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Relative biclogical effectiveness (RBE) and
oxygen enhancement ratio (OER) of various radiation types
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Higher ratio is better. Pratons
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= 3-D Monte Carlo Codes

» Geant4

v' The Geant Collaboration
» HETC

v NASA Transport Consortium
» FLUKA

v The Fluka Collaboration
> Shield-HIT

v Sobolevsky et al.
» PHITS

v RIST, JAEA, Chalmers and GSI
» MCNPX

» Los Alamos National Lab.

= 1-D deterministic codes

> HZTREN BUT they have to be validated...
v' NASA Langley Research Center

> HIBRAC
v' Chalmers




Outer radiation fields
projectile projectile fragment

-

... we have to know the primary interaction events,
New mixed inner

1.e. e et radiution field !
target fragment

Interaction of the radiation with
the spacecraft hulls, the body...

.- lower charge ... lower‘charge
than target than primaries
.. high LET ... mixed LET

.. short ranges .- long ranges

di Fisica Nucleare




Projectile-fragment Evaporated

nuclei -.:}"
Fireball -
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= Total reaction

>0 = O

reac+ oel

* The probability, P(x), for a heavy ion to undergo a nuclear
interaction in a thickness in a given target material T is given by

P(X)=1 'exp('NAcreacxptargetl Atarget)
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» Inclusive

> o'reac=o'reac(zproj!Aproj’Eproj!ztarg!Atarg)

> When no distinction is made as how the fragment “F” is produced,
e.g. as to what comprises “X”

> Includes all possible confgurations (“final states”) of particles
produced and/or emitted in the reactions

» E.g. charge changing cross sections

= Exclusive

» When there are distinctions made as how the fragment “F” is
produced, e.g. as to what comprises “X”

= Semi-inclusive

» When some but not all components (“final states”) of “X” are measured




Experimental configuration for mixed radiation
field studies and shielding optimization




Thick and thin targets
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Goal:

Accuraterestimationtot tragmentsproducedat-dittierent
energiesiandianglesushimportantinordertolevaluatertihieibeaim
contamimation:
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he Monte Carlo toolkit Geanit4

Object Oriented Toolkit (C++) born for
the simulation of large scale HEP
experiments at CERN (Geneva)

Agostinelli S. et al., GEANT4-a simulation toolkit, Nucl. Inst. And
Methods in Phys. Res. A 506, 250-303 (2003)
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e vionte Cario toolkit: Geani4
http://geantd.web.cern.ch/geantd/

Kamioka Liquid-scintillator

Anti-Neutrino Detector
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_ Courtesy of H.Ikeda
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Ihe Geant4 coellaboeration
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[tNSHMPoREN eI tHE ClOSS SECHIGN Glf SECONdaR/ PartiCles productionat
diferentiangles andiordifierenttargetmaterials:
Intliteratire therelsinet a complete data  Setin the' Eneray renge o interest
iorcansoRien therapy (0400 ANIeN)

| |
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Upriernewawe nave perened
WerexpernmentaiunsSWithr 62
and 55 AlVIEV cartenionbeams
enRlgraphiierancigelaftargets:
Futtre expelmebisat GSk

| |

GeantdlVionte Carliersimulationsiand
Understanding eithe hadionicimodels

Collaboration with Geant4 hadronic

working qroup




Contribute of the hadronic processes on the physical dose

Comparnson of carbon Bragglpeakiswitchingon and offithernucleus=nucieus models

o—
>

QO i 60 AMeV - - = - Geant4 with nucleus-nucleus models

= Th000 Geant4 without nucleus-nucleus models

Accurate estimation of fragments produced at different energies and angles is
important in order to evaluate the contamination of the beam

The nucleus-nucleus interaction models should be checked and validated
because responsible of the fragments yields!

This work could contribute to the development of a Treatment Planning System (TPS)
for hadrontherapy (INFN project from 2009), which must consider the different biological
effects of the secondary produced
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Withithercollaboration ofithe Geantd HadronicWV G, systematicicomparisons, of:
differentioninelasticcmodelsthaverbeenrperormed (Inprogress)

SHMPOENT eI tHE ClOSS SECHION Gl SECONda/ Particles produetional
diierent angles andiordiferent target maternais:

lack of experimental data!

1§ 1 5

published data experiments at’ENSEINEN

l (thin'target)

Secondany productionidatarforfnucieus=nucieusiinteractions are; provided by

thinand thickitarget expernments
Publishediexperimentali data availablerforioniinteractionsiat energy range of
interestin the medical physicsifield (10'=500 AN eV):
= enoughifor neutron production (bothiforthiniand thickitarnget)
few (and sometimes not of'good quality)in case of fragments

production




Many cross section formulae for NN collisions are included in Geant4
* Tripathi Eormula;, NASA; Tiechnical Baper TP=36211 (1997)
sHrpathifSightiSystemy NASASiechnicalr RaperliP=2097261(1999)

* Kox Formula, Phys. Rev. C 35 1678 (1987)

s Shen| Eormula; Nuclear Physics. A 49111301 (1989)

» Sihver Formula;, Phys. Rev. C 47 1225 (1993)

Cross Section [mb] + DATA Kox
+ DATA Jaros
« Cal. Karol
* G4Tripathi
» G4Shen
» G4Kox
G4Sihver

Inelasiic cross Seclions
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Nucleus-nucleus models in Geant4

> geant4:9x1
> eniinieracliepinedelsicompancadk
(Pvscotteraly @inetic@)
(G Folgeretaly CERI)
(F KLofeizl, SEAC)

interest in hadrontherapy, JorVoaelsnyverior i/

IR G

Evaporation

Multifragment
Photon Evap Binary Light Ion Cascade

-
deexcitation P
models re- DPM-JET interface
< compound
\.

Wilson Abrasion&Ablation
. Electromagnetic Dissociation

>
Thermal 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV 1 TeV (/n)




s GAWilsonAbrasionModellis'a
simplified macroscopic model
fornuclearsnuclearinteractions
pasediargely onigeometric
arguments

Atnuciearablationthasibeen
developeditorprovide arbetter
approximation forrthefinal
huclearfragments from an
abrasioniinteraction:

Performing anfablation' process
torsimulatethe 'deexcitation of;
thernuclear pre-fragments;
nuclieardeexcitationimodels
within'Geantdi(defaulit):

s GAWilsonAblationModelluses the'same approach forrselectingjthe
final-state nucleus asiNUCERG2 (NASA TP 3533)

s lhe speed ofithe simulationfis found tebe faster than other Geant4
models butiat'the cost of accuracy:




QMDD Quantum Moelecular Bynamics)lisia

guantumiextension o classicalimolecular-dynamicsimodel:

s Eachrnucieoniis seenlas a Gaussianiwave packet

s Propagation with'scatterngftermwhichitake into;account Pauli‘siprinciple

QVIDimodelisiwidely usediteranalyze Varous, aspeCts Of-HeaVvy/lOnreactions;
especiallyiorimany~hody pProcCessesnparticularthexornmation o conplex:
lragments (enabjextorsimulaterrealiHZE reactions);

G4QlDrcreate groundistaternucleus based on J QD)
whichican be usedintViD

Potentialffield andparametersioi GA2QN DS alse basedion
JaNDiwith lEorentz scalarmodifications =

“Development ofidaer QD Code s Niitaret aly JAERI]
Data/Code 99042

Self generating potential fieldisrusedin G4QMID:
G4QNDhncludestParticipant=ParticipantiScattering

After therQNMD reaction calculation; G4@N D connects to

Evaporation modelsiofiGeantd
QO proton
(O neutron

couertesy of T. Koi, SLAC

EFe 290 MeVinion Pb




VALIDATION ACTIVITY AT INFN - LNS




VALIDATION ACTIVITY AT INFN - LNS

Collection volumecase

Production cut
Step max
Electromagnetic

models

Hadronic models

Package

Slices of 200 um in thickness

< of the half of slice dimension (=< 100 um) but
best agreement with 10 um

No set of the step max is necessary if
production cut is =< 100 um

G4EmStandardOption3 (also Lowenergy
Livermore models but too time consuming)

Binary Cascade (protons and neutrons) +
BinaryLigthlon or QMD (for ion-ion interaction)

QGSP_BIC but G4EmStandardPhysicOption3
must be forced




VALIDATION ACTIVITY AT INFN - LNS




GEANT4 Simulation

Monte Carlo Simulation of the entire beam line using GEANT4:
Improvement of our beam line and dosimetry

Give a general purpose tool for the design of new hadron-
therapy beam line

Validation of the treatment system software




GEANT4 Complete simulation of the CATANA beam line:

- Design possibility of a
general hadron therapy
beam line

- Optimization of its
elements

GEANT4 simulation

- TPS check respect the very
precise Monte Carlo method




Physics models
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VALIDATION ACTIVITY AT INFN - LNS

< Experiment proton beam (62 Mel)

soe

Simulation configuration:

Geant4-09-02-patch-01

500 K Events

Standard EM Physic with Option3
LElastic hadronic elastic model

Binary Cascade hadronic inelastic model
Production cut = 0.071 mm

Step max: not fixed

O Experiment 62 MeV
Mo step max
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Simulation configuration:

At =

D..Q-ﬂb-@--@---g.—--@..._g_..

Geantd-09-02-patch-01

500 K Events

Standard EM Physic with Option3
LElastic hadronic elastic rmodel

Binary Cascade hadronic inelastic model
Production cut =0.1 mm

Step max: not fixed
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VALIDATION ACTIVITY AT INFN - LNS

— (Geantd
W Experiment

n

Simulation configuration:

Geantd-09-02-patch-071

A00 k. Events

standard EM Physic with Cption3
LElastic hadranic elastic model
Binary Cascade and Binary Light lon
for hadranic inelastic maodel
Production cut = 0.01 mm

=tep max: not fixed
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Comparison of charged fragments production cross sections

12C Fragmentation measurements at 62 MeV/A (LNS - INFN)

In order to perform a systematic
study of projectile fragmentation
cross section at intermediate
energies, we measured the 2C
fragmentation cross section on Au
and C targets at 62 MeV/A.
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Comparison of charged fragments production cross sections

Implemented Physic
I\n : Hodo small
Hodo Bi w2
onte Carlo N EM Physic Hadronic Physic

simulation of the N e Soaten
Photoelectric Effect ons "neastic weatiering

detector and the N B (Binary Light lon)
experimental setup

Pair Production

| i lonization (electrons,
Fascio diioni12C hadrons and ions)

bl time consuming/l | e— n
(]

Azimuthal detector simmetry
allows to the integration for 21

Pre-step point
Circular crowns

Particles are registered and deleted corresponding to the angles

when they got the right distance R.
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Comparison of charged fragments

production cross sections

Deuterons Alpha
10 - A Experimental data 1000 - 4 Experimental data
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2C + W Ay at 62 A MeV
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VALIDATION ACTIVITY AT INFN - LNS




VALIDATION ACTIVITY AT INFN - LNS

—— LET track (J.J.Wilkens, Med. Phys., 30, 2003)
—=— LET track, Geant4

LET [keV/um]

Depth [mm]




The physical dose is not the only At least the increased
parameter one should look at in effectiveness at the end of the

treatment planning range of proton beams should

(the biological effect does not be accounted for in treatment
depend on the physical dose alone) planning

In protontherapy a constant relative
biological effectiveness (RBE) is It could be to develop very
widely used (...the effects of a efficient models for RBE
variable RBE would be clinically calculation (NOT only constant
significant. .. value!?)

o =

It is reasonable to provide 3D LET distributions (in addition to the physical dose
distributions).

(RBE is surely not a linear function of
LET (not a function of LET alone))




Jo @ (x)S(r)dr [o e, (x)S*(r)dr

L/(x)= Ld(x)z

[ o e (x)dr Jo @ (x)S(r)dr
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Valldazione Geantd

Confronto della distribuzione di dose in PMMA lunge la direzione di propagazions del fascio

Geant4 vs experimental

data comparison
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LET for SOBP
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Unlike the proton beam, the LET
calculation for mixed radiation
qualities (like those produced by
ions heavier than protons) is a more
and more complicated task.

For the case of carbon ion
beams, inside
Hadrontherapy we are
implementing a new model
for LET calculation

This model takes in account the secondary
particles distribution due to the carbon
beam fragmentation. The single contribute
of each fragment is collected and pondered
in order to calculate a unique LET track
and dose value for each point of the depth
dose distribution
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Multifragmentation contributions

POINTS FOR LET CALCULATION
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LET Only for C12 ions
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Commissioning of a Treatment Planning System: EYEPLAN




Commissioning of a Treatment Planning System: EYEPLAN

Calculation and Visualization of
isodose curve in more eye section
plane

Mean Spatial Resolution
= (0.8 mm

Dose-Volume histogram (DVH) for
PTYV and important eye structure













Commissioning of a TPS: CATANA beamline simulation

Final Nozzle in treatment room GEANT4 Simulation of the
CATANA beamline

Time — dependent
geometry

EYE structure
simulation
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Valldazione Geantd
Confronto della distribuzione ¢l dose in FMMA lungo 1a direzione di propagazions del fascio

Relative Dose (a.u.)

e Relativa (a.u.

Pure Bragg Peak

Dosimetric Parameters

Peak — Plateau Ratio

FWHM
(mm)

Penumbra

Pratical Range
(mm)

Geant4 Simulation

77

7255

7265

Dosimetric Parameters

900, = P100% (mm)

Experimental Measured \_440 / \ 315/ 0.76 \_ 2681/
SOBP
Modulation Range Penumbra | Pratical Range

(mm)

Geant4 Simulation

/990

ANNED

Experimental Measured

10.00

0.95

26.98







Two different configurations planned
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The Comparisons between dose distribution are along and perpendicular
to beam direction at different PMMA depth




LHE - INFI
Patiarnt I

Calculated (solid) and measurad (normalized data, dashed) contours,
0 - . T

Originally run: Jun 30, 2006
Dose normalization: 1
Valori perceniali
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——80

Y distance [cm]
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LM& - INFN, Patant: Faraceio FOG
Patieat [0 # Priftndits 20 mim df PRSA
Garema unchon.

Gamma function distribution
1s not uniform, the values
fails criteria are focused
around 90 % i1sodose level

98% voxel pass

I
10 sl 100

This difference can be due to a non accurate phantom centering. In the same mode, local spot
near to unit gamma value (inside 90% i1sodose level) are given by a non ideal detector
homogeneity







NO Clinical case (Perpendicular to beam direction)
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LIS - INFN, Patient: Piane Orizontale
Patient 10 # Confronto Con Geantd

Gamnima function.
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Eyeplan is not able to reproduce
the distal dose fall-off as an input
data in the TPS configuration file

Eyeplan makes an
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modulation region to a constant
value
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LIS - IMFH, Patient: Case Clirise
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14t Geant4 Collaboration

IN'N

and Users’ Workshop

Laboratori Nazionali del Sud

Istituto Nazionale di Fisica Nucleare Geaggi

Catania, Italy

15 - 22 October 2009

www.Ins.infn.it/geant4/geant4ws2009/

Local committee

G.Agnello

INFN-LNS

B.Caccia

INFN-1SS

G.A.P.Cirrone

INFN-LNS

G.Cuttone

INFN-LNS

F.Di Rosa

INFN-LNS

L.Pandola

INFN-LNGS

F.Marchetto

INFN Section of Turin
F.Romano

INFN-LNS and Catania University
M.G.Sabini
A.Q.Cannizzaro and INFN
A.Solano

INFN Section of Turin

TOPICS

* HEP simulations
* Nuclear physics
* Medical physics
* Space physics

* Radiobiology

Program: Important dates:
Users’ Session Abstract submission
15 - 17 October (for Users’ Session only)
1 May - 30 September

Collaboration Session e
;(:GEE"f4 ‘i"ﬁember‘s only) and aec:n'e\gn;?dr:;ﬁlgg
19 - 22 October 1 May - 30 September
Social dinner

17 October

Excursion

18 October

Users’ Conference consists of presentations by
Geant4 users and status reports by Geant4
developers.

The collaboration workshop IS ¢losed to the
collaboration members.

Geantd (Geometry And Tracking) is a
toolkit for the simulation of particle tracking
and interaction with the matter. Its area of
application includes high energy, nuclear
and accelerator physics, as\well'as studies
in medical and space science.

Next Geant4
workshop held in

Catania
(15-22 October)










Proton 111.3 MeV/u
in water target
SHIELD-HIT
e exp TRIUMF

*Ne 406 MeV/u
in PMMA
exp GSI
——— SHIELD-HIT







A. Fasso, A. Ferrari, J. Ranft, P.R. Sala
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A. Mairani, V.Patera, S.Roesler, G. Smirnov, F.Sommerer, V.Vlachoudis




M.Brugger, F. Cerutti, A. Ferrari, G. Lukasik, S. Roesler, G. Smirnov, F. Sommerer,
C. Theis, S. Trovati, H. Vinke, V.Vlachoudis CERN

A. Fasso, J. Vollaire SLAC, USA

J. Ranft Univ. of Siegen, Germany

G. Battistoni, F. Broggi, M. Campanella, P. Colleoni, E. Gadioli, A. Mairani, S. Muraro,
P.R. Sala INFN & Univ. Milano, Italy

L. Sarchiapone INFN Legnaro, Italy

M. Carboni, C. D’'Ambrosio, A. Ferrari, A. Mostacci, V. Patera, M. Pelliccioni, R. Villggi
INFN Frascati, Italy

M.C. Morone INFN & Univ. Roma II, Italy

A. Margiotta, M. Sioli INFN & Univ. Bologna, Italy
K. Parodi HIT, Heidelberg, Germany

A. Empl, L. Pinsky, B. Reddell Univ. of Houston, USA
K.T. Lee, T. Wilson, N. Zapp NASA-Houston, USA

S. Rollet ARC Seibersdorf Research, Austria

M. Lantz Riken, Japan




Helium bags
Iy ‘\

Redleclar

182m Smi  67m







FLUKA hadronic models

Hadron-Hadron
Elastic, exchange: P<3-5GeV/c: low E m,K: High Energy:
Phase shifts Resonance prod. Special DPM +
gnalyses and decay Hadronization
data, eikonal
approximation
Hadron-Nucleus Nucleus-Nucleus
E<5GeV g | HighE (<20 TeV) | E<0.1GeV/u 0.1<E<5 E>5
PEANUT X lauber-Grib BME GeV/u GeV/u
Sophisticated T | intefactio | Complete modified DPMJET
GINC E fusion rQMD-2.4 DPM +
PreequilibriurnlgI C+ + Glauber +
Coalescence | Coalescence peripheral new QMD GINC
o | High E (> 20 TeV)
N DPMJET

Evaporation/Fission/Fermi break-up
v deexcitation
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SHIELD-HIT vs TRIP98BEAM: 2C+H,0, 270 MeV/u B
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epth =158 mm

Primary beam

Dose [Gy]

SORBP
MC vs IC meas

Depth =218 mm
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1D Projection of the dose profile at a distance from I1SO =-13.02 mm

Absorbed Dose
Spread-Out Bragg
Peak in the patient

1




Clivus Chordoma Patient @ GSI

Biologicaé :rf\}‘isgirive dose distributions mGyE

FLUKA - LEM o M .

= 1500

‘ ] S - -1000
" a I

A. Mairani et al, to be published



Exact replica of the experimental setup, PET heads included
FLUKA irradiation+decay features exploited
MC Y's reaching PET heads converted to list-mode data by modified

PETSIM!

Backprojection with same routines as in experiment

In-beam PET @ 65I

Measurement

1260 MeV/u 12C ion on Graphite,
backprojections




TIC 260 MeV/A on PMMA

"2C 260 AMeV, PMMA, during

— Experiment

— FLUKA
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12C 260 AMeV on PMMA
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K. Parodi, H. Paganetti and T. Bortfeld, Massachusetts General Hospital
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K. Parodi et al, IJROBP, 2007







~ Istituto Nazionale
di Fisica Nuclears







Very few experimental data are available, especially
regarding charged particles production.

Few data for incident 1on energy greater than 35
AM¢eV and below 1 AGeV.

See our public database reporting collection of

actually available data:
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Y-Axis

triggered cross section
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‘®* ALL Fragments (Z> 2)
‘®* Isotope Resolution
® Protons...(but TOF)

The ALADIN Recipes













Exp et (pom‘rs) me
_Haettner et al, Rad Pr'o"r Dos :
2006, : e
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Fragmentation of Projectile
—primary attenuation
~ —lighter fragments with longer
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Relative lonization

. fragments

100 150 Deptzho?mm] 250 DO.SImZT.r‘y: |
. Mixed field complexity

Radiobiology:

RBE of primary and fragments
Possible damage to healthy

tissues outside the target volume







A T.P. for active scanning environment

Hadron Therapy with active scanning

Carbon
source

Scanning
magnets Monitoring system
TPS concept:

* Reduction to the superposition of N (N=100)
elementary beams

*Mathematical determination of the weights of N
beams so to achieve the required equivalent dose in
the target region, minimizing the effects on
surrounding regions and organs at risk
















particles_*.bi urvivals *.da

Primary Primary
Physical Data Biological Data

Pencil Beam Pencil Beam
Physical Data Biological Data

Beam line
easurement

Physical w Radiobiologica
Look-up Table Look-up Table




Water Phantom Monte Carlo calculation...

Particles Distributions (z = 135.9 mm)
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Because carbon beams have:
Dose released to the patient >

uncertainties:
o Reducedateralispreadioiftherveams the fragments production on

’ Highgr LEAE (2 RBE) : different angles and depths
o Penmitsia more aceuiaie spatal SN heYadiobiologIcalleicIency,
coniemmation (RBE) ofiionsinbiologicalimatiers

PUL:

o Secondaniiragments produclien:
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