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Object oriented toolkit for the simulation of particle
interactions with matter

Born from the requirements of large scale HEP experiments

Widely used in:
= Space science and astrophysics
= Medical physics, nuclear medicine
= Radiation protection
= Accelerator physics
= Pest control, food irradiation
Courtesy

— = Humanitarian projects, security
A Howé%ﬁ%on%n = etc.
’ q L) = Technology transfer to industry, hospitals g

o4

Courtesy ATLAS Collaboration
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H... Avallable online at www.sclencedirect.com
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Monte Carlo simulation in literature

Fraction of IEEE TNS papers mentioning

Monte Carlo or simulation

06

o
0.5 o o000 o

04 | ®
i ®
0.3 °

0.2' [ ..

Fraction of published papers
o

0.1

0.0 |||||||||||||||||||||||||||||||||||||||||||||||||

Same trend
in NIM

MGP, T. Basaglia, Z.W. Bell, P.V. Dressendorfer

The butterfly effect: correlations between modeling in nuclear-particle physics and socioeconomic factors

NSS 2010 Conf. Rec.
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Maria Grazia Pia, INFN Genova
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Three years ago...

Subject: range cuts, step sizes, and thresholds in G4 low energy extension
From: Georg Weidenspointner <Georg.Weidenspointner@hll.mpg.de>
Date: Wed, 27 Feb 2008 09:43:27 +0100

To: MariaGrazia.Pia@ge.infn.it, "Georg Weidenspointner (HLL)"
<Georg.Weidenspointner@hll.mpg.de>

Dear Dr. Pia,

I am scorry to bother you, but I would really appreciate some authoritative
advice on various aspects on the G4 low energy exten ion from you or one

of your co-workers. Until a few months ago I W GEANT3, but recently
I had to extend the energy range of my work(o and I very much
appreciate the effort that has been invested 1n rating the G4 low energy
extension. It addresses many fundamental needs in my area of interest,
namely the study of X-ray and gamma-ray detectors on the ground and in
space.

Basically, I would like to understand how to best "tune" G4 for

simulations of

photons, electrons, protons and neutrons in the context of my work on X-ray
and gamma-ray detectors on the ground and in space.
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Two weeks later...

Subject: Re: range cuts, step sizes, and thresholds in G4 low energy extension
From: Georg Weidenspointner <Georg.Weidenspointner@hll.mpg.de>
Date: Tue, 11 Mar 2008 14:02:41 +0100

To: Maria Grazia Pia <MariaGrazia.Pia@ge.infn.it>, "Georg Weidenspointner (HLL)"
<Georg.Weidenspointner@hll.mpg.de>

Dear Dr. Pia,

this morning we had a short meeting on PIXE in our local group. As I pointed
out aready, PIXE 1s a very important aspect for the design of X-ray

detectors,
therefore we have a vested interest in having PIXE improved in Ge%EEEZ)

If possible, I would like to be involved in your PIXE work. In

particular, I might be able to run tests of beta-versions of code upgrades,
based on the applications of the local group.

We might even consider doing some experimental work - 1f necessary - to
obtain actual data for testing a new version of a PIXE implemenation in
Geantd. You are surely aware of the fact that PIXE 1s a widely used
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October 2008
IEEE Nucl. Sci. Symp., Dresden

Application of the Geant4 PIXE implementation for

space missions
New models for PIXE simulation with Geant4

Georg Weidenspommer, Mana Grazia Pia, and Andreas Zoglauer

The “beast”
36 page paper

PIXE simulation software
released 1n Geant4 9.4,
17 December 2010

3514

IEEE TRANEACTIONE 0N NUCLEAR SCIEMCE, WOL. 55, NO. 6, DECEMHEER X000

PIXE Simulation With Geant4

Mouria Grazia Pia, Georg Weidenspointner, Mauro Augelli, Lina Quintieri, Paclo Samcco, Manju Sudhakar, and
Andreas Zoglauer

Abgtroct—Purticle indoced X-ray emission (PIXE) is on impor-
tamt physical effect that is not r:l ldnql.t:l; -ul:IH hGln.M.
This paper ptwﬂuunliﬂnll is of the prabl nEs0-
cioted with PIXE i it.. Ih l npproach,
design and implementations of FIXE modelling so , fiar evniluble in
Genntd, ond describes o et of seftware developments to improve
PIXE simunlotion with Geontd. The copabilities of the developed
saftware prototype are illust mied and applied to o stady of the pas-
sive shielding of the X-ray detectors of the Germean e ROSITA tele-
seope an the upcoming Rossinn Spectramn-X-(amma space mission.

Index Terms—Geanid, ionizafion, Monte Coarle, PIXE.

L IMNTRODULCTION

HE wse of chargad particle beams like protons, (y particles

and other heevy ions as & means of chemcteristc X-my
production has mecedved comidersbla attention in recant years,
The origin of the amission lies in the ionization of targat material
mboms by incident anarpetic charped particles: some atoms ae
jomized by removing an electron from an inner electronic shedl;
this inner shell vacancy is subsequently fillad by an electon
from an outer shell. Such an electron transition may give rise o
the emimion of chemcteristic X-rays at anargies comeaponding
to the difference in the binding energies of the imvolved atomic
ghells.

The application of particla inducad X-ray emission (PIXE)
to non-destructive trace element anatysis of materials has fst
‘been propoaed by Johansson and co-workers in 1970 [1]. Todey,
this emperimental technique is widaly emplodted in diverse fislds,
from industrial applications to biological, envirenmental, ge-
ological and forensic sciences, as wall @ in archeometry and
studies of the culteral heritage. An overriew of PIXE experi-
mental mathods and scope of application is documented in [2].

Mmuscript eceived April 03, 200%; revised Sephember 06, 2009, Cument
wersion publshed Diecember 09, 2000,
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The plrysical process of PIXE may also give rise o unwanbed
instrumental background X-ray linas, as is the cass for space
misgiom and for eome labombory environments. It also affects
the spatial distribution of the anergy depoait associated with the
‘paasaga of charged particles in matter: in this rspect, its effects
may become significant in the domain of microdosimetoy.

The wida application of this experimental techoiqua has mo-
tivated the development of several dedicated software systams;
nevertheleas, despite its larpe experimental interest, limibed
functionality for PINE simulation is evailable in genemi-pur-
posa Monate Caido codes.

This paper discusses the problam of simulating PIXE in the
comext of & general-purposs Monta Carlo system; it analyzes
the cument status of FIXE simulation with Geantd [3]. [4] and
deacribes a set of developments to improwe it. Finally, it illus-
tratas an application of the developad PINE simulation proto-
type to 8 concrets experimental problam: the study of the passive
ghiedd of the X-ray detectors of the German eROSITA [5] (ex-
tended Roentgen Survey with an Imaging Telascope Army) tale-
scope on the upcoming Russian Spectram-X-Gamma [6] space
misgion,

IL Sorrware FoR PINB: Aw OvERVIEW

Softwara tools are available in suppont of PIXE experimental
applications as apacinlized codes or included in general-purposs
simulation systems. Their main chamcteristics are briefly sum-
marized balow with emphasis on modelling the physics interac-
tions underying PINE.

A. Specialized PINE Codes

Dadicated PIXE codes ame focusssd on the application of
this technique to elemental analysis. They ae concerned with
the calculation of experimentally relevant X-ray yields rsulting
fom the irradistion of & materisl sample by an ion beam: pri-
marily trangitions concerning the K shell, and in sacond instance
transitions criginating from vacancies in the L shell.

For this purpose various analysis programs have bean
developad, which am able to solve the iverss problam of
determining the composition of the mmple from an itemtive
fitting of & PINE ; some among them are GeoPINE
[7]. GUPIX [8]-{10], PIXAM [11], PineELM [12], Sapix [13].
WinAwil [14] and Wits-HEX [15]. A few codes concem PINE
simulation [16]-{18] spacifically.

Phiysics modelling issues are congidered in epeciatized codas
insofar as they can affect the measurable X-ray spectrum; other
phiysics affects are often subject to simplification or neglactad.

These codes adopt slmiler stategies o address the problem
domain: they share basic physics modelling options, like the

DO B-240026.00 & 3000 TEEE
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From deep underground...

Dark matter and v experiments

 mOSPHERE Courtesy of ESA

X and y astronomy,
gravitational waves,
radiation damage to
components etc.

F
1

/

/

. Cosmic ray experiments

Courtesy of Auger

Variety of requirements from diverse experiments

Physics Detectors,
from the eV to the PeV scale spacecrafts and environment

For such experiments simulation software is often mission critical
Require reliability, rigorous software engineering standards
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brachytherapy
radioactive source

Medical
Physics

B 4

R: Taschereau, R. Roy, J. Pouliot

Radiation
protection

Courtesy of ESA

o Modeling radiation sources, devices and human body

o Precision of physics @ Easy configuration and friendly interface

o Reliability o Speed
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...In a fast changing computing environment

Start SPS W and Z observed Start LEP End LEP
1976 1983 1989 2000 l

hardware, software, OS

F F T F 4 T a4
Lirnue= M 0,01 =

KaR Stroustru 10
Z language Frograrmm 1991
13745 Languadge Jdava
19as Grid
Ethernet

1998
standard
WWW
Intel kAL 1.0
L= w6 1Bk P Fr'-le?-ltium 1997
Frima 1951 1992

...and don’t forget changes of requirements!

Evolution towards we must
greater diversity anticipate changes

i
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® Open to extension and evolution
new implementations can be added w/o changing existing code

® Robustness and ease of maintenance
protocols and well defined dependencies minimize coupling

Strategic vision m

A set of compatible components
. each component is specialised for a specific functionality
. each component can be refined independently
, components can cooperate at any degree of complexity

it is easy to provide (and use) alternative components
. the user application can be customised as needed
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The foundation

RD44
CERN R&D project
1994-1998
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Physics

“It was noted that experiments have requirements
for independent, alternative physics models. In
Geant4 these models, differently from the concept
of packages, allow the user to understand how
the results are produced, and hence improve the
physics validation. Geant4 is developed with a
modular architecture and is the ideal framework
where existing components are integrated and new
models continue to be developed.”

Minutes of LCB (LHCC Computing Board) meeting, 21/10/1997

Maria Grazia Pia, INFN Genova
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“% | Geant4 architecture
TN Software Engineering
Persigency Interfaces
__| plays a fundamental role in Geant4
Interface to Bum Domain : » formally collected
external 7 decomposition Jser Requirements |, systematically updated
products w/o [~ & * PSS-05 standard
dependencies b ,
7 hierarchical |* SPirél iterative approach Software Process
Tracking structure of sub- |° regular assessments and improvements (SPI process)
* monitored following the ISO 15504 model

domains
Object Oriented methods | | ~ =’ &~ 1ok 10016

* openness to extension and evolution

\ni-directional » contribute to the transparency of physics

ﬂOW, of |, interface to external software without dependencies
dependencies

» commercial tools Quality Assurance
* code inspections

* automatic checks of coding guidelines

P * testing procedures at unit and integration level
/ * dedicated testing team

Use of Standards * de jure and de facto
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Functionality

What Geant4 can do
How well it does it
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o

o

o

o

o

Geant4 kernel: Run and Event

Conceptually, a run is a collection of events that share
the same detector conditions

— Detector and physics settings are frozen in a run

An event initially contains the primary particles; they are
pushed into a stack and further processed

— When the stack becomes empty, processing of an event is over

Multiple events
— possibility to handle pile-up
Multiple runs in the same job

— with different geometries, materials etc.

Powerful stacking mechanism

— three levels by default: handle trigger studies, loopers etc.
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Geant4 kernel: Tracking

o Decoupled from physics

— all processes handled through the same abstract interface
o Independent from particle type

o New physics processes can be added to the toolkit
without affecting tracking

o Geant4 has only secondary production
thresholds, no tracking cuts
— all particles are tracked down to zero range
— energy, TOF ... cuts can be defined by the user
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Materials

o Different kinds of materials can be defined

— isotopes =)
— elements =)
— molecules g

— compounds and mixtures €=

e Associated attributes:
— temperature
— pressure
— state
— density

G4lsotope

G4Element
G4Material
G4Material
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Geometry

e Role

ATLAS
~5.2 M volume objects

— efficient navigation ﬂ ~110 K volums types
] Courtesy of ATLAS Collaboration

— detailed detector description

B

3..__

Vs el L 18

o Three conceptual layers
— Solid: shape, size
— LogicaIVqume: material, sensitivity, daughter volumes, etc.
— PhysicalVolume: position, rotation

e One can do fancy things with geometry...

Boolean

Transparent
operations

solids
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_BaBar

esy of Borexino

Vurtesy of LHCb

" Collaboration
Y

-I-u-.____.

E-3
=

R )~
/)

BOrexino

s CSG (Constructed Solid Geometrle

— simple solids

'« STEP extensions

polyhedra, spheres, cylinders, cones, toro1ds g
etc.

o BREPS (Boundary REPresented Solids

— volumes defined by boundary surfaces

CAD exchange
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Physical Volumes

Lo

placement

assembled

replica

parameterised
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Electric and magnetic fields

of variable non-uniformity
and differentiability

he Earth’s geomagnetic field

Cotirtesy of - n v -
M. Stavrianakou for:

MOKKA

Linear Collider
Detector

Courtesy Laurent Desorgher, University of Bern
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Not only large scale,
complex detectors...

Analytical
breast

simple geometries

Voxel breast
small scale components

Dose in each
breast voxel

Geant4 anthropomorphic phantoms

Maria Grazia Pia, INFN Genova
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\

One may also do it wrong...

Tools to detect badly defined

geometries

graphical indication of Geant4 Macro:

detected overlaps

i s
Halpl

/vis/scene/create
/vis/sceneHandler/create VRML2FILE
/vis/viewer/create

/olap/goto ECalEnd

/olap/grid 7 7 7

/olap/trigger

/vig/viewer/update

Output:

e

red: mother

delta=59.3416

vol 1: point=(560.513,1503.21,-141.4)

vol 2: point=(560.513,1443.86,-141.4)

A -> B:

[0]: 1ine=[2] PVName=[NewWcrld:0] Type=[N] ...
[1]: 1ins=[0] PVName=[ECalEndcap:0] Type=I[N] ..
[2]: 1ins=[1] PVName=[ECalEndcap07:38] Type=[N]

B -> A:
[0]: 1ine=[2] PVName=[NewWcrld:0] Type=[N] ...

blue: daughters

Wi

daughters are protruding their mother

avigationHistories of points of overlap

(including: info about translation, rotation, solid specs)
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Physics: general features

o Ample variety of physics functionality
o Abstract interface to physics processes
— Tracking independent from physics

o Open system

— Users can easily create and use their own models

o Distinction between processes and models
— often multiple models for the same physics process

— complementary/alternative

Maria Grazia Pia, INFN Genova

27
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Multiple scattering
Bremsstrahlung
lonisation
Annihilation
Photoelectric effect
Compton scattering
Rayleigh effect

Y conversion

Electromagnetic physics

= electrons and positrons
= photons (including optical photons)

" muons e*e" pair production
Synchrotron radiation

- .Charged hadrons Transition radiation

" loNns Cherenkov

Refraction
Reflection
Absorption
Scintillation
Fluorescence
Auger emission

o Comparable to GEANT 3 already in o release1997
o Further extensions (facilitated by OO technology)

o High energy extensions

— Motivated by LHC experiments, cosmic ray experiments...

o Low energy extensions

— motivated by space and medical applications, dark matter and v experiments,
antimatter spectroscopy, radiation effects on components etc.

o Alternative models for the same process
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Maria

Electromagnetic packages in Geant4

o Standard

o Low energy

o High energy

o Optical

o Muons

o X-rays (but most X-ray physics is elsewhere)

o Polarisation (but some polarised processes are elsewhere)

o Different modeling approach
o Specialized according to particle type, energy scope

Grazia Pia, INFN Genova

29
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Hadronic physics

o Completely different approach w.r.t. the past (GEANT 3)

native
transparent (in the original design)
no longer interface to external packages

clear separation between data and their use in algorithms

o Cross section data sets

Transparent and interchangeable

o Final state calculation

Models by particle, energy, material

o Ample variety of models

— Alternative/complementary

It 1s possible to mix-and-match, with fine granularity

— Data-driven, parameterised and theory-driven models

Maria Grazia Pia, INFN Genova 30
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Hadronic inelastic model inventory

= Data-driven = Parameterised = Theory-driven
models

INCL

Also included in LAHET used by MCNPX

| (:Il [1PS | | ABLA evaporation I
At oot [ HETC evaporation |
Absorption | CHIPS

L, 7, K. anti-p

Iigh precision neutron

Weisskopf-[_Evaporation | Bros

|_Fermi breakup |

compound

Dostrovsky | Multifragment |

L_Photon Evap

Ewing
GEM
Rad. decay

Griffin’s exciton

F'IF String (up to 20 TeV) [FRITIOF

QG String (up to 100 TeV)

Binary cascade

Cascade derived from Frankfurt QMD

Bertini evap.

pre-comp.

cascade

Re-engineering of INUCL

Fission

Preequilibrium based on CEM

MARS

LE pp. pn

| HEP ( up! eV) i

| (used by MCNPX and SHIELD)

1 MeV
Maria Grazia Pia, INFN Genova

10 MeV 1O MeV

| GeV

10 GeV 100 GreV 1 eV
31
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Other features

Particles

— all PDG data and more for specific Geant4 use, like 10ns

Hits & Digitization

— to describe detector response

Primary event generation

— some general purpose tools provided in the toolkit

Event biasing
Fast simulation
Persistency
Parallelisation

No time to review them in detail
— Geant4 user documentation
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Interface to external tools
through abstract interfacels_—l

no dependency \
minimize coupling of components

- o Visualisation
o (G)UI
@ Persistency
~ @ Analysis

5=
[ [ b =

Similar approach <

The user is free to choose
the concrete system
he/she prefers for each
component
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Visualisation

o Control of several kinds of visualisation
— detector geometry
— particle trajectories

— hits in detectors

e Various drivers
— OpenGL

— Openlnventor
— XI11

— Postscript

— DAWN

— OPACS
— HepRep

— VRML...
¢ all handled through abstract interfaces
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Toolkit + User application

o Geant4 is a toolkit
— 1.e. one cannot “run” Geant4 out of the box

— One must write an application, which uses Geant4 tools

o Consequences
— There 1s no such concept as “Geant4 defaults”

— One must provide the necessary information to configure
one’s simulation

— The user must deliberately choose which Geant4 tools to use

o Guidance: many examples are distributed with Geant4
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Interaction with Geant4 kernel

o Geant4 design provides tools for a user application
— To tell the kernel about one’s simulation configuration

— To interact with Geant4 kernel itself

o Geant4 tools for user interaction are base classes

— One creates one’s own concrete class derived from the base classes

— Geant4 kernel handles derived classes transparently through their base
class interface (polymorphism)

o Abstract base classes for user interaction
— User derived concrete classes are mandatory

o Concrete base classes (with virtual dummy methods)
for user interaction

— User derived classes are optional

Maria Grazia Pia, INFN Genova 37
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Distribution

o Geant4 is open-source
o Freely available

— Source code, libraries, associated data files and documentation can
be downloaded from http://cern.ch/geant4

o User support provided by the Geant4 collaboration
— On a best effort basis

— User Forum: mutual support within the user community

¥) Geant4: A toolkit for the simulation of the passage of particles through matter - Mozilla Firefox = |ﬁ' |1|
File Edit Yiew History Bookmarks Tools  Help

W) |2 ry —
CS - c M e I |j | http://geant4.web. cern.chigeants) LT I"‘l - | Google e

@ IMost Visited ’ Getting Started 5 | Latest Headlines '-.l Google

| L) CERM Users' pages 13 | |j Geant: & toolkit for the simulati... &3 | ﬁ‘ McCarran Flight Information - Departures| | @ CernvM Software Appliance 13 | = | F

( Download | User Forum | Gallery |
Geant 4 L
| Search Geantd |

Geantd is 3 toaolkit for the simulation of the passage of particles through matter. Its areas of application include high energy, nuclear and acceleratar physics, as well as studies

| News

in medical and space science. The two main reference papers for Geantd are published in Nuclear instruments and Methods in Physics Research A 506 (2003) 250-303, and
IEEF Transactions on Nuclear Science 53 Mo, 1 (2006 270-278. 8 SRamiar S =
Patch02 to release 9.3 is available

Applications User Support Results & Publications Collaboration from the download area.
e ® 24 September 2010 -
Patch04 to release 9.2 is available
frarm the archive download area.
® 25 .ume 2010 -
Release 9.4 BETA is available from
the Beta download area.
15 Mamh 2010 -

2010 planned developments.

A sampling of applications, Geiting started, guides Walidation of Geantd Who we are: collaborating Institions,

technology transfer and and information for resuits from experiments members, organization and legal

other uses of Geantd users and developers and publications infarmation
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Geant4 physics
and its validation

Further details in:

Geant4 Physics Reference Manual
Conference proceedings
Publications in refereed journals


http://cern.ch/geant4

Standard electromagnetic physics

Gamma, Electrons up to 100 TeV,

Standard Hadrons, lons up to 100 TeV

Muons up to 1PeV, Energy loss
Muons propagator

X-ray and optical photon production
X—rays processes
Optlcal Optical photon interactions

) Processes at high energy (E > 10 GeV),

H |gh—energy Physics for exotic particles
Polarization Simulation of polarized beams

Maria Grazia Pia, INFN Genova
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Optical photons

Production of optical photons in detectors

1s mainly due to Cherenkov effect and
scintillation

Processes in Geant4.
- in-flight absorption
- Rayleigh scattering

- medium-boundary interactions
(reflection, refraction)

Maria Grazia Pia, INFN Genova 41
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Cherenkov

Milagro is a Water-Cherenkov detector located in a
60m x 80m x 8m covered pond near Los Alamos, NM

Courtesy of Milagro

LHCb
Aerogel Yield
Thickness Per Event
4cm DATA  63x0.7
MC 74%*0.38
8cm DATA 94 +1.0
MC 10.1 +1.1

Cherenkov
Angle mrad

247.1+-5.0
246.8+-3.1

245.4+-4.8
243.7+-3.0
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Scintillati
ZEPLIN III CIn I a |On

Dark Matter Detector
GEANT4 Scintillation Event in
BOREXINO,
signal in PMT INFN Gran Sasso

National Laboratory

- viewer-0 [OpenGLStoredXm)

Style HActions Miscellany Special

Courtesy of H, Araujo, Courtesy of Borexino
Imperial College London
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Muons

e Simulation of ultra-high energy and cosmic ray physics
o High energy extensions based on theoretical models

Deviation of 45 GeV muons in 1.3

Limited documentation of

validation in the literature
of the high energy end

Data at 1 PeV?

Test of multiple scattering
modeling (2000) by P. Arce,
documented in CMS note

Maria Grazia Pia, INFN Genova
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60

[ ®L3 data 94+495.
[ —GEANT4.0.1.

[~ —GEANT3.15¢

6.078+0.028 mm
6.233+0.046+£0.245 mm
6.871+£0.011+£0.190 mm

End point deviation (mm)
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Multiple scattering

o Original Geant4 (Urban) model based on Lewis theory

Uses phenomenological functions to sample angular and spatial
distributions after a step in particle transport

The function parameters are chosen, in order that the moments of the
distribution are the same as given by the Lewis theory

o Recent development of other models

Goudsmit-Sanderson

Wentzel VI

Single scattering

Urban in various flavours (Urban90, Urban92, Urban93...)
Specialized by particle type (beware of design tricks!)

etc.

o See Geant4 Physics Reference Manual and various
conference proceedings for details

Maria Grazia Pia, INFN Genova
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Low energy electrons and photons

o ITwo “flavours” of models:

— based on the Livermore Library

— ala Penelope
o Nominally down
— to 250 eV

= based on the Livermore library

— to a few hundreds eV

= Penelope-like

EADL  (Evaluated Atomic Data Library)
EEDL  (Evaluated Electrons Data Library)
EPDL97 (Evaluated Photons Data Library)

especially formatted for Geant4 distribution
(courtesy of D. Cullen, LLNL)

<

Compton scattering
Rayleigh scattering
Photoelectric effect
Pair production

Bremsstrahlung
lonisation

Polarised Compton

+ atomic relaxation
— fluorescence

— Auger effect

following processes leaving a
vacancy in an atom
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Positive charged hadrons

o Bethe-Bloch model of energy loss, E > 2 MeV
o 5 parameterisation models, E <2 MeV

- based on Ziegler and ICRU reviews
o 3 models of energy loss fluctuations

- Density correction for high energy
- Shell correction term for intermediate energy

o,
o

4
]

[
]

Power ffT{-"IE"'jara.l:lrs-"c.l:lrEJ

Stapning

A temesc Number

Stopping power
Z dependence for various energies

Ziegierand 1ICRU hodels

-Chemical effect for compounds

- Nuclear stopping power

- PIXE included
> +
E_’%E'“E- o 4+ Mylar
i | ¢
= 2t Straggling ¢
5 | o8
%I..‘:T— }+D
c ;-— . “# *'l'

1 ] " ] 1 ]
(1] a2 a4 08 08

i

Fractional Proten Energy Loss { AF/F)

_JCRL-03
- - Ziegler-85

e,

[
LA
=]

-
=
=
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[
=

'S 3 2

Ay MeVimom |

o
M=

2 3 4
log 4 E, i MeV)]
Ziegler and ICRU, Fe

-0 f 2 3 4
log «E, i MV

Ziegler and ICRU, Si

-Spin dependent term

gl dy § Melmom |

8 8

Ok,
=

D i III IIII III IIII il
-4 -3 -2 i 0 I 2 3 4

- Barkas and Bloch terms

J'.:lgl,d’EL"fﬂ-ch’JJ
. 47
Nuclear stopplng power
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Positive charged ions

o Scaling:

o 0.01 <P <0.05 parameterisations, Bragg peak
- based on Ziegler and ICRU reviews

o [ <0.01: Free Electron Gas Model

- Effective charge model
- Nuclear stopping power

lon lonisation Losses in Aluminum

dE/dx (MeV/{mg/c m’ 1]
[
=

10

/\ |
-3 -2 -1 0 1 2 3
log 4 (E,, /MiMeV/iamu))

Mafii‘t Tl PR NN RT3y cx e s o st

0

Sion (T) = Zizon

m.

won

Recent implementation of
ICRU73-based model and
comparison with experimental
data (A. Lechner et al.)

Energy deposition (a,u.)

195 MeViamu ]

—
5

2

Stopping Power i eV 10 atamsicm”)

or G

e

[

L)

fonisation af {26 MeV deuteran

Deuterons

]

20 40 &0 &0

A remic Niomber

Geantd 9.3 —
Sihver et al. (1998) & |
Haettner et al. (2006) =

43 200 MeV/amu

3t 270 MeV/amu

400 MeV/famu

I‘Jep{h {cm)

Comparison of simulated and measured >C depth-
dose profiles in water (0.997 g/cm?). Simulations
were performed with Geant4 9.3, using revised ICRU
73 stopping power tables and the QMD nuclear
reaction model. Experimental data derive from
Sihver et al. (triangles) and Haettner et al. (circles),
where profiles of Haettner et al. were shifted to
match more precise measurements of the peak
position by D. Schardt et al. All experimental data by
courtesy of D. Schardt.

A. Lechner et al., NIM B 268-14 (2010) 2343-2354
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578 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NC. 3, JUNE 2007

M Od e I S fo I Geant4 Model for the Stopping Power of Low Energy
Negatively Charged Hadrons

[
a l I tl p roto I I S Stéphane Chauvie, Petteri Nieminen, and Maria Grazia Pia

o B>0.5 Bethe-Bloch formula
o 0.01<B<0.5 Quantum harmonic oscillator model
o <0.01 Free electron gas mode
150 T T T T UL T T T T LI | 150 T T T T — T T T T T — T |
i S Al - I .
- ,-<~ ~~proton - i -7 7~<_Proton St |
— | x{f \\.\ T - B /ff \\\ -
| bt ]
E_" 100 I ,"/ ~ 1 E- 100 |- /}/ \\\ _
- L7 I";.‘-i-i“ N ] ; Vi - N ]
é | i ﬁ F ‘E’.J [ ] .""..,'_h \\ i
Q S0l Antiprotort i 3 ol G4An
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[EEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NO. 3, JUNE 2007 385

Geant4 Atomic Relaxation 9 pages

Susanna Guatelli, Alfonso Mantero, Barbara Mascialino, Petteri Nieminen, and Maria Grazia Pia

394 [EEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 34, NO. 3, JUNE 2007

Validation of Geant4 Atomic Relaxation Against the
NIST Physical Reference Data  1g pages

S. Guatelli, A. Mantero, B. Mascialino, M. G. Pia, and V. Zampichelli

3650 IEEE TRANSACTIONS ON NUCLEAR SCIENCE. VOL. 56, NO. 6, DECEMBER 2009

Validation of K and . Shell Radiative Transition
Probability Calculations 12 pages

Maria Grazia Pia, Paolo Saracco, and Manju Sudhakar

Jal4 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 6, DECEMBER 2002

PIXE Simulation With Geant4 36 pages

Maria Grazia Pia, Georg Weidenspointner, Mauro Augelli, Lina Quintieri, Paolo Saracco, Manju Sudhakar, and
Andreas Zoglauer

+ further ongoing activity and results
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15t development cycle

10”' | LELLE DL B L rm 17771 TTTT 4
1025 :mmDDDDEI]DDDDDD a m] =] __;
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E 10ME 3
8 qouf . . / 3
5 onf Qryzinski
] e ) . 3
& 19°F  implementations
© 10tk Paul & Sacher 3
WE ess s s ev s & o o E
10”:._._#’???.|..|...|. [P B | -
0 2 4 6 8 10 12 14 16 18 20
Energy (MeV)
K shell ionisation, Au
10° g
m":
E‘"P'
gmﬂ_
E 10l
5 E
10!
10—2 Ll M A

0 50 100 150 Eﬁgﬂqy::ﬂl};v)mﬂ 350 400 450
Correctly implemented empirical
(Paul&Bolik) cross sections for o
particles incorrectly documented as
Paul&Sacher cross sections for protons

Maria Grazia Pia, INFN Genova

Mishaps of Geant4
PIXE...

Current low energy group’s development

Nudear Instruments and Methods in Physics Research B 267 (2009) 37-44

- 1
Contents lists available at Sciencelirect

i
Nuclear Instruments and Methods in Physics Research B :[

i ;Ei;ﬂ

journal homepage: www.elsevier.com/locate/nimb

New Geantd cross section models for PIXE simulation
H. Ben Abdelouahed *, S. Incerti P, A. Mantero®

Released in

Geant4 9.2

Several flaws documented in
Pia et al., TNS 56(6), 3614-3649, 2003

51
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PIXE now

3614 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 6§, DECEMBER. 2009
PIXE Simulation With Geant4 g
Maria Grazia Pia, Georg Weidenspointner, Mauro Augelli, Lina Quintieri, Paolo Saracco, Manju Sudhakar, and %0-010-
Andreas Zoglauer &
o Ciritical evaluation of conceptual challenges .
o Wide collection of ionisation cross section models _
o Validation and comparative evaluation of E
theoretical and empirical cross sections

ECPSSR ——ECPSSR-HS = cecee- ECPSSR-UA HWTW%FMM“M
0.001 : L L L L L L

==« ECPSSR-HE —-—-PWBA Paul and Sacher F] 4 [ [ 10 1z 14
-------- Kahoul et al. e experiment e (v
1 E+06 B 0100 -
2
1.E+06 ]
%
< 1.E+06 | S oono} J
= =
1] i
S gE+05 | WWWMWW
g =
§ 6.E+05 S = O e ™ s w0z e
e Wafer including 4 eROSITA PNCCDs Eneray (ke
o 4.E+05 ¢ Courtesy R. Andritschke, Fi. 12 A comperison of tho Bnomescacs background duo to Jooization
SoEv0s | MPI-MPE Halbleiterlabor %ﬂﬁiﬁ‘ﬁ“&iﬂ%ﬁ”ﬁm&ﬂ it ©
0.E+00

Software applied to a real-life problem:
X-ray full-sky survey mission eROSITA
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Maria G(l)"azia Pia, 9]\17FN Genergy (MeV)
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Very-low energy extensions

15t development cycle:

Physics of interactions in water down to the eV scale

I[EEE TEANSACTIONS ON NUCLEAR SCIENCE. VOL. 54, NO. 6, DECEMBER 2007 2619

Geant4 Physics Processes for Microdosimetry
Simulation: Design Foundation and
Implementation of the First Set of Models

S. Chauvie, Z. Francis, S. Guatelli, S. Incerti, B. Mascialino, P. Moretto. P. Nieminen, and M. G. Pia

Further developments

Joint Infernational Conference on Supercomputing in Nuclear Applications and Monte Carle 2010 (SN4 - MC2010)
Hitotsubashi Memorial Hall, Tokoyo, Japan, October 17-21, 2010

Modeling Radiation Chemistry and Biology in the Geant4 Toolkit

M. Karamitros'. A. Mantero’. S_ Incerti’ . G. Baldacchino®, P. Barberet'. M. Bemnal™’, R. Capra®. C. Champion’. Z. El Bitar’,
Z. Francis". W. Friedland"”. P_._Guéj,-'el'. A._Imn::henkol. V. Ivanchenko ", H. Kurashige". B. h{ascial_iilo'J'. P. Moretto .
P. Nieminen". G. Santin"’. H. Seznec’, H. N. Tran', C. Villagrasa® and C. Zacharatou'

Still consistent with transport assumptions?

Maria Grazia Pia, INFN Genova 33
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Hadronic physics challenge

o Even though there is an underlying theory (QCD),
applying it is much more difficult than applying QED
for simulating electromagnetic interactions

o Energy regimes:
— Chiral perturbation theory (< 100 MeV)
— Resonance and cascade region (100 MeV — a few GeV)
— QCD strings (> 20 GeV)

o Within each réegime several models are available

— Many of these are phenomenological

Maria Grazia Pia, INFN Genova >4
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Hadronic framework

Level 1

Level 2

Level 3

Level 4

Level 5

Process

\

Hadronic shower models in GEANT4 — the frameworks

=

Computer Physics
Communications

Computer Physies Commumeations 140 (2001) 6575 ]
wrw. elsevier com/locate/cpe

J.P. Wellisch

CERN, 1211 Geneva 23, Switzerland /

At rest In flight

Cross sections Models
Data driven| |Parameterized| | Theory driven
Intranuclear cascade String/ parton

QGSM frag. model

Feynman frag. model | [Lund frag. model

Maria Grazia Pia, INFN Genova
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Alternative cross sections

CrOSS SeCtionS o To be used for specific

applications, or for a given particle
In a given energy range

o Low energy neutrons

— elastic, inelastic, fission and capture

o Default cross section data
sets are provided for each
type of hadronic process:

(<20 MeV)

— Fission, capture, elastic, inelastic o Nandp inelastic cross sections

o Can be overridden 50 MeV < E <20 GeV
¢ lon-nucleus reaction

o Cross section data sets cross sections (several models)

— Some contain only a few numbers ~ — Good for E/A <1 GeV

— Some represent large databases o Isotope production data

— E<100 MeV

o Photo-nuclear cross sections

Maria Grazia Pia, INFN Genova
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Nuclear elastic scattering

G4HadronElasticDataSet

G4LElastic

G4HadronElasticProcess

G4ElasticCascadelnterface

Not to be confused with
G4CascadeFElasticInterface

G4HadronElastic

G4UHadronElasticProcess

G4WHadronElasticProcess

Meant to treat elastic models similarly to
inelastic ones

- . V. Grichine, “GEANT4 hadron elastic diffuse model,”
G4DIﬁuseE|aSth Comp. Phys. Comm., vol. 181, pp. 921-927, 2010

G4QElasticProcess

G4QElasticCrossSection

AKA “CHIPS elastic”
Maria Grazia Pia, INFN Genova Va I i d atl O n ?
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Parameterised and data-driven hadronic models

Based on experimental data
o Some models originally from GHEISHA

— reengineered into OO design

— refined physics parameterisations

o New parameterisations

pp, elastic differential cross section
nN, total cross section
pN, total cross section
np, elastic differential cross section
7N, total cross section

7N, coherent elastic scattering
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Theory-driven hadronic non-elastic models

o Complementary and alternative models
— Evaporation phase
— Low energy range, O(100 MeV): pre-equilibrium
— Intermediate energy, O(100 MeV -5 GeV): intranuclear transport
— High energy range: hadronic generator régime

o Deexcitation
— Dostrovsky, GEM, Fermi break-up, ABLA, multifragmentation...

o Preequilibrium

— Precompound, Bertini-embedded
o Cascade
— Binary, Bertini-like, INCL (Liege)
o High energy
— Quark-gluon-string, FTF (FRITIOF)

o CHIPS (Chiral Invariant Phase Space)
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Transport of low-energy neutrons

epjraaz
5

: 8

o The energy coverage is from
thermal energies to 20 MeV -

-

EEE

o Geant4 database deriving
from evaluation of other
databases

— ENDFB/VI, JEFF, JENDL,
CENDL...

— Includes cross sections and final
state information for elastic and
inelastic scattering, capture, Geant4 simulation
fission and isotope production of y-rays from 14 MeV

L]
g 8
=} (=]

BB EEE
e Q9 © o 9 e

neutron capture on uranium

Maria Grazia Pia, INFN Genova 60
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lon Iinelastic interactions

o Several cross section formulations for N-N collisions are
available in Geant4
— Tripathi, Shen, Kox , Sihver

o Final state according to models:
G4BinaryLightlonCascade (variant of Binary cascade),
G4WilsonAbrasion, G4EMDissociation

Radioactive decay

o To simulate the decay of radioactive nuclei
e Q, B*, B decay and electron capture are implemented

o Data derived from Evaluated Nuclear Structure Data
File (ENSDF)

Maria Grazia Pia, INFN Genova 61
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Validation

Recognized as an IEEE Std 1012™-2004
American National Standard (ANSI) (Revision of

IEEE Standard for Software o
Verification and Validation

The validation process provides evidence whether the software and
its associated products and processes
1) Satisfy system requirements allocated to software at the end

of each life cycle activity

2) Solve the right problem (e.g., correctly model physical laws,
implement business rules, use the proper system assumptions)
3) Satisfy intended use and user needs

Maria Grazia Pia, INFN Genova 62
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Contents lists available at ScienceDirect

Nuclear Instruments and Methods in
Physics Research A

journal homepage: www.elsevier.com/locate/nima R

and compounds

G.A.P. Cirrone?, G. Cuttone?, F. Di Rosa*®

L. Pandola®*, F. Romano

Validation of the Geant4 electromagnetic photon cross-sections for elements

ﬂ‘ Q— Zhéll'lg d,C, &

Comparison to theoretical data libraries
NOT validation!

Joint Infernational Conference on Supercomputing in Nuclear Applications and Monte Cavle 2010 (SNA = MC2010)
Hitotsubashi Memorial Hall, Tokyo, Japan, October 17-21, 2010

“After the migration to common design a new
validation of photon cross sections versus various
databases was published 2% which demonstrated
general good agreement with the data for both the
Standard and Low-energy models.”

Maria Grazia Pia, INFN Genova

Recent Improvements in Geantd Electromagnetic Physics Models and Interfaces

Viadinr IVANCHENEQ'™", John APOSTOLAFIS', Alexander BAGULYA®, Haifa Ben ABDFLOUAHED",
Rache]l BLACE®, A_EmEDGZ)A}-OT."' Helmmt BUREHART, Stéphane CHAUVIE®, Pablo CIRR.ONE",
(Giacomo CUTTONE", GmEEF'ADLlL Francesco Di ROSA’, Sabine EL.]..EB Ziad FRAMNCIS"
".-']n..m:CrRI"I-Da'E" Peter GUMPLINGER", Pmul GUEYEY, 'Sd:-nsua:]]\.iERT Amion TVANCHENED™,

Jean JACQUEMIER", Anton LECHNER"", Francesco LONGO', Ommne KADRT, Nicolas EARAFRATSANIS",
Marhisu K AR AMITROS", Rostslay KOKOULDN', Hisaya EURASHIGE", Michel MATEE"™ ", Alfonsa MANTERO™,
Barbara MASCIATING, Takah MOSCICET, Luciane BANDOLAS, Iu,er.hPERL Tvan PETROVICE,
Alek;aniaR:mC-m‘.Fm:EmRﬂthD Gim'stL"S‘-EO Giovammi SANTINY, Andreas SCHAETICEE™,
Toshiyaki TOSHITO™, Hoang TRAN", Lasrle UREAN", Tomehiro YAMASHITA™ ? and Christira ZACHAR ATOUS
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Mar

Validation or calibration?

Calibration is the process of
improving the agreement of a code
calculation with respect to a chosen set of
benchmarks through
the adjustment of parameters
Implemented in the code

Validation is the process of confirming that

the predictions of a code adequately
represent measured physical phenomena

T.G. Trucano et al., Calibration, validation, and sensitivity analysis:
What's what, Reliability Eng. & System Safety, vol. 91, no. 10-11,

ia Grazia Pia, INFN Genova  pp. 1331-1357, 2006
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Hadronic simulation validation

o Intensive activity since Geant4 early days
o Farfrom easy
— Complex physics
— Complex experimental data (e.g. LHC teast beam set-ups)

— Lack of, or conflicting experimental data, large uncertainties etc.

o Validation or calibration?

— Often not documented
— “Tuning” (hand-made 1n most cases)

Maria Grazia Pia, INFN Genova 65
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Recent improvements

Isotope production (mb) Pb + H— X at 1000 MeV

Low energy range: _Dmmz;
Preequilibrium :
. - LIS
and deexcitation
—BERT -
15

11]"; !

Calibration or validation?

Joint Infernational Conference on Supercomputing in Nuclear Applications and Monte Cavle 2010 (SNA + MC2010)
Hitotsubashi Memorial Hall Tokyo, Japan, October 17-21. 2010

Recent Developments In Pre-Equilibrium
And De-Excitation Models In Geant4

José Manuel QUESADA"* | Vladimir IVANCHENKO?3:1 Anton IVANCHENKO??.
Miguel Antonio CORTES-GIRALDO!. Gunter FOLGER?, Alex HOWARDS. Dennis WRIGHT"
Maria Grazia Pia. INFN G..... on behalf of the Geant4 Hadronic Working Group
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Experimental comparisons - FRITIOF
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Experimental data: E. Bracci et al., CERN/HERA 73-1 (1973) More m‘
Joint Infernational Conference on Supercomputing in Nuclear Applications and Monte Carlo 2010 (SNA + MC2010)
Hitotsubashi Memorial Hall, Tokyo, Japan, October 17-21, 2010
i . ppsppraa’ r +  pep-epns T
; ] | Development of the Fritiof Model in Geant4
= ) ‘1] 2
E E LI . Vladimir UZHINSKY '~
o i | F ' On behalf of the Geantd Hadronics Working Group
| Hl\ "CERN, CH-1211, Geneva 23, Switzerland
/ *LIT, JINR, 141980 Dubna, Russia
. . . :
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Experimental comparisons
PrE |

Lorentz invariant cross
section for inclusive proton
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| =R energy, being compared with
/ SEF predictions of GEANT4
N3 hadronic models
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R SRS T e et Morein g
Bertini cascade Joint International Conference on Supercomputing in Nuclear Applications and Monte Carle 2010 (SNA + MC2010)
. Hitotsubashi Memeorial Hall Tokyo, Japan October 17-21, 2010
Binary cascade
LEP Validation of GEANT4 Hadronic Generators versus Thin Target Data
QGS+PI’CCOH1pOlllld Banerjee', G. Folger®, A. Ivanchenko™”, V. N. Ivanchenko®**, M. Kossov?, J. M. Quesada®, A. Schalelicke”,

CHIPS V. Uzhinsky?, H. Wenzel', D. H. Wright® and J. Yarba'
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backscattering coefficient
© © © © © o o
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The main problem of validation:
experimental data!

backscattering for e-
e-energy range: 0.1 keV -> 102. keV
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Backscattered fraction
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Experimental data often
exhibit large differences!
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Which one is right?
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o Empty symbols: simulation models
o Filled symbols: experimental data

Maria Grazia Pia, INFN Genova

Often and answer
can be found only
through a
statistical analysis
over a large sample
of simulated and
experimental data
(and would be a
result within a given
CL, rather than
black & white)
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Including: o User
o Computer system
o Problem setup
o Running
o Results analysis

An inexperienced user can easily get wrong answers
out of a good code in a valid régime

Columbia Space Shuttle accident, 2003
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R&D

Novel ideas
Experimental motivations

Physics: new developments, rigorous validation
Software technology (in support to physics)
Fundamental issues in particle transport
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Two worlds...

Condensed-random-walk OR “discrete” régime
Characterizing choice in a Monte Carlo system

What does it mean in practice?
How does one estimate radiation

effects on components exposed to
LHC + detector environment?

And what about nanotechnology-based detectors for HEP?
And tracking in a gaseous detector?

And plasma facing material in a fusion reactor?

How does one relate dosimetry to
radiation biology"?
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Courtesy RADMON (M. Moll et al.)
Team, CERN,

NSS 2006 Conf. Rec.

Courtesy A. Montanari et al,, INFN Bologna
NSS 2006 Conf. Rec.

TiO2 nanowires 2pm EHT = 5.00 kv Signal A=SE2  Date 6 Sep 2006
Mag= 280K X WD = 11 mm Time :15:13:28

Courtesy S. Incerti et al., CENBG, NSS

2007 Conf. Rec.

Rate [1/cm?/s/keV]
[

B 9 10
Energy [keV]
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Clashing worlds...
PIXE - Particle Induced X-ray Emission

; —— P3 PRmertgalkoue:
Characteristic = "';" i
X-ray 3
Atomic I S e E
nucleuso © ] \
PartICIE b)eam E: 3‘ -:- :-l EI- TI 3‘ ‘Ell |::l i1 12 12 I+ 1= 1&
Energw (ke
ionization atomic relaxation
condensed discrete

Subtle consequences
— e.g. X-ray fluorescence emission (PIXE) by impact ionisation has a dependence
on the secondary production cut introduced to handle infrared divergence!
— can affect macroscopic applications: material analysis, precise dosimetry etc.
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Condensed-random-walk
Discrete

o Condensed-random-walk approximation
— all general-purpose Monte Carlo codes (EGS, FLUKA, GEANT 3, Geant4, MCNP)

— charged particle tracks divided into many steps, several interactions occur in a step

simulation

— one energy loss and one deflection are calculated for each step

= further simplification of Continuous Slowing Down Approximation: energy loss
rate determined by stopping power

— collisions are treated as binary processes

= target electrons free and at rest (or binding accounted only in an approximated way)

— adequate as long as the discrete energy loss events are » electronic binding energies

o Discrete simulation

— all collisions are explicitly simulated as single-scattering interactions
— prohibitively time-consuming on large scale
— many “track structure” codes documented in literature

= single-purpose, not public, maintenance not ensured, lack general functionality
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NANOS
R&D on transport schemes
o Project launched at INFN (2009)

— International, multi-disciplinary team
— R&D = research study, exploration of novel ideas

o Motivated by concrete experimental requirements

o Response to current limitations of Geant4
— of all major Monte Carlo systems, not only Geant4

o Address experimental use cases
— by going to the very core of Monte Carlo methods

R&D on

complementary, co-working transport methods

Condensed-random-walk scheme Monte Carlo method
iscrete scheme Deterministic methods
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lonisation models for nano-scale simulation

Hitotsubashi Memorial Hall, Tokyo, Japan, October 17-21, 2010

Student Paper Award

Joint Infernational Conference on Supercomputing in Nuclear Applications and Monte Cavle 2010 (SNA = MC2010)

Design, development and validation of electron ionisation models for nano-scale
simulation

Hee SEQ'. Maria Grazia PIA™, Paolo SARACCO®, Chan-Hyeung KIM®

! Hanyang University, 133-791 Seoul, Korea

Monte Carlo 2010 2 INFN Sezione di Genova, 16146 Genova, Traly

Cross section models:
= Binary-Encounter-Bethe (BEB)
= Deutsch-Mark (DM)

" EEDL Validation

181 experimental data sets

1]
Hilyy
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Progress with XRF and PIXE

o PIXE data library in progress
— To be publicly released by RSICC, ORNL

Simulation reliability and accuracy

o Radiative transition probabilities

— Extensive comparison with experimental data

o Atomic binding energies

— Extensive validation of binding energies used by Geant4, GEANT 3,
EGS (5/NRC), MCNP and Penelope

— Effects on X-ray energy accuracy

— Effects on 1onisation cross sections

Maria Grazia Pia, INFN Genova 80
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Radiative transition probabllities

E:i _1 ====Hartree-Slater Hartree-Fock
e Experiment = Experiment
par L eeeees EADL
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E 0.31 F 0.07
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E 028 r 2 0.05
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g Radiative transition probabilities in
a 015
5 Geant4 are based on EADL,
5 1.c. Hartree-Slater calculations
2 Extensive comparison with

experimental data shows that

50 &0 70 80 a0
Atomic Number £

Hartree-Fock calculations are more
EADL is NOT the state-of-the-art! accurate than Hartree-Slater ones
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X-ray energies

Geant4 Atomic Relaxation: X-ray fluorescence + Auger electron emission
Data-driven ==s) Based on EADL (Evaluated Atomic Data Library)

Geant4 X-ray fluorescence simulation 1s as good as EADL

S well, it can be worse...
075 [ Ei_
os b ¢ Extensive set of tests
- -..n“" ] . .
025 [ P - Comparisons with
e e T S e experimental data

E L0 iR i
- A
025 [ g
C O

- @
0.5 ./

Rigorous statistical

Relative difference (%)

05 [ ’o" methods for quantitative
tp 8 evaluations

-1.25 i" ] . .

s bt Paper in preparation
' 100

10 20 30 40 50 60 70 80 90
Atomic number Z
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Effect of atomic parameters on ionisation cross sections

Comparison with experimental data
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Full set of results and references to experimental data in a forthcoming publication
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2"9 round of the “beast”?
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Reminder: the original Geant4
“low energy Livermore”

R&D i n phys i cs dGSig n processes will be withdrawn in

next Geant4 release

Evolutions since RD44 have fogged some of the pristine Geant4 transparency

New technology is available, that was not yet established at the time of RD44,
or not supported by compilers

-----

G4TRDPhotonProcess
<<bind>>
G4CrossSectionCol nStandard, G4GeneratorComptonDataLib

<<typedef>>
G4ComptonStandardDataLib

Prototype:
R&D in photon physics design o oo

<<typedef>>
G4ComptonDataLib

<<bind>>
G4CrossSectionComptonStandard, G4GeneratorComptonStandard

etc.

Preliminary indications: gain
performance and agility of testing

<<bind>>
G4CrossSectionComptonPeneloge, G4GeneratorComptonPenelope

<<typedef>>
G4ComptonPenelope <<typedef>>
G4ComptonStandard
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Physics data management

Performance improvement
Mincheol Han, Hanyang Univ., Seoul

Pair production cross sections Bremsstrahlung spectrum data
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time (ms) to retrieve data
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Can we quantify our ignorance?

Simulation codes usually contain parameters or model assumptions, which
are not validated (because of lack of experimental data, or conflicting data)

Or we may not have a complete understanding of some physics processes

Or we may use a simulation model outside the range where it has been
validated (energy, material etc.)

These are sources of epistemic uncertainties,

which in turn can be sources of systematic effects

Can we estimate them?

No generally accepted method of measuring epistemic uncertainties

Interval analysis

Dempster-Shafer theory of evidence

Maria Grazia Pia, INFN Genova

87



http://cern.ch/geant4

|[EEE Trans. Nucl. Sci., vol. 57, no. 3, pp. 2805-2830, October 2010

Deposited energy (GeV)

Precompound model activated through

IEEE TRANSACTICNS OB NUCLEAR SCTENCE, VO 57, R0, 5, OCTORER 2010

Physics-Related Epistemic Uncertainties in Proton
Depth Dose Simulation

Maria Graria Pia, Marcia Begalli. Anton Lechner, Lina Quintieri, and Paolo Saracco

Binary Cascade w.r.t. standalone
Precompound model

50 |- A
- p stopping power 773

w - water ionisation potential /i

30 o

20 | 4
I — HE 2800

Depth (mm)

Warm-up exercise:
epistemic uncertainties
guantification in proton
Bragg peak simulation

Total deposited energy (GeV)

2200

2700 |

2600 |

2500 |

2400 |

2300

_ |

25 .
- | ]
$ L | ]
5t I :
E 15 I _
L]
2 wf systematic -
| effect '
5 — -

0 | Ll [ | il
-5 4 -3 -2 1 0 1 2 3 4 5

Relative difference (%)

95% confidence interval .

8.1.p01 9.1 Dec 9.2.p03 9.3 Dec 9.3 hMS

Jul 2006 2007 Feb 2010 2009 Dec 2009

Geant4 version


http://cern.ch/geant4

©CoOND>ORWN =

Haifa Ben Abdelouahed (CNSTN, Tunesia)

John Allison (Manchester University)

Katsuya Amako (KEK)

John Apostolakis (CERN)

Pedro Arce Dubois (CIEMAT)

Makoto Asai (SLAC)

Tsukasa Aso (Toyama Natl. College of Maritime Technology)
Alexander Bagulya (Lebedev Physical Institute, Moscow)
Sunanda Banerjee (Fermilab)

Guy Barrand (LAL Orsay)

Bret Beck (Lawrence Livermore National Laboratory )
Rachel Black (Hampton University)

Alexey Bogdanov (MEPhI Moscow)

Alain Boudard (CEA)

Walter Brown (Fermilab)

Helmut Burkhardt (CERN)

Stéphane Chauvie (INFN, Univ. of Torino)

G. A. Pablo Cirrone (INFN LNS)

Gene Cooperman (Northeastern University)

Miguel Antonio Cortes (Universidad de Sevilla)

Gabriele Cosmo (CERN)

Giacomo Cuttone (INFN LNS)

Albert De Roeck (CERN, CMS

Gerardo Depaola (FaMAF)

Laurent Desorgher (University of Bern)

Francesco Di Rosa (INFN LNS)

Xin Dong (Northeastern Univ.)
Andrea Dotti (CERN)
Sabine Elles (IN2P3/LAPP)
Daniel Elvira (Fermilab)
Bruce Faddegon

Mark Fischler (Fermilab)
Gunter Folger (CERN)
Ziad Francis (IN2P3)

Aida Galoyan (CERN
Laurent Garnier (IN2P3)
Norman Graf (SLAC)
Vladimir Grichine (CERN, Lebedev Physical Inst., Moscow)
Susanna Guatelli (University Wollongong)

Peter Gumplinger (TRIUMF)

Alexander Howard (CERN, ETH Zurich)

Ilvana Hrivnacova (IN2P3/IPN Orsay)

Sebastien Incerti (IN2P3)

Vladimir lvanchenko (CERN EMSU Lomonosov St. Univ.)
Anton Ivanchtenko (IN2P3)

Jean Jacquemier (IN2P3/LAPP)

Fred Jones (TRIUMF)

Omrane Kadri (National Center Nucl. Sci. and Technol., Tunis)
Pekka Kaitaniemi (CEA, Helsinki Institute of Physics)
Nicolas Karakatsanis (National Technical University of Athens)
Mathieu Karamitos (IN2P3)

Michael Kelsey (SLAC)

. Akinori Kimura (Ritsumeikan University)

. Alfonso Mantero ()

. Andreas Morsch (CERN)

. Audrey Valentin (CEA)

. Jerome Verbeke (Lawrence Livermore National Laboratory )
. Marc Verderi (IN2P3/LLR, BaBar)

. Dennis Wright (SLAC)

. Douglas Wright (Lawrence Livermore National Laboratory )
. Julia Yarba (Fermilab)

. Hajime Yoshida (Naruto University of Education)

. Christina Zacharatou (Niels Bohr Institute, Copenhagen)

Tatsumi Koi (SLAC)

Rostislav Kokoulin (MEPhI Moscow)
Mikhail Kosov (CERN)

Jim Kowalkowski (Fermilab)

Hisaya Kurashige (Kobe University)
Anton Lechner (CERN)

Fan Lei (QinetiQ)

Francesco Longo (INFN Trieste)
Michel Maire (IN2P3/LAPP, CMS)

Barbara Mascialino
Ben Morgan (University of Warwick, )

Jakub Moscicki (CERN)

Koichi Murakami (KEK)

Petteri Nieminen (ESA ESTEC)
Tatiana Nikitina (CERN)
Luciano Pandola (INFN LNGS)
Przemyslaw Paproki (CERN)
Sandra Parlati (INFN LNGS)
Marc Paterno (Fermilab)
Joseph Perl (SLAC)

Yann Perrot (Lab. Phys. Corpusculaire de Clermont-Ferrand)
Ilvan Petrovic (INFN LNS)

Andreas Pfeiffer (CERN)

Maria Grazia Pia (INFN Genova)

Witold Pokorski (CERN)

José Manuel Quesada Molina (Universidad de Sevilla)
Mélanie Raine (CEA)

. Alberto Ribon (CERN)
. Aleksandra Ristic-Fira (INFN LNS)

Francesco Romano (INFN LNS)
Giorgio Russo (INFN LNS)
Giovanni Santin (ESA)

Takashi Sasaki (KEK)
Jean-Etienne Sauvestre (CEA)

. Andreas Schalicke (DESY Zeuthen)

Nikolai Starkov (Lebedev Physical Institute, Moscow)
Satoshi Tanaka (Kyoto University)

Bernardo Tome (LIP Lisboa)

Toshiyuki Toshito (KEK)

Geant4 Collaboration

Hoang Tran (IN2P3)

Pete Truscott (QinetiQ)

Laszlo Urban (KFKI Budapest)
Vladimir Uzhinskiy (JINR Dubna)

Der gerade ist der Machtigste, der
moglichst wenig selber tun, moglichst
viel von dem, wofiir er den Namen
hergibt und den Vorteil einstreicht,
anderen aufbirden kann.

T.W. Adorno, Minima Moralia
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Conclusion

o Geant4 is a rich and powerful tool for
experimental research

o Widely used in multi-disciplinary applications

o Validation is ongoing

o R&D for challenging experimental domains
o Large investment still needed in both areas
e Thinning resources

o Collaboration between Geant4 developers and
the experimental community is fundamental

ia Grazia Pia, INFN Genova 90
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Further info

Slides available at
http://www.qge.infn.it/geant4/seminar/geant4 xfel2011.pdf

Collection of physics references:
http://www.ge.infn.it/geant4/papers

General information: http://cern.ch/geant4

Acknowledgment: Geant4 developers and users

Contact: Maria.Grazia.Pia@cern.ch, MariaGrazia.Pia@qge.infn.it

Maria Grazia Pia, INFN Genova 91


http://cern.ch/geant4
http://www.ge.infn.it/geant4/seminar/hll_2011.pdf
http://www.ge.infn.it/geant4/papers
http://cern.ch/geant4
mailto:Maria.Grazia.Pia@cern.ch
mailto:MariaGrazia.Pia@ge.infn.it

	Simulation �for multi-disciplinary applications
	Slide Number 2
	Slide Number 3
	Monte Carlo simulation in literature
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Medical Physics
	…in a fast changing computing environment 
	Toolkit
	Slide Number 13
	Physics
	Software Engineering
	Slide Number 16
	Geant4 kernel: Run and Event
	Geant4 kernel: Tracking
	Materials
	Geometry
	Solids
	Physical Volumes
	Electric and magnetic fields
	Slide Number 24
	Not only large scale, complex detectors…
	One may also do it wrong…
	Physics: general features
	Electromagnetic physics
	Electromagnetic packages in Geant4
	Hadronic physics
	Hadronic inelastic model inventory
	Other features
	Interface to external tools
	User Interface
	Visualisation
	Toolkit + User application
	Interaction with Geant4 kernel
	Distribution
	Slide Number 39
	Standard electromagnetic physics
	Optical photons
	Cherenkov
	Scintillation
	Muons
	Multiple scattering
	Low energy electrons and photons
	Positive charged hadrons
	Positive charged ions
	Models for antiprotons
	Slide Number 50
	Mishaps of Geant4 PIXE…
	PIXE now
	Very-low energy extensions
	Hadronic physics challenge
	Hadronic framework
	Cross sections 
	Nuclear elastic scattering
	Parameterised and data-driven hadronic models
	Theory-driven hadronic non-elastic models
	Transport of low-energy neutrons
	Ion inelastic interactions
	Validation
	Slide Number 63
	Validation or calibration?
	Hadronic simulation validation
	Recent improvements
	Experimental comparisons - FRITIOF
	Experimental comparisons: QGS
	Experimental comparisons
	The main problem of validation: �experimental data!
	Which one is right?
	Validation is holistic
	Slide Number 73
	Two worlds…
	Slide Number 75
	Clashing worlds…
	Condensed-random-walk �Discrete
	R&D on transport schemes
	Ionisation models for nano-scale simulation
	Progress with XRF and PIXE
	Radiative transition probabilities
	X-ray energies
	Effect of atomic parameters on ionisation cross sections
	2nd round of the “beast”?
	R&D in physics design
	Physics data management
	Can we quantify our ignorance?
	Slide Number 88
	Slide Number 89
	Conclusion
	Further info

