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High Energy Photon Beam Modeling Using Transport Theory
for Calculation of Absorbed Dose Distribution

Dong Rak Choi, Ph. D’ Ha Chung Chun, M.D. and Myung Za Lee, M.D.

Department of Radiology, Catholic University Medical College, Seoul, Korea*
Department of Therapeutic Radiology, Hanyang University Hospital, Seoul, Korea

A mathematical model is presented for the calculation of the depth absorbed dose in water
phantom irradiated by high energy photon beam (10MV X-ray), based on transport theory. The
parameters of this model are obtained from the experimental values which were simulated by
non-linear regression process method. The calculated absorbed dose distribution is extended to
3-D by using trial function from beam profile field sizes, SSD and depth in water phantom irradiated

by high energy photon beam.

The calculated values using this model are in good agreement with the measured values.
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INTRODUCTION

It has been demonstrated that the success or
failure in radiation treatment depends on the absor-

bed dose delivered to the tumour and this should-

not vary by more than a few percent from the
prescribed values, In fact, it is seldom possible to
measure absorbed dose distribution directly in
patient treated with radiaion. Data on absorbed
dose distribution are almost derived from measure-
ments in phantoms. These basic data are used in a
dose calculation system devised to predict absor-
bed dose distribution in an actual patient*®. The
absorbed dose distributions in tissues depend on
output and energies of photon beam and on the
characteristics of tissues?.

Historically, two distinct theories have been
developed in dealing with multiple scattering prob-
lems. One is called analytical theory*® and the
other transport theory®™®. In the analytical theory,
we start with basic ditferential equations such as
the Maxwell equations or the wave equation. This is
mathematically rigorous in the sense that all the
multiple scattering, diffraction, and interference
effects can be included. However, in practice, it is
impossible to obtain a formulation which com-
pletely includes all these effects. The transport
theory, on the other hand, does not start with the
wave equation. it deals directly with the transport of
energy through a medium containing particles. The
development of the theory is heuristic and it may
lack the mathematical rigor of the analytical theory.
Transport theory, also called radiative transfer the-
ory, was initiated by Schuster in 19037, The basic

differential equation is called the equation of trans-
fer and is equivalent to Boltzmann's equation®!®
used in the kinetic theory of gases and in neutron
transport theory. The formulation is flexible and
capable of treating many physical phenomenal*!?,
Even though transport theory gives an adequate
description of many physical phenomena, a gener-
al solution of the resulting transport equation is not
known. Numerical solutions of the general tran-
sport equation require extensive computer time
and memory. In the majority of practical cases, it is
desirable to obtain approximated solutions. An
approximated method requires no more than sim-
ple algebraic operations, and has been found to
give reasonably good agreement with experimental
data. Recently, the methods for obtaining approx-
imated sofutions of transport equation have been
extensively studied in applied optics™®!®.

In the present work, the absorbed dose distribu-
tions in water phantom irradiated by 10MV X-ray are
calcuated by using 3-flux model based on transport
theory. As a result, we can predict absobed dose
rate at any point in water phantom. The obtained
results are compared with the relevant experi-
ments.

MATERIALS AND METHODS
1. Transport Theory

Let us consider a specific intensity I (r, s} (r:
displacement vector at a given point, s: directional
unit vector) incident upon a cylindrical elementary
volume with unit cross section and length ds. The
volume ds contains pds particles where o is the
number of particles in a unit volume. Each particle
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absorbed the power gl and scatters the power o
1, and therefore, the decrease of the specitic inten-
sity dI {(r, s) for the volume ds is expressed as

dl (r, s)=—pds (g +a)I=——pdsal. )

At the same time, the specific intensity increases
because a portion of the specific intensity I (r, s)
incident on this volume from other directions s’ is
scattered into the direction s and is added to the
intensity I (r, s). In order to deterimine this contribu-
tion, let us consider a wave incident in the direction
8’ on a particle. The incident flux density through a
small solid angle dw’ is given by S;= 1 (r, ") dw’.
This flux is incident on particles in the volume ds.
The power flux density. S, of the wave scattered by
a single particle in the direction s at a distance R
from the particle is then given by S,=[|f (s, 8")}?/
R?]S, where f (s, 8’) is the scattering amplitude. The
scattered specific intencity in the direction s due to
S, is therefore

S.R?= | f(s, 8") | 2S,= | f (s, 8") | 2 (r, 8")dw’. (2)

Adding the incident flux from all directions g/,
the specific intensity scattered into the direction s
by eds particles in the volume ds is given by

Jar pds |1 (s, 8) 17 (r, s)do’ (3)

where the integration over all @’ is taken to
include the contributions from all directions s’. We
can express equation (3) using phase function p (s,
s’):

2
p (s, s’)=%| (s, &) ' . ;:;fup (s, s’)da)=%j~. (4)

Adding the contributions equation (1) and (3),
we get the equation of transfer:

dl (r, s)
ds

=—pcI(r, s)+ ‘Zf; S4zp (8, 8) I (r,s")dw".

(5)
In order to simplify the above equations, we
assume that high energy photon beam experiences
highly forward scatteing in homogeneous medium.
As a result, the transport equations can be solved
analytically by using 3-flux model proposed in this
work. Scattering of high energy photon beam in
random media is approximated by creating a sim-
ple pattern of weighted directional fluxes.:As shown
in Fig. 1, the scattering pattern is represented by 2
fluxes and a third flux is introduced to represent the
collimated photon beam. Then, the differential
equations for 3-flux model based on .transport
theory can be written as follows.

g%gﬂz —yl(z), ©
g%izgz —y1:(2)+ 7 (PAl; (2)+Polo(2))
+7Psle (2), )
and
%If‘—%))*: — 71o(2)+ 7(Pelo(2) + Pl (2))
+7PoL (2) ®
where, y=00:, 0=0s Pf+Pb=% hold and, for

. H — —__._——-————0-
highly forward scattering (P,=gPs), Py= CET)
= 0
and P, ——9—-—7 a+o) hold.

I, and I, represent radiances to +z and -z

Ic Ic Ic
‘ if If
. ————————
Q-—-———q———-——-—
Ib Ib
=0 7=t

Fig. 1. High energy photon beam modeling interacted with random media.
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Fig. 2. WP-600 dosimetry system.

directions respectively, and 1. represents collimat-
ed radiance to 4z direction. Also, P; and P, re-
present scattering contributions to the forward and
the backward directions. By solving Eq. (6), (7), and
(8), we can obtain the following results.

Ic (2)=Co 77, (9)

I (2)=C,e*+C,e7%-Cye 7, (10)
and

I, (2)=Cibes+Cges

» (Z)=C,be*+ b © 1)

where, a=(n(n+2ga/(1+g)) and
bzwﬂl+1 hold
go '

in the case when the medium has finite thick-
ness, the boundary conditions can be written as L.
(z=0)=1,.1; (z=0)=0, and I, (z=t)=0. From these
boundary conditions, we can solve the Eq. (9), (10),
and (11) completely. The scattered radiance I; and
I, must be added to the collimated radiance I..
Therefore, the total radiance distributions in ran-
dom media irradiated by photon beam are as fol-
lows.

1(2)=1.(2) + 1, (z2) + 1, (2)

=L (2)+1r (2) :t%(e“-bze“"“). (12)

2. Determination of Parameters
The absorbed dose distributions in water phan-
tom irradiated by 10MV X-ray are measured by

using WP-600 dosimetry system. WP-600
dosimetry system consists of IC-10 ionization

chamber, water phantom, WP-5006 electromenter,
dual processor based 3 dimensional drive control,
and Duet-16 personal computer (Fig. 2). To com-
pare experimental values with calculated values
derived from 3-flux model, the absorbed doses are
measured by moving ionization chamber 3-
dimensionally in water phantom irradiated by 10MV
X-ray at various field sizes and at 100cm SSD
(Source-Surface Distance). Dmax (Maximum
Dose) is defined at depth 2.5 cm.

3. Dose Distribution Model

Basic dose distribution data are usually measur-
ed in water phantom which closely approximates
the radiation abosrpticn and scattering properties
of muscle and other soft tissues?. As the beam is
incident on a phantom, the absorbed dose in the
phantom varies with depth. This variation depends
on many conditions such as beam energy, depth,
field size, distance from source, and beam collima-
tion system?2314,

In order to compare the experimental values
with the calculations, we should modify the absor-
bed dose distributions as follows.

Dose rate (W,L, x,y,2) =[ —p:Wo~+ pzla (PsWo+pa)]
% ea(z—Dmax)_(b+CJWO)zeZat—a(Z—Dmax)
1—(b+ cyWo)2e?
1

U
X 1 L WA= W2 @+ SOV

X 1+ue(IYV=W/2—Wz/(2*SSD))/V
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(SSD+ Dmax)?
(SSD+2)"+x2+y? (13)
where, W and L represent field width and field
length respectively. And Wo=2WL/(W+L). In Eq.
(13), paramenter p,, p., Ps, P4, &, b, C, U, and v must
be determined from the measured values. The first
term of the right-hand side represents output de-
pendence on field size, and the second term Per-
cent Depth Dose on field size and on depth. The
thirc and fourth terms of the right-hand side re-
present beam profile in XY-plane perpendicular to
incident beam and the last term of the right-hand
side represents inverse square law depended on

X

Table 1. The Parameters of Absorbed Dose Distribu-
tions for 10MV X-ray Derived from 3—Fiux

Model

Parameter Value
<3 -0.008827
P2 0.3560
Ps 1.039
Pa 10.67
a 0.0026

0.9944

[ 0.01451
u , 0.8942
v 0.2619

source-to-detector distance.

For various field sizes (10cmx10cm and 20
cmx20cm) and depths (Dmax, 5cm, and 15¢cm),
we should obtain the absorbed doses rates on the
central axis and on beam edge (off-axis) in order to
determine the values of parameters. We now obtain
the parameters of Eg.(13) by using non-linear
regression process method. For 10MV X-ray,
obtained parameters are shown in table 1.

RESULTS

One way of characterizing the central axis dose
distribution is to normalize dose at depth with
respect to dose at reference depth®®. The guantity
percentage depth dose may be defined as the
quotient of the absorbed dose at any depth to the
absorbed dose at a fixed reference depth along the
central axis of the beam. In the present work, we will
define a fixed reference depth to 2.5 cm in the case
of 10MV X-ray. The PDD curves of 10MV X-ray for
various field sizes (10cmXx1Qcm, 20 cmXx20cm,
and 30 cmXx 30 cm) are shown in Fig. 3.

Compared with the theoretical values and
experimental ones of PDD, the differences are
below the error of 2%. Fig. 4 shows the beam
profile of 10OMV X-ray at various depths (2.5¢cm, 5
cm, 15cm, 25cm) for field size 10cmXx10cm.
Because of rapid decrease and inaccurate measur-
ement of absorbed dose at penumbra region,
comparison with the calculated values and the
measured values of absorbed dose rate at any

125
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ool — FS 30x30 cm (cal)
& O FS 20x20 cm (exo)
...... FS 20x20 cm {cal)
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=
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o
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Fig. 3. The PDD curves of 10MV X-ray for various field sizes.
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Fig. 4. The Beam Profile of 10MV X-ray for various depths (field size =10 cm
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Fig. 5. The comparison of output factors derived from trial functions and ex-

periments.

point shows that the differences are above the error
of 10%. But, in practice, this comparison is useless
in terms of isodose chart. It is desirable to compare
with the calculated distances and the measured
ones for a given absorbed dose rate. From this
point of view, Fig. 4 shows that the differences are
pelow the error of 2mm. Fig. 5 compares the
prediction for output factor with the relevant exper-
imental data. As shown in this figure, the trial func-

tion for output factor is reasonable for calculating
output factor for various field sizes.

DISCUSSION

The absorbed dose distributions in water phan-
tom irradiated by 10MV X-ray are calculated by
using 3-flux model based on transport theory™.
This simple model predicts the absorbed dose
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distribution accurately.

Therefore, the proposed model is reasonable
for calculating absorbed dose rates in water phan-
tom irradiated by the high energy photon beam.
However, the absorbed dose distributions at
build-up region*® cannot be calculated because
Fresnel reflection is not considered.

In conclusion, we have proposed a simple and
practical beam model which can be used in
predicting the absorbed dose distributions accu-
rately in tissues irradiated by high energy photon
beam. Gap calculation, off-axis ratio, and absorbed
dose distribution in various SSDs can be calculated
with simple method, when this model is applied.
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