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Abstract

This article presents fundamentals and an overview of the optical-fiber-based scintillation detectors,
which consist of a scintillator and an optical fiber light guide. This type of detector is preferentially used in
special applications. In these applications, only a scintillator probe is placed in a severe environment, while a
photodetector stays in a mild environment. Additionally, a detector should not disturb an irradiation field. As
examples, applications in nuclear reactor physic experiments, medical uses, such as radiation therapies, and

severe radiation conditions are reviewed.
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1. Introduction

Scintillators have been used as ionizing radiation detectors in various applications, such as medical
useV?) radiation monitoring®®, security purpose”®, high energy physics®® and so on. Scintillation
detectors basically consist of a scintillator and photodetector such as photomultiplier tube (PMT) or Si
photodiode (PD). It is important to efficiently transport scintillation photons to a photodetector. Generally,
there is difference in refractive indices between a scintillator and window material of the photodetector. The
optical matching between a scintillator and photodetector window should be considered to efficiently
transport scintillation photons to the photodetector. In some cases, a photodetector might be placed far from a
scintillator. Generally, photodetectors have low resistance to a severe environmental condition compared with
scintillators. Therefore, in applications, in which detectors should be used in severe conditions, only a
scintillator probe is placed in a severe environment, while a photodetector stays in a mild environment. In this
case, the scintillator and photodetector should be connected with a long light guide. In addition, in many
applications, a detector should not disturb an irradiation filed. Therefore, the detector size is desired to be
small in these applications. Generally, a scintillator size can easily be small but a photodetector has a certain
size. In this case, only the scintillator probe is placed at a measurement point, while the photodetector is
placed at a point where the photodetector makes less influence on the irradiation field. As a light guide which
can efficiently transport scintillation photons for a long distance, optical fibers are frequently applied. A
number of optical-fiber-based scintillation detectors are developed and used in various applications.

In this paper, recently developed applications of scintillators in optical-fiber-based radiation detectors are
reviewed. Scintillating fiber detectors are also optical-fiber-based detectors. The scintillating fiber is a
scintillator and also works as a light guide. By using the scintillating fibers, a large size detector can easily be
fabricated. Therefore, this type of detector is frequently used in high energy physics applications'?. Although,
a number of detectors using scintillating fibers are developed, theses detectors are outside the scope of this
paper. This paper focuses on detectors using an optical fiber as a light guide to transport photons from a
scintillator to a photodetector. First, the fundamentals of light collection and transportation using an optical

fiber is described. And then, various applications of scintillators in optical-fiber-based detectors are reviewed.
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2. Fundamentals of light collection and transportation using an optical fiber

When considering transport of photons from a scintillator to a photodetector, we should take the famous
Snell's law into account. When a photon enters from region A to B, the Snell’s law can be written as

n,sind, =ngsin g, 2,

where na and ng are refractive indices of the region A and B, respectively. én and & are incident and
refractive angles, which are photon direction angles from the normal vector of the interface between region A
and B as shown in Fig. 1 a). When we are considering photon transport in an optical fiber, the important
phenomenon is the total internal reflection. Since the maximum angle of refraction is 90 degrees, the total

internal reflection occurs when the incident angle is larger than the critical angle & given by

siné, =2—B @).
A

In this condition, the incident light is perfectly reflected without any loss as shown in Fig. 1 b). An optical
fiber is a light guide having less transmission loss using the total internal reflection. Figure 2 shows the
geometrical relation on pathways of scintillation photons in the optical fiber. As shown in Fig. 2 a), photons in
the transmission mode, in which photons with a larger reflection angle than the critical angle are reflected by
the total internal reflection, can be transmitted with little loss. On the other hand, photons outside the
transmission mode are refracted but escape out from the optical fiber. Since the critical angle is relatively
large, acceptable angle into the transmission mode is usually small. The optical fiber light guide has low
attenuation but small light collection efficiency. From this viewpoint, the important parameter of the optical

fiber is the numerical aperture (NA). The NA is defined as

core ! 'clad

(NA):nsinHmaX=ncoresin(%—6?c)= Ny — N @A),

where n is the refractive index of the medium around the fiber (in this case, the scintillator), Gnax is the
maximum acceptable angle into the fiber, neore and neiad are the refractive indices of the optical fiber core and

cladding, & is the critical angle. This parameter is an index of the acceptable angle into the optical fiber. As



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

shown in Fig. 2 b), scintillation photons coming from outside the acceptable angle escape out from the
optical fiber. Therefore, it is important to select high NA optical fiber for efficient light collection. On the
other hand, when the optical fiber is used in an intense radiation field, the radiation damage of the fiber should
be taken care, because the high NA fibers might have long path length in the optical fiber transmission mode.
As you can see from Eq. 3, it is difficult to introduce the scintillation photons into the transmission mode for a
scintillator having a high refractive index. Since some heavy scintillators, which are suitable for gamma-ray
detection, have a relatively high refractive index, it is important to keep this issue in mind. In addition, as
shown in Fig. 2 ¢), it is important to note that photons entering from a side surface of an optical fiber cannot
be introduced into the transmission mode.

In order to efficiently collect scintillation photons, it is desired to place the scintillator within the core
area on the end surface of an optical fiber. This is because it is difficult to put scintillation photons into the
transmission mode from the outside the core region even if the scintillator is surrounded by a reflector. This
means that the desired scintillator size is smaller than that of the optical fiber core. Figure 3 shows a
fundamental configuration of the optical-fiber-based scintillation detector. When using large size scintillator
crystal, a lens optics assembly should be considered to be applied to put scintillation photons into the
transmission mode from a large volume scintillator. Of course, since the lens assembly has relatively large
volume, it is not appropriate to use this kind of optics when it is not desired to interfere the measured field by

the detector itself.

3. Applications of the fiber-based scintillator detectors
3.1 Nuclear reactor physics experiments

In nuclear reactor physics experiments, neutron detectors play an important role. Nuclear reactors are
driven by nuclear fission chain reaction. A fission reaction is induced by neutron absorption and then releases
two or three neutrons. In other words, the fission chain reaction is driven by neutrons. To measure the neutron
intensity in a reactor, the reactor output can be determined. In addition, the neutron spatial distribution

represents reactor power distribution. Therefore, the neutron detector is a fundamental tool in nuclear reactor
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physics experiments. General neutron detectors used in the reactor physics experiments are fission chambers,
3He proportional counters and BFs proportional counters. Since these types of the neutron detectors have a
certain size, the detector insertion space should be secured in the moderator region of the experimental reactor.
This insertion space makes an influence to the criticality of the reactor. The neutron activation method was
conventionally applied to measure the neutron flux with small influence to the reactor criticality. In many
cases, a gold foil or wire was used for the activation method. However, the activation method generally takes
relatively long time for measurements. The activated sample is recovered after the shutdown of the reactor
operation and then the induced gamma-rays from the sample are measured. Especially, when measuring the
spatial distribution of the neutron flux, since a large number of the activated samples should be measured, the
total measurement time becomes relatively long. In this kind of applications, online and small size neutron
detectors are desirable.

One of the online and small size neutron detectors is an optical-fiber-based neutron detector, in which a
small neutron scintillator containing nuclides with high neutron absorption cross-section, such as °Li and 1°B,
is attached at the end of an optical fiber. The SLi(n, t)o. and °B(n, o)’Li reactions are important reactions for
neutron detection and written as,

SLi+n— a(2.05MeV )+t(2.73MeV) (@),

B+n— "Li(1.01MeV )+ a(1.78MeV )
— "Li(0.84MeV )+ (1.47 MeV ) +  (0.48 MeV )

().

As describe above, these reactions emit highly energetic charged particles, which can directly excite a
scintillator material. The optical-fiber-based neutron detector was first developed by Mori et al. and applied at
the Kyoto University Critical Assembly (KUCA) for nuclear reactor physics experiments'®. The used
detector in this application consisted of a plastic optical fiber with 0.8 mm core diameter and 2 m length,
whose end was painted with a mixture of Ag:ZnS scintillator, LiF with 95% enriched ®Li and adhesive paste
in an weight ratio of 1:1:2 having a thickness of 0.3 mm, and a photomultiplier tube (PMT), which was

connected to the other end of the fiber. Since this detector was quite small, it can be inserted into a narrow

measuring hole in the critical assembly. The neutron scintillator, that is, a sensitive region of this detector can
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be moved by a stepper-motor-based system. By moving the neutron scintillator position, the thermal neutron
flux distribution was measured. By using this detector, the spatial distribution of the neutron flux, which was
measured for 5 hours with a conventional gold wire activation method, was obtained in 10 min. Since the L
neutron converter has higher cross-section for slower neutrons, this type of detector has a high sensitivity only
for thermal neutrons. This type of optical-fiber-based neutron detector were modified to improve some
detector characteristics'¥™. Although the plastic fiber has a high NA, the resistivity to radiation damage is
lower than a quartz fiber. Therefore, an optical fiber was changed to the quartz fiber to prevent radiation
damage. In addition, a mixture of Ag:ZnS scintillator and adhesive paste is also sensitive to gamma-rays and
fast neutrons. To enhance the signal-to-noise ratio for thermal neutron events, the U neutron converter,
which absorbs thermal neutrons with a high cross-section and then makes a fission reaction, was applied. A
nuclear fission reaction releases 40 times higher energy than a ®Li(n, t)o. reaction. Since the signal pulse
height induced by a fission reaction is quite large compared with a ®Li(n, t)o, gamma-ray and recoil proton
reactions, the signal discrimination between thermal neutrons and others becomes easier and clearer. For fast
neutron detection, the *2Th converter was also applied. The fission threshold energy of 22Th is more than 1.1
MeV, so that the neutron detection probe using the 2?Th converter is sensitive only to fast neutrons. By
optical-fiber-based neutron detectors using the 2°U and 2?Th converters, the thermal and fast neutron
distributions were separately determined in the core of KUCA.

Although the Z*2Th neutron converter is suitable for fast neutron detection, the use of Z2Th is limited to
the facilities authorized to use nuclear materials and requires the labor and time for controlling these materials.
In addition, since ?2Th is an alpha decay nuclide, the signal to noise ratio is low especially for weak neutron
fields because of background alpha events. Therefore, the optical-fiber-based detectors using alternative
converter materials for fast neutron detection were developed'®1". In these researches, some threshold
reactions of zinc and sulfur isotopes in Ag:ZnS scintillator, such as #Zn(n, p)*Cu and ¥S(n,p)*P reactions,
were proposed to be applied for fast neutron detections. This type of detector demonstrated to measure the
spatial distribution of fast neutrons emitted from an accelerator-based T(d, n) reaction neutron generator,

which was used for the accelerator driven system (ADS) experiments. In these experiments, the pulse shape
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discrimination (PSD) technique was shown to be useful for eliminating noise signals induced in a PMT and
optical fiber by Cherenkov events and so on.

The optical-fiber-based detectors using neutron converters and Ag:ZnS scintillator were quite useful
for reactor physics experiments. However, a weak point of this type of detector was quite low sensitivity.
Since a mixture of neutron converter, Ag:ZnS scintillator and adhesive paste is clouded, an amount of the
neutron converter adhered on an end surface of an optical fiber is limited up to 0.3 mm thick at most. In order
to increase an amount of the neutron converter, a wavelength-shifting fiber (WLSF) was applied. As
described in chapter 2, photons entering from a side surface into an optical fiber cannot be introduced into the
transmission mode. This is because the neutron converter materials should be adhered on an end surface of
the optical fiber. Figure 4 shows the schematic drawing of the WLSF. Although an optical fiber cannot accept
photons into the transmission mode from a side surface in general cases, an incident photon from a side
surface of the WLSF will be absorbed in the core and then a wavelength-shifted photon will be re-emitted.
These re-emitted and wavelength-shifted photons can be transmitted in the transmission mode with little loss.
The WLSFs are generally designed to pass through the wavelength-shifted photons in the core. The core
material of the WLSF has strong absorption for incident scintillation photons and small attenuation for
wavelength-shifted photons. Consequently, the WLSF can collect and transmit photons incident from the side
surface. Yagi et al. developed the optical-fiber-based neutron detector using the WLSF and neutron scintillator
for nuclear reactor physics experiments'®*®. Especially for sub-criticality determination experiments, in
which the neutron flux in the core was not so high, the detector sensitivity was desired to be increased. The
WLSF (Kuraray, Y11) with a 1 mm diameter and 10 mm long was connected with a plastic optical fiber with
the same diameter, which was just used to transmit wavelength-shifted photons to a photodetector. The
absorption peak wavelength of this WLSF is 430 nm, which roughly matches with the emission wavelength
of LiF (450 nm), and its emission wavelength is 476 nm. A mixture of °LiF converter, Ag:LiF scintillator and
adhesive paste was coated onto the outer surface of the WLSF. Another end of the plastic fiber was connected
with the PMT. Since the area of the WLSF side surface is much larger than the end surface area of the optical

fiber, the effective amount of the neutron converter or the neutron detection sensitivity is much improved. The
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neutron sensitivity was experimentally evaluated to be 10 times higher than the conventional one. The
sensitivity was further improved by extending the neutron converter and WLSF region. When using a
200-mm long WLSF, since it was equivalent to take moving average with 200-mm, the resolution of the
spatial distribution measurements was deteriorated. The sensitivity was enhanced by 10 times compared with
one using a 10-mm long WLSF. This type of detector successfully demonstrated to measure the prompt
neutron decay constant, which is a related parameter to the subcriticality of the reactor®).

Since a mixture of the neutron converter, Ag:ZnS scintillator and adhesive paste was clouded, the
converter thickness was limited up to 0.3 mm at most. In order to increase the converter thickness, the use of
a transparent neutron scintillator is desirable. For a real-time subcriticality monitoring system, a highly
sensitive optical-fiber-based neutron detector was developed using the WLSF and a large number of small
pieces of a transparent neutron scintillator®®. As a transparent neutron scintillator, LiF/Eu:CaF. eutectic
scintillator was applied, which shows intense scintillation and has a high content of a 6Li converter?. A huge
number of small LiF/Eu:CaF scintillator pieces with about 200-um size was adhered on the side surface of
the WLSF with a 100-mm long. The WLSF was connected to an end of a quartz optical fiber with a 10-m
long. Since the scintillator containing a Li neutron converter is transparent and each scintillator piece has
sufficient size to stop energetic charged particles generated in °Li(n, t)o reaction, all neutron events show
almost the same signal pulse height. Consequently, the fabricated detector showed a clear peak in the signal
pulse height spectrum. This feature brings an advantage of the sensitivity stability against signal gain changes
to this detector. Using high-speed signal processing module, the fabricated detector successfully demonstrated

to determine the sub-criticality in real-time in the reactor physics experiments.

3.2 Medical uses

lonizing radiation is widely used in medical applications. In these applications, it is important to assess
the dose irradiated to patients and/or medical workers. For the dose assessment or dosimetry,
optical-fiber-based scintillator detectors can be applied. Medical applications using ionizing radiation are

categorized into two fields: radiological diagnosis and radiation therapy. In the radiological diagnosis, X-ray
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with an energy less than 150 keV is mainly used. On the other hand, various types of ionizing radiation are
applied in radiation therapies. The used scintillators or detector configurations are selected depending on the
types of the measured radiation fields: the types of ionizing radiation, intensity and so on. In most cases, the
organic plastic scintillators are applied because they have similar mass and electron densities as those of water
and human tissue. Therefore, they have interaction properties with photons and/or electrons similar to water
and human tissue, that is, water-equivalent property’?2, However, the organic plastic scintillators generally
show a lower light yield than inorganic scintillators. When irradiating an optical fiber with ionizing radiation,
the optical fiber itself slightly emit photons. This might be caused by a weak scintillation or Cherenkov
radiation processes in the optical fiber. This is frequently called as the stem effect®. In the case when the high
signal-to-noise ratio is low because of the stem effect, the brighter inorganic scintillators are selected.

In the diagnostic applications, the diagnostic X-ray has relatively low energy. These low energy X-ray
photons generate no Cherenkov radiation photon. Consequently, the stem effect is not severe in diagnostic
applications. This is because the plastic scintillators are selected in most diagnostic applications??82)2829)%0),
In addition, if the plastic optical fiber is used, all components of the detector is composed of only light
elements and makes little influence to the X-ray diagnosis?”. The energy spectrum of the diagnostic X-ray
depends on the X-ray tube acceleration voltage. Therefore, the detector response on the tube voltage was
evaluated in detail®?9?%), Since the reliability is quite important in medical applications, various
characteristics, such as temperature, optical-fiber bend radius and angular dependence, were evaluated®?®),

In the radiation therapy applications, various types of ionizing radiations are applied, such as high energy
electrons, high energy X-rays, gamma-rays, protons, heavy ions, and neutrons. The dosimeter should be
designed depending on the radiation types. For radiation therapies, high energy photons, such as X-rays and
gamma-rays, are also applied. A significant difference from the diagnostic X-rays is their energy. The high
energy photons used in radiation therapies generate high energy electrons in an optical fiber. These high
energy electrons might have higher velocity than the threshold one for the emission of Cherenkov radiation.
This induces the stem effect, which causes an undesired dosimeter output generated in an optical fiber light

guide®®. There are major three ways to compensate the influence of the Cherenkov radiation. The first one is
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to use the dual optical fiber configuration, in which two optical fibers are located in the same
arrangement??®9, An optical fiber is connected to the scintillator, but another one is just located in the same
arrangement. Since the stem effect occurs in the both optical fibers, the effect can be compensated by taking
the difference between the both. The second one is to use an bright inorganic scintillator, such as Th;Gd>0S
(Th:GOS) and TI:CsI*2¥34%9%)37)_Since the stem effect, such as the Cherenkov radiation, is generally small,
it can be negligible by using bright scintillators. The final one is to apply the spectral difference between the
scintillation and Cherenkov radiation®®), Since the Cherenkov radiation shows blue dominant and
broad-spectrum emission, the probe signal can be extracted from the emission spectrum by using a scintillator
showing longer wavelength and/or narrow spectrum emission. For radiation therapy applications, since the
tissue-equivalent property is important, the plastic scintillator is ideal from this viewpoint. Some of this type
of dosimeter are commercially available*™?. However, since the plastic scintillators show a not so high light
yield, the dual optical fiber configuration is preferably applied to compensate the stem effect???%D, In some
cases, the plastic scintillator showing green emission, such as BCF-60, is applied to use the spectral separation
of the stem effect®™. Although the dosimeter system becomes a little bit complicated to compensate the stem
effect, the plastic scintillator-based system shows various ideal features, such as tissue equivalence, energy
independence, reproducibility, dose linearity, resistance to radiation damage, and near temperature
independence. The inorganic scintillators can also be a promising candidate for radiation therapy applications.
There are a number of bright inorganic scintillators, which can overcome the stem effect. Especially,
scintillators showing green or longer wavelength emission have an additional advantage from a viewpoint of
the spectral separation of the Cherenkov radiation. One of the promising inorganic scintillator materials is
Tb:GOS, which shows a quite high light yield and green emission® 339, Other inorganic scintillators are
also considered to be applied for the radiation therapy applications. In order to improve the scintillation light
collection efficiency, an inorganic scintillator is inserted inside the plastic fiber core®®". Since only the probe
signal is enhanced in this method, the stem effect can relatively be reduced. Although inorganic scintillators
show excellent scintillation features, it should be noted that they always suffer from an energy dependence of

their responses, which causes a non-tissue-equivalent response.

10
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For particle therapy applications, such as a proton therapy and carbon-ion therapy, the optical-fiber-based
dosimeters have been considered to be applied. In these applications, an important task is to determine the
maximum range of highly energetic charged particles, such as protons and carbon ions. Some organic and
inorganic scintillators have been considered to be applied to the particle therapy applications*44, In these
applications, it is important to consider the quenching effect, which is caused by high linear energy transfer

(LET) particles. According to the Birks model®, the scintillation light yield L per unit path length is written

as,
dE
S—
ab _ T dx ®),
a9, dE
dx

where dE/dx: the stopping power or LET of an incident charged particle, S: the normal scintillation efficiency,
and kB: the quenching factor. The quenching loss is large for high LET particle. Although the maximum
range of incident charged particles can be determined, the quenching effect should be considered to evaluate
an accurate dose for the both of organic and inorganic scintillators.

Boron neutron capture therapy (BNCT) is also one of the particle radiation therapies, but non-charged
particle therapy. In BNCT, neutron capture agents containing boron are administrated into blood vessel of
patients and carried preferentially into tumor cells. Then, thermal or epi-thermal neutrons are irradiated into
the patient and °B(n, o) reactions are induced. Reaction products, which are alpha particles and lithium nuclei,
produce many ionizations in tumor cells and the tumor cells are damaged. The ranges of reaction products in
tissues are comparable to the size of typical tumor cells. The damage is, therefore, limited into the cells
accumulating boron neutron capture agents. It is, of course, important to evaluate the neutron intensity on a
patient body surface. Therefore, an on-line and small optical-fiber-based neutron flux monitors have been
developed.

The scintillators used in the optical-fiber-based neutron detectors for BNCT are categorized into two
groups. One is a combined type of the neutron converter and scintillator. Another one is a scintillator

containing the neutron converter. There are two candidate reactions used for neutron conversion to highly

11
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energetic charged particles in neutron scintillators: Li(n, t)o and 1°B(n, o)’Li reactions. As described above,
high LET particles cause a severe quenching effect. From this viewpoint, the °Li converter has an advantage
compared with 1°B. In BNCT applications, the neutron detector should be insensitive to gamma-rays, which
might induce undesired noise counts. The 8Li converter also has an advantage even from a viewpoint of the
neutron and gamma-ray discrimination owing to its highly energetic reaction products. Therefore, there was a
detector using the 1°B converter in the early stages of development®®, almost the all detector used the 6Li
converter. In the combined type neutron scintillators, the plastic scintillators and Ag:ZnS scintillator were
applied. Since the former ones have fast response, they showed excellent counting rate capability and wide
dynamic range*9. However, since the plastic scintillator also responds to gamma-rays, the dual probe
configuration, in which one uses a neutron converter but another uses only a scintillator, was applied to
compensate the gamma-ray response. In the Ag:ZnS scintillator case, since the scintillator region was too thin
to deposit an energy by a low LET electron generated in a gamma-ray interaction, the gamma-ray sensitivity
was quite low™. However, since the converter layer was also limited, the neutron sensitivity was not
sufficient. By applying the WLSF readout, the sensitivity of this type of detector was improved.

As a scintillator containing the ®Li neutron converter, the detector using a Li glass scintillator was first
developed®. Since the Li glass scintillator also responses gamma-rays, the dual probe configuration was
applied again. The °Li and ’Li enriched Li glass scintillators were combined. Since the ‘Li enriched
scintillator has the same response to gamma-rays as the ®Li enriched one but no neutron sensitivity, it can be
used to compensate the gamma-ray response. As the next generation neutron scintillator, a quite bright
Eu:LiCaAlFs scintillator was applied. To suppress the gamma-ray sensitivity in the single probe configuration,
a new idea, in which the scintillator size was controlled to a few hundred micrometers, was proposed®?.
Figure 5 shows the concept of gamma-ray suppression by controlling the scintillator size. In this scintillator,
®Li(n, t)o. reaction products, alpha and triton, have quite short range of a few ten pm. On the other hand, fast
electrons with about 1 MeV energy produced by gamma-ray interactions have relatively long range of the
order of mm. If the scintillator size is controlled into a few hundred pm, the ®Li(n, t)o reaction products can

deposit their whole energy but fast electrons escape to outside the scintillator with a large fraction of their

12
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initial energy. Consequently, fast electrons induced by gamma rays can produce only signals with quite small
pulse height. Therefore, the neutron and gamma-ray discrimination was easily conducted in the pulse height
spectrum. In addition, since the Eu:LiCaAlFs scintillator is bright and transparent, the fabricated
optical-fiber-based detector showed a clear neutron peak in the pulse height spectrum shown in Fig. 6. This
feature is quite useful to easily set the discrimination level and assess the detector sensitivity and its stability.
The neutron sensitivity of this type of detector was quite low because a scintillation size was small. However,
it was not significant disadvantage because the neutron intensity in the BNCT irradiation field is quite high. A
low sensitivity in the BNCT applications might be a benefit to avoid the counting loss. The neutron sensitivity
of this type of detector was experimentally confirmed to be controlled by adjusting a scintillator size or mass
owing to its feature showing a neutron peak®. The neutron and gamma-ray discrimination ability was
slightly improved by utilizing the LiF/Eu:CaF, eutectics scintillator, which has higher Li content than
Eu:LiCaAlFs scintillator®™. A high Li content helps to make a scintillator size small keeping the neutron
sensitivity. These type of neutron detectors were applied to evaluate the neutron intensity at the Nagoya
University Accelerator-based Neutron Source (NUANS), which was developed for the BNCT neutron
source®®). The measured results successfully agreed with the Monte Carlo simulation studies. From these
studies, it was concluded that the wall effect and the self-absorption effect should be taken into account to
accurately evaluate the neutron filed by using a small Li-enriched scintillator. Since the Eu:LiCaAlFs and
LiF/Eu:CaF scintillators have microsecond order decay time, the counting rate capability is not excellent. By
changing the scintillator material to a fast Li glass scintillator, which has a few ten ns decay time, the counting
rate capability or dynamic range can be improved®. Various performances of this type of detector, such as

the thermal neutron sensitivity, output linearity, and gamma-ray response, were experimentally confirmed®”.

3.3 Applications in severe radiation fields
The optical-fiber-based scintillation detectors are suitable for applications requiring high
radiation-resistance. One of the possible target applications is the radiation measurement at a high dose area in

a nuclear power plant. The radiation dose surveillance for the decommissioning of the Fukushima Dai-ichi
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nuclear power station (1F) might be one of the target applications. In a severe radiation fields, the radiation
damage of each component should be considered. Key components of the optical-fiber-based scintillation
detector are a scintillator and optical fiber materials. Radiation damage or radiation resistance should be
considered to design the detector system. Especially, since the optical fiber light guide has a long distance, a
slight absorption induced by irradiating ionizing radiation can be a significant problem. There are various
researches on development of the radiation-resistant optical fibers®9%). In addition, various
radiation-resistant optical-fiber-based scintillation detectors were designed based on these knowledges®6?.
These researches concluded that the silica optical fibers have a higher radiation resistance than the plastic
ones and the radiation induced transmission loss is significant especially at the shorter wavelength region than
600 nm, which arises from creation of an E’ center, non-bridging oxygen center and so on. In intense
radiation fields, the stem effect caused by the Cherenkov radiation becomes severe especially in the blue
spectral region. Based on these reasons, the longer wavelength or red region emission scintillators are
considered to be suitable for the optical-fiber-based scintillation detectors used in a severe radiation
circumstance®™, The radiation-resistant optical-fiber-based dosimeter system using a Nd:Y3Al:Or

(Nd:YAG) scintillator were developed and demonstrated in the Fukushima Dai-ichi Nuclear Power Station.

4. Conclusion

In the present review, the author introduced various applications using the optical-fiber-based
scintillation detectors in addition to its fundamentals. Applications in nuclear reactor physics experiments,
medical use, and severe circumstance, were focused. The detector configuration should be designed
depending on requirements of each application. In addition, optical coupling between a scintillator and optical
fiber is quite important for efficient light collection. For relatively new BNCT applications, some
performance improvements were explained. A research on the radiation dose surveillance in the Fukushima
Dai-ichi Nuclear Power Station was also introduced. Continuous studies will be required to develop compact
and easy-to-use optical-fiber-based scintillation detectors. It is expected to extend the base of scintillator

applications.
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Figure Captions

Fig. 1 Schematic drawing of a) the Snell’s law and b) the total internal reflection.

Fig. 2 Geometrical relation on pathways of scintillation photons in the optical fiber. a) Light
transmission mode in the optical fiber. b) Acceptable angle of scintillation photons into the
optical fiber. c) Photons entering from a side surface of an optical fiber.

Fig. 3 A fundamental configuration of the optical-fiber-based scintillation detector.

Fig. 4 Schematic drawing of the wavelength-shifting fiber.

Fig.5 The concept of gamma-ray suppression by controlling the scintillator size.

Fig. 6 Pulse height spectra obtained from the optical-fiber-based neutron detector using

Eu:LiCaAlFs scintillator when irradiated with neutrons and gamma rays.
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