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a b s t r a c t

Personal neutron dosimeters are necessary for radiation protection of nuclear workers in high energy
accelerator facilities. To improve sensitivity for high energy neutrons above 10 MeV, a new personal
neutron dosimeter was designed using a solid state nuclear track detector (CR-39) covered with Multi-
Layer radiator consisting of polyethylene, polyamide and iron/aluminum sheets. In this work, we
investigated various radiator combinations and thicknesses in order to detect high energy neutrons
above 10 MeV. Energy response of each radiator was calculated using the multi-purpose Monte Carlo
simulation code, Particle and Heavy Ion Transport System (PHITS). To evaluate the accuracy of our
calculations, the energy response of each radiator was measured in a mono-energetic neutron field at the
Facility of Radiation Standard (FRS) of the Japan Atomic Energy Agency (JAEA). The energy response of
each radiator calculated by PHITS was in good agreement with our experimental results. The results
obtained in this research indicate that PHITS is a useful software tool for the design of new personal
neutron dosimeters using CR-39 and using Multi-layer radiator approach.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In high energy proton accelerator facilities such as the recently
constructed Japan Proton Accelerator Research Complex (J-PARC),
workers may potentially be exposed to high energy neutrons above
10 MeV (Sakamoto and Yamaguchi, 2001). Commonly used
dosimeters in proton accelerator facilities typically have a simple
design, comprised of a 1-mm thick polyethylene (PE1) radiator and
a Columbia Resin#39 (CR-39 plastic) (Oda et al., 1991). However,
this type of neutron dosimeter underestimates neutron dose above
10 MeV. Therefore, the development of a personal neutron
dosimeter for high energy neutrons above 10 MeV is one of the key
issues in radiation protection at these facilities. To increase sensi-
tivity to neutrons above 10 MeV, many types of radiators have been
designed and those responses have been measured (Oda et al.,
2003, 2005). In this work we investigate radiator effects of the
Multi-layer dosimeter which consists of plastic (polyethylene or
polyamide) and metal (aluminum and iron) using the software
Particle and Heavy Ion Transport System (PHITS), which is essen-
tially a multi-purpose three-dimensional Monte Carlo simulation
code (Iwase et al., 2002). The accuracy of the PHITS prediction for
the energy dependence of the detector response was verified by
ada).
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comparing the simulated and measured radiator effect in mono-
energetic neutron fields (144 keV, 5.0 MeV, and 14.8 MeV).

2. Measurements

The radiator effect, i.e., the increase in the detection efficiency, is
defined as the number of charged particles per incident neutron
that is generate in the radiator, traverses it, and reaches the CR-39
region, which ultimately becomes observable as etch pits. The
radiator effect RE is determined by:

RE ¼ ðTwith � TwithoutÞ=N

where N is the neutron fluence traversing the count area, Twith is the
number of etch pits per count area with the radiator effect, and
Twithout is the number of etch pits per count area without the
radiator effect.

To measure the radiator effect for mono-energetic neutrons,
neutron exposures were performed at the Facility of Radiation
Standard (FRS) of the Japan Atomic Energy Agency (JAEA). The CR-
39 used for this experimentwas pure BARYOTRAK (C12H18O7,1.32 g/
cm3, Fukuvi Chemical Industry, Japan). Radiators were essentially
polyethylene and aluminum sheets arranged in front of CR-39.
Densities of polyethylene and aluminum are 0.94 g/cm3 and
2.70 g/cm3, respectively.
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Fig. 1. Critical angle of CR-39 for protons.

Fig. 3. Calculated and measured 2-layer radiator effects 14.8 MeV.
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Mono-energetic neutrons with energies 144 keV, 5.0 MeV, and
14.8 MeV were applied to the radiator samples in order to measure
their unique energy response. After neutron irradiation, these
samples were chemically etched for 3.0 h in a circulating bath of
6.25 mol/L NaOH solution at a temperature of 90� 0.4 �C. The etch-
pits were subsequently observed under an optical microscope and
counted using an automatic track counter that the minimum
diameter of counted tracks is 5 mm (the Radometer made by
Radosys Ltd) (Hulber et al., 2005).
3. Simulations

To calculate the radiator effect using PHITS, an event generator
mode was set to consider nuclear reactions in the PHITS input file,
and the cross sections were based on JENDL-3.3 (Shibata et al.,
2002). In addition, the SPAR code was applied to calculate the
range of charged particles (Armstrong and Chandler, 1973). Calcu-
lation of the radiator effect with PHITS consists of three steps: (1)
setting initial neutron energy and angle of incidence, (2) tallying
the distributions of proton energy whose cut off energy was 70 keV
(Nakane et al., 1997) and angle of incidence on the surface of CR-39,
and (3) summing the number of detectable protons (i.e., Fig. 1 to
Fig. 2. The calculated and measured energy dependence of PE1’s.
determine and sum the detectable protons within a certain angle
and energy range).

It is known that CR-39 can only detect charged particles within
its critical angle. A critical angle is the maximum angle of incidence
for a charged particle to form countable etch-pits on CR-39 and it
depends on the particle type and the incident energy. In this study,
the critical angle was calculated from previous experimental data
(Stafford et al., 1988). In this work, our experimental data is
expressed as a function of the Linear Energy Transfer (LET) of
charged particles in CR-39 material. In order to obtain the critical
angle as a function of proton energy, we used LET dependence of
energy in CR-39 material (C12H18O7, 1.32 g/cm3) calculated with the
Stopping and Range of Ions in Matter code (Ziegler et al., 2008)
(Fig. 1).
4. Results and discussion

Fig. 2 compares the calculated and experimental neutron energy
dependence of radiator effect for PE1. The uncertainty bars on the
Fig. 4. Calculated Polyethylene radiator effects.



Fig. 5. Calculated 2-layer radiator effects only Polyethylene. Fig. 7. Neutron energy response of 2-layer radiator effects.
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calculation results represent the statistical uncertainty (less than
5%). The uncertainty bars on the experimental results represent
both the standard deviation of the number of etch-pits within the
counted area (46.8 mm2) and the counting uncertainty which are
standard deviations of ten times counting data due to automatic
counting by this optical microscope. Agreement between calcu-
lated andmeasured data radiator effects is fairly good, especially for
neutron energies above 1 MeV.

Fig. 3 compares the calculated and experimentally obtained
dependence of radiator effect for 2-layer radiator as a function of
aluminum layer thickness placed between PE1 and CR-39. For
14.8 MeV neutrons the radiator effects reach a maximum at around
0.5 mm of aluminum. It is here that the aluminum layer works as
degrader; energetic recoils produced in the polyethylene layer loses
its energy in aluminum (LET is increasing as well as critical angle)
and at some thickness, the number of detectable protons
approaches its optimum value, then the number of protons
decreases with the thickness of the aluminum layer and finally
approaches zero at 1.2 mm.

To increase sensitivity for 50 MeV neutrons, polyethylene radi-
ator effects as a function of polyethylene thickness was calculated
by PHITS. Fig. 4 represents the detection of 50 MeV neutrons; it can
Fig. 6. Calculated proton range in each material.
be seen that the polyethylene radiator needs above 15 mm thick-
ness. However, 15 mm thickness is unsuitable for placement on the
human body for personal dosimeter.

To reduce this radiator thickness and to detect high energy
neutrons, a 2-layer radiator was designed. Fig. 5 represents the
radiator effects of polyethylene (PE), PE1 with iron (Fe) and PE1
with aluminum (Al) as a function of radiator thickness for 50 MeV
mono-energetic neutrons. In this graph, it can be seen that the Fe
radiator effects has a peak at 5 mm. This means that 5 mm is the
50 MeV proton range in iron (see Fig. 6). Protons from polyethylene
radiator have high LET evident from the observed Bragg peak into
CR-39; this shows that detector sensitivity has increased rapidly in
the presence of Fe radiator. At this thickness the radiator effects of
Fe is about ten times larger than using Polyethylene alone. There-
fore, 2-layer radiator is able to detect 50 MeV neutrons within 1 cm
thickness.
Fig. 8. Calculation geometry of CR-39 with 5-layer radiators.



Fig. 9. Neutron energy response of PE1 and 5 layer radiator.

Fig. 10. Relative sensitivity to 1 cm dose equivalent.
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Iron in combination with polyethylene and CR-39 increases the
radiator effects for high energy neutrons. On the other hand; the
use of such a 2-layer radiator decreases the radiator effects for low
energy neutrons. Fig. 7 represents neutron energy dependence of
a 2-layer radiator; iron thickness is 4 mm. Below 10 MeV neutrons,
the radiator effects decrease, which means that low energy recoil
protons cannot traverse from Polyethylene to CR-39 through 4 mm
iron.

To increase the sensitivity for low energy neutrons, we devel-
oped a Multi-layer radiator (See Fig. 8). In this research, 5-layer
radiator was designed and this thickness was limited to 5 mm.
This thickness of each layer was determined by considering the
proton range through these layers, in order to ensure a peak of
energy response at 50 MeV neutron energy. Fig. 9 represents that
above 20 MeV neutron energy the radiator effects of the 5-layer
radiator is ten times that of PE1. Below 10 MeV neutron energy
these radiator effects have almost same value. This 5-layer radiator
weighs only 3 g.

The relative sensitivity, which is defined as the ratio of the
efficiency to Hp(10) factor, is obtained as shown in Fig. 10.

Finally, to improve the personal neutron dosimeter for high
energy radiation fields, the energy response should be stable. An
improved 5-layer radiator was designed; we changed the 5th layer
from Polyethylene to Polyamide to reduce the radiator effect peak
at 10 MeV. Compared with the former radiator, the energy valida-
tion of radiator effects of this improved 5-layer radiator was about
half times that of PE1 energy of neutrons from 1 to 100 MeV.
5. Conclusion

We conclude that radiator designs of new personal neutron
dosimeters using CR-39 can be calculated by PHITS. The radiator
effects of calculation were in good agreement with our measure-
ments in the neutron energy range from 144 keV to 14.8 MeV. The
present investigation to increase sensitivity for high energy
neutrons above 10 MeV can be controlled by using Multi-layer
radiators.
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