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Environmental neutron dosemeter using PADC (Polly Allyl Di-glycol Carbonate) track detectors was tested in an
actual neutron field. The dosemeter was set at a point in the radiation controlled area around the cyclotron facility of
National Institute of Radiological Sciences (NIRS), together with the commercially available rem counter for
comparison. For further validation of the dosemeter, the neutron spectrum at the point was measured by using Bonner
ball counters inserting gold foil. The dosemeter showed the dose comparable to that estimated from the spectrum. The
incident neutron direction was also estimated by detecting the slow neutrons from track densities on the PADC

detectors.
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I. Introduction

In Japanese regulation law, monitoring of ambient dose
equivalent is required at the boundaries of radiation
controlled areas and nuclear facility sites. For neutron
monitoring, real-time dose equivalent counters, so-called rem
counters, are widely used. The rem counters have high
reliability as environmental neutron monitoring devices
because of the energy response well fitted to the curve of
ICRP74  fluence-to-ambient-dose-equivalent ~ conversion
coefficients" and the excellent directional response. However,
in fact, some rem counters underestimate the dose in the
neutron energy above about 10 MeV and on the contrary
overestimate drastically in the medium energy region of 10
eV to 10 keV. Besides the rem counters also have some
demerits such as the heavy weight (about 10 kg) and the high
cost.

Our group has developed a new type of wide-range
environmental neutron dosemeter” using PADC (Poly Allyl
Di-glycol Carbonate) track detectors embedded in
polyethylene moderator. The PADC track detectors are
widely used as passive-type neutron detectors having the
following features; good sensitivity to fast neutrons, small
fading, light weight and low cost. By using PADC track
detectors, our environmental neutron dosemeter can give the
integrated value of neutron ambient dose equivalent for a
long-term use. The dosemeter can also be used in gamma-ray
and neutron mixed fields due to the insensitivity to gamma
rays.

In this study, characteristics of the developed neutron
dosemeter were investigated in an actual neutron field around
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the cyclotron facility of National Institute of Radiological
Sciences (NIRS) in Japan. The neutron ambient dose
equivalent was measured using the dosemeter and a rem
counter. The neutron energy spectrum and the ambient dose
equivalent in this neutron field were also evaluated by the
measurement of the multi-moderator spectrometer, so-called
Bonner ball, inserting gold activation foil.

II. Materials and Methods

1. Wide-range environmental neutron dosemeter

The new type of wide-range environmental neutron
dosemeter consists of a polyethylene block of the octagon
pillar, 6 cm(L)x6 cm(H)x6 cm(D), as a moderator and
radiator, and eight PADC detectors (TechnoTrak; Chiyoda
Technol Co.), 19 mm(L)x8.5 mm(H)*1.6 mm(D), as neutron
detectors. It weights only about 200 g. Four PADC detectors
are put at 1 mm depth of the polyethylene block to be used
as fast neutron sensors detecting recoil protons produced by
nuclear reactions with the polyethylene block and/or the
PADC itself. On the other hand, other four PADC detectors
with boron nitride (BN) radiator are put at 10 mm depth of
the block to be used as slow neutron sensors detecting alpha
particles produced by '’B(n,0) reactions. The PADC
detectors are embedded in the block at intervals of 90
degrees as shown in Fig.1. Due to the configuration of the
detectors, it is confirmed in our former study” that the
dosemeter has uniform sensitivity for incident neutrons from
2n directions. The latent tracks formed in the PADC
detectors by charged particles produced via the (n.p) and
(n,a) nuclear reactions with H,C and B nuclei are enlarged to
visible size by chemical etching and then counted for dose
estimation. Neutron ambient dose equivalent, H*(10), is then
estimated as follows.
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Fig. 1 External and the cross-sectional views of the wide-range
environmental neutron dosemeter

H*(10) (mSv)=aXS+bXF, )

where, S and F are track densities (tracks/cm?) for the
slow and fast neutron sensors, respectively, and a and b are
conversion factors from the track density to H*(10). The
factors were determined from irradiation tests in calibration
fields and Monte Carlo calculation, which is described in
detail in ref.2. Response curve of the dosemeter obtained
from the calculation and experimental data using thermal
neutron, some monoenergetic neutrons (565 keV, 5 MeV,
14.8 MeV) and **'Am-Be and *’Cf neutron sources are
shown in Fig.2 with the curve of
fluence-to-ambient-dose-equivalent conversion coefficients
in ICRP74. Responses of some rem counters® are also
shown in the figure. They all are normalized to the response
for **Cf neutrons (average energy; 2.3 MeV). It can be seen
that the dosemeter has the closer response to the conversion
coefficient than the rem counters especially in the energy
region of 10 eV to 100 keV.

2. Field test

An actual neutron field test was carried out around the
cyclotron facility of NIRS when the cyclotron was in
operation. Neutron ambient dose equivalents were measured
by using the dosemeter and the rem counter (TPS-451BS) at
a point in the radiation controlled area outside the cyclotron
facility. Fig.3 shows a schematic view of the cyclotron
facility and measurement point in the field test. Neutrons
produced from the copper target bombarded by 30 MeV
protons were streamed through the maze and transmitted
through the concrete shield to the measurement point in the
radiation controlled area. The dosemeter was set for 3.5
hours. After the exposure, all PADC sensors in the
dosemeter were chemically etched in 30 wt% KOH at 90°C.
Etching times were 2.5 hours after the pre-soaking
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Fig. 2 Response curves of the dosemeter and some rem counters
by comparing the ICRP74 fluence-to-ambient dose equivalent
conversion coefficients
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Fig. 3 Schematic view of the NIRS cyclotron facility and the
measurement point in the radiation controlled area

procedure4) with DBP (dibutyl phthalate) for the fast
neutron sensors, 15 minutes for the slow neutron sensors
without pre-soaking procedure. After the etching procedure,
recorded tracks on the PADC sensors were counted by image
analyzing system with the automatic microscope
(Hsp-1000CS5); SEIKO PRECISION INC.) and then
neutron ambient dose equivalent was evaluated by Eq. (1).

In order to validate the dose estimated from the dosemeter
more accurately, the spectrum at the measurement point was
also measured by a spectrometry technique using the Bonner
balls inserting gold activation foil. The bare gold foil and the
Bonner balls with three different polyethylene moderators of
2.54 c¢cm, 3.81 c¢m, and 6.35 cm radii were exposed at the
point. The 412 keV gamma rays emitted from gold foils by
7 Au(n,y)'** Au reaction were measured with a Ge detector.
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3. Estimation of neutron energy spectrum

Response functions for the three Bonner balls and bare
gold foil were calculated by the MCNP4C2 code®” for 47
energy bins used in ICRP74 fluence-to-ambient-dose-
equivalent conversion coefficients. Fig.4 shows the
calculated response functions. A peak around 5 eV in the
response function of bare gold foil reflects the resonance of
PTAu(n,y)'*®Au reaction. As the polyethylene moderator
thickness increases, the response function becomes higher
sensitivity in higher energy region. To obtain the energy
spectrum at the measurement point, the reaction rates of
YTAu(n,y)'*®Au measured for the three polyethylene
moderators were unfolded with the SAND-2 code®. In this
unfolding, response function of bare gold foil was not used
because of the resonance peak of Au(n,y) reaction around 5
eV. Thermal neutron flux was estimated separately from the
response of bare gold foil under the assumption that
activation rate of gold foil was induced only by thermal
neutrons because we did not use the cadmium ratio method.
The cross section of Au(n,y) reaction of 98.65 barn was used
for thermal neutron. The 1/E spectrum, which is well known
as neutron spectrum in the environmental field, was applied
as an initial guess above thermal energy for the unfolding.

I11. Results and Discussions

The neutron energy spectrum in the field obtained by the
Bonner ball is shown in Fig.5. The spectrum is very soft and
is close to 1/E spectrum below about 10 keV, but rapidly
decreases above 100 keV. The fluence-weighted average
energy of this neutron spectrum was 25 keV. The
contribution of thermal neutrons was not included in the
spectrum because the response function of the bare gold foil
was not used for unfolding. The thermal neutron flux was
estimated as 2.58x10? cm™ s™' from the response of the bare
gold foil. This value is about three times of 1.00x10% cm™ s™
below 0.5 eV obtained from the unfolding, although this
value estimated without using cadmium ratio method gives a
little overestimation.

From the estimated thermal neutron flux and the
measured spectrum, the ambient dose equivalent rate at the
measurement point in the field was evaluated as 17.2 pSv/h
by using fluence-to-ambient-dose-equivalent conversion
coefficients in ICRP74. On the other hand, the ambient dose
equivalent rate measured at the field test point was 14.3
puSv/h (ambient dose equivalent of 50 puSv integrated for 3.5
hours) by our wide-range neutron dosemeter and 18.2 uSv/h
by the rem counter. These results are shown in Table 1. The
slight overestimation of the rem counter to the Bonner
counter can be explained from the fact that the rem counter
have higher response compared with the dose conversion
coefficients in the medium energy region between 100 eV to
100 keV, as seen in Fig.2. Our dosemeter showed a lower
dose than that of the rem counter and Bonner ball. As one of
the reasons for the underestimation, it is thought that the fast
neutron sensors of the dosemeter were not used for dose
estimation in this field test. Because of the very low neutron
fluence above 100 keV, as seen in Fig.5, only about 2 % of
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Fig. 4 Response functions of the Bonner counters obtained by
the MCNP4C2 Monte Calro calculation
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Fig. 5 Neutron spectrum at the field obtained by the SAND-2
unfolding

Table 1 The ambient dose equivalent rates measured by the
dosemeter, the rem counter, and the Bonner counters.

the ambient dose

detectors .
equivalent rate

wide-range environmental

neutron dosemeter 14.3 uSv/h
rem counter 18.2 uSv/h
Bonner ball counter 17.2 uSv/h

total neutron fluence during the 3.5 hours irradiation, tracks
were hardly generated on the fast sensors and were less than
100 tracks/cm’. This value is a background level, that is the
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detection limit, on the characteristic of PADC using in the
dosemeter”. However in the actual use for monitoring the
dose integrated over several months, the dose from the fast
neutron sensors also will be able to be used even in the field
where the fast neutron fluence is very low. The dosemeter
will give higher dose if the contribution of fast neutrons is
included for the dose evaluation in this test.

The relative response of the track densities of the four
slow neutron sensors of the wide-range neutron dosemeter
obtained by the experiment is shown in Fig.6. It was found
that the sensor S1 faced to the concrete shield had the
highest sensitivity and the sensor S3 at the opposite site of
the S1 in the polyethylene block of the dosemeter had the
lowest sensitivity. The sensor S2 and S4 showed almost the
same sensitivities. It can be estimated from this result that a
lot of thermal neutrons entered into the dosemeter in parallel
directly from the shield. If thermal neutrons enter into the
dosemeter from a certain direction, the sensitivities of the
four slow neutron sensors should be different because the
thickness of polyethylene that the neutron passes is different
and if fast neutrons enter, it should be almost equal because
the neutrons are uniformly distributed in the dosemeter by
elastic scattering in polyethylene. The wide-range neutron
dosemeter therefore may be able to estimate the incident
direction of neutron for thermal neutrons. This information
will be useful for monitoring the neutron field at the fixed
point, such as the boundaries of radiation controlled area and
facility site.

IV. Conclusion

The new type of wide-range environmental neutron
dosemeter was tested and compared with the rem counter in
the neutron field around the cyclotron facility of NIRS. The
ambient dose equivalent in the field was also evaluated using
the Bonner ball counters inserting gold activation foil. As a
result, it was found that the new dosemeter can give the
ambient dose equivalent comparable to the calculated dose
equivalent from the spectrum and the rem counter. In
addition, it was also found that the information on incident
neutron direction can be obtained from the distribution of
track densities on four PADCs used as the slow neutron
sensors. These results indicate that this dosemeter is useful
as a detector for neutron monitoring at the boundaries of
radiation controlled areas and facility sites.
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Fig. 6 Relative response of the track densities of the four slow
neutron sensors of wide-range neutron dosemeter
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