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OverviewOverview

IntroductionIntroduction
PENTRAN features and current statusPENTRAN features and current status
Code Benchmarks & Parallel PerformanceCode Benchmarks & Parallel Performance
Medical Physics ApplicationsMedical Physics Applications
Brachytherapy, CT, XBrachytherapy, CT, X--ray roomray room simulationssimulations
 Discussion of Models, approach, etcDiscussion of Models, approach, etc
 Ordinate splitting (OS)Ordinate splitting (OS)

Medical Physics Transport ResearchMedical Physics Transport Research
Closing RemarksClosing Remarks
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BoltzmannBoltzmann Transport EquationTransport Equation
 Track particles traveling in differentTrack particles traveling in different

directionsdirections
over a range ofover a range of energiesenergies
in differentin different spatial locationsspatial locations in 3in 3--DD

33--DD BoltzmannBoltzmann EquationEquation
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PParallelarallel EEnvironmentnvironment NNeutraleutral--particleparticle
TRANTRANsportsport

33--D ParallelD Parallel SnSn CodeCode
 byby SjodenSjoden && HaghighatHaghighat
 XX--YY--Z Geometry,Z Geometry, anisotropicanisotropic scatterscatter

Complete Parallel DecompositionComplete Parallel Decomposition
 Angular, Energy, SpatialAngular, Energy, Spatial
 Memory is parallel & tuned, minimized (scalable)Memory is parallel & tuned, minimized (scalable)
 ArbitraryArbitrary SnSn order,order, PnPn orderorder

AdaptiveAdaptive differencingdifferencing schemes : DZschemes : DZ --> DTW> DTW --> EDW> EDW
 DifferencingDifferencing ““adaptiveadaptive””, adapts to spatial mesh, adapts to spatial mesh

Discontinuous gridsDiscontinuous grids
 Taylor Projection Mesh Coupling (TPMC)Taylor Projection Mesh Coupling (TPMC)

Numerous Benchmarks performed...Numerous Benchmarks performed...
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Code Benchmarks and ParallelCode Benchmarks and Parallel
Performance MetricsPerformance Metrics

OECD/NEA VenusOECD/NEA Venus--3 33 3--D PWR BenchmarkD PWR Benchmark
OECD/NEA Kobayashi BenchmarkOECD/NEA Kobayashi Benchmark
Fuel Storage CaskFuel Storage Cask
PromptPrompt --Neutron Activation Analysis (PGNAA) deviceNeutron Activation Analysis (PGNAA) device
BWR Reactor SimulationBWR Reactor Simulation
HeHe--3 Detector System3 Detector System
HEU Criticality BenchmarkHEU Criticality Benchmark
OECD/NEA MOX 2OECD/NEA MOX 2--D & 3D & 3--D BenchmarksD Benchmarks
WGWG--PuPu Homeland Security DetectionHomeland Security Detection problemproblem
 Benchmark in developmentBenchmark in development
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OECD/NEA VenusOECD/NEA Venus--3 Benchmark3 Benchmark

VENUSVENUS--3 Calculation to Experiment (C/E) of 3703 Calculation to Experiment (C/E) of 370 experimentallyexperimentally
measuredmeasured neutron reaction rate foils usingneutron reaction rate foils using NiNi, In, Al dosimeters, In, Al dosimeters
Reaction rates computed using PENTRAN (P3Reaction rates computed using PENTRAN (P3--S8 26 groupS8 26 group--
dependent) fluxesdependent) fluxes
95% of C/E95% of C/E’’s within +/s within +/--10%10%
5% of C/E5% of C/E’’s within +/s within +/--15%15%
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OECD/NEA VenusOECD/NEA Venus--3 Benchmark3 Benchmark

PENTRAN results in good agreement with othersPENTRAN results in good agreement with others
26 Groups, P326 Groups, P3--S8, in 84.3 min on 32 SP2S8, in 84.3 min on 32 SP2 procsprocs

OECD/NEA Nuclear Science Publication: "VenusOECD/NEA Nuclear Science Publication: "Venus--1 and Venus1 and Venus--3 Benchmarks", 2000)3 Benchmarks", 2000)
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OECD/NEA VenusOECD/NEA Venus--3 Benchmark3 Benchmark
Parallel Performance ValuesParallel Performance Values

VENUS-3PENTRAN Parallel Performance study
Case No. of

processors
Domain Decompostion

Algorithm(A/G/S)1
Wall-Clock
time (min)2

Speedup Efficiency
(%)

1 4 4/1/1 551.8 1.00 -
2 8 8/1/1 311.9 1.77 88
3 16 8/1/2 153.3 3.60 90
4 32 8/1/4 84.3 6.54 82

1(A/G/S) refers to the number of angular, group, and spatial subdomains
2Time is obtained in a BATCHmode
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Problem 1 w ith pure absorber shield (x=5.0 cm, z=5.0 cm)
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Problem 1w ith pure absorber shield (along diagonal)
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Problem 1w ith pure absorber shield (y=55.0 cm, z=5.0 cm)
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Problem 1i:Problem 1i:
Pure AbsorberPure Absorber

OECD/NEA Kobayashi BenchmarksOECD/NEA Kobayashi Benchmarks
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OECD/NEA Kobayashi BenchmarksOECD/NEA Kobayashi Benchmarks

DogDog--Leg Void Problem, Zero Scattering solutions atLeg Void Problem, Zero Scattering solutions at
y=95 cm, z=35 cm (Right)y=95 cm, z=35 cm (Right)

Benchmarks: 3Benchmarks: 3--D Pure Absorber, 50% Scatter CasesD Pure Absorber, 50% Scatter Cases
Excellent agreement with benchmark solutionsExcellent agreement with benchmark solutions……

HaghighatHaghighat,, SjodenSjoden, and, and KucukboayciKucukboayci, 2001, 2001
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Fuel Storage CaskFuel Storage Cask

Height 610 cm, O.D. 340 cm, Shell I.D. 187 cm, 162.4 MT,Height 610 cm, O.D. 340 cm, Shell I.D. 187 cm, 162.4 MT,
318,426 fine meshes solved with P3318,426 fine meshes solved with P3--S12, coupled 22S12, coupled 22

n/18n/18 
PENTRAN Solution, CASK Group 1 (Left), CASK Group 22PENTRAN Solution, CASK Group 1 (Left), CASK Group 22
(Center), and (Right) A(Center), and (Right) A33MCNP model of CaskMCNP model of Cask
PENTRAN, MGPENTRAN, MG--MC dose results differed <5% at tally pointsMC dose results differed <5% at tally points
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PromptPrompt--Neutron ActivationNeutron Activation
Analysis (PGNAA) deviceAnalysis (PGNAA) device

PENTRANPENTRAN adjointadjoint used to fold (n,used to fold (n,) source to predict) source to predict HPGeHPGe
detector response ...detector response ...
…… Results agree with experimental data within the limit of theResults agree with experimental data within the limit of the
experimental uncertaintyexperimental uncertainty

Contaminant (Metal)

Max. Relative
Difference

(calculated-to-
experiment)

Estimated
Experimental
Uncertainty

Low Limit of
Detection (LLD)

Hg 12% 14% 9 ppm
Cd 6% 10% 115 ppm
Pb 19% 20% 4,400 ppm
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BWR Simulation (for Core Shroud)BWR Simulation (for Core Shroud)

PENTRAN BWR reactor/Core Shroud Assembly Model (Left)PENTRAN BWR reactor/Core Shroud Assembly Model (Left)
67 Group P367 Group P3--S8 coupled nS8 coupled n--calculationcalculation
 265,264 fine mesh cells, 12 hours on 48 IBM265,264 fine mesh cells, 12 hours on 48 IBM--SP2 processorsSP2 processors
 Decomposition: 8 processors Angular, 6 processors SpatialDecomposition: 8 processors Angular, 6 processors Spatial

Displacement per Atom (DPA) in core shroud (Right)Displacement per Atom (DPA) in core shroud (Right)
MultigroupMultigroup (BUGLE(BUGLE--96) PENTRAN values within 596) PENTRAN values within 5--15% of15% of
continuous energy MCNP valuescontinuous energy MCNP values ((KucukboyaciKucukboyaci, et. al, 2000)., et. al, 2000).
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HeHe--3 Detector System (3 Detector System (adjointadjoint app)app)

Computational HeComputational He--3 Detector Design3 Detector Design
Objective: Predict neutron detector responseObjective: Predict neutron detector response

using PENTRANusing PENTRAN Sn adjointSn adjoint
Continuous Energy MCNP agreementContinuous Energy MCNP agreement
Limitations of BUGLELimitations of BUGLE--9696

((SjodenSjoden, 2002), 2002)
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HEU Criticality BenchmarkHEU Criticality Benchmark

HEU Annular Ring Criticality BenchmarkHEU Annular Ring Criticality Benchmark
Calculation yieldingCalculation yielding keffkeff=0.994=0.994
Exact agreement with MGExact agreement with MG--MCNP (+/MCNP (+/--0.001)0.001)

38.10 cm
10.109 cm
thick _____

Cylinder
Diameter,

17.78 cm

Annulus Inner Diameter, 27.94 cm 0 15.24 38.10 cm
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OECD/NEA MOX 2OECD/NEA MOX 2--D, 3D, 3--D BenchmarksD Benchmarks

OECD/NEA C5G7 MOX 2OECD/NEA C5G7 MOX 2--D, 229,551 fine meshes,D, 229,551 fine meshes,
S16 (228 directions/cell), 7 energy groups (Left)S16 (228 directions/cell), 7 energy groups (Left)
PENTRANPENTRAN keffkeff=1.18760, <0.1%=1.18760, <0.1% diffdiff MCNPMCNP
RelRel power difference with MCNP (Bottom Right)power difference with MCNP (Bottom Right)

avg diffavg diff 0.88%,0.88%, statstat err MCNP 0.4% to 1.24%.err MCNP 0.4% to 1.24%.
33--DD unroddedunrodded case, 946,080 spatial meshescase, 946,080 spatial meshes

keffkeff=1.14323, within <0.09% of MCNP=1.14323, within <0.09% of MCNP
((YiYi andand HaghighatHaghighat, 2004), 2004)
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Homeland Security ApplicationHomeland Security Application

““PuPu--Ball in a BoxBall in a Box”” ProblemProblem
4 kg, 104 kg, 10--yryr old alphaold alpha PuPu surrounded by tungstensurrounded by tungsten……
MMLL = 3.681= 3.681
Neutron detection modeling and simulation applicationsNeutron detection modeling and simulation applications
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Other Parallel...Other Parallel...

PENTRAN has been applied to a number of problems,
with demonstrated accuracy and efficiency

 Experimental and/or Monte Carlo based benchmarks
 Achieved excellent agreement

Typically, PENTRAN results are within 5% (or less) of
MC simulations

BWR Reactor Simulation, PENTRAN Scalability study
Case No. of

Directions
No. of

Processors
Domain Decomposition

(A/G/S)1
Wall-Clock time
per iteration (s)

1 24 6 1/1/6 30.12
2 48 12 1/1/12 33.28
3 80 24 4/1/6 29.52
4 169 48 8/1/6 36.12

1(A/G/S) refers to the number of angular, group, and spatial subdomains
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BrachytherapyBrachytherapy ProblemProblem

QUADOS problemsQUADOS problems
 Several Medical Physics problemsSeveral Medical Physics problems
 Unique application opportunitiesUnique application opportunities

for Deterministic modelingfor Deterministic modeling

Brachytherapy ProblemBrachytherapy Problem
 Investigating Sn solutions to highInvestigating Sn solutions to high

dose rate problems (dose rate problems (IrIr--192)192)
 Good Comparison to Monte CarloGood Comparison to Monte Carlo
 Ray effects must be treated...Ray effects must be treated...

“Quality Assurance of Computational Tools for Dosimetry” (QUADOS)
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BrachytherapyBrachytherapy ProblemProblem

IrIr--192 isotope contained192 isotope contained
SS source capsuleSS source capsule

 0.45 cm long,0.45 cm long,
 26 mg26 mg IrIr--192,192, = 22.4 g/cc= 22.4 g/cc
 TT½½ = 73.8 days= 73.8 days emitteremitter

26 photons, 22 electrons,26 photons, 22 electrons,
5 betas5 betas

Capsule attached to aCapsule attached to a
woven steel cablewoven steel cable
 Cable progresses to theCable progresses to the

top of the cathetertop of the catheter
 Assume air fills voidAssume air fills void
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BrachytherapyBrachytherapy ModeledModeled
ResultsResults

Comparison of MCNP and PENTRAN Results:Comparison of MCNP and PENTRAN Results:

 SnSn--P3 Good agreement with MCNP for S20 in Groups 1P3 Good agreement with MCNP for S20 in Groups 1--88
S8 (80S8 (80 dirdir) inadequate due to ray effects; compare Grid A, B) inadequate due to ray effects; compare Grid A, B
S14 (224S14 (224 dirdir) better (good results for Grid B)) better (good results for Grid B)
S20 (440S20 (440 dirdir) very good agreement (Grid B)) very good agreement (Grid B)

Normalized Flux: Pentran/MCNP
Grid A Grid B

Photon
Group

Upper
Energy,

MeV
MCNP Flux
(ph/cm2/s) R S8 S14 S20 S8 S14 S20

1 1.5 3.04E+08 0.0036 0.09 0.44 0.75 0.49 0.92 1.02
2 1 1.76E+09 0.0021 0.09 0.44 0.75 0.49 0.92 1.03
3 0.8 3.54E+07 0.0407 0.56 0.70 0.84 0.88 1.20 1.29
4 0.7 7.24E+10 0.0014 0.09 0.44 0.75 0.49 0.92 1.03
5 0.6 2.94E+11 0.0019 0.09 0.42 0.75 0.48 0.92 1.02
6 0.4 8.14E+11 0.0019 0.13 0.37 0.66 0.52 0.90 1.02
7 0.2 1.32E+11 0.0059 0.75 0.82 0.90 0.90 0.97 1.03
8 0.1 2.03E+10 0.0074 0.55 0.60 0.66 0.72 0.85 0.90
9 0.06 2.29E+10 0.0110 0.03 0.03 0.03 0.03 0.04 0.04
10 0.03 6.84E+07 0.0898 0.01 0.01 0.01 0.01 0.01 0.01
11 0.02 1.14E+08 0.3304 0.00 0.00 0.00 0.00 0.00 0.00
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Ordinate (Ordinate (““OmegaOmega””) Splitting (OS)) Splitting (OS)

 OS First introduced byOS First introduced by
HaghighatHaghighat and Brownand Brown
as a method ofas a method of
eliminating ray effectseliminating ray effects
in a CTin a CT--Scan simulationScan simulation
withwith PENTRANPENTRAN

 OS implemented as anOS implemented as an
option in PENTRAN foroption in PENTRAN for
any directionany direction

 Yielded very goodYielded very good
agreement with MCNPagreement with MCNP
CTCT--Scan simulationScan simulation
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Ordinate (Ordinate (““OmegaOmega””) Splitting) Splitting
 Ordinate splitting featureOrdinate splitting feature

allows for importantallows for important
directions to be covereddirections to be covered

 Important in MedicalImportant in Medical
PhysicsPhysics applicationsapplications

 EXAMPLE: S8EXAMPLE: S8
normally 10normally 10 dirdir/octant/octant
Split in 42 directions amongSplit in 42 directions among

octant ordinates 1, 5, 7 10octant ordinates 1, 5, 7 10

 Mitigates Ray Effects...Mitigates Ray Effects...
 Directly accessible inDirectly accessible in

PENTRANPENTRAN

Geometry: 3d

S8 3D Level Symmetric Angular Quadrature
Number of Omegas per Octant : 42
ABS Minimum Direction Cosine : .129520460963249

Omega Sampling Order: Sn Angles

S8 xi
(+ + +) Octant 1
m-Level Diagram 2 3

(Sweep 2) 4 5 6
7 8 9 10

mu eta

Omega Splitting Segments:

x--x--x
9:1 | | |

Equal weight x- 1--x Ordinate: 1, 2 Segment(s)
Splitting | | |

x--x--x

x--x--x
9:1 | | |

Equal weight x- 5--x Ordinate: 5, 2 Segment(s)
Splitting | | |

x--x--x

x--x--x
9:1 | | |

Equal weight x- 7--x Ordinate: 7, 2 Segment(s)
Splitting | | |

x--x--x

x--x--x
9:1 | | |

Equal weight x-10--x Ordinate: 10, 2 Segment(s)
Splitting | | |

x--x--x
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90 m90 m33 roomroom discretizeddiscretized into >110,000 3into >110,000 3--D cellsD cells
PENMSHPENMSHTMTM code (8code (8 ““zz--levelslevels”” floor to ceiling)floor to ceiling)
BUGLEBUGLE--96: last 496: last 4--group photongroup photon xsecsxsecs
80kV radiographic W80kV radiographic W--anodeanode

 3232 mAsmAs xx--ray burstray burst
 Rotating anode water cooled sourceRotating anode water cooled source

UseUse PENTRANPENTRAN’’ss angular ordinate featureangular ordinate feature
 Angular Dependent Surf Source on patientAngular Dependent Surf Source on patient
 Planar, onlyPlanar, only --zz directionsdirections

XX--Ray Room Modeling ...Ray Room Modeling ...

80 kVp X-Ray Radiography Spectra
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XX--Ray Room Model: B.C.Ray Room Model: B.C.’’ss
Dist:Matl 0.0:Air+1.0:Pb+1.239:Drywall+2.509:Air

Group #:E 1:100, 2:60, 3:30, 4:20 keV Upper
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In MP applications, we do
not want to discretize walls
and floor
 Perform 3-D (1-D) albedo

calculations (4 group)
 Scatter through patient

important to albedos
 Obtain group dependent

‘s = J-/J+

Dist:Matl 0.0:Air,+1.0:Concrete...
Group #:E 1:100, 2:60, 3:30, 4:20 keV Upper
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XX--Ray Room Model:Ray Room Model: GrpGrp 11

4 Grp S8 P1, 4 procs A/G/S=2/1/2, OS--42 Dir/oct, 2013s
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Ordinate Splitting Comparison, G1Ordinate Splitting Comparison, G1

 S8, A/G/S=2/1/2S8, A/G/S=2/1/2 S8+OS A/G/S=2/1/2S8+OS A/G/S=2/1/2
(1,5,7,10)(1,5,7,10)
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Ordinate Splitting Comparison, G2Ordinate Splitting Comparison, G2

 S8, A/G/S=2/1/2S8, A/G/S=2/1/2 S8+OS A/G/S=2/1/2S8+OS A/G/S=2/1/2
(1,5,7,10)(1,5,7,10)
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Deterministic Radiation TransportDeterministic Radiation Transport
Simulations inSimulations in --Ray IMRT DevicesRay IMRT Devices

Medical Physics Modeling and Simulation EffortMedical Physics Modeling and Simulation Effort
 Ahmad AlAhmad Al--BasheerBasheer,, PhD Grad AsstPhD Grad Asst
 Dr Sjoden (PI)Dr Sjoden (PI)
 CooperativeCooperative effort with Dreffort with Dr HaghighatHaghighat, Dr Dempsey, Dr Dempsey

(Radiation Oncology),(Radiation Oncology),
Monica Ghita, BenoitMonica Ghita, Benoit Dionne,Dionne, PhDPhD Grad AsstsGrad Assts

 Apply neutral particle transport methodsApply neutral particle transport methods
Total energy release/convolution methods toTotal energy release/convolution methods to
approximate neutral and charged particle doseapproximate neutral and charged particle dose
effects in 3effects in 3--D.D.

 Focus on ParallelFocus on Parallel SnSn methods, Benchmark withmethods, Benchmark with
Monte Carlo Methods (PENTRAN and MCNP)Monte Carlo Methods (PENTRAN and MCNP)

 Goal: minimize dose effects, extrapolate electronGoal: minimize dose effects, extrapolate electron
dose, accelerate data extraction and treatmentdose, accelerate data extraction and treatment
planning;planning; createcreate PENTRANPENTRAN--MP for MedMP for Med PhysicsPhysics
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Photon TransportPhoton Transport CalculationsCalculations forfor MedicalMedical
PhysicsPhysics ProblemsProblems && TreatmentTreatment PlanningPlanning

Research interestsResearch interests
Hybrid Monte CarloHybrid Monte Carlo--Deterministic MethodsDeterministic Methods
for Simulating Radiation Interactions withfor Simulating Radiation Interactions with
Matter. Particle transport methods andMatter. Particle transport methods and
numerical methods for solving medicalnumerical methods for solving medical
physics problems, and high performancephysics problems, and high performance
computing.computing.

This summerThis summer
AlAl--Basheer, A., M.Basheer, A., M. GhitaGhita, G. Sjoden, B., G. Sjoden, B.
Dionne,Dionne, ““Comparison of 3Comparison of 3--D DeterministicD Deterministic
and Monte Carlo Cross Sections forand Monte Carlo Cross Sections for
Medical Physics Problems," AmericanMedical Physics Problems," American
Nuclear Society, Washington D.C. Meeting,Nuclear Society, Washington D.C. Meeting,

American Nuclear Society, June 2005.American Nuclear Society, June 2005.
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““Comparison of 3Comparison of 3--D Deterministic & MonteD Deterministic & Monte
Carlo Cross Sections for Medical PhysicsCarlo Cross Sections for Medical Physics””

AlAl--Basheer, Ghita, Sjoden, and DionneBasheer, Ghita, Sjoden, and Dionne

SnapshotSnapshot of our efforts to compare and contrast parallelof our efforts to compare and contrast parallel
multigroupmultigroup SN computations to Monte CarloSN computations to Monte Carlo solutionssolutions
TraditionalTraditional deterministic radiation transport cross sectiondeterministic radiation transport cross section
librarieslibraries
 LimitedLimited application in medical physicsapplication in medical physics problemsproblems
 EnergyEnergy group structuregroup structure issuesissues
 BroadBroad groupgroup basisbasis

WeWe compare the performance of 3 cross section librariescompare the performance of 3 cross section libraries
availableavailable from nuclearfrom nuclear engineering, physicsengineering, physics communitiescommunities
To compare these libraries, we computed 3To compare these libraries, we computed 3--D flux distributionsD flux distributions
in a water phantom exposed to gammain a water phantom exposed to gamma--raysrays
PENTRANPENTRAN parallelparallel SNSN compared tocompared to CE MCNP MonteCE MCNP Monte CarloCarlo
 S42S42 angular quadrature (1848angular quadrature (1848 directions/mesh/group)directions/mesh/group)
 P3P3 scattering anisotropy.scattering anisotropy.

Consider slices through various parts of the model.Consider slices through various parts of the model.



3232Nuclear and Radiological Engineering

Comparing xsecs for MP ApplicationsComparing xsecs for MP Applications
BUGLE-96 PENTRAN vs ENDF/B-VI MCNP5
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Figure 1 Figure 2

Fig 1: scalar flux distributions generated by PENTRAN for a single energy group
of each library using the MCNP5 solution as reference

Fig 2: deterministic results using BUGLE-96 were overall best …in the water
phantom, BUGLE-96 results were within the Monte Carlo statistical error
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Simulation of Novel BeamSimulation of Novel Beam FilteringFiltering inin
thethe ShandsShands Hospital Toshiba XHospital Toshiba X--Ray FacilityRay Facility

Nuclear Engineering Modeling support forNuclear Engineering Modeling support for
MedicalMedical Physics Simulation effortsPhysics Simulation efforts

 MonicaMonica GhitaGhita,, PhDPhD GAGA
 Cooperative effort with Dr ManuelCooperative effort with Dr Manuel ArreolaArreola,,

Dir of Clinical Radiological Physics,Dir of Clinical Radiological Physics,
CarlyCarly Williams, Ph.D. studentWilliams, Ph.D. student

 Assess efficacy of new beam filtering procedures inAssess efficacy of new beam filtering procedures in
Toshiba methodology using computational modelsToshiba methodology using computational models
(PENTRAN and MCNP), link with clinical data, trials(PENTRAN and MCNP), link with clinical data, trials

 Goal: Evaluate beam fidelity, dose effects, andGoal: Evaluate beam fidelity, dose effects, and
facility performance to augment treatment planningfacility performance to augment treatment planning

CooperativeCooperative effort:effort: NRE/Medical Physics StaffNRE/Medical Physics Staff
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Simulations of Novel Beam FilteringSimulations of Novel Beam Filtering

Methods inMethods in ShandsShands Toshiba XToshiba X--ray facilityray facility

Source spectra, continuous andSource spectra, continuous and
characteristic Xcharacteristic X--ray,ray,
corresponding to any operationalcorresponding to any operational
parameters (parameters (kVpkVp, target angle,, target angle,
filtration)filtration)
---- computationallycomputationally generatedgenerated
---- experimentallyexperimentally validatedvalidated
(stripped from the pulse height(stripped from the pulse height
spectrumspectrum of theof the HPGeHPGe--detector)detector)

DeterministicDeterministic transport calculations for improvedtransport calculations for improved prediction of doseprediction of dose
ComputationalComputational (stochastic(stochastic--MCNP and deterministicMCNP and deterministic--PENTRAN) assessmentPENTRAN) assessment
of the novel Ta filter: effects on the entrance skin dose and thof the novel Ta filter: effects on the entrance skin dose and the image qualitye image quality
DevelopmentDevelopment and testing of appropriate schemes for discrete ordinatesand testing of appropriate schemes for discrete ordinates
spatialspatial differencingdifferencing
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Closing RemarksClosing Remarks
PENTRAN used to solve a number of problemsPENTRAN used to solve a number of problems
 Large problems demandLarge problems demand parallel executionparallel execution
 ParallelParallel speedup defined by slowestspeedup defined by slowest processorprocessor

Medical physics applications...Medical physics applications...
 Need robust angularNeed robust angular treatmenttreatment
 Angular dependent source feature in PENTRAN permitsAngular dependent source feature in PENTRAN permits

ready simulation of photon beamletsready simulation of photon beamlets
 Now coupling CT voxel image data for different tissueNow coupling CT voxel image data for different tissue
 Analysis of accuracy with adaptive differencing neededAnalysis of accuracy with adaptive differencing needed
 Decoupling ofDecoupling of boundaries with group dependentboundaries with group dependent

albedos may be best with groupalbedos may be best with group--spatial decompositionspatial decomposition
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SimulationsSimulations of Novel Beam Filteringof Novel Beam Filtering
Methods inMethods in ShandsShands Toshiba XToshiba X--ray facilityray facility


