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Coupled Electron-Photon Monte Carlo Calculations

PHOTON TRANSPORT (Analog)

Photon Interactions
Coherent (Rayleigh) scattering
Incoherent (Compton) scattering
Binding corrections
Photoelectric absorption
Pair production (screened nuclear field)
Triplet production (field of atomic electrons)
Photonuclear absorption

ELECTRON TRANSPORT (Condensed History)
Energy-loss
Multiple-scattering treatment
Class I (complete grouping)
CSDA
Energy-loss straggling
Class II (catastrophict+CSDA)
Electronic stopping power (mean energy loss)
Density effect
Radiative stopping power (mean energy loss)
Bremsstrahlung production (single scattering)
Energy distribution
Analytical theory
“Exact”
Elastic scattering
Multiple-scattering treatment
Goudsmit-Saunderson (exact)
Moliére (small-angle approximation)
Single-scattering cross sections
Screened Rutherford
“Exact”
Spatial displacements (“wiggliness” corrections)
e.g., PRESTA (transverse)
e.g., TLC (transverse and longitudinal)
e.g., Random hinging



Coupled Electron-Photon Monte Carlo Calculations

SECONDARY RADIATIONS
Bremsstrahlung photons
Energy distribution
Analytical theory
“Exact”
Intrinsic angular distribution
Analytical theory
“Exact”
Knock-on electrons (Mgller or Bhabha cross section)
Compton electrons
Binding corrections
Photoelectrons
Angular distribution
Pair “electrons”
Energy distribution
Angular distribution
Annihilation quanta
Positron at rest
Positron in flight
Atomic relaxation
Characteristic x rays
Auger electrons

ALGORITHM CONSIDERATIONS

Boundary cressing
Track-end disposition
Variance reduction
Geometry

Generality

Speed

Ease of use
Sampling

Numerical distributions

Analytical formulae

Ersatz functions



PHOTON TRANSPORT



PHOTON TRANSPORT

Single-scattering treatment
e pair (and triplet) production
e photo-electric absorption
e incoherent scattering

e coherent scattering

Production and transport of secondary radiation
e electron-positron pairs
e photoelectrons, characteristic x rays, Auger electrons

e Compton electrons



ELECTRON AND POSITRON TRANSPORT
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ELECTRON AND POSITRON TRANSPORT
Basically "condensed"-history or path-segment model

Multiple-scattering treatment of all collision for:

e ijonization and excitation energy loss (including

fluctuations)

¢ elastic scattering

Sample individual interactions for production of secondary

radiations:

¢ bremsstrahlung photons (contributes also to energy-

loss straggling)
e knock-on electrons (Meller [or Bhabha] cross section)

e characteristic x rays and Auger electrons from

ionization events

* photons from annihilation of positrons at rest [and in
flight]



STEP SIZE
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CONDENSED-HISTORY STEP SIZE

Should be short enough: energy loss and angular

deflection is small

Should be long enough: enough collisions for

multiple scattering treatment; not too many

steps per history



CONDENSED-HISTORY STEP SIZE

¢ Compromise:
(a) Major step length for mean fractional energy loss of

27V e, T,.,=2"YT,

v
i

T. 1 -1
[__ s(r')] dT’ = r (T, - ro(Th.)
T p

a+l

Typically k = 8; mean fractional energy loss = 8.3%

(b) Divide major step into m sub-steps for small angular

deflections. Typically m = 2 to 20



Mean deflection cosines for typical electron steps in the
ETRAN random walk. Pathlengths for energy reduction by
factor 21/8 (= 0.917), further subdivided into m equal
sub-steps.

C A Cu Ag Pb
m =2 3 7 11 18
TMeV)
64 0.0980 0.9990 0.9994 0.9995  0.9996
2 0.9975 0.9973 0.9982 0.9985  0.9988
16 0.9948 0.9939 0.9952 0.9959  0.9963
8 0.9901 0.9876 0.9893  0.9901  0.9904
4 0.9825 09776 0.9793 0.9796  0.9788
2 0.9720 0.9634 0.9648 0.9640  0.9604
1 0.9597 0.9463 0.9477 0.9451 0.9375
0.5 0.9478 0.9297 0.9313 0.9271  0.9158
0.25 0.9382 0.9164 0.9185 0.9134  0.9014
0.125 0.9316 0.9072 0.9101 0.9056  0.8969
0.0625 0.9273  0.9012 0.9054 0.9033  0.9010
0.03125  0.9246 0.8975 0.9039  0.9057  0.9092
0.015625 0.9226 0.8951 0.9054 0.9117 09183
0.0078125 0.9209 0.8939 0.9096 0.9190  0.9280



ANGULAR DEFLECTIONS
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GOUDSMIT-SAUNDERSON DISTRIBUTION

Disadvantages

e Sampling more complicated than from Moliere

e Cannot evaluate on the fly. Need to pre-store

distributions for pre-selected set of pathlengths

Advantages
e Not in small-angle approximation, good for all

scattering an'gles

A

¢ Formally exact for any cross section

(e.g., ¢~ and e’ differences)

¢ Can apply to smaller pathlengths



MULTIPLE ELASTIC-SCATTERING ANGULAR DEFLECTIONS

Goudsmit-Saunderson Distribution

2. 20+1

Ags(9,s) = Z 5 e *Gt Py(cos )
L=0
1 do(6,T)
Gy = 2« N 1-P, #)] d(cos 8
(= 2N [ 21— Peoso)d(cos)

Energy loss included by sG; — [ Gy(s') ds’ evaluated in CSDA



ELASTIC-SCATTERING CROSS SECTION

Factored cross section

dc;g) _ ﬂ%@ Koer(8) Krer(6)

Spin-relativistic correction

Kea(6) = 2ot / T Ruth

Screening correction

1 —cosé 2
ncre =
Kier(6) (1—c059+2n)

Moliére screening angle

2
n=1 (o.sssp) 2%/3 [1.13 + 3.76 («Z/B)?]



ELASTIC-SCATTERING CROSS SECTION

Transport (or momentum-transfer) cross section

+1
o = 2x ]_l % (1 - cosf) d(cosf)

has dominant influence on multiple-scattering process
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Dependance of foil transmission and reflection coefficients on the elastic-
scattering cross sections used in ETRAN calculations. The results pertain to
32-keV electrons normally incident on tantalus foils of thickness z,
expressed in units of the csda rangs r, - 4.61 -g/cnz.

Fraction Transmitctad

Numsber Energy
z/1, Riley® Factored® b/a Riley* Factored® b/a
0.05 0.823 0.826 1.004 0.776 0.778 1.003
0.10 0.647 0.649 1.003 0.560 0.562 1.004
0.15 0.492 0.483 1.002 0.385 0.385 1.000
0.20 0.346 0.350 1.012 0.246 0.249 1.012
0.25 0.226 0.227 1.004 0.147 0.148 1.007
¢.30 0.135 0.135 1,000 0.0813 0.0815 1.002
0.35 0.0745 0.0744 0.999 0.0421 0.0418 0.993
Fraction Reflected
Number Energy
z/Tq Riley? Factored® b/a Riley® Factored® b/a
0.35 0.490 0.490 1.000 0.378 0.378 1.000
. Using elastic-scattering cross sections from partial-wvave calculactions
with the Riley codas.
b Using elastic-scattering cross sections from the factored cross section,

with tha scresning angle chosen to give the same transport cross section
as from the partial-wave calculations.



SPATIAL DISPLACEMENT CORRECTIONS



AC = s 1 + cosf
2
s [ . < 02 >\1/2
AE = 2 [sm@cosqu+v, ( 5 ) ]
s ... < 0% >\1/2
Ay = 2 [smﬂsmAnp-{-v, ( 5 ) ]

v, and v, are normally distributed random numbers
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Transverse and Longitudinal Corrections (TLC)

1 [dO'Ruth Km(a)] (1 — cosf) d(cosb)

K,C,(B)] d(cosd) = n ~ 1
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With TLC

Without TLC
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IONIZATION ENERGY-LOSS FLUCTUATIONS

Landau theory

e Many collisions

¢ One velocity (small mean energy loss)

e Rutherford energy-transfer cross section, ~ €2 (for € >> I)
¢ First moment of cross section for small energy transfers from

Bethe theory

¢ Maximum energy transfer €,z = 00

Distribution of energy loss A in terms of universal function

F(A,s)dA = $(A)dA

A 2
A= - ln[af:";fp] + B + & — 0.42278
_ 2rrimENZ
f - ﬂz S
1 a+1i00
#(A) = 9 ] ezp(ulnu + Au)du

a—$00

Validfor T >> & >> 1
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IONIZATION ENERGY-LOSS FLUCTUATIONS

Because €pax = 0 , <A>= fom Af(A,s)dA = o

Need to impose correct mean energy loss.

Re-write Landau variable in terms of A from stopping-power,

v~ = In (%) — 0.80907 + [%— - (2T+1)ln2] /(r +1)?

2
vt = In (%) —0.422784—-‘1

Define A.: such that

A-A

§
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[11 +

+V*
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- —. cum Caam

IONIZATION ENERGY-LOSS FLUCTUATIONS

Blunck & Leisegang included second moment of the cioss sec-

tion for small energy transfers

fer(8,s) = 721-?; [ - f(A',s)czp[(A 2_0?')2] dA'

-0

Blunck & Westphal:

azaw = lOCV . Z‘IS—A-

" Chechin & Ermilova estimate relative error of Landau-Blunck-
Leisegang distribution (rather, its Laplace transform)

¢ 1€y
£ ~ [10?(1 + -13}-) ]
&g

eS10% for 24
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Values of £/I for typical ETRAN pathlengths in which mean total energy

loss is 8.3%
T(MeV) H
1000
100
10 1481
5 806
2 360
1 196
05 106
0.2 46.8
0.1 25.2
0.05
0.02
0.01

13.6

6.15

3.40

3421

2091

434

238

106

56.9

30.7

13.6

7.42

4.08

1.89

1.07

907

687

195

111

51.2

28.3

15.6

7.05

3.89

2.17

1.02

0.60

Cu

241

215

92.1

57.2

27.9

15.7

8.73

4.00

2.23

1.26

0.61

0.36

111

104

55.4

36.5

18.9

10.9

6.20

2.89

1.63

0.93

0.46

0.28

Gd
68.6
66.4
39.7
27.3
14.7

8.68

5.00

2.37

1.35

0.78

0.39

0.24

Au

44.0

43.2

279

19.8

10.9

6.54

3.82

1.84

1.06

0.62

0.32

0.20

35.0

34.7

23.4

16.8

9.44

5.75

3.40

1.66

0.96

0.56

0.29

0.18
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BREMSSTRAHLUNG



BREMSSTRAHLUNG ENERGY SPECTRA

dow
dk

NN

e Electron-nucleus cross section

T > 50 MeV, high-energy analytical theory with screening |

and Coulomb corrections

T < 2 MeV, results of phase-shift calculations
e Electron-electron cross section
Haug’s theory with screening corrections

e Positron bremsstrahlung
Spectral shape of electron cross section, but normalized to

positron radiative stopping power
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BREMSSTRAHLUNG ANGULAR DISTRIBUTIONS

do do
f0) = Jagk / @

High energies: Olsen-Maximon formula with screening and

Coulumb corrections

Low energies: Sauter formula (no screening)

Should utilize information from Kissel-Pratt phase-shift

calculations, 1 - 500 keV.
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HISTORY TERMINATION

Electrons

T > Tey follow

Teve > T > Tyye follow if scoring boundary can
be reached (if electron fluence

is scored, Ty ve = Tewd)

T < Ty terminate; residual energy
deposited along straight path of
length = residual range

X detour factor
Photons

T < Tyt terminate
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VARIANCE REDUCTION OPTIONS

To improve statistics for secondary photons, can

artificially scale up:

bremsstrahlung production cross sections

electron-impact ionization cross sections

Compensating weights are assigned to the histories

Numbers of histories of secondary electrons from the

large number of scaled-up photons can be controlled

Emergent photon scoring by collision-density method
(i.e., score uncollided escape probability after each

scattering)



LIMITATIONS

e Covers energies only down to 1 keV

¢ No electron or photon diffraction, no electron

channeling, no intense-beam collective effects

e No interactions with fields of nucleons (no electron
elastic scattering from nucleons, no electro- and photo-

disintegration of nucleus)

e Lack of correlation between sampled primary electron

energy loss and sampled knock-on electron energy

e Short pathlength and low-energy electron worries
- general inapplicability of multiple-scattering treatment
- some approximate boundary-crossing algorithms

- failure of Bethe-theory stopping power



GENERAL PURPOSE ELECTRON-PHOTON

MONTE CARLO CODES
|  BERGER (1963) |

[ ETRAN(1968) |

1970

-—-»{ SANDYL (1974) _l

3 TIGER (1975)
—————3p|  CYLTRAN (1976)

[ McNPt(1977) !

[ EGS3(1978) ]

1980 —————3»  ACCEPT (1980)
l [ McNP2(19837) |
[ ITS1 (1984) 2
[ EGS4 (1985) |
{  MCNP3(19867) |
[ EGS4/ PRESTA (1987) | Y
. ITS2 (1988) | Y
1990 [ MCNP4(1990) |
Y

————] ITS3 (1992) |- '1
Y

[ MCNP4A (1993) |

Y

______ Y [ ETRAN 21 o _¢ »-  MCNP4B (1997) |

N . | _—— = =
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Some Examples



Example of Monte Carlo calculations for
high-energy photon therapy beams:
scaling theorem

Scaling: all dimensions scaled by electron density,
&= pNuyZ/A4

= x'=(e/e)x

= Holds to extent that cross sections are proportional
to Z, such as in Compton scattering

Example: 24 MV photon beam (no electron

contamination)

.  Parallel beams of circular area, lcm™

»  Phantoms of water and of graphite (1.7 g/cm3),
surrounded by vacuum

. € graphite/ Ewater = 1.53

Monte Carlo calculations with ITSv3.0 (with slight
modifications)

«  Results for central axis (0.03 mm”)



01

AN / ABusu3lz uojoygd

001

-0l

T TTT T T T T 7% T T T T T LILEL I B B B T

LILE 2 BN B BN pum |

o B . |

woaq

| 1ouad

-y
e SR |

T T 7T

T™r T T T 7

w2 g jo Yidap :weisbojsiy ysep-buon
wo g} jo Ydep :weiboysiy ysep-uoysg

wa ¢ jo yidep :weiboisiy pijos
Wwnioads Juapioul :8AIND

i Ll b Ll §

FESTETY

1 1 Il

Lig L3 L 1 i

LiL b 4

.0l

.01

S_WI  _A9W / wnJiioedg sousn| 4 uojoyd



20

l

AW / Abiusu3z uojoyd

0l 001

01

T LA I B S B ) T TITTtfT v ¢ T LI BLER i S S | L]

TIrrra.

Trrrvr .1

L 2N M |

T Y TYrr 1171 T ¥ TY Y r r. 1 1 T T

w3 Oz jo yidep :weiboysiy ysep-buo
wo 0} jo yidep :weibiojsyy ysep-yous

wo g jo yydep :weiboysiy plos
wnoeds Juspiou) :eAIND

181EM

-

woaq ,wd Q0|

A A T T 1 i i ! LA 4 1 A i

LI L

S I N T B )

i

ALLL A& 1. )

LR T I B T

Ol

201

01

o
o
—

o

s W3 | _AGN / wnJuioadg aouan|4 uoioyd



01l

AN / ABisu3l uoioyy

L0l

001l

.01

L} LALZLEL BN B Bu Sumn | L)

TTiTTvr .y TTITr 1 r.¢

TIfrTrrrr

Trfror.r

ol T N N |

woaq

LELEL L L L

LS L) T rTTYrY YT TTY

wo Oz Jo Yydep wesBoisyy ysep-6uo

wo Q} jo yidep :weibojsiy ysep-poys

wo g jo Yyydap :welibois)y pljos

wnnoads juspjous ;AN

181BM

L L 'l Ad L 1 1 AL

TT v 1T 1T ¢

.0l

,_01

0l
001

o

s WO _ASW / wnu3ioedg sdouan) 4 uojoyd



20

{

A®W / AbBusujl uojoyd
01 001

-0l

L] LA JLIE BB N S 1 L) TTfrfr vt T Ty 1 L

o Y S T |

T TIvrr o1 T ¥ LN B BN B BN B ) L] T

wo Z Jo ypdep :weibois)y ysep-buo
wo 0} jo yidep :wesBojsyy ysep-Loys

wo g jo yidep :weiboisiy pijog
wnpoeds jueploul :BAIND

J91BM

wpaq pboug

' PN B0 B Y I S | L A il g 4 1 1 1 i

Trr v F ¢+ X

o e

L,

FUW N O

PR ]

Ol

.01l

0L

Ol

LW | _ASN / wniijoadg sousn|4 uojoyd



AN / ABusu3l uojoyd
01 001 01 2-01

LI 2 J0 B SR mum |

TTfr o1

v r =T T T AL BNE S B S T T YT T T T ¥ L m-luo—‘

woueyd e)jyde.b :weibojsiy peyseq
wojueyd Jejem :weibojsiy pijog

wa 0} Jo ydep juejeainba-lejep

woaq |}oused

bkl L L.l

T T N D I N L L 2 % 1 i & L Hl I I W I N | ] L Fo_-

L_W3 AP / wniyoedg sousn|4 uojoyd



AN / Abisuz uoyoyd

z01 0l 00l =01 -0l

T F T T T T Tryr v L) L L] L] LILI B B | L] L] L] L] LELLIE T L] L T nlo P
: woyueyd eyydesb (weibojsiy peyseq .

| wojueyd iejem weibojsiy pljog |

wo 0} jo yidep jusjeainbe-iayepp ]

i woaq ,wd 00} 1201
s 1,-01
| I

m 1001
_ﬂ- 1 1 A A bob ki Aok b | L A P 1 L i LA bl L L il L ” F O P

| i

z-W2  _ASN / wnuiioedg sousn| 4 uoloyd



TiT1 1

ABN / ABisu3z uojoyd
01 Ol 001l -0 1 -0t
. ————— -0l

wiojueyd eyydesb ;weiboys)y peyseq
woeyd seyem :weibojsiy plos

Ty T T T Ty rx T T Trvrrr ¢ L]

wo g} jo yidep jusjeainbo-lejepn

woaq ,Wo Q0¥ z-01

4

1,_01

0l

I B T 1 i I I W N A | Ll bl ] 1 ] T N N S 1 1 t —-OP

A®N / wnijosdg @ousn|4 UO}OUd

L—

,_Wo



A®W / ABisu3j uoiouyd
0l 00l 01 20l

LA i At

FTr 7T ¢ 1 ¢ T T Trvyvrr r 1 T T LB L L L T T nIO#‘

wojueyd eyydesd (weiboisiy payseq
woyueyd Jejem ‘weibojsiy pijog

w9 0} Jo pdep Juseainba-1ejepn

wpeq ppoug | z-01!

-0l

0l

_A®N / wnui3oadg 8dusan| 4 uoloyd

l

WO

0l



A®WN / ABuouz uoijos |3

01l 01l 001 .01 .0l

TFrFr r 1 LI B B BN 4 v T T TTr T v 1 ¢ T T T Trev v r 1 ¥ T ¥ MIO F
[ ! 00} esse weeq :sweibois)y ysep-6uon ]

W0 00z eease weeq :sweiboisiy ysep-Hoyg

: ,W3 00| eaue weeq :sweiboisyy pijog 1,-01
I i81EM ]

: 1¢-01
i 80D} 4NG

: 2_01

-0l

2 W2 _ASNW / wniioadg 8dusn|4 UOJ}D3 |3



wo / yydeg

0o¢ 8¢ 9¢ ¥¢ ¢¢ 0¢ 8L 9L ¥t ¢ 0L 8 9 ¥ ¢ O

wojueyd eyydesd ;wesbojsyy peyseq | 7 -
wojueyd Jejem weibojsiy pilos

| 1ousd

,Wd / 8dusnj4 uojoyd



0¢

8¢ 9¢ ¥¢ ¢¢C 07 8l

wo / yydag

91

14"

¢l 0L B 9 ¥ ¢

o

T

wojueyd eyydedd (weibojsiy psyseq
wojueyd t19yem weiboysiy pios

N O N O v O unu O un O u o u o
0 N N © © N0 wn S -+ MM N A

AeN / AbBuisu3z uojoyd psebpusay sousnj 4



wo / yydsg

0¢ 82 9¢ v¢ ¢¢ 0¢ 81 9t ¥IL ¢t Ol 8 9
wpoaq | 1ouad i
49 10DM |
wpaq ppoJg -

00"
10~
¢0°
¢0’
¥0°
160"
90"
140"
80"
160"
oL
LL
AN
1¢€1°
148

O O O O O O O O oo O o o o o o

b AsK / 9s0(Qg pesgJosqy



(o) &)

193 0M

uaJlAysk|od

A i A A ' & i A

SUOJ}28 |3 ASW-0|

—

-

o O O O O O o o o o

O O o M~ © N ¢+ M N

M N -
- - - v

a (°1/°1)



! : 1l ! : 4 1 : i1 1 i o !
"(P661 18 10 29essey] wol) -Jojedjdde auod ay)

woJ Surdiows wnnoads UoxoI9le [enjoe ) JO UOTIBISI Jo)Je (D001 UBHBA) ASIN 1
Jo A310U5 [RUTUOU € YIIM WEIq U0NII[ Uk 10] (" ¢AS.LI) SUONB[NI[BO O[18)) SJUOA pue
(I9quueyo uor) JUSWAINSLIW WOIJ SUONNqLISIp osop-1dop sixe-{e1ua? jo uosueduwo))

| o (wo) tpdeg |
e .. .1 - 9 9 » S 2. .}

llllqllll-llql-dIII-C.III.-I\I"
. .

0
00

1'0
zo
£'0
yo
20
] Wo ¢ peyiyomd
wWawsypaunewey O

W MOY PONOND  mamme

OlXOLPeMeweN o
04)XDL POIIORD e

{0

es0Q daa- SARBIOY

1 3




E=15MeV, D=6cm, Z°=4<:m, X=Y=0cm
18 T T Y T T T T ! T

- - iy -y
w (=] N H o

Energy Deposition (cQY/ncoul.)

(o)}

Depth (cm)

Central-axis depth-dose curves for electron beams incident with
an energy of 15 MeV and a beam diameter of 6 cm. The initial
4 cm layer of tissue is field-free, after which there is applied a
uniform magnetic field perpendicular to the beam axis. Results
are from the ITS v. 3 Monte Carlo code ACCEPTM, and are
shown for magnetic fields of 0, 1,2, 3, 5and 7 T. From Nardi
and Barnea (1999).
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Endovascular Brachytherapy Sources

Liquid-filled balloon: ™Y, P, '*Re

Balloons: 20 to 40 mm length, 2 to 4 mm outside diameter
Polyethylene walls: 0.04 to 0.05 mm thick

NSr/MY seeds

Emitting core: 2.3 mm length, 0.54 mm diameter
(p=2.6 g/cm?)

Encapsulation: 2.5 mm length, 0.64 mm diameter
(0=8.1 g/cm’ steel)

Seed train: 12 seeds, with Au marker seeds at ends

2P wire

Emitting core: 27 mm length, 0.24 mm diameter
(0=1.1 g/cm?®)

Encapsulation: 27 mm length, 0.46 mm diameter
(p=6.5 g/cm® NiTi)

920r seeds

Emitting core: 3 mm length, 0.1 mm diameter
(p=22 g/cm’® Pt-Ir alloy)

Encapsulation: 3 mm length, 0.5 mm diameter
(0=8.1 g/cm’® steel)

Ribbon: 0.8 mm diameter (p=1.1 g/cm’ nylon)
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Point kernels

e describe the distribution of absorbed dose around a point,
isotropic emitter (e.g., a radioactive atom),

e in an infinite, homogeneous medium,
e and are usually expressed in some scaled form.

e are a function only of single spatial variable, r

Uses

e by superposition, can apply to source distributed in energy
and/or space

e originally developed for nuclear medicine applications

Advantages

e  very fast, semi-analytic with no statistical fluctuations

Disadvantages

e does not account for boundaries and inhomogeneities,



Point-Kernel Method: Electrons

e Point kernel for monoenergetic electrons in water

F (r) = 4anr?p, D, (r)/E

Q

e Point kernel for a beta spectrum in water

E

max

F(r) = [ (B/E,)S(E,)F,(r)dE,

0

e Dose (or dose rate) from uniform volume source
(per electron)

Sy
D(r) - Eav fF(rr )dV
inpvd -2/
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Point-Kernel Method: Electrons

¢ Include non-water materials along each ray r-r’ by
scaling approximation

F(zr) = nF,(nzp/p,)

where 1 = 9(Z.), and Z; = [EwZ?/A] | [EwZ/A]].

e The scaling parameter for a range of applications
has been developed by Cross (ICRU Report 56).

e Simple density scaling: 7 = 1.



Scaling parameters:

Neress = 10-777 +(Z)(0.03756 —0.00066(Z) )]

Mporger = L1 +0.02252((Z) - 6.60))]

7 (500 ke V)

S (200keV)

S (200keV)

" (500keV)

where S is mass collision stopping power

Material <7> p (g/c:m3 ) | n(Cross) | n(Berger)
polyethylene 4.75 0.924 0.997 1.018
nylon 12 5.16 1.01 0.980 0.997
polystyrene 5.29 1.06 0.936 0.950
Al50 5.49 1.127 0.968 0.982
polyurethane 5.74 1.09 0.965 0.975
PMMA 5.85 .19 0.948 0.957
WTl 5.95 1.02 0.957 0.966
kapton 6.22 1.42 0.903 0.909
mylar 6.24 1.40 0.918 0.924
tissue (ICRU 4 component) 6.50 1.0 0.984 0.988
water 6.60 1.0 1.0 1.0

air 7.36 0.001205 0.901 0.899
5%Xe+95%CO, 12.78 0.005992 0.968 0.956
Ni/T1 alloy 25.36 6.5 0.908 0.978
stainless steel (302) 25.71 8.06 0.896 0.970
plaque (0% apatite) 5.01 1.07 0.979 0997
plaque (10% apatite) 5.82 1.14 0.985 0.993 |
plaque (20% apatite) 6.65 1.23 0.987 0.992
plaque (30% apatite) 7.50 1.34 0.989 0.988
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n A150 Plastic

Source

2P Wire
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Point-Kernel Method: Photons

e Dose (or dose rate) from uniform volume source (per
photon of energy E)

— Ep’en(E) = =/ Y
D(r) = — 25 £T(E,|r 2'|) B, (E,pu(E) |E-F'])
e k(B lz-2/|
=z 4

where B_, is the energy-absorption build-up factor for
water.

¢ Include non-water materials along each ray r-r’ by
taking into account appropriate attenuation coefficient u

L(E)r = Zj W (E) I,

and using simple density scaling for 7{(r), the transition-to-
electronic-equilibrium function for water.

e Transition function 7(r) is assumed to be a universal
function of r/r(E), where r(E) is the weighted average
of the maximum csda ranges of the secondary electrons
produced in the interaction.
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