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The space radiation problem

Space radiation is comprised
of high-energy protons and
heavy ions (HZE’s) and
secondary protons, neutrons,
and heavy ions produced in
shielding

Unique damage to bio-
molecules, cells, and tissues
occurs from HZE ions that is
qualitatively distinct from X-
rays and gamma-rays on Earth

No human data to estimate risk silicon
from heavy ions, thus requiring
use of biological models and
theoretical understanding to

assess and mitigate risks
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Shielding has excessive costs
and will not eliminate galactic
cosmic rays (GCR)

meeefe-2 Cucinotta and Durante, Lancet Oncology (2006)



Radiation tracks and energy deposition

O The energy deposition by heavy ions is highly heterogeneous and
dependent on the type and energy of the ion

d The interactions of radiation with matter are stochastic in nature and
therefore often studied by Monte-Carlo simulations

Primary energy loss events in Primary energy loss events in
low-LET tracks high-LET tracks
Spurs ~100 to 500 eV Penumbra
2 blobs T g Primary ' Track
Q; - == A B . 2 rack core
~100 A
<100 &V 5
Short tracks
~500 eVto 5 0
keV
Branch tracks
>5 keV
Delta rays Delta rays
A. Mozumder and J.L. Magee (1966) Radiat. Res. 28, 203 C. Ferradini (1979) J. Chim. Phys. 76, 636
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Radiation effects: time sequence of events

Time (s)

10-15

10-12

10-°

106

103

Stage

Physical

Physico-

chemical

Chemical

Biological

Events

Energy absorption

Reorganization

Electron thermalization

Radical diffusion

Chemical reactions

DNA repair

Modeling

Particle transport

Cross sections

Green’s functions

Kinetics models

Molecular dynamics

Page No. 4



H,0 +H,0™+ & + HO

/ N H:O* e \ .......... .

OH + Hy0" H,0"™
H™ + OH
€ ag l H,0

(~240-600 fs) H, + OH-

Physical
stage
(<1075

Physico-
Chemical
stage
(~107° —
1071%5)

Page No. 5



Particle transport basics

O The trajectory of a particle and all its interactions is followed
in the medium

O Many other particles are generated by the interactions of the

“primary” particle. The trajectories of these secondary
particles should also be followed.

O A particle is followed until
* |ts energy decrease below a threshold

» |t disappears by a physical process (e.g. absorption of a photon during
a photo-electric effect

* |t leaves the volume of interest

;\/ﬁv\/
J o

»
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Particle transport basics

 Particles Sin(6) cos(o)
» Position (x,y,z) v = sin(8)sin() .
* Energy (E) cos(6) VA
- Direction (6,¢) o O
d Cross sections
* Probability of interaction between radiation and matter
I: Incident fluence o
dl — 'InGdX n: Density of targets cident o) 03@ —_—
dx: Width - T g -
o: Cross section ?Q_
« Cross sections (units: cm?) 1(x) = 1(0) exp(=x / L(E))
* Mean free path A (units: cm) M(E) =1/(No(E))
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Cross sections

 Cross sections (total and differential in energy, angle,... i.e. do/dW,
do/do, d?c/dWdo,...) are needed for particle transport

J RITRACKS includes accurate cross section models for all ions and
secondary electrons or photons

Q For electrons: 4 For ions:

. lonization * lonization

» Excitation « Excitation

« Elastic collisions O For photons:
 Dissociative electron attachment « Compton effect

« Bremsstrahlung « Coherent diffusion

* Photoelectric effect
» Pair production
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Cross sections

Cross sections

d Cross sections used in RITRACKS

lons Electrons
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nergy (e
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The cross sections for ions are scaled with Z:
dGion (V) _ ZZ dGproton (V)
T “eff . .
dw dw v: velocity of the ion
2 2/3 C e s
Zg | Z=1—exp(-1253°/Z2°"") B: relativistic v/c
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Heavy ion track structure simulation

Simulation fo 'H*, 12C6*, 28Sj14+ and 56Fe26* tracks, 100 MeV/amu
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Radial dosimetry
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Voxel dosimetry

o threshold

1 GeV/amu %6Fe26* jon
LET~150 keV/um

Voxels: 40 nm x40 nm x 40 nm
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DNA damage / YH2AX foci studies

Nuclei only

* Irradiation by 1
GeV/amu Fe ions

* 100 cGy
« LET ~ 149 keV/pm

Tracks and nuclei

Tracks only

Page No. 13 Experiments performed at the NASA Space Radiation Laboratory (2007)



DNA damage

2700 x 'H*, 300 MeV (1 Gy)
Calculated DSB ’ S

Dose in voxels (20 nm)
Chromosomes (RW model)
Intersection voxels

H2AX foci experiments
Application of DSB probability

L
- - ' . "'
-.- - ‘ El
“'.',_ " I.:.

-l'--'r I‘.Ji& »
oonc o
e

g | .‘,‘. .

ok B

¢y =

Page No. 14 Mukherjee, B. et al. (2008), DNA repair 7 1717-1730; Plante, |. et al. (2013), Phys. Med. Biol. 58, 6393-6405



DNA damage

Calculated DSB 6 x PP, 1 GeViu (1 Gy)

Dose in voxels (20 nm)
Chromosomes (RW model)
Intersection voxels

H2AX foci experiments

Application of DSB probability
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DNA damage / YH2AX foci studies

 Calculation of DSBs by low- and high-
LET radiation

Tracks Dose voxels Chromosomes Intersection voxels Calculated DSB
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DNA damage / YH2AX foci studies

e Calculation of DSBs by H*, 12C%* and °6Fe<6+

| ]
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DNA damage / YH2AX foci studies

Calculation of DSBs vs LET by "H*, 12C®* and
S6Fe26* jons

e Protons Helium Carbon
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DNA damage simulations

[ To better understand the formation of DSBs, a chromatin
fiber is build from nucleosome units and linker DNA

Nucleosome (DNA fragments) Chromatin fiber Nuclei

Nuclei simulations courtesy of Dr. Artem Ponomarev
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DNA damage simulations

The Binary-Encounter-Bethe (BEB) model of ionization cross section

ds s { 1 1 1 [ 11 } { 1 1 } }
- 7 T 2 + T 3 T 3 log(t)
dw t+u+1|(t-w)° (@d+w)" 1+t|t-w 1+w t-w)” (1+w)

The energies are expressed in units of ionization potential of the
orbital (B):

« t=T/B is the kinetic energy of the incident electron

«  w=W/B is the kinetic energy of the ejected electron

« u=U/B is the kinetic energy of the electron in the orbital

The total cross section is obtained by integration

(t-1)/2
do S 1 1 1 log(t)

= dw = 1-=+=|1-—[log(t) -
° j " { +2[ tz} 9 t+1}

S dw t+u+l| t
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DNA damage simulations

O In the DNA bases, there are many internal and valence electrons. The BEB
model allows to model the ionization for each electron of the molecule.

Thym | ne 10' :Thyr‘nine‘i?niffticn‘cros‘s‘ s?f:ionsl by (relre‘crllrrorns I?‘,r ?r!jj,t‘al?

No U (eV) B (eV) N 10" 4
1 794.1 559.41 |2 ;

o~ 2 794.1 559.18 |2 LUy

Z— 3 601.5 425.6 2 < 1071

S 4 601.5 42548 |2 .

FEE 4359 | 31136 |2 2 10°]

- 6 435.9 31043 |2 0

s [ 4358 308 2 1074

= 8 435.7 306.41 |2 .
9 435.8 305.8 2 g
10 66.26 40.06 2 10° . . .
11 71.74 39.14 2.04 10' 10° 10° 10* 10°
12 63.05 36.16 1.86 Energy (eV)
13 57.89 34.56 1.85
14 44.95 30 23
15 43.96 26.22 2.35
16 47.64 25.14 2.11
17 40.64 24.85 2.15

3 18 41.92 21.32 2.18

@ 19 39.28 20.94 2.02

% 20 36.32 19.4 1.86

< 21 44.53 18.7 2.05

g 22 55.89 18.56 1.92

§ 23 54.72 17.59 1.99
24 39.88 16.62 2.01
25 46.93 16.15 2.03
26 39.89 15.44 1.78
27 47.3 13.96 1.83
28 59.96 13.15 1.86
29 54.12 12.31 2.07
30 60.23 12.10 1.78
31 40.38 9.27 1.97
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DNA damage studies

O Cross sections can be calculated for the bases, sugars and phosphates.

O In this case, the medium is considered a succession of homogeneous
media.

O1
dl = -INodx =
X >
In(1 /1) = —{ 5(u)Ndu p—
0
i-1
| =1,exp —N{Z(cj—ci)wj +cix} < W,
j=1
_ _ o Relative intensity
Relatlve Welght | | | I—Anlalyticelal prediction
-1 G1=0_2 - Monte-Carlo simulation
exp(-N > W,o,)(1—exp(-NW,5;)) a
Pi = Io = N 0.6
G; S \
= o4 K\cz=1.5 |
Sampling of W . ]
S 1 —ojNW; 0.0 — = ?4=1'.0
W, =ZWj —N—Iog[l—V(l—e )] 0 2 4 6 8 10
1= Oi Depth
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Radiation chemistry

1~1012-10°s Number of chemical species created
. Particles diffusion  G(X)=

e Chemical reactions

100 eV deposited energy

 The radiolytic species are not uniformly distributed.
Therefore, an approach based on Green’s functions of
the diffusion equation (DE) is used.

Examples of chemical reactions:

€t €aq 20 H,+20H "OH + H,0,—— HO,” + H,0
‘OH +ep,q—— OH H"+0,” —— HO,’
'OH +'OH—— H,0, H*+H,0, — ‘OH +H,0

PageNo.23 (More than 60 reactions...)



Bimolecular reactions

1 DE for the propagation of particles A and B

P(rare:tIrao:Meo:ty): probability of
8p(rA’ g, L | Vao rBo'to)/at particles A and B to be at positions r,

2 2 and rg at time t, given that they were at
= [DAVA +DgVg ]p(rA T b Fao r|30’t0) rho and rgg at t,

D,, Dg: Diffusion coefficients

1 Transformation

R=.Dg/D,r,++D,/Dgr, Vg =0/0R

r:rB_rA Vrza/ﬁr

PRI | R, 1y, to)/ot = (D, + Dy Vo2 + V2 P(R,1, | Ry, o, 1)
p(R, r,t | I:20’ r-O’tO) = pR(Rit | RO’tO)pr(rit |’ r-0’1:0)
opR (R, 1| Ry, t,)/0t =(D, +Dg VP (R, 1| Ry, 1)

Uncoupled equations

op" (r,t| 1y, to)ot = (D, +Dg V2P (1, t] 1y, t,) inrand R
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Bimolecular reactions

] Free diffusive motion of the coordinate R

PR (R, t| Ry, )0t =DV, pR (R, t| Ry, t,) (DE)
pR (R,t | Ro’to) _ S(R _ Ro) (Initial condition)
pR(l R |_) © t| Ro to) -0 (Boundary condition)

pR(R’HRo’to) —

{(R B Ro)2 } -
eXpP (Solution)
[4nD(t - t,)]** 4D(t-t,)

PR(R,t|R,,t,): probability distribution of the vector R at time t, given that it
was located at position R, at time t,

D=D,+Dy: Sum of the diffusion coefficients
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Bimolecular reactions

A Free diffusive motion” of the inter-particle separation vector r

8pr(r’“ rO’to)
ot

=DVZp"(r,t|r,,t,) (DE)

pr (r, t | Y to) = 8([' - ro) (Initial condition)

0 For chemical reactions, we need the inter-particle distance r.
» Therefore, the DE is written in spherical coordinates.

* Only the radial component will be considered (angular dependency terms are neglected).
This considerably simplifies the analytical solution.

op(r,t|r D
% — sr [I‘ 8_ p(r,t|r, )} (Radial part of the DE)
47zr02p(r,t | ro) _ §(I’ _ ro)’ r>R (Initial condition; R=reaction radius)

p(r,tlry,tp): probability distribution of the separation distance r at time t, given that it was r, at time t,

PageNo.26  *\We assume that there is no force interacting between particles. This is the case for most of
the chemical reactions that we are interested in.



Bimolecular reactions

d Simple case: reaction with rate k_
K

A+B=C (Reaction)
AR%D op(r,t]r,) —k p(R.t|T) (Boundary condition)
r=R
Anrryp(r,t]r,) = «/41—7th {exp{— %} + exp{— (r+ Z‘;[;tz R)’ }} + aw(r J:/rjr_[;tZR ,—a\/ﬁ] (Green'’s function)
Qltl 1) = pr(r,t r)dr =1+ RZHWQQ—; ,aﬁj_ Erfc( M_Dfﬂ (Survival probability)
_ _k, +47RD
47R°D

The probability of reaction P(t|ry) = 1 — Q(t|ry). At each time step, the probability of reaction is assessed. If
the particles have not reacted, their relative distance is obtained by sampling the Green’s function.

PageNo.27  Plante, I. et al. (2013) J. Comput. Phys. 242, 531-543



Green'’s function for radiation chemistry

O Partially diffusion-controlled ABC reaction

k, X System
A+t Bk: C — Products k,, Kq and k,: reaction rate constants
d
M — Bg r? Ep(r,t 1) Diffusion equation (radial)
ot ror| or
47tl’02 p(r,t | ro) — 5(,— - ro) Initial condition

1 (r-r)’ _(r+r,-2R)’ a(f+a)y+a), (r+n-2R _
Jamt {ex'{ 4Dt }ex'{ 4Dt }} (B—a)(y—a) W[ J4Dt ’aﬁJ

ﬂ(7+ﬂ)(a+ﬁ)W£r+ro—2R_ D] 7(a+7)(ﬂ+7)w(r+ro—2R_ o
o ma-p " dior Y o M i Y™

Aarryp(r,t|r,) =

j Green’s function

a+B+y=—-Q+k,/k;)/R
af+PBy+ya=(k, +ky)/D Coefficients
afy =—[(1+k, /k,)k, +k,]/DR
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Green'’s functions for radiation chemistry

O Partially diffusion-controlled reversible ABC reaction
« Time discretization equations for p(r,t|r,) and p(*,t|ry)

p(r,At, + At, |1,) = I47zrfp(r, At, | r)p(r, At | ry)dr, + p(r, At, | *)p(*, At, | 1,)
p(*, At + AL, |1,) = I47zr12p(*,At2 | r)p(r, Aty | ry)dr, + p(*, At, | *)p(*, At | 1,)
« Time discretization equations for p(r,t|*) and p(*,t*)
p(r, At, + At, |*) = I47zr12p(r, At, [ r)p(r, At | *)dr, + p(r, At, | *)p(*, At, |*)
p(*, At + AL, |*) = I47zrfp(*, At, | r)p(r, Aty | *)dr, + p(*, At, | *)p(*, At, | *)

O Proven numerically in Mathematica for all tested
values of the parameters
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Green'’s function for radiation chemistry

K

a

Kk

e

A +B 2 C—Products

K

Green’s functions

Survival and binding probabilities

Plante, I. et al. (2013) J. Comput. Phys. 242, 531-543

0.5 T . T : T 2,0 ™ |
Analytical function |
Monte-Carlo simulation - Free
0.4 - . 1,6 - T e -
- k =4zRD, k =1
c 1 a d
> =
3 k.=0.1
~ 0.34 o 124 k =1 .
= © e
%.' § - k=10
& 024 ° 038 IRT | |
< © - | ong-time asymptotics
3]
>
<
0.1 1 0.4 Products |
Bound [
1 (reversible) . .owt77  aeesenerese
N
0
r Dt
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Green'’s functions for radiation chemistry

. . . . kl
O Partially diffusion-controlled ABCD reaction A+B 2 C+D
k2
4ma} Dlw =k, p,(@,,t]%,)-k, p,(@,,t] %) Boundary conditions
k,a/ o, 1l-o,
PaGtL 1 ) =P (1 X0) = Jrr ke XX L 0 1-o \/_ Wle, + 20,058 Green’s function x,—Xx, (AB—AB)

o l-o \/_2 ()( - \/I)_ 1_\/5 W(x, + %004t 7))

o.-0 1-gr, T T ) (-0,\n)t-0|r)
P (X, t]X,)= 1 /Tl (e ~(n-20) +e(1+10)) W| 7+ t
ref, \"11 0 47le 0 At 1 0! 7,

k,a,a ; :
0, (Vo t[ X, )= 18,3, [0+W (Zo T \/f)_afw (Zo N yl,a,\/f)] Green’s function x,—Yy, (AB—CD)
0T, kD1 kD2 YiXo (o, —0)

Ky /Ko, o (1-0,47,) o, (-0 y1,) - .
Pra-sco (L%, ) = 71+k TRETAT {ErfczwJw(zo,mﬁ)—m_a\rw(zmﬁ)} Probability of reaction AB—CD
o, = %[M + 1ty (1, — 11,V ”‘J z =(x—a)/J4aDt X distance between A and B
—(y — [4D.t - distance between C and D
u = (1+k /kDi)/\/T_i 7i =(y; —a,)/{4D,t Yi
D,=D,*+D
B 4k K, 1 A B
Ko, Ko, /7175 D,=D¢+Dp
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Green'’s functions for radiation chemistry

O Partially diffusion-controlled reversible ABCD reaction
« Time discretization equations for p, and p,

pl(X2 ’tl +t2 | XO ) = J pl(XZ ’t2 | Xl )pl(xl ’tl I XO )47ZX12dX1 + I p4 (XZ ’t2 | yl )p2(y1 ’tl I XO )47zy12dy1
p2(y2 ’tl +t2 | XO ): I p2(y2 ’t2 | Xl )pl(Xl ’tl I XO )47ZX12dX1 + I p3(y2 ’t2 I yl )p2(y1 ’tl | X0 )47zy12dy1

« Time discretization equations for P,g ,cp

Passco (s + 1o 1% ) = [ Pag e (t 1% D00ty 1% YA, + [(L- P aa (ts 1 Y2 )P, (Vs 8y | %o )4y dy,

=N a

4 Similar equations for p5;,p, and P¢p_ag

O Proven numerically in Mathematica for all tested values
of the parameters

Page No. 32 Plante, I. et al. (2014), submitted to J. Comput. Phys.



Green'’s functions for radiation chemistry

kl
A+B_2C+D
k2
Green’s functions Survival and binding probabilities
s 1.0 T Y T T 1.0 ey u (IR T 4] T T
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& oal Monte-Carlo | 208 )
> et
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Y ]
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| 0.25 | S .
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©
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2
0.4 1 i i g 04 i
= 5 :
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Radiation chemistry

2500 ey Time:  1.000E-16 5
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Radiation chemistry

Primary yields of e,,, ‘OH, H-, H, and H,0O, as a function of the LET

aq’

3.0
- Irradiation by 300-0.1 MeV protons
LET: ~0.3-85 keV/um

1.0

0.0 . .
< Note: the primary yields (noted Gy) are
§ 1.21 the yields at the end of spur expansion
S (~106s)
208
(DX

0.4-

G 10° 10’ 10?

it T LET (keV/um)
0.4 //\

0.2

0.0 : —
10" 10° 10’ 10°
LET (keV/um)
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Radiation chemistry (DNA)

0 The radiation chemistry of DNA is very complex
O Many reaction rate constants are known

") tdﬁj’ -
/ 1 \ Reaction k Radius
- i (dm3.mol1.s1) (A)

: of;}i" e J‘}f/ et Thymine—Thy(+e)  1.79x1010 5.287

l ) l , . ‘OH + Thymine — 6.4x10° 3.02
L= foo ﬁj TC50H-+TC60H+TUCH2-

l l l H.+Thymine—Thymine*  5.7x108 0.11

AN
1 :j\)';jr""‘“ O;L’?j/m 1
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The software RITRACKS

d The software RITRACKS comprises several parts

» The calculation part includes:
v" The cross sections, which are necessary for particle transport

v The particle transport routines

v Post-simulation data management

« The Graphic User Interface (GUI), comprises several windows:

v
v
v
v
v

The main window

Incident radiation window

Multi-CPU support

Cross sections windows (electrons and ions)
Results (events) details

« The 3D visualization window
* The help file

 All necessary files are included in an installer for
Windows
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Using RITRACKS

d The installer

* The necessary files are included in an installer created by the freeware
InstallJammer

* The program is installed in the folder C:\Program Files (x86)\RITRACKS
« Simulations are stored the subfolder RITRACKS Simulations in the My
Documents folder

RITRACKS Setup E| RITRACKS Setup

Choose Destination Location
Welcome to the InstallJammer Wizard for ,
i RITRACKS Where should RITRACKS be install=d?

Setup will install RITRACKS in the Following Folder.

This will install RITRACKS version 1.0 on your computer,

. o To install ko this Folder, click Mext, To install to a different Folder, click Browse and select another
It is recommended that you close all other applications Falder,

before continuing.

Click Mext ko continue or Cancel to exit Setup,

Destination Folder

CProgram Files (=86RITRACKS

Mext > | [ Cancel < Back “ Mext > | [ Cancel l
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RITRACKS main window

~{| RITRACKS 1.0
File Data View Options Help

Incident radiation Irradiation volume Messages
[
() Electron () Disk; [ clip tracks |Welcome ko RITRACKS
{E} Ion !Izc_ﬁl_ ; G Square
Mo particles: _[1 ]
Radius: [a | um
Energy: ;25 | Mefamu Length: :5 i um
LET {appr): 78.27 ket fum Area: = e
Fluence: = -2
Dose (apprl; - Ciay
Sirmulation info Calculations

— [ Start simulation ] 30 tracks
Histories: |10 | Save track struckure

[]5ave all events Simulation progress:

e oD Hhsc men [ ] Results details

Before simulation
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The following information is given in this window

Rest mass energy:

Radiation info window

Radiation info

Total energy: R adiation tvpe: Ion 12(: 5+
Kinetic energy 25 Mey'amu

Relativistic y: y=T/ Mc? +1 Rest mass energy 11258.939514 Me
Tokal energy 11555, 940955 Mey
g2 0.051234

o 2 _ 4 ) 8 0. 22635

Relativistic B: Be=1-1/y , | ocens
b 2616.36982 Mevjc

Momentum: p =vyMv g:;:'x :5'12? e
LET {appr] 78.27 ket furin

Maximum energy B 2me?(y? -1)

Transfer to e; " 14 2y(m/ M) + (m/ M)?

. E A7 632
LET (MeV/cm): _3_ = 91700k g) _431] F(B) = |n1-ofx;025_ﬁz
X —
(Bethe) p p
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Electron cross sections window

{ Electron cross sections

Cross sections

Electron cross sections

-12!!!!
I

] -

' L
10 1I:|h1lil 10510 10 1|:|°1|:|E'1|:| 10 1I:|
Energy (Y]

i

[v — lonization

[v — Excitation

[ Yibra-rota

[v — LEA

v Elastic

v — Bremsstrahlung

All Ionization | Excitation | vibra-rota | DE& || Elastic | B % ¥

Electron cross sections

Tonizakion
Exritation

wibr ation-rotation
DE&

Elastic

Bremsstrahlung

Mumber of samples: 10000
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+{| Track viewer

Visualization window

File Search Options
M 4 B

Angles

A1 20
A2 309
430

Pozition

» 0923
Y -38.4E15
Z 0

Zoam

»10
Y10
#2 0
Y20

Scale
1.33

=

®oa ©

12_ B+
c

28 eV famu

Tirme:

2.033E-13

S

Wigw

(%) Species
() Chemistry
() Events

() Dose
Species
OH =&
.OH

& H202
& H

olelel 1 19
o T o0 T
[ I e s
Y g

Point zize
1 ~

-

Threshald [Gy]
1

Yiomels

20 i

Tools: - Rotation

- Translation

- Zoom

- Save to file

- Copy to clipboard
- Create a .avifile

- Open data folder

Visualization:
- Radiolytic species
- Events

- Dose (voxels)

Time evolution
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RITRACKS tools

 Calculation of tracks per cell in a cell culture for a
given ion, energy and dose

] Prubability.
Cell radius (microns): 5 f ! !
fialoccccedbomcccacbonoosadg booooss boooooad
LE:E R b .
Lon: B, F F----mmmrmmm o]
L T
=]
E0S -
Energy (MeVamu): 25 ] 0 0 0 0
e e S T T
03 b ooooood b emmcond
. 024------- ; e S Mt s
Desired dose (Gy): 1 'EE I ; '!'.L".' _________________________
u T T i T T
Average tracks per cell  6,27120663504634 0 5 10 135 20 e
Number of tracks

Calculate
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Release history

ﬁ Radiation Risk Assessment Web Tools - Windows Internet Explorer

0 RITRACKS was used by the O - [Foobon ot gt Bk EL)
students at the NASA Space LI Frmr==— D8 & RoiOw
Radiation Summer School at the
Brookhaven National Laboratory,
Upton, New York (June 6-24, 2011,
May 28 - June 15, 2012, MIT ICED RITRACKS

J u n e 2 0 1 2 ) ( ov e r 40 u s e rs) A Monte-Carlo simulation code of radiation track structure - Now available onlne!!

Incident radiation Radiation info

0 The release to international partners
was approved in 2011 Tatpe GO e s

Change Relativistic g% 01165987
Relativistic §: 0.3414655

0 RITRACKS was released to NASA ey iiamy [ e
- - - . Track length (m): 5.0 ’ '

space radiation community with

over 20 users

Number of tracks: 1

Please enter the ion type and energy and press the Run button to start the smmlation

0 The software is now available for

download on the web site
http://spaceradiation.usra.edu/irMod
els/ (ITAR, authentication and
password required)

Return to homepage.

Done &) mtermnest 00 -

http://spaceradiation.usra.edu

Page No. 44



Release history

(J An online version of RITRACKS will be available soon!

Ion: 12C6+, 68 HeW/anu Track Mo:@ Ion: 12C6+, 60,8000 HeV/anu Track No:@
58088 - 1e+lB -
1e+88 [
48808
1le+an PRy
S e L TP
30088 -
18688 -
=1 =1
188 -
20088 -
1r P -+
# %
10808 - % 1 %
a.e1 - i
ot
a i i i i 8.0801 i i i i i i i i i
-20008 -188488 a 18088 20000 1 18 188 1868 180688 106808 le+06 1e+d7 le+835 le+89 le+lB
H H

Left: Simulation of a 12C%*, 60 MeV/amu, on the projected RRAW site.
Right: Calculation of the radial dose for the track depicted on the left

The track structure data and the radial dose are available for download after calculation
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Future plans for development and use

(d Android/iPhone version

0 Forions:

« LET

« Relativistic f and y

* Zgand Zg /B

« Maximum energy transfer to
an electron

« Dose and fluence

« Radial dose

* Number of hits per cell

* ina cell culture

O For electrons:
« Relativistic f and y
 Range

@ 5554:AndroidPhone

lon:

Energy:

RITRACKS

1206+

290

3. Tracks per cell

Cal

Cell area: 7.8e-7

culate

Dose:

Average tracks per cell:3.78

2o k= D R

Frob.

0.0228
0.0861
016249
0.2054
0.14942

0.1

4@
&
B
7
g
9

Gy

Frob.

0.14E9
0.0926
0.0500
0.0236
0.0099

(o )M 0

DPAD not enable

Hardware Keyboard
Use your physical keyboard to provide input
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Future plans for development and use

d Implementation of the non-homogeneous chemistry

d Predictions of clustered and complex DNA damage
yields in human cells for improving the
understanding of DNA repair and signal
transduction

d Use with chromosome models to study double-
strand breaks (DSB) in relation to cancer risks from
space radiation

J Web-based version

d New GPU-CPU version to improve computational
speeds by several orders of magnitude.
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The software RITRACKS

d Multiple CPU computing (Windows)
RITRACKS V3

g T |
1% Windows Task Manager =RECIN X

File Options View Help

| Applications | Processes | Services PEI"FDI'ITIEIHCE Metworking | Users |

CPU Usage CPU Usage History

Memory Physical Memory Usage History

Physical Memory (ME) System

Total 32691 Handles 39409

Cached 1865 Threads 1494

Available 28133 Processes 117

Free 26405 Up Time 0:05:01:55
Commit (GB) 4/63

Kernel Memary (MB)

Paged 443 =

Monpaged 44 | '@' Resource Monitor. .. |

Processes: 117 CPU Usage: 51% Physical Memorny: 13%

Select the CPUs you want to use

PegeNo-50 plante, 1. and Cucinotta, F. A. (2013). Lecture Notes in Computer Sciences 7845, 12-25





