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The most powerful feature of the Monte Carlo method is the possibility of simulating all indi-
vidual particle interactions in three dimensions and performing numerical experiments with a
preset error. These facts were the motivation behind the development of a general-purpose
Monte Carlo SRNA program for proton transport simulation in technical systems described
by standard geometrical forms (plane, sphere, cone, cylinder, cube). Some of the possible ap-
plications of the SRNA program are: (a) a general code for proton transport modeling, (b)
design of accelerator-driven systems, (c) simulation of proton scattering and degrading
shapes and composition, (d) research on proton detectors; and (e) radiation protection at ac-
celerator installations. This wide range of possible applications of the program demands the
development of various versions of SRNA-VOX codes for proton transport modeling in
voxelized geometries and has, finally, resulted in the ISTAR package for the calculation of de-
posited energy distribution in patients on the basis of CT data in radiotherapy. All of the said
codes are capable of using 3-D proton sources with an arbitrary energy spectrum in an inter-
val of 100 keV to 250 MeV.
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INTRODUCTION proton transport modeling in voxelized geometries
and, finally, of the package ISTAR [5], for radiother-
There is growing evidence that Monte apy calculation of the deposited energy distribution in

Carlo-based programs are the most powerful tools in
nuclear particle transport calculations. A number of
medical physicists now believe that, in the near future,
routine dose calculations will be performed by Monte
Carlo methods [1, 2] and that these methods will serve
as dominant vehicles for dose computation in radio-
therapy treatment planning [2]. The most powerful
feature of the Monte Carlo method is the possibility of
simulating each of the individual particle interactions
in 3-D and performing numerical experiments with a
preset error. These facts were the motivation behind
the development of a general-purpose Monte Carlo
program, SRNA [3], for proton transport simulation in
technical systems described by standard geometrical
forms (plane, sphere, cone, cylinder, cube). Some of
the possible applications of the SRNA program are: (a)
a general code for proton transport modeling,(b) a de-
sign of accelerator-driven systems, (c¢) simulation of
proton scattering and proton-degrading shapes and
compositions, (d) research of proton detectors, and (¢)
radiation protection of accelerator installations. A
wide range of possible applications of the program re-
quires the development of SRNA-VOX [4] codes for
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patients on the basis of CT data. All codes are capable
of using 3-D proton sources with arbitrary energy
spectra in the range of 100 keV to 250 MeV.

In the first part of this paper, a description of a
common model of proton transport for both codes is
presented. In the remainder of the paper, the results of
numerical experiments performed by the SRNA code
are compared with results of well-known GEANT [6]
and PETRA [7] programs. In all instances, good agree-
ment was demonstrated. The deposited energy distri-
bution for a 65 MeV proton beam irradiating the pa-
tient's eye, calculated by SRNA-VOX, is presented in
several CT slices. For the simulation of the therapeutic
proton beam characterization by the multi-layer fara-
day cup (MLFC), at the Indiana University Cyclotron
Facility (IUCF), the SRNA program was used [8]. An
excellent coincidence between the measured and sim-
ulated results demonstrated the advantages of the
MLFC as a measuring device. By adding the
cross-section of positron emitter creation, the same
program enabled the Brookhaven National Labora-
tory to simulate the spatial distribution of these emit-
ters, which was a step preceding the estimation of pro-
ton dose distribution by positron emission
tomography [9]. Depth-dose distribution profiles, as
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well as vertical and horizontal dose profiles of the
SRNA-VOX code, were obtained at the Proton Ther-
apy Center of the Institute of Nuclear Research of the
Russian Academy of Sciences, Troitck [10].

PROTON TRANSPORT MODEL

The simulation of proton transport is based on
the multiple scattering theory of charged particles
[11-13], energy losses with fluctuation [14, 15] and
our model of compound nucleus decay simulation af-
ter proton absorption in inelastic nuclear interactions,
as well as the Russian MSDM for compound nuclei
and decay in SCHIELD-HIT [16].

Energy loss, proton step and
energy scale

In order to simulate proton transport, the proton
trajectory is divided into small steps whose length, As,
is determined by the small energy loss AE

_ ‘j' _dE (1)
£, WE/dx),,

The energy lossAE=FE, —E, ., is chosenso as to
equal several percentages of the initial proton energy.
The conditions for the implementation of the multi-
ple-scattering theory and calculation of energy loss
due to fluctuation, demand that the energy scale be in
part linear and, in part, logarithmic.

Energy E,, which splits the energy scale into
linear and logarithmic parts, can be arbitrarily chosen.

From minimal energy E; to E, energy inter-
val has logarithmic energy scale £} = Epoc/(1/2)’<’, and
from E to E,, energy interval has linear energy
scale with step AE,=E,—E, |, where n is the last in-
dex in the logarithmic scale.

The model in the PTRAN program [17] shows
that the best results are obtained with £, amounting
to approx. 10 MeV. The volume and quality of energy
and angular distributions are determined by the choice
ofthe energy scale. To our experience, the best energy
scale is obtained when the AE,, average energy loss is
around 0.05 E,,.;.

After the energy scale is prepared, it is necessary
to modify it. First, the average number of collisions at
step As must be greater than the minimal value (€2,
>10), according to the multiple-scattering theory. Sec-
ondly, Vavilov's parameter k must be lesser then the
maximal value (x <20). After several iterations, both
conditions can be met and the energy scale prepared
for the final calculation of proton transition probabili-
ties. The stopping power (d£/dx) can be obtained from
ICRU49 or calculated according to empirical Ziegler
formulae [18].

Energy loss fluctuation

Usually, the probability density distribution and
distribution functions are calculated in the following
order: first the probability density function, upon
which, the distribution function is calculated from the
density function. The SRNA code uses another ap-
proach [19], namely that of calculating the distribution
function directly. The starting point of our calculations
is the function given by Vavilov in the following form

S(As,A)=
:nlé,cexp[m BN [explf; Jeos(yh+ x> My

Sy =P y=Ci(y)]-cosy=ySi(y)  (2)
f> =y [In y=Ci(y)]+siny+BSi(y)
D
Kf = K[fl —y
max
Here A =(A-A,, )/ &+ 4,, denotes the distribu-
tion parameter, A —the probable energy loss, and A, —
the average energy loss. The remaining terms in (2)
have the following meaning

As Z;
E=2mrlm,c’pN, — > w, —-
B> A
Ay =—1+C-p* -Ink (3)
-
gmax
_2meczﬁ2 1

max

1- g% (A+2m)/[M(1- B*)]+(m,/M)

where p is the density, N, — the Avogadro's number,
r. —the classical electron radius, m. — the electron rest
mass, M — the mass of the proton, Z, 4;, and wj are
atomic number, atomic weight, and weight fractions
of the /™ constituent respectively, As — the proton step,
C=0.5772156649... — the Euler's constant, &, — the
maximum amount of energy a proton can lose with a
free orbital electron, Si(x) and Ci(x) — the integral sine
and cosine, and D — the Shulek's correction [14]

2n2
p=¥1s, ln{z’”;"ﬁj )

n

for the influence of electron orbits on the distribution.
In (4), 1, is the excitation potential of the electron orbit
and g, the ratio of the number of orbital electrons to the
total number of electrons.

In order to calculate the distribution function,
eq. (2), it should be first integrated over 4. In this man-
ner, the obtained function is transformed into a form
suitable for numerical integration by the Gauss-
-Kronrod algorithm. The choice of integration limits
over y and step depends on the characteristics of the
function. The quality of integration is estimated by the
numerical parameters: absolute error equal to 1077,
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Figure 1. Vavilov's distribution of average energy
loss in water

relative error equal to 107, and distribution normal-
ization onto 0.999999. Under these conditions, y,,,, =
=100 and take the values between —5 and 35.
Vavilov's distribution obtained in this manner is
shown in fig. 1. Shulek's correction has effect when
higher atomic numbers cause the spreading of distribu-
tion. It is necessary to calculate at least 256 values of in-
verse distribution, using the cubic spline approximation.

Proton angular distribution

The angular distribution of multiple scattered
protons was obtained by the integration of Moliére's
density function. This density function is derived in
form of order [11, 12], with parameter B — In(B) =
= In(€2),where (2 denotes the average number of colli-
sions at step As

1 S ((p)

F(9)= d
(9) %c\/ﬁ%w

In(5)9=0/( ZC\/E ) denotes the reduced angle
and f, (o) are Moliere's functions given by

©)

2 m
fm(co)—— 3| dy[y In } Jo (qoy)exp( }(6)

where Jo(@y) is the Bessel function. For compound
materials, Moliére's screening angle is given by

2
. T+1
X 4TCN|: M‘c(r+2)} ZW As (7

In (7), N, denotes the Avogadro number, r.and
m, — the classical radius and rest mass of the electron,
M — the mass of the proton, 7 = E,/(Mc?) — the reduced
kinetic energy of the proton, w;—the weight fraction of
element Z; and atomic welght A;, and As — the proton
step. We have calculated functions (6) in the interval 0
< ¢ < 40 using the Gauss-Kronrod algorithm, once
again. Inverse Moliére distributions were calculated
similarly to Vavilov's inverse distribution. Angular
proton distributions for values of proton energy E are
shown in fig. 2.
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Figure 2. Angular distributions of multiple scattered
protons in water

Inelastic nuclear interactions

Inelastic nuclear interactions are rare but, never-
theless, of great importance for the correct modeling of
proton transport. In order to simulate inelastic nuclear
interactions in materials, the cross-sections for all con-
stitutive elements of these materials must be known.
For a limited number of elements, these cross-sections
are available in the energy range from the threshold up
to 150 MeV [19], in ICRUTAB, up to 250 MeV [20,
21]. The SHIELD-HIT program uses the Russian
multi-stage dynamical model (MSDM) generator of in-
elastic nuclear interactions MSDM. It includes all ver-
sions of SRNA. According to current trends in the de-
velopment of treatment-planning tools based on Monte
Carlo techniques, we can expect an expansion of such
cross-section data.

With the data available, we have managed to es-
tablish a model of inelastic nuclear reaction simula-
tions and secondary particle emissions. The model
comprises following steps: (1) determination of the
occurrence of the inelastic reaction event, (2) selection
ofthe nucleus that the proton interacts with and the en-
ergy transferred to the nucleus, (3) probable number of
secondary particles, and (4) energy and angle of the
secondary particles emitted. For each of the steps, dis-
tributions described are needed.

Average number of inelastic
nuclear interactions

The average number of interactions at proton
step As is calculated according to the following rela-
tion

dE

G(E)i ®)

9(E)=p= £, (dE/dx)

where p is the density, o(E) — the inelastic nuclear in-
teraction cross-section, and (dE/dx) — the total stop-
ping power. Figure 3 shows the average number of in-
elastic nuclear interactions with the proton in '°O.
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Figure 3. The average number of inelastic proton
interactions in '°0

Probable nucleus and recoil energy

The probable interaction of nucleus j with a pro-
ton will result in an inelastic nuclear reaction that is de-
termined by the cumulative distribution P; =%/, p;,
where p, =g,0,/3> " g,0, are the probabilities
for nucleus i whose weight contribution equals g;; m is
the total number of nuclei within the material.
ICRUTAB data contains the values of recoil energy
E,;. per inelastic nuclear reaction of the proton with the
nucleus. If the energy of the proton is £, before a reac-
tion, then the created compound nucleus occurs with a
energy of £, — E,;;, while the energy E,; is deposed at
the site of the reaction.

Energy and angle of
secondary particles

When the compound nucleus is created, accord-
ing to Chadwick's model, it will decay by the simulta-
neous emission of neutrons, protons, deuterons,
tritons, alpha-particles, and photons. For each single
particle emitted, a mean multiplication factor F, exists
inthe ICRUTAB data. If we accept that in cases as rare
as this the Poisson distribution is adequate, we can de-
termine the probable number of particles emitted for
each single type of particle. Such a model demands
that, for each single type, the probable number of sec-
ondary particles must be found even when F, is of a
very small magnitude. Our model of compound nu-
cleus decay simulation comprises all possible combi-
nations of emission of all six of the secondary particles
and proton energies mentioned above. A separate
preparation of transition probabilities for the emission
of secondary particles, which works in SRNADAT, is
not necessary when applying the Russian MSDM gen-
erator of inelastic nuclear interactions. SRNA code in-
cludes transport as an alternative to the MSDM gener-
ator of inelastic nuclear interactions. The MSDM
generator describes all stages of the nuclear inelastic
nuclear reaction and secondary particles emission: n,

the particle, energy, (x, v, z)-co-ordinates, sine and co-
sine of polar and azimuth angles. This data file may be
used by the MCNP program [22] in order to simulate
neutron and photon transport or by FOTELP programs
[23-26] and PENELOPE [27], for the simulation of
photon transport, only.

Change of proton position
and direction

At the end of each proton step, the direction of
the proton is changed. The change of direction is spec-
ified in terms of polar 9 and azimuth ¢ angles, in a
co-ordinate system whose polar axis coincides with
the direction of the motion of the proton at the begin-
ning of the step. The polar angle is sampled from
Moliére's distribution, the azimuthal angle from a uni-
form distribution in 2w. The co-ordinates of a proton
from a local to a fixed co-ordinate system are given by
the Euler transformation. The coordinates of the pro-
ton after passing step As in the fixed co-ordinate sys-
tem are given by

Ax = Assin(3)cos()
Ay = Assin(:9)sin(@) C)
Az =Ascos(p)

where 3 and ¢ are the polar and azimuthal angles.

Place of event over the step

At step As, the proton can lose energy AE or be
absorbed by inelastic nuclear interactions. The density
functions of the position of such events are unknown.
We have supposed a uniform distribution of such
events. This is more realistic then the usual assump-
tion that they take place at the end of a proton step.

Cross-border between zones

The length of proton step As,, is calculated in ad-
vance, according to the material in question. In some
cases, the length of the proton step can be larger than
distance L to the zone border, calculated in the direc-
tion of proton transport. In the nearest material itself,
the proton step and other condensed history proton pa-
rameters exhibit different values. Because of this, an
attempt focused on solving the problems at the border-
line between the two zones in the easiest possible man-
ner, without increasing the simulation time or signifi-
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cant perturbations of the physical processes involved,
have been made. In SRNA codes, the energy lost, AE,,
over step As,,,, was multiplied by the factor L/As,,, so
as to get the energy deposited in the current zone, if
only that of L <As,,. After that, proton starting point
has been moving onto zone border. The deflection an-
gle is sampled from the appropriate, previously pre-
pared distribution (5).

Random number generators

From the multitude of available random number
generator programs, we have used the DALARAN/
LAPACK routine (version 2.0), developed by the Uni-
versity of Tennessee, University of California, Berke-
ley, NAG Ltd., Courant Institute, Argonne National
Laboratory and Rice University 1992. This program
routine provides a random real number from a uniform
(0,1) distribution, using the multiplicative congruental
method with modulus 24%. As an alternative, SRNA
can use the Matsumoto and Nishimura generator for
generating uniform pseudorandom numbers with the
biggest 2!°!7 period.

Geometry

Particle transport simulation is limited by the
geometrical description of the transport medium. The
real geometrical shapes of technical systems can be
described by planes and second-order surfaces, as in
PENGEOM from PENELOPE, MCNP, RFG [28] that
include programs for 2-D and 3-D visualization. For
describing patient geometry, standard shapes are usu-
ally applied. This is only a crude approximation, be-
cause it is a version of the technical description of pa-
tient geometry. The most accurate way of describing
patient geometry is by means of CT data [29]. CT data
permit 3-D transport simulation, including the varia-
tion of tissue densities and compositions. Using the
same proton transport model, we have developed two
versions of the SRNA program. The first version of
our code uses RFG or PENGEOM (from PENELOPE)
programs as geometrical modules. The second,
voxelized version, is adjusted to the use of CT data and
GEMVOX, with our routine heightened speed calcu-
lation to estimate the distance from the position of the
proton inside the voxel to its nearest plane.

Conversion of Hounsfield's
number to density

The dimensions and number of voxels, along
with the Hounsfield number, are the basis for the prep-
aration of simulation data. The main problems of de-
termining the density and elemental composition of
patient tissue on the basis of CT data are described

here. In our model, in order to spare computer mem-
ory, the intervals of the Hounsfield number are
associated with elemental tissue composition and its
density.

With the help of the DICOM standard, we were
able to distinguish Hounsfield's numbers and to con-
vert them into an integer matrix MH (4, /, k), where (i, /,
k) are the indices of the voxel. Their contents, pre-
sented on the screen, enable us to select, in as-possi-
ble-as natural way, the types of tissue that surround a
tumor, as well as the Hounsfield numbers that corre-
spond to them. In tissues selected in such a manner, we
join the density and limits around the mean values of
the Hounsfield number from the (4, H} , ) interval.
Using this approach, the data in tab. 1 were created.
For better simulation, the preparation of CT parame-
ters is reduced to the conversion of the density of each
voxel to the matrix MG, (i,/, k) = 10000 p, [MH (i, /, k)]
for each single tissue (material) from L to N. Without
repetition, we have managed to enable transition prob-
abilities and other constants necessary for the simula-
tion of all materials of interest. Each of the materials
gets its identification, 10000 p,, by which we recog-
nize the type of material constituting the voxel. Then,
with the help of anatomical pictures, we have found
that for the same tissue material, we have come up with
different Hounsfield numbers and that these tissues
have retained their natural elementary structure and
density. In cases such as these, our program treats the
same materials of different densities as different mate-
rials.

Proton sources

In SRNA codes, proton sources are in the form of
beams of circular and rectangular cross sections. The
beams can be rotated in 4r around the irradiated ob-
ject. For the purpose of accelerator simulations, it is
possible to obtain phase-space files of particles on the
reference surface. These files, produced by the SRNA
code, contain proton energy, position and direction
data in each of the lines and can be used as proton
sources.

Installations for the production of proton
beams are spatially and geometrically complex. The
part of the installation which is used to adjust the
beam to the tumor has a number of elements through
which the protons that enter the tumor receive the
desired spectrum. To meet these requirements
SRNA-VOX has routines that prepare the output file
with the states of protons that reach the selected sur-
face of the irradiated tissue. For all 3-D simulations
of the dose delivered to the tumor ISTAR proton
source includes the possibility of modulating the
beam energy by passing through an appropriate de-
grade energy as well as to modulate the intensity and
the direction of the beam.
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Table 1. Intervals of the Hounsfield number with average densities and tissue comlj)osition, according to available data

given by Schneider et al: Mat — tissue; H,q — Hounsfield number, r — density [gcm

Mat Hyg r H C N 0 P C,
1 -950 Air
2 —741 0.26 10.3 10.5 3.1 74.3 0.2
3 -98 0.93 11.6 68.1 0.2 19.8
4 77 0.95 114 59.8 0.7 27.8
5 =55 0.97 11.2 51.7 1.3 35.5
6 -49 0.98 11.5 64.4 0.7 23.1
7 -22 1.00 11.0 52.9 2.1 33.5 0.1
8 -1 1.02 10.6 332 3.0 52.8 0.1
9 11 1.03 10.5 41.4 3.4 43.9 0.1
10 23 1.03 10.6 11.5 2.2 75.1 0.1 0.5
11 42 1.05 10.4 11.9 2.4 74.5 0.1 0.7
12 102 1.10 9.6 9.9 2.2 74.4 2.2
13 385 1.25 7.8 31.6 3.7 43.8 4.0 8.5
14 466 1.30 7.3 26.5 3.6 47.3 4.8 9.8
15 586 1.36 6.9 36.6 2.7 34.7 5.9 12.8
16 657 1.41 6.4 26.3 3.9 43.6 6.0 13.1
17 742 1.46 6.0 25.0 3.9 43.5 6.6 14.3
18 843 1.52 5.6 23.5 4.0 43.4 7.2 15.6
19 999 1.61 5.0 21.2 4.0 43.5 8.1 17.6
20 1113 1.68 4.6 19.9 4.1 43.5 8.6 18.7
21 1500 1.75 4.2 20.4 3.8 41.5 9.3 20.2

The number of protons from the source deter-
mines the final accuracy of simulation results. In cases
of middle and low density tissue irradiation, more than
10? proton histories are needed. For the random num-
ber generators implemented on 32-bit computers, 10°
is approximately the maximal ammount of the
uncorrelated numbers that can be provided. The
SRNA program can simulate a source with a higher
numbers of protons than the restrictions prescribe.
These sequences of simulation conditions correspond
to the central limit theorem on the basis that it deter-
mines accuracy. When the requested accuracy is
achieved in a part of the tumor, all relevant data and the
required number of protons from previous simulations
are applied to the next simulation Rather than being a
source of the integer, the actual number of protons is
divided into a large number of sequences so that, after
the conversion to a whole number of protons, SRNA
can perform the requested simulation. This problem is
not present when using 64 bit computers.

Scoring grid and precision
of simulation

In both versions of the SRNA code, a grid of
rectangular elemental volumes for energy deposition
scoring [MeVkg '] is used. If CT data are applied to
the simulation, the grid is coincident with that of CT
voxels. On the other hand, the same grid is also used
for the precise determination of energy deposition.
Our SRNA code calculates the precision of simula-
tions for each material zone or appropriate separate

parts of these zones. It permits us to carry out a precise
estimation of the deposited energy x; with regards to
each elemental volume or groups of volumes. During
the simulation, the values of Zx; and le-z are scored for
each voxel or groups of elemental volumes. At the end
ofthe simulation, precision is calculated using the said
two obtained values. The variance of the population of
x values is a measure of the spread within these values
and theiis given in formulae o> = E(x)—[E(x)]*. The
square root of variance o is the so-called standard de-
viation of population scores. As with E(x), o is seldom
known, but can be estimated by Monte Carlo as S,
given by | N
2 =32

S s g: (x; =X)

The details of the application of the cited for-
mula are omitted in literature, while label N is used to
treat a full range of summations of the random size. A
specific feature of the SRNA as well as the
PENELOPE code is the usage of series of proton
batches that allows correct application of the Central
Limit Theorem for assessing accuracy.

NUMERICAL EXPERIMENTS AND
MEASUREMENTS

Due to the limitations of cross section data for in-
elastic nuclear interactions and available simulation
data obtained by other codes, our numerical experi-
ments pertain to water and tissue. The results of these
numerical experiments for initial proton energies, in the
energy interval from 25 to 250 MeV, are presented here.
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Interesting numerical experiments have been carried
out utilizing the SRNA code in connection to the use of
the Multi-Layer Faraday Cup for the measurement of
proton beam energy spectra. The results of the distribu-
tion of the proton absorbed dose in the human eye simu-
lated by the SRNA code were published at the Bologna
QUADOS 2003 Intercomparison [30]. The feasibility
of positron emission tomography of dose distribution in
proton beam cancer therapy was investigated at the
Brookhaven National Laboratory, using a modified
SRNA-2KG code. Proton depth-dose distribution, ver-
tical and horizontal dose profiles in water measurement
and simulation by the SRNA code performed at the In-
stitute for Nuclear Research, Russian Academy of Sci-
ences, are in good agreement. These results are subse-
quently described in detail. The most interesting
numerical experiments with protons were performed in
voxelized geometry using patient CT data.

Homogeneous phantom

The homogeneous phantom, usually water or tis-
sue equivalent, is dominated by the measurements of
the spatial dose distribution of protons and unduly
modest in simulations of other materials. For the veri-
fication of this model of proton transport, it was neces-
sary to compare the results of simulations and mea-
surements. The results of the SRNA-2KG code for the
homogeneous water phantom are compared with the
results of PETRA and GEANT codes from our model
and PETRA models in treating inelastic nuclear inter-
actions. When, in the SRNA code, the transport of sec-
ondary protons is excluded, the results of PETRA and
PTRAN are coincident with our results. The results of
the full model are shown in fig. 4 for 26.4 MeV proton
energy in a homogeneous water phantom.

The real picture of deposited energy changes
along the depth and arrow of the Bragg peak requires a
low-energy cutoff. For this reason, the cutoff energy in
SRNA codes is nominally set to less than 1 MeV, de-
pending on the proton energy input. This result is
shown in fig. 5. The maximum of the Bragg peak ap-
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Figure 5. Monte Carlo simulation of depth-dose
distribution in water for 250 MeV proton beams

pears at a depth that agrees with the theoretical proton
range. It shows that the model of proton passage is cor-
rect. At energies less than 100 MeV, the influence of
inelastic nuclear interactions is small, hence their ef-
fectis not visible. As pointed out previously, these re-
actions, although rare, have a significant influence on
the deposited energy distribution. Their increasing in-
fluence can be seen in fig. 5, where the results for pro-
ton beam energy of 250 MeV in a water phantom, ob-
tained by SRNA-2KG, SRNA-2K4, GEANT, and
PETRA codes, are presented. These results illustrate
the applicability of our code for higher proton ener-
gies. It should be mentioned that the variations of
curves for shallower depths in fig. 5 are a result of
compound nucleus decay. With the increase in depth,
this effect decreases, due to an increase in ionization
losses.

Multi-layer Faraday cup experiments

The quality and reproducibility of the proton
beam is of great importance in proton therapy. In order
to achieve the desired dosimetric precision, the beam
must be calibrated with respect to the predetermined
initial energy and acceptable energy spread. At the In-
diana University Cyclotron Facility, a multi-layered
Faraday cup (MLFC) was used to characterize the pro-
ton beam of the accelerator. In this project, the Monte
Carlo simulation, using SRIM, SRNA-2KG and
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Figure 6. Number of protons stopped simulated by Monte Carlo simulation, measured by the multi-layered Faraday cup

with a 205 MeV proton beam

GEANT3 codes, provided data which were then com-
pared with the actual measurement data. MFLC counts
the number of protons stopping in each of its many
conducting layers by measuring the proton current of
each layer. Figure 6 shows the simulated and measured
data for 205 MeV proton energy with different
spreads. The MLFC will resolve energy spreads in or-
der of 900 keV, proving useful in determining the ini-
tial beam energy to within £100 keV.

Absorbed dose in human eye
proton therapy

The European Commission and Italian ENEA
have, with the support of OECD, organized an
intercomparison workshop of computational tools
used in radiation dosimetry (QUADOS), because of
the importance of quality control of computational
tools used in radiation dosimetry. The expertise of
numerical dosimetry is applied to health physics and
clinical dosimetry studies, defined by special agree-
ments with other institutions and hospitals included
in the project. ENEA has always upheld the opinion
that numerical dosimetry and Monte Carlo tech-
niques should play a key role in dosimetry and radia-
tion protection. The programs included in the said
intercomparison project were: MCNP 2.4 (Los
Alamos  National Laboratory), MARS 14
(FermiLab), SRNA (Vinca Institute of Nuclear Sci-
ences), and FLUKA 2002 (Politecnico di Milano).
Within the project, the benchmark case -problem No
P3 has set up the calculation of the deposited dose
from two proton beams: the first one being 50 MeV
monoenergetic, while the second one with specific
energy spectrum of a spread-out bragg peak within
the range from 40 MeV to 50 MeV [30]. The proton

beam is easily obtained with a small accelerator. In
these conditions, using the SRNA-VOX with voxel
dimensions 0.5 cm x 0.5 cm x 0.5 c¢cm, we get a result
with a statistical error better than 1.5% for the model
of the human eye, as shown in fig. 7 and for the spec-
trum of protons in fig. 8.

Proton beam Compensator Water phantom (eye)
10 mm
e
- 24 mm / E
= 1 mm D
— l S
> 12 mm
e
v
- >
3mm

Figure 7. QUADOS model of human eye

Inhomogeneous and voxelized geometries

Preliminary results obtained by the SRNA code
are the basis of our attempt to simulate proton dose dis-
tribution in real patient geometry by using CT data
with pixel dimensions equaling 0.81 cm x 0.81 cm and
slice thickness of 0.5 cm. We have supposed that some
tumors lie in the eye base. In simulation, this kind of
eye tumor was irradiated with a 65 MeV proton beam
with a circular cross-section with a radius of 1.2 cm.
This simulation is performed with 100000 incident
protons and tissue data pertaining to the 21 “materials”
from tab. 1. Deposited energy distributions in patient
slices, obtained by the SRNA code, are presented in
fig. 9.
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Figure 9. Deposited energy in eye slices normalized at maximum values of each slice obtained by the SRNA code by
voxelized geometry on the basis of CT data and tissue data from tab. 1

Positron emitter distribution simulation
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During proton therapy, positron emitters are cre- b

ated in the tissue (for instance, !'C, >N, 1°0) in inelas-
tic nuclear interactions. The verification of the therapy
can be achieved by comparing the PET image de-
scending the positron activity distribution with the
predicted target dose distribution used to plan the
treatment? For feasibility estimation purposes, at the
Brookhaven National Laboratory, the SRNA-2KG
program was modified by the inclusion of positron 150
emitter cros-sections, and then, their spatial distribu- 100
tion within the tissue was simulated at a 250 MeV pro-
ton beam with a2 mm diameter as illustrated in fig. 10.
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The vertical and horizontal depth-dose distribu-

tion in water was measured on proton beams at the Insti-

tute of Nuclear Research of the Russian Academy of The Bragg peak coincided within a margin of 0.5 mm,
Sciences (fig. 11) and simulated by the Monte Carlo the measured proton range was 163 + 0.5 mm and mean
technique using SRNA and TRIM codes with voxels proton energy equaled 153.0 + 0.3 MeV. This is very
sized 5 mm x 5 mm x 5 mm [27]. The initial proton en- close to the SRNA-simulated value of 153.3 MeV. The
ergy equaled 158.6 MeV. Depth-dose distribution was measured horizontal and vertical dose profiles were in

measured by an IC-10 chamber and diamond detector. reasonable or good agreement with the simulated data.
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Figure 11. Cross-section of the INR (Troitck, Russia) proton beam
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(right)

ISTAR - proton dose planning software

For the past few years, the attention of medical
physicists has focused on possible applications of
Monte Carlo techniques in radiotherapy planning in
general and, more specifically, proton therapy. In clin-
ical practice, available anatomy imaging techniques
are nearing the desirable geometric resolution for the
definition of tumor shapes and dimensions, necessary
for therapy planning. Such trends lead to the solution
of two important problems of proton therapy planning:
(1) the development of a Monte Carlo proton transport
numerical engine capable of producing a therapy plan
in acceptable time and, (2) development of on-line
clinical procedures comprising all steps necessary for
proper patient treatment. The capabilities of ISTAR
software in solving the first of the two problems are
presented next.

It is assumed that the location of the tumor is de-
fined with sufficient precision by the CT image. Irradi-
ation planning begins with the selection of the tumor
region within a rectangular box. The selected region is
defined by the indices of the first and last CT slice in
the longitudinal (Z) direction and by marking the area
in the transversal (X-Y) plane. The position of the
beam center, defining the position of the proton beam
axis, should be selected at this step.

Following this, a database User Set for proton
beams (mean energy and type of distribution, direction

ISTAR - Proton dose planning software
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Figure 12. View of the proton dose planning menu

of emission, circular or square cross-sections of the
beam, number of protons needed for the database, efc.
are devised, as shown in fig. 12.

Using transition probabilities for all tissue types
presented in tab. 1, prepared in advance with the
SRNADAT code and the files created by ISTAR, the
Monte Carlo simulation starts the execution of the
SRNA-VOX code. Using the said data, as well as the
Srna.inp file and the Hound.dat file, (converted from
the Hound.txt for the actual tissue material), the simu-
lation of the proton transport begins. After the simula-
tion is completed, several useful output files are avail-
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able. Redose.txt contains the number of slices and X/Y
axis pixels, followed by the values of the absorbed
dose in each voxel. After returning to ISTAR, the val-
ues of the absorbed proton dose are displayed over the
CTsliceimage. These values can be normalized, either
to the maximum value in a single slice or to the maxi-
mal value over the entire irradiated region. Im-
age-viewing commands include transparency (blend-
ing) intensity control. The code also allows the
selection of different palettes for the display of various
isodose levels. The capabilities of the ISTAR proton
dose planning software cover the following two exam-
ples: the eye uveal melanoma and that of breast tumor.

Eye dose distribution

The CT of the patient's head with voxel dimen-
sions of 0.5 cm x 0.045 cm x 0.045 cm was used. The
melanoma was assumed to be at the bottom of the eye,
spherically shaped, with a radius of 0.8 cm. Using
ISTAR software, a therapy plan was made using a 1 cm
radius of a cylindrical proton beam with a mean energy
of 50 MeV and a Gaussian energy spectrum with a
spread of 1.2 MeV. The simulation was performed with
10° proton histories. Figure 13 shows the proton dose
distribution on a slice in the equatorial plane of the eye.

Breast dose distribution

As asecond example, a CT image of a breast with
voxel dimensions of 0.5 cm x 0.0732 cm x 0.0732 cm
was chosen. A therapy plan with a cylindrical proton
beam of a 1.2 cm radius and Gaussian energy spectrum

(E= 65MeV, energy spread 1.2 MeV), and 10° protons
in the beam is presented. The resulting proton dose dis-
tribution is displayed in fig. 13.

CONCLUSIONS

A model of the Monte Carlo SRNA code is de-
scribed here, alongside representative numerical ex-
periments. The results of these experiments, in good
agreement with the results of several well-known
codes, show the validity of the SRNA model of proton
transport simulation. In the energy range of up to
26.4 MeV, inelastic nuclear interactions may be ne-
glected; in the range of up to 66 MeV, the mentioned
reactions should be considered for further rigorous
simulation, while above 66 MeV, inelastic nuclear in-
teractions must be included into the simulation. Nu-
merical experiments by the SRNA, GEANT,
SHIELD-HIT, and PETRA codes and measurements
with the MLFC at IUCF, Indiana, USA, and INR,
RAN, Troitck, Russia, show that our code is a very
good and simple tool for testing the nuclear interaction
model and that each Monte Carlo code to be used in
charged particle therapy should pass these tests. These
experiments prove the correctness of programs used in
the SRNA Monte Carlo model for proton transport
simulations with energies from 0.1 MeV to 250 MeV.
According to existing trends in the development of
therapy planning tools based on the Monte Carlo tech-
nique, we can expect the expansion of cross section
data. The developed ISTAR software engine and in-
cluded numerical illustrations show the feasibility of
the use of our software in clinical practice.

Figure 13. Dose distribution, equatorial eye plane, simulated by the SRNA-VOX code using 50 MeV protons with a
1.2 MeV energy spread; the isodoses equal values of 20%, 60%, 80%, and 100 % of the dose maximum (left); Dose
distribution in mammography of the central beam plane simulated by the SRNA-VOX code using 65 MeV protons with
a 1.5 MeV energy spread; the isodoses equal the values of 20%, 60%, 80 and 100 % of the dose maximum (right)
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Paporan [1. UJINh

MOHTE KAPJO IMPOI'PAM SRNA-VOX 3A ITPOTOHCKY TEPAIINIY

Hajmohnnmja kapakrtepuctnka Monte Kapmo mertopme je MoryhHOCT cuMmysainuje cBake
nojeuHaYHe MHTEPaKIUje YeCTULA Y TPU JUMEH31je U MOTYhHOCT Jla ce HyMePUUKH €KCIIEPUMEHT 00aBHU ca
yHampeq 3agaToM rpeimkoM. OBe uMmeHHIE cy Omie MOTUBaIyja 3a pa3Boj Monte Kapno nporpama
onmte HameHe SRNA 3a cuMmynanujy TpaHCIOpTa IPOTOHA y TEXHUYKUM CHUCTEMUMA OIMCAHUM
CTaHfIapJJHAUM FreOMETPHjCKUM obaunumMa (paBHu, cepa, Kyna, Bajbak, Konka). Heke o ob6aactu npumeHe
nporpama SRNA cy: (a) onmru mporpam 3a MOJIeJIOBalk-¢ MPOTOHCKOT TpaHcmopTa, (6) pa3Boj cucreMa
BobeHUX aklenepaTopuma, (B) CUMyJIanyja IpOTOHCKOT pacejarma H ierpajanyja ooInKa 1 KOMIIO3UIHja,
(r) ucTpaxkuBame IeTEeKTOpa MPOTOHA ¥ (1) 3alITHTa Of] 3paueHa akiejepaTopcke ncrananuje. lllupoko
MoJbe TIPUMEHE OBOT IMporpama 3axTeBajio je pa3Boj Bepauje mporpama SRNA-VOX 3a mopenoBame
TpaHCHOpTa MPOTOHA Y BOKCENN30BaHO] FeOMETPUjH, U Ha Kpajy pa3Boj makera ISTAR 3a nnanupame
IPOTOHCKE Tepamiuje 1 IpopavyH IPOCTOPHE paclofiesie EMIOHOBAHE EHepTuje y nanujeHTy Ha ocHoBy CT
nopaTtaka. CBH Iporpamu ¢y ClIOCOOHH 1a KOPUCTE TPOAUMEH3NOHAIHE N3BOPE IMPOTOHA A IPON3BOJEHIM
enepreTckuMm crnektpom y omcery ox 100 keV go 250 MeV. [Ipukaszanu cy pe3yiaraTé KOMIIaparmje
HYMEPHUUYKHUX €KCIepUMeHaTa OBHX mporpama ca nosHatum nporpamuma: GEANT, MCNP, PTRAN,
PETRA u pe3ynTatu u3BeJleHUX eKclepuMeHara y Bojehum maGopartopujama y cBeTy: BpykxeBeH
HarmoHanHoj abopartopuju (BNL), LHuknorponckoj nncrananuju Muaujana yausepsuteta (IUCF) n
HucTuTyTy 3a HyKJIeapHa ucTpakuBama Pycke akagemmje Hayka (INR RAS). OBum je mokaszano fa
Bep3uje nporpama SRNA omoryhaBajy pa3Boj nakeTa 3a IPUMEHY IPOTOHCKE Tepaluje Yy KIMHUYKO]
IpaKcH.

Kmwyune peuu: Monitie Kapao upozpam, 3-D zZeomettipuja, CT anaitiomuja tiayujenitia, ipotioncka 003a,
uaanuparbe iepaiiuje




