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Overview of the PHITS code and its application to medical physics

Tatsuhiko Sato™, Koji Niita’, Norihiro Matsuda®, Shintaro Hashimoto?® Y osuke lwamoto® Shusaku Nodaf,
Hiroshi Iwase®, Hiroshi Nakashima®, Tokio Fukahori® Satoshi Chiba*® and Lembit Sihver®

3Japan Atomic Energy Agency, Shirakata-Shirane 2-4, Tokai, Ibaraki, 319-1195, Japan; "Research Organization for Information
Science and Technology, Shirakata-Shirane 2-4, Tokai, |baraki, 319-1106, Japan; “High Energy Accelerator Research
Organization, Oho 1-1, Tsukuba, Ibaraki, 305-0801, Japan; d Tokyo Institute of Technology, Ookayama 2-12-1, Meguro, Tokyo,
152-8550, Japan; *Chalmers University of Technology, Goteborg SE-412 96, Sveden

Particle and Heavy lon Transport code System, PHITS, is a general purpose three-dimensional Monte Carlo
particle transport simulation code devel oped through collaboration with several institutes in Japan and Europe.
To apply PHITS to medical physics, two special functions were implemented in the code: an event generator
mode and a microdosimetric tally function. Utilizing these functions, a new relative-biological-effectiveness
-weighted dose estimation method for charged-particle therapy was established on the basis of the
double-stochastic microdosimetric kinetic model. Owing to these features, PHITS has been used for various
medical applications, such as patient dose estimation for radiotherapy and computed tomography examination.
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1. Introduction

Currently, Monte Carlo codes for particle transport
simulation in  three-dimensiona  matters are
indispensable for various applications, such as radiation
shielding design and medical physics. Therefore, we are
developing a genera purpose Monte Carlo Particle and
Heavy-lon Transport code System, PHITS [1], through

collaboration with several institutes in Japan and Europe.

Figure 1 shows the institutes that are currently
contributing to the development of PHITS. The Japan
Atomic Energy Agency (JAEA) is responsible for
managing the entire project. The code has been
distributed to many countries via the Research
organization for Information Science and Technology,
the Data Bank of the Organization for Economic
Co-operation and Development’'s Nuclear Energy
Agency, and the Radiation Safety Information
Computational Center.

PHITS can dea with the transport of nearly all
particles, including neutrons, protons, heavy ions,
photons, and electrons, over wide energy ranges using
several nuclear reaction models and nuclear data
libraries. The geometrical configuration of the
simulation can be set with general geometry (GG) or
combinatorial geometry (CG). Various quantities, such
as heat deposition, track length, and production yields,
can be deduced from the PHITS simulation using
implemented “tally” estimator functions.

To apply PHITS to medical physics, two special
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functions were implemented in the code: an event
generator mode [2,3] and a microdosimetric tally
function [4,5]. Utilizing these functions, we established
a computational model for calculating the relative
biological effectiveness (RBE)-weighted dose for
charged particle therapy [6]. The features of these
functions and the model are described in this paper.
Other examples of the application of PHITS to medical
physics are also introduced herein.

2. Special features
2.1. Event generator mode

There are two types of Monte Carlo methods for
simulating nuclear reactions: “event generators’ and
“non-event generators.” The former conserves the
energy and momentum before and after areaction called
the “event,” whereas the latter does not. Most nuclear
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Figure 1. Institutes currently contributing to the development
of PHITS. Blue lines indicate the contracts between each
ingtitute.
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Figure 2. Basic flowchart of the event generator mode in
PHITS for simulating low-energy neutron-induced reaction.

reaction models, such as the intra-nuclear cascade model,
are “event generators’, but Monte Carlo simulations
using nuclear data libraries are generaly “non-event
generators,” because only inclusive cross-section data
are contained in the libraries. For example, the sum of
the energies of two neutrons emitted from an (n,2n’)
reaction is occasionally greater than the incident energy,
because the energies of outgoing particles are
independently sampled using the inclusive cross section.
Thus, only the mean values can be deduced from
“non-event generator” simulations. However, it is
occasionally necessary to estimate the distribution
around the mean value, such as for the response function
of detectors and the single-event upset probability of
semiconductor devices.

In addition, the energy and momentum of residual
nuclides cannot be estimated from “non-event
generator” simulations, because they are generaly
determined by calculating the difference between the
initial and final states; that means, conservation of
energy and momentum must be established in an event.
This information is indispensable for estimating the
radiation risk of neutron exposure in medical physics
and space dosimetry, because the radiation qudlity is
generally expressed by the profiles of not neutrons but
secondary  charged  paticles  emitted  from
neutron-induced reactions.

Based on these considerations, we implemented a
unique “event generator mode” in PHITS for simulating
low-energy neutron-induced reactions using nuclear data
libraries. A specia evaporation model was developed for
this purpose to maintain conservation of energy and
momentum in an event. The basic flowchart is shown in
Figure 2. Any observables, such as the energy and
momentum of residual nuclides, can be deduced using
this mode. Thus, PHITS can directly calculate the dose
equivalent based on the Q(L) relationship, even for
neutron irradiation. This feature is very important for
applying the code to the risk estimation for astronauts,
because the dose equivalent is frequently used as a
surrogate for the equivalent dose in space dosimetry.

2.2. Microdosimetric Tally Function

Linear energy transfer (LET) is a widely used index
for expressing the radiation quality of charged particles.
However, the radiation quality of high-energy and
-charge (HZE) particles cannot be uniquely determined
from their LET because of the differencesin the ionizing
densities around their tragjectories, resulting from the
large cross sections of high-energy 6-ray production.

Microdosimetric quantities, such as the lineal energy,
y, and the specific energy, z, as defined in ICRU Report
36 [7], are considered to be better indexes for expressing
the radiation quality of HZE particles because they are
directly related to the ionizing densities in microscopic
sites. Their probability density (PD) around the
trajectory of a given mono-energetic particle can be
calculated using track-structure simulation codes, which
explicitty  handle  ionization and  excitation
event-by-event. However, it used be very difficult to
eval uate the microdosimetric PD for macroscopic matter,
because event-by-event anaysis of ionization and
excitation is extremely time-consuming in comparison to
condensed history simulation, which is generaly
employed in macroscopic particle transport simulation
codes such as PHITS.

Therefore, we established a new tally function in
PHITS for estimating microdosimetric PDs for
macroscopic matter within a reasonable computational
time [5]. In this tally, the deposition energies in
macroscopic matter are scored as a function of the
charge and energy of the particles and then are
converted into microdosimetric PDs using a
mathematical function that can instantaneously calculate
the PDs around the trgectory of any type of charged
particle [4]. This mathematical function was devel oped
on the basis of the least-squares fitting of the PDs,
calculated using a track-structure simulation code for
several mono-energetic charged particles. The diameter
of the microdosimetric site can be arbitrarily specified
from 1 nmto 2 um.

The accuracy of this calculation method was well
verified by comparing the results with corresponding
data measured using a wall-less tissue-equivalent
proportional counter [8]. This tally function was used for
calculating the organ dose equivalents based on the Q(y)
relationship [9,10] and the RBE-weighted dose
estimation, as described in the next section.

3. Applications of PHITSto medical physics
3.1. RBE-weighted dose estimation

The RBE-weighted dose was introduced for
esimating the relative therapeutic effect of
charged-particle therapy. It is defined as the product of
the absorbed dose and the relative biologica
effectiveness. Most clinical centers where proton
therapy is administered adopt a constant RBE of 1.1 for
estimating the RBE-weighted dose. On the other hand,
RBEs for heavy-ion therapy vary more dramatically
with the irradiation conditions, and their numerical
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Figure 3. PDs of the specific energies in domains and cell
nuclei irradiated with 135 MeV/u carbon ions at 0.5 Gy,
calculated using PHITS in combination with the convolution
method.
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Figure 4. Absorbed and RBE-weighted doses in a water
phantom irradiated with a carbon 290 MeV/u spread-out
Bragg peak (SOBP) beam calculated using PHITS coupled
with the MK and DSMK models. The absorbed doses at the
center of the SOBP, Dgogp, Were adjusted to 2 and 10 Gy for
lower and higher dose irradiations, respectively.

values are estimated using models developed on the
basis of the results of in vitro experiments on
cell-survival fractions.

Therefore, we established an origina RBE-weighted
dose estimation method using PHITS coupled with the
double stochastic microdosimetric kinetic (DSMK)
model [6], which enables the calculation of the
cell-survival fractions for any irradiation condition based
on the PD of the specific energy in the cell nucleus as
well as its substructure called “domain.” The DSMK
model is an improved version of the microdosimetric
kinetic (MK) model [11], which simply represents the
PD of the cell-nucleus specific energy with its mean
value; i.e. the inhomogeneity of the doses in each cell
nucleusis not considered in the original MK model. This
ignorance leads to inaccurate estimation of cell-survival
fractions for high-LET and high-dose irradiations.

In the RBE-weighted dose estimation method based
on the DSMK model, the PDs of the domain and
cell-nucleus specific energies are calculated using the
microdosimetric and LET-estimator tally functions
implemented in PHITS in combination with the
convolution or database method. Figure 3 shows
examples of calculated PDs for specific energies in

domains and cell-nuclei irradiated using 135 MeV/u
carbon ions at 0.5 Gy. The domains and cell nuclei are
assumed to be spherical water with radii of 0.27 and 6.2
um, respectively. It can be clearly seen that the PDs are
broadened from their average values, particularly for the
domain specific energy. This broadening occurs because
domains are much smaller than cell nuclei, and only a
few percent of them are directly irradiated by the
primary ions, whose contribution is observed in the peak
near 20 Gy. In the DSMK model, the cell-survival
fractions can be determined from this inhomogeneity of
doses by solving mathematical equations derived from
the theory of dual radiation action [12].

Figure 4 shows the absorbed and RBE-weighted
doses in a water phantom irradiated with a carbon 290
MeV/u spread-out Bragg peak (SOBP) beam calculated
using PHITS coupled with the MK and DSMK models.
The RBE-weighted doses obtained from the two models
are nearly identical for lower-dose irradiation, while the
DSMK model gives smaller values for the higher-dose
irradiation. This tendency indicates that the
consideration of the stochastic nature of the cell-nucleus
specific energy, which is ignored in the origina MK
model, is very important in the treatment planning of
hypo-fractionated charged-particle therapy.

3.2. Other applications

Several other applications of PHITS to medica
physics are introduced in this section. Nose et al.
succeeded in reproducing the depth- and lateral-dose
distributions of SOBP carbon-ion beams by
implementing two functions into PHITS, including one
for energy dispersion calculations and another for
transport in an AC magnetic field [13]. The
consideration of the angular straggling of charged
particles is also indispensable for this calculation. Using
these functions, Nose et a. analyzed the field-size effect
of radiation quality in carbon-ion therapy [14] and found
that the dose and radiation quality at the center of the
broad beam are influenced by particles from the
off-center region via large-angle scattering. Yonai et al.
calculated the absorbed-dose and dose-equivalent
distributions far from the target organs for estimating the
secondary cancer risk of carbon-ion therapy, using the
event generator model [15].

Fujibuchi et al. employed PHITS for analyzing the
neutron fields in 10 and 15 MV €electron linac facilities
used for X-ray radiotherapy [16]. This study was
motivated by recent concerns regarding radiological
protection against neutrons generated by photo-nuclear
reactions in those facilities. They found that the dose
contribution from neutrons is negligibly small in
comparison to that from photons in a 10 MV linac
facility, but dramatically increases with the accelerated
electron energy. It should be mentioned that the current
version of PHITS can deal with only giant resonances in
photo-nuclear reaction mechanisms, which have the
largest cross section for photons less than 20 MeV. The
implementation of higher-energy photo-nuclear reaction
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mechanisms, such as quasi-deuteron disintegration, is
currently in progress.

Takahashi et a. developed a database of organ doses
from computed tomography (CT) examinations using
PHITS coupled with a Japanese male voxel phantom
[17]. The results were compared with corresponding
data obtained using a stylized phantom. It was found that
the doses in some organs calculated using the voxel and
stylized phantoms were different because of the
differences in their anatomies. Their database is
implemented in WAZA-ARI, which is a web system
developed for assessing the organ doses for the CT
examination of individual patients.

4. Conclusion

PHITS has been used in various medical applications
owing to its special functions, such as the event
generator mode and the microdosimetric tally function.
Severa projects that apply PHITS for practical medical
purposes are currently in progress, such as the European
Union FP7 project ALLEGRO [18]. Development of a
PHITS-based treatment planning system has also been
initiated on the basis of our established RBE-weighted
dose estimation method.
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