6 o o

NNTAANAANNNNINILIRIUBI TR LANTANTULATAANT I ARNN LMD FAR AN TR LLLNTINTE]

UNENNTNAT SunSneTaNTR

¥ ]
Ingnusiudauniiarasn1s AN AMNMANgATLS YN AN ANARINUTTTUTR

anandmniianaasinalulatl niadTRAINIINTaAALS
ANEAAINIINAERT A¥TNaINTINMINEAE
Tnnsdnmn 2555
A1&n3vasinaenIniTANINgs
unAntdauazuindeyaaiuifinaasdnenfinussausidnisdnm 2554 AlvEnsluadaloyanqine (CUIR)
Wuundayaresiidnidaedininusideinmiiudfiaame g

The abstract and full text of theses from the academic year 2011 in Chulalongkorn University Intellectual Repository(CUIR)
are the thesis authors' files submitted through the Graduate School.



REDUCTION OF X-RAY SCATTERING EFFECT FOR CONE BEAM
COMPUTED TOMOGRAPHY

Miss Chalinee Thanasupsombat

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Nuclear Technology
Department of Nuclear Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2012

Copyright of Chulalongkorn University



[%

PRI RINUE NNTAANAAINNNINILIAIUBI TR LA NT AL

I %

LATRSLANT LT ARNNALADFNNANTIRLLLNIINTIE

1mel UNANTIAT FUNTNETANITE
a a = I3 =
#1217 Homagsinalulag
AN ENUFN AN NN UTUAN ANANTE AT WIEFWNNE b gdel
ana3sLEnEANeNdnus N A7.1R1INAET BINARTNT

ADEAANITHANARS AaINIaiuNANENAY aylR Iiuanednusariuilu

AOUNTTBINTIANHIANUANRFLFEY YNNI A

ADLAATULAAINTINANERT

L

(3D9ANARTIA3E] AT LEUAN LRANTEYINA)

7

ATUZNTTNNITADLINYITINUS

192H1UNIINNNG

(399ANEMI199¢] ANEIF FTADME)

rdl a a ¢ o
mmawﬂ?nmqwmuwuﬁmn

(0121981 AT WILNNE W glTeD)

27199 NUINH NI RINUS TN

(mm&ﬁwﬁ mmﬁm?:ﬁu)



AT sUnINTaNTR © NMIAANAANNNNINIYIA IR RIaNd AT LLAT e LanTLseT
paNfiaRsA AN TR ULULNIaN9Y. (REDUCTION OF X-RAY SCATTERING
EFFECT FOR CONE BEAM COMPUTED TOMOGRAPHY) @.ﬁﬂ_ﬁﬂwﬁmmﬁwuﬁ
wan:  e.as.nsunne W diad, 0. AN AN inusion:  as.ianal

f99ARTN, 105 UL,

3
v AaA o

a o dl a o a g % dld 1
ﬂW?Q“]ﬂuNfJﬁlQﬂﬁ‘z’&flﬂL‘W‘ﬂ@ﬂN@@Wﬂﬂ’]?ﬂ??&lﬂ\‘]"ﬂﬂ\‘l?\‘]@L@ﬂsﬁﬂﬁﬂluq[;‘mV]Nlﬂ@

q

ANAAAINN LFANNLATRLANT LT AR N A AR TN UANFTNTINM N IR LA TN WA LN
AnenAanfuazmaluladiuiand (@an1.) Ieald Geantd lun1928599MULRNABILALIULLIL

1 o dl o ] o 1 o o a o ¥
szuugnanndpaialdlunisataasdianndng  Tudsunesnisdiniedlunisanaeals

= o o o o al o’d‘ k3 ] A dl o o a Y o a
L?Jﬂuiﬂﬂmﬁ‘?\l@qﬁi‘uLLEIﬂ’Jﬁ‘E\‘iZQL'EmeﬁV]MﬂL?IW@UEL’]OAL?]?@\?'J@N@ IQEILL‘]_I\??]@N”@“IIE]\T?\‘IZQ

a o

A o o - = - a 1y Ry o X ° Y
@@ﬂLﬂu@@\T@quﬂ@ ?\‘1@L‘ﬂﬂsﬁﬂﬁﬂﬂmLL@Z?\?@L@ﬂeﬁﬂﬁ‘zL“’Q\‘] m@sﬂ@ﬂmmﬂmmmugﬂuﬂmﬂﬂu

b1l

nsANEuAIATITiAnIANEIEeeNAendnIvias  wananBldninisfFaumauaaN

[ v

[Wuaa9s9dnleainnisanaadnaninldsaptuiie uiuN AAINNIINARAUNARTIAADLILA

v A

%\‘]‘W‘LIQI’] ﬂ’)’]NL%N"H@\‘i%‘/\‘]a@’mN@ﬂ’]?‘%’]@@QLL@Z@’m Nﬂﬂ’]ﬁ"ﬂ@@‘ﬂ\‘]ﬁﬁ/ﬂ‘]ﬂmz’&‘ﬂﬂﬂéj‘ﬂﬁﬂuﬂ

4 o

wasantuliiideyaainnisaiassunmusundndausendneiuinisdend Ugunse

u
2 I

1BuusadlendianuaNLAarafLtaUunnilsaady waztindadoun leiun 19 lun19U5y

o a 6 a %% 1 o dl v d?
antFunuiagiandnsvidsluninilsiapduainnimeaas  Inanwud1 NNFAI19NZ5 19T
ananllsiaaduniiunsiulgauda d15u1ns Cupping artifact UsINJUUNINanas

waaS NN AR AR WA

ANARTN AAINIINTLARYS ANtNaTa AR

a a al ' = A r-‘ll t:ll a a & o
A9 Hamaesinalulas AENDTR @.VIL@ﬂE’W’JV]ﬂ’]MWHﬁM@ﬂ

UnnsAnmn_ 2555 MeiaTa 8 NENE R Ne NS TN



# # 5370420021 : MAJOR NUCLEAR TECHNOLOGY

KEYWORDS : GEANT4 / MONTE CARLO METHOD / COMPUTED TOMOGRAPHY /

SCATTER ARTIFACT
CHALINEE THANASUPSOMBAT : REDUCTION OF X-RAY SCATTERING EFFECT
FOR CONE BEAM COMPUTED TOMOGRAPHY. ADVISOR : PHONGPHAETH
PENGVANICH, Ph.D., CO-ADVISOR : SAOWAPAK THONGVIGITMANEE, Ph.D.,
105 pp.

The purpose of this research is to reduce the effect of X-ray scattering inside an
object for cone beam computed tomography (CBCT). This effect can reduce the quality
of the CT images which affects the effectiveness of their applications. In this research, a
Monte Carlo-based toolkit, Geant4, was used to simulate a CT system of the dental CT
machine constructed by the National Science and Technology Development Agency
(NSTDA). In the simulation, X-ray signals detected by the detector were divided into two
parts: the primary X-rays and the scattered x-rays. The scattered X-ray properties were
analyzed from the simulated data. The X-ray projection image from simulation gives a
good agreement with the projection image from an actual CT system. The primary to all
X-ray intensity ratios in each region on the detector from the simulated data was applied
to correct the experimental projection images. The images which are reconstructed from
the corrected experimental projection images appear to decrease the cupping artifacts.

This confirms the improvement of the CT image quality.
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Main Program

1.1 Tdswnsunldlunisaraasargninwidsiandy

#tinclude "G4RunManager.hh"

#include "G4UImanager.hh"

#include "XrayDetectorConstruction.hh"
#include "XrayPhysicsListPenelope.hh"
#include "XrayPrimaryGeneratorAction.hh"
#include "XraySteppingAction.hh"
#include "XrayEventAction.hh"

#include "XrayRunAction.hh"

#ifdef G4VIS_USE
#include "G4VisExecutive.hh"
ttendif

#ifdef G4UI_USE
#include "G4UIExecutive.hh"
ttendif

int main(int argc,char** argv)

{

/!

//

//

CLHEP: :HepRandom: : setTheSeed(8358);

Construct the run manager
G4RunManager * runManager = new G4RunManager;

Set mandatory initialization classes
XrayDetectorConstruction* detector = new XrayDetectorConstruction;
runManager->SetUserInitialization(detector);

G4VUserPhysicsList* physics = new XrayPhysicsListPenelope;
runManager->SetUserInitialization(physics);

Set user action classes
G4VUserPrimaryGeneratorAction* gen_action = new XrayPrimaryGeneratorAction;
runManager->SetUserAction(gen_action);

G4UserRunAction* run_action = new XrayRunAction;
runManager->SetUserAction(run_action);

XrayEventAction* event_action = new XrayEventAction;
runManager->SetUserAction(event_action);

G4UserSteppingAction* stepping_action = new XraySteppingAction(detector,

event_action);

!/

runManager->SetUserAction(stepping_action);

#ifdef G4VIS_USE

// Visualization manager
G4VisManager* visManager = new G4VisExecutive;
visManager->Initialize();

#endif

Initialize G4 kernel
runManager->Initialize();
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// Get the pointer to the User Interface manager
G4UImanager* UImanager = G4UImanager::GetUIpointer();
if (argc==1) // Define UI session for interactive mode

#ifdef G4UI_USE
G4UIExecutive* ui = new G4UIExecutive(argc, argv);
#ifdef G4VIS_USE
UImanager->ApplyCommand("/control/execute vis.mac");

#endif
ui->SessionStart();
delete ui;
#endif
else // Batch mode
{
G4String command = "/control/execute ";

G4String fileName = argv[1];
UImanager->ApplyCommand(command+fileName);

}

#ifdef G4VIS_USE
delete visManager;

#tendif

delete runManager;

return 0;

1.2 Tdsunsunldlunisanaasdaninldsiandusaudng

#include "G4RunManager.hh"

#include "G4UImanager.hh"

#include "XrayDetectorConstruction.hh"
#include "XrayPhysicsListPenelope.hh"
#include "XrayPrimaryGeneratorAction.hh"
#include "XraySteppingAction.hh"
#include "XrayEventAction.hh"

#include "XrayRunAction.hh"

#ifdef G4VIS_USE
#include "G4VisExecutive.hh"
#endif

#ifdef G4UI_USE
#include "G4UIExecutive.hh"
#tendif

int main(int argc,char** argv)
{
CLHEP: :HepRandom: : setTheSeed(8358);

// Construct the run manager
G4RunManager * runManager = new G4RunManager;

// Set mandatory initialization classes
XrayDetectorConstruction* detector = new XrayDetectorConstruction;
runManager->SetUserInitialization(detector);

G4VUserPhysicsList* physics = new XrayPhysicsListPenelope;
runManager->SetUserInitialization(physics);

// Set user action classes

G4VUserPrimaryGeneratorAction* gen_action = new XrayPrimaryGeneratorAction;

runManager->SetUserAction(gen_action);
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XrayRunAction* run_action = new XrayRunAction;
runManager->SetUserAction(run_action);

XrayEventAction * event_action = new XrayEventAction(detector, run_action);
runManager->SetUserAction(event_action);

G4UserSteppingAction* stepping_action = new XraySteppingAction(detector,
event_action);
runManager->SetUserAction(stepping_action);

#ifdef G4VIS_USE

// Visualization manager
G4VisManager* visManager = new G4VisExecutive;
visManager->Initialize();

#tendif

// Initialize G4 kernel
runManager->Initialize();

// Get the pointer to the User Interface manager
G4UImanager* UImanager = G4UImanager: :GetUIpointer();
if (argc==1) // Define UI session for interactive mode

#ifdef G4UI_USE
G4UIExecutive* ui = new G4UIExecutive(argc, argv);
#ifdef G4VIS_USE
UImanager->ApplyCommand("/control/execute vis.mac");

#tendif
ui->SessionStart();
delete ui;
#endif
}
else // Batch mode
{
G4String command = "/control/execute ";
G4String fileName = argv[1];
UImanager->ApplyCommand(command+fileName);
}

#ifdef G4VIS_USE
delete visManager;

#endif

delete runManager;

return 0;

2. XrayDetectorConstruction
2.1 Tdswnsunldlunisaraasarannidsiandy

2.1.1 XrayDetectorConstruction.hh

#ifndef XrayDetectorConstruction_h
#define XrayDetectorConstruction_h 1
#include "G4VUserDetectorConstruction.hh"
#include "globals.hh"

#include "G4ThreeVector.hh"

#include "G4LogicalVolume.hh"

class G4VPhysicalVolume;
class G4Material;
class XrayDetectorConstruction : public G4VUserDetectorConstruction



public:
XrayDetectorConstruction();
virtual ~XrayDetectorConstruction();
public:
virtual G4VPhysicalVolume* Construct();
const G4VPhysicalVolume* GetWorld() {return worldPhys;};
const G4VPhysicalVolume* GetDetector() {return platePhys;};
const G4VPhysicalVolume* GetCollimator() {return colPhys;};
G4double GetboundDetZpre() {return (detPosition.z())+detectorZ;};
private:
void DefineMaterials();
void SetupGeometry();
private:
G4Material* air;
G4Material* water;
G4Material* vacuum;
G4Material* lead;
G4VPhysicalVolume* worldPhys;
G4VPhysicalVolume* platePhys;
G4VPhysicalVolume* phanPhys;
G4bool constructed;
G4double detectorX;
G4double detectoryY;
G4double detectorz;
GAThreeVector detPosition;
G4ThreeVector objPosition;
G4RotationMatrix* targetRot;

3

#tendif

2.1.2 XrayDetectorConstruction.cc

#include "XrayDetectorConstruction.hh"
#include "G4Material.hh"

#include "G4Box.hh"

#include "G4Tubs.hh"

#include "G4LogicalVolume.hh"

#include "G4PVPlacement.hh"

#include "G4VisAttributes.hh"

#include "G4Colour.hh"

#include "G4ios.hh"

#include "G4NistManager.hh"

XrayDetectorConstruction: :XrayDetectorConstruction():constructed(false){;}
XrayDetectorConstruction: :~XrayDetectorConstruction(){;}
G4VPhysicalVolume* XrayDetectorConstruction::Construct()

{

if(!constructed)

{
constructed = true;
DefineMaterials();
SetupGeometry();

}

return worldPhys;

}

void XrayDetectorConstruction::DefineMaterials()

{
G4NistManager* man = G4NistManager::Instance();
water = man->FindOrBuildMaterial("G4_WATER");
air man->FindOrBuildMaterial("G4_AIR");



vacuum = man->FindOrBuildMaterial("G4_Galactic");
lead = man->FindOrBuildMaterial("G4_Pb");
}
void XrayDetectorConstruction::SetupGeometry()
{
detectorX = 12.2*%cm;detectorY = 9.75%cm; detectorZ = 0.5%cm;
detPosition = G4ThreeVector(0.0*cm, ©.0*cm,-70.5*%cm); // sdd = 70.0 cm
objPosition = G4ThreeVector(0.0*cm, ©.0*cm,-50.0*cm); // sod = 50.0 cm
//World
G4VSolid* worldSolid = new G4Box("World",1.5*m,1.5*%m,2.0*m);
G4LogicalVolume* worldlLogical = new G4LogicalVolume(worldSolid,air, "World");
worldPhys = new G4PVPlacement(©,G4ThreeVector(),worldLogical, "World",0,false,0);
//detector

G4VSolid* plateSolid = new G4Box("plate",detectorX, detectorY, detectorz);

G4LogicalVolume* platelLogical = new G4LogicalVolume(plateSolid,vacuum,"plate");

platePhys = new
G4PVPlacement(@,detPosition,platelLogical,"plate”,worldLogical,false,Q);

//collimator
G4VSolid* colSolid = new G4Box('"colli",5.0*cm, 5.0*cm, ©.25*cm);
G4LogicalVolume* collLogical = new G4LogicalVolume(colSolid,lead,"colli");
colPhys = new G4PVPlacement(©,G4ThreeVector(0.0*cm, 0.0*cm, -
22.0*cm),colLogical,"colli",worldLogical,false,0);

G4VSolid* colholeSolid = new G4Box("colhole",3.85*cm, 3.1*cm, ©.25*cm);

G4LogicalVolume* colholelLogical = new G4LogicalVolume(colholeSolid,air,"colhole");

G4VPhysicalVolume* colholePhys = new G4PVPlacement(0,G4ThreeVector(0.0*cm, ©.0%cm,
0.0*cm),colholelLogical, "colhole",colLogical,false,0);

//object
targetRot = new G4RotationMatrix();
targetRot->rotateX(90.*deg);

G4VSolid* phanSolid = new G4Tubs("cylinphantom", @.0*cm, 6.0*cm, 3.0*cm, 0.*deg,
360.*deg);

G4LogicalVolume* phanLogical = new G4LogicalVolume(phanSolid,water,"cylinphantom");

phanPhys = new G4PVPlacement(targetRot, objPosition, phanLogical,"cylinphantom",
worldLogical,false,9);

//visualization
G4VisAttributes* simpleBoxVisAtt= new G4VisAttributes(G4Colour(1.0,1.0,1.90));
simpleBoxVisAtt->SetVisibility(true);

2.2 Tdsunsuinldlunisaraasaraninllsiandusauing

2.2.1 XrayDetectorConstruction.hh

#ifndef XrayDetectorConstruction_h
#tdefine XrayDetectorConstruction_h 1
#include "G4VUserDetectorConstruction.hh”
#include "globals.hh"

#include "G4ThreeVector.hh"

#include "G4LogicalVolume.hh"

class G4VPhysicalVolume;

class G4Material;

class XrayDetectorMessenger;

class XrayDetectorConstruction : public G4VUserDetectorConstruction

{
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public:
XrayDetectorConstruction();
virtual ~XrayDetectorConstruction();

public:
virtual G4VPhysicalVolume* Construct();
const G4VPhysicalVolume* GetWorld()  {return worldPhys;};
const G4VPhysicalVolume* GetDetector() {return platePhys;};
const G4VPhysicalVolume* GetCollimator() {return colPhys;};
G4double GetboundDetZpre() {return (detPosition.z())+detectorZ;};
G4double GetHalfDetectorX() {return detectorX/cm;};
G4double GetHalfDetectorY() {return detectorY/cm;};
void SetRotationz(G4double);

private:
void DefineMaterials();
void SetupGeometry();
private:
G4Material* air;
G4Material* water;
G4Material* vacuum;
G4Material* lead;
G4VPhysicalVolume* worldPhys;
G4VPhysicalVolume* platePhys;
G4VPhysicalVolume* phanPhys;
G4bool constructed;
G4double detectorX;
G4double detectoryY;
G4double detectorz;
G4ThreeVector detPosition;
G4ThreeVector objPosition;
G4RotationMatrix* targetRot;
XrayDetectorMessenger* xrayDetectorMessenger;

}s

#endif

2.2.2 XrayDetectorConstruction.cc

#tinclude "XrayDetectorConstruction.hh"
#include "XrayDetectorMessenger.hh"
#include "G4Material.hh"

#include "G4Box.hh"

#include "G4Tubs.hh"

#include "G4LogicalVolume.hh"
#include "G4PVPlacement.hh"
#include "G4VisAttributes.hh"
#include "G4Colour.hh"

#include "G4ios.hh"

#include "G4NistManager.hh"

XrayDetectorConstruction: :XrayDetectorConstruction():constructed(false)

{

xrayDetectorMessenger = new XrayDetectorMessenger(this);

¥
XrayDetectorConstruction: :~XrayDetectorConstruction()
{
delete xrayDetectorMessenger;
}

G4VPhysicalVolume* XrayDetectorConstruction::Construct()
{
if(!constructed)
{
constructed = true;
DefineMaterials();
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SetupGeometry();
}
return worldPhys;
}
void XrayDetectorConstruction::DefineMaterials()
{
G4NistManager* man = G4NistManager::Instance();
water = man->FindOrBuildMaterial("G4_WATER");
air = man->FindOrBuildMaterial("G4_AIR");
vacuum = man->FindOrBuildMaterial("G4_Galactic");
lead = man->FindOrBuildMaterial("G4_Pb");
}
void XrayDetectorConstruction: :SetupGeometry()
{
detectorX = 12.2*cm;detectorY = 9.75*%cm; detectorZz = 0.5*cm;
detPosition = G4ThreeVector(0.09*cm, ©.0*cm,-70.5*%cm); // sdd = 70.0 cm
objPosition = G4ThreeVector(0.0*cm, 0.0*cm,-50.0*cm); // sod = 50.0 cm
//World
G4VSolid* worldSolid = new G4Box("World",1.5*m,1.5*m,2.0*m);
G4LogicalVolume* worldLogical = new G4LogicalVolume(worldSolid,air, "World");
worldPhys = new G4PVPlacement(©,G4ThreeVector(),worldLogical, "World",0,false,0);
//detector

G4VSolid* plateSolid = new G4Box("plate",detectorX, detectorY, detectorz);

G4LogicalVolume* platelLogical = new G4LogicalVolume(plateSolid,vacuum,"plate");

platePhys = new
G4PVPlacement(0,detPosition,platelogical,"plate”,worldLogical,false,9);

//collimator
G4VSolid* colSolid = new G4Box("colli",5.0*cm, 5.0*cm, ©.25%cm);
G4LogicalVolume* colLogical = new G4LogicalVolume(colSolid,lead,"colli");
colPhys = new G4PVPlacement(0,G4ThreeVector(0.0*cm, 0.0*cm, -
22.0*cm),colLogical,"colli"”,worldLogical,false,0);

G4VSolid* colholeSolid = new G4Box("colhole",3.85*cm, 3.1*cm, ©.25%cm);

G4LogicalVolume* colholelLogical = new G4LogicalVolume(colholeSolid,air,"colhole");

G4VPhysicalVolume* colholePhys = new G4PVPlacement(0,G4ThreeVector(0.0*cm, 0.0*cm,
0.0*cm),colholeLogical, "colhole",colLogical,false,0);

//object
targetRot = new G4RotationMatrix();
targetRot->rotateX(90.*deg);

G4VSolid* phanSolid = new G4Tubs("cylinphantom", ©.0*cm, 6.0*cm, 3.0*cm, ©.*deg,
360.*deg);

G4LogicalVolume* phanLogical = new G4LogicalVolume(phanSolid,water,"cylinphantom");

phanPhys = new G4PVPlacement(targetRot, objPosition, phanLogical,"cylinphantom",
worldlLogical,false,9);

//visualization
G4VisAttributes* simpleBoxVisAtt= new G4VisAttributes(G4Colour(1.0,1.0,1.0));
simpleBoxVisAtt->SetVisibility(true);

}

void XrayDetectorConstruction::SetRotationz(G4double angle)

targetRot->rotatez(angle*deg);
GAcout<<M---mmmmm - > rotation angle = "<<angle<<G4endl;



2.2.3 XrayDetectorMessenger.hh

#ifndef XrayDetectorMessenger_h
#tdefine XrayDetectorMessenger_h 1
#tinclude "globals.hh"

#include "G4UImessenger.hh"

class XrayDetectorConstruction;

class G4UIdirectory;

class G4UIcmdWithADouble;

class XrayDetectorMessenger: public G4UImessenger

{
public:
XrayDetectorMessenger(XrayDetectorConstruction* );
~XrayDetectorMessenger();
void SetNewValue(G4UIcommand*, G4String);
private:
XrayDetectorConstruction* XTube;
G4UIdirectory* XrayTubeDir;
G4UIdirectory* phanDir;
G4UIcmdWithADouble* RotZ;
¥
#tendif

2.2.4 XrayDetectorMessenger.cc

#include "XrayDetectorMessenger.hh"
#include "XrayDetectorConstruction.hh"
#include "G4UIdirectory.hh"

#include "G4UIcmdWithADouble.hh"

XrayDetectorMessenger: :XrayDetectorMessenger(XrayDetectorConstruction* Det)
:XTube(Det)
{

XrayTubeDir = new G4UIdirectory("/XTube/");

XrayTubeDir->SetGuidance("UI for this work");

phanDir = new G4UIdirectory("/XTube/Phantom/");
phanDir->SetGuidance("phantom control");

RotZ = new G4UIcmdWithADouble("/XTube/Phantom/setRotationz",this);
RotZ->SetGuidance("Set Z Rotation of phantom");
RotZ->SetParameterName("Angle",false);
RotZ->AvailableForStates(G4State_PreInit,G4State_Idle);

}

XrayDetectorMessenger: :~XrayDetectorMessenger()

delete XrayTubeDir;
delete phanDir;
delete RotZ;

}

void XrayDetectorMessenger::SetNewValue(G4UIcommand* command,G4String newValue)

{
if(command == RotZ )

{
}

XTube->SetRotationZ(RotZ->GetNewDoubleValue(newValue));
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3. XrayPhysicsListPenelope

3.1 XrayPhysicsListPenelope.hh

#tifndef XrayPhysicsListPenelope_h
#tdefine XrayPhysicsListPenelope_h 1
#tinclude "G4VUserPhysicsList.hh"
#include "globals.hh"

class XrayPhysicsListPenelope: public G4VUserPhysicslList
{
public:
XrayPhysicsListPenelope();
virtual ~XrayPhysicsListPenelope();
void ConstructParticle();
void ConstructProcess();
void SetCuts();
private:
void ConstructEM();
s
#tendif

3.2 XrayPhysicsListPenelope.cc

#include "XrayPhysicsListPenelope.hh"
#include "G4ProcessManager.hh"
#include "G4ParticleTypes.hh"
#include "G4StepLimiter.hh"

XrayPhysicsListPenelope: :XrayPhysicsListPenelope(): G4VUserPhysicsList()
{

defaultCutValue = 1.0*mm;

SetVerboselLevel(1l);

}
XrayPhysicsListPenelope: :~XrayPhysicsListPenelope(){;}

void XrayPhysicsListPenelope: :ConstructParticle()
{
G4Gamma: :GammaDefinition();
G4Electron::ElectronDefinition();

}

void XrayPhysicsListPenelope::ConstructProcess()
{

AddTransportation();

ConstructeM();
}

//gamma

#include "G4PhotoElectricEffect.hh"
#include "G4PenelopePhotoElectricModel.hh"
#include "G4ComptonScattering.hh"

#include "G4PenelopeComptonModel.hh"
#include "G4RayleighScattering.hh"
#include "G4PenelopeRayleighModel.hh"

//electron

#tinclude "G4eMultipleScattering.hh"
#include "G4UniversalFluctuation.hh"
#tinclude "G4eIonisation.hh"

#include "G4PenelopeIonisationModel.hh"
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#tinclude "G4eBremsstrahlung.hh"
#include "G4PenelopeBremsstrahlungModel.hh"

void XrayPhysicsListPenelope::ConstructEM()
{
theParticleIterator->reset();
while( (*theParticleIterator)() ){
G4ParticleDefinition* particle = theParticleIterator->value();
G4ProcessManager* pmanager = particle->GetProcessManager();
G4String particleName = particle->GetParticleName();

if (particleName == "gamma") {

//Photoelectric effect
G4PhotoElectricEffect* thePhotoElectricEffect = new G4PhotoElectricEffect();
thePhotoElectricEffect->SetModel(new G4PenelopePhotoElectricModel());
pmanager->AddDiscreteProcess(thePhotoElectricEffect);

//Compton scattering
G4ComptonScattering* theComptonScattering = new G4ComptonScattering();
theComptonScattering->SetModel(new G4PenelopeComptonModel());
pmanager->AddDiscreteProcess(theComptonScattering);

//Rayleigh Scattering
G4RayleighScattering* theRayleigh = new G4RayleighScattering();
theRayleigh->SetModel(new G4PenelopeRayleighModel());
pmanager->AddDiscreteProcess(theRayleigh);

}

else if (particleName == "e-") {

//Multiple Scattering
G4eMultipleScattering* msc = new G4eMultipleScattering();
msc->SetStepLimitType(fUseDistanceToBoundary);
pmanager->AddProcess(msc, -1, 1, 1);

//Ionisation
G4eIonisation* eIoni = new G4eIonisation();
eIoni->SetEmModel(new G4PenelopeIonisationModel());
eloni->SetStepFunction(@.2, 100*um);
pmanager->AddProcess(eloni, -1, 2, 2);

//Bremsstrahlung
G4eBremsstrahlung* eBrem = new G4eBremsstrahlung();
eBrem->SetEmModel (new G4PenelopeBremsstrahlungModel());
pmanager->AddProcess(eBrem, -1,-3, 3);

}

}
}

void XrayPhysicsListPenelope::SetCuts()
{
if (verboselevel >0){
G4cout << "RE@3PhysicsListLow::SetCuts:";
G4cout << "CutLength : " << G4BestUnit(defaultCutValue,"Length") << G4endl;
}
G4ProductionCutsTable: :GetProductionCutsTable()->SetEnergyRange(250*eV, 1*GeV);
//set cut values
SetCutValue(0.001*mm, "gamma");
SetCutValue(defaultCutValue, "e-");
if (verboselLevel>0@) DumpCutValuesTable();
}

4. User Action
41 Tdswnsunldlunisaraasaraninwldsiandi

4.1.1 XraySteppingAction



4.1.1.1 XraySteppingAction.hh

#ifndef XraySteppingAction_h
#tdefine XraySteppingAction_h 1
#tinclude "G4UserSteppingAction.hh™
#include "G4StepPoint.hh"

#include "G4ParticleDefinition.hh"

class XrayDetectorConstruction;
class XrayEventAction;
class XraySteppingAction : public G4UserSteppingAction
{
public:
XraySteppingAction(XrayDetectorConstruction*, XrayEventAction*);
virtual ~XraySteppingAction();
void UserSteppingAction(const G4Step*);
bool CheckPhantom(const G4StepPoint*);

private:
XrayDetectorConstruction* detector;
XrayEventAction* eventaction;
¥
#endif

4.1.1.2 XraySteppingAction.cc

#include "XraySteppingAction.hh"
#include "XrayDetectorConstruction.hh"
#include "XrayEventAction.hh"

#include "G4Step.hh"

#include "G4UnitsTable.hh"

#include "G4RunManager.hh"

XraySteppingAction: :XraySteppingAction(XrayDetectorConstruction* det, XrayEventAction*
evt):detector(det), eventaction(evt)

{}

XraySteppingAction: :~XraySteppingAction()

{}

void XraySteppingAction::UserSteppingAction(const G4Step* aStep)
{
G4ParticleTable* particleTable = G4ParticleTable::GetParticleTable();
if(aStep->GetTrack()->GetParticleDefinition() == particleTable-
>FindParticle("gamma"))
{
G4int tran = 9; G4int phot = 0; G4int comp = ©; G4int rayl = 0;
G4StepPoint* pointl = aStep->GetPreStepPoint();
if (CheckPhantom(pointl))
{
G4StepPoint* point2 = aStep->GetPostStepPoint();
G4String process = point2->GetProcessDefinedStep()->GetProcessName();

if(process == "Transportation"){tran = 1;}

if(process == "phot"){phot = 1;}

if(process == "compt"){comp = 1;}

if(process == "Rayl"){rayl = 1;}

eventaction->AddProcess(tran, phot, comp, rayl);
}
if (pointl->GetTouchableHandle()->GetVolume() == detector->GetDetector())
{

G4ThreeVector posl = pointl->GetPosition();
G4double zaxispre = posl.z();
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if( ( ((detector->GetboundDetZpre())-0.000001*cm) < zaxispre) && (zaxispre <
((detector->GetboundDetZpre())+0.000001*cm)) )

{
G4double KE = pointl->GetKineticEnergy();
eventaction->AddData(posl, KE);
}
}
}
}
bool XraySteppingAction::CheckPhantom(const G4StepPoint* CPoint)
{
if( CPoint->GetTouchableHandle()->GetVolume() == detector->GetWorld())
return false;
if(CPoint->GetMaterial() == detector->GetWorld()->GetLogicalVolume()->GetMaterial())
return false;
if( CPoint->GetTouchableHandle()->GetVolume() == detector->GetCollimator())
return false;
if(CPoint->GetPosition().z() < detector->GetboundDetZpre()+0.00001*cm)
return false;
return true;
}

4.1.2 XrayEventAction

4.1.2.1 XrayEventAction.hh

#ifndef XrayEventAction_h
#define XrayEventAction_h 1
#include "G4UserEventAction.hh"
#include "globals.hh"

#include "G4UnitsTable.hh"

class G4Event;
class XrayEventAction : public G4UserEventAction
{
public:
XrayEventAction();
~XrayEventAction();
public:
void BeginOfEventAction(const G4Event*);
void EndOfEventAction(const G4Event*);
void AddProcess(G4int tran, G4int phot, G4int comp, G4int rayl)
{tranNb += tran; photNb += phot; compNb += comp; raylNb += rayl; };
void AddData(G4ThreeVector posl, G4double KE)

{
N++;
if(N==1)
{
position = new G4ThreeVector[1]; energy = new G4double[1];
position[@] = pos1; energy[0] = KE;
else

{
temp_p = new G4ThreeVector[N-1]; temp_e = new G4double[N-1];

for(i=0;i<N-1;i++)
{

temp_p[i] = position[i]; temp_e[i] = energy[i];

delete [] position;
delete [] energy;
position = new G4ThreeVector[N]; energy = new G4double[N];



for(i=0;i<N-1;i++)

{
position[i] = temp_p[i];
energy[i] = temp_e[i];
position[N-1] = posi; energy[N-1] = KE;

delete [] temp_p;
delete [] temp_e;

}
¥
private:
G4int tranNb; G4int photNb;
G4int compNb; G4int raylNb;
G4int N; G4int 1i;
G4ThreeVector *position; G4ThreeVector *temp_p;
G4double *energy; G4double *temp_e;
¥
#endif

4.1.2.2 XrayEventAction.cc

#include "XrayEventAction.hh"
#include "G4Event.hh"
#tinclude "Randomize.hh"
#include <fstream>

using namespace std;

fstream tfile;

fstream sfile;

XrayEventAction: :XrayEventAction()

{
tfile.open ("primary.txt",fstream::in | fstream::out | fstream
sfile.open ("scatter.txt",fstream::in | fstream::out | fstream
}
XrayEventAction: :~XrayEventAction()
{
tfile.close();
sfile.close();
}

void XrayEventAction::BeginOfEventAction(const G4Event* evt)
{
//initialisation per event
tranNb = @; photNb = 0;
compNb = ©; raylNb = 9;
N=0;
}

void XrayEventAction::EndOfEventAction(const G4Event* evt)

if(N!=0)

1:app);
1:app);

if(photNb == © && compNb == @ && raylNb == @) //primary photon

tfile << Gdendl;
tfile << position[@]/cm << "\t" << energy[0]/keV ;

else //scattered photon
{

for(i=0;i<N;i++)
{
sfile << G4endl;
sfile << position[i]/cm << "\t" << energy[i]/keV ;
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}
delete [] position;
delete [] energy;

4.1.3 XrayRunAction

4.1.3.1 XrayRunAction.hh

#ifndef XrayRunAction_h
#define XrayRunAction_h 1
#include "G4UserRunAction.hh"
#include "globals.hh"
class G4Run;
class XrayRunAction : public G4UserRunAction
{
public:
XrayRunAction();
~XrayRunAction();
public:
void BeginOfRunAction(const G4Run*);
void EndOfRunAction(const G4Run*);
s

ttendif

4.1.3.2 XrayRunAction.cc

#include "XrayRunAction.hh"
#include "G4Run.hh"
#include "G4RunManager.hh"

XrayRunAction: :XrayRunAction(){}

XrayRunAction: :~XrayRunAction(){}

void XrayRunAction::BeginOfRunAction(const G4Run* aRun)
{3

void XrayRunAction::EndOfRunAction(const G4Run*)

{3

4.2 Tdsunsuinldlunisaraasaraninllsiandusauing

4.2.1 XraySteppingAction

4.2.1.1 XraySteppingAction.hh

#ifndef XraySteppingAction_h
#tdefine XraySteppingAction_h 1
#include "G4UserSteppingAction.hh™
#include "G4StepPoint.hh"

#include "G4ParticleDefinition.hh"

class XrayDetectorConstruction;

class XrayEventAction;

class XraySteppingAction : public G4UserSteppingAction
{
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public:
XraySteppingAction(XrayDetectorConstruction*, XrayEventAction*);
virtual ~XraySteppingAction();
void UserSteppingAction(const G4Step*);
bool CheckPhantom(const G4StepPoint*);

private:
XrayDetectorConstruction* detector;
XrayEventAction* eventaction;
¥
#endif

4.2.1.2 XraySteppingAction.cc

#include "XraySteppingAction.hh"
#include "XrayDetectorConstruction.hh"
#include "XrayEventAction.hh"

#include "G4Step.hh"

#include "G4UnitsTable.hh"

#include "G4RunManager.hh"

XraySteppingAction: :XraySteppingAction(XrayDetectorConstruction* det, XrayEventAction*
evt):detector(det), eventaction(evt)

{3

XraySteppingAction: :~XraySteppingAction()

{}

void XraySteppingAction::UserSteppingAction(const G4Step* aStep)
{
G4ParticleTable* particleTable = G4ParticleTable::GetParticleTable();
if(aStep->GetTrack()->GetParticleDefinition() == particleTable-
>FindParticle("gamma"))
{
G4int tran = 0; G4int phot = ©; G4int comp = ©; G4int rayl = 0;
G4StepPoint* pointl = aStep->GetPreStepPoint();
if (CheckPhantom(pointl))
{
G4StepPoint* point2 = aStep->GetPostStepPoint();
G4String process = point2->GetProcessDefinedStep()->GetProcessName();

if(process == "Transportation"){tran = 1;}

if(process == "phot"){phot = 1;}

if(process == "compt"){comp = 1;}

if(process == "Rayl"){rayl = 1;}

eventaction->AddProcess(tran, phot, comp, rayl);
}
if (pointl->GetTouchableHandle()->GetVolume() == detector->GetDetector())
{

G4ThreeVector posl = pointl->GetPosition();

G4double zaxispre = posl.z();

if( ( ((detector->GetboundDetZpre())-0.000001*cm) < zaxispre) & (zaxispre <
((detector->GetboundDetZpre())+0.000001*cm)) )

{
eventaction->AddData(posl);
¥
}
¥

}
bool XraySteppingAction::CheckPhantom(const G4StepPoint* CPoint)
{

if( CPoint->GetTouchableHandle()->GetVolume() == detector->GetWorld())
return false;
if(CPoint->GetMaterial() == detector->GetWorld()->GetLogicalVolume()->GetMaterial())



return false;

if( CPoint->GetTouchableHandle()->GetVolume() == detector->GetCollimator())
return false;

if(CPoint->GetPosition().z() < detector->GetboundDetZpre()+0.00001*cm)
return false;

return true;

4.2.2 XrayEventAction

4.2.2.1 XrayEventAction.hh

#ifndef XrayEventAction_h
#define XrayEventAction_h 1
#include "G4UserEventAction.hh"
#include "globals.hh"

#include "G4UnitsTable.hh"

class G4Event;
class XrayDetectorConstruction;
class XrayRunAction;
class XrayEventAction : public G4UserEventAction
{
public:
XrayEventAction(XrayDetectorConstruction*, XrayRunAction*);
~XrayEventAction();
public:
void BeginOfEventAction(const G4Event*);
void EndOfEventAction(const G4Event*);
void AddProcess(G4int tran, G4int phot, G4int comp, G4int rayl)
{tranNb += tran; photNb += phot; compNb += comp; raylNb += rayl; };
void AddData(G4ThreeVector posl, G4double KE)

{
N++;
if(N==1)
{
position = new G4ThreeVector[1];
position[@] = posi;
else
{
temp_p = new G4ThreeVector[N-1];
for(i=0;i<N-1;i++)
{
temp_p[i] = position[i];
delete [] position;
position = new GAThreeVector[N];
for(i=0;i<N-1;i++)
{
position[i] = temp_p[i];
}
position[N-1] = posi;
delete [] temp_p;
}
¥
private:
XrayDetectorConstruction* detector;
XrayRunAction* runact;
G4int tranNb; G4int photNb;
G4int compNb; G4int raylNb;

G4int N; G4int i;



G4ThreeVector *position; G4ThreeVector *temp_p;
G4int xbin; G4int ybin;
G4double halfX; G4double x;
G4double halfy; G4double y;
¥
t#tendif

4.2.2.2 XrayEventAction.cc

#tdefine BINX 480

#tdefine BINY 384

#include "XrayEventAction.hh"

#include "XrayDetectorConstruction.hh"
#include "XrayRunAction.hh"

#include "G4Event.hh"

#include "Randomize.hh"

XrayEventAction: :XrayEventAction(XrayDetectorConstruction* det, XrayRunAction* run)
:detector(det),runact(run)

{}

XrayEventAction: :~XrayEventAction()

{}

void XrayEventAction::BeginOfEventAction(const G4Event* evt)
{
//initialisation per event
tranNb = @; photNb = 0;
compNb = 0; raylNb = 0;
N=0;
}

void XrayEventAction::EndOfEventAction(const G4Event* evt)

if(N!=0)
{
halfX = detector->GetHalfDetectorX();
halfY = detector->GetHalfDetectorY();
for(i=0;i<N;i++)
{
X = 0.0; y = 0.0;
X halfX + position[i].x()/cm;
y = halfY - position[i].y()/cm;

xbin = (G4int) (x*BINX/(halfxX*2.0));
if(x != halfX*2.0)
{
xbin = xbin + 1;
}
ybin = (G4int) (y*BINY/(halfY*2.0));
if(y != halfy*2.0)
{
ybin = ybin + 1;
}

runact->ImgAllX(ybin,xbin); // primary + scatter image
if(photNb == @ & compNb == @ && raylNb == @) //primary image

{
runact->ImgTran(ybin,xbin);

}

else //scatter image

{

runact->ImgScat(ybin,xbin);

}
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delete [] position;

4.2.3 XrayRunAction

4.2.3.1 XrayRunAction.hh

#tdefine BINX 480

#tdefine BINY 384

#ifndef XrayRunAction_h

#tdefine XrayRunAction_h 1

#include "G4UserRunAction.hh"

#include "globals.hh"

class G4Run;

class XrayRunActionMessenger;

class XrayRunAction : public G4UserRunAction

{
public:
XrayRunAction();
~XrayRunAction();
public:
void BeginOfRunAction(const G4Run*);
void EndOfRunAction(const G4Run*);
void ImgAllX(G4int yb, G4int xb) {allx[yb][xb] = allx[yb][xb]
void ImgTran(G4int yb, G4int xb) {tran[yb][xb] = tran[yb][xb]
void ImgScat(G4int yb, G4int xb) {scat[yb][xb] = scat[yb][xb]
void OpenFile(G4int);
private:
XrayRunActionMessenger* xrayRunActionMessenger;
G4double allx[BINY+5][BINX+5];
G4double tran[BINY+5][BINX+5];
G4double scat[BINY+5][BINX+5];
G4int i,7;
¥
#endif

4.2.3.2 XrayRunAction.cc

#include "XrayRunAction.hh"

#include "XrayRunActionMessenger.hh"
#include "G4Run.hh"

#include "G4RunManager.hh"

#include <fstream>

#include <cstdio>

using namespace std;

fstream tfile;

fstream sfile;

fstream afile;

XrayRunAction: :XrayRunAction()

{
xrayRunActionMessenger = new XrayRunActionMessenger(this);
}
XrayRunAction: :~XrayRunAction()
{

delete xrayRunActionMessenger;

}

+ 1
+ 1
+ 1

)
El

)

Y
Y
Y
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void XrayRunAction::BeginOfRunAction(const G4Run* aRun)
{
//set initial value
for(j=0;j<BINY+5;j++)
for(i=0;i<BINX+5;i++)

allx[j][i]=e;
tran[j][i]=0;
scat[j][i]=0;

}

void XrayRunAction::EndOfRunAction(const G4Run*)

{
for(j=1;j<=BINY;j++)

for(i=1;i<=BINX;i++)
{
afile << allx[j][i] << "\t" ;
tfile << tran[j][i] << "\t" ;
sfile << scat[j][i] << "\t" ;
b
afile << endl;
tfile << endl;
sfile << endl;
}
afile.close();
tfile.close();
sfile.close();

}
void XrayRunAction::OpenFile(G4int angle)
{
char aname[30],tname[30],sname[30],cname[30];
sprintf(aname, "%.3d_all.txt",angle);
afile.open (aname,fstream::in | fstream::out | fstream
sprintf(tname, "%.3d_primary.txt",angle);
tfile.open (tname,fstream::in | fstream::out | fstream
sprintf(sname, "%.3d_scatter.txt",angle);
sfile.open (sname,fstream::in | fstream::out | fstream
}

4.2.3.3 XrayRunActionMessenger.hh

#ifndef XrayRunActionMessenger_h
#tdefine XrayRunActionMessenger_h 1
#include "globals.hh™

#include "G4UImessenger.hh"

class XrayRunAction;
class G4UIdirectory;
class G4UIcmdWithAnInteger;
class G4UIcmdWithoutParameter;
class XrayRunActionMessenger: public G4UImessenger
{
public:
XrayRunActionMessenger(XrayRunAction*);
virtual ~XrayRunActionMessenger();
void SetNewValue(G4UIcommand*, G4String);
private:
XrayRunAction* runAction;

1:app);

1:app);

1:app);
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G4UIdirectory* runDir;
G4UIcmdWithAnInteger* OpenFile;
¥
#endif

4.2.3.4 XrayRunActionMessenger.cc

#include "XrayRunActionMessenger.hh"
#tinclude "XrayRunAction.hh"

#tinclude "G4UIdirectory.hh"

#include "G4UIcmdWithAnInteger.hh"
#include "G4UIcmdWithoutParameter.hh"
#include "globals.hh"

XrayRunActionMessenger: :XrayRunActionMessenger (XrayRunAction* runAct)
:runAction(runAct)
{
runDir = new G4UIdirectory("/XTube/runact/");
runDir->SetGuidance("run control");

OpenFile = new G4UIcmdWithAnInteger("/XTube/runact/OpenFile",this);
OpenFile->SetGuidance("Open file with angle in filename");
OpenFile->SetParameterName("Angle",false);

}
XrayRunActionMessenger: :~XrayRunActionMessenger()
{
delete OpenFile;
delete runDir;
}

void XrayRunActionMessenger::SetNewValue(G4UIcommand* command,G4String newValue)

{

if(command == OpenFile)

{
}

runAction->OpenFile(OpenFile->GetNewIntValue(newValue));

4.2.3.5 Macro File #1%5UAANI9N15ANAAY

/XTube/runact/OpenFile {n}
/XTube/Phantom/setRotationz 1
/run/beamOn 100000000

5. XrayPrimaryGeneratorAction

5.1 XrayPrimaryGeneratorAction.hh

#ifndef XrayPrimaryGeneratorAction_h
#tdefine XrayPrimaryGeneratorAction_h 1
#include "G4VUserPrimaryGeneratorAction.hh"

class G4GeneralParticleSource;
class G4Event;
class XrayPrimaryGeneratorAction : public G4VUserPrimaryGeneratorAction

{
public:



XrayPrimaryGeneratorAction();
~XrayPrimaryGeneratorAction();

public:

void GeneratePrimaries(G4Event* anEvent);
private:
G4GeneralParticleSource* particleGun;

};

t#tendif

5.2 XrayPrimaryGeneratorAction.cc

#include
#tinclude
#include
#tinclude
#include
#tinclude

XrayPrimaryGeneratorAction: :XrayPrimaryGeneratorAction()

{
¥

particleGun = new G4GeneralParticleSource();

XrayPrimaryGeneratorAction: :~XrayPrimaryGeneratorAction()

{

"XrayPrimaryGeneratorAction.hh"
"G4Event.hh"
"G4GeneralParticleSource.hh"
"G4ParticleTable.hh"
"G4ParticleDefinition.hh"
"globals.hh"

delete particleGun;

}

void XrayPrimaryGeneratorAction: :GeneratePrimaries(G4Event* anEvent)

{
}

particleGun->GeneratePrimaryVertex(anEvent) ;

5.3 Macro File RMUSUNNUARNHULNITNIZANLA

/gps/particle gamma
/gps/pos/type Point
/gps/pos/centre 0. -2. 0. cm

/gps/ang/type iso
/gps/ang/mintheta 0. deg
/gps/ang/maxtheta 10. deg
/gps/ang/rotl 1. 0. 0.

/gps/ene/type User

/gps/hist/type energy

/gps/hist/point 0.009 0.00
/gps/hist/point .01 0.00
/gps/hist/point 0.011 0.00
/gps/hist/point 0.012 0.00
/gps/hist/point 0.013 0.00
/gps/hist/point 0.014 0.00
/gps/hist/point 0.015 0.00
/gps/hist/point 0.016 0.00
/gps/hist/point 0.017 0.00
/gps/hist/point ©.018 0.00
/gps/hist/point ©.019 0.00
/gps/hist/point 0.02 0.00
/gps/hist/point 0.021 0.00
/gps/hist/point 0.022 0.00
/gps/hist/point 0.023 0.00
/gps/hist/point 0.024 0.00
/gps/hist/point 0.025 0.00
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/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point
/gps/hist/point

(ORI RGBT ORI O RO RE RN RO BRI O BB OB RO RO RN RN BRI O RO BN R RO BRI ORI B RO RO R RO BN BRI RO BT RO IR RN O BT RO B RO RO BT RO RO RO RO RO RO BB O B ORI )

.026
.027
.028
.029

03
031

.032
.033
.034

035
036

.037
.038
.039
.04

.041

042
043

.044
.045
.046
.047

048

.049
.05

.051
.052

053
054

.055
.056
.057
.058

059
06

.061
.062
.063
.064

065
066

.067
.068
.069

o7

.071
.072
.073
.074
.075

076

.077
.078
.079
.08

.081

082
083

.084
.085
.086

087
088

.089
.09

0.02
0.16
0.98
4.06
14.82
45.21
121.99
291.70
640.20
1274.1
2354.3
4051.7
6640.1
10232.
15207.
21543.
29764.
39655.
51566.
64660.
80125.
96897.

115648.
134885.
155275.
176615.
196110.
217700.
238649.
261549.
279845.
299103.
599683.
862089.
351820.
366518.
377245.
387773.
398613.
404438.
409918.
716774.
414891.
506299.
381048.
376807.
375712.
372078.
366774.
359812.
351290.
340973.
329418.
316351.
301646.
285685.
267696.
248813.
227124.
203859.

177292

149849.
121444.

64474.
0.00
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NMARUIN U
NISAUIUAILATTRAING IUTDYA

1. AMANLSEANENTAANAULITINIRAINGIULRYATDS NIST

[ %

FNINUAAIAN AN IERNENNTAANOTINIATBIUAAL TARTI ANNATITWAN 7]

103

NRIU ul p(cm’/g)

(keV) 1 PMMA Derlin wmnaau Tuaau
51.18542 0.231057 | 0.209966 0.21383 0.215024 0.20917
54.71721 0222124 | 0203676 | 0.206562 | 0.204662 | 0.203458
58.4927 0214193 | 0197967 | 0.200047 0.19566 0.19822
62.5087 0207072 | 04192725 | 0194139 | 0.187756 | 0.193361
66.84318 0200597 | 0.187867 | 0.188722 | 0.180757 | 0.188819
71.45536 0.194652 | 0.183303 | 0.183695 | 0.174471 0.184511
76.38578 0.189132 | 0178979 | 0.178983 | 0.168775 | 0.180397

FININUA AN ANLIEANENNIAANDUTINIALRIBINIATIATNANI AN ]

WRU (keV) | u/ p(cm’/g)

40 0.2485
50 0.208

60 0.1875
80 0.1662

100 0.1541




2. N9ATUIMANANLTLANENITAANDULTINIANAINAIINY 64.3 keV

AN LAAINIIANUIIANANLTZANEN1TAANDUTINIRNATNANIU 64.3 keV

o E | lpy | E | (ulp), | nlpWi643kev
) (keV) (cm’/g) (keV) (cm?/g) (cm®/g)

‘i’] 62.5287 0.207072 | 66.84318 | 0.200597 0.204414
ANA 60 0.1875 80 0.1662 0.182921
PMMA 62.5287 0.192725 | 66.84318 | 0.187867 0.190731
Derlin 62.5287 0.194139 | 66.84318 | 0.188722 0.191915

Wnaau 62.5287 0.187756 | 66.84318 | 0.180757 0.184882
luaau 62.5287 0.193361 66.84318 | 0.188819 0.191496

3. NNFANUIUANAUTNNAINAIINY 64.3 keV

AN9INLAAINITANUILAIATTNTN ATNAINNY 64.3 keV

o ARINATIIY | 4/ p P i
) p (glcm’) (em’/g) | (cm™)

‘ﬁ’] 1.0 0.204414 | 0.204414 0
ANNA 1.205x10° 0.182921 | 0.000220 -1000
PMMA 1.19 0.190731 | 0.226969 110.46
Derlin 1.425 0.191915 | 0.273479 338.23

wnaau 2.2 0.184882 | 0.406741 990.86
luaau 1.14 0.191496 | 0.218306 68.03
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