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"‘Eppeoca 1ovTifouoa akTivoBoAia:
ZNHEIAKO-100TPOMNIKO HOVTEAO ...

MnopouuE va unoAoyiooupe To pubuo 600NC € anooTaon X ano GnUEIakn nnyn
YVWOTNG EVEPYOTNTAG, EVTOC OMOIYEVOUC WEOOU aneipwv O1a0TACEWY, OEDOUEVWV

TWV OUVTEAEOTWV aAAnAenidpaonc ... ;



"‘Eppeca 1ovTifouoa akTivoBoAia:

ZNHEIAKO-1I00TPOMNIKO HOVTEAO ...

Note 1couTal 1o collisional KEPMA pe Tn Aoon...;



"Eppeoca 1ovTi(ouoa akTivoBoAia:
Note 1couTal To collisional KEPMA pe Tn Aoon...;

Yno ouvOnkec nAekrpoviakng icopponiac (CPE)

ZUVONKEC NAEKTPOVIAKNG ICOpPONIAC uPpioTavTal o€
OYKO V €AV KAOE pOPTIOHEVO CWHATIOI0 OEOONEVOU
€I00UC KAl EVEPYEIAC NOU EYKATAAEINEI TOV V,
avanAnpwverai
ano £€va NavouoIoTuUNno omuaTidlo HE Tnv idia

EVEPYEIA NMOU EICEPXETAI OTOV V.



ZuvOnkeg nAekTpoviakng icopponiac (CPE)

Bremsstrahlung

Scattered photon




MNoTe uPpioTavral uvONKeEG NAEKTPOVIAKNG I00ppPOoNiac...;

‘'OTav OYKOG V NEPIEXETAI OE OYKO V £TCI WOTE N AnooTaon
HETAEU TV OpiwV TOUG €ival HEYAAUTEPN Ao TNV HEYIOTN
EUBEAEIO TWV OEUTEPOYEVWV (POPTICHEVWOV COHATIOIWY,
OUVONKEG NAEKTPOVIAKNG I00pPONiac upioTavral gTov vV oTav
via Tov V I1oXUEl:

1. OpOIOYEVEIA ATOHIKNC OUOTAONG
2. OHOIOYEVEIO NUKVOTNTAG
3. Opoiopop®pn aktivofoAnon (opoiopopPo NEdio EPHETT

iovtiouoac akTivoBoAiac kal apeAnTea eEacOsvnon)

4. Anougia avoHoIOYEVOUC NAEKTPIKOU N HAYVNTIKOU Nediou



NoTe upioTavral ouvOnkKeC NAEKTPOVIAKNG Icopponidac...;

Nepioxn enav&nong Tnc doong (build up)
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NoTe upioTavral ouvOnkKeC NAEKTPOVIAKNG Icopponidac...;

To anoTéAeopa TnG eEa00EVNONG TWV PWTOVIWV

Approximate Thickness of Water Required to Establish Transient Charged Particle Equi-
librium.

Maximum Energy of Approximate Thickness of Water for Approximate Photon
Photons (MeV) Equilibrium (mm) Attenuation (%)

0.3 0.1 0.03
0.6 0.4 0.1
0.8 0.3
2.5 0.8
8 2
15 4
25 6
30 7
50 9
60 11
80 13




MNoTe uPpioTavral CUVONKEG NAEKTPOVIAKNG I00pPONIac...;

To anoTeAeopa TNG e€Ea00EVNONG TWV (POTOVIWV
napodikn (transient) CPE
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ZUVONKEG NAEKTPOVIAKNG I00pponiac Oev upioTavral:

Ze BaBoc UAIKOU MIKPOTEPOU anoO TNV EHPBEAsEIa TWV
EVEPYNTIKOTEPWV OEUTEPOYEVMV (POPTICHEVWV
owpaTidinov nou napayovradl ano TiC AAANAENIOPACEIC HE
TN 0€oun

€ onNUEia KOVTa oTa Opla Tou UAIKOU N Tou nediou, av
auTo E€ival NENEPUCUEVWV OIAOTACEWV OE OXEON HE TO
aKTIVOBOAOUHEVO OWHA, N Of OI-emIPaveleg HeTAEU
S1a(POPETIKDV UAIKDV

Orav n €EaoBévion TNG NPWTOYEVOUC OEOUNG
akTivoBoAiac kara Tn 01adoon TNG O €va UAIKO Eival
ONUAVTIKA YId AMNOOTACEIC i0OEC ME TNV EHPBEAEId TWV
(POPTICHEVMV OWHATIOIMV nNouU napayovrali ano TIC
aAAnAenidpaceIC HE auTn



Miow 0TO ANAO ONUEIAKO-IC0TPONIKO HOVTEAO ...

MnopoUpE va unoAoyiooUulE TO puBpuo doonc os
anooTacn r ano CNMUEIGKN NNYR YVWOTNG
EVEPYOTNTAC, OEGOUEVMV TWV CUVTEAECTWV

aAAnAenidpaong;

Yno ouvOnkKec NAEKTPOVIAKNG 1I00pPONIAC

Kl HOVO YIa TNV NPWTOYEVIH aKTIVOBOAia



AvTi oUvoyYng ...

100 200 300 400 500 600 700

Energy, E (keV)
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Energy, E (keV)




H ocuvdpopun TnNG okEdaong ...

125] point photon source
15 primary photons
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H ocuvdpopun TnNG okEdaong ...

192|r point photon source
15 primary photons

—k
o
L

=
2
~
g 0.
=
e
.
(]




Ynapxel e§icwon nou va nepiIAappavel Kai Tn okedalopevn;

H BaOuida oe eva otoyeio Tov
PACIKOV YwpPov Oa .oovtar:

+ (P. TOV EKTEUITOVTAL ATTO
JNYT) O€ AVTO




Mnopsei va eniAuOEi;
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EvaAAaktikeg:
Hpn-gumepikeg nedodol & ortoyactikol (Monte Carlo) 1
VTETEPUIVIOTIKOL AAYyOop1lOuot
(L.B.T.E. equation solvers, ue¢0odol vrep0Oeong, ...)



H apxn Tn¢g doocipeTpiag pe npooopoinon Monte Carlo

AnAoi avaAuTikoi aAyopiBuol Oev PRopoUV va AdBouv unown Tn
okedalOuevn

> E@ooov yvwpiloupe tn PuUoikn TNG 01a00CNG IOVT. AKT. GTNV.
UAN (kaTavopec mBavoTnTac aAANAERiOPAcnC we NPoG: Beon,
€i00C, KATAVOMN EVEPYEIAC — KATEUBUVONC), UNOPOUE Va
XPNOILOMOINCOULE TIC AVAUEVOUEVEG TIUEC;

> XpelalopaoTe pia PeEBodo MPOoCoNoiwonG TNG (PUCIKNG
d1adIkaciac mou va AauBavel unown GUVOAIKA TIC KATAVOMEG
MBavoTnTac yia kabe paivopevo aAAnAeniopacnc



H apxn Tn¢g doocipeTpiag pe npooopoinon Monte Carlo

>UNPWVa e TO Bewpnua KEVTPIKAG TIMNG, TO aBpoloa eVog ueyalou apiBuou
OMOIWYV, AVEEAPTNTWY TUXAIWV JETABANTWY AKOAOUBEI KAVOVIKN KAaTavoun.

'ETo1, av BeAw va unoAoyiow Mia ayvwoTn NocOoTNTd, m,
ue k pia Tuyaia peraBAnTn e avapevopevn Tipn E(k)=m kai diakupaven Var(k)=b?
eav ky, ky, ...,-ky €ivar N TYXAIA enIAeyHEVEG TIHEG TOU K,

~3b/N < Tk, <N+ 3D N) = 0.997

'ETa1 av BeAw va unoAoyiow TNV EVEPYEIGKN POr OE GNUEIO I, KNOPW VA UNOAOYIoW
TN PECN TIKN TNG OUVEIGPOPAC ano ThV. «TpoxIa» N owToviwy nou Ba emAEEw
TUYaia ano Thv KaTavopn mBavoTnTac nou Oivel OAEC TIG MIBAVEC TPOXIEG



H apxn Tn¢g doocipeTpiag pe npooopoinon Monte Carlo

['vwpilw TNV KaTavoun nibavornTac OAwv TV NIBavwy TPOXIWV. TWV
PWTOVIWV;

KaBe Tpoxia amoTeAeital ano OlAOOXIKEG KATAGTAGEIS Si(r, Q, E)
npiv and kabe aAAnAenidpaon j.

H mbavornTa z—:p(pawor]q KaBe KCITGO'TCIGI‘](;] EECIpTCITCII LOVO amno TNV
mavoTnTa EUPAvionc TnNG NPONYOUNEVNG kaTtaoTaonc j-1.

Me aAha Aoyia : Tnv mbavotnTa GwTovio vVa aAANAENIdPATE! GTO Fy;,
TNV I'IIGCIVOTnTCI Oe00PEVOU  €IO0UG a)\)\n)\snlépaonq Kar Tnv
I'IIGCIVOTr]TCI KaTa Tnv a)\)\n)\snlépaon auTh TO (PWTOVIO VA OKEOAOTEI
ot kateuBuvon Q. ue evépyeia E; 5ed0pEVwV Twy Q. KAIE, ;.

AUTEG Ol KaTavopég TrleavéTr]Tag gival yvwoTEc!

‘ETO!I deEI va sxw Mo pEBodO TYXAIAZ deiypotoAnwiog atmo TIig
YVWOTEC KATAVOPEG TTIBavVOTNTOG



Nwc eNIAEYym TUXAIa ano yvwoTn Kartavoun niéavornrag;

Ynapxouv NoAAEC paBnuarikes pebodol. M.x.:
Oewpnua avTioTPOPnG

'EOTw X Ouvexng Tuxaia peraPAntn orto [a, b] pe nukvoTnTa
mbavorntac f(x) kal ouvaptnon karavopnc mbavornrac F(x).
Aedopevou TUYaiou, r, oto [0, 1], M@ TR X* TOU X WMOPEI va
EMIAEYEl TUXAIO WC:

r=FG:)= [ @)

Av X BIAKPITR Tuxaia PETABANTH UE TINEG, X; MBavoTnTac, P. woTe:

S p=l

AedopEvou Tuxaiou, r, oto oiacTnua [0, 1], pia Tiun X Tou X YROPEl va
EMIAEYEI TUXAIAQ WC:

X"= X; OMou j= min{j: KA



AnAa napadsiyyara yia onUeIakn nnyn

s EmAoyn kateuBuvong EKNEPNOPEVOU (PWTOVIOU

H eknopnn €ival I00TPONN Kai cUPp®WvVa PE ThV NiIBavoTnTa EKNOMMNG O
OTOIXEIO OTEPEAC Ywviac dS) :
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AnAa napadsiyyara yia onUeIakn nnyn

s EmiAoyn onueiou aAAnAenidpacnc

H mBavornta aAAnAenidopaonc o€ dx JeETa ano OlEAEUON AMOCTACNC X Eival
uexp(-px) onoTe:

r=P(x)= .[*“ exp(— i)k = r=—exp(~ux )+1=>x =——In(l-r)=——In(r)
1]

a’ii‘ a"{f

x (mfp’s for gy = 1 used in this graph)



AnAa napadsiyyara yia onUeIakn nnyn

= EmiAoyn €idouc aA\nAenidopacnc

To €idoc aAAnAenidpaong eival dIakPITH HETABANTH HE i TIHEG WOTE Pi=l:/Hiota
Kal EMIAEYETAl TO €I00C j WOTE: ,

j= min{ j:




H apxn Tn¢g doocipeTpiag pe npooopoinon Monte Carlo

Agodouéva 16poNG
Tevwhtpio (pdoa, KoTovouES
Toyaiov mavotnTog,
yve®UETPiO, VAIKAY)

Monte Carlo
KOOIKOLG

A
A

v
Amoteréopatal!




H apxn Tn¢g doocipeTpiag pe npooopoinon Monte Carlo

>TATIOTIKN Kal akpiBeia

kal 6a npenel va gival 000 To duvaTov PIKPOTEPN.



Popular, nonproprietary codes,
benchmarked for brachytherapy dosimetry”

EGSnrc All major Through NRC EGSnrc is a set of  Accurate condensed history
modern web (GitHub) / functions and technique implementation for
operating General subroutines for charged particle transport.
systems Public License coupled ph/el * More accurate Physics (rel. to its
(portions for research & transport mainly in predecessor).
available for education, Medical Physics. » Choice of cross sections
a limited set) separate NRC For an application, a  tabulation/data.

license for user code is required e« Faster than other codes for
commercial (in Mortran, Fortran, charged particle transport.
use C, C++). » General purpose geometry

Major applications are package + utility classes.
available, including
brachytherapy.

*According to material from Appendix D in: W.L. Dunn. J. K. Shultis (Eds),
Exploring Monte Carlo Methods. CRC Press, Elsevier B.V. © 2012



GEANTA4

Popular, nonproprietary codes,
benchmarked for brachytherapy dosimetry”

Linux
variants,
Windows
and Mac
OS X
(verified
and
supported
on
specific
configurati
ons)

Through
CERN web
subject to the
open-source
conditions of
the Geant4
license
(cannot be
included in
whole or in
part in
patented
applications)

General purpose
simulation of particle
transport primarily for
high-energy and
medical physics
Comprehensive
geometry and physics
modeling capabilities
are embedded

in a flexible structure
base using object-
oriented technology and
C++

A large number of
specialized applications
based on GEANT4 are

available including one for
brachytherapy.

- Users can choose existing
components, tailor and adapt
them, or create their own.

* A choice of physics models is
offered for many physics
processes with different trade-offs
between accuracy and CPU cost.
* Tools for optimization of
configurations of geometry and
physics are also provided.

« Combinations of Physical
processes for typical applications
are recommended in Physics lists.
» Powerful geometry module.

* Range of visualization options.

*According to material from Appendix D in: W.L. Dunn. J. K. Shultis (Eds),
Exploring Monte Carlo Methods. CRC Press, Elsevier B.V. © 2012



MCNPG6

Popular, nonproprietary codes,

benchmarked for brachytherapy dosimetry

Supported
on most
operating
systems
(32/64-bit)
including
Windows,
Mac OS X,
Linux, and
UNIX-like.

US: through the Radiation
Safety Information
Computational Center
(RSICC)

Europe: to members of the
Nuclear Energy Agency
(NEA) Data Bank

Japan: through the
Research Organization for
Information

Science and Technology
(RIST).

Limited license and export
control regulations restrict the

distribution of Fortran source
code.

General
purpose
simulation of
particle
transport
primarily for
nuclear
applications
and medical
physics.

*

- Extensive geometry,
source definition, and
tallying capabilities.

* Built in variance
reduction techniques.

» Straightforward
generation of structured
input files for specific
applications.

*According to material from Appendix D in: W.L. Dunn. J. K. Shultis (Eds),
Exploring Monte Carlo Methods. CRC Press, Elsevier B.V. © 2012



Popular, nonproprietary codes,
benchmarked for brachytherapy dosimetry”

Penelope Written in Through the Nuclear Simulation of - Particularly well adapted
FORTRAN Energy Agency coupled electron- to simulations of electron
and can be (NEA) Data Bank photon transport transport at low and
run on any and the Radiation in material intermediate energies
computer Safety Information structures
with Computational consisting of
FORTRAN Center (RSICC) homogeneous
77 (or as open software. bodies limited by
higher) quadratic surfaces.
compiler. Structured as a set
Geometry of subroutine
viewers run packages.
under User should write a
Windows. steering main

program or build
upon the generic
one provided.

*According to material from Appendix D in: W.L. Dunn. J. K. Shultis (Eds),
Exploring Monte Carlo Methods. CRC Press, Elsevier B.V. © 2012



KaunuAeg doong — Baboug (PDD)

- HVL 3 mm Cu
- HVL 8 mm Al

- HWVL 4 mm Al

= HWVL 2 mm Al

-+ HWVL 1 mm Al

-+ 5 MeV electrons
—+ 10 MeV electrons

Percentage depth dose

4 5 6
Depth in tissue (cm)

Change in percentage depth dose with field size

SSD =100 cm
10 x 10 cm?

| N

4x4

— == 10x10
m— 1) %40

40x40

=

4x4

Percentage of maximum dose

10
Depth in water (cm)

80Co:
Z .= 5Smm

MV O€CpEG:
zmax [Cm] - Emax [Mev] / 4




AnwAEIa EVEPYEIAC KATA TNV 31adpopn POPTICHEV®V
owHaTidinv oTnV UAN

a. Electron recoiling from
collision with beam (K-)

b. Electron recoiling from
collision with photon

g. Interaction of a neutral

particle (neutron) with

a proton. The recoiling

proton leaves the dark
track

http://epweb2.ph.bham.ac.uk/user/watkins/seeweb
/Bubble.htm




AnwAEIa EVEPYEIAC KATA TNV 31adpopn POPTICHEV®V
owHaTidinv oTnV UAN

b>>a: soft collisions
AIEYEPTEIC, IOVIGHOI

b~a: hard collisions

negatively charged AIEYEPTEIG, 10VIOHOI HE

shells, with bound electrons:

meavn peyain
uerapopa E

b~Rnuc: elastic collisions +
bremsstrahlung

Eknounn H/M akTivopBoAiac

b<Rnuc: nuclear reactions



AnwAEIa EVEPYEIAC KATA TNV 31ad0pOoUN POPTICHEVWV
ocwpaTidinv oTnv UAN

ANwAEIa EVEPYEIAG AOYW AnwAgla evePYEIAC AOYW
OIEYEPOEWV & IOVIOHWV eknopnnc H/M akTivoBoAiac

MeyaAog¢ ap1Buoc aAN/cewv
UE TNV KATAVOMN € ToU
UAIkOU, JIKPNC KATA IECO
OpPO AnWAEIAC EVEPYEIAC

MIKpOC apIBPOC aAN/CewV e
TOUC MUPNVEC TOU UAIKOU
ONUAVTIKNG anwAeIac
EVEPYEIAC



NMoooTikonoinon TNC ANWAEIAC EVEPYEIAC

Madikn avaoxeTiKN 10XUG UAIKOU
4.4 Mass Stopping Power

The mass stopping power, S/p, of a material, for
charged particles of a given type and energy, is
the quotient of dE by pdl, where dE is the mean
energy lost by the charged particles in traversing
a distance d/ in the material of density p, thus

S 1dE
p pdl’

Unit: J m* kg™




AnwAg1a eVEPYEIAC BAPEWV POPTICHEV@V COHATIOIOV AOYW
OIEYEPOEWV & 10VIOH®V

ZN A zzmc2 2mc2ﬂ2

2 <Cj
R —Z?

{[In(

AnwAEla eVEPYEIAC e-

AOY® OIEYEPOEMV & I0VIOCH®V

dE 92 ZN A mc? In 2(T +2m02)
0,0 AB [ & A~

> 5 +F(T/m02)—5]
dx col B2 2me“|

Scol=

Ano NoIoUG NaPAYOVTEC eEApTATAI N ANWAEIA EVEPYEIAC ava
Hovada J51adpopnG N AVACXETIKN 1I0XUG EVOC UAIKOU 2?27?



1/B2kan T

Relativistic rise

10 100 1000 10000
E/mc2

2(T +2m02)
dx col 32 2mc? 12

Seol= JE =2 OZPZ:IBA me” AL/ L E(T/mc2)=6]




MukvoTnTa, <Z/A> kal peon evepyela dieyepong I

Mean Excitation Energies, I, and Other Quantities Relevant to the Evaluation of the Collision Stopping
Power of Selected Human Tissues and Other Materials of Dosimetric Interest

Material [ (eV) (Z/ A) Density (g cm ™)

Adipose tissue (ICRP) 63.2 0.558468 0.920
Air (dry) 85.7 0.499190 1.205x107°
Bone, compact (ICRU) 91.9 0.530103 1.850
Bone, cortical (ICRP) 106.4 0.521299 1.850
Ferrous-sulphate dosimeter solution 76.3 0.553282 1.024
Lithium fluoride 94.0 0.462617 2.635
Muscle, skeletal (ICRP) 75.3 0.549378 1.040
Muscle, striated (ICRU) 74.7 0.550051 1.040
Photographic emulsion 331.0 0.454532 3.815
PMMA (lucite, perspex) 74.0 0.539369 1.190
Polystyrene 68.7 0.537680 1.060
Water (liquid) 75.0 0.555087 1.000

nT2(T+2m02)
2,2

L E(T/me)=6]

2mc



A10pOwon NUKVOTNTAG | NOAWONC, O
YIa OXETIKIOTIKEC TAXUTNTEG

N B B R B N A B SN R N BN AN B A N B
10 20 30 40 50 60

Electron kinetic energy (MeV)

nT2(T+2m02)
2,2

L E(T/me)=6]

2mc



ZUVOAIKQ:
AnwAg1a eVEPYEIAC € AOYW JIEYEPOEWV & IOVIOH®V
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Kai yia BioAoyika UAIKQ:
AnwAg1a eVEPYEIAC € AOYW JIEYEPOEWV & IOVIOH®V
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ANWAEIa EVEPYEIAC POPTIOHEVOV COHATIOIWV
AOY® €KNOUNNG akTIivoBoAiag
Ano NoIouG NaPAYOVTEG EEapTATAl N ANWAEIA EVEPYEIAC avd
Hovada d1adpounG N avaoxXeTIKN 10XUC EVOC UAIKOU ??7?

(keVicm)

Stopping power

= — —AkTivoohia :
Zuvohikd

K. Evépysia, Te(ke\/)



KAaopa aktivopBoAiag (radiation Yield), Y(E,)

To NOCOOTO TNG APXIKNG KIVATIKNG EVEPYEIAC TWV. POPTICHEVV.
owuaTidiwv, E;, mou Ba peratpansi o akTivoBoAia Nnednong:

-~ | ]- E{: ‘S‘ra' I:E}
T(Ey) == [ %L
E 0 Jo LSL"f.';rl fE ) +5 rad{.rE )

AL

Bone
(compact)

~ H,0/Muscle

- ’_,__,-f-""__idipﬂse
o ' tissue

30 40
Electron kinetic energy (MeV)




Continuous Slowing Down Approximation (CSDA)
ka1 epBEAeIa

Av unoesoouus OTl OAa Ta (POpTIO|J€VCI cm)paTléla HIaG ésounq Ba
Xavouv. ava |Jovc16c1 6|C|6popnq TO 010 I'IOGO svspyslaq, |oo LUE TV
AVAoXETIKN I0XU.TOU UAIKOU YIa TnV. EKACTOTE EVEPYEIA TOUC, N
eupeAeia Toug, ry, Ba diveral wc:

Ey 1 i
P = .
! J 0 Smt ':.E ) )

MpakTika n ePPBEAEId TWV POPTICUEVWV CWUATIOIWY UNOPEI Va
dlapoporoleiTal AOyw Olacnopac OTNV anwAegla evepyelac (energy
straggling) kal TNC OXETIKNG ONUACIAC TWV EAACTIKWV OKEOATEWY



EpBEAEIa NAEKTPOVIOV OE diagpopa UAIKA

1 03

Kiv. Evipyeia, T (keV)




Energy straggling ...

To €UPOC TNG KATAVOUNC ANWAEIAC EVEPYEIAC TWV. CWUATIOIWY.
ennpeaderal ano TIG, MIKkpNG mBavoTnTac, AAANAEMIOPACEIC UE
LEYaAn anwAela evepyelac (mednon, IOVICUOI UE EYAAn METAPOpPA
EVEPYEIQC)

Ay ——— -

Most probable loss
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Electron kinetic energy AE
/,. tot
Mean energy loss




AOOCIHUETPIA POPTICHEVWV COHATIOIWV




EAGOTIKEG OKEDAOEIG

. 2NMUAVTIKEG YIa EAAPPA PpopTIoPEVA cwuaTiola (e)

- H peon ywvia okedaong au&avel e To Z Kal TN JEIWon TNE
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straight ahead
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