulsesinto asinglepulseatthelevel of depthasde ned by theuser

Figure8.2: Actionsof theadderandreadoutmodules.

the setDepthcommandline

Theimportanceof this commandine is illustratedthroughthe following examplefrom a PET system
(seeChapterd). In a cylindricalPET system,wherethe rst volumelevel is rsector andthe second
volumelevel is module asis shawn in gure 8.3, the readoutdepthdependsuponhow the electronic
readoufunctions.

If onePMT readsthefour modulesin axial direction,declarethe depthwith thecommand,
/gate/digitizer /Sin gle s/ re adout/s et Dept h 1

Theenegy of thissingleeventis the sumof theenegy of thepulsednsidethewnhite rectangle(rsectoy,
of gure 8.3. However, if individual PMTsreadeachmodule(groupof crystals)declarethe depthwith
thecommand,
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/gate/digitizer /Sin gle s/ re adout/s et Dept h 2

In this case the enegy of the singleeventis the sum of the enegies of the pulsesinside the red box
(modulg of the gure 8.3.

Figure8.3: Settingthereadoutdepthin a CylindricalPETsystem.

The next taskis to transformthis outputpulsefrom the readoutmoduleinto a singlewhich is the
physicalobsenable of the experiment. This transformatioris the resultof the detectors responseand
shouldincludethebehaiors of the photo-detectorelectronicsandacquisitionsystem.

8.2.3 Blurring
De nition

Theblurring pulse-processanodulesimulatesGaussiamlurring of theenegy spectrunof apulseafter
thereadoutmodule. This is accomplishedy introducingaresolution,Ro (FWHM), at a giveneneqgy,
Eo. By examinin%a_Poissorprocessit is seenthatthe resolutionis afunctionof enegy, R(E), thatis
proportionalto 1= E. Theresolutionis equalto:

p__

R= Sp=2 (8.1)

To de ne Gaussiartistribution determinedy its meanm, andits standardieviation, . Theresolution
of a Gaussiartistribution is givenby:

P—
R=2 2In2— 235— (8.2)
m m
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Commandline

Usingtheblurring moduleis asfollows:
- Inserttheblurring module,
- settheresolution,
- andsetthereferencesnengy.

For example,to applyaresolutionof 15% @ 511keV, usethe following commands:

/gate/digitizer /Sin gle s/ bl urri ng
[gate/digitizer /Sin gle s/ bl urri ng/ setResol uti on 0.15
/gate/digitizer /Sin gle s/ bl urri ng/ setkE nerg yOf Refe re nce 511. keV

8.2.4 Crystal Blurring for a block detector

This type of blurring is usedfor the scanneravhereall the detectorsare the sametype of crystal. In
this case,t is often usefulto assigna differentenegy resolutionfor eachcrystalin the detectorblock,
betweera minimumanda maximumvalue.In addition,in orderto modelthe ef ciency of the systema
coefcient (betweerD and1) canbeset.

Commandline

As anexample,to setarandomblurring of all the crystalshetweenl5% and35%at a referenceesnegy
of 511keV, andwith aquantumefciency of 90% usethefollowing commands:

/gate/digitizer /Sin gle s/ in sert crystalblurring

/gate/digitizer /Sin gle s/ crysta lbl urri ng/s etCry st al Resol ut io nMn 0.15
/gate/digitizer /Sin gle s/ crysta lbl urri ng/s etCry st al Resol ut io nMax 0.35
/gate/digitizer /Sin gle s/ crysta lbl urri ng/s etCry st al QE 0.9

/gate/digitizer /Sin gle s/ crysta lbl urri ng/s etCry st al Energ yOfR ef er ence 511.keV

In this example,for eachinteractionthe programrandomlychoosesa crystalresolutionbetween0.15
and0.35. Thecrystalsarenotassigned constantesolution.The parametercrystalquanturmef ciency?
(setCrystalQE)is x edandrepresentshe probabilityto detectthe eventby the photo-detector

8.2.5 Local Blurring for a detector module with 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 interactionmeasuremenwith a phoswichmodulein a
CylindricalPETsystem).

2This parameterepresentshe effect of the transferef ciency of the crystalandthe quantumef ciency of the
photo-detector
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Commandline

To applythe LocalBlurring module,usethe following:

- Insertthe LocalBlurringmodule,

- chooseavalid detectowvolumenametheblurring will be appliedto,

- settheresolutionfor this volume,

- andsetthereferenceenegy for thisvolume.

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

/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer

/Sin gle
/Sin gle
/Sin gle
/Sin gle
/Sin gle
/Sin gle
/Sin gle

s/ in
s/ lo
s/ lo
s/ lo
s/ lo
s/ lo
s/ lo

sert localBlurring

calB lur
calB lur
calB lur
calB lur
calB lur
calB lur

ri
ri
ri
ri
ri
ri

ng/c hoose New\bl une crystall

ng/c ry sta I1 /s et Resol utio n 0.153

ng/c ry sta I1 /s et Energ yOfR ef er ence 511 keV
ng/c hoose New\bl une crystal2

ng/c ry sta 12 /s et Resol utio n 0.247

ng/c ry sta 12 /s et Energ yOfR ef er ence 511 keV

BEWARE: crystallandcrystal2mustbevalid SensitiveDetectorvolumenamed!

8.2.6 Intrinsic resolutionblurring with crystals of differ ent composition

For a phoswichdetectorin orderto more preciselysimulatethe enegy resolution,a bettermodelthan
thelinearlaw of equatior8.1is required.

De nition

This blurring pulse-processaimulateslocal Gaussiarblurring of the enegy spectrum(different for
severalcrystals)basedn thefollowing model:

R

S

2:35%

Nph p

1+
+ R;? (8.3)

whereNpy = LY E andLY, pand , areLight Yield, Transfer and QuantumEf ciencies for each
crystal. is therelative varianceof the gain of a PhotoMultiplier Tube(PMT) or an AvalanchePhoto
Diode (APD); it is hard-coddedndsetto 0.1. If theintrinsic resolutions(Rj), of theindividual crystals
arenotde ned, thenthey aresetto one.

To usethis digitizer moduleproperly severalmodulesnustbeset rst. Thesedigitizer modulesare,
GateLightYeld, GateTansferEfciency, and GateQuantumEtiency. After de ning thesequantities,
thecommandinesfor multi-crystaltypeblurring aregiven below.

De nition of the Light Yield

TheLight Yield pulse-process@imulateghecrystals light yield. Eachcrystalmustbegiventhecorrect
light yield. This modulecorvertsthe pulses enegy into the numberof scintillation photonsemitted,

Nph.
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8.2 Digitizer modules

De nition of the Transfer ef ciency

The Transferefciency pulse-processaimulatesthe transferef ciencies of the light photonsin each
crystal. This digitizer reduceghe pulses enegy (by reducingthe numberof scintillation photons)y a
transferef ciency coefcient which mustbeanumberbetweerD andl.

De nition of the Quantum ef ciency

The Quantumefciency pulse-processaimulateshe quantumef ciency for eachchannelof a photo-
detectorwhich canbea PhotoMultiplier Tube(PMT), or an Avalanch&”hotoDiode (APD).

Command linesfor usingintrinsic resolution

To introducethecommandines, usinganexampleof a phoswichmodulemadeof two layersof different
crystals.Onecrystalhasal light yield of 27000photonsperMeV (LSO crystal),a transferef ciency of
28%, andanintrinsic resolutionof 8.8%. The othercrystalhasa light yield of 8500 photonsper MeV
(LUYAP crystal),atransferef ciency of 24%,andanintrinsic resolutionof 5.3%.

In the caseof a cylindricalPET system the constructiorof the crystalgeometryis truncatedor clarity
(thetruncationis denotedby theellipsis). Thedigitizer commandinesare:

# LSO layer
/gate/crystal/d aughter s/ name LSOlayer

# BGO layer
/gate/crystal/d aughter s/ name LuYAPIlayer

# ATTACH SYSTEM

/gate/systems/c yl in dri calP ET/c rys tal/ at ta ch crystal
/gate/systems/c yl in dri calP ET/l ayerO/att ach LSOlayer
/gate/systems/c yl in dri calP ET/l ayerl/att ach LuYAPlayer
# ATTACH CRYSTAL SD
/gate/LSOlayer/ at ta chCry st al SD

/gate/LUYAPlaye 1/ at tac hCry st al SD

In this examplethe phoswichmoduleis representetby the crystalvolumeandis madeof two different
materiallayers.To applytheresolutionblurring of equatior8.3,the parametergiscusse@bose mustbe
de nedfor eachlayer(i.e. Light Yield, Transfey Intrinsic Resolutionandthe QuantumEf ciency).

# DEFINE TRANSFEREFFICIENCY FOR EACH LAYER

/gate/digitizer /Sin gle s/ in sert transferEfficie ncy

/gate/digitizer /Sin gle s/ tr ansf erE ff ic ie ncy/c hooseNewVol ume LSOlayer
/gate/digitizer /Sin gle s/ tr ansf erE ff ic ie ncy/L SQa yer/ set TECoef 0.28
/gate/digitizer /Sin gle s/ tr ansf erE ff ic ie ncy/c hooseNewVol ume LuYAPlayer
/gate/digitizer /Sin gle s/ tr ansf erEff ic ie ncy/L uYAPa yer/s et TECoef 0.24
# DEFINE LIGHT YIELD FOR EACH LAYER

3A completeexampleof a phoswichmoduleis foundin the PET benchmarkn the CVS repositoryof Gate
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/gate/digitizer /Sin gle s/ in sert lightYield

/gate/digitizer /Sin gle s/ li ghtYiel d/ chooseNewolu me LSOlayer
/gate/digitizer /Sin gle s/ li ghtYiel d/ LSOlayer/ setL ig ht Output 27000
/gate/digitizer /Sin gle s/ li ghtYiel d/ choose Newolu me LuYAPIlayer
/gate/digitizer /ISin gle s/ li ghtYiel d/ LuYAPI ayer/ setlL ig htOut put 8500
# DEFINE INTRINSIC RESOLUTIONFOR EACH LAYER

/gate/digitizer /Sin gle s/ in sert intrinsicResolu ti onBlurr ing
/gate/digitizer /Sin gle s/ in tr in sic Resolu ti onBlu rr in g/
chooseNewVolume LSOlayer

/gate/digitizer /Sin gle s/ in tr in sic Resolu ti onBlu rr in g/
LSOlayer/setint r nsicR esol utio n 0.088

/gate/digitizer /Sin gle s/ in tr in sic Resolu ti onBlu rr in g/
LSOlayer/setEne rg yOfRe fe re nce 511 keV

/gate/digitizer /Sin gle s/ in tr in sic Resolu ti onBlu rr in g/
chooseNewVolume LuYAPIlayer

/gate/digitizer /Sin gle s/ in tr in sic Resolu ti onBlu rr in g/
LuYAPlayer/setl nt ri nsi cResol ution 0.053

/gate/digitizer /Sin gle s/ in tr in sic Resolu ti onBlu rr in g/

LuYAPlayer/setE  nerg yOf Refe re nce 511 keV

# DEFINE QUANTUMEFFICIENCY OF THE PHOTODETECTOR
/gate/digitizer /ISin gle s/ in sert quantumEfficien cy

/gate/digitizer /Sin gle s/ quantu mEffi ci ency/ch oose QBE/olume crystal
/gate/digitizer /S in gle s/ quantu mEffi ci ency/se tUni queQE 0.1

Note for QuantumEf ciency:

With the previous commandsthe samequantumef ciency will be appliedto all the detectorchannels.
Theusercanalsoprovide lookuptablesfor eachdetectormodule. Thesdookuptablesarebuilt from the
users les.

To setmultiple quantumef ciencies using les (leNamel, leName2 and:: : for eachof thediffer-
entmodules) usethefollowing commands:

/gate/digitizer /Sin gle s/ in sert quantumEfficien cy

/gate/digitizer /S in gle s/ quantu mEffi ci ency/ch oose QEVolume crystal
/gate/digitizer /Sin gle s/ quantu mEffi ci ency/us eFil eDat aForQE fileNamel
/gate/digitizer /Sin gle s/ quantu mEffi ci ency/us eFil eDat aForQE fileName2

If thevolumecrystalis a daughteof a volumemodulewhichis anarrayof 8 8 crystalsthe le le-
Namelwill contain64 valuesof quantumef ciency. If several les aregiven(in this exampletwo les),
the programwill chooseandomlybetweerthesesles for eachmodules

IMPORTANT NOTE:
After theintroductionof thelight¥ield (LY ), transferEfciency (p) andquantumEtiency ( ) modules,
theenegy variableof a pulseis notin enegy unit (MeV) but in numberof photoelectron$ pe.

In orderto correctlyapply a thresholdon a phoswhichmodule,it's importantto basethe thresholdon
this numberandnot ontherealenegy. In this situation,to apply a thresholdat this stepof the digitizer
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chain,the thresholdshouldbe appliedasexplainedin paragrapt8.2.9. In this case the GATE program
knows thatthesemoduleshave beenused andit will applythresholdbaseduponthenumbem pe rather
thanenegy. Thethresholdsetwith this sigmoidalfunctionin enegy unit by the user is translatednto

numberN pe with thelower light yield of the phoswishmodule. To retrieve the enepy it is necessaryo

applyacalibrationmodule.

Calibration

The Calibration moduleof the pulse-processanodelsa calibrationbetweerN phe ! Energy (allows
enegy "recalibration").Thisis usefulwhenusingthe class(esizateLightYeld, Gate TansferEfciency,
andGateQuantumEfiency. In addition,auserspeci ed calibrationfactorcanbe used.

Commandline

To seta calibrationfactoron the enegy, usethefollowing commands:

/gate/digitizer /Sin gle s/ in sert calibration
/gate/digitizer /Sin gle s/ setCal ibr atio n VALUE

If the calibrationdigitizer is usedwithout ary value,it will correctthe enegy asa function of values
usedin GateLightYeld, GateTansferEfciency, andGateQuantumEtiency.

8.2.7 Crosstalk
De nition

The crosstalkmoduleis the pulse-processdor simulatingthe optical and/oran electroniccrosstalkof
thescintillationlight betweemeighboringcrystals. Thus,if theinput pulsearrivesin acrystalarray this
modulecreatepulsesaroundit (in theedgeandcornemeighborcrystals). The percentagef enegy that
is givento the neighboringerystalsis determinedy the user

BEWARE: this modulefunctionsonly for a choservolumethatis anarrayrepeatet!!

Commandline

To inserta crosstalkmodulethatdistributes10% of input pulseenegy for the adjacentrystalsand5%
to the cornercrystals usethefollowing commands:

/gate/digitizer /Sin gle s/ in sert crosstalk

/gate/digitizer /Sin gle s/ cr osst alk /c hooseCros st al kVol ume crystal
/gate/digitizer /Sin gle s/ cr osst alk /s et EdgesFr acti on 0.1
/gate/digitizer /Sin gle s/ cr osst alk /s et Corn ers Fracti on 0.05

In this example,within eachneighborof the crystalthat receved the pulse,a pulseis createdthat has
10% (5% for eachcornercrystals)of initial enegy of the pulse.
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8.2.8 Thresholder& Upholder

De nition

The Thresholder/Upholdemodulesallow the userto apply an enegy window cut to remove low and
high enegy photons.The low enegy cut, suppliedby the user represents thresholdresponsebelov
which the detectorremainsinactive. The usersuppliedhigh enegy cut is the maximumenegy the
detectowill register In bothPETandSPECTanalysisthe propersettingof thesewindows is crucialto
scattereductionimagereconstructionandcountrateperformance.

Commandline

In atypical PET scannerthe enegy selectionfor the photo-peaks doneby the following commands.
Usingalow thresholdof 0 keV allows the userto seeall the events,andis oftenusefulfor detugginga
simulation.

/gate/digitizer /Sin gle s/ in sert thresholder

/gate/digitizer /Sin gle s/ th re shold er/s et Thres hold 250. keV
/gate/digitizer /Sin gle s/ in sert upholder

/gate/digitizer /Sin gle s/ uphold er/ setUphol d 750. keV

8.2.9 Sigmoidalthresholder

De nition

The Sigmoidalthresholderrepresentsa pulse processingclassthat modelsa thresholddiscriminator
basedn a sigmoidalfunctiorf,

1
E) = : 8.4
( ) 1+ exp EE(I)EO ( )

wherethe parameter is proportionakto theslopeatsymmetricabointEq ( (Eg) = 1=2). Forthistype
of thresholddiscriminatorthe userchooseghe threshold(setThreshold ), the percentag®f accep-
tancefor this threshold(setThresholdPerC  ent ), andthe parametefsetThresholdAlph a).

With theseparameterandtheinput pulseenegy, the functionis calculated.If theresultis biggerthan
arandomnumbergeneratedbetweerD andl, the pulseis acceptecdndcopiedinto the outputpulse-list.
If, ontheotherhand this criteriais notmettheinput pulseis discarded.

Commandline

/gate/digitizer /Sin gle s/ in sert sigmoidalThresh ol der

/gate/digitizer /S in gle s/ si gmoi dal Thre shol der /s et Thre shold 250 keV
/gate/digitizer /Sin gle s/ si gmoi dal Thre shol der /s et Thre shold Al pha 60.
/gate/digitizer /S in gle s/ si gmoi dal Thre shol der /s et Thre shold PerCent 0.95

4A sigmoidalfunctionis an S-shapedunction of the form, (x) = thatactsasan exponential

rampfrom O to 1.

1
1+cexp( ax)’
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8.2.10 Temporal resolution
De nition

TheTempoal resolutionmoduleintroducesa Gaussiamlurringin thetime domain.It worksin thesame
mannerasthe Blurring module but with time ratherthanenegy.

Commandline

To seta Gaussiariemporalresolution(FWHM) of 1.4 ns,usethefollowing commands:

/gate/digitizer /Sin gle s/ in sert timeResolution
/gate/digitizer /Sin gle s/ ti meResol ut io n/ setTi meResolu tio n 1.4 ns

8.2.11 Spatial blurring for SPECT

For SPECTanalysisthe spatialresolutionis assumedo follow a Gaussiaistribution determinedrom
its width

Commandline

/gate/digitizer /Sin gle s/ in sert spblurring
/gate/digitizer /Sin gle s/ spbl urrin g/ setSpresoluti on 20 mm
/gate/digitizer /Sin gle s/ spbl urrin g/ verb ose 1

8.2.12 Spatial blurring for PET

In PET analysis,coincidenceaventsprovide the lines of respons€L.OR) neededor the imagerecon-
struction. Only the two crystalnumbersare transferredoy the simulation. The determinationof this
crystalis basedon the crystalwith the highestenegy deposited Without additionalspatialblurring of
the crystal,simulationresultswill alwayshave a smallerspatialresolutionthanexperimentalmeasure-
ments.This moduleis only availablefor the ecatsystem.The spatialblurringis basecdn a 2D Gaussian
function.

Commandline

# ECATY

/gate/output/si nogr am/enable /g ate /o ut put/ sin ogra m/Radia IB in s
Your_Sinogram_R adia |_B in _Number

/gate/output/si nogr am/setT angCrys ta IB lu rr ing Your Value. 1 mm
/gate/output/si nogr am/setAxi al Cry st al Blurrin g Your_Value_2 mm

8.2.13 Coincidencesorter
De nition

Wheneer two singlesare found within a coincidencewindow, the two singlesare groupedto form a
Coincidenceevent. EachSingleemittedfrom the samesourceparticleis storedwith the sameevent D
number If thetwo eventID numbersarenotidenticalin a coincidenceavent, the eventis de ned asa
Randoncoincidence.To excludefalsecoincidencecomingfrom the sameparticlethat scatteredrom
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a block to anadjacenblock, a testis doneon the proximity of thetwo blocksforming the coincidence
event. By default, thecoincidencas valid only if thedifferencein theblock numberds greatethantwo.
Thisrejectioncanbe adaptedo a morespeci ¢ analysishy usingthecommand:

/gate/digitizer /Coi nci dences/minS ecto rDif fer ence [number]

In addition, when more thantwo Singlesare found within the samecoincidencewindow, the event
is not treatedas a valid coincidence. Note that this rejectionmay not re ect the real behaior of an
acquisitionsystemin existing PET scannerin future, thetreatmenbf multiple eventsmay be addedto
GATE. Whenusinga coincidencesorter the only parametethat mustbe declareds the width of the
coincidencevindow.

Commandline

In orderto setup acoincidencewindow of 10 ns,theusershouldspecify
/gate/digitizer /Coi nci dences/s etWin dow 10. ns

To changehedefault valueof the minimumsectordifferencefor valid coincidencegthedefault valueis
2), addtheadditionalcommandine,

/gate/digitizer /Coi nci dences/minS ecto rDif fer ence [number]

8.2.14 Deadtime

Two modelsof the dead-timebehaior of the countingsystemhave beenimplementedn the digitizer:
paralysableand nonpaglysableresponse.Thesemodelsrepresenthe idealizedbehaior and canbe
implementedventby eventduringa simulation. The detailedworkingsof thesemodelscanbe foundin
referencd17]. Thefundamentahssumptionsnadein thesetwo modelsareillustratedin gure 8.4.

Figure 8.4: For 7 incomingparticlesanda x ed dead-time , the nonpamlysableelectronic
readoutwill accept particles,andthe paralysableonewill acceptl particle.
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De nition

The deadtime moduleis appliedto a speci ¢ volumewithin the SensitiveDetectorsystems hierarchy
All eventsthattake placewithin thisvolumelevel will triggeradead-timaletectoresponseThisaction
of thedigitizer simulateghelive-timeduringwhich this detectortreatinga particle,will beableto treat
thenext one.At presentno dead-times implementedat thelevel of the coincidencdogic treatment.

Commandline

For instanceto apply a dead-timego thevolume_name (which hasto be beforeattachedat onelevel
of agivensystem)usethefollowing commands:

# ATTACHEMENTIO THE SYSTEM
/gate/systems/s yste m_name/ sy st em_le vel_name/at ta ch volume_name

# DEADTIME

/gate/digitizer /Sin gle s/ in sert deadtime

/gate/digitizer /Sin gle s/ deadti me/setDeadTime 100000. ns
/gate/digitizer /Sin gle s/ deadti me/setMode paralysable
/gate/digitizer /Sin gle s/ deadti me/chooseDTVol ume volume_name

The namesystem_name andits correspondensystem_level na  medoestnot exist andhave to
bechoserin thetablesgivenin thechapter4.

8.2.15 Multiple processorchains

The useof multiple processochainsallows maximum e xibility in the designof the digitizer anddata
outputsystem. The manageffor the pulse-processoiis calledthe GatePulseRycessorChainandhas
a messengecalledthe GatePulseRycessorChainMessger By default, all the digitizer components
arestoredin oneprocesscchain called,"digitizer/Singles". New processochainscanbe createdthat
specifythe sourceof their data. For instancethe following sequencef commandswill generatdhree
outputs:

- "Singles"with noenegy cut
- "LESingles"with alow-enegy window
- "HESingles"with a high-enegy window

Thecomponentsf the standargrocessochainmusthave thefollowing commandgor a standardPET
(with BGO crystals)processochain:

/gate/digitizer /Sin gle s/ in sert adder
[gate/digitizer /Sin gle s/ in sert readout
/gate/digitizer /Sin gle s/ re adout/s et Dept h 1

Then,to addtheblurring Iter tothe"Single"branch:

/gate/digitizer /Sin gle s/ in sert blurring
/gate/digitizer /Sin gle s/ bl urri ng/ setResol uti on 0.26
/gate/digitizer /Sin gle s/ bl urri ng/ setkE nerg yOf Refe re nce 511. keV
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Thesecommandreatea low-enegy chainbranchingrrom theoutputof "Singles"chain:

/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer

/n ame LESingles

/i nsert singleChain

/L ESing le s/ setl nputName Singles

/L ESng le s/ in sert thresholder

/L ESing le s/ th re shold er /s et Thr eshold 50. keV
/L ESng le s/ in sert upholder

/L ESing le s/ upholde r/ setUphold 350. keV

Thesecommandsreatea high-enegy chainbranchingfrom the outputof the "Singles"chain:

/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer

/n ame HESingles

/i nsert singleChain

/HESIng le s/ setl nputNanme Singles

/HESNng le s/ in sert thresholder

/HESIng le s/ th re shold er /s et Thr eshold 350. keV
/HESIng le s/ in sert upholder

/HESIng le s/ upholde r/ setUphold 650. keV

8.2.16 Multiple coincidencesorters

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

arecreated:

- Onewith averylong coincidencevindowv

/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer

/n ame LongCoincidences

/i nsert coincidenceSor ter

/L ongCoin ci dences/se tl nput Name Singles
/L ongCoin ci dences/se tWin dow 1000. ns

Onefor low-enegy singles

/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer

/n ame LECoincidences

/i nsert coincidenceSor ter

/L EQoi nci dences/s etWin dow 10. ns

/L EQoi nci dences/s etl nput Name LESingles

Onefor high-enegy-singkes

/gate/digitizer
/gate/digitizer
/gate/digitizer
/gate/digitizer

/n ame HECoincidences

/i nsert coincidenceSor ter

/HEQoi nci dences/s etWin dow 10. ns
/HEQoi nci dences/s etl nput Name HESingles

Theschemecorrespondingdo this exampleis shavn in the gure 8.5
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Figure8.5: Readouschemeproduceddy thelisting from the sections8.2.15and8.2.16.

8.3 Digitizer optimization

In GATE standardoperationmode, primary particlesare generatedy the sourcemanagerand then
propagatedhroughthe attenuatinggeometrybeforegeneratingits in the detectorsyhich feedinto the
digitizer chain.While this operatiormodeis suitedfor productionsimulationsijt is inef cient whentry-

ing to optimizethe parametersf the digitizer chain. In this case the userneedgo comparetheresults
obtainedfor mary differentsetsof digitizer parameterthatarebaseduponthe sameseriesof hits. Thus,
repeatinghe particlegeneratiorandpropagatiorstageof a simulationareunnecessary

To suit this speci ¢ situation, GATE offers an operationmodededicatedo digitizer optimization,
known asDigiGATE. In this mode,hits areno longergeneratedrather they arereadfrom a hit data-
le (obtainedfrom aninitial GATE run) andarefed directly into the digitizer chain. By bypassinghe
generationand propagationstages the computationspeedis signi cantly reduced thus allowing the
userto comparevarioussetsof digitizer parametergjuickly, and optimize the model of the detection
electronics DigiGATE is explainedfurtherin chapterl 2.
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Chapter 9

Ar chitecture of the simulation

9.1 Principal rules

GATE simulationsarebasedn theexecutionof scriptedcommandgseeChapterl) gatheredn macros.
A simulationis generallydividedinto 7 stepg(Fig. 9.1) asfollows:

1. VerbosityandVisualization(seeChapter2)
2. Geometry(seeChapters3,4,5)

3. Digitizer (seeChapter8)

4. PhysicqseeChapter6)

5. SourcegseeChapter7)

6. Outputs(seeChapterl0)

7. ExperimentseeChapter)

The rst 4 stepscorrespondo the Prelnit modeof GEANT4 whereasthe last 3 occur after the
initialization of the simulation.The rst 4 stepsarevalidatedby the GEANT4 command

[run/initialize

Oncethis phaseis completedthe sourcescanbe insertedin the setupandthe simulationcanbe
launched.

9.1.1 Verbosity and Visualization
Verbosity:

For eachsimulationmodule,one canseta verbositylevel between0 and2. The higherthe verbosity
level is, the higherthe level of informationreturnedoy GATE will be. By default, the verbositylevel is
setto O, but if onewantsto follow in detaileachstepof the simulationit canbe setto highervalues.

As anexample,in orderto have attheendof a simulationthe computatiortime of the simulationwritten
by Gateonthe screerasfollow:
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User simulation time (sec) = 13.9
Real simulation time (sec) = 15.92
System simulation time (sec) := 0.03

theverbositylevel of the outputshouldbe setto 2;

/gate/output/ive rb ose 2

Visualization:

Thereare several tools available for visualization(OpenGL, VRML, DAWN...). They canbe acti-
vatedasafunctionof thevisualizationoptionsselectecatthe GEANT4 con gurationstep.Theonline
visualizationis a usefultool whendevelopingnew geometries.It allows to visually checkthe scanner
geometry(positions physicalvolumeoverlaps..). Oncethe geometryis checled andonewantsto run
acompletesimulation,it is recommendetb disablethe online visualizationin ordernotto overloadthe
CPU.

9.1.2 Geometry
The world:

The rst volumeyou have to createis theworld. Eachnew volumewill beinsertedin this one,with a
givenname andwill beadaughterof theworld. Theworld dimensionsnustbelargeenoughto include
the scannelandthe phantom.

The system:

Next you will have to choosethe systentype: scanner PETscannercylindricalPET ecat, CPET or

SPECTHeadEachsystemhasa de ned numberof levelswith a hierarchicalbrganization(treegeome-
try) andit is linkedwith aspeci ¢ dataoutputformat. You alsohave with provisionstwo formatsof data
independendf the selectedsystem(ROOT andASCII). Oncethe scanneis built you have to attachall

the scanneelementdo thesystem.

The phantom:

You cande ne a phantom Its materialmustbe referredin the materialsdatabaseThe phantomcanbe
ananalyticalor voxelisedvolume. Eachvoxel of the volumecanbe madeof a speci ¢ materialwith its
own density

Finally, you have to attachthe sensitve volumescrystalSDandphantomSDThe interactionghits) oc-
curringin thesevolumeswill be storedby GATE for the digitization.

9.1.3 Digitizer

The digitizer pre-processethe hits by sorting, regroupingand addingthemin orderto build singles
The singlesaretime-stampedndstoredin the eventshistory The coincidencesrethensortedout as
a function of the coincidencewindow width. The detectionparametergtempoal resolution,crystal
blurring, deadtime threshold,uphold...) aresetatthedigitizerlevel.
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9.1.4 Physics

The physicspartof the simulationis dedicatedo the de nition of the simulatedphysicalprocessesist
by:

selectinghe appropriaténteractiondibrary (Standad or Low Enegy padkage),

enablingor disablingthephysicalprocesse@Photoelectriefect, Comptoreffect,Rayleighgamma
corversion...),

settingcutofs in enegy or range.

9.1.5 Sources

A sources de ned by:
its nature(particle/ ion),
its actvity (initial activity, half live...),
its geometry(shapeor voxelized,
its emissionangle,
its movementf necessaty

Thesourceactiity canbecon nedin aspeci ¢ volume(e.g the phantonvolume).

9.1.6 Data outputs

Thedataoutputformatsareof two typesin GATE:
1. Standardutputs:ASCII, Root

2. Systemdependenbutputs:LMF, sinogramandecat? Inter le

Standard outputs

ASCII outputsarespreadoutinto 3 les (Hits, SinglesCoincidences The Rootoutputis composeaf

oneNTuple(Gate andthreeTTrees(Hits, Singles Coincidencesin whichtheinteractiontype, position
andtime informationsarestored.By default thesetwo typesof outputsareenabled.Eachoneof these
outputscanbe enabledr disabledaccordingo thekind of informationsoneis interestedo get.

Speci ¢ outputs

In additionto thetwo standardsutputs GATE canprovide aswell systemdependenbutputs. The LMF
outputis linkedto thecylindricalPETsystem.The Sinogramandthe ecat7outputsarerelatedto the ecat
systemwhile the Inter le outputto the SPECTHeadystem.

All theseoutputsare characterizedby several parametersvhich have to be correctly setup. (see
Chapterl0).
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9.1.7 Experiments

The last stepof the simulationconsistsin settingup the experiment. In this partyou have to x the
durationof thesimulatedacquisitionby de ning thebeginningandtheendof thesimulation. Theoverall
acquisitiontime canbe subdvided in severaltime slicesof x edduration. This featureis very useful
in GATE, sincethe geometryis updatedonly betweentwo time slices. This providesthe possibility
to take into accountthe movementsof the sourcesor the detectordoy subdviding a runin time slices
characterizethy the samegeometry

9.2 Random

In Gateeachtime-sliceis considerecasa run. Thecommand /random/setSavi ngFl ag 1 en-
ablesthe writing of the les currentRun.rndmand currentEent.rndmin which the randomNumber
Statusis saved respectiely at the beginning of the run and at the beginning of the event. In case
of several time slicesthe le currentRun.rndnwill containthe statusof the randomnumbergener
ator at the beginning of the last time-slice. The directory wherethe les currentRun.rndrmand cur-
rentEvent.rndmarewritten by defaultin ./ or thedestinatiordirectorycouldbeselectedy thecommand
/random/setDire ct ory Name
Thecommand /random/resetEn  gi neFr om allowsto resetthe statusof therandomgenerator
enginefrom astatusle. Default le is currentRun.rndmin doingso,however, onewill resettheengine
from the statusthatit hadatthe beginning of thelastrun (time-slice)processedasexplainedbefore.
The command /gate/output/ro ot /s etS aveRndmHag enablesthe writing of the les
beginOfRun.rndmand endOfRun.rndm.The default for this commandis 1, sothe les will be auto-
matically created. Moreover this ag enablesaswell the automaticinitialization of a nev run from
the statusof the enginesaved in the lastendOfRun.rndncontainedin the directory This mechanism
allows, whenrunningseveraltimesa macroin the samedirectory to obtaindifferentevents.If thecom-
mand /random/setSav in gFla g 1 is givenaswell then,for the lasttime slice,the les curren-
tRun.rndmandbeginOfRun.rndmwill be equalandwill containthe statusof the enginebeforestarting
the generatiorof the lasttime slice, while the le endOfRun.rndnwill containthe statusof the engine
atthe endof thelasttime slice. Apart from ensuringan automaticcontinuity of the seedsf the events
generatedtdifferenttimesin thesamedirectory the le endOfRun.rndncanbeeditedin orderto force
the generatiorof eventsfrom a givenseed.This canbe usefulif onewantsto generatalifferentevents
with the samemacrolaunchedn two differentdirectoriesor batchjobs.
Similarresultscanbeobtainedby controllingdirectly theinitialization of the engineby selectinghe le
containingthe seedswith thecommand /random/resetEng  in eFro min this caseit is betterto
putoff theautomatidnitializationfromthe le endOfRun.rndnbyissuingthecommand /gate/output/ro ot /s
orderto overwritethe default.

9.3 Exampleof a PET scanner

Thefollowing exampledescribesow to build a PET scannebasedn thecylindricalPETsystem.

# No verbosity
/control/verbos e 0

# OpenGL online visualization
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Ivis/open
Ivis/viewer/res
Ivis/viewer/set
/vis/drawVolume
Ivis/scene/endO
Ivis/viewer/vie
Ivis/viewer/zoo

/tracking/store
/gate/geometry/

OGLSX

et
/s ty le surface

fE ventA ct io n accumulate
wpoi ntT heta Phi 30 30
m 2

Trajectory 1
enableA ut oUpdat e

Theonline visualizationis enabled.

# WORL D
/gate/world/geo
/gate/world/geo
/gate/world/geo

Theworld is created.lts dimensionsshouldbe large enoughto containall the volumesdescribing

theexperiment.

# CYLI
/gate/world/dau
/gate/world/dau
/gate/cylindric
/gate/cylindric
/gate/cylindric
/gate/cylindric
/gate/cylindric

NDRI

mer y/s et XLengt h 40 cm
mer y/s et YLengt h 40. cm
mer y/s et ZLengt h 40. cm

CAL

ghte rs/ name cylindricalPET

ghte rs/ in sert cylinder

al PET/s et Mae ri al Water

al PET/g eomér y/ set Rnax 152 mm
al PET/g eomer y/ set Rnin 130 mm
al PET/g eomer y/ set Heig ht 80 mm
al PET/v is /f or ce Wir ef ra me

Thesystemis chosen.

#RSECTOR

/gate/cylindric
/gate/cylindric
/gate/box1/plac
/gate/box1l/geom
/gate/box1/geom
/gate/box1l/geom
/gate/box1/setM
/gate/box1/vis/

# MODUL E
/gate/box1/daug
/gate/box1/daug
/gate/box2/geom
/gate/box2/geom
/gate/box2/geom
/gate/box2/setM

al PET/d aughte rs /na me box1

al PET/d aughte rs /in sert box
ement/s et Transl ati on 140 0 0 mm
et ry /se tXLength 20. mm

et ry /se tY Length 19. mm

etry /se tZ Length 76.6 mm

at erial Water

fo rc eWire fr ame

ht er s/n ame box2

ht er sfi nsert box

et ry /se tX Length 20. mm
et ry /se tY Length 19. mm
etry /se tZ Length 19. mm

at erial Water
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/gate/box2/vis/

# CRYSTAL

fo rc eWire fr ane

/gate/box2/daug ht er s/n ame box3
/gate/box2/daug ht er sfi nsert box
/gate/box3/geom et ry /se tXLength 20. mm
/gate/box3/geom et ry /se tY Length 2.2 mm
/gate/box3/geom  etry /se tZ Length 2.2 mm
/gate/box3/setM at erial Water
/gate/box3/vis/ fo rc eWire fr ame

# LAY ERLSO

/gate/box3/daug ht er s/n ame LSO
/gate/box3/daug ht er sfi nsert 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 tTranslatio n -5 0 0 mm
/gate/LSO/setMa  teri al LSO

# L AY E R LUAP

/gate/box3/daug ht er s/n ane LUAP
/gate/box3/daug ht er sfi nsert box
/gate/LUAP/geom et ry /[se tXLength 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 Transl ati on 5 0 0 mm
/gate/LUAP/setM  at erial LUuAP
/gate/LUAP/vis/ setColo r cyan

# REPEAT
/gate/box3/repe
/gate/box3/cubi
/gate/box3/cubi
/gate/box3/cubi
/gate/box3/cubi

# REPEAT
/gate/box2/repe
/gate/box2/cubi
/gate/box2/cubi

# REPEAT
/gate/box1/repe
/gate/box1/ring

# ATTACH
/gate/systems/c

CRYSTAL
at ers/i nsert cubicArray
cArr ay/ setRepeatNumbker X 1
cArr ay/ setRepeatNumberY 8
cArr ay/ setRepeatNumker Z 8

cArr ay/ setRepeatVect or 10. 24 24 mm
MODULE

aters/i nsert cubicArray

cArr ay/ setRepeatNumbker Z 4

cArr ay/ setRepeatVector 0. 0. 19.2 mm

RSECTOR
aters/i nsert ring
/s et RepeatN unber 42

SYSTEM
yl in dri calP ET/r secto r/ atta ch boxl

- 106-



9.3Example of a PET scanner

/gate/systems/c
/gate/systems/c
/gate/systems/c
/gate/systems/c

calP ET/module /a tt ach box2
calP ET/c rys tal/ atta ch box3
calP ET/l ayerO/att ach LSO
calP ET/l ayerl/att ach LUAP

yl in dri
yl in dri
yl in dri
yl in dri

Thevolumesof thescannefwith users name e.g.box1)areconnectedo thecylindricalPETsystem
(to the prede nednamesof cylindricalPETsystemg.grsector).

# ATTACH

/gate/LSO/attac
/gate/LuAP/atta

LAYER SD
hCry sta ISD
chCryst al SD

#PHANTOM

/gate/world/dau

/gate/world/dau

/gate/phantom/g
/gate/phantom/g
/gate/phantom/g
/gate/phantom/p
/gate/phantom/s
/gate/phantom/v

#ATTACH

/gate/phantom/a

ghte rs/ name phantom

ghte rs/ in sert cylinder

eomdry /s et Rnax 20 mm

eomdry /s et Rnin 0. mm

eomdry /s et Heig ht 100. mm

la cement/ setTransl ation 0 0 -40 mm
et Maer ia | Water

is /s etCol or red

PHANTOMSD
tt achPhanto m®

The scannesystemis completelybuilt. It is composedf 42 rsectos, eachonemadeof 8
andLuUAP crystalsassembledh phoswich.

# MOVEMENTS

/gate/cylindric
/gate/cylindric
/gate/cylindric
/gate/cylindric

al PET/moves/n ame revolution

al PET/moves/i nsert rotation

al PET/r evol ution/s et Axis 0 0 1

al PET/r evol utio n/s et Speed 6. deg/s

/gate/phantom/m  oves/na me PhantomTransla ti on
/gate/phantom/m  oves/in sert translation

/gate/phantom/P ~ hant omTra nsla ti on/ setSpeed 0. 0. 0.1 cm/s
# The lines below are just to show how the system moves with
/gate/timing/se tT ime 0. s

/gate/timing/se tT ime 5. s

/gate/timing/se tT ime 10. s

/gate/timing/se tT ime 15. s

/gate/timing/se tT ime 20. s

/gate/timing/se tT ime 25. s

/gate/timing/se tT ime 30. s

/gate/timing/se tT ime 35. s

/gate/timing/se tT ime 40. s
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/gate/timing/se tT ime 45.
/gate/timing/se tT ime 50.
/gate/timing/se tT ime 55.
/gate/timing/se tT ime 60.

n nu n n

ThescannerotatesalongtheZ axiswith arotationspeedf 6 deg/swhile thephantonhastranslation
movementwith aspeedf 0.1cm/s.

#DI GI Tl ZER

/gate/digitizer /c onver to r/ verb ose 0O

/gate/digitizer /Sin gle s/ in sert adder

/gate/digitizer /Sin gle s/ adder/ ver bose 0

# ENERGYBLURRING

/gate/digitizer /Sin gle s/ in sert crystalblurring

/gate/digitizer /Sin gle s/ crysta Ibl urri ng/s etCry st al Resol ut io nMn 0.20
/gate/digitizer /Sin gle s/ crysta lbl urri ng/s etCry st al Resol ut io nMax 0.35
/gate/digitizer /ISin gle s/ crysta lbl urri ng/s etCry st al QE 1.

/gate/digitizer /Sin gle s/ crysta lbl urri ng/s etCry st al Energ yOfR ef er ence 511.
# READOUT

/gate/digitizer /Sin gle s/ in sert readout

/gate/digitizer /Sin gle s/ re adout/s et Dept h 1

# TEMPORALRESOLUTION

/gate/digitizer /Sin gle s/ in sert timeResolution

/gate/digitizer /Sin gle s/ ti meResol ut io n/ setTi meResolu tio n 2. ns

# THRESHOLDER UPHOLDER

/gate/digitizer /Sin gle s/ in sert thresholder

/gate/digitizer /Sin gle s/ th re shold er /s et Thres hold 250. keV
/gate/digitizer /Sin gle s/ in sert upholder

/gate/digitizer /Sin gle s/ uphold er/ setUphol d 750. keV

/gate/digitizer /Sin gle s/ th re shold er /v er bose 0

# DEAD TIME

/gate/digitizer /Sin gle s/ in sert deadtime

/gate/digitizer /Sin gle s/ deadti me/setDeadTime 250. ns

/gate/digitizer /Sin gle s/ deadti me/setMode paralysable

/gate/digitizer /S in gle s/ deadti me/chooseDTVol ume boxl

# COINCIDENCESSORTER

/gate/digitizer /Coi nci dences/s etWin dow 10. ns

/gate/digitizer /Coi nci dences/minS ecto rDif fer ence 2

/gate/systems/c yl in dri calP ET/d escri be

Thedigitizer is setupwith a crystalblurring randomlychosebetweena minimumanda maximum
value.A thresholdandanupholdhave beenrespectiely setto 250keV andto 750keV. Thecoincidence
timewindow hasbeensetto 10 nsandacoincidenceventwill betakeninto acountonly if thedifference
betweerthetwo rsectos is greateror equalthan2. We have introduceda paralyzablaelead-timeof 250ns
atrsectorlevel.

#PHYSI CS
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/gate/physics/g anmase le ct Comgon lowenergy
/gate/physics/g ammadse le ct Phot oel ectr ic lowenergy
/gate/physics/g ammase le ct Rayl eig h lowenergy

# INACTIVE COMPTON

#/gate/physics/
# CUT X ,

gamma/s el ectConpto n inactive

DELTA AND ELECTRON

/gate/physics/s et XRayCut 1 GeV
/gate/physics/s et Delta RayCut 1 GeV
/gate/physics/s et Elect ronCut 1 km

At this point, theconstructiorof the detectotis over. We cannow initialize the simulation.

#1 NI T1 ALI ZE
/gate/systems/c yl in dri calP ET/v erb ose 0
/gate/geometry/ enableA ut oUpdat e

/run/initialize

An importantcheckcanbe madejust afterthisinitialization in orderto testthatthereareno overlap
betweernvolumesfrom the same"familly" (the mothervolumeandher daughtes) andthata daughter
volumeis insidehermothervolume. This testis doneonly oncein orderto checkthe geometry

/geometry/test/ recursi ve_t est
#VERBOSI TY
/control/verbos e 0
/grdm/verbose 0

/run/verbose 0

/event/verbose 0

ltracking/verbo se 0

/gate/applicati

on/v erb ose 0

/gate/generator /v erbose 0

/gate/stacking/ verb ose 0O

/gate/event/ver bose 0

/gate/sourcel/ve rb ose 0

# SOURCES

/gate/source/ad dSource twogamma

/gate/source/tw ogamma/setAct iv ity 1000. becquerel
/gate/source/tw ogamma/setT ype backtoback
/gate/source/tw ogamma/gps/ part icl e gamma
/gate/source/tw ogamma/gps/ ener gyt ype Mono
/gate/source/tw ogamma/gps/ mmoenergy 0.511 MeV
/gate/source/tw ogamma/gps/ centre 0. 2. 0. cm
/gate/source/tw ogamma/gps/ ty pe Volume
/gate/source/tw ogamma/gps/ shape Sphere
/gate/source/tw ogamma/gps/ radi us 0.5 cm
/gate/source/tw ogamma/gps/ shape Cylinder
/gate/source/tw ogamma/gps/ radi us 10. mm
/gate/source/tw ogamma/gps/ half z 50. mm
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/gate/source/tw ogamma/gps/ conf ine phantom
/gate/source/tw ogamma/gps/ angt ype iso
/gate/source/tw oganmma/gps/ mint het a 0. deg
/gate/source/tw ogamma/gps/ maxt het a 180. deg
/gate/source/tw ogamma/gps/ minphi 0. deg
/gate/source/tw oganmma/gps/ maxp hi 360. deg
/gate/source/ad dSource sourceCll

/gate/source/so urceCll/s et Acti vit y 10000. becquerel
/gate/source/so ur ceCl1/g ps/p artic le e+
/gate/source/so ur ceCll/s et Forc edUnsta bl eFlag true
/gate/source/so ur ceC11/s et Forc edHal fL if e 1223 s
/gate/source/so ur ceCl1l1l/g ps/e nergy ty pe Carbonll
/gate/source/so urceCll/g ps/c entre 0. 0. 0. cm
/gate/source/so ur ceCll/g ps/t ype Volume
/gate/source/so ur ce C11/g ps/s hape Cylinder
/gate/source/so ur ceC11/g ps/r adius 10. mm
/gate/source/so urceCll/g ps/h al fz 50. mm
/gate/source/so ur ce C11/g ps/c onfin e phantom
/gate/source/so ur ceCll/g ps/a ngtyp e iso
/gate/sourcelli st

We have de ned two sourcesThe rst onecalledtwogammahasanactvity of 1 kBg andemitstwo
gammasackto backin all directions.
The secondone, (souceC1) emits * accordingto the positronenegy spectrumof C ! decayswith
aninitial actvity of 10 kBg anda hal ife of 1223s. The rangeof the positronsis simulatedaswell as
the - acolinearity
Thetwo sourcesarecon ned in thephantom

#OUTPUT

# ASCII

/gate/output/as ci i/ set OuF il eHits Flag O
/gate/output/as ci i/ set OuF il eSing le sFla g 0
/gate/output/as ci i/ set OuF il eCoin ci dencesFla g 0
# ROOT

/gate/output/ro ot /s etF il eName root_output
/gate/output/ro ot /s etRootNtu pl eFl ag 1
/gate/output/ro ot /s etRootHit Flag O

/gate/output/ro ot /s etRootSin gl esFla g 1
/gate/output/ro ot /s etR ootCoi ncide ncesFlag 1
/gate/output/ro ot /s etS aveRndmHag 1

# LMF

/gate/output/Im fl /disa bl e

#START
/gate/applicati on/s etT imeSli ce 1. s
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/gate/applicati on/s etT imeSta rt 0. s
/gate/applicati on/s etT imeSto p 60. s
/gate/applicati on/s tar tD AQ

The ASCII andLMF outputsaredisabledandfor the ROOT output,only GateNTuple, Singlesand
Coincidenced Treesarestored.

Theacquisitiondurationwill last60 s with slicesof 1 s. So,thegeometrywill be updatedevery second.
Notice

You cande ne the completesimulationin one macro. In orderto have a more modularsimulation
you candivide it into several macros(e.g vis.mac,geometrymac, digi.mac,physics.macsources.mac,
main.mac..) calledfrom amainmacro.
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Chapter 10

Data output

Dataoutputis akey pointfor asoftwareintendedo beusedfor variousapplicationsin variousscienti ¢
communitieslt hasbeenchoserto have severaltypesof outputformat,which canbeenabledr disabled
if needed.

Thefollowing chapterdescribeshe variousoutputformats,suchasASCII, Root, Inter le, LMF, ECAT.

10.1 The ASCII output

10.1.1 Intr oduction

The Gate DASCII classof GATE allows to obtainthe ASCII le output,which arethe easiespossible
output. It allows you to treatyour raw datawith your own tools. In the otherhand,this outputis not
compressedndtheoutput les areverylarge.

If the ASCII les arenotneededor analysisjt is stronglyrecommendetb disablethis outputin order
to speedup the simulation.

10.1.2 How to enablethis output in your macro ?

All the outputcommandg/gate/output/.. . ) mustalways be after the initialization line. As in
mostof the outputmodulesof GATE, you canenableASCII output les for Hits, Singles(atthe endof
thedigitizer chain),Coincidenceshut alsothe Singlesafterthe differentstepsof the digitizer chain. In
your macro,setto 1 thedifferent ags (resp.):

# enable ascii output for hits

/gate/output/as ci i/ set OuF il eHits Flag 1

# enable ascii output for Singles (end of digitizer chain)

/gate/output/as ci i/ set OuFil eSing le sFla g 1

# enable ascii output for coincidences

/gate/output/as ci i/ set OutF il eCoin ci dencesFla g 1

# enable ascii output for singles (after a digitizer module)

/gate/output/as ci i/ set OuF il eSing le s< name of the digitizer module >Flag 1

Thenamef thedigitizer moduleare:
Adder, ReadoutSpblurring,Blurring, ThresholderUpholder
Theiractionsareexplainedin the Chaptel8.
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10.1.3 How to disablethis output in your macro ?
To disablecompletelythe ASCII 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.dagateRun.dat

In addition,if coincidencesaretreatedn thesimulationthe le gateCoincidences.datill begenerated.
To disabletheseASCII les which canbelarge,themacroshouldcontainthe following lines:

/gate/output/as ci i/ set OuFil eHits Flag O
/gate/output/as ci i/ set OuF il eSing le sFla g 0
/gate/output/as ci i/ set OuF il eCoin ci dencesFla g 0O

Only the le gateRun.datvhich containthe numberof decayperrunwill becreated.

10.1.4 Description osthe ASCII le content

In all les theunitsare:
MeV (enegy)

mm (position)
s(time)
deg (angle)

Hits le (gateHits.dat)

Eachline is a hit andthe columnsare:
* Columnl: ID of therun(i.e. time-slice)

* Column2: ID of theevent
* Column3: ID of theprimaryparticlewhosedescendarmgeneratedhis hit
* Column4 : ID of thesourcewhich emittedthe primary particle

* Columns5 to N+4: thefollowing N columnsrepresent/olumelDs at eachlevel of the hierarchy
of asystemsothenumberof columnsdepend®n the systemused.

For cylindricalPETsystemN=6:
* Column5: ID of volumeattachedo the"base"level of the system
* Column6: ID of volumeattachedo the"rsector”level of thesystem
* Column7: ID of volumeattachedo the"module"level of the system
* Column8: ID of volumeattachedo the"submodule'level of thesystem
* Column9: ID of volumeattachedo the"crystal”level of the system
* Columnl0: ID of volumeattachedo the"layer" level of the system
For SPECTHeadystemN=3:
* Column5: ID of volumeattachedo the "base"level of thesystem
* Column6: ID of volumeattachedo the"crystal”level of the system
* Column7: ID of volumeattachedo the"pixel" level of thesystem
* ColumnN+5 : Time stampof the hit
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* ColumnN+6 : Enegy depositedy the hit

* ColumnN+7 : Rangeof particlewhich hasgeneratedhe hit

* ColumnN+8,N+9 ,N+10: XYZ positionof thehit in theworld referential

* ColumnN+11: Geant4codeof the particlewhich hasgeneratedhe hit

* ColumnN+12: ID of the particlewhich hasgeneratedhe hit

* ColumnN+13: ID of themotherof the particlewhich hasgeneratedhe hit

* ColumnN+14: ID of the photongiving the particlewhich hasgeneratedhe hit come

* ColumnN+15: Numberof Comptoninteractiondn phantomsheforereachinghedetector
* ColumnN+16: Nameof the processvhich hasgeneratedhe hit

* ColumnN+17: Nameof thelastvolumewherea Comptoneffect occurs
For the next sectionsthe systemwill be x edat a cylindricalPET system so thatthe numberof lines
concerningheVolumelD of eachlevel will bealways ve.

Singles les (gateSingles.dat)

Eachline is asingleandthe columnsare:
Columnl: ID of therun (i.e. time-slice)
Column2: ID of theevent
Column3: ID of thesource
Column4, 5,6 : XYZ positionof theannihilationin world referential
Column7to 12: VolumelDs*(cf. columns5-100f sec.10.1.4)
Column13: Time stampof thesingle
Columnl14: Enegy depositeddy thesingle
Column15to 17: XYZ positionof thesinglein theworld referential
Column18: Numberof Comptoninteractiondgn phantomsheforereachinghedetector
Column19: Numberof Comptoninteractiondn detectordeforereachingthe detector
Column20: Nameof the phantomwherea Comptoneffectoccurs

Coincidencesles (gateCoincidences.dat)

Eachline is a coincidencecreatedwith two singlesandthe columnsare:
Columnl: ID of therun(i.e. time-slice)( rst single)
Column2: ID of theevent( rst single)
Column3: ID of thesource( rst single)
Column4to 6 : XYZ positionof theannihilationin world referential( rst single)
Column7: Time stamp( rst single)
Column8: Enegy deposited rst single)
Column9to 11: XYZ positionin theworld referential( rst single)
Column12to 17: volumelDs* (cf. columns5-100f sec.10.1.4)( rst single)
Column 18 : Numberof Comptoninteractionsin phantomsbeforereachingthe detector( rst
single)
Column19 : Numberof Comptoninteractionsin detectorsbeforereachingthe detector( rst
single)
Column20: Scannesrxial position( rst single)
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Column21: Scanneangularposition( rst single)

Column22: ID of therun (i.e. time-slice)(secondsingle)

Column23: ID of theevent(secondsingle)

Column24: ID of thesource(secondsingle)

Column25t0 27: XYZ positionof theannihilationin world referential(secondsingle)
Column28: Time stamp(secondsingle)

Column29: Enegy depositedsecondsingle)

Column30to 32: XYZ positionin theworld referential(secondsingle)

Column33to 38: volumelDs.

Thenumberof differentvolumelDsdepend®nthecompleity of the systemgeometry(6 IDs for
cylindricalPET system 3 for ecatsystem.,...). Then,the numberof columnof your ASCII le is
not constantput system-depender(;f. columns5-100f sec.10.1.4)(secondsingle).
Column39: Numberof Comptoninteractionan phantomseforereachingthe detector{second
single)

Column40: Numberof Comptoninteractionsin detectordeforereachingthe detector(second
single)

Column41l: Scannegrxial position(secondsingle)

Column42: Scanneangularposition(secondsingle)

10.1.5 What isthe le gateRun.dat?

This le is thelist of the numberof decaygyeneratedtthe sourcefor eachrun (oneby line).
TheOutputmanageis calledfor eachevent,evenif the particle(s)of thedecaydo notreachthedetector
Notethatthenumberof processedecaysanbeslighly differentfrom theexpectechumbelN = At
whereA istheactiity and t isthetime of theacquisition,dueto randomcharacteof thedecaywhich
governsthe eventgeneration{Poissoraw). Gategenerateshetime delayfrom the previous event, if it
is outof thetime sliceit stopstheeventprocessindor thecurrenttime sliceandif neededt startsanew
time slice.

10.1.6 What isthe le voxels.dat?

Whenyou build a voxelisedsourceor a voxelized phantom by default, GATE writes the voxel density
valuesin a le (voxels.dgt to allow a cross-checlof what you have loaded. In your macro,you can
disablethis option:

/gate/output/as ci i/ set OuF il eVoxelFlag O
Theformatof the le voxels.dats:
* 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 choserasfollow : increasdheindex alongx, theny, thenz.
Forexamplefora2 2 2 matrixthedensitiesaarewrittenin 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 you needto generateherootoutput le, this canbedoneby 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,andif the /gate/output/roo t is not disabled,
the default namewill be gateroot Pleasenotethata le gate\oxels.rootis alsocreatedvhenusinga
voxelizedphantomin your macro(seesec.7.3).
By default, this root le will contain: 4 histograms]1 Ntuple (Gate),and2 Treesfor SPECTsystems
(HitsandSingles)or 3 Treesfor PETsystemgCoincidencedlits andSingles)n which severalvariables
arestored.
Theinformationscontainedn the4 histogramsandin the Ntupleconcernthe PET simulations.They are
presenin theroot outputaftera SPECTsimulationbut areempty
The 4 histogramscontainthe distributionsof:
Acolinea_Angle_Distribtion_deg : theanglein degreebetweenthe two gammaof annihilation
ofthe *.
Positron_Kinetic_Engy_MeV : theenegy of the
lon_decay_time_sthetime of thedecay

Positron_annihil_dtance_ mm : therangeof the *
In the Ntuple Gate,four similar variablesareavailablein orderto look at correlationsamongsthem.

+

WhenlaunchingROOT with thecommand:

root file.root
root [1] TBrowser t

you shouldseethe containof theroot le (see.g.10.1).

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

If neededandfor amatterof le size,youcouldchoosenotto generatell trees.
In this casgustaddthefollowing linesin your macro:

/gate/output/ro ot /s etRootHit Flag O
/gate/output/ro ot /s etRootSin gl esFla g 0
/gate/output/ro ot /s etR ootC oi ncide ncesFlag 0
/gate/output/ro ot /s etRootNtu pl eFl ag 0

By turningto 1 (or 0) oneof thistree ag, youwill Il (or not)thegiventree.

In adehug mode,it canbe usefulto storein a Treethe informationsafterthe actionof oneparticular
moduleof thedigitizer chain. Thefollowing ags exist to turn onor off theseintermediatelrees.

/gate/output/ro ot /s etOut Fi le Singl esAdderFlag 0
/gate/output/ro ot /s etOut Fi le Si ngl esReadoutFl ag 0
/gate/output/ro ot /s etOut Fi le Singl esSpbl urrin gFla g 0
/gate/output/ro ot /s etOut File Singl esBlurri ngFlag 0
/gate/output/ro ot /s etOut Fi le Singl esThre shold er Fl ag 0
/gate/output/ro ot /s etOut Fi le Singl esUphold erFla g 0

10.2.3 How to analyzeof Root outputs

You caneitherplot the variablesdirectly from the browset or througha macro le (e.g. calledanaly-
sis.C).In thiscasetype:

root [0] .x analysis.C
You mayalsousetheroot classcalledMakeClass Example:
root [0] Coincidences->M akeCla ss( "t est" );

Pleaseconsultthe ROOT Homepagg18] (http://root.cern.chflor moredetails.

10.3 The Online plotter

Along with standardbutputfor post-treatmenftsuchasroot, LMF, ecat), GATE providesa very corve-
nienttool calledtheonline plotter which allows to have onlinedisplayof severalvariables.

This online analysisis availableevenif the root outputis disabledin your macro,for instancebecause
theuserdo notwantto saze aroot le whichcanbealargeone.

It canbe easilyusedwith thefollowing macro:

/gate/output/pl ot te r/s howHo tt er

/gate/output/pl otte r/s et N@l ums 2

/gate/output/pl otte r/s et Plot Heigh t 250

/gate/output/pl ot te r/s et Pl ot Width 300

/gate/output/pl otte r/a ddPl ot hist lon_decay time _s
/gate/output/pl ot te r/a ddPlot hist Positron_Kinet ic _Ener gy_MeV
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/gate/output/pl ot te r/a ddPlot tree Singles comptonPhantom
/gate/output/pl ot te r/a ddPlot tree Coincidences energyl
/gate/output/pl otter/l istPlots

with thecommand®f the previous macrobeing:
addPlot hist NAME_of the his to

to plot anhistogrampreviously de ned in GATE.
and:

addPlot tree NAME_of the tre e NAME_of the var ia bl e

to plot avariablefrom oneof the GATE trees.

ThecommandsetNColumnallows to choosehe numberof displaywindows to beused.
Figure10.2presentanexampleof onlineplotter, obtainedwith theabose macro.

Figure10.2: The Online plotter

10.4 Interle output
10.4.1 Description

Thelnter le ProjectionSetis designedo mimick anacquisitionprotocolfor a multiple headedotating
gammacamera. Thetotal descriptionof the Inter lev3.3 format canbe found on the Inter le website

[19].

Especiallyimportantis to understandhow the storageof the projectiondatais done. Whenimagedata
relateto multiple windows etc. (e.g. enegy windows, time windows, multiple headsthe imagesshall
be nestedaccordingto the orderin which the correspondindkeys arede ned. Thusif multiple enegy
windows are used,all the imagedatafor the rst window mustbe given rst, followed by the image
datafor the secondwindow, etc. This loop structureis de ned in the Inter le syntaxby the useof the
'for' statementTwo les arecreated gatehdrandgatesin Theheaderle containsall theinformation
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abouttheacquisitionwhile thegatesin le containghebinaryinformation. An exampleof suchaheader
is:

INTERFILE :=

limaging modality := nucmed
Iversion of keys := 3.3

date of keys := 1992:01:01
IGENERAL DATA =

data description .= GATE simulation
Idata starting block := 0

Iname of data file := gate.sin

IGENERAL IMAGE DATA :=

ltype of data := TOMOGRAPHIC

ltotal number of images := 64

study date := 2003:09:15

study time := 11:42:34

imagedata byte order := LITTLEENDIAN
number of energy windows = 1

ISPECT STUDY (general) =

number of detector heads = 2

Inumber of images/energy  window := 64
Iprocess status = ACQUIRED

Inumber of projections = 32

Imatrix  size [1] = 16

Imatrix  size [2] = 16

Inumber format := UNSIGNEDINTEGER
Inumber of bytes per pixel = 2
Iscaling factor  (mm/pixel) 1] =1
Iscaling factor  (mm/pixel) 2] =1
lextent  of rotation = 180

Itime per projection (sec) = 10
study duration  (elapsed) sec : = 320
Imaximum pixel count : = 33

ISPECT STUDY (acquired data) =
Idirection of rotation = CW

start angle = 0

first projection angle in data set = 0
acquisition mode := stepped

orbit := circular

camera zoom factor = 1

Inumber of images/energy  window := 64
Iprocess status = ACQUIRED
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Inumber of projections = 32

Imatrix  size [1] = 16

Imatrix  size [2] = 16

Inumber format := UNSIGNEDINTEGER
Inumber of bytes per pixel = 2
Iscaling factor  (mm/pixel) ] =1
Iscaling factor  (mm/pixel) 2] =1
lextent  of rotation = 180

Itime per projection (sec) = 10
study duration  (elapsed) sec : = 320

Imaximum pixel count : = 36

ISPECT STUDY (acquired data) =

Idirection 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 = Nal

GATE SIMULATION :=
number of runs = 32

IEND OF INTERFILE :=

10.4.2 Use

In orderto achiare suchan InterFile ProjectionOutputSet,the following lines have to be addedto the
executedmacro:

# PROJECTION

/gate/output/pr oj ectio n/ proj ectio nPla ne YZ
/gate/output/pr oj ectio n/ pi xelSize Y 1. mm
/gate/output/pr 0j ectio n/ pi xelSize X 1. mm

/gate/output/pr oj ectio n/ pi xeINumberY 16
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/gate/output/pr 0j ectio n/ pi xeIN umber X 16

Pleasenotethatthe projectionPlaneshouldbe chosercorrectly accordingto the simulatedexperiment.
The pixelSize and the pixelNumberare always describechowever in a x ed XY-axes system. If no
InterFile outputis desired thenthefollowing line hasto beaddedo themacro:

/gate/output/pr 0j ectio n/ di sabl e

10.5 Sinogram output

If the ecatsystemhasbeenselectedseesection4.4.4),the sinogramoutputmodulewill automatically
beenabledunlessspeci ed

/gate/output/si nogr am/di sabl e

This modulestoresthe coincidenteventsin an arrayof 2D sinograms.Thereis one 2D sinogramper
pair of crystal-rings. For example,for the ECAT EXACT HR+ scanner(32 crystal-rings)from CPS
Innovations(Knoxville, TN, U.S.A.),thereare10242D sinogramsThenumberof radialbinsis speci ed
by thecommand:

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

For a systemwith N¢ryst crystalsper crystal-ring,the default valueis equalto N¢ryst=2. The number
of radial bins shouldbe smalleror equalto N¢ryst. The numberof azimuthalbinsis x edandequal
to N¢ryst=2. The default for the ECAT EXACT HR+ (576 crystalsper crystal-ring)correspondso a
288 2882D sinogramsize.

Thereis a one-to-onecorrespondencketweenhe sinogrambins andthe lines-of-respons@_OR)
joining two crystalsin coincidence.The sinogrambin assignments not basedon the true radial and
azimuthalpositionof the LOR, but on the indexing of the crystals. This meanshatthe sinogramsare
subjectto curvatureeffects.

By default, all coincidenteventsarerecordedregardlesf their origin (random trueunscatteredyr
truescattereatoincidence)lt is possibleto discardrandomevents:

/gate/output/si nogr am/TruesOnl y true

In thetrues bothscatterecdindunscatteredoincidenceareincluded.Thereis no simulationof adelayed
coincidencevindow.

At the bgginning of eachrun, the contentof the 2D sinogramss resetto zero. At the endof each
run, the contentsof the 2D sinogramsanbe optionallywrittento araw le (oneperrun). This feature
hasto beenable

/gate/output/si nogr am/RawQut putEn able
Thenameof the le is speci edby:
/gate/output/si nogr am/setF il eName MySinogramFile Name
Three les arewritten perrun:
theraw data(unsignedshortinteger)in MySinogramFileName.ima;

amini ASCII headein MySinogramFileName.dim;
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aninformation le in MySinogramFileName.info.

MySingramHRleNamedim containsthe minimal informationrequiredto readthe at le MySingram-
FileNameima Hereis anexamplewith the default settingfor the ECAT EXACT HR+ scanner:

288 288 1024
-type U116
-dx 1.0
-dy 1.0
-dz 1.0

The rst line speci esthe size of the matrix: 1024 2D sinogramg(third coordinate)with 288 radial
bins( rst coordinateand288azimuthalbins (secondcoordinate).Thesecondine speci estheformat:

unsignedshortinteger Thenext threelinesspecifythe sizeof eachbin; therearesetarbitrarlyto unity.
MySingramHFleNameinfo describeghe orderingof the 2D sinogramsn the at le MySingram-
FileNameima. Hereis anexamplewith the default settingfor the ECAT 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 characterizethy thetwo crystal-ringsn coincidenceing 1 andring,. Instead
of indexing the2D sinogramsy ring 1 andr ing,, they areindexedby thering differencering, ring;
andtheaxial positionring, + ringi:

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 corversionof the 2D sinogramgo an ecat7
formatted3D sinogramin the ecat7outputmodule.This 3D sinogramis thenwritten to anecat7matrix
le.

10.6 ECATY output

If, andonly if, boththe ecatsystemandthesinayramoutputmodulehave beenselectedtheecat7output
modulewill automaticallybe enabledunlessspeci ed

/gate/output/ec at 7/ dis able

This modulewritesthe contentof the 2D sinogramgde ned in the sinagram outputmoduleto anecat7
formattedmatrix scan le, the native le formatfrom CPSInnovations(Knoxville (TN), U.S.A.) for
their ECAT scannefamily. Dueto thelarge sizeof afull 3D PET dataset,the datasetsizeis reduced
beforewriting it to disk. Thereforet is not possibleto go backfrom anecat7formatted3D sinogramto
theoriginal 2D sinogramsset.
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10.6.1 Installation

In orderto compile the ecat7outputmodule of Gate,the ecatlibrary written at the PET Unit of the
CatholicUniversity of Louvain-la-Neue (UCL, Belgium)is required.It canbe downloadedfrom their
website:

http://www.topo .ucl.ac .be/ecat Clib .html

Three les arerequired:thelibrary le libecat.aandthetwo headerles matrix.nandmadine_indep.h
To compileGatewith theecat7library withoutchangingheerv_gatecshandGNUmale le les, theen-
vironmentvariableECAT7_HOMEhasto bede ned andsetto thenameof thehomedirectorywherethe
ecat7library is installed(for example /usr/local/ecat}. In thisecat7homedirectory two subdirectories
shouldbe createdlib andinclude The headerles areputin the {ECAT7_HOME}/includedirectory
For eachsystema speci ¢ subdirectorynamedafterthe G4SYSTEMrvironmentvariablevalueshould
be createdn the ${ECAT7_HOME}/libdirectory The correspondindibrary le libecat.ahasto belo-
catedin this${ECAT7_HOME}Iib/${G4SYSTEMjirectory 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 Datareduction

The polar coordinateof a LOR is approximatelyde ned by the crystal-ringindex differencebetween
bothringsin coincidence.For a Nr crystal-ringsscannerthe total numberof polar sampleds given
by2 Ngr 1. Usually onecatsystemsnotall crystal-ringdifferencesarerecorded;only absolute
crystal-ringdifferencesup to a givenvalue,referredasthe maximumring difference arerecorded:

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

Thevalueof themaximumring differenceshouldbe smallerthanN g.
A polarmashings appliedto group2D sinogramswith adjacenfpolarcoordinatesThesizeof this
groupingis calledthespan[20]. Its minimumvalueis 3 andit shouldbeanoddinteger.

/gate/output/ec at 7/ span 9

The Michelggram representeth Figure10.3graphicallyillustratesmashingin the polar coordinatefor
a 16 crystal-ringscannemwith a maximumring differencesetto 12 anda spanfactorof 5, resultingto
5 polar samplednsteadof 31. Eachdot represent 2D sinogramfor a given pair of crystal-rings.The
grouped2D sinogramsareconnectedy diagonallines. By default, the maximumring differenceis set
to Nr 1 andthespanfactorto 3. It shouldbe notedthatafter choosinga maximumring difference
valueM axRingDif f, only certainspanfactorsare possibleasthe resultingnumberof polarsamples
mustbeaninteger:

2 MaxRingDif f + 1

span (10.1)

In additionto thepolarmashingthenumberof azimuthakampleganalsobereducedromN 5;; = Neryst =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 16 crystal-ringscanner

10.6.3 Sinogram le

At theendof eachrun, anew 3D sinogramis written with anincrementaframeindexing. For example,
with thefollowing con guration

/gate/applicati on/s etT imeSIli ce 60 s
/gate/applicati on/s etT imeStart 0 s
/gate/appicatio n/ setTi meStop 300 s

5 framesof 60 seconceachwill be generatedThenameof thesinogramle is speci ed by
/gate/output/ec at 7/ set Fi le Name MySinogramFile

andthe ECAT codeof the scannemodelis speci ed by

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

Thisinformationcanbe neededy someecat7basedeconstructiomoutines.

It shouldbe notedthatnotall elds of the main-or sub-headeare lled. In particular the coinci-
dence_sampling_modeld of the main-headers alwayssetto Promptsand Delayed(1), regardlessof
thevalueof the/gate/output/sinogm/TruesOnly tag. For the scansub-headethe valueof the prompts

eld is correctly lled andthe valueof the delayedeld is setto the actualnumberof randomcoinci-
dencesandnotto the numberof delayedcoincidencegnot simulated).

Theradialbin sizein the scansub-headeis setto the half-value of the crystaltransersesampling
anddoesnottake into accountthe arcanddepth-of-interactiofD.O.1) effects. After arc correctionthe
radial bin sizeshouldbe slightly increasedo accountfor the D.O.I. effect (seeFigure 10.4). Note that
this correctionis includedin thereconstructiorsoftware providedwith the ECAT scanners.
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Figure10.4:Increaseof theradialbin sizedueto the D.O.I. effect.

10.7 LMF output

10.7.1 Intr oduction

The CrystalClearCollaborationhasdevelopeda “List Mode Format” (LMF) to storethe dataof Clear
PET prototypes.Monte Carlo datageneratedby GATE canalsobe storedunderthe sameformatusing
the classGate DLMF. This format is only available for the cylindricalPET system(seeChap.4)and
GATE canonly storesingleevents.

Severaltoolsthatallow to readthis formatandto processventsareimplementedn the LMF library
[21]. As anexample,coincidencesanbe associatedrom GATE single events. It is alsopossibleto
apply differentdeadtimesandeventuallyto generatesinogramsn inter le formatasusedby the STIR
library [22], whichimplementsseveralimagereconstructioralgorithms(this latteris availableonly with
the STIR library).

TheLMF library andits documentatiorareavailableon the OpenGatevebsite.

10.7.2 Usage

LMF dataarecomposeaf two les with the samebase-namequt differentextensions

A ASCII le with a .cch extensioncontainsgeneralinformation aboutthe scanand aboutthe
scannerlike the scanduration the sizesof the detectorsor the angularrotationspeed.

A binary le with a.ccsextensioncontainsheaderswhich x thetopologyof the scannerfol-
lowedby x edsizerecords.

The usercangeneratgéhesetwo output les automaticallyby usingthe macroscripting. Scriptingalso
allows to selectthe kind of informationto be stored. All informationare optional,excepttime, which
makesthe ClearPETLMF quite versatile. Table 10.7.2lists all optionsandmemoryrequirementshat
canbestoredin the LMF eventrecod whenusingthecylindricalPETsystem.

Thebinaryoutput le sizedepend®n its content.It amountgto 11 MB for 1 million singleevents
storedwith their time, enegy anddetectorlD for a smallanimal PET scanneicomprisingabout1500
crystals.

Macroscommandgavailable only onceinitialisation hasbeendone)usedto con gure the LMF
outputare:

/gate/output/Im fl /e nable
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Information Size(bytes/single)| Realmachines| GATE

Time 8 YES YES

Enegy 1 YES YES

detectorlD 2 YES YES

PET's axial position 2 YES YES
PET'sangularposition 2 YES YES
runiD 4 NO YES

eventID 4 NO YES

sourcelD 2 NO YES
sourceXYZ Position 6 NO YES
global XYZ Position 6 NO YES
numberof Comptonin phantomSD 1 NO YES
numberof Comptonin crystalSD 1 NO YES

Figure10.5: Sizeof informationsto be storedin LMF.

to enableLMF output

/gate/output/Im fl /disa bl e

to disableLMF output

/gate/output/Im fl /s etL MHA-i le Name myFirst

to settheLMF les name.Heretheoutput les will bemyFirst.ccandmyFirst.cch
/gate/output/Im fl /s etD et ecto rl DBool 1

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

/gate/output/Im fl /s etE nerg yBool 1

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

/gate/output/Im fl /s etG antr yAxi alP osBool O
to store(1) or to not store(0) the axial position
/gate/output/Im fl /s etG antr yAngula rP osBool 0
to store(1) or to not store(0) the angularposition

Notethatthefollowing linesmustalwaysto be usedasthey appeabelon with option0:

/gate/output/Im fl /s etS ourc ePosBool 0
/gate/output/Im fl /s etN ei ghbour Bool 0
/gate/output/Im f1 /s etN ei ghbour hoodOrd er 0
/gate/output/Im fl /s etC oi ncid enceBool 0
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All informationthatis notavailablein realworld is storedin a GateDigirecod adjoiningthe event
recod by usingthecommand:

/gate/output/Im fl /s etGat eDig iB ool 1

If theoptionO is used thefollowing commandsreignored

/gate/output/Im fl /s etC ompt onBool 1
/gate/output/Im f1 /s etC onpt onDetec to rBool 1

to store(1) or to not store(0) the numberof Comptonscatteringhatoccursin (resp.)aphantomSCand
acrystalSD

/gate/output/Im fl /s etS ourc el DBool O

to store(1) or to not store(0) thesourcelD
/gate/output/Im fl /s etS ourc eXYZPosBool 0
to store(1) or to not store(0) the sourceXYZ position
/gate/output/Im fl /s etGlo balX YZPosBool 0
to store(1) or to not store(0) thereal XYZ position

Theinformationonthe gantryposition,translationor rotationspeed(s)or the positionof theeccen-
tric rotationaxisareautomaticallypassedrom the macroscriptingto the LMF output.

/gate/output/Im fl /s etE vent IDBool 1
to store(1) or to not store(0) theeventID
/gate/output/Im fl /s etRunID Bool 1

to store(1) or to not store(0) therun 1D

10.7.3 Limitation

The LMF formatwasoriginally designedor the developmentof smallanimalPET scannergor which
thenumberof crystalsis smallerthanfor clinical PET scannersConsequentithe usershouldcarefully
readthe LMF speci cationsandmale surethatthis formatallows him to modelhis scannedesign.In
particular the maximumnumberof sub-wlumesin avolume(e.g.themaximumnumberof submodules
in amodule)is x edby the numberof bits usedto encodehe sub-wlumelD. All togetherthe nal ID
encodinghe positionof aneventhasto be storedon 16 bits only.
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Chapter 11

Materials

11.1 The Gate material database

The primary methodfor de ning the propertiesof the materialsusedin Gateis by a materialsdatabase.
The databasés locatedin the directory*“.../petsim/ " in the le GateMaterials.dbThis le holds
all the informationrequiredfor Gateto assignthe nuclearpropertiesfrom the Geant4datasets,andis
easilymodi ed by the user The OpenGateollaborationsuppliesa fairly extensie listing of materials
in this le aspartof Gate.This chapterdescribeshedetailsof how to modify this database.

As alludedto in the previous paragraphthereexists an alternatemethodfor materialsde nitions.
As discussedn previous chaptersGatescriptsaredevelopedfrom Geant4C++ dataclassesn orderto
simplify andstandardizénputfor Geant4 As aresult,materialsde nitions canbewrittenandcompiled
in C++ directly usingthe Geant4tools. Specifyingmaterialsin this manneris beyondthe scopeof this
documentFor thoseinterestedn directacces$o Geant4s materialsshouldreferto the “Geant4User's
Guide: For Application Developers”’andthe “Geant4Users Guide: For Toolkit Developers”for more
detailedinformation.

The GateMaterials.dble containgwo Geant4structuresalledelementandmaterialghatareused
to de ne the physicalpropertieof theatoms moleculesandcompoundsin contrastwith Geant4 Gate
doesnot useisotopicabundancesThis omissionhaslittle bearingon Gateapplicationshecausésotopic
alundancesreunimportantn low to mid enegy photonandchagedparticleinteractions.In fact, this
distinctionis only importantfor enrichedor depletedmaterialsnteractingwith neutronsor, highenegy
(> 5 MeV) photonsor chagedpatrticles.

11.1.1 Elements

Elementsare the building blocks of all the materialsusedin Gatesimulations. Elementsin Gateare
de ned asin aperiodictable. Gatestoresthe elementsiame,symbol,atomichnumbey andmolar mass.
As statedabore, isotopicalundancesare not referencedr used. The supplied le GateMaterials.db
containghe mostcommonlyusedelementandtheir molarmassessthey arefoundin nature.

It shouldbe notedthat someelements particularly thosethat have an isotopewith a large cross
sectionfor neutronabsorptionhave isotopic ahundancesnd thus molar masseghat vary depending
upontheir source. One elementthat exhibits this behaior is boron. In practicethis behaior is not
importantfor Gateapplications.
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11.1.2 Materials

In Gate,materialsare de ned as combinationsof elementsand are animportantparametethat Gate
usesfor all of the particleinteractionghattake placeduring a simulation. Thesecombinationof ele-

mentsrequirede ning four additionalparametersTheseare the materials name,density constituent
element(s)andtheirindividual abundances.

The compositionof elementsvithin a materialcanbe de ned in two differentways. If the material
is a chemicalcompoundhenits relative amountsof elementsare speci ed by the numberof atomsin
the chemicalformula of the compound. For example, methaneCH,4 would be de ned as having one
carbonatomand four hydrogenatoms. If the materialis betterdescribedas a mixture, suchas 304-
stainlesssteel,thenthe relatve combinationf the elementsaregiven by massfraction. In the caseof
304-stainlessteelthe variousmassfractionsare given as0.6951ron, 0.190Chromium,0.095Nickel,
and0.020ManganeseNotethatthe massfractionsfrom the elementsnustall sumto one.

Densitiesof materialsoften vary greatly betweendifferentsourcesand mustbe carefully selected
for the speci ¢ applicationin mind. Units of densitymustalsobe de ned. Thesearetypically givenin
g/cr? but canbe given in more corvenientunits for extremecases.For example,a vacuums density
maybe expressedn unitsof mg/cne.

11.2 Modifying the Gate material database

As mentionedn the previoussectionthe Gatematerialdatabaseis locatedin the le GateMaterials.db
This le mustbepresentn everydirectoryin which Gateis rununlessGateis speci cally compiledwith
thedatabase&'locationspeci ed. Therelevant le is

include/GateMat er ia IDa ta base.h h

andthemodi cationis“define  DEFAULT_GATEMAIRA LDB " thelocationof GateMaterials.db”.
The databasele is designedo be easilymodi ed for userdependenapplications.Ilt mustcontainall
theelementandmaterialde nitions associateavith the systembeingmodeled.

11.2.1 Newelement

De ning a newv elementis a simple and straightforward process. Simply openthe GateMaterials.db
le with the text editor of your choice. At thetop of the le is the heademamed[Elements] and
someavherein the middle of the le is anothetheademamedMaterials] . All elementde nitions
requiredby theprojectmustbeincludedbetweerthesetwo headersTheformatfor enteringanelement
is givenby the elementsiame symbol,atomicnumbeyandmolarmass.Below is anexample.

ElementExampleGateMaterials.db

[Elements]

Hydrogen: SsH ; z= 1. ; A= 1.01 g/mole
Helium: S=He ; Z= 2. ; A= 4.003 g/mole
Lithium: S= Lij o Z= 3. ; A= 6.941 g/mole
Beryllium: S=Be ; Z= 4. ; A= 9.012 g/mole
Boron: S=B ; Z= 5 ; A= 10811 g/mole
Carbon: S=C o Z= 6. ; A= 12.01 g/mole
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Notetheformatin the abose example. In this examplethe nameof the elements given rst andis
followed by a colon. Next, the standardsymbolfor the elementis givenby S= symbolicnamefollowed
by a semi-colon. The atomicnumberand molar massfollows the symbolicnamegiven by Z= atomic
numberwith a semi-colonandby A= molar massunitsfor the molarmassandit' s units.

11.2.2 New material

Materialsarede ned in a similar mannetto elementsut containsomeadditionalparameterso account
for theirdensityandcomposition.De ning densityis straightforwardanddonethesameway for all ma-
terials. However, materialcompositiongequiredifferentde nitions dependingupontheir form. These
compositionaformsarepuresubstanceshemicalcompoundsandmixturesof elements.

To addor modify a materialin the materialdatabaséegin by openingthe GateMaterials.dble with
atext editor Thistime the nen entryis madebelaov the heademamed[Materials] . All material
de nitions requiredby the projectmustbeincludedbelawv this seconcheaderMaterialsde nitions span
severallines. The rst line speci estheir name density numberof constituentsandanoptionalparam-
eterdescribingthe materialsstate(solid, liquid, or gas). The secondand subsequeniines specifythe
individual constituentandtheir relative abundanceshat make up this material.

The compositionalforms of materialsthat Gate usesare pure substancesghemicalcompounds,
mixturesof elementsandmixturesof materials. Gatede neseachof thesecaseslightly differentlyand
eachwill bedealtwith separatelyelaw. It shouldbe notedthatin every casethe elementdbeingusedin
amaterialde nition mustbe previously de ned aselements.

Elementsas materials

Substancesomprisedof a pure elementare the easiesimaterialsto de ne. Onthe rst line enterthe
nameof the material(the nameof the materialcanbe the sameasthatof the element),t's density it's
numberof constituentgwhich is onein this case),andoptionallyit's state(solid, liquid, or gas). The
default stateis gaseousOn the secondine enterthe elementthatit is composedf andthe numberof
atomsof thatelement(in the caseof anelementasa materialthis numberis one).For example;

ElementsaasmaterialsexampleGateMaterials.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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Onthe rst line the density(with units)is de ned by d= materialdensityunitsandis separatedby
a semi-colonfrom the numberof constituentsn the materialde ned by n= numberof elements|f the
optionalmaterialform parameteis usedit is alsoseparatedby a semi-colon. The availableforms are
gas,liquid, andsolid. On the secondine the individual elementsandtheir alundancesrede ned by
+el:  name=nameoftheelement n= numberofatoms Noticethatif the nameof the elementand
the materialaresamethe elementsiamecanbede ned by +el:  hame=auto command.

Compoundsasmaterials

Substancesomprisedof a chemicalcompoundsare de ned basedupon the elementsthat comprise
themandtheir chemicalformula. The rst line is identicalto the rst line of a puresubstancesxcept
thatthe numberof constituentelementds now greaterthanone. On the secondand subsequenlines
the individual elementsandtheir abundancesrede ned by+el:  name= nameof theelement n=

numberof atoms For example;

CompoundsismaterialssxampleGateMaterials.db

[Materials]

Nal: d=3.67 g¢g/cm3; n=2; state=solid
+el: name=Sodium ; n=1
+el:  name=lodine ; n=1

PWO: d=8.28 g¢g/cm3; n=3 ; state=Solid
+el:  name=Lead; n=1
+el:  name=Tungsten; n
+el:  name=0Oxygen; n=4

Mixtur esasmaterials

Substancesomprisedf amixtureof elementarede nedbyindicatingthemasdractionof theelements
thatmakeupthemixture. The rst line of this de nition is identicalto the rst line of thede nition of a
chemicalkcompound Onthesecondaindsubsequerinestheindividual elementandtheirmasdractions
arede nedby +el: name=nameofelement f= masdraction In the caseof materialmixturesthe
sumof the massfractionsshouldbe one.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=0Oxygen ; f=0.749
+el:  name=Sodium ;. f=0.002
+el:  name=Phosphor : =0.002
+el:  name=Sulfur ;. f=0.003
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+el:  name=Chlorine : =0.003
+el:  name=Potassium ; f=0.002

SS304: d=7.92 g¢g/cm3 ; n=4 ; state=solid

+el:  name=lron ;. f=0.695
+el:  name=Chromium ; f=0.190
+el:  name=Nickel ;. f=0.095

+el:  name=Manganese ; f=0.020

Mixtur esof materials as materials

Anotherway materialcanbede ned is asmixturesof othermaterialsandelementsAs anexample,

Mixturesof mixturesasmaterialsexampleGateMaterials.db

[Materials]

Aerogel: d=0.200 g/cm3 ; n=3
+mat: name=Si0O2 . =0.625
+mat: name=Water ;. f=0.374
+el: name=Carbon ; f=0.001

In this examplethe material, Aerogel,is de ned to be madeup of two materials,silicordioxideand
water andoneelementcarbon.Massfractionsof the of thesilicon dioxide,water andcarbonaregiven
to specifythe atomdensitiesof the materialwhenrelatedto the densityof the Aerogel. Note thatwhen
specifyingmaterialsatherthanelementghe+mat: name=identi er mustbeused.
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Chapter 12

How to run Gate

12.1 Interactive mode

To startGatein interactive mode,simply type:

$ Gate

andthefollowing output(or somethingsimilar) will appeaionthescreen:

l *kkkkkkkkkkkhkk *k kkk kk kk kk kk kkk kk kk kk kk k) k k% k% %
2 Geant4 version $Name: $

3 (3-October-200  3)
4 Copyright : Geant4 Collaboration

5 *kkkkkkkkkkkkkk *k kkk kk kk kk kk kkk kk k% kk kk kkk k% k%

6 Time set to (s) O

7 Visualization Manager instantiating..

8 Visualization Manager initialising...

9

Registering graphics  systems...

10 You have successfully chosen to use the following graphics
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 ose 1

20 /gate/timing/s et Time 0. s

21 Time set to (s) O

22 [gate/applicat io n/s et TimeSlice 1. s
23 Prelnit>
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This outputwill vary dependingon your Gateinstallation,thatis what software wasinstalledand
how it wasinstalled. Notice thatthe numberson the left do not appeaiin the actualoutput. They are
shawvn herejustfor didacticpurposes.

Lines1-5indicategheversionof the Geant4softwarein yourinstallationandlines6-9 areinitializa-
tion messagefom Gate.If youinstalledGatewith visualizationsupportthenyou shouldseemessages
like lines 10-15. Then, Gaterunsthe le prerunGate.mac locatedin the petsim directoryand
it outputsthe commandines 16-22foundin that le. Finally, andif everythingwentright, thenGate
outputstheinterpreters commandprompt(line 23). ThismeangGateis readyto readcommand®ntered
by theuser

If youarenotyetfamiliar with Gatecommandsyou cangethelpby typingls :

1 Prelnit> Is
2 Command directory path : /
3 Sub-directorie S

4 /control/ Ul control commands.
5 units/ Available units.
6 Ipersistency/ Control commands for Persistency package
7 /geometry/ Geometry control commands.
8 Itracking/ TrackingManager  and SteppingManage r control  commands.
9 levent/ EventManager control commands.
10 frun/ Run control ~ commands.
11 /random/ Random number status control commands.
12 Iparticle/ Particle control  commands.
13 /process/ Process Table control commands.
14 lgate/ Gate detector  control.
15 /hits/ Sensitive detectors and Hits
16 [digi/ DigitizerModule
17 Ivis/ Visualization commands.
18 Commands:
19 Prelnit>
Whenthe Sub-directories nameglines4-17)endwith a\ (slash),t means/oucangodeeper

in thatsub-directoryFor instancelet's sayyouwantto nd outmoreabouthow to run macros:

=

Prelnit> Is /control
Command directory path : /control/

N

3 Guidance
4 Ul 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 HTMLfiles for all of sub-directorie s and commands.
20 maximumStoredHis tory * Set maximum number of stored Ul commands.
21 Prelnit>
A * attheendof the Sub-directories namesneanghatis thelastlevel for thatsubdirectoryln
line 7,we nd thatthecommandcontrol/execut e executesamacro le. Thiscommandasically

readsthe macro le andexecutesthe lines asthey appeaiin the le. Supposeyou have a le named
myScanner.mac thatcontainsall thenecessargommandsdo run a particularsimulation. Thentype:

1 Prelnit> /control/execut e myScanner.mac

torunthemacrole. Themacrole myScanner.mac cancontainadditionalcontrol/execut e
commandgo run othermacro les andsoon. Gatewill readand executethose les in the orderin
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 whichis usuallythelastcommandoundin youmacro les.

Dependingon the level of verbositythat you have speci ed in your macro,you will seemore or
lessmessageaboutthesimulation.If your simulationcontainsvisualizationcommandsyou will seean
OpenGLwindow to appeamwith a beautifulpictureof your scanner

At the endof your simulation,the commandine interpreterpromptwill appearagain. To exit the
interpretertype:

Prelnit> exit
Graphics systems deleted.
Visualization Manager deleting...

12.2 Running parameterizedmacros

It is very commonfor usersto run several simulationsthat differ in a few parametersFor instancea
usermighthave designedasmallanimalPET scanneandwould lik e to estimatéts performancdor ve
differentcrystalmaterialsandthreeenegy windows. In thesecasesthe userdoesnot needto write a
completesetof macrodor eachsimulationscenariolnstead He or Shecanwrite parameterizechacros.
The actualvaluesof the parameterarespeci ed at commandine whenstartingup Gateor they canbe
de ned with theinterpreter

For instance supposave wantto parameterizéhe lower andupperlevel enegy discriminatorsand

thelengthof coincidencevindown. Then,we may have the following Acquisition.mac macro le:
# DI GI Tl ZER

1 /gate/digitizer /Sing le s/ in sert adder

2 /[gate/digitizer /Sing le s/ in sert readout

3 /gate/digitizer /Sing le s/ re adout /s et Dept h 1
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4 [gate/digitizer /Sing le s/ in sert blurring

5 [gate/digitizer /Sing le s/ bl urrin g/ setResolu ti on 0.26

6 /gate/digitizer /Sing le s/ bl urrin g/ setE nergy OfRefe re nce 511. keV
7 Igate/digitizer /Sing le s/ in sert thresholder

8 /gate/digitizer /Sing le s/ th re shold er/s et Thr eshold {lld} keV

9 /gate/digitizer /Sing le s/ in sert upholder

10 /gate/digitize r/ Sin gl es/u phold er /s et Uphol d {uld} keV

# COIl NCI SORTER

11 /gate/digitize r/ Coi ncid ences/s et Window {CoincWindow} ns

Lines 8, 10, and 11 de ne aliasesfor the lower level discriminatoy the upperlevel discriminatoy
andthelengthof the coincidencewindow, respectiely. An aliasis alwaysspeci ed between{ and}
(braclets)andit canconsistof ary characters.

To passactualvaluesto themacro le, werun Gate,for instanceasfollows:

$ Gate -a CoincWindow 10 -a Illd 350 -a uld 650

It is worth emphasizindghefollowing pointsaboutaliases:
Theorderof thealiasesatthecommandine canbeary.
Aliasesarecasesensitve,so-a lld 350 isnotthesameas-a LLD 350.

All aliasesn 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. the modein which you don't needto enter
theinterpreterandrun/control/execut e andexit commandsverytime.

If youwantto run asimulationsin “batch” mode,you cando soby redirectingthe standardnput of
Gatewith the< symbolandthenameof the le youwantto run. For example,

$ Gate -a CoincWindow 10 -a Ild 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 sequencelf Gate
doesnot nd theexit commandit will returnto the userinterfacepromptandtherestof the simulations
will notrun.

It is recommendedilthoughnotnecessaryto avoid runningvisualizationcommandsn batchmode.
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12.4 How to launch DigiGate

GATE offersan operationrmodededicatedo digitizer optimization,known asDigiGate (seechapter8).
DigiGate worksby re-readinga previously generatedROOT hit- le andchangingaccordingto new
values.
It consistsof two steps. In the rst step,the simulationrunsaccordingto MacroTest.mac . This
macro le shouldsare the Hits datain theroot output le with the name gate.root  (whichis the
default name). In the secondstep,the digitizer modi cations are madein MacroTest.mac (like
a nev modulefor the enegy resolution,or a differentdead-time..), andthenthe re-analysids done
by usingthe gate.root le asaninput le for the program DigiGate andthisis achieed by
launching Gate with a'-d' option.

Gate < MacroTest.mac

—> arootoutput le is producedwith Hits informations
—> thedigitizer of MacroTest.mads changedalongwith the nameof theroot output le.

Gate -d < MacroTest.mac

—> anew rootoutput le is producedvhichincorporateshechangeslueto adifferentdigitizer
without having to repeathe particlegeneratiorandits propagation.
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