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Abstract

MCNP is widely used Monte Carlo program in reactor and nuclear physics. However, an option of
simulating electrons was added into the code a few years ago. With this extension MCNP became a code,
potentially applicable for applications in medical physics. In 1997, a new version of the code, named MCNP4B
was released, which contains several improvements in electron transport modelling.

To test suitability of the code, several important issues were considered and examined. Default
sampling in MCNP electron transport was found to be inappropriate, because it gives wrong depth dose curves
for electron energies of interest in radiotherapy (MeV range). The problem can be solved if ITS-style energy
sampling is used instead. One of the most difficult problems in electron transport is simulation of electron
backscattering, which MCNP predicts well for all, low and high Z materials. One of the potential drawbacks, if
somebody wanted to use MCNP for dosimetry on real patient geometries is that MCNP lattice calculation (e.g.
when calculating dose distributions) becomes very slow for large number of scoring voxels. However, if just one
scoring voxel is used, the number of geometry voxels only slightly affects the speed.

In the study it was found that MCNP could be reliably used for many applications in medical physics.
However, the established limitations should be taken into account when MCNP is used for a particular
application.

Introduction

MCNP is a general-purpose Monte Carlo code used for calculating the time-dependent
continuous-energy transport of neutrons, photons and electrons in three-dimensional
geometries. MCNP has been extensively used in reactor and nuclear physics, but with the
introduction of electron transport in 1990, use in medical physics became feasible. In 1997, a
new version of the code, named MCNP4B [1] was released, which contains several
improvements in electron transport modelling. This is very important for applications in
medical physics, which are mostly based on coupled electron/photon transport. To establish
suitability of the code for use in medical physics, several comparisons to benchmark
experiments were performed.

To understand the obtained results it is necessary to describe some specific features of
the MCNP electron transport model first. For the creation of secondary electrons MCNP uses
a class I algorithm (for collisional energy loss), where the energy of the primary electron at
the end of each step is calculated according to the energy-loss straggling algorithm (Landau
distribution with theoretical and empirical modifications [1]), so that the energy is statistically
conserved. In older versions of MCNP (and ITS) a problem because of inaccurate Landau
distribution sampling, which results in 5-10% underestimation of the mean energy loss,
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occurred [2], However, in MCNP4B the sampling of Landau energy-loss straggling was
improved to upgrade the MCNP electron physics to the level of the ITS 3.0 [3] so this
problem is now overcome.

It is also important to note two possible modes of electron energy indexing algorithm
that can be used in MCNP4B [1,4]. The default version uses a so-called MCNP-style energy
indexing algorithm (bin-centred treatment). However, it is also possible to use a so-called
ITS-style energy indexing algorithm (nearest group boundary treatment), if a special switch
on DBCN card is used (DBCN 17j 1). The difference between these two modes is in which
data (from which energy group) is used if the energy of the electron lies somewhere between
the group boundaries. In MCNP, the electron cross section data is tabulated on predefined
energy grid. The MCNP-style energy indexing uses the electron data from the energy group in
which the electron starts the step. On the other hand, the ITS-style indexing uses the data from
the group, which boundary is closest to the energy of the electron at the beginning of the step.
This is probably done to account for the electron energy losses during the step. The default
and ITS-style energy indexing treatment in MCNP4B will be referred to as MCNP4B and
MCNP(ITS), respectively.

By performing MCNP simulations both with detailed photon physics switched on, and
using just simple photon interaction model (no coherent scattering, no secondary particles
from photoelectric interactions and no binding corrections in Compton scattering [1]) it was
found that photon transport modelling is adequate.

The aim of this work was to compare MCNP to a clinical example of backscattering,
which is one of the most difficult problems for electron Monte Carlo simulations. Before
simulating the backscattering experiment, electron central axis depth dose curves were
compared. In addition, a timing study was performed on a clinical example of large number of
scoring voxels. Such cases occur when dose calculations are performed on real patient
geometries.

Materials and Methods

Experiments were performed on a Varian Clinac 2100C accelerator using 6 and 18
MeV electron beams. All calculations were performed on an HP 712/80 machine, using
MCNP4B version of MCNP if not stated otherwise.

Depth dose curves
Depth dose curves were measured for 6 MeV 10 xlOcm2 electron fields by the

standard technique with ionisation chamber in a water tank. Detailed description of the
experimental set-up can be found in [5]. In the Monte Carlo simulations, a point source at 100
SSD was modelled. The shape of the spectrum was taken from the BEAM data [6] and
adjusted to fit the experimental depth dose curve as close as possible. Monte Carlo scoring
regions were water discs of 1 mm thickness with 4 cm radius. This size was found to be small
enough to cover the field, which is homogeneous within 3%.

Electron backscattering experiment
The backscattering experiments were performed in a water tank with a higher-Z

material block, placed at different depths. Materials used in the experiment, and simulated
were air, copper and lead to cover materials with different Zs. The Attix chamber and four
different TLDs (black, xtc, tc and nc) were used in the experiment. The experimental set-up is
described in [5]. No applicator was inserted for the measurements.
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The Monte Carlo simulations used the combined electron/photon spectrum, which best
matched the central axis depth dose curve. A point source was placed at 100 SSD, and the
scoring region was a disc of 0.89 mm thick TLD material (LiF with density of 2.64 g/cm3)
and placed at different distances from the scattering material. At the end, the results of the
simulation were compared to the experimental results according to the effective energy at
depth (following the linear [7] equation).

Timing study
The timing study was performed on a theoretical example of a water cube of

20x20x20 cm3 volume with a point and monodirectional source of photons placed at one
surface. The number of scoring voxels was varied. In MCNP, two cases were examined, one
with a single scoring voxel and different numbers of geometry voxels and the other with all
geometry voxels also being scoring voxels at the same time. In addition, two different
specifications of lattice geometry were used, one where all geometry voxels were defined
explicitly and one where the lattice was defined implicitly (being filled up with a particular
universum-type of geometry cell). At the end, the effect of different electron and photon low
energy cut offs was examined.

Results

Depth dose curves
Central axis depth dose curves of 6 MeV electron beam were compared in our

investigation. In the simulation of the 6 MeV beam, no photon contamination was included,
because it only slightly affects the curve. The energy spectrum was scaled so that the
simulated depth dose curves matched the experimental results best. The results are shown in
Figure la.
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Figure 1: 6 MeV 100 cm SSD broad beam depth dose curves in water. Photon contamination was not included
in the simulation. Statistical errors of all results are less than 1% (a). Discrepancies of different MCNP

modalities to the experiment, shown as % of the maximum dose (b).

As it may be seen from the curves, MCNP(ITS) results agree well with the experiment
(disagreement is approximately 2% of the maximum dose). MCNP4A and MCNP4B disagree
with the experiment significantly more (up to 15% of the maximum dose; see Figure 2b).
Differences in the MCNP4A results may be ascribed to the inaccurate sampling of the Landau
energy straggling distribution, common to older versions of ITS, which was improved in ITS

Nuclear Energy in Central Europe '98 53



3.0 and MCNP4B. The observed problem was thoroughly described in [2]. Differences in
MCNP4B results are predominantly due to the use of wrong energy indexing algorithm. The
use of MCNP-style energy indexing causes that electrons to be on average assigned the
stopping power data, which corresponds to higher energies. That means that electrons on
average do not lose enough energy and therefore the beam has harder energy spectrum at
depth. This can be seen in Figure 2a,b. Consequently, the fall off of the depth dose curve is
shifted towards larger depths and the build-up region is too low.
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Figure 2: Spectra of 18 MeV electron beam at 5 cm depth in water (a) and behind the water/lead interface (b).
The upper two curves correspond to forward travelling electrons and the lower three curves to backscattered

electrons. Note increase of the backscattered electrons in the case (b) compared to the case (a).

Electron backscattering study
All electron backscattering simulations were performed using the combined

electron/photon 18 MeV spectrum, obtained so that it matches the experimental depth dose
curve best. The electron backscattering factor (EBF), as used in our comparison is defined as
a ratio of doses in a detector (TLD) with and without the inhomogenetty placed at some
distance from the detector.

As indicated by the results, the photon contamination only slightly affects the total
EBF, which shows that for dosimetry purposes it may be safely neglected in the simulation,
except if interested in the conditions very close to the surface (less than lmm). Note also the
very sharp rise in the EBF close to the interface (compare the results of a TLD placed at 0 and
3mm from the interface).

2.0
1.9
1.8
1.7
1.8
1.5
1.4
1.3
12
1.1
1.0
0.9
0.S
0.7

MCNP(ITS)
MONP4B
Experiment

^-!..*-+..^

Copper

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Energy [MeV]

Figure 3: Comparison of calculated electron backscattering factors (EBF) with the experiment. The EBF was
measured/calculated at the surface in lmm thick scoring voxels. Measured/calculated depths were used to

calculate the mean energies at depths according to the linear Harder equation to give rough estimation of the
EBF as a function of mean electron energy. Statistical errors of simulations and experiment are less than 2%.
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The comparison of the EBFs for inhomogeneities placed at different depths shows
good agreement between MCNP and experiment for all three materials with different Zs. The
default version of MCNP4B'also agrees well with the experiment in spite of the fact that the
depth dose distribution is calculated incorrectly. This is probably because of a cancelling
effect that occurs because the doses with and without inhomogeneity are wrong
approximately by the same factor [8,9].

Timing study
To conclude our study, a timing study was performed to establish the speed of the

codes and determine the effect of the low-energy cut off to the speed. The number of
geometry and scoring voxels was varied and also the specification of the geometry in MCNP.
The results are shown on Figure 4.
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Figure 4: Timing study, comparing different modalities of MCNP. 5 MeV monodirectional photon source was
used in the comparison and the number of scoring voxels was varied.

As it may be observed, MCNP becomes extremely slow, when the number of scoring
voxels increases above 104. On the other hand, only a slight reduction of the calculation speed
was observed when just one scoring voxel was defined and the number of geometry voxels
was increased. Further examination showed that the TALPH routine in MCNP uses most of
the CPU time in the case of large number of scoring voxels. This is because MCNP performs
a global search of the combinatorial geometry (checks every lattice element). Improvements
in MCNP calculation speed for a Cartesian (voxel based) geometry were done in [10]
changing the tally scoring algorithm and sacrificing some generality of the code.

Also interesting to note is the difference in speed when the lattice geometry is defined
explicitly (each geometry voxel) or implicitly (as filling universum). Approximately a factor
of 4 in speed is lost if implicit definition is used.

Sometimes raising up the low-energy cut off may significantly decrease the simulation
time. Dependence of the speed to the photon cut off (PCUT) and electron cut off (ECUT) may
be seen from the Figure 5. As expected the photon cut off has only minor effect on the speed
because of few photons in the energy range between 10 and 500 keV. On the other hand,
because of numerous" low energy electrons, rising up the electron low-energy cut off
significantly increases the calculation speed for almost a factor of 10 going from 10 up to 500
keV. Sometimes (i.e. when the required geometry resolution is coarse), these low-energy
electrons can be safely neglected because of their low range (several mm). Increasing the cut
off (and consequentially increasing the calculation speed) therefore does not effect the
accuracy of the results.
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Figure 5: Effect of the photon (PCUT) and electron (ECUT) low energy cut off to the calculation speed. 5 MeV
monodirectional photon source was used in the comparison.

Conclusions

In our comparison we wanted to check the suitability of MCNP for coupled
electron/photon Monte Carlo transport calculations. Most of the results were compared to the
electron backscattering experiment.

An important difference was observed when the central axis electron depth dose
curves were compared. It was found that only MCNP(ITS) (MCNP4B using ITS-style energy
indexing) gives the correct electron depth dose distributions. The discrepancy of the order of
10% of the maximum dose was observed when the default MCNP4B (MCNP4B using
MCNP-style energy indexing) or old, MCNP4A version of MCNP were used. Not appropriate
sampling of Landau energy straggling distribution in MCNP4A. and not taking into account
energy losses during the step in MCNP4B are reasons that electron spectra at depth are too
hard and consequently the depth dose curves are incorrectly calculated.

A comparison of electron backscattering simulations and measurements showed that
MCNP calculates correct electron backscattering factors for low and high-Z materials.

A timing study on a theoretical example of varying number of scoring voxels was
performed. It is important to note that a large number of scoring voxels dramatically slows
down the MCNP calculation. On the other hand, large number of geometry voxels (along with
small number of scoring voxels) has no significant effect on the speed of the calculation in
MCNP. Increasing the photon low energy cut off has only minor effect to the calculation
speed, while electron low energy cut off increases the calculation speed for a factor of 10
being risen up from 10 keV to 500 keV.
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