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Abstract.  We have developed a 3D dose calculation code for proton treatment
planning. In order to achieve a fast and accurate calculation in inhomogeneous matter
like a human body, the code employs the pencil beam algorithm where a broad thera-
peutic beam is decomposed into finite number of narrow beams before entering the in-
homogeneous material and the dose contributions from the individual beams are
summed up to reconstruct the dose distribution. Comparisons with detailed Monte
Carlo calculations showed good agreements in dose distributions while keeping the
manageable computational time for treatment planning.

1. Introduction

A proton beam has a sharper and better depth-dose characteristics than conventional X rays
and therefore it should be in particular effective for treatments where a very high precision is
required. As the proton treatment technique has been improving in dose delivery precision, it
is becoming of more importance to accurately calculate the delivered dose distribution in a
patient. The dose calculation program for this purpose must handle the beam modifying
devices in the treatment system and a patient. The functions of the devices should be appro-
priately modeled and the internal structure of a patient should be given by the planning CT
images.

The theory of physical interactions of a proton with matter has been well established
and therefore the Monte Carlo technique should be able to generally simulate therapeutic
proton beams. It is, however, not practical to apply the Monte Carlo method to clinical proton
treatment planning since it requires too heavy computations to handle even on a latest com-
puter system. Two important beam properties involved in the dose calculation are the
longitudinal depth-dose characteristics and the lateral beam spreading due to scattering. By
assuming that the medium is laterally uniform, which is called the infinite slab layer approxi-
mation, the beam shape can be represented by a few parameters which can be semi-
analytically calculated. However, this approximation is applicable only when the scattering
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effect in inhomogeneous matter is negligible though that is not the case for a large field
therapeutic beam in a patient. In other words, if the lateral beam size is small enough with
respect to the inhomogeneity, the infinite slab layer approximation should be a fair approxi-
mation. By decomposing a broad therapeutic beam into subbeams narrow enough to apply the
approximation before entering an inhomogeneous material, we can then calculate the dose
contribution from each subbeam at any point to reconstruct the dose distribution, which is
called the pencil beam algorithm. Since the scattering effect in a human body is typically a cm
or less which is smaller than the typical organ size, the pencil beam algorithm is therefore a
reasonable approach for a fast and accurate dose calculation required for treatment planning.

Efforts have been made to realize a fast and accurate 3D proton dose calculation
based on the pencil beam algorithm by Petti (1992), Hong et al. (1996), and Carlsson et al.
(1997), for example. Carlsson et al.’s work was focused on the behaviors of proton pencil
beams in water to generate a basic data set to be used in treatment plan optimization for the
beam scanning technique while the other two were intended to be used for treatment planning
like this work is. A notable difference between the present work and Petti’s or Hong ef al.’s is
found in algorithm as to how the pencil beams are generated and how the dose distribution is
calculated at each of the given points of interest (POI’s) in patient. In our “beam-oriented”
algorithm, multiple subbeams are generated not with respect to POI’s but rather independ-
ently with sufficient interval and number to cover the given irradiation field and then each
subbeam is transported into the human body which is represented by a set of voxels given by
the CT images. The dose contributions from a subbeam to the POI’s are then calculated and
added to reconstruct the dose distribution. On the other hand, in Petti’s or Hong’s “POI-
oriented” algorithm, about 100 subbeams are generated around each POI to calculate the dose
at that point and this procedure independently loops over all the POI’s. The advantage of the
beam-oriented algorithm is that it allows more detailed calculation in beam transport since the
number of beams is minimal. The disadvantage is that each of the generated beams has to be
associated with the POI’s around the beam path out of the large number of POI’s distributed in
3D space, which requires a smart algorithm to minimize the computations.

This work is intended to provide a reasonably fast and reasonably accurate dose
calculation tool for clinical treatment planning for conventional irradiation systems, for which
the wobbler-scatterer method is currently in our scope as a primary option for the beam
spreading system. In this paper, we present the algorithm, the physical models, and the evalu-
ated performance of the program in comparison with detailed Monte Carlo calculations.

2. Materials and Methods

2.1. Algorithm and modeling of the devices

The program employs a straightforward algorithm in such a way that a beam is tracked from
upstream down toward the patient. The beam is defined as a bundle of particles and is
characterized by beam direction, number of particles or fluence F, mean kinetic energy E,
range straggling ox and three parameters to describe the lateral beam spread, namely, spatial
variance V., angular variance Vg and covariance Vg where the angular and the spatial
spreads are approximated by Gaussian distribution functions. Those beam parameters are
modified by physical interactions as later described in the text together with their definitions.
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2.1.1. Range Modulator

A range modulating device such as a ridge filter is modeled as a variable thickness flat de-
grader. The modulation is simulated by superposing repeatedly calculated dose distributions
with various degrader thickness and irradiation weight, which specify the device shape in the
case of a ridge filter. The number of modulation steps may be minimized by considering the
range straggling or by introducing some additional beam energy spread, in order to reduce
calculation time.

2.1.2. Scatterers/degraders

The upper part of the irradiation system is assumed to be laterally uniform and the scatterers,
the degraders, and air gaps in between are modeled as a 1-dimensional stack of materials
through which we transport a single beam down until the beam meets the device which has
some lateral structure. The scatterers/degraders have material parameters necessary to calcu-
late physical interactions of the beam in matter, which are density p, average atomic-mass
number ratio Z/4, mean excitation energy /, radiation length Xj, and nuclear interaction length
at high energy A,. Parameters p, Z/4, and [ for various materials are given by ICRU (1984) and
X, and A, are given by Barnett et al. (1996) or are calculated according to the instructions
given in the references.

2.1.3. Subbeam generation and wobbler system

The beam wobbling is approximated by a simple angular bending in a circular direction at a
fixed height and is analytically included in the subbeam generation part of the code. That is, at
the plane where lateral inhomogeneity begins, we decompose the parent beam into finite
number of subbeams with infinitesimal spatial spread. The plane is divided into up to about
100x100 mesh-like pixels and we define a subbeam at center of each pixel. The subbeams
directly inherit the properties of beam energy F and range straggling ok from the parent beam
and the other subbeam parameters (marked by a prime) are analytically given by (Tomura
1997);
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where the parameters without a prime are ones for the parent beam, /; = Li(r 7/ V) is given by
the -th order modified Bessel function, » = \(x’+)?) is the distance to the parent beam axis
from the pixel, & and &, are subbeam intervals, 8y and ryy are the wobbling angle and radius at
the plane, respectively, and 8’ is the subbeam angle measured from the parent beam axis to
determine the subbeam direction. We define the spatial variance V..’ and the covariance V'
for the subbeam as;
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where V.’ is to give the spread corresponding to the uniform distribution in the pixel and V4
is to preserve the beam divergence due to scattering since Vi./V.g corresponds to the mean
distance to the scatterers distributed in the beam line. The subbeams are then transported
independently through materials downward.

2.1.4. Compensator

Range compensators or boluses may be put in the beam line which are modeled as sets of
mesh-like pixels with material thickness given to each pixel. For each of the subbeams, the
compensator just behaves as a flat degrader with thickness defined at the pixel though which
the beam passes, because of the infinite slab layer approximation.

2.1.5. Collimator

A beam collimator is defined by mesh-like pixels in a plane to represent the 2-dimensional
collimator shape. A beam which hits a collimator pixel with “open” state will pass though the
collimator and otherwise the beam is killed immediately. In this model, we ignore the thick-
ness of the collimator and hence also the particles scattered by the edges of the collimator.
Only the final collimator can be included while the other upstream ones are ignored. In a case
where subbeams are generated before the collimator due to presence of a compensator up-
stream of the collimator, for example, a special corrective action to the beam spatial spread is
applied. The parameter to give the beam size V.’ is kept minimized until the beam comes
down to the collimator plane. This is to enable the sharp cut-off at the collimator edges in
order to correctly reproduce lateral penumbra, though the effect is very small in practice since
the compensator is usually located very close to the collimator. In a usual case where the
collimator is the first device with lateral structure, the subbeam pixels and the collimator
pixels may be identically defined in the same plane.

2.1.6. Patient

A patient is modeled as a set of voxels of variable density water. The density of each voxel is
derived from planning CT data so as to give the correct stopping power for therapeutic pro-
tons. The errors in scattering effect and nuclear effect due to this approximation are expected
to be negligibly small in a typical treatment (Matsufuji 1997). Averaging of and/or interpola-
tion from the CT data may be necessary to define voxels with the optimum size which may be
a few mm in all three directions for a conventional large field irradiation. For simplicity of the
code, a POI is defined at the center of each voxel, where dose value is calculated to construct
3D dose distribution. The dose value at a POI located at depth z along the beam and lateral
distance r from the beam axis, D(z,7), is then given by a simple Gaussian spreading of the
linear energy transfer (LET) L which is the mean absorbed energy per unit length along the
beam, as;

2
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The derivation of L is explained in the next subsection. Since we are not usually interested in
fine structure of dose distribution within a voxel, we apply a limitation to Vi, by;
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where wy, w,, and w; are the voxel widths and unit vector (u,u,,u;) represents the beam direc-
tion in the patient coordinate system. The right hand side term replaces V,, when V., is smaller
than that to calculate smeared dose instead of the point dose at the POL

Since parameters L and V., are calculated sparsely at the transport steps, we apply the
interpolation technique to obtain the value at the arbitrary depth. The dose at every POI is
ideally calculated by summing up contributions from all the beams though it will be a very
time-consuming computation to take all the combinations of the POI’s and the beams. By
ignoring the tail part of the Gaussian distribution beyond 3 standard deviations, we can restrict
the region to look for the POI’s to be associated to each beam and hence the combinations
have been minimized. In the case of example 2 presented later in the text, which may be a
typical example for treatment planning, about the same amount of CPU time was spent in the
dose distributing part and in the beam transport part while the remaining overhead was negli-
gible.

2.2. Modeling of physical interactions

2.2.1. Ionization energy loss

The mean energy loss rate per unit path length, or the stopping power S, for charged particles
in matter due to ionization processes is given by the Bethe-Bloch formula (ICRU 1993). Ina
simplified form with such an approximation that the proton mass is much heavier than the
electron mass and ignoring all the higher order corrections, we can write the formula as;

5
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where fis the proton velocity in unit of speed of light. As to the units, MeV for energy, cm for
length, and g/cm’ for density are used unless noted, throughout this report. The higher order
correction terms are usually very small and even much smaller than the error coming from the
uncertainty of parameter / and hence are ignored. The proton range in water calculated by this
formulation agrees with the fully corrected proton range table in the reference within 0.15 mm
for incident kinetic energy everywhere up to 250 MeV. The relation between the proton
kinetic energy £ and the depth z is given by integrating this equation. In practice, the integra-
tion is done only once for water as the medium and values are stored in a table to associate
kinetic energy E and water equivalent depth ¢ which is defined by;

9= Si(é?) @, ©

where S, is the stopping power for protons virtually passing through water with the given
velocity. By numerically calculating ¢ along the beam path, we can therefore obtain £ at any
depth by interpolation of the £~ table.

Energy spread due to fluctuation of the energy loss processes in thick material is well
approximated by a Gaussian distribution (Fano 1964). Ignoring all the small higher order
terms, the standard deviation of the Gaussian energy spread is given by;
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2
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In practice, the integration is numerically performed step by step as depth and we convert the
energy spread at the fixed position into the position spread in water equivalent depth at the
fixed energy or so-called range straggling as;
2
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where prefix 4 represents the increase of the variable in the integration step.

The linear energy transfer from a proton L, is then given by a convolution of the
stopping power and the Gaussian function with standard deviation given by the range strag-
gling, as;

Slz)-<¢lz' ? 2V
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The histogram in figure 1 shows the derived L, in water for one proton with 250 MeV incident
kinetic energy while the open circles show the stopping power plotted at every mm before
convolution of the straggling effect.

2.2.2. Inelastic Nuclear Interaction

A proton occasionally encounters the inelastic nuclear interaction with a nucleus in the me-
dium, where a considerable part of the proton’s kinetic energy is spent to destroy the nucleus
and/or to generate secondary particles. In such cases, the charged secondary particles includ-
ing the interacted proton are absorbed either immediately or in much shorter distance than the
proton’s original residual range. Neutrons and photons in the secondary particles usually
escape far away from the interaction point and hence their total energy together with some
spent for nuclear fission is seen as a missing energy. We included the effect of this phenome-
non into LET calculation by a simple model.

For proton fluence reduction in water due to absorption, we employed the simplest
fit to the experimental data by Lee et al. (1993), where the fluence linearly decreases as depth,
and extended the model to other less important materials by scaling by nuclear interaction
length at high energy. In a differential form, the proton fluence is given by;

aF 0012 A,
a2 Tro0(R-0 2,

(13)

where R is the proton range in water for the given incident energy, R—¢ is hence the residual
range, and Ay, is the nuclear interaction length of water.

The dose contribution from secondary particles is formulated by the simplest model
where a fixed energy escapes or is spent in the inelastic process and the rest of the energy is
absorbed locally. The local energy deposition approximation is to assume that the proton and
the charged secondary particles stop immediately after the interaction. The error from the
approximation is expected to be large at material boundaries where density drastically
changes such as body surface but relatively small in deeper region in body. In addition, the
secondary particles should have less kinetic energy to move in the deeper region, which also
justifies the approximation for therapeutic applications. We fitted the escaping energy to be
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45 MeV to best reproduce the LET plots given in reference Carlsson et al. (1997) which were
from model calculations based on the data from Seltzer (1993). The LET considering the
inelastic nuclear interactions is then given by;

~dF

4

L=F-L,+ (E-45). (14)
Figure 2 shows how the inelastic nuclear interaction is included in LET calculation in the code,
where the solid, dashed, and dotted histograms represent the proton LET in water without the
effect, one with the proton absorption effect, and one also with the contribution from the
secondary particles, respectively, all normalized to one incident proton with kinetic energy of
250 MeV.

2.2.3. Multiple scattering

The multiple scattering of a charged particle in atomic Coulomb field is well represented by
the Moliére theory (Scott 1963) but the theory requires too complicated calculations to be
used for this application. We therefore adopted the empirical approach to approximate the
scattering angle by a Gaussian distribution with standard deviation given by the improved
Highland formula, which was proposed by Lynch and Dahl (1991);

2
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where p is the proton momentum in MeV/c and V¥ gy corresponds to the standard deviation of
the distribution of the particle angle with respect to the beam axis projected to one lateral axis.
These integrations are numerically performed in practice, reflecting the proton energy
changes to p and f. The beam transport step 4z is determined as the step which changes the
kinetic energy relatively by 10% but no smaller than 0.1 mm, under such a constraint that the
step should not exceed the boundary of different materials. In order to correct the small
changes of p and £ in each step, we made the following corrections in the stepwise calcula-

tions;
1 ( SAz) 1
P 1+— _ 16
7 - 25) 3 (16)
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where fand p in right hand sides are calculated at the beginning of each step by their defini-
tions from the proton mass and the given kinetic energy. These correction formulae are de-
rived from the approximations such that S is inversely proportional to /4, that E is much
smaller than the proton mass, and that SA4z is much smaller than E. For example, the error in
spatial spread of 250 MeV pencil beam in water due to the step size defined above amounted
+0.3% compared to a very short step sized calculation, while, without the corrections, the
error amounted —-4.5%. Another small correction is applied to path length calculations since,
due to angular spread, the average path length of the protons in a step is different from the step
size which is the straight path along the beam. Except for the beam transport itself, the cor-
rected step size is therefore used to all the calculations of the beam parameters, which is given
by;
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Az > (1+V49)Az. (18)

This detour correction is derived from the average of the detour factor 1/cos@ with the small
angle approximation, where the particle angle @ is given by the Gaussian distribution with
standard deviation \f(2 Vag). Since the detour correction itself is in fact very small for a proton
beam, we ignored the radial dependence of the detour correction.

The angular deflections are then converted to the spatial displacement as the particle
moves. The Fermi-Eyges theory extended by Brahme ef al. (1981) gives how to transport the
beam to obtain the spatial spread. Defining the mean scattering power T in the beam transport
step 4z by;

AVgy
T= , 19
Az (19)
the covariance Vg is given by the numerical integration of;
T 2

AV g =VgelAz + —2—(Az) , (20

and the spatial variance ¥, is similarly given by the numerical integration of}
2 T 3
AV, =2V, gz +Vge(Az) +~3—(Az) . 21

2.3. Comparisons with Monte Carlo calculations

2.3.1. Monte Carlo program GEANT

We evaluated the performance of the code by comparing with Monte Carlo calculations where
behaviors of individual particles are tracked down as precisely as possible and hence the
systematic errors coming from the various approximations are minimized. For this purpose,
we used GEANT version 3.21 for availability, reliability, and applicability to general particle
simulations, which was originally developed for Particle Physics experiments (CERN 1994).
Except for the hadron cutoff energy in water which we set to 1 MeV, we ran GEANT with
options given by default, which means that the Bethe-Bloch formula with Landau’s fluctua-
tion theory for ionization loss, GHEISHA package (Fesefeldt 1985) for hadronic interactions,
and the Moliére theory for the multiple scattering, are used. However, a part of the GEANT
code was modified for our purpose. Since GEANT lacks the capability to correctly implement
chemical compounds for materials, water is usually defined by a mixture of hydrogen atoms
and oxygen atoms. This treatment is causing an error to the stopping power by up to several
percent-since parameter / in the Bethe-Bloch formula is a chemical property. Therefore we
defined water as a non-compound material and made a temporary hardwired modification to
subroutine GDRELX to use user-defined value for parameter / for water to reproduce the
range data by ICRU (1993) for 150 MeV proton.

In the following examples, we will demonstrate the performance of our code in terms
of precision and speed in comparison with GEANT. The speed was measured by the elapsed
time of PA8000 160 MHz CPU on Hewlett Packard C160 UNIX workstation which we
currently plan to use for the near future medical facilities. It is noted that GEANT is not a
program optimized for treatment planning and therefore the speed comparisons in this report
do not quantitatively evaluate the Monte Carlo approach for treatment planning in general.
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2.3.2. Example 1: a pencil beam in water

We first tested the code in the simplest case. A 150 MeV proton beam was incident into water
and we calculated 3D dose distribution with POI’s distributed at every 0.5 mm in x and y
directions and every 1 mm in z direction in the pencil beam code. In GEANT, a volume of
water was divided into 1 mm thick slices along the beam direction and the energy depositions
from 10000 incident protons and secondary particles were accumulated in a 2-dimensional
histogram by depth and by radius, utilizing the axial symmetry of the geometry. The longitu-
dinal division of the volume was necessary to correctly count the deposited energy in the
depth bins.

The computational time amounted much less than a second for the pencil beam
calculation and about 10 minutes for GEANT. Figure 3 shows the LET normalized to one
proton, reconstructed from the 3D dose distribution, where the solid and the dashed histo-
grams are from the pencil beam and the GEANT calculations, respectively. The disagreement
amounted typically a few percent of the peak LET and, at peak, GEANT gives smaller LET by
several percent which was the maximum deviation. The isodose plots in z-x plane are pre-
sented in figure 4, where isodose lines are plotted at every 10% of the Bragg peak dose. These
isodose plots look quite similar but are not able to show the tails below the 10% line. Figure 5
show the lateral dose profile at the depth of Bragg peak. Due to the limitation of the Gaussian
approximation with the tail cut off in the pencil beam code, the disagreement in the tail region
is in a relative sense large but is very small in absolute value.

2.3.3. Example 2: a spreaded beam in patient

We also tested the code for a typical treatment case, which means that a pencil beam is fed into
the irradiation system, where the beam is spreaded and collimated, and applied to a patient. A
150 MeV proton beam was incident into the irradiation system, for which we put a wobbler
system to give 25 mrad bending at 289 c¢m, a 0.67 mm thick lead scatterer at 252 cm, 2 2 cm
thick lucite degrader at 200 cm, a 10 cm diameter ring collimator at 22.5 cm, and a patient
with a flat body surface located 10 cm below the collimator’s bottom surface. The patient was
modeled by a water phantom, in which we put a cylinder of double density water
(p=2 g/em’) in the region of depth in body 1 to 3 cm and radius 2 to 3 cm, as an example of
inhomogeneity. In the pencil beam calculation, 64x64 subbeams with 1.5625 mm interval in
two lateral directions were generated at the collimator plane and n/4 ~ 80% of them were
transported into the 20x20x20 cm® patient volume consisting of 10° 2x2x2 mm® voxels of
water for each of which a POI was assigned at the center and the density was doubled if the
POI was in the cylindrical region. On the other hand, in GEANT, one million of 150 MeV
protons were fed into the irradiation system and the patient was modeled by water with a
cylinder of double density water put in it, all divided along the beam axis at every 2 mm.

For the 3D dose calculation, the pencil beam code took 22 seconds while GEANT
took about 1.5 hours. Figure 6 shows the isodose plots as functions of radius from the beam
center and depth in body, where the hatched area corresponds to the double density cylindrical
region. The overall shapes look quite similar though GEANT suffers from poor statistics at
small radius. In order to see the details, we made slices of these plots along depth as in figure
7. The slices were made right on the double density region (» = 2.5 cm) for the top plot, at
boundary (» = 3 cm) for the middle plot, and away from the inhomogeneity ( = 4 cm) for the
bottom plot. Though the systematic dose difference at Bragg peak between the pencil beam
calculation and GEANT still remains in these plots as in the previous example, it is shown in
the top plot that the pencil beam code well reproduces the scattered component coming
around the double density region, which made the small second peak in the plot.
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3. Discussion

The substantial LET disagreement from GEANT at Bragg peak may be originated from the
simplified treatment of physical interactions, especially; in inelastic nuclear interactions.
However, GEANT has not been fully certified to be correct for this kind of application and
hence we made no effort for the pencil beam code to fit with GEANT results. It is noted that
the LET could be given by an external look-up-table based on the measurements, which
includes all nuclear effects without modeling, instead of the internally calculated LET table as
described in the text. For each subbeam in the pencil beam code, the lack of the tails of lateral
beam spread causes some dose enhancement in the central region of the spread. That is how-
ever less significant in real therapeutic situations where many similar subbeams contribute to
the dose at a POL. The pencil beam method is to be viewed as an approximation of the Monte
Carlo method by bundling the particles into much less number of narrow beams. In expense of
faster calculation speed, it lacks capability to correctly handle secondary particles and large
angle scatterings especially at the collimator edges. Also, the infinite slab layer approximation
in the pencil beam algorithm can produce large errors when there are large inhomogeneities
within the spread of each individual beam, in particular, when the inhomogeneities are co-
herently integrated along the beam path. However, the infinite slab layer approximation is
indispensable for our speed requirement and for simplicity of the code. If we were to minimize
those errors, a fast Monte Carlo method on a parallel computer system would be the best
approach.

In example 2, the pencil beam calculation took 22 seconds for a 150 MeV unmodu-
lated proton beam of 10 cm diameter field in a patient with 10° POI’s. With the usual range
modulation of order of 10 cm, this code requires about 10 to 20 calculations with different
degrader thickness, which will increase calculation time by the same factor. We therefore
conclude that this code can handle a typical treatment plan with manageable time of several
minutes. We also plan to include an option to utilize interpolation technique for range modu-
lation simulation to reduce the number of modulation steps. Though we haven’t quantitatively
optimized the control parameters in the code such as voxel widths and subbeam intervals, the
optimum numbers for them may be both about or somewhat smaller than the beam spread. It is,
however, meaningless to have too small voxels compared to the beam spread due to the
limitation of the infinite slab layer approximation. In order to achieve fast 3D dose calculation,
it is essential to minimize the number of voxels and the number of subbeams while keeping the
required resolution since, roughly speaking, the number of dose computations is proportional
to the product of number of subbeams and the average number of POI’s for a subbeam to
interact with. So far, we have implicitly assumed the one-to-one correspondence between
voxels and POT’s for simplicity. However, it is also possible to define POI’s independently on
the voxels. If we reduce the number of POD’s, the calculation will be accelerated by the
reduction factor. It may be true that the POI-oriented algorithm can have smaller number of
dose computations when the number of POI’s is greatly reduced. However, in such a situation
that we have to know the full dose distribution in patient, which we believe is natural for
treatment planning, the beam-oriented algorithm must be simpler and faster. It is noted that
the performance in terms of speed greatly depends on the way the code was written in practice
rather than the principles on which the code is based.

Though the code currently supports only the wobbler-scatterer method as a beam
spreading system, it won’t be difficult to implement more options such as the dual-ring double
scatterer method and various scanning methods when necessary. Inclusion of biological
effects, when the basic data and the practical models are established, will be the task to be
done in the future.
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4. Conclusion

We have developed a reasonably fast and reasonably accurate 3D proton dose calculation
code based on the pencil beam algorithm with the infinite slab layer approximation. The beam
modifying devices and the internal structure of a patient are well handled by the code, which
has been verified by comparisons with the Monte Carlo calculations. The code is basically
ready to be installed into treatment planning systems as a practical proton dose calculation
tool. :
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Figure Captions

Figure 1. LET from a 250 MeV proton in water. The stopping power for the mean
kinetic energy at every mm is also plotted as open circles and the LET is shown as a
histogram which includes the range straggling effect by Gaussian convolution.

Figure2.  LET normalized to one incident 250 MeV proton. The solid, the dashed,
and the dotted histograms represent; without inelastic nuclear interactions, only with
the proton absorption effect, and also with dose contribution from the secondary parti-
cles, respectively.

Figure 3.  LET in water normalized to one incident 150 MeV proton, reconstructed
from 3D dose distributions calculated by the pencil beam code (solid histogram) and by
GEANT (dashed histogram). '

Figure 4. Isodose plots in a cut-out plane. At left is shown the pencil beam
calculation and at right is shown the GEANT calculation. The isodose lines are plotted
at every 10% of the Bragg peak dose in each plot.

Figure 5. Lateral dose profile at Bragg peak in logarithmic scale. The solid and the
dashed histograms show the pencil beam calculation and GEANT calculation, respec-
tively.

Figure 6. I[sodose plots in the modeled patient for the spreaded 150 MeV proton
beam. At left is shown the pencil beam calculation and at right is shown the GEANT
calculation. The hatched area in each plot represents the double density cylindrical re-
gion.

Figure 7.  Longitudinal dose profile in the patient for the spreaded 150 MeV proton
beam at three different radii; 2.5 cm (at top), 3.0 cm (at middle), and 4.0 cm (at bottom).
The solid and dashed histograms represent the pencil beam calculation and GEANT
calculation, respectively.
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Figure 1.  LET from a 250 MeV proton in water. The stopping power for the mean
kinetic energy at every mm is also plotted as open circles and the LET is shown as a
histogram which includes the range straggling effect by Gaussian convolution.
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Figure 2. LET normalized to one incident 250 MeV proton. The solid, the dashed,
and the dotted histograms represent; without inelastic nuclear interactions, only with
the proton absorption effect, and also with dose contribution from the secondary parti-
cles, respectively.
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Figure 3.  LET in water normalized to one incident 150 MeV proton, reconstructed

from 3D dose distributions calculated by the pencil beam code (solid histogram) and by
GEANT (dashed histogram).
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at every 10% of the Bragg peak dose in each plot.
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