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ABSTRACT

We performed a benchmark study for 58 cases (22 cases reported in this paper and 36 cases
reported in online as supplementary materials of this paper) using the recent version (version
2.88) of the Particle and Heavy-lon Transport code System (PHITS) in the following fields: (1) parti-
cle production cross-sections for nuclear reactions from 20 MeV to 1 GeV, (2) thick-target neutron
yields and neutron shielding, (3) depth-dose distribution in water using >C beam, and (4) elec-
tron and photon transportation over a wide-energy range from keV to GeV. Overall agreements
were found to be sufficiently satisfactory; however, several discrepancies are observed, particu-
larly in particle productions with energies below 100 MeV, neutron production for ’Li(p,n)’Be, and
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photonuclear reactions. To overcome these inaccuracies and to further improve the code, it will
be necessary to incorporate a high-energy version of the evaluated nuclear data library JENDL-
4.0/HE and the photonuclear data file JENDL-PD in the PHITS package.

1. Introduction

Monte Carlo codes for simulating particle transport
in three-dimensional space are indispensable in vari-
ous research and development fields such as nuclear
technology, accelerator design, medical physics, and
cosmic ray research. We have developed a general-
purpose Monte Carlo Particle and Heavy-Ion Trans-
port code System (PHITS) [1] through a collaboration
between several institutes in Japan and Europe. This
code uses various nuclear reaction models and data
libraries in order to deal with the transport of nearly all
species of particles, including neutrons, protons, heavy
ions, mesons, photons, and electrons, over wide-energy
ranges (107> eV-1 TeV). The benchmark calculations
for a former version of PHITS (version 2.24) [2,3]
were performed for accelerator shielding [4] and spal-
lation reactions using protons [5]. In the past five years,
PHITS was upgraded so as to incorporate the Liege
Intranuclear Cascade model INCL4.6 [6], the algorithm
and database of Electron Gamma Shower version 5
(EGS5) [7], a photonuclear reaction model [8], and
the improvement of the quantum molecular dynam-
ics model JQMD [9,10]. Although the latest version of
PHITS (version 2.88) that includes these upgrades has
been widely used in various research and development
fields, a comprehensive comparison between experi-
mental data and simulation results has not yet been
conducted. To validate the reliability of the PHITS sim-
ulations, we conducted a comprehensive benchmark
study for 58 cases using the physics models recom-
mended for use in PHITS 2.88. For benchmark cases,

we selected target materials widely used in research and
development fields of nuclear engineering such as accel-
erator design. As for the projectiles, we selected pro-
tons and heavy-ions with energies above 1 MeV/u and
neutrons with energies above 20 MeV for validating the
nuclear reaction models in PHITS, and electrons and
photons for validating the EGS5 algorithm in PHITS.
Note that benchmark calculations for neutrons with
energies below 20 MeV are beyond the scope of this
study because they have already been extensively ver-
ified [11].

This paper is organized as follows. In Section 2,
we summarize the physics models used in the bench-
mark study. Sections 3-6 show the results for 22 cases
chosen from the 58 benchmark calculations studied,
and these were in the following fields: particle pro-
duction cross-sections for proton and heavy-ion inci-
dent reactions (9 cases), thick-target neutron yields and
neutron transport in a shielding material (5 cases),
depth-dose distribution for radiotherapy using a 2C
beam (1 case), and electromagnetic cascade for medical
applications using photons and electrons (7 cases). All
benchmarking results performed in this paper can be
found online as supplementary materials. Finally, sum-
maries are drawn up in Section 7.

2. Overview of the physics models used
in the benchmark study

Figure 1 summarizes the physics models for sim-
ulating nuclear and atomic collisions that are rec-
ommended for use in PHITS 2.88. The intranuclear
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Figure 1. Physics models recommended for use in Particle and Heavy-lon Transport code System (PHITS) 2.88 for simulating nuclear
and atomic collisions.
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Figure 2. Double differential neutron production cross-sections of 1.2-GeV proton-induced reactions on Al, Fe, Zr, and W. The spectra
have been multiplied by decreasing powers of 10, except for 0°. Experimental data was taken from a previous study [19].
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Table 1. Experimental data-sets used for the benchmark calculations of the nuclear reaction model in
PHITS. The DDXs denote the double differential cross-sections.

Projectile Energy (MeV/u) Targets Observable Figure
Proton 1200 27|, natpg, natzy natyy DDXs-neutron 2
Proton 256 natC 27| matpe natpp DDXs-neutron 3
Proton 63 208py, DDXs-neutron, proton, deuteron, triton, 3He, “He 4
Proton 138 Li DDXs-neutron 5
2¢,160 290 natc DDXs-neutron 6
Proton 1200 natj DDXs-proton, deuteron, triton, 3He, *He, Li 7
Proton 200 Ni, Au DDXs-proton, “He 8
Proton 300, 500, 1000, 1500 natge Mass distributions 9
Proton 1000 natpp Mass distributions 10
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Figure 3. Double differential neutron production cross-sections of 256-MeV proton-induced reactions on C, Al, Fe, and Pb. The spectra
have been multiplied by decreasing powers of 10, except for 7.5°. Experimental data was taken from a previous study [20].
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Figure 4. Double differential cross-sections of neutron, proton, deuteron, triton, *He, and *He for 63 MeV Pb(p,x) reactions. The spectra
have been multiplied by decreasing powers of 10, except for 24° and 25°. Experimental data was taken from a previous study [22].

cascade (INC) models INCL4.6 [6] and JAM [12],which
are described by approximately free-particle collisions
within the nucleus, are used to simulate the dynamic
stage of hadron- (nucleon and meson) induced nuclear
reactions in the energy regions of 20 MeV-3 GeV

and 3 GeV-1 TeV, respectively. To describe the dis-
crete levels of the excited nucleus for lighter targets
such as Li, Be, and C, we have developed a compu-
tational model that combines the INCL model with a
distorted-wave Born approximation (DWBA) [13,14].

Table 2. Experimental data-sets used to benchmark thick-target neutron yields and shielding.

Projectile Energy (MeV/u) Targets Observable Figure

Proton 256 natc, 77, natpe, 28, fyll stop length Neutron energy spectra il

Proton 40 natc, Z7al, natCy, "atpp, full stop length  Neutron energy spectra 12

p-Li neutron source 68 100, 150, 200 cm thick concrete Neutron energy spectra 13
20, 40,100 cm thick iron

p-Li neutron source 138 100, 150, 200 cm thick concrete Neutron energy spectra 13
20, 40,100 cm thick iron

Thick-target neutron produced 2830 Concrete, steel Reduction rates 15

by Hg(p,n) reaction
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Figure 5. Comparison of neutron energy spectra calculated by
INCL4.6 + GEM (solid line) and INCL4.6/DWBA + GEM (dashed
line) with measurements for 138-MeV proton-induced reactions
on a 1-cm-thick lithium target at 0° [24].

The quantum molecular dynamics model JQMD ver-
sion 2 [10], which considers the time evolution of par-
ticles interacting each other, is generally employed for
nucleus-induced reactions in the energy region of 10
MeV/u-1 TeV/u. The generalized evaporation and fis-
sion model (GEM) [15] is used for simulating the static
stage of both the hadron- and nucleus-induced reac-
tions. The energy losses of charged particles except
for electrons and positrons are calculated using the

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY 621

ATIMA [16] code with a continuous slowing down
approximation.

Nuclear data libraries are generally used for simu-
lating low-energy (10> eéV-20 MeV) neutron-induced
nuclear reactions. The data library is written in the
ACE format, which is the same format as that adopted
by the general-purpose Monte Carlo N-Particle code
(MCNP) [17]. In the benchmark study, JENDL-4.0 in
the ACE format was used for simulating low-energy
neutron transportation in materials. Benchmark cal-
culations for neutrons with energies below 20 MeV
are beyond the scope of this study because they have
already been extensively verified [11]. Photons, elec-
trons, and positions are transported using the EGS5
algorithm and database [7]. Photonuclear reactions [8]
can be treated with energies from 2 MeV to 1 TeV. The
lowest particle energy that can be simulated by PHITS
is 1 keV because the continuous slowing down approx-
imation cannot be applied to the transport simulation
of charged particles below approximately this energy. It
should be noted that this limitation does not apply to
neutrons. Muon interaction models are recently imple-
mented in PHITS, and the details of these models and
the results of their benchmark calculations have previ-
ously been shown [18].

In this paper, the satisfactory agreement between
the simulations and the measurements is defined as
a factor of 2-3 for nuclear reaction models such as
INCL and several % for atomic interaction models such
as the EGS5 algorithm. The statistical uncertainty of
the calculations is sufficiently small (a few %) for the
data used in the discussion of discrepancy between the
experimental data and the calculated results in this
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Figure 6. Double differential neutron production cross-sections of 290-MeV/u >C- and "0-induced reactions on a carbon target. The
spectra have been multiplied by decreasing powers of 10, except for 15°. Experimental data was taken from a previous study [26].
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study. Further, there is a large statistical uncertainty for
particle with high energies in the particle energy spec-
trum; however, this is not important for the current dis-
cussion.

3. Benchmark for particle production
cross-sections

In this section, we focus on the benchmark
calculations of particle production cross-sections.
Table 1 lists the experimental data-set (9 cases) used
as the benchmark for the nuclear reaction model. The

calculations in this section were performed by coupling

INCL4.6 with GEM for proton incident reactions and
the JQMD model with GEM for heavy-ion incident
reactions.

3.1. Neutron production cross-sections

Figures 2 and 3 show results calculated for the dou-
ble differential neutron production cross-sections of
1.2 GeV and 256 MeV proton-induced reactions [19,20]
on a few targets.

The spectrum at the forward angles is characterized
by peaks at the highest neutron energy in the forward
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direction [21]. The quasi-elastic peak is located at
energies close to that of the incident projectile. This
is the result of a direct interaction between the pro-
jectile and a neutron in the nucleus. The broad peak
located slightly below the quasi-elastic peak for a 1.2-
GeV proton is associated with pion emission through

an excitation of the A (1232 MeV) resonance in
inelastic nucleon-nucleon collisions [21]. PHITS
can reproduce the experimental data well except for
the neutron spectra in the energy region from approxi-
mately 30 to 200 MeV. According to a study of a surface
coalescence model incorporated in the INCL4.6 model

T T T T T T T T

300 MeV p +"'Fe

T

102

T T TTTTTd

10!

T T TTTTTI

10°

Residue mass production [mb]

Lol Lol

Lol

T T T T T T T T T

107 500 MeV p +"'Fe

T T T TTTTIT
Lol

10!

T T T TTTTT
Lol

Lol

107"

5 j!—v TTTTTIT

20 30 40 50 60 60
T [ T [ T [ T [ T T [ T [ T [ T [ T
= 100 £ 1 GeV p +"™'Fe 3 10° £ 1.5 GeV p +"™'Fe E
IS r 3 r ]
c L ] C ]
Ke) L | L d
©
3 10" £ 4 10" | 4
o = B = =
s E ] E 3]
0 L ] b ]
(%]
g . -
o 10° 4 10° & =
> E 3 = =
° E ] E 3]
) - - - -
[0) . 4 . .
o L | L d
10—1 1 | 1 | 1 | 1 | 1 10—1 1 | 1 | 1 | 1 | 1
10 20 30 40 50 60 10 20 30 40 50 60

Atomic mass number A

Atomic mass number A

Figure 9. Mass distribution of nuclides for the 300 MeV, 500 MeV, 1 GeV, and 1.5 GeV Fe(p,x) reactions [30].
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Table 3. Experimental data-sets used to benchmark an electromagnetic cascade.

Projectile Energy (MeV) Targets Observable Figure
Electron 1 Be, Al, Fe, Au Photon energy spectra 17
Electron 15 Be, Al, Pb Photon energy spectra 18
Photon 60,300 Ca, Cu Proton energy spectra 19
Electron 150 Pb Neutron energy spectra 20
Electron 2040 C Al Cu, Pb Neutron energy spectra 21
Electron 0.015-0.050 Si Depth—dose 22
Electron 10,20 Water, air, Al Depth—dose 23
LS B B B A S l DWBA mode can reproduce the peak neutron energy
1 GeV p +*®®Pb ine in Fi
= 10° £ evop+ spectrum at forward angles (dashed line in Figure 5),
[= = Spallation which is the summation of neutrons produced by the
'E' B ] discrete levels of “Be. However, it cannot reproduce the
2 - - neutron energy spectra for continuous part for ener-
3] . .
2 10" kL High-energy fission _ gies from 20 MeV to below the peak. To predict the
o = 3 neutron energy spectra over a wide-energy range of
?') - . proton incident reactions on lighter targets, we plan
2 L ] to incorporate the high-energy version of the evalu-
€ 0 ated proton and neutron data library JENDL-4.0/HE,
8 10 3 E which has energies up to 200 MeV [25], in the PHITS
'_g N ] package.
&’ i T Figure 6 shows predictions of the double dif-
ferential neutron production cross-sections of the
—1 . .
10 L L L — 290-MeV/u 2C- and '¢O-induced reactions on a car-
50 100 150 200

Atomic mass number A

Figure 10. Mass distribution of nuclides for the 1-GeV Pb(p,x)
reaction [31].

[6], clusters in the cascade stage are formed at the
expense of the production of neutrons and protons.
An underestimation therefore appears in this energy
region.

The upper left part of Figure 4 shows the dou-
ble differential neutron production cross-sections of
the 63-MeV Pb(p,n) reaction. The results from PHITS
are generally in acceptable agreement with the exper-
imental data [22], except for a peak spectrum at 24°.
This is because INCL4.6 cannot appropriately repro-
duce the quasi-elastic scattering [23]. The benchmark
calculations for charged particle production shown in
the other parts of Figure 4 are discussed in the next
subsection.

Figure 5 shows a comparison of the neutron energy
spectra calculated for 138-MeV proton-induced reac-
tions on a 1-cm-thick lithium target at 0° with the
experimental data [24]. Quasi-monoenergetic neutron
sources using a ’Li(p,n)"Be reaction are employed
for calibrating the neutron detectors, shielding bench-
mark experiments, and the soft error analysis on the
semiconductor. It should be noted that INCL4.6
(solid line) cannot predict the monoenergetic neutron
spectrum produced by the discrete levels of the excited
nucleus for the “Li(p,n)”Be reaction. Consequently, the

bon target compared to measurements taken from a
previous study [26]. The JQMD + GEM model repro-
duces the experimental data well over the wide-energy
and angle regions.

3.2. Charged particle production cross-sections

Benchmarks were considered for light charged parti-
cle productions such as proton, deuteron, triton, *He,
*He, and SLi. Figure 7 shows a comparison of the
PHITS prediction and the experimental data for the
double differential cross-sections of light charged par-
ticles for the 1.2-GeV Ni(p,x) reaction [27]. Figure 8
shows the double differential cross-sections of the 200-
MeV Ni(p,p) [28] and Au(p,He) reactions [29], respec-
tively. To describe the emission of charged clusters
during the dynamic stage in the nucleon-nucleus reac-
tions, a surface coalescence model was developed and
incorporated into INCL4.6, which was verified to repro-
duce the experimental data for lighter charged parti-
cles [6]. Therefore, the results from PHITS were in
good agreement with the cross-sections of the charged
particles.

As shown in the lower panels of Figure 4 [22],
PHITS cannot reproduce the experimental data for light
charged particles for a 63-MeV Pb(p,x) reaction, partic-
ulary at the energy range between 10 and 30 MeV. This
is because the Coulomb barrier height in INCL4.6 was
not adjusted so as to reproduce a charge particle spec-
trum for low-energy (below 100 MeV) proton incident
reactions on heavy targets [6].
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Figure 11. Differential neutron production yields at scattering angles of 30°, 60°, 120°, and 150° for an incident proton energy of 256

MeV on stopping lengths of C, Al, Fe, and U targets [33].

3.3. Mass distribution of nuclides produced by
nuclear reactions

Figures 9 and 10 show the mass distribution of nuclides
for 300 MeV, 500 MeV, 1 GeV, and 1.5 GeV Fe(p,x)
[30] and 1 GeV Pb(p,x) [31], respectively. The mea-
surements were performed at Gesellschaft fiir Schw-
erionenforschung mbH (GSI) using an inverse kine-
matics method [30,31]. Results calculated by INCL4.6
for the mass distribution of spallation products agree
well with the experimental data. However, PHITS
does not reproduce the width and heights of the

distributions of the high-energy fission products peak-
ing at a range around an atomic mass A = 90. This
is because the initial version of GEM [12], which is
implemented in PHITS, does not correctly describe
nuclide production in the fission region. To acconunt
for high-energy fission, the fission model in GEM2
was improved [32] so as to reproduce the mass dis-
tributions of fission fragments with 50% accuracy.
We will implement the improved GEM model into
PHITS to describe the high-energy fission process more
precisely.
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MeV on stopping lengths of C, Al, Cu, and Pb targets [34]. The solid line shows results calculated by INCL4.6 + GEM.

4. Benchmark for neutron shielding
experiments

Although the cross-sections calculated with the thin
targets discussed in Section 3 are useful in validating
the nuclear reaction models in PHITS, the experimen-
tal data produced by thick targets, extended so as to
be sufficiently large to generate a particle cascade inside
the target, are mainly performed for validating particle
transportation in materials in the wide-energy region.
Table 2 lists the experimental data-set (5 cases) used
to benchmark thick-target neutron yields and shielding
experiments.

4.1. Thick-target neutron yields

Figure 11 shows the differential neutron production
yields at scattering angles of 30°, 60°, 120°, and 150°
for an incident proton energy of 256 MeV on the stop-
ping lengths of the C, Al Fe, and U targets [33]. In
general, the agreement between the PHITS results and
that of the experimental data is fairly good, except for
the energy range below 1 MeV for uranium, where the
calculated results are approximately 50% higher than
those of the experimental data. In contrast, for the cases
pertaining to 40-MeV proton incidence on the stop-
ping lengths of the C, Al, Cu, and Pb targets [34], as
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Figure 13. Neutron energy spectra transmitted through concrete and iron shields of various thicknesses on the beam axis between
experiments and PHITS calculations for 68- [36,37] and 138-MeV [38] p-Li neutron sources.

shown in Figure 12, the agreement between the PHITS
results and the experimental data is not good, particu-
larly at the forward angle. For an incident proton energy
below approximately 100 MeV, it is better to use the
evaluated proton and neutron data libraries, such as
JENDL-HE/2007 [35] rather than INCL4.6 because the
treatment of the first collisions in INCL4.6 is not suit-
able for the low-energy region below approximately 100
MeYV, as is shown in Figure 12.

4.2. Shielding experiments

Neutron energy spectra that penetrated through con-
crete and iron-shield assemblies were measured at

the cyclotron facility of the Takasaki Ion Accelera-
tor for Advanced Radiation Research (TIARA) using
a 68-MeV Li(p,n)’Be monoenergetic neutron source
(p-Li neutron source) [36,37], and it was measured at
the cyclotron facility of Research Center for Nuclear
Physics (RCNP), Osaka University, using an 138-MeV
p-Li neutron source [38,39].

At TIARA, concrete and iron shields (width: 120 cm
and height: 120 cm) were settled at the collimator exit,
changing the thickness from 25 to 200 cm for concrete
[36] and from 10 to 130 cm for iron [37]. At RCNP,
iron and low-activation concretes were assembled with
thicknesses of 10-100 cm for the iron shield and from
25 to 200 cm for the low-activation concrete shield.
The densities of the iron and low-activation concrete
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shielding arrangement of steel and concrete shields around the
thick mercury target (diameter = 20 cm and length = 130 cm)
of the AGS-Spallation Target Experiment (ASTE) collaboration at
the AGS accelerator at BNL [40].

1072

were 7.87 and 2.33 g/cm’, respectively, and the atomic
compositions of these shields are listed in a previous
study [38,39].

In the PHITS calculations for these experiments, the
experimental p-Li neutron source was employed as a
source term [36] because INCL4.6 cannot reproduce
the neutron energy spectrum produced by discrete lev-
els of excited nuclei, as shown in Figure 5. Figure 13
shows a neutron energy spectra transmitted through
concrete and iron of various thicknesses on the beam
axis between the experimental data and the PHITS
results for a 68- [36,37] and 138-MeV [38] p-Li neutron
source. Agreements are generally within a factor of two;
however, some discrepancies were observed for the 68-
MeV case. For neutron spectra that penetrated through
the 100- and 150-cm-thick concrete shields with the 68-
MeV p-Li neutron source, the PHITS results overesti-
mated the experimental data, particularly in the peak
region. For the iron shields, agreement worsens as the
thickness of the shield increases. Therefore, it is bet-
ter to employ the high-energy evaluated nuclear data
libraries, such as JENDL-HE/2007 [35] instead of using
the INCL4.6 model with energies below approximately
100 MeV.

The AGS-Spallation Target Experiment (ASTE) col-
laboration [40] conducted a shielding experiment [41]
using a 2.83-GeV proton beam incident onto an ASTE
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bare mercury target, with steel and ordinary concrete
shields placed at lateral positions to the target. Figure 14
shows the calculation arrangement of the steel and ordi-
nary concrete shielding surrounding the mercury tar-
get. The lateral shields of ordinary concrete (thickness:
5.0 m) and steel (thickness: 3.3 m) were placed at a dis-
tance of 1 m from the mercury target. All shields had
cross-sections more than 2 x 2 m?, with densities of
steel and concrete of 7.74 and 2.45 g/cm?, respectively.
In the experiments, the spatial neutron flux attenua-
tion inside the shielding was determined by the reac-
tion rate distributions of the activation samples of the
27 Al(n,0)**Na, 1In(n,n)1*> ™1In, 7 Au(n,y )'*® Au, and
209Bi(n,xn) reactions. In these calculations, the reac-
tion rates were derived by multiplying the activation
reaction cross-sections [4] with the calculated neutron
spectra. Figure 15 shows the distributions of depth-
dependent 2*Bi(n,4n) and 2% Bi(n,6n) reaction rates in
the concrete and steel shields in Figure 14 [41]. The
209Bi(n,4n) and 2°°Bi(n,6n) reactions cover the neutron
energy range over 24 and 42 MeV, respectively. The
PHITS results of the depth-dependent **Bi(n,4n) and
209Bi(n,6n) reaction rate distributions in the concrete
and steel shields are in close agreement with the exper-
imental data.

5. Benchmark for depth-dose distribution for
radiotherapy using >C beam

The validation of dose as a function of the body depth is
required for a precise estimation of the clinical effect on
radiotherapy using heavy-ion beams. Figure 16 shows
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the depth-dose distributions of the PHITS calculations
as compared to the experimental data at the National
Institute of Radiological Sciences for 278 MeV/u (nom-
inal energy of 290 MeV/u) '2C incident on polymethyl
methacrylate (PMMA) performed with an ionization
chamber [42].

In the PHITS’s calculation, the energy loss of the
charged particles in the materials was calculated using
the ATIMA code with a continuous slowing down
approximation [13]. The energy straggling [43,44] and
the Coulomb multiple scattering [45] were considered
in ATIMA. In this case, the depth-dose calculated by
PHITS agreed well with the experimental data. More
benchmark results on ATIMA are given in [46].

6. Benchmark for electron and photon
transportation

Table 3 lists the experimental data-set (7 cases) used
to benchmark the electromagnetic cascade and pho-
tonuclear reaction. The experimental cases presented
in this section are grouped into three categories: (1)
thick-target bremsstrahlung spectra (Figures 17 and
18), (2) proton and neutron energy spectra produced
by photonuclear reactions (Figures 19-21), and (3)
transmission and absorption of electrons (Figures 22
and 23). The experiments in group (1) mostly serve
to validate the model and sampling algorithm for the
bremsstrahlung emission and the transport of the gen-
erated photons within the sample. The benchmarks in
group (2) aim to validate the photonuclear reactions
and the transportation of the generated neutrons in
the material slab. The benchmarks in group (3) aim to
probe the balance between the energy loss and the angu-
lar deflection required to describe the energy angular
distributions of the electrons in the irradiated mate-
rial slabs. All benchmark calculations were performed
using the EGS5 mode [7] in PHITS.

6.1. Electron bremsstrahlung

In this subsection, we report on the photon and electron
spectra via electron bremsstrahlung. Figure 17 shows
a comparison of the thick-target bremsstrahlung
spectra for 1-MeV electron incidence on the
0.3-cm-thick beryllium, 0.2-cm-thick aluminum,
0.078-cm-thick iron, and 0.039-cm gold targets [47].
The calculated results agree well with the experimental
data over a wide range in each angle. For the gold tar-
get, in the photon energy region below approximately
0.25 MeV, the spectra proceed to a lower intensity at
angles from 30° to 60° due to the greater attenuation
in the increasing thickness of the target material as the
photon angle is increased [47]. This tendency is not
well reproduced by PHITS (Figure 17).

Figure 18 shows the thick-target bremsstrahlung
spectra for a 15-MeV electron incidence on the
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Figure 17. Bremsstrahlung energy spectra for a 1-MeV electron beam incident on Be, Al, Fe, and Au foils of the indicated thicknesses.

Circles are experimental results from a previous study [47].

3.6-cm-thick aluminum and 0.8-cm-thick lead targets
[48]. The 0.511-MeV photons generated by the annihi-
lation of electrons and positrons in the targets appeared
in the PHITS calculations and the experimental data. A
peak at 0.511 MeV does not appear well in the exper-
imental data due to the poor energy resolution of the
experiment. For an aluminum target, there was good
agreement between the experimental values and the cal-
culations observed over a wide range of angles. For a
lead target, the calculated results underestimated the
experimental data with decreasing photon energies in
the energy region below 0.3 MeV. According to Fadde-
gon et al. [48], the excessive number of photons in this
energy region can be attributed to the collimator effects

scattering from objects near the target, which are not
considered in the PHITS simulation.

6.2. Photonuclear reaction

In this subsection, we report on the proton and neutron
spectra obtained via photonuclear reactions. Figure 19
shows double differential cross-sections of protons for
a 59.3-65.2-MeV photon incident reaction on cal-
cium [49] and a 300-MeV photon incident reaction
on copper [50]. The photonuclear reaction in PHITS
[8] reproduces the proton yields well for these cases,
except for the case of 45°. Figures 20 and 21 show
neutron yields for 150-MeV [51] and 2.04-GeV [52]
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Figure 18. Photon yields for the reaction of 15-MeV electron on 3.6-cm-thick aluminum and 15-MeV electron on 0.8-cm-thick lead [48].

electron incidence on thick targets. Secondary photons
in materials are generated by electron bremsstrahlung.
Subsequently, the neutrons are generated by a photonu-
clear reaction. In all cases, PHITS’s results underesti-
mated the experimental data. It should be noted that the
photonuclear reaction cross-section is much less than
the photoatomic reaction cross-section, and hence it is
difficult to obtain sufficient statistics in these calcula-
tions. Therefore, the photonuclear rection cross-section

is biased by setting a parameter-pnimul, which is the
multiplying factor to increase sampling probability of a
photonuclaer reaction in these calculations.

6.3. Transmission and absorption of electrons

This subsection reports on the benchmark examples
for the depth-dose in materials. Figure 22 shows the
depth—dose distributions at the central axis of Si for
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an electron beam with energies of 15, 30, 40, and
50 keV [53,54]. The cut-oft energy of the electrons and
positrons was set to 1 keV. The agreement between the
simulations and experiments is satisfactory.

Figure 23 shows the depth-dose distributions at the
central axis of a water cylinder uniformly irradiated by

I T I T I T I
electron into silicon

40

Dose (MeV cm?/g)

Depth (mg/cm?)

Figure 22. Depth—dose distributions at the central axis of Si for
an electron beam with energies of 15, 30, 40, and 50 keV [53,54].

a 10 and 20 MeV electron beam [55,56]. The cut-off
energy of the electrons and positrons was set to 50 keV.
A water cyliner comprises a cylindrical disc (air with
diameter = 1 cm and length = 2 cm or aluminum
with diameter = 1 cm and length = 1 cm) inserted at
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Figure 23. Depth—dose curves for 10 and 20 MeV electron incidences into pure water, water containing air, or an Al cylindrical disc

inserted 2 mm behind the front surface [55,56].

a distance 2 mm behind the front surface. The agree-
ment between the experimental data and the calculated
results in Figure 23 is also satisfactory, and the results
calculated with PHITS are nearly identical to those cal-
culated with the original EGS5 code discussed in an ear-
lier study [56].

7. Summary

We performed benchmark calculations for 58 cases
related to various different fields, such as accelera-
tor design and medical physics, using the models rec-
ommended for use in the recent version of PHITS
(version 2.88). Twenty-two cases are reported in

figures of this paper and 36 cases are reported in online
as supplementary materials of this paper. The combi-
nation of the intranuclear cascade model INCL4.6 with
the evaporation model GEM can generally reproduce
neutron and charged particle yields produced by proton
and heavy-ion beams with energies above 100 MeV/u,
except for the p-Li reaction. For the shielding bench-
mark experiments with p-Li neutron sources at TTARA
and RCNBP, the calculated neutron energy spectra gen-
erally agreed well with the experimental data at a variety
of depths in a shield within a factor of two.

For the mass distributions of the nuclides by the
high-energy (above 100 MeV) proton incident reac-
tions on Fe and Pb targets, the calculated mass
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distributions of the spallation products agree well
with the experimental data. Conversely, for a 1-GeV
proton incident reaction on Pb, PHITS does not
reproduce the distributions of the high-energy fission
products because GEM in PHITS does not appropri-
ately describe nuclide production in the fission process.
For the depth-dose distribution in water using a 278
MeV/u '*C beam, results calculated with the energy loss
model ATIMA agreed well with the experimental data.
For electromagnetic cascades with energy ranging from
keV to GeV, PHITS employed the EGS5 mode in order
to reproduce the experimental data well, except for the
case where neutrons were produced by photonuclear
reactions.

The results of the benchmark study suggested sev-
eral tasks for further developing PHITS. The evaluated
nuclear data library JENDL-4.0/HE [25] for proton and
neutron energies up to 200 MeV should be incorpo-
rated into the PHITS package in order to improve the
accuracy of particle production particularly with ener-
gies below 100 MeV, and interactions of particle with
lighter targets such as Li and Be targets. To better calcu-
late neutron production from photonuclear reactions,
the JENDL Photonuclear Data file (JENDL/PD) [57] is
also desirable to be incorporated in the PHITS package.
Improvement of the GEM model is also regarded so that
it describes nuclide production in the fission.

All benchmarking results in this study are provided
as supplementary materials online.
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