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NEUTRON DETECTOR

INCORPORATION BY REFERENCE

[0001] This application is based on and claims the benefit
of priority from Japanese Patent Application No. 2021-
214537 filed on Dec. 28, 2021, the contents of which are
hereby incorporated by reference.

BACKGROUND

[Technical Field]

[0002] The present invention relates to a neutron detector
that detects neutrons by detecting scintillation light emitted
by the phosphor when absorbing the neutrons.

[Background Art]

[0003] When measuring the dose of neutrons by using a
neutron detector in a high neutron dose condition, it is
advantageous to use a detector with fast response and high
detection efficiency, in order to reduce neutron count loss.
However, in such an environment, it is often the case that
not only the dose of neutrons but also that of gamma rays is
high, in general. For example, when a neutron moderator
material containing a large amount of hydrogen is used in
an environment where the dose of fast neutrons is high,
gamma rays of 2.2 MeV are generated by capture reaction
of moderated neutrons with hydrogen, so that the dose of
gamma rays necessarily becomes high. For this reason,
there is a demand for a neutron detector with fast response
and high detection efficiency that can detect neutrons by
distinguishing them from gamma rays (can discriminate
neutrons from gamma rays) even when both the dose of
gamma rays and that of neutrons are high.

[0004] Since neutrons have no charge and accordingly
have very high penetrating power compared to charged par-
ticles, it is usually necessary, for detection of slow neutrons,
to use a detector that employs an isotope having a large
cross-section of neutron absorption reaction accompanied
by emission of high-energy secondary charged particles or
the like (neutron-absorbing isotope) and is thereby increased
in neutron absorption probability. Even in such a case of
employing a neutron-absorbing isotope, in order to detect
particularly neutrons of an energy equal to or higher than
that of epithermal neutrons with sufficient sensitivity, it
may be necessary to use a detector having a value of an
order of several to several tens g/cm? in terms of density
length corresponding to the product of density and
thickness.

[0005] Generally used neutron detectors include a propor-
tional counter that detects ionization of gas caused by its
interaction with radiation, by amplifying the charge in pro-
portion to the amount of ionization, and a scintillation detec-
tor that detects luminescence (fluorescence) depending on
the amount of energy transfer by radiation in the scintillator
by using a photodetector. Since these detectors have detec-
tion sensitivity also to gamma rays, when the sensitivity to
neutrons is increased, the sensitivity to such gamma rays as
described above corresponding to a background event also
increases. Accordingly, a neutron detector capable of detect-
ing neutrons by discriminating them from gamma rays is
desired.
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[0006] In the proportional counter, as described in Patent
Document 1, for example, the ability of discrimination
between neutrons and gamma rays (hereafter, referred to
as n/y discrimination ability can be increased when using
3He gas, which has a large neutron absorption reaction
cross-section and hardly interacts with gamma rays because
of its low atomic number. However, in that case, the height
of pulses corresponding to the output is low until charges are
charged to the proportional counter, and a time during which
the detection is hard to be performed (resolution time)
becomes long. When the resolution time is long, it becomes
difficult, particularly in a high dose condition, to identify
each individual one of temporally continuous output pulses,
and correct counting accordingly becomes difficult. Further,
to measure epithermal neutrons and fast neutrons with high
efficiency, it becomes necessary to make the gas layer suffi-
ciently thick (have a large density length), and there accord-
ingly arises a problem in that the apparatus becomes large,
or that the apparatus becomes expensive because 3He is
expensive.

[0007] The scintillation detector is suitable for measure-
ment in a high dose condition, because it uses a phosphor
that emits fluorescent light by absorbing the energy of
charged particles, where the above-described resolution
time can be reduced by selection of the phosphor. For exam-
ple, phosphors of the 6Li-glass:Ce3* family to which a neu-
tron-absorbing isotope such as ¢Li is added are widely used
for neutron detection, because of their relatively fast decay
time (about 60 nanoseconds) and moderate amount of lumi-
nescence due to thermal neutrons in terms of electron
equivalent energy (MeVee) (about 1.6 MeVee). Here, the
reason why the luminescence amount has been mentioned
in terms of electron equivalent energy (MeVee) in the
description just above is that even when the luminescence
amount itself is large, if the luminescence amount due to
gamma rays is also large, it results in mixture of signals
for gamma rays and that for neutrons. Therefore, the elec-
tron equivalent energy is an important parameter for judging
the n/y discrimination ability. The n/y discrimination ability
can be increased by using a phosphor whose luminescence
amount in terms of electron equivalent energy (MeVee)
when absorbing neutrons is very large. As such a phosphor,
for example, °LiF/ZnS:Ag (electron equivalent energy of a
thermal neutron of about 10 MeVee) to which a neutron-
absorbing isotope such as °Li i1s added is widely known.
However, this phosphor has a relatively long decay time
(about 200 nanoseconds) and additionally a very long
decay time constant component, and accordingly has a pro-
blem in respect of fast response.

[0008] On the other hand, Patent Document 2 describes a
scintillator with its n/y discrimination ability increased by
making an improvement in the structure. The scintillator
has a configuration in which inorganic phosphor particles
made of such a phosphor as described above are dispersed
in a resin material. In this case, it is the same as in the above-
described case that neutrons can be detected through fluor-
escent light emitted by the phosphor when absorbing the
neutrons, but it is possible to reduce the intensity of fluor-
escent light emitted when absorbing the energy of gamma
rays, compared to preceding cases where the scintillator is
uniformly made of a phosphor. As a result, discrimination
between neutrons and gamma rays becomes easy.
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[Citation List]
[Patent Literature]

[0009] [Patent Document 1] Japanese Patent Application
Laid-Open No. 2008-14947

[0010] [Patent Document 2] International Publication No.
WO 2015/064588
SUMMARY OF INVENTION
[Technical Problem]

[0011] When SLiF/ZnS:Ag is used as the phosphor, mea-
surement in a high dose condition is difficult because the
decay time constant of fluorescent light is long. Further,
there 1s also a problem in that the efficiency of extracting
the fluorescent light is reduced when a large crystal is
used, because transmittance for the fluorescent light in this
material is not high. On the other hand, while the ¢Li-
glass:Ce3* family enables measurement in a high dose con-
dition, as described above, its luminescence amount in terms
of MeVee is not sufficient, and its n/y discrimination ability
1s low. For this reason, it has been difficult to realize a neu-
tron detector capable of detecting neutrons with high n/y
discrimination ability in a high dose condition only by set-
ting of the phosphor material.

[0012] Therefore, in addition to such setting of phosphor
material, it 1s effective to devise a scintillator structure as
described in Patent Document 2. However, because of the
difference in specific gravity between the inorganic phos-
phor particles and the resin material, it is not easy to uni-
formly disperse the inorganic phosphor particles in the resin
material, and therefore the scintillator is not easy to fabri-
cate. In addition, since the resin material contains a large
amount of hydrogen whose mass is about the same as that
of neutrons, neutrons are elastically scattered and therma-
lized, which increases the probability of absorption of the
neutrons by other than the inorganic phosphor particles,
thereby reducing the detection efficiency. Furthermore,
such thermalization (scattering) causes increase in transit
time of neutrons in the scintillator, which causes deteriora-
tion of temporal resolution of the detection in a case such as
measuring neutron detection timing, and it accordingly is
difficult to use the scintillator in, for example, a neutron
time-of-flight (TOF) measurement requiring high temporal
resolution.

[0013]) For the above-described reasons, there has been
desired a neutron detector capable of measuring a high
dose of neutrons with high efficiency and with high n/y dis-
crimination ability.

[0014] The present invention has been made in view of the
above-described problems, and is aimed at providing an
invention that solves the problems.

[Solution to Problem]

[0015] The present invention is configured as follows, in
order to solve the problems.

[0016] A neutron detector of the present invention is a
neutron detector that detects neutrons by fluorescent light
emitted when the neutrons are absorbed by a phosphor, the
phosphor containing a neutron-absorbing isotope that emits
secondary charged particles by absorbing the neutrons,
where the neutron detector is characterized by its compris-
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ing: a scintilllator configured to have a layered structure
consisting of, along an incident direction of the neutrons, a
plurality of combinations of a thin-film form phosphor layer
made of the phosphor and a thin-film form light transmis-
sion layer made of a light transmitting material that trans-
mits the fluorescent light and is adjacent to the phosphor
layer in the thickness direction; and a photodetector config-
ured to issue an output pulse as output generated on detect-
ing the fluorescent light.

[0017] The neutron detector of the present invention is
characterized by that the photodetector detects the fluores-
cent light emitted by the scintilllator along the incident
direction.

[0018] The neutron detector of the present invention is
characterized by that the photodetector detects the fluores-
cent light emitted by the scintilllator along an in-plane direc-
tion of the phosphor layers and the light transmission layers.
[0019] The neutron detector of the present invention is
characterized by its comprising: as the photodetector, a
first photodetector and a second photodetector opposing
each other along the in-plane direction, with the scintilllator
inserted between them; and a coincidence counting unit con-
figured to newly output, as the output pulse, an output based
on a first output pulse corresponding to the output pulse
from the first photodetector and a second output pulse cor-
responding to the output pulse from the second photodetec-
tor when synchronicity is recognized between the first and
second output pulses.

[0020] The neutron detector of the present invention is
characterized by that: in the scintillator, a plural ity of seg-
ments each composed of a combination of the phosphor
layer and the light transmission layer neighboring the phos-
phor layer and transmitting the fluorescent light emitted by
the phosphor layer are formed along the incident direction,
and, in the layered structure, a light shielding layer to shield
the fluorescent light is provided between the segments
neighboring each other in the incident direction so that the
fluorescent light within a segment propagates in the in-plane
direction but does not propagate between neighboring seg-
ments; and the photodetectors are provided in terms of each
of the segments.

[0021] The neutron detector of the present invention is
characterized by its comprising an anti-coincidence count-
ing unit configured to output, among the output pulses from
the respective segments, the output pulse whose synchroni-
city with other ones of the output pulses has not been
recognized.

[0022] The neutron detector of the present invention is
characterized by that a ratio of the light transmission layer
to the phosphor layer in refractive index for the fluorescent
light is in a range from 0.90 to 1.10.

[0023] The neutron detector of the present invention is
characterized by that a main component of the phosphor
layer and that of the light transmission layer are silicon diox-
ide (S10,), and the neutron-absorbing isotope is added in the
phosphor layer.

[0024] The neutron detector of the present invention is
characterized by that the neutron-absorbing isotope is SLi
or 19B.

[0025] The neutron detector of the present invention is
characterized by that a density length corresponding to the
product of density and thickness is set in a range from
0.0625 to 0.5 g/cm? and in a range from 0.2 to 1.3 g/cm?2,
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respectively, for the phosphor layer and the light transmis-
sion layer.

[Advantageous Effects of Invention]

[0026] Configured as described above, the present inven-
tion enables achieving a neutron detector capable of measur-
ing a high dose of neutrons with high efficiency and with
high n/y discrimination ability.

BRIEF DESCRIPTION OF DRAWINGS

[0027] FIG. 1A is a plane view showing a structure of a
scintilllator used in a neutron detector according to a first
embodiment of the present invention.

[0028] FIG. 1B is a cross-sectional view showing a struc-
ture of a scintilllator used in a neutron detector according to
a first embodiment of the present invention.

[0029] FIG. 2 is a diagram schematically showing pulse
height distributions in cases of using a scintillator of prior
art technology or that according to the present invention,
where both neutrons and gamma rays are detected.

[0030] FIG. 3 is a diagram showing states of luminescence
by interaction of gamma-ray photons (A) and neutrons (B)
(C) in a phosphor.

[0031] FIG. 4 shows a relationship between the absorption
rate of energy of charged particles emitted by neutron
absorption in a phosphor layer and thickness of the layer.
[0032] FIG. 5 shows a relationship between the sensitivity
to 2.2 MeV gamma rays in a phosphor layer and thickness of
the layer.

[0033] FIG. 6A is a diagram showing two types of config-
urations of a neutron detector (first example) according to
the first embodiment.

[0034]) FIG. 6B is a diagram showing two types of config-
urations of a neutron detector (second example) according
to the first embodiment.

[0035] FIG. 7 shows a result of actual measurement of
pulse height distributions depending on the number of
light transmission layers through which fluorescent light
passes.

[0036] FIG. 8 shows a result of comparing relationships
between the sensitivity to 2.2 MeV gamma rays and thick-
ness of a light transmission layer for various phosphor layer
thickness with each other, in the scintillator used for the
neutron detector according to the first embodiment.

[0037] FIG. 9 shows a result of comparing relationships
between the sensitivity to 5.0 MeV gamma rays and thick-
ness of a light transmission layer for various phosphor layer
thickness with each other, in the scintillator used for the
neutron detector according to the first embodiment.

[0038] FIG. 10 is a cross-sectional view showing a struc-
ture of a scinti lllator used in a neutron detector according to
a second embodiment of the present invention.

[0039] FIG. 11 is a diagram showing a configuration of a
neutron detector according to the second embodiment.
[0040] FIG. 12 shows a result of comparing a relationship
between the sensitivity to 2.2 MeV gamma rays and thick-
ness of a phosphor layer when segmentation is adopted and
the relationship when segmentation is not adopted, in the
scintilllator used for the neutron detector according to the
second embodiment.

[0041] FIG. 13 is a diagram showing a configuration of a
modification of the neutron detector according to the second
embodiment.
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[0042] FIG. 14 shows a result of comparing a relationship
between the sensitivity to 5.0 MeV gamma rays and thick-
ness of a phosphor layer when segmentation is adopted and
the relationship when segmentation is not adopted, in the
scintilllator used for the neutron detector according to the
second embodiment.

DETAILED DESCRIPTION

[0043] A neutron detector according to each embodiment
of the present invention is a scintillation detector for detect-
ing neutrons. Accordingly, similarly to the neutron detector
described in Patent Document 2, for example, and the like, it
uses a scintillator that absorbs neutrons and thereby emits
fluorescent light and a photodetector that detects the fluor-
escent light in combination. The present invention is char-
acterized by a structure of the scintillator or by a form of
combining the scintillator with the photodetector. Herein-
after, two embodiments distinguished based on the basic
structure of the scintilllator will be described.

(First Embodiment)

[0044] FIG. 1A shows a plan view representing a structure
of a scintillator 10 used in a neutron detector according to a
first embodiment, and FIG. 1B shows a cross-sectional view
representing that. Here, neutrons to be detected enter the
scintilllator 10 from the negative side in the z direction in
the diagrams. The scintillator 10 has a layered structure in
which a phosphor layer 11 and a light transmission layer 12
are alternately laminated in the z direction. The phosphor
layer 11 and the light transmission layer 12 each have a
thin film form extending in the x- and y-directions in the
diagrams. While five phosphor layers 11 and four light
transmission layers 12 are provided in FIGS. 1A, 1B, the
numbers of layers are appropriately set.

[0045] The phosphor layer 11 is made of a phosphor that
emits fluorescent light by absorbing the energy of charged
particles, and the charged particles can be detected by
detecting the fluorescent light. Here, to make the phosphor
have sensitivity particularly to neutrons having no charge, a
phosphor to which a neutron-absorbing isotope is added is
used, for example. Examples of such a phosphor are an
already known scintillation glass for neutron detection as
SLi-glass:Ce3*. Specifically, GS20, KG2 (manufactured by
Scintacor) and the like are used. To obtain sufficient n/y dis-
crimination ability, the amount of luminescence caused by
absorbing neutrons is preferably 1.5 MeVee or larger in
terms of electron equivalent energy (MeVee). The light
transmission layer 12 is made of a material having high
transmittance for the fluorescent light emitted by the phos-
phor and absorbing neutrons only slightly. Further, it is also
preferable that the light transmission layer 12 has a refrac-
tive index for the fluorescent light close to that of the phos-
phor layer 11, as will be described later, and is transparent to
the fluorescent light, and materials preferably used to form
the light transmission layer 12 include synthetic quartz, lead
glass slightly containing lead oxide, and the like.

[0046] With such a configuration, the scintillator 10 is
mcreased in n/y discrimination ability in neutron detection,
and highly efficient neutron detection can be performed with
the increased n/y discrimination ability. This point will be
described below. In general, a phosphor forming a scintilla-
tor emits fluorescent light by absorbing the energy of
charged particles. When the fluorescent light is detected by
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a photodetector (photomultiplier tube) or the like having
high temporal resolution, photoelectrons are generated on
the photocathode by the fluorescent light and are amplified,
thereby producing a pulsed electrical output according to
temporal distribution of the luminescence. The number of
the photoelectrons corresponds to the luminescence inten-
sity, which corresponds to the output pulse, so-called pulse
height or an integrated charge value.

[0047] There, while there is a slight difference between
neutrons and gamma rays in the output pulse waveform,
caused by a difference in the form of energy transfer to the
phosphor from them, it generally is not easy to distinguish
between the output pulse produced by fluorescence at a time
of neutron absorption and the output pulse produced by
fluorescence at a time of energy transfer from gamma rays,
in a case the amount of light (total photon number) is about
the same for the two types of fluorescence. For example,
even when the emission energy at a time of neutron absorp-
tion in the phosphor is 4.78 MeV, as will be described later,
electron equivalent energy for the corresponding lumines-
cence amount is about 1.6 MeVee in GS20 described
above. On the other hand, for example, gamma rays of
2.2 MeV mainly undergo Compton scattering in the phos-
phor, where they transfer continuous energy of about
2.0 MeV and lower to electrons in the phosphor. Therefore,
in a region where pulse heights due to the two types of fluor-
escence overlap each other, it is theoretically impossible to
distinguish between the two types of fluorescence from the
pulse heights. It is demanded to detect neutrons by discrimi-
nating them from gamma rays even in such a situation.
[0048] In this respect, the scintillator 10 of the present
invention is configured to have a structure in which, when
neutrons and gamma-ray photons are incident, lumines-
cence intensity (pulse height) is largely different between
the neutrons and the gamma-ray photons. Thereby, it
becomes possible to easily discriminate between them
from the pulse heights,

[0049] First, a description will be given of output (pulse
height distribution of output pulses) in a case where a gen-
eral type of scintillator is used and both neutrons and gamma
rays are present. FIG. 2 is a diagram schematically illustrat-
ing the situation. There, the horizontal axis represents pulse
height of output pulses, which corresponds to energy
absorbed by the phosphor from a single neutron or
gamma-ray photon. The vertical axis represents detection
frequency of neutrons or gamma-ray photons when they
are detected in large numbers.

[0050] In FIG. 2, D1 is a pulse height distribution of out-
put pulses due to neutrons in a case of using a usual scintill-
lator whose entire body is made of a thick phosphor. Here,
the peak energy of the distribution corresponds to a constant
emission energy due to nuclear reaction between °Li and
neutrons, which will be described later, (electron equivalent
energy of the luminescence amount is 1.6 MeVee in GS20,
as descr ibed above). On the other hand, D2 is a pulse height
distribution for gamma rays (2.2 MeV) when using the same
scintilllator. Here, in confrast to that D1 due to neutrons has
a single peak as described above, the distribution due to
gamma rays is a broad one, because gamma rays generate
a continuous spectrum caused by Compton scattering and
the like extending from near a maximum energy the
gamma rays have toward the low energy side. As indicated
here, it is difficult, in the region with overlap of D1 and D2,
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to distinguish (discriminate) between neutrons and gamma
rays from only the pulse heights.

[0051] In general, a phosphor constituting the scintilllator
becomes luminous (emits fluorescent liight) by absorbing
energy of charged particles having sufficiently higher
energy than that necessary to raise electrons in the phosphor
from the ground state into the excited state. A wavelength of
the luminescence corresponds to the energy difference
between the excited state and the ground state, and photons
having the luminescence wavelength are generated in num-
bers according to the energy absorbed by the phosphor and
the amount of absorbed energy per unit length or the like.
[0052] Here, since gamma-ray photons transfer their
energy to electrons in the phosphor by undergoing electro-
magnetic interaction with the electrons, the above-described
charged particles are the electrons in that case, and fluores-
cent light is emitted by the electrons transferring their
kinetic energy to the phosphor. At that time, the electrons
ejected by gamma rays tend to progress in the forward direc-
tion according to the law of conservation of momentum, and
in particular, the progressing direction of electrons having
received a large amount of energy being closer to the pulse
height due to neutrons becomes closer to the initial incident
direction of the gamma rays.

[0053] In contrast, neutrons scarcely undergo electromag-
netic interaction, and accordingly neutron absorption prob-
ability of general substances is low. However, when the
phosphor contains a neutron-absorbing isotope that emits
high-energy secondary charged particles by absorbing neu-
trons, high-energy secondary charged particles are gener-
ated by the neutron-absorbing isotope when absorbing neu-
trons. For example, when a well-known neutron-absorbing
isotope SLi is used, the reaction is as expressed by an equa-
tion (1).

n+°Li— o+ *H+4.78 MeV [Equation 1]

[0054] That is, the secondary charged particles in this case
are o particles (*He nuclei) and trittum (3H nuclei), which
have no direction dependence in their emission distribution,
unlike electrons in the above-described gamma ray case, and
are emitted in opposite directions while having kinetic ener-
gies of 2.05 MeV and 2.73 MeV respectively and totally
about 4.78 MeV, according to the law of conservation of
momentum. Subsequently, electrons in the phosphor are
excited by the secondary charged particles, and fluorescent
light is emitted in a similar way. It is the same for other
neutron-absorbing isotopes (for example, 10B) that energy
is transferred from secondary particles, while the secondary
particles may be different in kind and energy from the
above-described ones.

[0055] Here, since [mass of secondary charged particle
(nucleus)] » [mass of electron] (for example, [mass of o
particle] :[mass of electron]= 7300:1), when they have
almost the same energy, [velocity of secondary charged par-
ticle] « [velocity of electron] stands. Accordingly, there
arises a difference between the situation where electrons
generated by gamma-ray photons cause luminescence in
the phosphor and the situation where secondary charged
particles generated by neutrons cause luminescence in the
phosphor. FIG. 3 is a diagram schematically showing these
situations. There, both gamma-ray photons and neutrons are
assumed to be incident from the left side in the diagram.
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[0056] In FIG. 3, (A) in a top row schematically shows a
situation where high-energy electrons generated by gamma-
ray photons transfer their energy and thereby cause lumines-
cence in a scintilllator 100 made of a thick phosphor. On the
other hand, (B) in a middle row and (C) in a bottom row
show similar situations for secondary charged particles gen-
erated by neutrons, in comparison. Here, the diagram is the
one illustrating a region or the like of luminescence, but not
the one illustrating the total amount of luminescence. In
addition to the fact that the speed of electrons is higher
than that of secondary charged particles, as described
above, the charge amount of electrons is half that of o par-
ticles (secondary charged particles), for example. Since
transfer energy per unit transit distance (dE/dx) of charged
particles (electrons, secondary charged particles) is propor-
tional to the product of transit time (inversely proportional
to velocity) and square of the charge amount, [dE/dx of sec-
ondary charged particles|] » [dE/dx of electrons] stands.
Accordingly, in the scintillator 100, [range of secondary
charged particles] « [range of electrons] stands, and for
example, a maximum range of 1.5 MeV electrons in the
above-described phosphor GS20 is about 2.5 mm. However,
because the electrons are light (or have the same mass as
electrons in the phosphor), they accordingly are easily scat-
tered, have complicated routes, as depicted in FIG. 3(A),
and practically have a shorter range. When the scintillator
100 1s thinner than the range of the electrons, the probability
that the electrons cannot transfer all the energy to the scin-
tillator 100 becomes high, and the pulse height is reduced
compared to in a case the scintillator 100 is sufficiently
thick.

[0057] On the other hand, since high-energy secondary
charged particles generated by neutron absorption transfer
a large amount of energy per unit transit distance, they
need only a short distance for transferring all the energy,
for example, several pm for a particles and several tens of
um for 3H, in the phosphor GS20.

[0058] Accordingly, when a neutron-absorbing isotope is
contained in a phosphor, the thickness of the phosphor may
be set at a level of enabling transfer of almost all kinetic
energy of secondary charged particles in neutron absorption,
and enabling immediate departure of high-energy electrons
generated in interaction with gamma-ray photons. When the
thickness is thus set, in FIG. 2, in contrast to that the pulse
height distribution due to neutrons D1 ideally is maintained
with no change, the pulse height distribution due to gamma
rays changes from D2 to D3 present in the lower energy
side. There, by setting a threshold value T between the dis-
tributions D1 and D3, it is possible to determine that neu-
trons have been detected when a detected pulse height is
equal to or larger than T, and that the gamma rays have
been detected when the pulse height is smaller than T.
[0059] Since, as described earlier, the progressing direc-
tion of high-energy electrons is substantially equal to the
incident (progressing) direction of gamma rays, it is prefer-
able, in order to enhance the above-described effect, that the
incident direction of gamma rays is equal to the thickness
direction of the phosphor when the phosphor is of a thin film
form. In many of the cases where both neutrons and gamma
rays are present, the neutron source and the gamma ray
source overlap, and accordingly the condition is satisfied.
[0060] Since the probability of neutron absorption is not
high, there may be a case, as shown in (B) in FIG. 3, where
neutrons are absorbed near the surface and secondary
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charged particles are generated there, and there may be
also a case, as shown in (C), where neutrons are absorbed
at a deep position in the phosphor and secondary charged
particles are generated there. When the phosphor is thin
and composed of only a single layer, neutrons can be
detected in the case of (B), but neutrons cannot be detected
in a case of (C) corresponding to a case where neutrons pass
through the phosphor without undergoing interaction, where
the neutron detection efficiency may accordingly be
reduced. In contrast, by employing a multilayer structure
composed of phosphor layers 11 and light transmitting
layers 12 as shown in FIG. 1B to maintain a total thickness
of the phosphor layers 11, it becomes possible to detect neu-
trons even in the case of (C), and thereby keep a high neu-
tron detection efficiency.

[0061] Hereinafter, a description will be given of a result
of specific investigation performed to make clear the above-
described matter. FIG. 4 shows a result of calculating the
probability that most of the energy of secondary charged
particles (o particles, 3H nuclei) generated by neutrons is
absorbed in the phosphor. Here, it is assumed that the neu-
tron-absorbing isotope is 6Li as described earlier, accord-
ingly the secondary charged particles are o particles and
3H nuclei, and that the phosphor is GS20 already described.
While the phosphor is preferred to be thick in order to suffi-
ciently increase the absorption probability (to nearly 1), it is
recognized from the result that the absorption rate 1s 0.98
when the phosphor thickness is 1.0 mm, about 0.94 even
when the thickness is 0.25 mm, but is drastically reduced
for smaller thicknesses.

[0062] On the other hand, as described earlier, the electron
equivalent energy corresponding to the luminescence
amount due to neutrons (secondary charged particles
described above) when using GS20 is 1.6 MeVee. Accord-
ingly, the pulse height in output becomes substantially the
same for electrons having that energy and for secondary
charged particles, it accordingly is impossible to discrimi-
nate between gamma rays and neutrons (or between high-
energy electrons and secondary charged particles) by the
pulse height, as indicated by D1 and D2 in FIG. 2,

[0063] To make it possible to discriminate between neu-
trons and gamma-ray photons generating electrons having
the above-described level of energy by the pulse height of
output pulses, the distribution of D3 in FIG. 2 can be rea-
lized by reducing the energy transferred from gamma rays
(electrons generated by them) to the phosphor to be suffi-
ciently smaller than 1.6 MeV. For example, a case consid-
ered here is that of using a generaldetector that is composed
of a photomultiplier tube and the already-described GS20
phosphor (scintillator) whose energy resolution (a value
obtained by dividing the peak value of a pulse height distri-
bution by the full width of half maximum of the pulse height
distribution) is about 16% for secondary charged particles
and about 24% for electrons of 1.2 MeV. In this case, by
setting T, in the pulse height distribution of FIG. 2, such
that 99% of the distribution D1 for neutrons is included in
arange equal to or larger than T, and making energy transfer
caused by gamma rays in the phosphor layer 1.2 MeV or
lower, almost no pulse height values for the gamma rays
becomes included in the range equal to or larger than the
threshold T, and accordingly the n/y discrimination ability
by the pulse height is increased. Therefore, the phosphor
layer 11 may be made thin such that the transferred energy
from electrons to the phosphor becomes 1.2 MeV or lower.
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[0064] Since, as described earlier, the absorption probabil-
ity of neutrons having an energy equal to or higher than that
of epithermal neutrons, a total thickness of the phosphor
layer 11 is required to be equal to or larger than a certain
value in order to detect neutrons with high efficiency, and
such a multilayer structure as shown in FIG. 1B is effective
for this purpose. However, by adopting the multi layer struc-
ture, the probability of interaction with gamma rays is also
increased, and even if their pulse height distribution is
shifted toward the low energy side as described above, it
may also occur that the frequency itself increases to cause
increase in the sensitivity to gamma rays. For this reason,
investigation was performed on the sensitivity to gamma
rays (probability of transfer of energy exceeding 1.2 MeV
to the phosphor) when the number of the phosphor layers 11
(and the thickness of individual layer) is varied, while keep-
ing the total thickness constant. FIG. 5 shows a result of
calculating relative values of the sensitivity to gamma rays
when the total thickness of the phosphor layers 11 is fixed at
5 mm, and 1s distributed to a single layer (with a thickness of
5 mm), among three layers (with each individual phosphor
layer 11 having a thickness of 1.67 mm), among 5 layers
(with each individual layer 11 having a thickness of
1 mm), among 10 layers (with each individual layer 11 hav-
ing a thickness of 0.5 mm), and among 20 layers (with each
individual layer 11 having a thickness of 0.25 mm), where,
in the multi layered cases, the light transmission layer 12
made of 2 mm thick synthetic quartz is inserted between
the phosphor layers 11, thus forming the multilayer structure
of FIGS. 1A, 1B. There, the energy of gamma rays was
assumed to be 2.2 MeV corresponding to that to be emitted
by reaction between moderated neutrons and hydrogen in
the neutron moderator material, as described above. Such
gamma rays of 2.2 MeV may be a major background event
in various measurement conditions, and accordingly are one
of gamma rays to which attention needs to be paid most in
practical use.

[0065] InFIG.S§, the case of 5 mm thickness (single layer)
corresponds to that of a usual scintillator entirely and uni-
formly made of a phosphor without having no light trans-
mission layer 12. From FIG. §, it is obvious that, by adopt-
ing the multilayer structure with the light transmission
layers 12 inserted therein, the luminescence intensity due
to gamma-ray photons can be substantially reduced com-
pared to the usual scintilllator.

[0066] The amount of electron energy absorption greatly
depends on the product of the density and the thickness of
the phosphor (referred to as density length). Therefore, to
discuss the result more generally, it is preferable to use the
density length obtained by multiplying the abscissa in FIG.
5 by the density of GS20 (2.5 g/cm3) as an index, and dis-
cussing in that way, it is considered that even when a phos-
phor other than GS20 is used, a similar result to that on
GS20 can be obtained by using a phosphor having an
equivalent density length. For example, compared with a
case of using a single phosphor layer 11 with a density
length of 1.25 g/cm? (equivalent to 5 mm thick GS20),
energy absorption is reduced by adopting the above-
described layered structure including five phosphor layers
11 each with 0.25 g/cm? density length (equivalent to
1 mm thick GS20), where the rate of absorbing energy of
1.2 MeV or higher becomes about Y%10. When the density
length is used as the index, a preferred range of the density
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length of the phosphor layer 11 to obtain the above-
described effect becomes 0.0625 to 0.5 g/cm?.

[0067] As aresult, even in cases where the total thickness
of the phosphor layers 11 is identical, when the thickness of
each individual phosphor layer 11 is made smaller and the
total number of the layers is made larger, a difference
between the pulse height of output pulses due to neutrons
and that due to gamma-ray photons is increased.

[0068] However, if neutrons are absorbed in the light
transmission layer 12, the neutrons are not detected because
energy due to this reaction does not contribute to lumines-
cence. As a result, in the scintillator 10 having the structure
of FIGS. 1A, 1B, the neutron detection efficiency is reduced
by an amount according to the neutron absorption in the
light transmission layer 12. Therefore, it is desirable that a
material having a low neutron absorption probability is used
for the light transmission layer 12.

[0069] It accordingly is preferable that the light transmis-
sion layer 12 is made of a material not containing the neu-
tron-absorbing isotope described earlier and being transpar-
ent to the fluorescent light. However, in a neutron detector
that will be described later, fluorescent light extracted from
the scintilllator 10 is detected outside, where reflection at the
interface between the phosphor layer 11 and the light trans-
mission layer 12 becomes an obstacle in the extraction of the
fluorescent light to the outside of the scintilllator 10. To sup-
press such reflection at the interface, it is preferable that the
refractive index of the phosphor layer 11 and that of the light
transmission layer 12 is close to each other for the fluores-
cent light. Specifically, it is preferable that a rate of the
refractive index of the light transmission layer 12 to that of
the phosphor layer 11 is in a range from 0.90 to 1.10 at the
wavelength of the fluorescent light. When, for example, the
above-described GS20 is used for the phosphor layer 11,
synthetic quartz may be used as a material satisfying the
above-described requirement. That is, by using materials
whose main component is silicon dioxide (Si0O,) as materi-
als to form respective ones of the phosphor layer 11 and the
light transmission layer 12, the reflection at the interface can
be suppressed.

[0070] As has been described above, when using the scin-
tilllator 10 of FIGS. 1A, 1B, it is possible to significantly
reduce only the pulse height of pulse output due to
gamma-ray photons, without reducing that due to neutrons
and the neutron detection efficiency. As a result, it becomes
possible to discriminate between neutrons and gamma-ray
photons only by the pulse height. Here, since the decay
time constant of output pulses is determined by the material
constituting the phosphor layer 11, and the decay time con-
stant is not increased at least by employing the above-
described configuration, use of a material having a small
value for the decay time constant, for the phosphor layer
11, enables measurement in a high dose condition, simlarly
to usual scintillators.

[0071] Next, a description will be given of an aspect of
practically using the scintillator 10 in a detector. FIGS. 6A
and 6B schematically show two types of neutron detectors 1
and 2 in which the above-described scintillator 10 is used. In
the diagrams, an arrow A represents the incident direction of
neutrons to detect or of gamma rays to be an obstacle to
neutron detection, and arrows B, C and D represent the pro-
gressing directions of respective portions of fluorescent light
emitted by neutrons or gamma rays in the scintilllator 10
that are to be detected by a photodetector.
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[0072] A photodetector used here is the one having high
temporal resolution and being capable of issuing output
pulses by receiving the above-described fluorescent light
emitted by the phosphor layer 11, and specifically is a photo-
multiplier tube or the like.

[0073] In the neutron detector 1 of FIG. 6A, both the inci-
dent direction of neutrons (arrow A) and that of light to be
detected by the photodetector 21 (arrow B) are set to be in
the layering direction in FIG. 1B (z-axis direction). Accord-
ingly, when the scintilllator 10 is of a planar shape extending
in the x-y plane in FIGS. 1A, 1B, the configuration can be
implemented particularly easily.

[0074] While the single photodetector 21 is used in FIG.
6A, a multi-channel photodetector or the like may be used
with respect to the x-y plane of FIGS. 1A, 1B. In that case,
neutron absorption positions (luminescence positions) in the
x-y plane of the scintilllator 10 can be recognized with a
resolution nearly equal to the channel interval of the photo-
detector. There, as well as the photodetector, the scintillator
10 may be similarly arranged in a divided form.

[0075] As shown by (B) and (C) in FIG. 3, positions at
which neutron absorption occurs vary in depth owing to a
not high probability of neutron absorption, and accordingly
in the present case, the phosphor layers 11 and the light
transmission layers 12 are configured into the multilayer
structure, as described above. In FIG. 6A, fluorescent light
emitted by the phosphor layer 11 on the most surface side
(the leftmost side in FIG. 6A) reaches the photodetector 21
after passing through all the layers located closer to the
photodetector 21 than the phosphor layer 11 is (four light
transmission layers 12 and four phosphor layers 11), as indi-
cated by a path R1. In contrast, fluorescent light emitted by
the phosphor layer 11 on the closest side to the photodetec-
tor 21 (the rightmost side) reaches the photodetector 21
directly at a short distance, as indicated by a path R2. As a
result, when absorption, decay, and reflection between
layers of fluorescent light cannot be neglected in the phos-
phor layers 11 and the light transmission layers 12, the for-
mer fluorescent light is detected as having a lower intensity
(lower pulse height) than the latter one in the photodetector
21. For this reason, even when the same energy is trans-
ferred, the luminescence intensity to be detected (pulse
height) may differ depending on in which phosphor layer
11 in FIG. 1B the energy is transferred. This broadens D1
in FIG. 2 in the lateral direction.

[0076] FIG. 7 shows a result of practically measuring the
influence of the light transmission layer 12 in such detection
of fluorescent light. It is a result of measuring pulse height
distributions in output of the photodetector 21 correspond-
ing to D1 in FIG. 2, by using the configuration of FIG. 6A,
where, for the purpose of investigating the influence, only
the leftmost one of the phosphor layers 11 illustrated in FIG.
1B was provided, with no other ones of the phosphor layers
11 being provided, and the number of the light transmission
layers 12 provided on the right side of the single phosphor
layer 11 was varied. There, the difference in the number of
the light transmission layers 12 causes a difference in influ-
ence of the total thickness of light transmission layers which
the fluorescent light is to pass through, and of reflection
between the layers, and the like. There, the light transmis-
sion layers 12 were made of synthetic quartz, and the thick-
ness of each individual layer was set at 2.5 mm. In FIG. 7, a
case represented by “NO GLASS LAYER” corresponds to
that where fluorescent light emitted by the phosphor layer 11
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reaches the photodetector 21 without passing through any
light transmission layer 12, and cases represented by “4
GLASS LAYERS” and “12 GLASS LAYERS” correspond
to, respectively, that with four light transmission layers 12
(with 10 mm total thickness) provided therein, and that with
twelve light transmission layers 12 (with 30 mm total thick-
ness) provided therein. From this result, it is noticed that
even when using such a material exhibiting sufficiently
high light transmittance as synthetic quartz, a decrease in
the detected pulse height is not negligible. When the scintil-
lator 10 having the structure of FIG. 1B is used in FIG. 6A,
from which phosphor layer 11 the fluorescent light detected
by the photodetector 21 was emitted is variable, which
causes variation in the number (total thickness) of layers
the fluorescent light passed through, and as a result, a
pulse height distribution practically obtained by the photo-
detector 21 becomes the sum of the pulse distributions
shown in FIG. 7. In such a case, even when broadening of
the pulse distribution (full width of half maximum) shown
in FIG. 7 is small for each individual phosphor layer, broad-
ening of the summed pulse height distribution is thus
increased. This is undesirable in respect of making the dis-
tributions D1 and D3 in FIG. 2 apart from each other.
[0077] Accordingly, in the case of the configuration of
FIG. 6A, it is particularly preferable that the light transmit-
tance is high for the phosphor layer 11 and the light trans-
mission layer 12 and the reflectance at the interface of these
layers is low (the difference in refractive index is small
between the layers). Further, it is preferable not to increase
the total number of laminated layers more than necessary.
[0078] Thus, as an influence of the light transmission layer
12 on the detection of fluorescent light by the photodetector
21, variation of the pulse height distribution in neutron
detection depending on the number of light transmission
layers 12 which the fluorescent light is to pass through has
been shown in FIG. 7. Next, a description will be given of
the sensitivity to gamma rays when the thickness of the light
transmission layer 12 is varied.

[0079] FIGS. 8 and 9 each show a result of calculating the
sensitivity to gamma rays when varying the thickness of the
light transmission layer 12, where, similarly to the case of
FIG. 5, the total thickness of the phosphor layers 11 is fixed
at 5 mm, and is distributed to a single layer (with a thickness
of 5 mm), among three layers (with each individual layer
having a thickness of 1.67 mm), among 5 layers (with
each individual layer having a thickness of 1 mm), among
10 layers (with each individual layer having a thickness of
0.5 mm), and among 20 layers (with each individual layer
having a thickness of 0.25 mm), and FIGS. 8 and 9 respec-
tively show results for cases of gamma ray energy being
2.2 MeV and 5 MeV. The light transmission layer 12 is
assumed to be made of synthetic quartz. Unlike FIG. 5, the
vertical axis 1s represented in a logarithmic scale.

[0080] From the results of FIGS. 8 and 9, it is noticed that,
in the multilayer structure, the sensitivity to gamma rays
(luminescence intensity) decreases with increasing the
total thickness of the light transmission layers 12 not con-
tributing to the luminescence. In this respect, when neutron
absorption by the light transmission layer 12 can be
neglected, the light transmission layer 12 is preferred to be
thick in order to reduce the luminescence intensity due to
gamma-ray photons. However, while neutron absorption
by the light transmission layer 12 is slight, the neutron
detection efficiency gradually decreases with increasing
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the total thickness of the light transmission layers 12.
Further, particularly in an aspect shown in FIG. 6B, which
will be described later, a photo-sensing area of the photode-
tector needs to be made large when the light transmission
layer 12 is thick, which causes another disadvantage in
cost. Therefore, it is undesirable to increase the thickness
of the light transmission layer 12 more than necessary, and
specifically, the thickness of the light transmission layer 12
is preferred to be about 6 mm (1.3 g/cm? in terms of density
length) or smaller. As shown in FIG. 8, when the phosphor
layer 11 is set at 0.25 mm in thickness (0.0625 g/cm? in
terms of density length), sufficient effect of suppressing
the sensitivity to 2.2 MeV gamma rays is expected even
when the light transmission layer 12 is 1 mm in thickness
(0.2 g/lem? in terms of density length). However, when the
phosphor layer 11 is set at 0.25 mm in thickness, the total
number of the phosphor layers 11 needs to be made large in
order to secure the neutron detection efficiency, which
causes broadening of the pulse height distribution in the
configuration of FIG. 6A, as described above, and accord-
ingly is undesirable. Even in the case of using the configura-
tion of FIG. 6B, when the light transmission layer 12 is too
thin, the light propagation efficiency in the in-plane direc-
tion is decreased, which also causes broadening of the pulse
height distribution, and accordingly is undesirable in respect
of making the distributions D1 and D3 in FIG. 2 apart from
each other. Therefore, when expressed in terms of density
length as in the above-described case of the phosphor layer
11, a preferred range for the light transmission layer 12 is
0.2 glem? to 1.3 g/cm?.

[0081] Meanwhile, in the neutron detector 2 of FIG. 6B,
incident directions (arrows C and D) of fluorescent light to
be detected by photodetectors are different from that in the
case of FIG. 6A by 90 degrees, where two photodetectors, a
first photodetector 31A and a second photodetector 31B,
opposing each other are used, with the scintillator 10
inserted between them in the y direction. Since lumines-
cence occurring when neutrons are absorbed in the phosphor
layer 11 has no specific directionality, and light is emitted in
all directions, the emitted light can be detected also by the
photodetectors 31A and 31B.

[0082] There, light emitted by the leftmost phosphor layer
11 in FIG. 6B and light emitted by the rightmost phosphor
layer 11, which have been mentioned earlier, each pass
through the phosphor layer 11 having emitted the light and
light transmission layers 12 neighboring the phosphor layer
11, along the y direction, and there is no difference between
them in path length from their emission to their arrival at the
photodetectors 31A and 31B. Accordingly, in the present
case, unlike in the case of FIG. 6A, it does not occur that
the pulse height differs depending on which one of five
phosphor layers 11 has emitted the light (has absorbed neu-
trons), and as a result, there occurs no broadening of the
pulse height distribution due to the employment of the
multi layer structure.

[0083] On the other hand, when such light absorption or
the like in the phosphor layer 11 and the light transmission
layer 12 as described above cannot be neglected, it affects
the pulse height of output pulses obtained by the photode-
tectors 31A and 31B. In FIG. 6B, when neutrons are
absorbed on the side of the photodetector 31A (upper side
in the diagram) in a phosphor layer 11, thus emitted light
reaches the photodetector 31A via a short path R3 and
does the photodetector 31B via a long path R4. In contrast,
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when neutrons are absorbed on the side of the photodetector
31B (lower side in the diagram) in a phosphor layer 11, thus
emitted light reaches the photodetector 31A via a long path
RS and does the photodetector 31B via a short path R6.
Accordingly, in a case where light absorption cannot be
neglected, when neutrons are absorbed on the side of the
photodetector 31A, the pulse height in the photodetector
31A becomes higher and that in the photodetector 31B
becomes lower, relative to each other, and they become in
areverse relation when neutrons are absorbed on the side of
the photodetector 31B. That is, there occurs distribution in
the pulse height of output pulses in each of the photodetec-
tors 31A and 31B depending on the neutron incident posi-
tion in the y direction.

[0084] In this respect, in the neutron detector 2, an output
pulse of the photodetector 31A (first output pulse) P, and
that of the photodetector 31B (second output pulse) Pp are
input to a coincidence counting circuit (coincidence count-
ing unit) 32. When it recognizes the output pulse P4 and the
output pulse Pp simultaneously, the coincidence counting
circuit 32 outputs their sum P,+Pp. The pulse height of P4
+P3 is almost independent of the neutron incident position
in the y direction, and corresponds to the energy absorbed by
neutron absorption in the phosphor layer 11. Accordingly,
by using such a coincidence counting circuit 32 and thereby
obtaining output pulses independent of the neutron incident
position in the y direction, even in a case where light absorp-
tion occurs in the phosphor layer 11, it is possible to sup-
press broadening of the pulse height distribution in neutron
detection. As a result, discrimination between neutrons and
gamma rays becomes easy to perform. However, since
decay of light due to absorption relates nonlinearly with
the distance from the incident position to the photodetector,
for example, a simple sum of P, and Pp is not exactly a
quantity independent of the incident position. More exactly,
it is preferable to use a pulse height independent of the inci-
dent position appropriately calculated using P, and Pp with
the above-described point taken into consideration. Here,
the coincidence counting circuit 32 may be configured in
the form of an electric circuit, or may be configured using
a computer or the like that performs processing on digitized
output pulses. Particularly, in the case of using a computer,
the processing does not necessarily need to be performed in
real time at the time of detection, and may be performed by
the computer collectively on a series of output pulse data
after storing the data during a certain time period, for exam-
ple. In that case, the processing may be performed in an off-
line state separated from the measurement environment by
arranging the coincidence counting circuit 32 apart from the
photodetectors and the like.

[0085] Further, even in the configuration of FIG. 6B, by
providing photodetectors 31A in the form of an array along
the x direction, similarly providing photodetectors 31B, and
providing coincidence counting circuits 32 in accordance
with the photodetectors, for example, neutron absorption
positions (luminescence positions) in the x direction can
be recognized.

[0086] In the configuration of FIG. 6B, since fluorescent
light generated by neutron absorption theoretically is always
detected by the photodetectors 31A and 31B at the same
time, a noise component irrelevant to detection of radiation
such as neutrons is removed from outputs of the photodetec-
tors 31A and 31B and is not included in the output of the
coincidence counting circuit 32, unless its simultaneous out-
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put occurs accidentally. Here, with respect to synchronicity
of outputs from the photodetectors 31A and 31B in the coin-
cidence counting circuit 32, those both of which occur
within an appropriately determined short time period are
recognized to be synchronous with each other.

[0087] In the case as shown in FIG. 6B where light
emitted along the y direction is detected by the photodetec-
tors, when absorption of the light in the phosphor layer 11
can be neglected, a configuration not including the coinci-
dence counting circuit 32 in FIG. 6B and including only
either of the photodetectors 31A and 31B may be employed.
Further, it is particularly effective to employ a configuration
as described earlier, the phosphor layers 11 are formed to be
thin in the z direction, and the light transmission layers 12
thicker than the phosphor layers 11 are provided adjacent to
the respective phosphor layers 11, thereby enabling detec-
tion of not only light propagating in the phosphor layers 11
but also light propagating in the light transmission layers 12,
along the y direction.

(Second Embodiment)

[0088] Next, a description will be given of a second embo-
diment that uses a scintillator having a different structure
from that of the scintillator 10 shown in FIGS. 1A, 1B.
FIG. 10 is a cross-sectional view showing a structure of
such a scintilllator 50 used in the present embodiment,
which corresponds to FIG. 1B. In the scintillator 50, it is
the same as in the scintillator 10 that five phosphor layers
11 and five light transmission layers 12 are provided, and
that the phosphor layers 11 emit fluorescent light by inter-
acting with neutrons (or gamma rays).

[0089] However, in the present case, a thin light shielding
layer 13 that does not transmit but does reflect fluorescent
light is formed on the right side of each of the light transmis-
sion layers 12 in the diagram. It is preferable that the light
shielding layer 13 is made of a material not transmitting the
fluorescent light but negligibly absorbing neutrons (for
example, such as aluminum). In general, it is difficult to
absorb neutrons but easy to shield visible light and ultravio-
let light by using a thin metal, and it accordingly is easy to
provide such a light shielding layer 13. Further, energy of
gamma rays or of high-energy electrons generated by
gamma rays may be absorbed by the light shielding layer
13. Meanwhile, in the scintillator 50, light detection is per-
formed in terms of each of segments, as will be described
later, where the light shielding layer 13 serves as a boundary
between the segments. There, the thickness of the light
shielding layer 13 may be set thick in order to facilitate the
light detection in terms of each segment. Such setting is also
easy because neutron absorption by aluminum or the like,
for example, is slight.

[0090] In FIG. 10, light emitted by one phosphor layer 11
enters the adjacent light transmission layer 12, but its inci-
dence on a phosphor layer 11 next to the adjacent light trans-
mission layer 12 is prevented by the light shielding layer 13.
Accordingly, the scintillator 50 is divided into five segments
S1 to S5 in the z direction with the light shielding layer 13
being each boundary, with respect to fluorescent light. In
FIG. 10, one phosphor layer 11 and one light transmission
layer 12 are provided in each segment, and light emitted by
one of the phosphor layers 11 progresses only within the
segment including the phosphor layer 11 particularly along
the y direction. Further, because of the existence of the light
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shielding layer 13, light emitted by the phosphor layer 11 is
sent out only in the directions of arrows C and D illustrated
in FIG. 6B, but not in the direction of an arrow B in FIG. 6A.
[0091] Here, similarly to the case of FIG. 1, the number of
laminated layers including the phosphor layers 11 and the
like is appropriately set in practice. Further, while each seg-
ment is composed of one phosphor layer 11 and one light
transmission layer 12 in the example of FIG. 10, a plurality
of phosphor layers 11 and a plurality of light transmission
layers 12 may be provided in each segment (each of regions
separated by the light shielding layers 13).

[0092] As described above, in contrast to that absorption
of a single neutron causes luminescence only in a single
phosphor layer 11, a single gamma-ray photon may cause
luminescence in more than one phosphor layers 11. In this
respect, when the segments S1 to S5 are arranged as in the
structure of FIG. 10 and detection of luminescence is
thereby performed in terms of each of the segments, influ-
ence of luminescence in other segments is removed with
respect to luminescence due to gamma-ray photons, which
enables further reduction of luminescence intensity due to
gamma-ray photons.

[0093] In the present case, the scintillator 50 cannot be
used in place of the scintillator 10 in FIG. 6A because
light cannot be extracted in the direction of the arrow B of
FIG. 6A, but it can be used in place of the scintilllator 10 in
FIG. 6B. In addition, the scintilllator 50 can be used in a
different aspect from that of FIG. 6B. FIG. 11 shows a con-
figuration of such a neutron detector 3 in a manner of corre-
sponding to FIG. 6B. There, the scintillator 50 is depicted in
a simplified manner where it is represented by only the seg-
ments S1 to S5.

[0094] In the configuration, in a manner of corresponding
to the photodetectors 31A and 31B in FIG. 6B, photodetec-
tors 61A and 61B are provided in the segment S1, photode-
tectors 62A and 62B in the segment S2, photodetectors 63A
and 63B in the segment S3, photodetectors 64A and 64B in
the segment S4, and photodetectors 65A and 65B in the seg-
ment S5. Further, in a manner of corresponding to the coin-
cidence counting circuit 32 in FIG. 6B, outputs P, , and P,
of the photodetectors 61A and 61B are input to a coinci-
dence counting circuit (coincidence counting unit) 71, out-
puts P, and P,z of the photodetectors 62A and 62B to a
coincidence counting circuit (coincidence counting unit)
72, outputs Ps;4 and P;p of the photodetectors 63A and
63B to a coincidence counting circuit (coincidence counting
unit) 73, outputs P4, and P, of the photodetectors 64A and
64B to a coincidence counting circuit (coincidence counting
unit) 74, and outputs Ps, and P53 of the photodetectors 65A
and 65B to a coincidence counting circuit (coincidence
counting unit) 75.

[0095] Accordingly, the coincidence counting circuit 71
outputs P; that is a sum of the output pulses P4 and Pip
recognized to be synchronous in the photodetectors 61A
and 61B, and similarly, the coincidence counting circuits
72 to 75 respectively output P, to Ps each of which is a
sum of output pulses of two photodetectors connected to
the corresponding one of the coincidence counting circuits.
That is, in the neutron detector 3, the configuration of the
neutron detector 2 of FIG. 6B is implemented in each of the
segments, and P1 to PS5 are obtained as outputs from respec-
tive ones of different channels. Here, P; (and the like) does
not necessarily need to be determined to be a sum of P, , and
P,z (and the like) as described above, but a value of P; (and



US 2023/0228890 Al

the like) may be appropriately calculated from P, 4 and Pyp
(and the like) by making correction on a nonlinear compo-
nent independent of incident positions and then be used.
[0096] Thus, in the case of using the scintilllator 50 of
FIG. 10, the output pulses P; to P5 respectively correspond-
ing to the segments S1 to SS are extracted from respective
ones of different channels CHI to CHS, where P,+Pjp
extracted as an output in FIG. 6B corresponds to each of
P, to Ps in the present case.

[0097] FIG. 12 shows a result of calculation performed in
respect of that the luminescence intensity due to gamma-ray
photons can be particularly reduced in the configuration of
FIG. 11, in a manner of corresponding to FIG. 5. Shown
there is the sensitivity to gamma rays when the number of
phosphor layers 11 (or the thickness of each individual
layer) is varied, while keeping the total thickness of the
phosphor layers 11 constant, in terms of with or without
segmentation.

[0098] In FIG. 12, with respect to the above-described
result of FIG. § on the scintillator 10 (the sensitivity to
gamma rays of 2.2 MeV), a result of performing similar
calculation on the scintillator S0 obtained by applying seg-
mentation to the scintilllator 10 using the light shielding
layers 13 (with segmentation) is shown, along with the
result of FIG. 5 (without segmentation). There, the case of
5 mm thickness corresponds to that of using only a single
phosphor layer 11, and accordingly the case is practically
identical for both with and without segmentation. For the
cases of the multilayer structure, a calculation result on the
first one of the phosphor layers 11 (segment S1), whose
luminescence intensity (energy absorption) due to gamma-
ray photons is highest, is shown. It is noticed from the result
that, when the segmentation is applied, the luminescence
intensity due to gamma-ray photons can be greatly reduced,
compared to the cases without segmentation, particularly in
the cases of a larger number of thinner phosphor layers 11.
On the other hand, when absorption of neutron energy by the
light shielding layer 13 can be neglected, the luminescence
intensity due to neutron absorption is the same as that in the
scintillator 10. As a result, the n/y discrimination ability can
be particularly increased by using the configuration of FIG.
11.

[0099] In the configuration of FIG. 11, since outputs are
extracted from the five channels (CH1 to CHS), neutron dis-
crimination and detection may be performed in terms of
each of the channels, where the discrimination is particu-
larly easily performed. In addition, when outputs are thus
extracted separately from the five channels, for example,
the counting rate of each segment is reduced, and accord-
ingly the configuration is also effective in a high dose con-
dition. Further, the configuration is also effective in a case
where precise measurement of the speed of neutrons is
required, such as in neutron TOF measurement, because it
is possible to recognize in which phosphor layer (segment)
neutrons have undergone reaction, which reduces uncer-
tainty in the distance.

[0100] FIG. 13 shows a configuration of a neutron detector
4 corresponding to a modification of the neutron detector 3
of FIG. 11. In contrast to the case of the neutron detector 3 of
FIG. 11 where outputs are extracted for respective ones of
the five channels, an anti-coincidence counting circuit (anti-
co incidence counting unit) 81 is used for generating a single
output in the neutron detector 4.
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[0101] The anti-coincidence counting circuit 81 accepts
CH1 (P,) to CHS (Ps) and outputs only one of them whose
synchronicity has not been recognized, inversely to the coin-
cidence counting circuit 32 described above. Accordingly,
any one of Py to Ps is output from the anti-co incidence
counting circuit 81. That this output’ s synchronicity has
not been recognized means that none of other segments
than the segment corresponding to the output pulse to be
output (P, to Ps) has emitted light simultaneously with the
corresponding segment. While discrimination between neu-
trons and gamma-ray photons is performed based on the
pulse height, as already described, gamma-ray photons
may cause simultaneous luminescence in more than one of
the segments, and accordingly the use of the anti-coinci-
dence counting circuit 81 also enables suppression of detect-
ing gamma rays and further increasing of the n/y discrimina-
tion ability. It is the same as the case of the coincidence
counting circuit 32 described earlier that the anti-coinci-
dence counting circuit 81 may be configured using a com-
puter, and that the computer' s processing does not necessa-
rily need to be performed in real time but may be performed
in an offline state. Particularly in a high dose condition, the
probability that more than one signals are counted acciden-
tally at the same time in each segment increases, to which
attention needs to be paid when using the anti-coincidence
counting circuit 81.

[0102] The above-described effect of the segmentation
varies depending on the energy of gamma rays. FIG. 14
shows a result of calculation for gamma rays of 5.0 MeV
performed in a similar way to that performed for obtaining
the result for gamma rays of 2.2 MeV shown in FIG. 12.
When incident gamma rays are of high energy, the probabil-
ity 1s high that high-energy electrons scattered in a phosphor
layer 11 penetrate through the phosphor layer 11, subse-
quently penetrate through also a light transmission layer
12, and then enter a phosphor layer 11 located next to the
light transmission layer 12, thus contributing to lumines-
cence therein. Additionally, the probability is very high
that high-energy electrons scattered in a light transmission
layer 12 are not completely absorbed in the light transmis-
sion layer 12 and are absorbed also in a phosphor layer
located next to the light transmission layer 12. For this rea-
son, in the case without segmentation in FIG. 14, the sensi-
tivity to gamma rays is higher when the thickness of the
phosphor layer 11 is 1 mm (0.25 g/cm? in terms of density
length) or 1.67 mm (0.42 g/cm? in terms of density length)
than when it is 5 mm (1.25 g/cm? in terms of density length)
(prior art). However, when the segmentation is adopted,
luminescence occurring in a plurality of phosphor layers
11 separately generates output of each segment, and accord-
ingly output of each segment decreases and the sensitivity is
greatly reduced. Therefore, the effect of segmentation is lar-
ger when the energy of gamma rays is higher. Further, for
such high-energy gamma rays, the above-described anti-
coincidence counting circuit 81 is particularly effective.
[0103] In the second embodiment, a preferred range of the
thickness (density length) of the phosphor layer 11 is the
same as that in the first embodiment. On the other hand, in
the case of the second embodiment, since fluorescent light
does not propagate between segments, restriction on the
thickness (density length) of the light transmission layer
12 is relaxed. However, in the second embodiment, when
each segment is thick, a photo-sensing area of the photode-
tectors needs to be large, which causes a disadvantage in
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cost. Therefore, it is undesirable to make the light transmis-
sion layer 12 thicker than necessary, and is preferrable to
make the thickness about 6 mm (1.3 g/cm?2 in terms of den-
sity length) or smaller.

[0104] In the second embodiment, while the light trans-
mission layer 12 has a function to propagate fluorescent
light to the photodetectors, also the phosphor layer 11 can
similarly guide fluorescent light to the photodetectors, and
accordingly, particularly when the segmentation is adopted,
the light transmission layer 12 does not necessarily be pro-
vided in the segments. However, since the phosphor layer 11
is set to be thin as described above, its efficiency of propa-
gating light (fluorescent light) to the photodetectors is not
high in the in-plane direction. In this respect also, it is pre-
ferrable to provide also the light transmission layer 12 in the
segments.

[0105] In the technology described in Patent Document 2,
inorganic phosphor particles and a resin material are used,
and it may be considered that the inorganic phosphor parti-
cles correspond to the phosphor layer 11 and a layer made of
the resin material corresponds to the light transmission layer
12. However, unlike in the light transmission layer 12
described above, the probability that neutrons are scattered
and thereby thermalized or absorbed in the resin material
containing hydrogen is high, and as a result, the neutron
detection efficiency in the prior technology is lower than
that of the present invention. In addition, while the inorganic
phosphor particles and the resin material are generally made
of completely different materials, their densities are required
to be close to each other in order to uniformly mix them.
Under such a condition, to further make their refractive
indices close to each other in order to suppress reflection
at an interface between them as in the case of between the
phosphor layer 11 and the light transmission layer 12 in the
present invention, restriction on the resin material or the
material for the inorganic phosphor particles becomes
tight. Therefore, it is not easy to select and use such materi-
als in practice. In contrast, in the present invention, such
restriction is not placed on densities of the phosphor layer
11 and the light transmission layer 12, and accordingly the
degree of freedom of material selection is high.

[0106] Furthermore, in the case of the present invention,
by forming the phosphor layer 11 to have a thin film form
with a small thickness in the incident direction of gamma
rays (neutrons) and employing the layered structure, the sen-
sitivity to gamma rays can be greatly reduced without redu-
cing that to neutrons, as described above, but in contrast, in
the technology described in Patent Document 2, since the
size of the inorganic phosphor particles is isotropic and
independent of the incident direction, the effect of reducing
the sensitivity to gamma rays without reducing that to neu-
trons is small.

[0107] Here, as long as the same operation can be per-
formed, a specific configuration of the neutron detector is
optional. For example, as long as the same functions as
that described above are possible, any combination may be
used for the phosphor layer and the light transmission layer,
and a main component may be different between the layers.
Further, a configuration of the photodetectors may be appro-
priately set.

[Reference Signs List]

[0108] 1 to 4: neutron detector
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[0109] 10, 50, 100: scintillator

[0110] 11: phosphor layer

[0111] 12: light transmission layer

[0112] 13: light shielding layer

[0113] 21: photodetector

[0114] 31A, 61A, 62A, 63A, 64A, 65A: photodetector

(first photodetector)

[0115] 31B, 61B, 62B, 63B, 64B, 65B: photodetector
(second photodetector)

[0116] 32, 71 to 75: coincidence counting circuit (coinci-
dence counting unit)

[0117] 81: anti-coincidence counting circuit (anti-coinci-
dence counting unit)

[0118] S1 to S5: segment

What is claimed is:

1. A neutron detector that detects neutrons by fluorescent
light emitted when the neutrons are absorbed in a phosphor,
the phosphor containing a neutron-absorbing isotope that
emits secondary charged particles by absorbing the neutrons,

the neutron detector comprising:

a scintillator configured to have a layered structure con-
sisting of, along an incident direction of the neutrons, a
plurality of combinations of a thin-film form phosphor
layer made of the phosphor and a thin-film form light
transmission layer made of a light transmitting mate-
rial transmitting the fluorescent light and being adja-
cent to the phosphor layer in the thickness direction;
and

a photodetector configured to issue an output pulse as
output generated on detecting the fluorescent light.

2. The neutron detector according to claim 1,

wherein the photodetector detects the fluorescent light

emitted by the scintillator along the incident direction.

3. The neutron detector according to claim 1,

wherein the photodetector detects the fluorescent light

emitted by the scintillator along an in-plane direction of

the phosphor layers and the light transmission layers.

4. The neutron detector according to claim 3, comprising:

as the photodetector, a first photodetector and a second

photodetector opposing each other along the in-plane
direction, with the scintillator inserted between them;
and

a coincidence counting unit configured to newly output, as

the output pulse, an output based on a first output pulse
corresponding to the output pulse from the first photode-
tector and a second output pulse corresponding to the
output pulse from the second photodetector when syn-
chronicityis recognized between the firstand second out-
put pulses.

5. The neutron detector according to claim 3, wherein:

in the scintillator,

aplurality of segments, each composed of a combination of

the phosphor layer and the light transmission layer neigh-

boring the phosphor layer and transmitting the fluores-
cent light emitted by the phosphor layer, are formed
along the incident direction, and,

in the layered structure, a light shielding layer to shield the

fluorescent light is provided between the segments
neighboring each other in the incident direction so that
the fluorescent light within a segment propagates in the
in-plane direction but does not propagate between neigh-
boring segments; and

the photodetectors are provided in terms of each of the

segments.
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6. The neutron detector according to claim 4, wherein:

in the scintillator,

aplurality of segments, each composed of acombination of
the phosphorlayer and the light transmission layer neigh-
boring the phosphor layer and transmitting the fluores-
cent light emitted by the phosphor layer, are formed
along the incident direction, and,

in the layered structure, a light shielding layer to shield the
fluorescent light is provided between the segments
neighboring each other in the incident direction so that
the fluorescent light within a segment propagates in the
in-plane direction but does not propagate between neigh-
boring segments; and

the photodetectors are provided in terms of each of the
segments.

7. The neutron detector according to claim 5, comprising

an anti-coincidence counting unit configured to output,
among the output pulses from the respective segments,
the output pulse whose synchronicity with other ones of
the output pulses has not been recognized.

8. The neutron detector according to claim 6, comprising

an anti-coincidence counting unit configured to output,
among the output pulses from the respective segments,
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the output pulse whose synchronicity with other ones of
the output pulses has not been recognized.

9. The neutron detector according to any one of claim 1,

wherein a ratio of the light transmission layer to the phos-
phorlayer inrefractive index for the fluorescentlightisin
arange from 0.90 to 1.10.

10. The neutron detector according to any one of claim 1,

wherein amain component of the phosphor layer and that of
the light transmission layer are silicon dioxide (Si0,),
and the neutron-absorbing isotope is added in the phos-
phor layer.

11. The neutron detector according to claim 10,

wherein the neutron-absorbing isotope is 6Li or 19B.

12. The neutron detector according to any one of claim 1,

wherein a density length corresponding to the product of
density and thickness is set in a range from 0.0625 to
0.5 g/cm? and in a range from 0.2 to 1.3 g/em?2, respec-
tively, for the phosphor layer and the light transmission
layer.
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