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ARTICLE
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At the Fukui Prefectural Hospital Proton Therapy Center, neutron doses behind the concrete shields and
at the maze were measured with three types of radiation monitors (DARWIN, Wendi-2, and a rem
meter) along with solid-state nuclear track detectors. The measured data were compared with estimations
of analytical models and the Monte Carlo code, Particle and Heavy-Ion Transport code System
(PHITS). The analytical model, using the parameters employed in the shielding design of the facility,
gave considerably larger values than the measured data. This means that the facility was designed with a
sufficient margin of safety. The results calculated by PHITS were less than those of the analytical model
and were about three times larger than the measured data. From a perspective that seeks conservative
estimation with less margin, the Monte Carlo simulation is a good tool for shielding design of
accelerator-based proton treatment facilities.

Keywords: proton therapy; shielding design; dose measurement; analytical model; Monte Carlo code;
PHITS; bulk shielding; maze; neutron; photon

1. Introduction

In the last decade, charged particle radiotherapy
using protons or heavier ions has made remarkable
progress as an advanced medical treatment against
cancer because of its clinical advantages over conven-
tional radiation therapy with X-rays or electrons. The
physical properties of protons and heavier ions,
whereby dose is largely deposited in the narrow Bragg
peak at a fixed depth in tissue, provide clinicians with a
good tool to sharply conform the radiation field
around the tumor while reducing unnecessary irradia-
tion to normal tissue. As of January 2012, about 30
proton treatment facilities are in operation worldwide,
and 21 facilities are either being planned or are under
construction [1]. The charged particle beams used in
the therapy require kinetic energies of a few hundred
mega-electron volts. A typical facility for charged
particle radiotherapy might be an accelerator cascade,
which consists of an injector, a cyclotron or a syn-
chrotron to accelerate the charged particles to the
therapeutic energy, beam transport lines, and several
treatment rooms. At these facilities, various kinds of

secondary radiation are produced during treatment
when the accelerated particles interact at a nuclear level
with the materials composing the accelerator and the
beam transport lines. Moreover, a patient treated
with the accelerated particles becomes a source of the
secondary radiation because incident charged particles
lose almost all kinetic energy and stop in the patient’s
body. To protect people in the facility and the public
from undesirable exposures to the secondary radiation,
the facility must be equipped with proper shielding that
attenuates the radiation to acceptable levels.

The secondary radiation is usually attenuated as it
passes through a thick wall, called bulk shielding.
Outside a thick shield, neutrons become a main com-
ponent of the radiation due to their strong penetr-
ability against shielding materials. Energies of these
neutrons range wide, that is, from thermal energy to
the incident beam energy. The high-energy neutrons
are produced via spallation reactions and pass through
the shielding without much energy degradation. The
low-energy ones are produced by the interactions of
high-energy neutrons, and come from inside the shield.
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Photons are also generated inside the shield as a result
of thermal neutron capture and inelastic reactions.
Secondary charged particles would be blocked by
shielding designed for neutrons since the attenuation
length is shorter than that of neutrons. In addition to
the bulk shielding, mazes are often used to weaken
radiation field, instead of a massively shielded door at
treatment room entrances. A maze is a passage that
connects the entrance and the shielded room and
consists of multiple legs, which are normally perpendi-
cular to each other, to avoid the direct propagation of
radiation to the entrance. Proper shielding design not
only ensures radiation safety but also lowers construc-
tion costs.

Analytical models [2,3] described by a simple
equation have conventionally been used to design
bulk shielding and mazes. The advantages of analytical
models are of a practical nature: they are convenient to
use and provide rapid, inexpensive dose estimations.
The disadvantages are that they require quite simplistic
assumptions and depend strongly on parameters,
which restrict their applicability and degrade their
accuracy under complicated situations. On the other
hand, shielding design based on a Monte Carlo code
has become an attractive choice with the advent of
powerful computers. It can provide a map of dose
distribution in the facility at once by a simulation of
radiation transport in a three-dimensional geometry
that models the actual structure of a facility. In fact,
the results of Monte Carlo codes such as PHITS [4],
MCNPX [5], FLUKA [6], and GEANT4 [7] have been

employed in the design of either part or all of the
shielding at several accelerator facilities [8–10].

In this article, we report the results of neutron dose
measurements at the Fukui Prefectural Hospital
Proton Therapy Center, which is a proton treatment
facility in the Fukui Prefecture, Japan. The neutron
doses were measured behind shields of a treatment
room in forward and perpendicular directions by use of
several radiation monitors of DARWIN [11,12],
Wendi-2 [13,14], and rem meter [15]. The neutron
dose distribution in a maze was also obtained by solid-
state nuclear track detectors [16]. The experimental
results were compared with the predictions of the
analytical models and the PHITS code to investigate
the reliability of their design calculations for shielding
at the proton treatment facility.

2. Radiation safety design of the Fukui Prefectural

Hospital Proton Therapy Center

The Fukui Prefectural Hospital Proton Therapy
Center is a three-story building next to the main
hospital building. Figure 1 shows a bird’s eye pers-
pective of the first floor, dedicated mainly to the proton
therapy facility. The accelerator cascade is composed
of a 7-MeV-injector linac and a compact synchrotron
that supplies proton beam energies of 70–235 MeV
with a maximum beam current of 11 nA. Accelerated
protons are slowly extracted from the synchrotron as
pulsed output typically 0.4 s long and with a repetition
rate of 0.5 Hz. Then proton beams are transported by a

Figure 1. Layout of the Fukui Prefectural Hospital Proton Therapy Center. The installation has a synchrotron, a fixed beam
room, and two gantry rooms.
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series of dipole and quadrupole magnets to three
treatment rooms. Two of them are equipped with
rotating gantries, and the other uses a horizontal fixed
beam. The broad-beam method, with a couple of
wobbling electromagnets and a scatterer plate, has
been adopted because of its efficacy for forming the
irradiation field.

The radiation safety design was performed with the
analytical models and the parameters described in the
next section, which have generally been employed in
the construction of proton treatment facilities in Japan.
The equipment is shielded with ordinary concrete of
2.2 g/cm3 density, and plates of steel are also used as
additional shielding material. The values of the beam
losses along the beam transport used in the design
planning were provided by the equipment vendor,
Mitsubishi Electric Corporation [2]. Table 1 sum-
marizes the maximum values of effective dose rate
calculated at the boundaries of the radiation controlled
area and the facility site, together with the dose limits
given in the Japanese regulations for radiation protec-
tion. According to the estimated value in the planning,
the facility is properly designed to satisfy the legal dose
limits.

The Fukui Prefectural Hospital Proton Therapy
Center was constructed in 2010 in accordance with its
radiation safety application and the admission proce-
dures established by the Japanese Government, and
has been in operation for radiotherapy since March
2011. Over 100 patients were treated in the first year.

3. Analytical models

3.1. Bulk shielding

The bulk shielding of the Proton Therapy Center
was estimated by using an analytical model [2]
expressed in the following equation that combines an
inverse square law, a room scattering correction, and
an exponential attenuation through the shield:

H ¼ H0ðyÞ
r2
� J � 1þ f� 1ð Þr02

R2

" #
� exp � d

l yð Þ

� �
ð1Þ

where H is the effective dose outside the shield; H0(y)
indicates the source term, that is, the dose per unit
beam loss at 1 cm away from the source along a
production angle y with respect to the incident beam
axis; r is the distance between the source and the
scoring points; J is the beam loss; f is the correction
factor of backscattering inside the room; r0 is the

distance from the source point to the shielding wall; R
is the radius of a sphere that has the identical surface
area as the room; d is the thickness of the wall; and
l(y) denotes the attenuation length in the shield for
neutrons produced at angle y.

The source term was estimated from the experi-
mental data [17] of neutron production by 256-MeV
protons bombarding upon thick targets measured at
Los Alamos National Laboratory (LANL). Note that
the incident energy of the LANL data is 256 MeV,
while the therapeutic energy at the facility is 235 MeV.
In addition, since the experimental data exist only at
angles greater than 7.58, the neutron doses at forward
angles less than 7.58 were estimated by doubling the
results calculated with the parameters at 7.58 [2].

The attenuation length for concrete and the
correction factor for the room scattering effect were
calculated by a one-dimensional discrete ordinates
transport code ANISN [18] in combination with
DLC-119/HILO86 multi-group cross-section library
[19]. Figure 2 depicts the one-dimensional spherical
geometry used in the ANISN calculation. A point
source of neutrons is located at the center of the sphere
with the energy spectrum based on the LANL data.
The distance between the source and concrete wall is
400 cm, and the thickness of the wall is set to 200 cm.
The attenuation curves were obtained from the
calculated dose distributions in the shielding. The
correction factors for room scattering effect were
evaluated by comparing two neutron spectra in front
of the shield: one is derived by attenuating the source
neutron spectrum with an inverse square law, and the
other is calculated by ANISN. The factor f varies from

Table 1. Maximum dose rates (mSv/3 months) at each area
boundary estimated in design planning.

Boundary Estimation Dose limit

Controlled area 1,101 1,300
Facility site 196 250 Figure 2. One-dimensional spherical geometry in ANISN

calculation.
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2 to 3.5 depending on the emission angles and the
target materials [2].

3.2. Maze

Analytical formulas proposed by Nakamura and
Uwamino [3] were applied to the design of multi-leg
mazes. The effective dose H(r) at the mouth of the first
leg is predicted with

HðrÞ ¼ D0
1

r2
þ a

r2 þ 4s2 � 2
ffiffiffi
2
p

rs
� A
0

A

� �
;

s ¼
ffiffiffiffiffiffiffiffiffiffiffi
L1L2

p

2

ð2Þ

where r is the distance between a point source and the
maze mouth; D0 is the effective dose at 100 cm away
from the source; a is the adjustable parameter; L1 and L2

denote the diameter and length of a cylinder, respec-
tively, whose volume is equivalent to that of the actual
room; A is the total surface area of the room; and A0 is
the surface area of the room seen directly from the
mouth of the first leg. The first and second terms in
Equation (2) are the contributions of the direct and the
scattered radiations obeying an inverse square law. In
the design planning for the Fukui Prefectural Hospital
Proton Therapy Center, the parameters were set as a ¼ 4
and A0/A ¼ 1 to keep the estimations conservative.

The neutron dose in the ith leg H(ri) is estimated by
attenuating the dose at a pseudo source H(a) with an
inverse square law as the following:

HðriÞ ¼ H að Þ a
2

ri2
; ð3Þ

where a is half the narrower size between width and
height of the cross section of the leg, and ri is the
distance between the pseudo source and the scoring
point. The pseudo source is located in the preceding leg
at a distance a away from the mouth of ith leg.

4. Monte Carlo code

Particle and Heavy-Ion Transport code System
(PHITS) [4] is employed as a Monte Carlo code to
examine the applicability of shielding calculations at
a proton treatment facility. The PHITS is a multi-
purpose Monte Carlo code to deal with the transport
and reaction of all particles (nucleons, nuclei, mesons,
photons, and electrons) over wide energy ranges using
theoretical models and nuclear data files.

A three-dimensional geometry for the PHITS
calculation was constructed according to the Computer
Aided Design (CAD) data of the actual facility as
shown in Figure 3. The sources of radiation were set at
beam-loss points of the injection and extraction septum
magnets, at the beam shaping device, and at the beam
stops [2]. Figure 4 depicts the map of neutron dose
distribution calculated under the conditions almost

equivalent to those in the analytical calculation. The
proton beam current is 10 nA, the operation time of
the accelerator is 18.0 h/week, and the irradiation time
at each treatment room is 3.8 h/week. Note that the
beam is supplied at the rotating gantry rooms with the
incident angles of 08, 458, 908, and 2708, equally. The
dotted and bold lines indicate the boundaries of the
radiation controlled area and the facility site, respec-
tively. As shown in the figure, PHITS can give the dose
rate at any location in the facility with a single
calculation that considers particle transport in a
complex geometry, and we can judge whether or not
the calculated values satisfy the legal dose limits. This
use of a Monte Carlo code is a very powerful feature in
shielding design.

5. Measurements

5.1. Experimental conditions

The schematics of the experimental setup, show-
ing horizontal (upper) and vertical (lower) sections,
are shown in Figure 5. The 235-MeV protons were
extracted from the synchrotron and were transported to
the horizontal fixed beam room without adapting
wobbling magnets or scatterer. The current of the beam
was set to 10 nA and was monitored during the experi-
ment by ionization chambers equipped in the irradiation-
field formation system. The output of the ionization
chambers was connected to a current integrator and was
calibrated with a Faraday cup to deduce the beam
current. The uncertainty of the beam current estimates
was found to be below 10%.The beam stopped in awater
phantom mounted on a bed for patients in the treatment
room. The phantom consisted of pure water filled in a
1-cm-thick acrylic resin container that measured 25 cm
by 25 cm on the front face and 40 cm in depth.

The radiation monitors, DARWIN, Wendi-2, and
a rem meter, were located behind the concrete shields
of 385 and 250 cm thickness in the forward and
perpendicular (overhead) directions, respectively. The
solid-state nuclear track detectors were fixed with
strings along the centerlines on a floor and a ceiling in
the maze. These detectors gave the neutron dose
distribution in the maze at seven locations.

5.2. Radiation monitors

5.2.1. DARWIN

The DARWIN is a dose and spectrum monitoring
system developed at Japan Atomic Energy Agency
[11,12]. It can output not only radiation dose but also
energy spectrum. Figure 6 shows an overview of the
DARWIN system, which is composed of (a) a
phoswich-type detector consisting of a liquid organic
scintillator (12.4 cm in diameter and 12.7 cm thick)
coupled with ZnS(Ag) scintillation sheets doped with
6Li, (b) a data-acquisition module for digital waveform
analysis of the detector signals, and (c) a personal
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D
ow

nl
oa

de
d 

by
 [

JA
E

A
 J

ap
an

 A
to

m
ic

 E
ne

rg
y 

A
ge

nc
y]

 a
t 1

6:
20

 0
1 

Ju
ly

 2
01

5 

https://www.researchgate.net/publication/19458138_Shielding_design_and_detection_of_neutrons_from_medical_and_industrial_electron_acclerators_-_Simple_method_of_design_calculation_for_neutron_shielding?el=1_x_8&enrichId=rgreq-f49fd61d-1f0d-47eb-9b7d-8cb8b393de51&enrichSource=Y292ZXJQYWdlOzI3NzM4MDUyNTtBUzoyNDY1NDc2MTUwNTU4NzNAMTQzNTc5Mjk0MDM5OQ==
https://www.researchgate.net/publication/251526953_Upgrades_of_DARWIN_a_dose_and_spectrum_monitoring_system_applicable_to_various_types_of_radiation_over_wide_energy_ranges?el=1_x_8&enrichId=rgreq-f49fd61d-1f0d-47eb-9b7d-8cb8b393de51&enrichSource=Y292ZXJQYWdlOzI3NzM4MDUyNTtBUzoyNDY1NDc2MTUwNTU4NzNAMTQzNTc5Mjk0MDM5OQ==
https://www.researchgate.net/publication/52006067_Development_of_Dose_Monitoring_System_Applicable_to_Various_Radiations_with_Wide_Energy_Ranges?el=1_x_8&enrichId=rgreq-f49fd61d-1f0d-47eb-9b7d-8cb8b393de51&enrichSource=Y292ZXJQYWdlOzI3NzM4MDUyNTtBUzoyNDY1NDc2MTUwNTU4NzNAMTQzNTc5Mjk0MDM5OQ==
https://www.researchgate.net/publication/292699917_PHITS_Particle_and_heavy_ion_transport_code_system_version_223?el=1_x_8&enrichId=rgreq-f49fd61d-1f0d-47eb-9b7d-8cb8b393de51&enrichSource=Y292ZXJQYWdlOzI3NzM4MDUyNTtBUzoyNDY1NDc2MTUwNTU4NzNAMTQzNTc5Mjk0MDM5OQ==


computer for controlling the system and visualizing the
measured data. The total weight of the system is less
than 10 kg.

The DARWIN is applicable to dose measurement
of neutrons, photons, and muons with energy ranges
between thermal energy and 1 GeV, 150 keV and 100
MeV, and 1 MeV and 100 GeV, respectively. Each type
of radiation is distinguished from the others according
to its waveform by use of the pulse-shape and height
discrimination technique [11]. The doses are estimated
on the basis of a G-function method [20,21], and the
energy spectra are deduced by an unfolding method
[22,23]. By post-analysis of the waveforms saved event

by event, DARWIN outputs the doses of both ambient
dose equivalent H*(10) and effective dose for Antero-
Posterior (AP) irradiation. The performance of DAR-
WIN had been validated in several calibration fields
[11,12]. In the present experiment, a background
measurement was also performed to estimate the
contributions of cosmic rays.

5.2.2. Wendi-2

The Wendi-2 is a wide-range neutron detector
originally developed at LANL and commercialized
by Thermo Scientific [13,14]. An overview of Wendi-2

Figure 4. Map of neutron dose rate distribution calculated by PHITS. The dotted and bold lines represent the boundaries of the
controlled area and the facility, respectively.

Figure 3. Three-dimensional geometry of the Fukui Prefectural Hospital Proton Therapy Center modeled in PHITS.
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is shown in Figure 7. A 3He proportional counter
is positioned in the center of a cylindrical polyethylene
moderator assembly, and a tungsten powder shell
is embedded around the counter to improve the

response for high-energy neutrons. Wendi-2 weighs
13.5 kg.

The geometrical design of Wendi-2 makes its
energy response follow the contour of the ambient
dose equivalent per unit fluence function H*(10)/F.
The applicable energy range is from 25 meV to 5 GeV
according to the dose-conversion coefficients listed in
Publication 74 [24] of the International Commission
on Radiological Protection (ICRP) for an energy
range between 25 meV and 180 MeV and supple-
mented by the calculations [25] of Sannikov and
Savitskaya for an energy range between 300 MeV and
5 GeV.

The output signal of Wendi-2 was processed with a
specialized unit manufactured by Thermo Scientific.
The unit also connected with a personal computer and
stored the dose data with digital time stamps.

5.2.3. Rem meter

An ordinary rem meter, the Wedholm Medical
2222A [15] shown in Figure 7, was also used as a
neutron monitor. It consists of a BF3 proportional
counter surrounded by polyethylene and a boron
moderator assembly. The energy response for the
ambient dose equivalent H*(10) corresponds with the
reference curve given by the ICRP [24], but the
applicable energy is restricted below 17 MeV because
ordinary rem meters lack sensitivity to high-energy
neutrons.

The pulses outputted from the rem meter were fed
into a NIM scaler. The neutron dose rate was derived
by applying a dose-conversion factor calibrated with
an AmBe source to the number of pulses counted by
the scaler.

5.2.4. Solid-state nuclear track detector

Solid-state nuclear track detectors were used
to measure the neutron dose distribution in the
maze. The track detector, manufactured by Chiyoda
Technol Corporation, is made of a poly-allyl diglycol
carbonate (PADC) plastic, often referred to as CR-39
[16]. Neutrons of a wide energy range are detected
through nuclear reactions of H(n,p) for fast neu-
trons and 10B(n, a)7Li on a boron nitride converter
for thermal ones. The energy dependence of the
detector response is calibrated in free air to follow
the conversion coefficients from neutron fluence to
the ambient dose equivalent H*(10) defined by
ICRP [24].

The etch pits on the PADC caused by the nuclear
reactions were analyzed offline, which gave the cumu-
lative dose during the exposure. The applicable energy
is restricted up to about 15 MeV, because higher
energy neutrons that penetrate the PADC deposit only
a small amount of energy, making no clearly visible
etch pits.

Figure 5. Experimental setup at the horizontal fixed beam
room with horizontal (upper) and vertical (lower) section
views.
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6. Results and discussions

6.1. Bulk shielding

6.1.1. Results

Neutron dose rates measured by the radiation
monitors behind the concrete shields are summarized
in Table 2 together with the results of PHITS and the
analytical model. Here, the forward and overhead
directions are referred to as 08 and 908, respectively.
The data from the rem meter at 908 were below the
detection limit. The PHITS results were calculated with
the high-energy nuclear data file JENDL/HE-2007 [26]

for neutrons and protons. The parenthesized PHITS
result indicates the value calculated for neutrons below
17 MeV, which corresponds to the upper energy limit
measured by the rem meter. Figure 8 depicts the
neutron dose rate distribution at the horizontal fixed
beam room calculated by the PHITS code.

The results of the analytical model are given in
effective dose for AP irradiation, while the others are
given in ambient dose equivalent, H*(10). According to
the energy spectra measured by DARWIN, the effective
dose is about 40% smaller than the ambient dose
equivalent under the present experimental conditions.

Figure 6. Overview of the DARWIN system that consists of (a) a phoswich-type detector, (b) a data-acquisition module, and (c)
a personal computer.

Figure 7. Wendi-2 (FHT 762) with dose rate measuring unit (FH 40 G) manufactured by Thermo Scientific (right) and a rem
meter (2222A) manufactured by Wedholm Medical (left).
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6.1.2. Comparison of measured data

Figure 9 shows the trends of dose rates measured by
DARWIN and Wendi-2 during the experiment. The
DARWIN and Wendi-2 successfully monitored the
fluctuation of dose rates depending on the beam status.
The average neutron dose rates of DARWIN are
slightly larger than those of Wendi-2 because of the
conservative setting of the present G-function. How-
ever, both radiation monitors, which have sensitivity to
high-energy neutrons, show reasonable agreement.

In the results at 08, the values of DARWIN are
about 2.5 times larger than those of the rem meter. The
underestimation of the rem meter comes from the loss

of sensitivity for neutrons above 17 MeV. In the
PHITS calculation, the ratio of partial dose below 17
MeV to total dose is about 2.4. It should be noted that
this value agrees with the ratio of the doses of the rem
meter and DARWIN. When using a rem meter to
monitor radiation at high-energy accelerator facilities,
a neutron dose has conventionally been estimated by
doubling the indicated dose value. The present result
supports this convention experimentally.

Table 2. Neutron dose rates behind concrete shields.

Direction (8)

Dose rate (mSv/h)

DARWIN Wendi-2 Rem meter PHITS Analytical model

0 1.14 0.86 0.46 3.35 (1.40)a 23.4
90 0.099 0.073 – 0.287 5.7

Note: aThe PHITS data in parentheses is the calculated result for neutrons below 17 MeV.

Figure 8. Neutron dose map at horizontal fixed beam room
calculated by PHITS.

Figure 9. Trends of dose rates measured by DARWIN and
Wendi-2 behind shields located in forward (08, upper) and
overhead (908, lower) directions. Note that the data in each
direction were acquired independently, so there is no
correlation in the horizontal axes of upper and lower panels.
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6.1.3. Comparison with analytical calculation

The results of the analytical model with the
parameter set used in the design planning are about
20 and 60 times larger for 08 and 908, respectively, than
those of DARWIN as listed in Table 2. The over-
estimation comes from the overestimation of the
source term in Equation (1). The parameter for the
source term was determined at a considerable margin
of safety. For a more realistic estimation using the
model, it is necessary to use the parameters based on
experimental data reproducing an actual neutron
source in the treatment room.

6.1.4. Comparison with Monte Carlo calculation

Figure 10 shows neutron dose distributions calcu-
lated by the Monte Carlo code PHITS through the
shields at 08 and 908, together with the experimental

data measured by the radiation monitors behind the
shields. The horizontal axis indicates the distance from
the center of the water phantom. The PHITS calcula-
tions using JENDL/HE yield values about three times
larger than the DARWIN experimental data at both 08
and 908. For the bulk shielding, it was found that the
PHITS estimates of neutron dose are between those of
DARWIN and the analytical model. From the fact, it
is concluded that designing shielding with PHITS is a
more realistic option than using analytical models.

Photon dose rates behind the shields are listed in
Table 3. Note that the results of DARWIN are
subtracted the background photon doses by cosmic
rays. The calculation results are about 3 and 13 times
larger for the 08 and 908 shields, respectively, than
those of DARWIN. The deviation at 08 is equivalent to
the difference observed in the neutron doses by
DARWIN and PHITS. At 908, however, PHITS shows
an overestimation beyond the deviation discussed
above. Although the reason has not been verified,
photon-production yields in PHITS might be respon-
sible for this problem.

Figure 11 represents the neutron and photon energy
spectra behind shields at 08 and 908. The solid lines
indicate the results of DARWIN derived by the
unfolding method, and dashed lines are the calculation
results of PHITS using JENDL/HE. For neutron
spectra, the energy resolution of DARWIN degrades
for higher energy neutrons, which penetrate the
scintillator, partially impart their energy, and are
misidentified in the unfolding process. However,
DARWIN and PHITS have similarly shaped neutron
spectra. The magnitude of the spectra deviation is
equivalent to that observed in the neutron dose
measurements. The photon spectra measured by
DARWIN is composed of two components: (a) low-
energy photons (below 10 MeV) emitted from the
capture reaction and de-excitation process of highly
excited nuclei and (b) high-energy photons arising from
the decay of p 0 mesons, which are created by nucleon–
nucleon interactions. On the other hand, the spectra
calculated by PHITS with JENDL/HE show contin-
uous distributions. Physical processes emitting photons
in hadronic cascade reactions are not incorporated
properly into the current JENDL/HE file. To improve
the accuracy of the PHITS calculation, the measure-
ments of photon-production double-differential cross
sections are under investigation.

Though the PHITS calculations discussed above
utilize the nuclear data file, most Monte Carlo codes

Figure 10. Neutron dose distribution through concrete
shields in forward (08, upper) and overhead (908, lower)
directions. The horizontal axis indicates distance from the
center of a water phantom.

Table 3. Photon dose rates behind concrete shields.

Direction (8)

Dose rate (mSv/h)

DARWIN PHITS

0 0.0224 0.0831
90 0.00349 0.0263
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have an alternative approach for particle transport
based on theoretical models. Figure 12 depicts the
neutron dose map around the water phantom calcu-
lated by PHITS with JENDL/HE (upper) and the
hadronic cascade model, JAM (lower) [27]. From the
figure, it is obvious that the contours of the dose rates
are quite different between JENDL/HE and JAM at
the forward region along the beam axis. This comes
from the difference in neutron production yield by
proton incident reaction in the JENDL/HE and JAM
calculations. Figure 13 presents the calculation results
of neutron-production double-differential cross sec-
tions at 08, 7.58, 308, and 608 from a carbon nucleus
bombarded by 256-MeV protons, together with the
experimental data obtained at LANL [28]. At forward
angles, the spectrum has a peak structure located
around the incident energy. The JENDL/HE forms the
peak in the spectrum. Conversely, JAM fails to
reproduce the peak structure, especially at 08. The
same tendency was observed in the JAM calculations
for not only the carbon nucleus but also other nuclei
such as oxygen constituting the water phantom. The

lack of a high-energy neutron component in the
forward spectra calculated by JAM results in under-
estimation of the neutron dose rates downstream of the
water phantom as shown in Figure 12. Thus, we
recommend that nuclear data files are used with PHITS
in design calculations for facility shielding.

In general, it is very difficult for theoretical
models to reproduce the neutron production at the
most-forward angles because both the corrective
motion of nucleons inside a nucleus and the Pauli
exclusion principle affect the production of forward
neutrons and are difficult for a model to contend
with. The same situation exists for other theoretical
models such as MCNPX, FLUKA, and GEANT4.
Furthermore, experimental data at the most-forward
angles applicable to the validation of theoretical
models are very scarce [29,30]. The high-energy
nuclear data file is also evaluated on the basis of
the calculation results by theoretical models. Hence,
reliable experimental data are urgently needed to
improve the theoretical models and the sophistica-
tion of the nuclear data file.

Figure 11. Energy spectra of neutrons and photons behind shields at 08 and 908.
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6.2. Maze

Figure 14 compares neutron dose distributions in
the maze between the experiment and the calculations.
The horizontal axis indicates the distance from the
mouth of the first leg along the centerline of the
passage depicted in Figure 8 with a dotted line. Closed
circles represent experimental data measured by the
solid-state nuclear track detectors. Solid and dashed
lines are the calculation results of the Monte Carlo
code PHITS with JENDL/HE and the analytical

model based on Nakamura and Uwamino’s formulas
[3] with the parameters used in the design planning,
respectively. Open squares indicate the PHITS results
for neutrons below 15 MeV. The dose rates given by
the analytical model are described in effective dose, and
those of the others are in ambient dose equivalent,
H*(10). No data were measured at the farthest point in
the third leg because the dose rate was under the
detection limit.

With respect to the absolute values, the results of
the experiment and calculations deviate from each
other within one order. The experiment gives the
lowest values, the analytical model is the highest, and
PHITS is in the middle. As already mentioned above,
the track detector has no sensitivity for high-energy
(415 MeV) neutrons [16]. The experimental data of
the track detectors agree well with the results of PHITS
for neutrons 515 MeV in the first leg, while PHITS
gives slightly larger values in the subsequent legs. A
hollow observed in the PHITS calculation for the first
leg is caused by a shadow on the concrete wall
beside the mouth of the maze, as depicted in
Figure 8. As in the case of bulk shielding, the analytical
model gives large values because the source term is
overestimated.

The dose attenuation rates, which are derived by
normalizing the dose rates at each location to the one
at the mouth of the first leg, are shown in Figure 15.
While the results of the experiment and calculations
represent a similar attenuation curve, the slope of the
attenuation rate by the analytical model differs from

Figure 12. Neutron dose map around water phantom calculated by PHITS with JENDL/HE (upper) and JAM (lower).

Figure 13. Neutron-production double-differential cross
sections of carbon by 256-MeV protons. Solid and dashed
curves indicate the calculation results by PHITS with JAM
and JENDL/HE, respectively. Marks are experimental data
obtained by Meier et al. at LANL [28].
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the others in the first leg. This comes from the
assumption employed for a conservative estimation in
the design planning; that is, 1.0 was used as the
correction term A0/A in Equation (2) for source
visibility from the mouth of the first leg. In the second
and succeeding legs, the neutron dose rates would be
reduced by decreasing the magnitude of the energy
spectra without dramatically changing their shapes.
The attenuation curves in those legs are reproduced
well by an inverse square law.

In the maze calculations, the analytical model that
used the parameter set from the facility design eva-
luated dose rates with a good margin of safety. The
Monte Carlo code PHITS gives practical results that
are smaller than those of the analytical model and are
relatively close to the measured data.

7. Conclusion

Neutron dose values were measured behind the
shields and at the maze of the Fukui Prefectural
Hospital Proton Therapy Center in order to investigate
the validity of both the analytical models used in
facility design and the Monte Carlo code PHITS.
While the values measured by DARWIN and Wendi-2
agreed well, the ordinary rem meter that has a limit of
applicable energy around 17 MeV underestimated the
neutron dose to about 40%. We insist that this
underestimation should be minded in a radiation
monitoring at high-energy accelerator facilities using
rem meters.

The analytical models gave very conservative
results compared with the other results obtained,
because the source term of the model was estimated
with a large margin of safety. On the basis of the
results, we conclude that the Fukui Prefectural Hos-
pital Proton Therapy Center, which was designed with
analytical models, ensures sufficient radiation safety for
workers and the public. This also means that the
facility can potentially increase the patient workload
without modifying the shielding.

The PHITS code predicted more realistic dose
rates than those of the analytical models; that is, the
values lay between those from the experiment and
the analytical calculation. We therefore conclude
that the use of Monte Carlo codes is currently the
preferable method for estimating radiation safety at
accelerator-based proton treatment facilities. How-
ever, problems in the shielding calculation by PHITS
became apparent in the present study with respect
to secondary particle production, especially the
neutron yields in the most-forward direction. These
problems would be solved by new experimental
data to complement a systematic data set of particle
production cross sections. Demand for charged par-
ticle radiotherapy is continuing to increase with the
increasing population of cancer patients. A compact
shielding optimized by Monte Carlo codes reduces
the construction cost of a facility while maintaining
radiation safety, making it feasible to locate such
facilities near patients living in densely populated
urban settings.
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