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The CENBG Physics Biology group in October 2005

Consequences of
environmental stress at the
biological tissue and cell

scales Philippe MORETTO

Professor
Bordeaux 1 University

Two facilities @ CENBG on a state-of-the-art low energy Singletron  electrostatic accelerator (p, d, o up to 3.5 MeV)

e a microbeam line _ (resolution in vacuum < 1 um) for
- bio-sample analysis through Scanning Transmission lon Microscopy, Particle Induced X-ray Emission & Rutherford Back Scattering
- targeted cellular irradiation in single ion mode

e an upcoming nanobeam line_ (~2006) mainly for analysis with a resolution in vacuum of about 50 nm

. Low dose irradiation & Simulations
3D microtomography cellular response (microdosimetry & ray tracing)
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(France)
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Why Monte Carlo simulation ?

Looking for a simulation tool able to perform...

- True ray-tracing

e jon transport in focusing quadrupoles to characterize the microbeam line
performances and predict / adjust the nanobeam line focusing capabilities

 understand and reduce scattering along the line
collimator edges, diaphragms, pipe residual air...

 understand and reduce scattering inside the cellular irradiation chamber
ion detector, extraction window, culture foil where cells attach...

- Microdosimetry and cell damage
* estimate the absorbed dose in single ion irradiation mode
» model DNA damage and survival at the cell level

« compare with other irradiation techniques  (alpha emitters, macro beam)

)y Geant4
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Ray-tracing at the sub-micron scale
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Field models for the nanobeam line quadrupole magne  ts

VF VECTOR FIELDS

Oxford Microbeams Ltd,

U.K.
* Map recently computed with VF Opera 3D
e mesh :
e 14 x 14 x 240 mm3
e 27225 nodes
E}:of %30 E"’}
@ -n B,vsB a f B,vsz
© 200 200 y X 200 z
o L
e ' 3 Simple quadrupole field
o o o — model like in class
0 Ao 0 G4QuadrupoleMagField
200 20f 200 By,=yGandB, =xG
30 -30f -au-_
A0 500 50 100 B R T R | T B [ - 50 400
z(mm) B, (au) z(mm)
anf 3307 E"’} .
u:,. o o s . .
s 20 »r " i 3D quadrupole field map
E 1 1"
10 10f o 3 ! from Opera 3D
of of of G &
a0k a0k ok 3D linear interpolation from
[ i i, i
s b wk : g advanced Purging Magnet
; . . code
30 -30f 30l .
100 -50 0 50 100 =30 20 10 ['] 10 20 30 - 100 -50 0 50 100
z(mm) B, (au) z(mm)
Gradients for 3.5 MeV protons G, (T/m) G, (T/m) G, (T/m) G, (T/m)
Simple field model -11.97863 16.50520 9.866786 -6.244526
3D map field -12.1492 16.7577 9.8990726 -6.2398758

Gradient computation fully automated with Geant4
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With electrostatic deflection

Nanobeam line ray-tracing — e ——
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Without electrostatic deflection ~ — 6 /27
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Comparison in high (PIXE) and low flux (STIM) modes

Geant4 versus TRAX (reference)

PIXE spot - TRAX [ PIXE emitance - TRAX | STIM spot - TRAX [ STIM emitance - TRAX |
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* Nice agreement between TRAX and Geant4 (square field model, no map)

» Sharp STIM image, distorted PIXE image (chromatic and spherical aberrations)
» Compatible with probe size requirements

» Pure vacuum, no collimators
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Beam optics

\\
Y z =cos®Psin 8
y =sin®
X

z =cos®Pcosd
)
Beam axis

=f
=g
v =A +Ax +Ay +A6 +. . +AVvvY, +

1 n-1 2 3

0, Parasitic)

0, Parasitic)

A_ : aberration coefficient of order  j + k + [ written An = <§Ij ‘ |/1]V§V:§>

Example : <x|6®2> §=AP/P=AFE/2E
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List of quadrupole dominant aberration coefficients

Order and Type

Coefficients

Remarks

..||JjJI”J !

<yly>=1D, Vertical demagnification

<x|0> Horizontal astigmatism (zero for correctly focused image)

<y|®> Vertical astigmatism (zero for correctly focused image)
1st PARASITIC <x|U,> Horizontal translation of quadrupole »

' <y|V,> Vertical translation of quadrupole » MATRIX
<x|a,> Tilt in zz plane of quadrupole »

o +
<y|B,> Tilt in yz plane of quadrupole »
RAY TRACING
2nd INTRINSIC <x|66> Chromatic aberration (6§ = AP/P)
<y|®Pds> Chromatic aberration
<x|xd> little effect (small object size)
<yl|lyd> little effect (small object size)

1 2nd PARASITIC <x|®p,> Rotation of quadrupole » about optical axis (z and y planes coupled)
<y|06p,> Rotation of quadrupole » about optical axis (z and y planes coupled)
<x|0Oe,> Excitation changes (power supply ripple, €is % change in excitation)
<y|®Pe,> Excitation changes (power supply ripple, €is % change in excitation)

8 3rd INTRINSIC <x| 6> Spherical or aperture aberration

: <y|®3> Spherical or aperture aberration
<x|0P?> Spherical or aperture aberration RAY TRACING
<y|P6*> Spherical or aperture aberration

5th INTRINSIC <x|6°> Negligible in current systems
— <y|P>> Only after spherical aberration has been corrected using octupoles

J 1st INTRINSIC

<x|x>=1/D,

Horizontal demagnification

G. W. Grime and F. Watt, Beam Optics of Quadrupole Probe-Forming Systems, Adam Hilger Ltd., Bristol (1983)

9/27

‘ Centre d’Etudes Nucléaires de Bordeaux - Gradignan



Geant4 ray tracing capabillities

* Calculation up to any order for TRAX (ray-tracing reference code in the microbeam
community) and Geant4, up to order three with Zgoubi (second reference code)

« N =32 rays generated from a point source to reach order 3in 4, ¢ and order 1in ¢

» 32 coefficients 4, extracted from matrix inversion of the 32 ray positions on target

0.2 ® TRAX O GEANT4 X Zgoubi

P 0.15 &

([ 3]
L3

Y (nm)

0.5 1 1.5

15 -1 0.5 f

® &

N=B+1)B+1)(1+1)
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Quantitative predictions : intrinsic aberration coe fficients
Intrinsic aberration coefficients

TRAX Geant4 3D MAP Geant4 square (1) Geant4 square (2)
D, = (| 6.3557E+01 6.36174+01 6.356E+01 6.3558E+01
(z]6) -3.4937E-01 -1.04303E+02 5.3677E-01 -4.9865E-02
(z|06) -2.0354E+03 -2.05255E+03 -2.0331E+03 -2.0328E+03
(z|6¢%) 3.5789E+02 -1.50558E+03 3.5625E+02 3.597E+02
(z|6°) 3.0893E+03 4 -5.4201E+04 3.0893E+03 3.0913E+03
D, =(y|y) 0.9409E+01 = | 9.87808E+01 9.9411E+01 9.9413E+01
(y]¢) 36262602 | -1.50662E+01 1.2357E-01 8.9776E-02
{y|60) 3.6979E+02 | -3.6385E+02 -3.7019E+02 -3.7018E+02
(y|6°0) 2.2920E+02 | _1.39732E+04 2.2980E+02 2.2916E+02
(y|o") 1.4896E+02 | / -8.81738E+02 1.4939E+02 1.4856E+02

Next tasks

3D map : spherical terms dominant

(1) using TRAX’s gradients
(2) using GEANT4’s gradients

units are um, mrad and %

* increase field map granularity around paraxial region and investigate spherical terms dominance & parasitic
» compare with Enge’s fringing field model
* use nanobeam line simulation for fine alignment (grid-shadow techniques)

* investigate effect of multiple scattering in very low pressure residual air (Geant4 VS experiment)

Centre d’Etudes Nucléaires de Bordeaux - Gradignan
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Microdosimetry at the cellular scale
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Cellular irradiation setups

- CENBG Focused Microbeam

Object

collimator Diaphragm Collimator Exit \_Nindow Cells in KGM (water)
@=5 um Beam pipe @=10 um Beam pipe Magnetic volume : Beam pipe @=10 um deteeitsor (SisNa) Culture foil
(platinum) (aluminium) (platinum) — (aluminium) 4 quadrupoles with fringing field (aluminium)  (platinum) (isobtane) (polypropylene)
l l l l Ambient Migroscope slide
air* (glass)
Cell layer in growing medium
= S
beam - L]
S \l\i‘ L - w - L}
»1 i [ P 1507 m w ]
5374.93 569.965 83 -
- - o 16,926 S — I RORP > R L i
) ) i 35 4e-3 03 s ™ B My o m
15e-4 3 . m _— !@ . u®
m m] Eﬂﬂ\ﬂiiii
o @! - mm = - -
CEA/SP2A Macrobeam Sy e iy
Extraction window (Mylar) 50— = @@ g E@ L] % -
(Havar) Cells in growing - L] LI = Ol =
medium -200— = = " L]

Gold foil Beam pipe (water) e T e T
(vacuum) Ambient air X (um)
# « 100 000 cells/ 1.54 cm 2
* Nuclei distant of at least 20 um from each other

* No overlap

Two « reasonable » cell geometries

Alpha
beam

S FronT vew TRANSVERSE ViEW
6865 5e-3 6 < 3
5e-3 35e-3

CEA/SP2A Electrodeposited sources
238/239 Py cetongour —

medium 40
(water)

Culture layer —»>

(Mylar) from 0.9e-3 to 6e-3

Ambient > ﬂ 500e-3
air
e T 13/27
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Hits and absorbed dose distributions

CEA Macrobeam

Percentage of hit nuclei (%)

Number of alpha particles in nucleus

Percentage of hit nuclei

within the parallelepiped cell population irradiated
with the CEA/DPTA 9.3 MeV alpha macrobeam. The
plain circles represent Geant4 predictions and the
dashed curve shows the corresponding Poisson
fit, with a mean equal to one . The plain triangles
and the dotted curve correspond to a Poisson
distribution of mean 2. For illustration, the other
plain curves show Poisson fits for means ranging
respectively from 3 to 10

Events

CENBG Microbheam

10!

=

Tateieil SeleSetitl iietneSetet vintetu i e te e Se St teiel

e i e e e o/ e Bt e e e Tt ! iy v o | [

=

E{IE.SI I

Dose (Gy)

04 0.2 0.3 0.4 0.5

Absorbed dose distribution

within an elliptic nucleus for 3 MeV incident
alphas. The dose reaches 0.4 + 0.1 Gy / alpha.
About 0.5 % of incident alphas crossing the
culture foil hit neighbor cells.

Percentage of hit nuclei (%)

CEA Elec. Sources

0.5 a/nucleus, 5 min 12 s

1 a/nucleus, 10 min 24 s

1.5 a/nucleus,
15min 36 s

8
Number of alpha particles in nucleus

1 2

Percentage of hit nuclei

within the ellipsoid cell population irradiated with
the Pu alpha emitter through a mylar thickness of
0.9 um for an irradiation time of 5 min 12 s (plain
circles), 10 min 24 s (plain triangles) and 15 min 36
s (plain squares). The corresponding  Poisson fits
are shown. The mean for an irradiation time of 5
min 12 s (dashed line) reaches 0.5 alpha per
nucleus and is proportional to the irradiation
duration (dot line for 10 min 24 s and mean of 1.0
alpha per nucleus ; dot-dashed line for 15 min 36 s
and mean of 1.5 alpha per nucleus ).

Centre d’Etudes Nucléaires de Bordeaux - Gradignan
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HaCat nucleus confocal imaging after irradiation

Y- H2AX
(dsb marker)

After irradiation with 5 alphas (3MeV) After irradiation with 50 alphas (3 MeV)

Dedicated keratinocyte cell line expressing the histone and immunofluorescence
using an antibobody against
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«

Realistic cellular geometries

» Estimation of the absorbed dose : need for a realistic geometry
» Conversion of confocal microscopy images

(G4PVParameterisation) for the cell cytoplasm and the cell nucleus

Ellipsoid cytoplasm (KamLAND)
(not marked yet)

Stack of 2D confocal images
of nucleus marked with
H2B-GFP (size 64x64)

Next tasks

* Resolution increase (256x256 and above) expected for cytoplasm and nucleus

* Pixel extraction

* RGB noise subtraction
* Centering
» Voxel local coordinates and intensity

» Average nucleus chemical composition

2800 [

VC++ conversion application

2000

Geant4 nucleus model

4015 voxels
(0.396 x 0.396 x 0.611 uma each)

into Geant4 parameterised volumes

3D reconstruction
of confocal
images

D = 0.29 Gy

Dose distribution
Entries 9400
Mean 0.2816
RMS  0.02555

(s0T) seydre Juaproul ASIN €

will be measured from STIM, PIXE, RBS @ AIFIRA
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Going beyond “a la PARTRAC”

Most advanced simulation tool of radiation damage a  t DNA level
Modular structure written by W. Friedland et al. at GSF, Munich (20 years) :

. simulation of cellular nucleus DNA content
Geometry module

. simulation of proton or alpha interactions  through the chosen cell geometry
Track structure module

. simulation of secondary electron interactions
Track structure module Geant4d DNA
. simulation of damages to DNA (direct hits and OH. radicals)

Effect module

. simulation of chemical effects of species (pre-chemical & chemica |)
Chemistry module

. extraction of biological damages (ssbs, dsbs, fragments,...)
Damage module

PARTRAC simulates processes
from the initial irradiation (t=0)uptot=10 s,
Repair processes are not simulated yet.
171 27




The nucleus geometry in PARTRAC

» human fibroblast cell nucleus

* 46 chromosomes

* 6 Gbp of chromatin

« irregular crossed linker structure

» atom by atom approach (center coordinates and Van der Waals radius)

Tl

1l

about 8 ym

d
<«

v

R. Friedland et al., RPC 72 (2005) 279-286
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Geant4-DNA

| Simulation of Interactions of Radiation with Biological
Systems
at the Cellular and DNA Level

Based on

Geant 4

Partly funded
by

= OOE S E IR EE = =

LUND UNIVERSITY

R. Capra, S. Chauvie, R. Cherubini, Z. Francis, S. Gerardi, S. Guatelli, G. Guerrieri, S. Incerti,
B. Mascialino, G. Montarou, Ph. Moretto, P. Nieminen, M.G. Pia, M. Piergentili, C. Zacharatou




KF

Geant4-DNA : programme

“g

~ Geant4-based “sister” activity to the Geant4 Low-Energy Electromagnetic Working Group

Simulation of nano-scale effects of radiation at the cell and DNA level

I CEREVES
. calculation of dose, develop useful associated tools
. cell modelling, processes for cell survival, damage etc

: DNA modelling, physics processes at the eV scale, processes for DNA strand
breaking, repair...

On-going activities : anthropomorphic phantoms, cell survival models, low energy physics
extensions down to the eV scale, etc...

Key elements
— Rigorous software process
— Collaboration with domain experts (biologists, physicians)
— Team including groups with cellular irradiation facilities




Geant4 Simulation of Very Low Energy
Interactions in Liquid Water

R. Capra', S. Chauvie’, Z. Francis’, S. Incerti*, B. Mascialino', G, Montarou®, Ph. Moretto*
P. Nieminen’, M.G. Pia' (The Geantd DNA collaboration)
; L’\-.‘N Sezione di Genova; [-16146 Genova, Italy
lenda Ospedalicra Santa Croce e Carle Cunco and INFN Sezione di Torino; I-101 25 Torino, Italy
“lermont-Fervand; Laboratoive de Phyique corpusculaire, Clermont Fervand. France
* Centre d'Frudes Nucléaives de Bovdeaux-Gradignan, CNRSANZP3, Université Bordeaux 1; F-3317 “DF(H@&CL’G’ x, France

' European Space Agency; 2200 AG Noordwifk, The Netherlands
~
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Eesa,........... Geantd DNA

= Home

Simulation of Interactions of Radiation
m Requirements

= Documents with Biological Systems at the Cellular and DNA Level
u Meetings

u Team Estimating cancer risk for human exposures to space radiation is a challenge which involves a wide range

u Geantd of knowledge in physics, chemistry, biology and medicine.

m Geantd-[NEN -l « i o, . ' A ' Y !
» Goantd LowE Physics 3 Traditionally, the biological effects of radiation are analysed in top-bottom order, i e, evaluation of the absorbed

macroscopic radiation dose at a given location in the biclogical tissue is translated to the degree of danger it
presents, and dose limits are consequenthy set that are considered to be acceptable,
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A novel approach, based on the new-generation object-oriented Geantd Monte Carlo Toolkit, proceeds ina
reverse arder, from bottom to top, by analysing the nano-scale effects of energetic particles at the cellular and
DA molecule level.

This project is sponsored by the
European Space Agency (ESA)
and is pursued by a multidisciplinary
European team of biologists,
physicians, physicists, space
scientists and software engineers.
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Validations of Geant4 for focused micro & nanobeams

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL 31, NO. 4, AUGUST 2004 1305

Simulation of Cellular Irradiation With the CENBG
Microbeam Line Using GEANT4
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Absroct—Light-on micrabcams provide o niqus opyortuny

sciENG: to irradiate biological samples at the cc

effects at the cellular level in the framework of the Monte Carlo
vel and to imves- (o0] GEANTY,
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eaminteractiond o, Snce 1 ‘3:“215':“ w nradin i
—— y ) . . fucility has been developed on the focused horizontal miicrobeal
— - Nuclear Instruments and Methods in Physics Research B 210 2003) 92-97 [ — e of the CENBG 35 MV Van de Graaff aceclerator. This sct
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delivers in air single protons and alpha particles of a few M
onto cultured cclls, with a spatial resolution of 2 few micrometer}
allowing subeellular targeting. In this paper, we present resul
from the use of the GEANTA toolkit to simulate cellular irradi
tion with the CENBG microbeam line, from the entrance to
microprobe up to the cellular medium. We show that a 3 M
incident alpha particle may deliver a dose of 033 Gy (o a ty pi
cell nucleus,

Simulation of ion propagation in the microbeam line
of CENBG using GEANT4
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1. INTRODUCTION
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HE risk to human health caused by exposure to low do
of radiation (<200 mSv) like environmental exposu
(radon, medical imaging. telluric, air flights, etc.) is curren
anly estimated from high dose data extrapolation [11. Monf
Carlo tools could provide a novel approach by simulatis
the micrometer and nanometer scale effects of radiation
biological samples [2]1 Our understanding of the biologic)
effects of ionizing radiation requires a profound knowleds
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Antract A comparison of ray-tracing software for the design
of quadrupole microbeam systems

For more than five years the use of mierobeam setups for the irradiation of biological samples has opened a new
of i in the study of radi effects at low doses. Since 1998, a single fon irradiation system has b
developed on the microbeam line of CENBG. Compared to the already existing systems, based on collimated bea)
the use of a focused gives the advantage of a faster procedure, since the beam can be positio
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onto the targeted cells by means of a fast electrostatic deflection system. Single cells irradiation requires a pre
control of the position of the incident ions on target, with a spatial resolution of a few microns. All the component]
the microbeam line must be designed in order to minimize the spatial dispersion of the bea
detector, collimators used along the beam line, exit window. .

ingle ion transmis
_To understand and to control the different processe]
ion diffusion which can occur all along the beam line is thus a crucial point. For this, a reliable beam transport s
ulation tool is required. For more than 20 years nuelear physicists have used the GEANT code to simulate parti
matter interaction. Its most recent version, GEANTA, with an object-oriented architecture, allows to simulate diffe
components of a beam line, considered as objects that can be inserted into the code. The beam line and the detect
geometry can be easily implemented. Moreover, the simulation eode ean be interfaced with computer-assisted ded
systems and numerical analysis software packages. In this artiele, the first attempt to use GEANTA to simu
components of a microbeam line with protons and alphas of a few MeV will be presented.
© 2003 Elsevier B.V. All rights reserved.
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1. Introducti

particle-matter interactions [ ]. The new GEA

project [2] came up in December 1994. GEANT
a freely available object oriented code, written
C++, allowing complete flexibility, extensibi
and interactivity with external software (d
storage and anal . computer-assisted  desi|

The Monte Carlo code GEANT was first de-
veloped in FORTRAN at CERN to simulate

..). All physics processes, models and visualizz:

on interaction of ions with biological cells and tissues. F
that purpose. the CENBG has developed a focused microbe
line allowing the irradiation of single cells with a micromet
targeting aceuracy [3], [41. The object oriented simulati
toolkit GEANT4 [2] allows us to follow ion diffusion throu
the CENBG microbeam line clements (beam pipe residul
gas. collimators, focusing magnetic quadrupoles. single i
transmission detector, exit window, air gap, irradiation we
etc.). which can increase the spatial and energy dispersions
the beam and degrade the targeting resolution. First estimatiol
of GEANT4 simulation ilities at the scal
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appear promising, encouraging us 1o study for the first tin
the entire experimental setup. paying particular attention
the madeling of the magnetic lenses [3]. From this simulali
we can estimate the dose deposit in a typical cell nucleus
the micrometer scale, a first step in the simulation of radiati
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Abstract

For many years the only ray-tracing software available with sufficient precision for the design of guadrupole micro-
beam focusing systems has been OXRAY and its successor TRAX, developed at Oxford in the 1980s. With the current
interest in pushing the beam diameter into the nanometre region, this software has become dated and more importantly
the precision at small displacements may not be sufficient and new simulation tools are required. Two candidates for
this are Zgoubi, developed at CEA as a general beam line design tool and the CERN simulation program Geant in its
latest version Geantd. In order to use Geantd new quadrupole field modules have been developed and implemented. Tn
this paper the capabiliis of the three codss TRAX. Zgoubi and Geaned are reviewed. Comparisons of ray-tracing cal-
culations in a hig forming system for the sub

© 2005 Elsevier B.V. All rights reserved.

region are presented.
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1. Introduction summer 2005 with a new state of the art accelera-

tor facility including a single-ended HVEE 3.5 MV
The Centre d’Etudes Nucléaires de Bordeaux- Singletron capable of delivering highly stable ion

Gradignan (CENBG) will be equipped during beams.

" Corresponding author. Tel.: #33 557 1208 8% fax: +335 57
1208 01,

E-mail address: incerti@eenbein2p3.fr (. Incerti).

Its performance in terms of brightness
and energy stability will provide the unique oppor-
tunity to develop, for the first time in France, a
high spatial resolution microbeam line to reach
the sub-micron scale. The design and optimization
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Wiware iz a software allowing to run on a unique machine (desktop, laptop) two operating systems simultaneously. For example, it allows
you to run a wirtual Linix machine under a classical Windews PC. The Centre d'Etudes Mucléaires de Bordeauz-Gradignan, a
CIHESINZP3 — Bordeaus 1 University laboratory, is happy to provide free of charge to Geantd users a set of four files for Vidware
TWorlkstation wersion 4.5 or later for Windows, containing the latest version of Geants with Scientific Linux 3.03 as well as several utilities
(ROOT, Source-Mavigator IDE, ...). Once fully decompressed, these files can be read directly by your Vifware Workstation software
launch YWIware on your PC, open the decompressed files and you will emulate a real Scientific Limez 3.03 machne with the latest version
of Geant4 already mstalled |

System minirammn requirements :

desktop or laptep PC running Windews with the Vidware Workstation software version 4.3 or later mstalled
atleast a 1 GHz processor (from Pentium I0T)

at least 256 Mo of EAM for the wirtual machine (it means at least 512 Mo for the PC)

10 Go of free disk space available

a screen resclution of 1280 x 1024 (may be changed with rect privileges)

ore precisely, the distribution contains

Operating system : 2 cientific Linux 3.03
Current Geantd version : 7.1 with all sets of data files
ROOT

Source-Navigator IDE
CERNLIB 2003

Gump,
Editors : Lyx, Xemacs, OpenOffice,...

Download the four files corresponding to your Vidware version (4.5 or 5.0) (be careful, several compression levels when decompressing)
The total compressed files size is about 2 Go and reaches 10 Go when fully decompressed

Please, read the mstructions in the corresponding README (4.5 or 5.0 ) files before installing,

If you de not ewn a version of ViMware Workstation wersion 4.5 or later, you may still download the full evaluation version (licence wall
expire within a few weeks).
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Thank you for your attention !
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