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Abstract. The Particle and Heavy Ion Transport code System, PHITS, has been developed under the 
collaboration of several research institutes in Japan and Europe. This system can simulate the transport of 
most particles with energy levels up to 1 TeV (per nucleon for ion) using different nuclear reaction models 
and data libraries. More than 2,500 registered researchers and technicians have used this system for various 
applications such as accelerator design, radiation shielding and protection, medical physics, and space- and 
geo-sciences. This paper summarizes the physics models and functions recently implemented in PHITS, 
between versions 2.52 and 2.88, especially those related to source generation useful for simulating 
brachytherapy and internal exposures of radioisotopes. 

1 Introduction 
The Monte Carlo particle transport simulation code is an 
essential tool used in various fields of research such as 
radiation shielding, radiological protection, and medical 
physics. We are therefore developing Particle and Heavy 
Ion Transport code System, PHITS [1], that can simulate 
the transport of most particles with energy levels up to 1 
TeV (per nucleon for ion) by using various nuclear 
reaction models and data libraries. The system is written in 
Fortran language and can be compiled using Intel Fortran 
11.1 (or later versions) or GFortran (version 4.7 or 4.8). 
PHITS can be executed on the Windows, Mac, and Linux 

platforms. Distributed and shared memory parallelization 
techniques are made available using Message Passing 
Interface (MPI) protocols and open multi-processing 
(OpenMP) directives, respectively. Hybrid parallelization 
using both MPI and OpenMP is also feasible [2]. Various 
quantities, such as heat deposition, track length, and 
production yields, can be obtained via PHITS simulation 
using implemented “tally” estimator functions. Estimation 
of the time evolution of radioactivity is also feasible using 
DCHAIN-SP [3], which is also included in the PHITS 
package. 

The latest version of PHITS available from the 
Organization for Economic Cooperation and 

 

 
Figure 1. Map of the models and data libraries recommended for use in PHITS 2.88. 
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Development/Nuclear Energy Agency (OECD/NEA) 
databank [4] is 2.82 (Feb. 2016); however, a new version 
PHITS 2.88 will soon be released. In our previous report, 
we provided a detailed description of the features and 
functions of the models before version 2.52, implemented 
in PHITS [1]. In this paper, a brief summary of the physics 
models and functions implemented after the earlier 
mentioned version has been provided, especially those 
related to source generation for simulating brachytherapy 
and internal exposure of radioisotopes. 

2 New Features

2.1 Upgrades for physics models and libraries 

The map of the models and data libraries recommended for 
use in PHITS 2.88 is shown in Fig. 1. The major upgrades 
are listed below:  
• The maximum energy of the particles that can be 

handled by PHITS has been extended from 100 GeV 
to 1 TeV (per nucleon for ions) because of the 
revisions made to the high energy nuclear reaction 
models JAM [5] and JQMD [6] as well as the 
implementation of the EGS5 algorithm [7]. This 
extension allowed PHITS to be more appropriately 
utilized in space applications. In addition, the 
implementation of the EGS5 algorithm improved the 
accuracy of electron transport simulation particularly 
for lower energies, which is very important for 
medical physics applications. 

• The JQMD model was further improved to version 
2.0, which enables more precise reproduction of the 
fragmentation cross sections by incorporating the 
reaction mechanisms that are particularly important 
for peripheral collisions [8]. Fig. 2 shows the charge 
changing cross section of 700 MeV/n 56Fe ions 
incident to a natural carbon target calculated by 
JQMD and JQMD 2.0 in comparison with the 
measured data [9]. It is evident from the graph that 
JQMD 2.0 can reproduce the experimental data very 
well for high charge fragments, which are 
predominantly produced by peripheral collisions. 

This improvement is particularly important for 
cosmic-ray dosimetry and design of heavy ion 
therapy. 

• The energy ranges of the photonuclear reactions 
simulated by PHITS were extended up to 1 TeV by 
implementing the models describing nuclear 
resonance florescence (NRF) [10] and high-energy 
photonuclear reactions [11]. The implementation of 
the NRF model enables the analysis of non-
destructive assay of fissile nuclear materials using 
PHITS. 

• The muon transport algorithm was improved by 
taking into consideration the mechanisms of virtual 
photonuclear reactions, pair production, 
bremsstrahlung, and negative muon capture reaction 
after the formation of a muonic atom [12]. As a 
benchmark of the newly implemented muon 
interaction models, underground muon intensities 
were calculated using PHITS 2.52 and 2.88, and 
compared with the experimental data [13,14]. The 
PARMA model [15,16], which was developed based 
on the airshower simulation performed by PHITS, 
was used for determining the vertical muon fluxes at 
the ground level. It can be seen in Fig. 3 that PHITS 
2.88 can reproduce the experimental data very well, 
indicating the accuracy of newly implemented muon 
interaction models. 

• The algorithm for de-excitation of a nucleus after an 
evaporation process was improved through the 
implementation of EBITEM [17], enabling precise 
estimation of �-ray spectra and isomer production 
rates. This implementation allows PHITS to be 
utilized in the prompt �-ray analysis, which is useful 
for various purposes such as design of on-line 
trajectory imaging for charged particle therapy based 
on gamma cameras. 

• The models for calculating the total reaction cross 
sections were improved [18,19]. 

• The Kerma factors for some nuclei contained in 
JENDL-4.0 [20] were revised. 

• A new reaction ejectile sampling algorithm to recover 
kinematic correlations from inclusive cross-section 
data, so-called event generator mode version 2.0, was 

Figure 2. Charge changing cross section of 700 MeV/n 56Fe
ions incident to a natural carbon target calculated by JQMD 
and JQMD 2.0 in comparison with the measured data [9]
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Figure 3. Underground muon intensities calculated using
PHITS 2.52 and 2.88 in comparison with the experimental
data [13,14]
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implemented [21]. The energy spectrum of secondary 
neutrons and charge particles emitted from low-
energy neutron interactions can be precisely 
determined on the basis of inclusive cross section 
data such as JENDL-4.0. As an example, the 
secondary neutron yields from 150Nd(n,2n) reaction 
induced by 20 MeV neutrons calculated by the event 
generator mode versions 1 and 2 are shown in Fig. 4. 
The original inclusive cross section data contained in 
JENDL-4.0 are also plotted in the graph. The figure 
clearly indicates that the new version can reproduce 
the original data very well. This improvement 
enables more precise calculations of detector 
responses and dose equivalents due to neutron 
exposure below 20 MeV. 

• DCHAIN-SP was improved by expanding the 
number of energy groups in its neutron-activation 
cross section libraries. 

• A new approach for describing (d,xn) spectra at 
energies below 50 MeV was developed in 
combination with the intra-nuclear cascade model 
and the Distorted Wave Born Approximation 
(DWBA) [22]. Fig. 5 shows the double differential 
cross section of neutrons produced from natural 
lithium target bombarded by 40 MeV deuteron 
calculated by Intra-Nuclear Cascade of Liège (INCL) 
[23] coupled with and without DWBA. The 
corresponding experimental data [24] are also plotted 
in the graph. It is evident from the figure that the 
peaks observed over 40 MeV can be reproduced only 
by INCL with DWBA because such high-energy 
peaks are formed due to the discrete levels of nuclear 
structure, which can be considered only in DWBA. 
This improvement allows PHITS to be utilized in the 
design of neutron sources based on deuteron 
accelerators such as International Fusion Materials 
Irradiation Facility (IFMIF) project.  

• The computational speed of ATIMA [25] in PHITS 
was improved to allow for the selection of ATIMA as 
the default stopping power calculation model. 

2.2 Upgrades for support functions 

In addition to the above-mentioned upgrades to the physics 
models and libraries, several user support functions were 
implemented for extending the capabilities of PHITS. The 
following list describes newly introduced functions in ver. 
2.88, and the details of each are described in the PHITS 
manual [26]: 
• The ability to read tetrahedral geometry (a kind of 

polygonal geometry) was implemented. 
• The resolution of a detector can be taken into account 

when calculating the pulse-height tally. 
• The statistical uncertainties in the results of tallies 

can be properly calculated even when the successive 
calculation mode using "dump" source. 

• The absorbed dose in the unit of Gy can be calculated 
by considering the mass of the tally regions. 

• A new tally for calculating the particle fluence at 
certain points, so-called the point estimator, was 
implemented. 

• Particle fluxes can be calculated in the cylindrical co-
ordinate as a function of the azimuth angle. 

• Several user support functions were developed and 
introduced, including those for visualizing geometry 
errors, summing up two (or more) tally results, and 
defining a user’s original tally. 

• A conversion program from the DICOM image data 
to the PHITS input format, DICOM2PHITS, was 
developed. 

• A function to automatically determine the 
appropriate weight windows (weight window 
generator) was implemented. 

• A function that outputs PHITS tally results into a 
format usable by ParaView [27], which is an open-
source, multi-platform data analysis and visualization 
application, was developed. For example, Fig. 6 
shows the ParaView visualization of the absorbed 
doses in skeletal tissue of the International 
Commission on Radiological Protection (ICRP) adult 
male phantom [28] that has been irradiated by 1 GeV 
proton in the PHITS simulation. 

Figure 4. Secondary neutron yields from 150Nd(n,2n)
reaction induced by 20 MeV neutrons calculated by the 
event generator mode (EGM) versions 1 and 2, in
comparison with the original inclusive cross section data 
contained in JENDL-4.0 [20]
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Figure 5. Double differential cross section of neutrons
produced from natural lithium target bombarded by 40
MeV deuteron calculated by Intra-Nuclear Cascade of
Liège (INCL) coupled with and without DWBA in
comparison with the corresponding experimental data [24]
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2.3 Upgrades for source generation 

Recently, PHITS has been used for estimating the risk of 
internal exposure of radioisotopes [29] and therapeutic 
effects of brachytherapy on the basis of microdosimetric 
simulations. To conduct such simulations using the earlier 
versions of PHITS, the energy and emission probability of 
the radiations generated per nuclear transformation of 
radioisotopes were required to be specified by users by 
investigating the nuclear decay data such as level structure 
and branching ratios. However, it is sometimes difficult to 
evaluate the source term, particularly when the daughter 
nuclides of the radioisotopes are also radioactive. 
 Therefore, we developed a new source generation 
function that can automatically determine the discrete �-
ray spectra emitted from the decay of radioisotopes, 
including the contributions made by their daughter 
nuclides. The nuclear-decay data files for dose calculation, 
DECDC [30], which is equivalent to that in the database 
contained in ICRP Publication 107 [31], is employed as 
reference data for this new function. The input parameters 
to be specified in this function are the name and activity 
(Bq) of the initially existing radioisotopes and the time for 
the calculation of the activities after considering their 
decay chains. Fig. 7 shows the photon fluxes emitted one 
year after the decay of 144Ce, which had had an initial 
activity of 100 Bq. Not only low-energy photons emitted 
from 144Ce but also high-energy photons emitted from its 
daughter nuclides, such as 144Pr and 144mPr, can be 
observed in the spectrum. Only the photon emission 
function can be dealt currently using this function; 
however, we intend to extend this functionality to enable 
handling of electron and alpha emissions as well. 
 It is occasionally required to consider the correlation 
of source particles for the exact reproduction of the internal 
exposure situations because some radioisotopes emit two 
(or more) radiations at once. Therefore, we have developed 
a function that generates multiple particles as an event 
while considering their angular correlation. This function 
is particularly important for simulating the 
microdosimetric profile of boron neutron capture therapy, 
because an � particle and a 7Li ion are generated from the 

same location but opposite directions during a 10B(n,�)7Li 
reaction. 
 We also implemented source generation functions for 
reproduction of spontaneous fission neutrons [32] and 
reading of International Atomic Energy Agency (IAEA) 
phase space files [33]. The former is useful for simulations 
of radiological protection of internal exposure of 
spontaneous fission nuclides [34], whereas the latter is 
beneficial for medical physics simulations of X-ray 
therapy. 

3 Conclusions 
PHITS has been used in many countries for various 
applications, such as accelerator design, radiation 
shielding and protection, medical physics, and space- and 
geo-sciences. The tutorials of the code are organized 
several times per year in Japan, and sometimes in other 
countries such as France and Malaysia. Owing to the 
continuous improvement and promotion of the code, the 
number of registered users exceeded 2,500 in 2016, and 
has been rapidly increasing since then. A comprehensive 
benchmark calculation results of the new version of PHITS 
will be published elsewhere [35]. 
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