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The purpose of this research is to develop a fiber-optic Cerenkov radiation sensor (FOCRS)
for detecting thermal neutrons in mixed radiation fields. Thus, we designed a probe for FOCRS
to detect thermal neutrons and background gamma rays using a Gd-157 foil and rutile crystal. A
probe for a reference sensor to detect gamma rays was also designed with a rutile crystal. To clarify
the relationship between electron fluxes and intensities of Cerenkov radiation, the electron fluxes
inducing Cerenkov radiation in the probes of FOCRS and the reference sensor were calculated
using Monte Carlo N-particle transport code (MCNPX) simulations.

1. Introduction

Generally, fiber-optic radiation sensors (FORSs) for detecting neutrons consist of neutron
converters, optical fibers, and scintillators.(-? These types of sensors are immune to environmental
influences such as pressure, humidity, and electromagnetic field.®> In addition, their small radii
and thinness make it possible to detect neutrons with high spatial resolution in a narrow space.
Moreover, specific optical fibers, such as metal coated optical fibers, allow the FORS to be used
under conditions of high temperature. However, although conventional scintillators have high
scintillation efficiencies and short decay times, these types of materials have some disadvantages
under specific conditions. In high ionization density, scintillation molecules can be temporarily
damaged by high energy charged particles. This phenomenon, which is known as ionization
quenching, causes non-proportionality between energy losses of charged particles and scintillation
outputs.©® In addition, the light yields of scintillators vary with ambient temperature, and this
characteristic restricts the use of a scintillator at high temperatures. Therefore, a novel technique
is required to detect neutrons in extremely harsh environments such as in the molten-salts in
pyroprocessing or the cores of nuclear reactors.
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A charged particle cannot travel with a velocity greater than the phase velocity of light in a
vacuum. However, in some dielectric media, including water, silica, and polymethyl methacrylate
(PMMA), a high energy particle can pass through the media with a velocity greater than the phase
velocity of light. When the charged particle does this, the electromagnetic field close to the particle
polarizes the medium along its path, which causes the electrons in the atoms to follow the waveform
of the pulse. In contrast to the scintillation generated in a scintillator, Cerenkov radiation generated
from a radiator can be used under extremely harsh conditions. In a high temperature tokamak,
electron fluxes can be obtained by measuring the Cerenkov radiation generated from some crystals.
@ Also, in radiotherapy dosimetry, it is possible to measure the relative depth of doses for proton
beams without ionization quenching by measuring the intensity of Cerenkov radiation.® Therefore,
Cerenkov radiation generated in radiators can be a significant signal under conditions of hazardous
radiation.

To detect neutrons using the Cerenkov effect, we have fabricated a fiber-optic Cerenkov
radiation sensor (FOCRS) using a Gd-foil, a rutile crystal, and an optical fiber, and have measured
pure thermal neutrons successfully.® However, to apply the FOCRS in actual nuclear facilities, the
FOCRS should detect the thermal neutrons selectively in mixed radiation fields. The purpose of
this research is to develop FOCRS for detecting thermal neutrons in mixed radiation fields. In this
study, we designed a probe for FOCRS to detect neutrons and gamma rays using a Gd-157 foil and
a rutile crystal. The probe of a reference sensor for detecting gamma rays was also designed with
the rutile crystal. To clarify the relationship between electron fluxes and intensities of Cerenkov
radiation, the electron fluxes inducing Cerenkov radiation in the probes of FOCRS and the reference
sensor were calculated using Monte Carlo N-particle transport code (MCNPX) simulations.

2. Materials and Methods

In our simulations, a Gd-157 foil is used as a neutron converter. The Gd-157 foil has a cross
section for a thermal neutron of 255000 barns, which is among the highest nuclear cross sections
found in any material. After interaction with the neutrons, the Gd-157 emits gamma rays with
energies up to 7.8 MeV and 72 keV conversion electrons.!” The gamma rays and electrons emitted
from the Gd-157 induced by the neutrons have sufficient energy to produce Cerenkov radiation in
a dielectric medium having a high refractive index. The dimensions and density of the Gd-157 foil
used in this research are 5 X 5 X 0.025 mm?® and 7.9 g/cm?.

As a Cerenkov radiator, rutile crystals (TiO,) were employed throughout this research. In
general, Cerenkov radiators should have high refractive indices to produce Cerenkov radiation for
low energy electrons. The rutile crystals have a refractive index of 2.87 at a wavelength of 430 nm.
The Cerenkov threshold energy (CTE) of electrons in the crystals required to produce Cerenkov
radiation was calculated as 34 keV using Eq. (1);

En = ’"(v—l - 1)’ M

where m, is the rest mass of the charged particle, ¢ is the phase velocity of light, and # is the
refractive index of the Cerenkov radiator. Since this energy is smaller than that of the conversion
electrons and gamma rays emitted from the Gd-157, Cerenkov radiation can be produced in the
rutile crystals. The dimensions and density of rutile crystals used in this research are 10 x 10 x 0.1
mm?® and 4.23 g/cm’.
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Figure 1 shows the MCNPX simulation scheme. In our simulations, a Cf-252 source which
emits neutrons with a mean energy of about 2 MeV was used as the neutron source. A polyethylene (PE)
block with a thickness from 5 to 45 mm was placed to increase the number of thermal neutrons
between the source and the sensor probes. In our simulations, a sensor probe consisting of the rutile
crystal and the Gd-157 foil was used to detect thermal neutrons and gamma rays, and a sensor probe
consisting of only the rutile crystal was used for gamma ray detection. The fluxes of neutrons and
electrons in the sensor probes were calculated using tally4.

3. Results and Discussion

Figure 2 shows calculated energy distributions of electrons in the rutile crystals. These results
were obtained for the 4-cm thick PE using the MCNPX simulation. In the case of the rutile crystal
with a Gd-157 foil, the peak electron flux was in an energy range below 34 keV. As mentioned
previously, because the CTE of electrons in the crystal is about 34 keV, the electrons in this range
cannot contribute to producing Cerenkov radiation in the rutile crystal. Most of these electrons
are derived from conversion electrons with an energy of 72 keV emitted from the Gd-157 foil and
background gamma rays; the conversion electrons can lose their energy to a level below the CTE
by passing through the Gd-157 foil and rutile crystal.

On the other hand, gamma rays generated from the Gd-157 have relatively high energies of up
to 7.8 MeV; thus, subsequent electrons induced by interactions between the gamma rays and the
rutile crystals have sufficient energy to produce Cerenkov radiation in the crystals. Therefore, we
can estimate that almost all Cerenkov radiation generated in the FOCRS is induced by the gamma
rays generated from the Gd-157. The result from the rutile crystal without a Gd-157 foil presents
the electron fluxes induced by background gamma rays. Typically, background gamma rays are
produced by interactions between neutrons and PE. In our simulation, the total electron flux of the
rutile crystal with Gd-157 foil was 4.2 times higher than that of the rutile crystal without the Gd-
157.
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Fig. 1. (Color online) MCNPX simulation scheme. Fig.2. (Color online) Calculated energy

distributions of electrons in rutile crystals.
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Fig. 3. (Color online) Calculated fluxes of (a) neutrons and (b) electrons in rutile crystals as a function of PE
thicknesses.

The calculated neutron fluxes in PE caused by C{-252 are shown in Fig. 3(a). In general, most
neutrons emitted from the Cf-252 isotope are fast neutrons having energies over 1 MeV. In our
simulations, therefore, the fluxes of fast neutrons account for greater portions of total neutron fluxes
in PE. Because the fast neutrons lose their energy by passing through PE, their fluxes decreased
according to the thickness of the PE. Meanwhile, most thermal neutrons are derived from fast
neutrons. Therefore, the fluxes of thermal neutrons increased for PE thickness up to 20 mm and
then decreased as PE thickness was increased beyond 20 mm.

Figure 3(b) shows calculated electron fluxes over CTE in rutile crystals with and without Gd-
157 foil for various PE thicknesses. Since the ultimate purpose of this study was to detect thermal
neutrons by measuring intensities of Cerenkov radiation induced by electrons and gamma rays
emitted from Gd-157, the intensities caused by the background gamma rays had to be eliminated.
Therefore, we subtracted the electron fluxes of the reference sensor from that of the FOCRS. The
differences in electron fluxes between the FOCRS and the reference sensor are in good agreement
with the thermal neutron fluxes. The difference between the calculated fluxes of electrons and
thermal neutrons was about 4.3%.

4. Conclusions

By measuring the intensity of Cerenkov radiation generated in a dielectric medium, it is possible
to detect some radiations without using scintillation material. In this research, we proposed a novel
method for detecting thermal neutrons in mixed radiation fields with a FOCRS. The probe of
FOCRS for detecting thermal neutrons was designed using a Gd-157 foil and a rutile crystal. The
probe of the reference sensor was also designed with a rutile crystal to detect background gamma
rays. To clarify the relationship between electron flux and intensity of Cerenkov radiation, electron
fluxes inducing Cerenkov radiation in the FOCRS and the reference sensor were calculated using
the MCNPX code. Finally, relative fluxes of thermal neutrons in a PE generated by a Cf-252
neutron source were compared with the calculated electron fluxes of the FOCRS and the reference
sensor. As a result, the differences in electron flux between the FOCRS and the reference sensor
were very close to calculated thermal neutron fluxes.



Sensors and Materials, Vol. 28, No. 6 (2016) 711

Further studies will be carried out to fabricate FOCRS for detecting neutrons at high
temperatures. It is anticipated that the novel and simple FOCRS using the Cerenkov effect
proposed here can be effectively used to measure radiation in nuclear facilities.
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