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Overview:

Why Monte Carlo in radiation physics?

| Radiation Physics in Medicine
Il Linear electron accelerators (linacs)

lIl Dose ,Imaging”

The EGS code system:

| Photon and Electron transport logic
Il Efficiency enhancement tools (Variance reduction)

Il Examples: Research applications and some commercialized systems
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A Why Monte Carlo methods in radiation physics?

To complement experimental results as well as other analytic methods

Additional tool for assessing basic physical quantities either difficult or impracticably
measurable

In radiation physics used to circumvent the use of the transport equation
Provide solutions for complex events during radiation transport processes

Guides the design and improvement of radiation detecting devices and methods, thereby
broadening the scope of understanding for research and clinical processes

In the domain of radiotherapy, Monte Carlo applications aim at optimizing the destruction
of cancer cells while sparing normal healthy tissues to the benefit of the patient

Guidance for radiation protection requirements



A Why Monte Carlo methods in radiation physics?
| Radiotherapy basics and radiation physics in medicine

Cancer second most commom cause for death in Germany (25%)
( 500.000 new cancer cases/year)

50% of all patients receive a radiotherapy

Use of ionising radiation to damage tumor cells (unfortunately also healthy tissue is
damaged

Major used radiation types
- Photons and Electrons (6MV-27MV)
- Protons and ions...(approx. 250MeV/u for p, 120-500MeV/u in ion therapy

Repair mechanisms better in normal tissue

Fractionated irradiation to allow tissue repair



A Why Monte Carlo methods in radiation physics?
| Radiotherapy basics and radiation physics in medicine

Fig. 1: One of the earliest radiotherapy
applications: skin cancer ,100 fractions
in 30 months. Foto left from 1899 (!!).
Dose unknown!

First dose unit: Skin Erythema Dose

»1he minimal dose of radiation required to cause perceptible reddening of the skin”
(today 6-8Gy)

Ewing (1934):
, All one could really do was to place the patient under the machine and hope for
the best”



A Why Monte Carlo methods in radiation physics?
| Radiotherapy basics and radiation physics in medicine

Dose — The scalpel in ,,Radiotherapy*
Absorbed Dose: Gy = J/kg

D - lim 2E
Am—0 Am

Total dose top tumor 50-80Gy in 1.8 - 2Gy/fraction
Tolerances Organs at Risk 5 - 54 Gy (5% risk in 5 years)

Strateqy in modern radiotherapy

Optimal sparing of healthy organs
» Increase tumor doses with same side reaction probability

» Longer survival with better quality of life
8



A Why Monte Carlo methods in radiation physics?
Il Linear electron accelerators (linacs)

Bending Magnal

Photons
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Fig. 2: Illustration of radiotherapy with medical linear electron
accelerators. Gantry rotates: Tumor can be taken into “cross-fire”.
Leads to a reduction of dose outside tumor.




A Why Monte Carlo methods in radiation physics?
Il Linear electron accelerators (linacs)

Dose Patterns:
Intensity Modulated
Radiotherapy (IMRT)

Intensity distribution

of photons (FluencekA

/

Dose distribution
100%

80%
50%
25%

Fig. 3: The advent of multileaf — Dose deposition kernel

collimators (MLCs), IMRT has become
a dose delivery technique aimed at
conforming the radiation intensity
distribution to the shape of the tumor.
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A Why Monte Carlo methods in radiation physics?
Il Linear electron accelerators (linacs)

Other techniques

Arc-Therapy CyberKnife

Fig. 4: Solving the inverse problem of dose patterns
11 lead to a boom in new dose delivery techniques



A Why Monte Carlo methods in radiation physics?
Il Linear electron accelerators (linacs)

Other techniques

Intra- Brachytherapy

operative
radiotherapy
: (IORT)

Scan showing the placement of the ‘seeds’ within the prostate

4 Kl -dase afterloader
compulerized device
iMée/';: 'radz'%dt'm
res
outf ... lesiorr ez

Il
Fig. 5: Also available are classical treatment techniques based on placing

the radiation source in close vicinity of tumor (“brachy” therapy).




A Why Monte Carlo methods in radiation physics?
Il Dose ,Imaging”
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A Why Monte Carlo methods in radiation physics?
Il Dose ,Imaging”

Description of dose deposition and measurement process using signal theory

-Theoretical description of the spatial dose distribution (for predicting the dose distribution
within the patient)

- Functioning principle: the dose deposition is described as
Integral of the convolution of the fluence distribution with an elementary dose deposition kernel
D(x,y.2) = [[[@(x,y,2)K(x=x,y -y, z-2)dV'

@ : Fluencedistribution of photons
K :Convolutia kernel

Theoretical method: Monte Carlo kernels
Half-empirical methods: Analytic kernels

14



A Why Monte Carlo methods in radiation physics?
Il Dose ,Imaging”

Dose deposition kernels

Compton
Photo effect effect . . 80 |
Pair production
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Fig. 6: Left: Basic interaction mechanisms following photon interaction with matter.
Right: Regions of relative predominance of three main forms of photon interaction with

matter. Shows interaction mechanisms

applications.

relevant

in

radiotherapy and

radiology




A Why Monte Carlo methods in radiation physics?
Il Dose ,Imaging”

Mohan and Chui (1987) first dose deposition kernels
GOAL: to obtain realistic dose (MC Simulationen)

distributions, as are expected via
analogue computation, but in an
economical way

Radius (g om )

Figure 6. Total encrgy deposition kernel in iseline format for 1.25 MeV photons. The total energy deposition
kernel is the sum of all the energy deposition kernel components. The units are ¢Gy MeV™' photon™"

hef
—20.0
=180
Ahnesjo (1990s), popular analytic description
A C_ﬁzi” B C_bzl’r
A I(PB(V,Z) = = + z
—4.0 p "
—£.0
—4.0
:E'E Ulmer (1997), 3 Gaul3 functions, Gaul} plus Yukawa
¢ | LY —/a*(z) —e(z)r
- | \ D(r,z) = I(z) |aj—— + 826(2) —
Uit = (e no*(z) 2nr

Fig. 7: Complete tracking of all basic interaction mechanisms would result in the correct
dose distribution. Dose deposition kernels aim at simplifying these events for daily clinical
16 applications, serving as the work engine of computer-based treatment planning systems.



A Why Monte Carlo methods in radiation physics?
Il Dose ,Imaging”

Dose deposition kernels: small fields

D(X) = ®(x)* K(X)

JU =11 L

=
o
|

o 50 mm PMMA, 100 MU
— 10 mm PMMA, 100 MU
- 4 mm PMMA, 100 MU
— 0 mm PMMA, 400 MU

o
w

relative dose
o
(93]

o
'S

o
8]

Dose profile Fluence profile at Effects of the system L _i""lgm, o
the level of the (Radiation generation 0.0 Tt '
beam collimating  and transport) -0 8 -6 -4 -2 0 2 4 6 8 10
system position [mm]
Ansatz:

Fig. 8: Expected form of K(x), measured with a slit

Numerical deconvolution, considering an ideal beam

fluence distribution and analysis of the fluence in
Fourier space

Following the folding law:  FT[K(X)]=FT[D(x)]: FT[®(X)]
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A Why Monte Carlo methods in radiation physics?
Il General purpose MC codes

® ETRAN  (Berger and Seltzer, NIST, 1978)

® MCNP5 (Los Alamos; 1990 — MCNP4)

® EGS4 (Nelson, Hirayama and Rogers; SLAC 1985)
® EGSnrc  (Kawrakow and Rogers; NRC 2003)

® GEANT4 (Pia etal., CERN, 2005)

® FLUKA (Ferrari et al., CERN, 2005)

® EGS5 (Hirayama et al., SLAC-KEK, 2005)

® PENELOPE (Salvat etal., UB, 1996-2005)



A Why Monte Carlo methods in radiation physics?
Il EGSnrc case study

General | 1/O control | Monte Carlo

BEAMnrc 4/

Title (80 characters maximum)

ldosrznrc template--depth dose in H20

Select EGSnrc user code Target
CAVRZnrc e optimi

® DOSRZnrc no opt
SPRRZnrc debug
FLURZnrc clean

EGSnrc input file name (*.egsinp)

dosrznrc_template.egsinp

> Full linear electron >  Dose computations > Computation within > Simulation of exact
accelerator within voxelized cylindrical geometries radiation detector
simulations phantoms geometries

Fig. 9: User codes for the EGSnrc system
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A Why Monte Carlo methods in radiation physics?
Il EGSnrc case study

Accelerator, Preview

Bhvps_40new _leaves? 5 egsing  06/05/08 =
-30.000-18.000 -6.000 6.000 18.000 90.000 Bremsstrahlung
0.oo00 f f L8 t ; ey ~
—> target
4.091 . .
> Primary collimator
LEGEND 8.182 o
—> Flattening filter
Click on the colour swatch to 12.273
change the colour of a material — i
If 3 material shows as black on 16.364 Monitor chamber
the preview, the material is
either not available in the . i
PEGS4 data file selected or 20434 Mirror
there are not enough colours in
the default colour listto give ita | 24949 > Y-jaws
colour,
28636
AIR5211CRL ) ]
AL521ICRU 32727 > Multileaf collimators
CUS21ICRU 36 818 1
M 170C521ICRU o
M sI15211CRU 40,809 T
B STEELS21ICRU
B W5211CRU 45.000 T
Lexan
49.091 -+
53.182 aF
57.273 T
N _
Fig. 10: BEAMnrc/EGSnrc: beam
head model showing the simulated
yzview — I Plot properties... Print... Close components of the linear electron

accelerator head



A Why Monte Carlo methods in radiation physics?
Il EGSnrc case study

FGS_HOMENflurznre\W_Primus6MV_5_radial egsinp |

: LEGEND ID:\EGS_HOME\,flurznrc'\,W_PrimusBM\/_S_radiaI.egsinp 11/25/08

: 0.00000 10.00000  20.00000  30.00000  40.00000
Click on the colour swatch to 0.00000

change the colour of a material.

5 B AIR521ICRU
Hz2O521ICRU 9.60000

DEPTHS AND RADII (cm)

Depths Radii
0.3 16.85 2415 3185 025 775 15.25 22.75 30.25

19.20000

10.0 17.15 24.85 3215
10.3 17.85 25.15 32.85
10.85 18.156 25.85 33.15
11.15 15.85 26.15 33.85
11.85 19.15 26.85 34.15
12.15 19.85 27.15 34.685
12.85 20.15 27.85 35.15
13.15 20.85 28.15 3585
© 13.85 21.15 28.85 36.15
1415 21.85 29.15 36.85
14.85 22.15 29.85 37.15
1515 22.85 30.15 37.85
1585 23.15 30.85 38.15
16.15 23.856 31.15 48.0

0.75 8.25
1.25 8.75
1.75 9.25
2.25 9.75

15.75 23.25 40
16.25 23.75
16.75 24.25
17.25 24.75

2.75 10.25 17.75 25.25
3.25 10.75 18.25 25.75
3.75 11.25 18.75 26.25
4.25 11.75 19.25 26.75
4.75 1225 19.75 27.25
5.25 12.75 20.25 27.75
5.75 13.25 20.75 28.25
6.25 13.75 21.25 28.75
6.75 14.25 21.75 29.25
7.25 14.75 22.25 29.75

28.50000

38.40000

43.00000

L 4

. depth

NRC-CNRC

Plot properties...

Print...

Exit

Fig. 11: FLURZnrc/EGSnrc: Scoring geometry for computing spectra within large
water phantom, Z-R plane
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USER
CODE

B The EGS code system

Structure

infarmation
extracted

from Shower

MAIN HOWNEAR

HOWFAR | |AUSGAB -—@

------ [T

L L

i

ELECTR

= PHOTON-== EGS

) CODE

(PEGS4

[ Media Data

= —="" |
@

glefﬁa r— | A NNIH —| _PAIR
ala

) s—=| BHABHA —e-| COMPT A
== BREMS == PHOTO p—

| (EGSnrc extensions ~—=MOLLER I__R_JEL\F_L_E_E__:-—- v
MSDIST RELAX
SoceET | MSDIST :1
- [scAT & @
init_ms_SR

UPHI

Fig. 12: Structure of the EGSnrc code system, showing the user area

and the underlying code section.
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EGS4(Electron-Gamma-Shower),
developed initially by Richard Ford and
Ralph Nelson at SLAC

EGSnrc, an extension of EGS4, adapted
to medical applications via collaboration
with the NRC

User-friendly environment, to model
geometry without altering the code

HATCH: establish media data
SHOWER: initiate cascade
HOWNEAR + HOWFAR: geometry

AUSGAB: score output and variance
reduction control




511 keV photons

e e"'
annihilation \
in flight

Pb

Compton scatter

brem production

B The EGS code system
Underlying physics

vacuum

Fig. 13: Events following the incidence of a 10 MeV
photon on a lead block from the right. A cascade of

events follow .
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- Photon interactions: 4 basic processes

@  Energy transfer to electron/positron pair
@ ~Compton scatter (incoherent)

@iy Photo-electric absorption

@) Rayleigh scatter (coherent)

- Electron interactions:
o  Inelactic collisions with atomic electrons

@) Radiative loss (e.g. Bremsstrahlung and
positron annihilation)

- Coupled electron and photon transport must be
performed




B The EGS code system

Place initial photon’s parameters on stack

Pick up energy, position, direction, geometry of | _no

Photon transport logic

yes

Is stack

current particle from top of stack

yes

empty?

| Is photon energy < cutoff? |

no

Sample distance to next interaction
Transport photon taking geometry into account

yes

Terminate
history

Straight-forward

| Has photon left the volume of interest? |
no

Sample the inte}action channel:
- photoelectric
- Compton
- pair production
- Rayleigh

Sample energies and directions of resultant particles
and store paramters on stack for future processing

}
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» - Class I type (analogue)
technique, following all
interactions until particle falls
below threshold energy or leaves
geometry

Fig. 14: Flow chart of the photon transport
logic in the EGSnrc Monte Carlo system.
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B The EGSnrc system

PLACE INITIAL ELECTRONS

Y

HISTORY

TERMINATE N

PARAMETERS ON STACK

I

CURRENT PARTICLE FROM
TOF OF STACK

|

ELECTRON EMERGY > CUTOFF
AND ELECTROMN IN GEOMETRY?

l ¥
l.—”( CLASE 1 CALCULATIONT )Y—]

SELECT MULTIPLE SCATTER
STEP SIZE AND TRANSPORT

I

SAMPLE DEFLECTION ANGLE

SAMFPLE DISTANCE TO
DISCRETE INTERACTION

SELECT MULTIPLE SCATTER

AND CHANGE DIRECTION STEF SIZE AND TRANSPORT
I I
SAMPLE ELOSS SAMPLE DEFLECTION
E=E-ELDSS ANGLE AND CHANGE
DIRECTION
IS ASECONDARY | Y
CREATED DURING STEP? | CALCULATE ELOSS
TN E =E - ELOSS{CSDA)
¥ [ELECTRON LEFT |
GEOMETRY? Y [ HAS ELECTRON
In LEFT GEOMETRY?
Y [ ELECTRON ENERGY | N IN
LESS THAN CUTOFF? Y [ ELECTRON ENERGY
LESS THAN CUTOFF?
1N
¥ REACHED POINTOF | N
DISCRETE INTERACTION?
SAMPLE
DISCRETE INTERACTION
KN OCK -ON
- BREMSSTRAHLUNG
EAMPLE ENERGY

AMD DIRECTION OF
SECONDARY, STORE
PARAMETERS ON STACK

b

| N

CLASES | CALCULATIO N‘.‘l
LY

CHAMGE ENERGY AND
DIRECTION OF PRIMARY
AS ARESULT OF INTERACTION

I
Electron transport logic

Keep in mind the typically low
energy loss of ca. 30 eV during
electron and positron
interactions with matter

Millions of histories required for
a Megavoltage incident beam

Cumbersome !

Class I. Solution is to group
many small interactions into
one step (Condensed History
technique)

Fig. 15: Flow chart of the electron
transport logic in the EGSnrc system.



B The EGSnrc system
Condensed History technique

Condensed history technique
describing the transport of
electrons in MC techniques

Fig. 16: Illustration of the condensed history
technique used for electron transport logic.
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[l Efficiency enhancement tools

Energy deposition and resulting distributions from treatment units could be obtained via (i)
empirical or semi-empirical source models, (i) compact representation of phase space (PS)
data from full simulations and (iii) use of full phase space data

Full PS data:

Large amounts of data, i.e. up to a few gigabytes of data

Must be generated for each field setting

Limits the efficiency of fast MC applications, e.g. data retreiving over networks cumbersome

Goals:
Circumvent the intermediate storage of PS data
Avoid particle recycling (i.e. reusing particles in PS data)

Solution:
Use so-called directional bremsstrahlung splitting (DBS) during linac simulation (BEAMnNrc)
Run phantom simulations (DOSXYZnrc), using the linac compiled as a shared source for input

Particles which would otherwise be stored in PS files in standard simulation are now stored in
container array and are used in DOSXYZnrc



Il Efficliency enhancement tools
- directional bremsstrahlung splitting (DBS) -

incident e~ beam

¥ target

primary
collimator

. flattening

% filter
" DBS cone
/ for 20x20 cm” fleld

DBS cone o
for 10x10 em*field

/| T (notincl. airy | jaws or mic
; l it N ) {set for 10x10 or 20x20 et field)

source plane
{air not included in BEAMnrc sim.)

air
Tj (incl. air)

source plane
{air included in BEAMnre sim.)

'———Il'
DBS radius =10 cm
DBS radius = 1E=cm

(a) BEAMnNrc

, NOQOQOQQQQQQ
l =_\§3~1 Hgﬁurce plane
. (alr In DOSXYZnre sim.)
 path of
. pﬂei;htlwu
Tp
(air in DOSXYZnrc sim.) =
-_ air
Hz20 source plane
/_ ¥ (air in BEAMnrc sim.)
e- .
weight=w,/Ns -~ Russian Roulette
(survival prob.=1/N_}
Tp *
{alr in BEAMnrc sim.) :

(b) DOSXYZnrc

Fig. 17: (a) Description of the parameters behind the DBS technique and (b) Illustration of the photon
splitting technique to increase the sources of generated charged particles the Russian Roulette method to

28 determine the fate of the photons generated during interactions.



[l Efficiency enhancement tools
- directional bremsstrahlung splitting (DBS) -

Goal of DBS: To improve the efficiency of charge particle generation without biasing the
results

Method:

@  Photons of initial weight w, entering DOSXYZnrc are split n-split times (user-defined)

i  Each split photon assigned a statistical weight w,/ n-split

iy Interaction sites of split photons distributed evenly along original photon path

iy Scattered photons resulting from interactions subject to Russian Roulette with survival
probability 1 / n-split

v  Charged particle retained with weight w,/ n-split

29
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[l Efficiency enhancement tools
- directional bremsstrahlung splitting (DBS) -

Result: Significantly improved efficiency compared to full phase space data reusage
with particle splitting

10.0

8.0
‘o
[=)
Z 6.0
=
Qo
c
2
£ 4.0
@ o -e splitting
o recycling
20 — theory
1 1 L i ] L L 'l i I 1 L 'l L I 1 i i i [ L 'l L 1
0 20 40 60 80 100
N $ O Nr

Fig. 18: increased efficiency gain comparing recycled phase space files to the DBS method implementing
the splitting of photons aimed at the field of interest.



Technical details
provided by linac
manufacturers

Models warrant
experimental

validation
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IV Examples: Research applications
V.1 Medical linear accelerator simulations

BEAMnrc

DOSXYZnrc

l electron source

target

primary collimator —

flattening filter |
monitor chamber

mirror Source to
\ ‘ surface

Y-jaws / distance,

l

| SSD
MLCs |

|

l

reticle
photon
beam

Phantom 2

Phantom 1
dI

- = 7 [m] [m] [m] [m] [m] a [m] [m] a [m] [m]

30 cm

X
-

¢ WM%/A/// L //\\\\s\mm\r@a §

central ' ! !

30 cm !

- axis '
Fig. 19: Setup used for measurement or simulation of dose

or spectra. Phantom 2 is removable, for investigating
phantom scatter contribution.



IV Examples: Research applications
V.1 Medical linear accelerator simulations

Lateral dose profiles

Percent depth dose profiles

100

Mormalized Dose [%)]

—Measurerments
* Seom ¥ 5om

& 20cm x 20em

B0 |

6 MV
—Measurements
* Do x om

O e x 20cm

40F

Mormalized Dose [%]

¢

10 g

Mormalized Dose [%]

— Measurements
#* 10cm x 10cm
G d40cm ¥ 40em

P Y T

5 ,.

=]

15 MV
— Measurements
- * 10cm x 10cm
@ d0cm x 40cm

40

Maormalized Dose [%]

T 0 1 1 1 1 1

-20 -15 -10 -5 0 5 10 15 20
Lateral Position [cm]

0 5 10 15 20 5 30
% Depth [cm]

Fig. 20: Monte Carlo calculated and measured lateral dose | Fig. 21: Monte Carlo calculated and measured relative depth dose
profiles for (a) 15 MV and (b) 6 MV at SSD 90 cm and10 cm | profiles for (@) 15 MV and (b) 6 MV at SSD 90 cm and10 cm water

water depth. depth.
Table 1: Derived optimal parameters for beam-head models
Nominal photon Primary electron FWHM of primary electron
energy, MV energy, MeV beam, mm
6 5.75 2
32 15 12.25 1




IV Examples: Research applications
V.2 Optimization of linac designs

Motivations: (i) intermediate solution between classical flattening filter and flattening filter free systems
(if) reduction of beam-head photon and neutron leakage

e-: 12 MeV e-: 12 MeV
: Bremsstrahlun :
9
Target
Direction-
selective
filter (DSF)
Photon Photon
beam beam
[0] [}]
T 25 © 25
= +
g g
€ 2 = 9l
s 3
£45 £ 15
Q@ Qo
2 D
5 S
g 3
205 205
3 3
ER 10 20 0E % 10 20 30
= Angle, @ [°] = Angle, ® [°]

Fig. 22: Phase-space description of direction-selective filtering by
small, cone-shaped filter

-4 000

0.000 4000 -4000 ©.000

4000

}— W/Cu target plus graphi te layer —{

Al absorber

—— Primary colli mator

Steel flattening filter

v 2} Monitor chamber —{/==

- Tungsten Graphite - Steel

Copper

0.000 -4.000

PlaneP. =

T 1 mm steel plate
DSF filter

Plane. T —=<=—
Reinforced steel
shielding

g~~~ PameM ————pz

{%.

Graphite 7/ Atuminium

- Tungsten

Copper

Fig. 23: Comparison of the classical flattening filter (top) with
the direction-selective filter (DSF).
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IV Examples: Research applications
V.2 Optimization of linac designs

' Photon spectra

— FF: 15 MV | on central axis
------- FFF:15 MV |, on central axis
0.025 + N — DSF: 158 MV | on central axis {

002} -

0015} -

MNormalized Spectral Energy Fluence

U 1 1 1 1 1
0 2 4 6 g 10 12

Energy [MeV]

Fig. 24: Normalized values of the spectral energy fluence of
6 MV photons (a) and 15 MV photons (b) on the central axis
at SSD 90 cm in air, for the beam head setups FF, FFF and
DSF. The bin width is 200 keV.

Depth dose profiles

120

100

a0 .
E'E‘
& B0 .
=
Q
&)
40 .
A —FF, 15 MV T
———FFF, 15 MV
— DSF, 15 MV
T 1 1 1

D 1 1 1 I | T
o 2 4 B g 10 1214 % 18 20 22

® [cm]

Fig. 25: Comparison of central axis percent depth-dose
curves in water for 6 MV and 15 MV photons, obtained for the
FF, FFF and DSF beam head setups at SSD 90 cm and for 10 x
10 cm? field size at 100 cm focal distance.
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IV Examples: Research applications
I\VV.3 Evaluation of improved shielding techniques

Motivations: (i) Evaluate sources of peripheral dose and (ii) identify and quantify its contributing components

primary
collimator
scatter

ol

secondary
collimator
scatter

target

primary
/ collimator
flatttening

e

filter
flattening

/

filter scatter

secondary

collimator

\

collimator
leakage  (ii)

internal
scatter

(iii)

+—— phantom

| point of interest

Fig. 26: Simplified display of the major
components to the peripheral dose at a clinical
linear accelerator. Only one of the secondary

collimators is shown.

(a) (b)
(L LY ANNZANN
ff'f - WNE k\\ ““  Fig. 27: Upper collimator (UC)
sy E@i ;}\}{a and multileaf collimator (MLC)
setup for a square field (dotted
] lines) (a) slits forming filed (b)
4 =9 % . eSS optimal shielding with Y-jaws
=g —— P —~=—=M¢ and 5 cm thick lead blocks
i % (dotted lines), with closed MLC
71 771 v, A7 71 leaves outside field.
Cross dane
Photon beam L
\ |SSD100 cm
v
Measurement | RW3 RW3 Fig. 28: Measurement
depih  5-| PRAnOM! o Framem2, o | '30em  setup within RW3 phantom.
Phantom 1 is removable
1 Aablel” )" A Fableg NN when evaluating internal
Ty scatter contributions.

Peripheral dose components:
(i) Head transmission and leakage = No shielding — With shielding

(iif) Phantom (Internal) scatter = With phantom — No phantom
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IV Examples: Research applications
I\VV.3 Evaluation of improved shielding techniques

Normalized Dose [%]

Normalized Dose [%)]

.| Siemens Primus 6 MV: 2x2 cm?

(a)

107 — f
ﬁ: break-even ';;\&_ﬁ\

] (e@): total dose

1 (0): total dose without phantom
scatter (= head scatter + head
leakage)

1 (A): internal scatter dose for
peripheral regions.

break-even point

Siemens Primus 6 MV: 20x20 cm?

1 1 1 1 1 1
0 5 10 15 20 25 30
Distance from central axis [cm]
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Fig. 29: Measured normalized dose profiles at 10 cm depth in RW3 for
2x2 cm? (a) and 20x20 cm2 (b) fields, under optimal shielding
conditions. Internal scatter dominates until break-even point.

Side of square field [cm]

25

20r

19t

10t

Cross-plane

—&—6MV
——15MV

5 10 15 20 25 30 35
distance from break-even point to central axis [cm|

Fig. 30: Position of the break-even point for various
field sizes. Characterization of the lateral extent of
the contributions to peripheral dose by unavoidable
(internal scatter) and avoidable (head scatter and
leakage) components.




IV Examples: Research applications
V.4 Radiation detector simulations

Modelling of full detailed geometry of radiation detectors serves the purposes of:
@  Determining correction factors due to introduction of probes within beam
@  Improve our knowledge of physical effects around clinical beams
@iy  Provide recommendations for clinical users (e.g. in DIN norms)
@) Help design optimized detectors

1.2 s 2.05

F
L

0 PMMA
I Graphite
- Alurminum
B Air

PTFE

Fig. 31 cross section through models of typical thimble chambers: NE2571 Farmer
chamber (top) with a sensitive air volume of 0.6 cm” and PTW31010 “semi-
flex” (bottom) with 0.125 cm?. The air volume is surrounded by the chamber
wall and stem construction. PMMA is poly-methyl-methacrylate and PTFE
15 teflon. Dimensions are given in cm.
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IV Examples: Research applications
V.4 Radiation detector simulations

All detector-introduced perturbation effects should be accounted for in order to trace dose
measurements to primary standards

@ @ 3 @ ®

i D,

k| . —
D_'l_ P o P e¥ o oir = ﬂ4

iSRe
SIiEe D

2

Fuw’:‘ Pf.ﬁkw -

Fig. 32 Prnciple chain for the determination of perturbation correction factors used
in this study. The various perturbation correction factors are given by the
dose ratios from one step to another in the ionization chambers cavity (1-4)
and the dose to a small portion of water (5). The step from model 3 to 4 can
be further subdivided into separate calculation of puay and paeeve-
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IV Examples: Research applications
V.5 Diagnostic radiology

EGSnrc-based GMctdospp: calculation of radiation dose during
computer tomography (CT) examinations
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Fig_ 33 Screenshot of the GMctdospp
gui with a calculated, colored
dose distribution.
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IV Examples: Research applications

Applikator

™

B2

I\V.6 Brachytherapy

»lele“-therapy: radiation source
outside body

Brachy -> Greek, meaning near

Either HDR(high dose rate, with short
treatment fractions) or LDR(low dose
rate, with implanted seeds over long
period)

MC for determining parameters for
treatment planning systems

Dedicated planning systems also
developed for real computer
tomography (CT) planning

Fig. 34: Top: typical scenario during afterloading treatment, showing the shielding wall for
radiation protection purposes. Bottom: typical brachytherapy applications, such as the use of
multiple sources (left) or a single source (right), with monitoring of dose to organs at risk.



IV Examples: Research applications
I\V.6 Brachytherapy

Modelling of realistic sources using DOSRZnrc cylindrical symmetric code, with up to
0.1% agreement in air kerma strengths between own simulations and literature

5 keV cut-off energy for photons
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1 Ir-192,0 0.6 | ' Fig. 35: Left: model of a typical high dose rate (HDR) brachytherapy source,
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IV Examples: Research applications
I\V.6 Brachytherapy

1
= =
BEAMnNrc
| 04 | X | 04 |
Leipzig Applicator: 3cm diam Leipzig Applicator: 3cm diam
D 110 T T T T T T T T T
1 100 - : +# 4
+ 8 4
2 90 - s
—. 80t e :
= SC) ..
=, w [0F . b,
g 4 i g 60 L
o T - 8
DOSXYZnrc = 5 o T _
c MNO50F 1
£ B 140 ™ *
= E a0t . 1
8 7 Zc + *
30r .
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20 —— 5 mm depth
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.t . +  this study
10 D tmtt3o¢|¢*3 1 T T T 1
-6 -4 2 0 2 4 40 -30 -20 10 0 10 20 30 40
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Fig. 36 Top: skin applicator design for melanoma cancer treatment. Configuration using input
data from manufacturer. Bottom: Resulting dose distribution within a water phantom (left) and
42 comparison of own simulations against published data from Niu et al. Med Phys 2004 (rigth).



V Commercialized MC based treatment planing systems

NOMOS: PEREGRINE

Uses adaptive variance  reduction
techniques to reduce calculation time

ONCENTRA MASTERPLAN: VMC++

Voxel Monte Carlo (VMC) code 50 to 100
times faster than EGSnrc

ECLIPSE: eMC (MMC)

Derivative of voxel codes, but uses
spheres to reduce storage space
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