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A neutron detector with a unique neutron detecting element is
disclosed. The neutron detecting element has an inner cylin-
drical neutron scintillator where a neutron detection body
including a ZnS phosphor, and a neutron converter material
which contains °Li or '°B is arranged outside of the cylindri-
cal substrate; a scintillator fluorescence detection body made
by placing coiled wavelength shift fibers where two wave-
length shift fibers are wound in parallel along the cylindrical
substrate on said inner cylindrical neutron scintillator; and an
outer cylindrical neutron scintillator where a neutron detec-
tion body is arranged inside of the cylindrical substrate, the
outer cylindrical neutron scintillator being arranged on the
scintillator fluorescence detection body. The fluorescence
signals converted into pulse signals by two optical detectors
are led to a coincidence circuit, and when two fluorescence
signals are measured simultaneously during the predeter-
mined period of time, a neutron signal is output.
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NEUTRON DETECTOR

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a neutron detector
which can be effectively used for instance in the field of a
neutron scattering experiment in which a neutron source
which uses a nuclear reactor or a particle accelerator, etc. or
various nuclear security.

[0002] A cylinder type *He gas proportional counter or a
position-sensitive *He gas proportional counter has been
chiefly used as a neutron detector so far.

[0003] Especially, a position-sensitive *He gas propor-
tional detector which has been used as a one-dimensional
detector has great advantages that the position of incidence of
aneutron can be obtained easily by giving resistance to a core
wire by which signals are collected, measuring the signals at
both ends of the core wire and processing the signals, and
neutron detection efficiency can be improved by increasing
the pressure of *He gas. And, the sensitivity of gamma rays
which form the background is low. In addition, this counter
tube was indispensable in a neutron scattering experimental
apparatus which had to arrange the one-dimensional neutron
detector in a vacuum tank, because it has simple construction
and excellent vacuum-proof.

[0004] On the other hand, *He gas multi-wire two-dimen-
sional neutron detector etc. have been used as a neutron image
detector used in the neutron scattering experimental appara-
tus which does not need the vacuum-proof.

[0005] Moreover, the detector which detects a one-dimen-
sional or a two-dimensional neutron image by coding the
position of incidence of the fluorescence emitted from °Li
glass scintillator or ZnS/°LiF half transparent type neutron
scintillator, etc. by using optical fibers or wavelength shift
fibers, and detecting it by a photomultiplier tube has been
used as a neutron image detector with a scintillator. In addi-
tion, as radiation detectors other than the neutron detector
which adopts the scintillator or the wavelength shift fiber, the
following radiation detectors have been used, that is, (1) a
radiation detector comprised of a combination of a liquid He
scintillator, a TPB wavelength converter and one coiled wave-
length shift fiber, (2) a radiation detector comprised of a
combination of a plastic scintillator and a ring wavelength
shift fiber, and (3) a radiation detector comprised of a com-
bination of a cylindrical scintillator and a wavelength shift
fiber built therein.

[0006] Inthese detectors, the fluorescence emitted from an
only transparent scintillator is finally collected to one place
by using wavelength shift fibers, and the signal processing is
carried out by one optical detector to detect the radiation.
Accordingly, it was very difficult to apply such a radiation
detection method in which these wavelength shift fibers are
used to the neutron detector requiring a high detection effi-
ciency in which the ZnS/°LiF half transparent type neutron
scintillator, etc. are used and the sensitivity of gamma rays
which form the background have to be reduced.

[0007] [PATENT DOCUMENT 1] JP2000-187077A
[0008] [PATENT DOCUMENT 2] JP2002-071816A
[0009] [PATENT DOCUMENT 3] JP2011-141239A
[0010] [PATENT DOCUMENT 4] JP2000-065937A
[0011] [NON-PATENT LITERATURE 1] Nucl. Instr. and

Meth., A430(1999)311-320
[0012] [NON-PATENT LITERATURE 2] Nucl. Instr. and
Meth., A516(2004)475-485
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[0013] [NON-PATENT LITERATURE 3] Nucl. Instr. and
Meth., A539(2005)172-176

BRIEF SUMMARY OF THE INVENTION

[0014] Tt is difficult from the configuration problem to use
the conventional neutron image detector in which the fluo-
rescence emitted from the ZnS/°LiF half transparent type
neutron scintillator etc. is coded by the optical fiber or the
wavelength shift fiber in vacuo. Moreover, neutron detection
efficiencies are also inferior to the efficiency of the main-
stream positional sensitive *He gas proportional counter
because there is a limit in the thickness of the scintillator now.
Therefore, it was very difficult to use it as a neutron image
detector used for the neutron scattering experimental appara-
tus which includes the detector with a high detection effi-
ciency in a big vacuum tank in order to use under high vacuum
in the neutron scattering research facilities where the neutron
source which uses a nuclear reactor or a particle accelerator,
etc.

[0015] It became difficult to obtain *He gas due to the
changes in the international situation in addition to such a
detector development situation, and the price increased by
several ten times. Accordingly, buying and using a large
amount of *He gas are in a very difficult situation. Moreover,
it is assumed that *He gas will decrease from various circum-
stances in the future and the recovery of production will be not
able to expect, because *He gas is produced by separating *He
obtained by decay based on tritium having the half-life of 12
years. Therefore, *He substitution neutron detector is needed
in the world now, and dynamic development is currently
underway.

[0016] An object of the present invention is to provide a
neutron detector of a new type, which has the neutron detec-
tion efficiency substantially equal to that of the conventional
position-sensitive *He gas proportional counter without the
use of the unacquirable *He gas.

[0017] Inthe present invention, half transparent type neu-
tron scintillator where a neutron detection body which
includes a ZnS phosphor and a neutron converter material
which contains °Li or '°B is arranged is used to detect the
neutron. ZnS phosphor mixed with °LiF is used as a neutron
scintillator for over 60 years because the sensitivity of ZnS to
the gamma ray is low. However, there was a limit in thicken-
ing to improve the neutron detection efficiency because of
half transparent type neutron scintillator.

[0018] The neutron detecting element used in the present
invention has the sandwich structure. That is, the neutron
detecting element comprises: an inner cylindrical neutron
scintillator where a neutron detection body which includes a
Zn8S phosphor and a neutron converter material which con-
tains °Li or '°B is arranged outside of the cylindrical sub-
strate; a scintillator fluorescence detection body made by
placing coiled wavelength shift fibers where two wavelength
shift fibers are wound in parallel along the cylindrical sub-
strate on an inner cylindrical neutron scintillator; and an outer
cylindrical neutron scintillator where a neutron detection
body which includes a ZnS phosphor and a neutron converter
material which contains °Li or °B is arranged inside of the
cylindrical substrate, the outer cylindrical neutron scintillator
being arranged on the scintillator fluorescence detection
body. In this structure, the neutron incident on the neutron
detecting element is detected by 4 half transparent type neu-
tron scintillators. Therefore, when the neutron scintillator
with the detection efficiency of 40% to the thermal neutron is
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used, it becomes possible to obtain ideally a high detection
efficiency of 87%, and thus the detection efficiency equal with
that of the current 6 atmospheric pressure one inch position-
sensitive *He gas proportional counter can be obtained.
Moreover, the conventional photon measurement method is
used in the signal processing, because in the neutron detector
in which the half transparent type neutron scintillator and the
wavelength shift fiber are combined, it is necessary to make
the neutron detector to a high detection efficiency by effec-
tively using the fluorescence emitted from the scintillator (For
instance, see JP 2011-179863 A).

[0019] Thegamma ray sensitivity of ZnS phosphor is origi-
nally low. Therefore, the gamma sensitivity of detector itself
1s significantly dependent on the detection effect of gamma
rays due to the wavelength shift fiber. Therefore, the gamma
detection sensitivity due to the wavelength shift fiber is
decreased by measuring based on the coincidence of two
wavelength shift fibers.

[0020] Moreover, to improve the position resolution which
is important as the performance of a positional sensitive neu-
tron detector, the round-shaped neutron shield is installed. In
the case of two or more neutron detecting elements are
arranged in the cylinder for neutron detecting element
arrangement, when the neutron is incident on the edge of the
neutron detecting element. The neutron leakage detection is
caused by the neutron incident on the next neutron detecting
element, and thus the position resolution is deteriorated. The
deterioration in the position resolution is obstructed by
arranging the round-shaped neutron shield having a round
hole, through which the wiring for the optical fiber is enabled
between each neutron detecting elements. Moreover, because
alotofhydrogen atoms are possessed when the plastic optical
fiber is used as an optical fiber used to wire in the cylinder for
neutron detecting element arrangement, the incident neutron
is scattered. This round-shaped neutron shield has the func-
tion to prevent the scattered neutron from outputting different
position information by the incidence on the next neutron
detecting element.

[0021] Moreover, when the number of neutron detection
increases, the cost of making the neutron detector and the
one-dimensional neutron detector according to the present
invention increases remarkably due to the increase in the
number of the optical detector and subsequent signal process-
ing circuit. Moreover, the miniaturization of the signal detec-
tion and processing system is also the big factor of the tech-
nology development. The above-mentioned problem is
solved by the following method, in which the conventional
coding rule is applied. That is, the neutron detecting element
to which a neutron is incident is confirmed by performing the
multi-channel simultaneous measurement about the pulse
signals from two optical fibers led from the neutron detecting
element based on the coding rule, after the optical fibers from
three or more neutron detecting elements are led to the optical
detector based on the coding rule.

[0022] The above-mentioned coding method is, for
instance, described in Nucl. Instr. and Meth., A392(1997)
315-318. The fluorescence emitted from the neutron scintil-
lator detection body (pixel) is led to an optical detector
through two or more optical fibers and detected. When detect-
ing as a neutron by measuring based on the coincidence of the
fluorescence signals output from the optical detector, the
optical fiber from each pixel is allotted to the optical detector
according to the predetermined combination. The allotment is
performed so that the same combination should not exist
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according to the coding rule. The number of optical detectors
is reduced by confirming the incident pixel of the neutron
when the signal output from the optical detector is always
observed and all signals of one combination are measured
simultaneously.

[0023] On the other hand, the vacuum-proof which is the
most important performance in the present invention is
secured as follows. The neutron detecting element is made
like the cylinder and two optical fibers which led out from the
neutron detecting element are wired by using the cylinder as
a conduit. Therefore, optical fibers are not led outside of the
neutron detecting element like the same cylinder as *He
detector. As aresult, it can be facilitated to secure a vacuum by
providing the withstand pressure of more than one atmo-
spheric pressure to the material and thickness of the cylinder
for neutron detecting element arrangement in which a lot of
neutron detecting elements are arranged.

[0024] There is a remarkable effect that the inexpensive
neutron detector which is not controlled by the situation of the
world can be provided stably because the present invention
does not require extremely valuable, expensive *He gas.
Moreover, because the shape of the main body of the detector
is cylindrical and it is quite the same as the positional sensitive
*He gas proportional counter, the neutron detector according
to the present invention becomes *He substitution neutron
detector in the meaning of the truth.

BRIEF DESCRIPTION OF SEVERAL
DRAWINGS

[0025] FIG.1isaschematic view showing a neutron detect-
ing element composed of an inner cylindrical neutron scin-
tillator, two wavelength shift fibers, and an outer cylindrical
neutron scintillator, which is used in the neutron detector
according to Embodiment 1.

[0026] FIG. 2 is a schematic view showing an inner cylin-
drical neutron scintillator and an outer cylindrical neutron
scintillator, which are used in the neutron detector according
to Embodiment 1.

[0027] FIG. 3 shows the structure (1) of a scintillator fluo-
rescence detection body used in the neutron detector accord-
ing to Embodiment 1.

[0028] FIG. 4 shows the structure (2) of a scintillator fluo-
rescence detection body used in the neutron detector accord-
ing to Embodiment 1.

[0029] FIG. 5 is a block diagram of evaluation test equip-
ment for the neutron detecting element used in the neutron
detector according to Embodiment 1.

[0030] FIG. 6 is a block diagram of a photon signal pro-
cessing circuit used in the neutron detector according to
Embodiment 1.

[0031] FIG. 7isablock diagram of a digital signal process-
ing circuit used in the neutron detector according to Embodi-
ment 1.

[0032] FIG. 8 is a schematic view of a neutron detecting
element of the neutron detector according to Embodiment 2.
[0033] FIG. 9 is a schematic view of a neutron detecting
element of the neutron detector according to Embodiment 3.
[0034] FIG. 10 is a schematic view of a neutron detecting
element in the neutron detector according to Embodiment 4.
[0035] FIG. 11 is a block diagram of a multi-channel coin-
cidence circuit used in Embodiment 4.

[0036] FIG. 12 a schematic view of a neutron detecting
element of the neutron detector according to Embodiment 5.
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[0037] FIG. 13 a block diagram of evaluation test equip-
ment for the neutron detecting element used in the neutron
detector according to Embodiment 5.

[0038] FIG. 14 is a graph illustrating the relationship
between neutron detecting element and counting value
obtained based on the evaluation test of the neutron detector
according to Embodiment 5.

[0039] FIG. 15 is a graph illustrating the relationship
between the position of incidence of a neutron and a standard
counting value in the neutron detector according to Embodi-
ment 5, where the neutron is shielded by using a cadmium
board and the position detection characteristic is measured.

[0040] FIG. 16 shows Table 1 illustrating a method of pro-
cessing the signal from the neutron detecting element.

DETAILED DESCRIPTION OF THE INVENTION
Embodiments

Embodiment 1

[0041] Embodiment 1 of the present invention will be
explained referring to FIG. 1. FIG. 1 shows schematically the
structure of the neutron detecting element used in the neutron
detector according to Embodiment 1. This neutron detecting
element comprises

an inner cylindrical neutron scintillator where a neutron
detection body which includes a ZnS phosphor and a 6LiF
neutron converter material is arranged outside of the cylin-
drical substrate; a scintillator fluorescence detection body
made by placing coiled wavelength shift fibers where two
wavelength shift fibers (1a, 2a) are wound in parallel along
the cylindrical substrate over an inner cylindrical neutron
scintillator, leading both terminals of the two wavelength
shift fibers (1a, 2a) inside the cylindrical substrate of inner
cylindrical neutron scintillator 35, and bonding light reflec-
tors (1b, 2b) after optical fibers (1, 2) which lead fluorescence
of which the wavelength was shifted in the wavelength shift
fiber to an optical detector are connected optically to one end
faces and the other end faces of two wavelength shift fibers
are made a mirror finished surface; and an outer cylindrical
neutron scintillator where a neutron detection body which
includes a ZnS phosphor and a °LiF neutron converter mate-
rial is arranged inside of the cylindrical substrate, the outer
cylindrical neutron scintillator being arranged over the scin-
tillator fluorescernce detection body.

[0042] Each material used to make the neutron detecting
element is described in detail first. As the material of a cylin-
drical substrate, an aluminum board of 0.3 mm in thickness on
the market standard A1052 is used. The ZnS/°LiF half trans-
parent type neutron scintillator made ofthe UK Applied Scin-
tillation Technologies Ltd. is used as a scintillator for neu-
trons in this Embodiment. In this scintillator, ZnS:Ag
phosphor is used as ZnS phosphor, and SLiF is used as the
neutron converter. They are secured by adhesive. The mixing
ratio of the ZnS:Ag phosphor and SLiF is 2:1, and its thick-
ness is 0.4 mm. The center of the fluorescent wavelength of
7n8:Ag is 450 nm, the fluorescence of wide wavelength in the
range of 360 nm to 540 nm is occurred, and fluorescent life
time of the short-lived component is about 450 ns.

[0043] BCF-92MC made of US Saint-Gobain is used as
wavelength shift fibers (14, 2a), which has sensitivity in fluo-
rescence from 350 nm to 440 nm, and converts the fluores-
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cence of which the center wavelength is 490 nm. The shape of
the wavelength shift fiber is circular, and the diameter 1s 0.75
mm.

[0044] As for optical fibers (1, 2) connected optically,
which connects optics, plastic optical fiber PGU-FB 750 of
0.75 mm in the diameter, made by Toray Industries, Inc. is
used. As a member of the reflecting plate made of aluminum,
aluminum sheet MIRO” of 0.3 mm thick, made by Material
House Co., Ltd. is used, which has a high reflectance. The
total reflection rate of this aluminum sheet is 95% or more and
the diffuse reflectance is less than 5%.

[0045] Inthe plastic optical fiber used as an optical fiber in
this Embodiment, incident neutrons are scattered due to a lot
of hydrogen atoms which exist in the inside of the plastic
optical fiber. Therefore, in the case of a large number of fibers
are arranged inside of the cylinder of the neutron detecting
element, wrong position information is output due to the
incidence of the scattered neutron to the next neutron detect-
ing element, and the neutron emitted outside of the neutron
detector is detected by the remote neutron detector and forms
the background. In the neutron detection system which
requires such important detection characteristics, these detec-
tion characteristics can be improved by using a glass optical
fiber as the optical fiber.

[0046] The structure of the neutron detecting element
according to one embodiment of the present invention will be
explained next. The inner cylindrical neutron scintillator is
made by bonding ZnS/°LiF half transparent type neutron
scintillator made of AST outside of a cylinder of aluminum
substrate of 19.1 mm in outside diameter, 18.5 mm in inside
diameter, and 0.3 mm in thickness, and 20 mm in length. A
schematic view illustrating an inner cylindrical neutron scin-
tillator 35 and an outer cylindrical neutron scintillator 3a is
shown in FIG. 2. As for the spacing of 2 wavelength shift
fibers, that is, the distance from the center of one shift fiber to
the center of the other shift fiber, the trial products of two
kinds of spacing of 1.5 mm and 2.25 mm was made to com-
pare with each other. Two wavelength shift fibers were coiled
four times in parallel at regular intervals, where they are
coiled 6.7 times for the spacing of 1.5 mm, and 4 times for the
spacing of 2.25 mm.

[0047] In this Embodiment, one of the connection ends of
two wavelength shift fibers (14, 2a) rolled as in structure (1)
of the scintillator fluorescence detection body shown in FIG.
3 and the corresponding optical fibers (1, 2) is the start of
winding and the other is the ending. As in structure (2) of the
scintillator fluorescence detection body shown in FIG. 4, both
connection ends may be the ending.

[0048] Both terminals of two wavelength shift fibers which
finished being rolled are led inside of the cylinder of inner
cylindrical neutron scintillator 35, and are connected by the
optical fiber which leads fluorescence of which the wave-
length is shifted by the wavelength shift fiber to the optical
detector (not shown). The wavelength shift fibers are put in
the middle of the guide tube made of aluminum of 0.8 mm in
the inside diameter, 1.2 mm in the outside diameter, and 2 mm
in length after the end face of the wavelength shift fiber is
polished to the mirror finished surface, and are bonded to the
end faces of the optical fibers similarly polished to the mirror
finished surface by using the adhesive. The length of optical
fibers (1, 2) is assumed more than the length to an optical
detector, and the length is decided finally when the optical
fibers are connected optically with the optical detector
arranged on one side or both sides. After the optical fibers are
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cut and their end faces are polished, and connected optically
with the detection side of the optical detector.

[0049] On the other hand, after the other side of wavelength
shift fiber (1a, 2a) is led inside the cylindrical substrate, and
the end face is polished to the mirror finished surface, the
mirror finished surface part of reflecting plate (15, 25) made
of aluminum cut in 1.2 mmx1.2 mm corner is bonded to it by
using the adhesive. A transparent adhesive S-U made by Kon-
ishi Co., Ltd. is used as the adhesive. The scintillator fluores-
cence detection body is completed by this manufacturing
process.

[0050] The outer cylindrical neutron scintillator 3a in
which ZnS/°LiF semitransparent scintillator is bonded inside
of aluminum cylinder of 23 mm in outside diameter, 22.4 mm
in inside diameter, 0.3 mm in thickness, and 20 mm in length
1s arranged on this scintillator fluorescence detectionbody. As
for the size of the neutron detecting element finally com-
pleted, the inside diameter is 18.5 mm, the outside diameter is
23 mm including the working accuracy etc., and the length is
20 mm.

[0051] The evaluation test by which incident neutrons are
detected is carried out about two kinds of neutron detecting
elements made for trial purposes, in which two optical fibers
which led out of the neutron detecting element made accord-
ing to the Embodiment is connected optically with the optical
detector, and two fluorescence signals detected by the optical
detector is measured simultaneously. FIG. 5 shows the con-
figuration of an apparatus for carrying out the evaluation test.
[0052] This neutron detecting element is arranged in the
middle of aluminum cylinder of 23.4 mm in inside diameter,
25.4 mmin outside diameter, 1 mm in thickness, and 100 mm
in length. The one side of the cylinder is shaded with the
aluminum board, and the optical detector is installed in the
other side and shaded. 64 channel multi-anode photomulti-
plier tube H7546 made by Hamamatsu Photonics K.K. which
is available to the photon counting is used as the optical
detector. The sensitive size of one channel of H7546 is of 2
mmx2 mm. In the evaluation test, only two channels of detec-
tors of 64 channels is used.

[0053] Because the fluorescence output from the wave-
length shift fiber is very little, each fluorescence signal output
from two photomultiplier tube tubes was processed by using
the photon measurement method in this Embodiment.
[0054] Each photon signal output from the photomultiplier
tube is amplified by a photon signal amplifier composed of a
high-speed IC amplifier, and then converted into a photon
digital pulse signal by a photon signal discrimination circuit
composed of a high-speed IC discriminator. The block dia-
gram of this photon signal processing circuit is shown in FIG.
6.

[0055] The photon signal amplifier comprises an amplifier
with the performance of 60 times the gain in band width 200
MHz, composed by using two AD8001 high-speed IC ampli-
fiers made by Analog Devices Inc. for each circuit. The pho-
ton signal discrimination circuit was composed by using
AD8611 made by Analog Devices Inc. as high-speed IC
discriminator. It is possible to make a photon digital pulse
signal having a pulse time width of about 5 ns as a signal of
one photon by using the electronic circuit composed like this.
[0056] Next, the photon digital pulse signal generated by
the photon output from each photomultiplier tube is taken out
from a synchronization signalizing circuit comprised of gate
circuits as a synchronization photon signal synchronized with
a clock pulse by using the clock pulse of the width which
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equals to the pulse time width of the photon digital pulse
signal. The frequency of the clock pulse is assumed to be 100
MHz which generates the same pulse time width as 5 ns pulse
time width of the photon digital pulse signal.

[0057] The count is started based on a start time signal
which is a photon digital pulse signal input first to a photon
digital counter circuit, and carried out during the counting
time which corresponds to the coincidence time in the general
coincidence circuit. Photon integral value which corresponds
to two optical fibers is obtained by using two circuits men-
tioned above. When an integral value more than the photon
discrimination value set beforehand is obtained from both
circuits during the counting time, a neutron signal is output. In
this Embodiment, a photon discrimination value set corre-
sponding to each photomultiplier tube is five photons.
[0058] TItispossibletouse FPGA (Free Programmable Gate
Array) as these digital signal processing circuits. The con-
figuration of the digital signal processing circuit is shown in
FIG. 7.

[0059] Inthis Embodiment, the counting time is set to the
width of time of 5 ps in order to use fluorescence emitted from
the ZnS: Ag phosphor at incidence of neutron effectively.
[0060] The neutron detection efficiency of this neutron
detecting element was measured by using the californium
radiation source as a neutron source. The neutron detector
was positioned from the moderator system of the californium
radiation source to 50 cm remote place so that the neutron
beam might almost become parallel. Strength of the neutron
beam at the measurement place is calibrated by using the *He
gas neutron detector of which the detection efficiency is
known, and it is confirmed that itis 31.2 n/s-cm2. As a result,
in the case where the wavelength shift fiber is rolled 6.7 times
at intervals of 1.5 mm, the detection efficiency of 69% was
obtained for the thermal neutron, and in the case where the
wavelength shift fibers was rolled four times at intervals of
2.25 mm, the detection efficiency of 80% was obtained.
[0061] Next, the evaluation test of the gamma ray sensitiv-
ity which becomes a big problem as a background in the
neutron detector with a scintillator is performed. Because the
7nS/°LiF half transparent type neutron scintillator is used as
a scintillator in this Embodiment, an amount of fluorescence
caused by the gamma rays detected by the scintillator is a
little. And, because the thickness of the scintillator is 0.4 mm,
very thin, the gamma ray sensitivity due to the scintillator is
very low. A major cause of the gamma detection due to this
neutron detecting element exists in that the wavelength shift
fiber originally has the same composition as a plastic fiber for
the gamma detection. When gamma rays are incident to the
wavelength shift fiber and absorbed therein, and primary
electrons are emitted, the primary electrons generate a lot of
fluorescence in the wavelength shift fiber.

[0062] However, it is possible to decrease greatly the
gamma ray sensitivity by measuring the coincidence of sig-
nals from two wavelength shift fibers as described above. The
reason is that the possibility of the gamma detection due to the
simultaneous measurement occurs when the primary elec-
trons generated in one wavelength shift fiber by gamma rays
and emitted from the wavelength shift fiber are incident to the
other wavelength shift fiber. Therefore, the possibility of the
gamma detection can be greatly decreased if two wavelength
shift fibers are spaced. On the other hand, the fluorescence
produced in the scintillator due to neutrons is diffused and
incident to two wavelength shift fibers. Therefore, it can be
identified as a neutron signal by simultaneous measurement.
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[0063] The coincidencetime in the coincidence is set to the
width of time of 5 pis in order to use fluorescence emitted from
the ZnS:Ag phosphor at incidence of neutron effectively.
[0064] The gamma ray sensitivity of the neutron detecting
element was evaluated by using *Co radiation source as a
gamma source. The gamma ray sensitivity was obtained by
assuming the distance between ®°Co radiation source and the
neutron detector to be 5 cm, measuring gamma rays for 600
seconds, and dividing the detection counting by the number
of incidence of gamma rays to detectors. As a result, in the
case where the wavelength shift fiber is rolled 6.7 times at
intervals of 1.5 mm, the gamma ray sensitivity of 3x10~7 was
obtained, and in the case where the wavelength shift fibers
was rolled four times at intervals of 2.25 mm, the gamma ray
sensitivity of 6x1077 was obtained. It was able to be con-
firmed that the neutron detector according to the present
invention shows sufficiently low gamma ray sensitivity from
this measurement result though this measurement was per-
formed under the measurement condition that measuring time
is short and the statistical error is large.

Embodiment 2

[0065] Next, the neutron detector of other types is
explained referring to FIG. 8. 32 neutron detecting elements
are closely arranged in the cylinder for neutron detecting
element arrangement. The space in the cylinder ofthe neutron
detecting element is used as a conduit for optical fibers. Two
optical fibers are led to two optical detectors, respectively,
arranged on both sides of the cylinder for neutron detecting
element arrangement. After the optical fibers which led out
from each neutron detecting element is settled as a pair to
form two set of optical fiber bunches, each fluorescence is
detected by two optical detectors. The fluorescence signals
converted into pulse signals by two optical detectors are led to
a coincidence circuit. When two fluorescence signals are
measured simultaneously during the predetermined period of
time, a neutron signal is output.

[0066] When the high position resolution is not required,
longer element is advantageous in the cost. Therefore, the
length of the neutron detecting element used in this Embodi-
ment is assumed to be 40 mm twice the length of the neutron
detecting element in Embodiment 1. The materials used in
this Embodiment is the same as Embodiment 1.

[0067] Theinner cylindrical neutron scintillator is made by
bonding ZnS/°LiF half transparent type neutron scintillator
made of AST outside of a cylinder of aluminum substrate of
19.5 mmin outside diameter, 18.5 mm in inside diameter, and
0.3 mm in thickness, and 40 mm in length. Because larger
spacing of 2 wavelength shift fibers is advantageous from the
reason mentioned hereafter, two wavelength shift fibers were
coiled 8 times in parallel at regular intervals, where the inter-
vals is the distance from the center of one shift fiber to the
center of the other shift fiber. In this Embodiment, one of the
connection ends of two wavelength shift fibers rolled and the
corresponding optical fibers is the start of winding and the
other is the end of winding as shown in FIG. 3. The length of
one wavelength shift fiber is about 500 mm.

[0068] Both terminals of two wavelength shift fibers which
finished being rolled are led inside of the cylinder of inner
cylindrical neutron scintillator, and are connected with the
optical fiber which leads fluorescence of which the wave-
length is shifted by the wavelength shift fiber to the optical
detector (not shown). The wavelength shift fibers are put in
the middle of the guide tube made of aluminum of 0.8 mm in
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the inside diameter, 1.2 mm in the outside diameter, and 2 mm
in length after the end face of the wavelength shifi fiber is
polished to the mirror finished surface, and are bonded to the
end faces of the optical fibers similarly polished to the mirror
finished surface by using the adhesive. The length of optical
fibers is assumed more than the length to an optical detector,
and the length is decided finally when the optical fibers are
connected optically with the optical detector arranged on one
side or both sides. After the optical fibers are cut and their end
faces are polished, and connected optically with the detection
side of the optical detector.

[0069] On the other hand, after the other side of wavelength
shift fibers led inside the cylindrical substrate, and the end
face is polished to the mirror finished surface, the mirror
finished surface part of reflecting plate made of aluminum cut
in 1.2 mmx1.2 mm corner is bonded to it by using the adhe-
sive. A transparent adhesive S-U made by Konishi Co., Ltd. is
used as the adhesive. The scintillator fluorescence detection
body is completed by this manufacturing process.

[0070] The outer cylindrical neutron scintillator in which
ZnS/°LiF semitransparent scintillator is bonded inside of alu-
minum cylinder of 23 mm in outside diameter, 22.4 mm in
inside diameter, 0.3 mm in thickness, and 40 mm in length is
arranged on this scintillator fluorescence detection body.
[0071] As for the size of the neutron detecting element
finally completed, the inside diameter is 18.5 mm, the outside
diameter is 23 mm including the working accuracy etc., and
the length is 40 mm. The wavelength shift fiber used becomes
500 mm or more by the straight line though it is possible to
adjust the length of the neutron detecting element to 40 mm or
more on the structure. As a result, the fluorescence of which
the wavelength is shifted in the wavelength shift fiber is
self-absorbed. Eventually, less than 60% only reaches the end
face. Namely, the detection efficiency to the neutron
decreases as a whole and the sensitivity of the wavelength
shift fiber changes greatly at the detection position. There-
fore, it becomes difficult to keep the neutron detection effi-
ciency constant, and thus to secure the performance as the
neutron detector.

[0072] 32 neutron detecting elements are arranged in the
cylinder for neutron detecting element arrangement in this
Embodiment. The size of the cylinder for neutron detecting
element arrangement is assumed to be 23.4 mm in the inside
diameter, 25.4 mm in the outside diameter, and 1 mm in
thickness. The margins of 30 mm on both sides to have to
bundle the optical fibers are provided, although the length of
detecting elements is 40 mmx32=1280 mm. Accordingly, the
total length is 1,340 mm. The cylinder is made of aluminum
of market standard A5052.

[0073] Inthis Embodiment, two optical fibers led out from
the neutron detecting element are collected on both sides of
the cylinder for neutron detecting element arrangement and
then the detection processing is carried out. When two optical
fibers which led out from the neutron detecting element are
collected on both sides as two sets of optical fiber bunches, a
round optical fiber bunch of about 6 mm in the diameter is
formed because one set is composed of 32 optical fibers.
[0074] On the other hand, R1924 A of 25 mm in the outside
diameter made by Hamamatsu Photonics K.K, which s avail-
able in the photon counting is used as the photomultiplier
tube. The sensitive diameter is 22 mm and it is enough to
detect the optical fiber bunch of about 6 mm in the diameter.
Because the gain of 2x10° at the applied voltage 1000V is
obtained, the photon counting can be carried out enough.
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These photomultiplier tubes are set on both sides of the cyl-
inder for neutron detecting element arrangement, and then the
light shielding is provided.

[0075] Because the fluorescence output from the wave-
length shift fiber is very little, each fluorescence signal output
from two photomultiplier tube tubes was processed by using
the photon measurement method in this Embodiment.
[0076] Each photon signal output from a photomultiplier
tube is amplified by a photon signal amplifier composed of a
high-speed IC amplifier, and then it is converted into a photon
digital pulse signal by a photon signal discrimination circuit
composed of the discriminator circuit. The photon signal
amplifier comprises an amplifier with the performance of 60
times the gain in band width 200 MHz, composed by using
wo ADS8001 high-speed IC amplifiers made by Analog
Devices Inc. for each circuit. The photon signal discrimina-
tion circuit was composed by using AD8611 made by Analog
Devices Inc. as high-speed discriminator IC. It is possible to
make a photon digital pulse signal having a pulse time width
ofabout 5 ns as a signal of one photon by using the electronic
circuit composed like this.

[0077] Next, the photon digital pulse signal generated by
the photon output from each photomultiplier tube is taken out
from a synchronization signalizing circuit comprised of gate
circuits as a synchronization photon signal synchronized with
a clock pulse by using the clock pulse of the width which
equals to the pulse time width of the photon digital pulse
signal. The frequency of the clock pulse is assumed to be 100
MHz which generates the same pulse time width as 5 ns pulse
time width of the photon digital pulse signal.

[0078] The count is started based on a start time signal
which is a photon digital pulse signal input first to a photon
digital counter circuit, and carried out during the counting
time which corresponds to the coincidence time inthe general
coincidence circuit. Photon integral value which corresponds
10 two optical fibers is obtained by using two circuits men-
tioned above. When an integral value more than the predeter-
mined photon discrimination value is obtained from both
circuits during the counting time, a neutron signal is output. In
this Embodiment, a photon discrimination value set corre-
sponding to each photomultiplier tube is five photons.
[0079] In this Embodiment, the counting time is set to the
width of time of 5 pis in order to use fluorescence emitted from
the ZnS:Ag phosphor at incidence of neutron effectively.
[0080] The large area neutron detector having a neutron
sensitive area of 22 mm in width and 128 mm in length canbe
composed according to the above-mentioned manufacturing
process.

Embodiment 3

[0081] The neutron detector which performs one-dimen-
sional detection of neutrons is explained based on Embodi-
ment 3. 28 neutron detecting elements according to Embodi-
ment 1 are arranged in close proximity to each other in the
cylinder for neutron detecting element arrangement. Where,
each neutron detecting element serve as a one-dimensional
position detection body. The space in the cylinder of the
neutron detecting element is used as a conduit for optical
fibers. Two optical fibers are led to a multichannel optical
detector, arranged on one side of the cylinder for neutron
detecting element arrangement. Fach fluorescence is detected
by two optical detectors, using the optical fibers which led out
from each neutron detecting element as a pair. The fluores-
cence signals converted into pulse signals by two optical
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detectors are led to a coincidence circuit. When two fluores-
cence signals are measured simultaneously during the prede-
termined period of time, a neutron signal is output.

[0082] The structure of the neutron detecting element in
this Embodiment is described referring to FIG. 9. The mate-
rial and the structure used are the same as Embodiment 1. The
inner cylindrical neutron scintillator is made by bonding ZnS/
°LiF half transparent type neutron scintillator made of AST
outside of a cylinder of aluminum substrate of 19.5 mm in
outside diameter, 18.5 mm in inside diameter, and 0.3 mm in
thickness, and 20 mm in length. Because larger spacing of 2
wavelength shift fibers is advantageous from the reason men-
tioned hereafter, two wavelength shift fibers were coiled 6.7
times in parallel at intervals of 1.5 mm, where the intervals is
the distance from the center of one shift fiber to the center of
the other shift fiber.

[0083] In this Embodiment, both connection ends of two
wavelength shift fibers rolled and the corresponding optical
fibers are the end of winding as shown in FIG. 4. Both termi-
nals of two wavelength shift fibers which finished being
rolled are led inside of the cylinder of inner cylindrical neu-
tron scintillator, and are connected with the optical fiber
which leads fluorescence of which the wavelength is shifted
by the wavelength shift fiber to the optical detector (not
shown). The wavelength shift fibers are put in the middle of
the guide tube made of aluminum of 0.8 mm in the inside
diameter, 1.2 mm in the outside diameter, and 2 mm in length
after the end face of the wavelength shift fiber is polished to
the mirror finished surface, and are bonded to the end faces of
the optical fibers similarly polished to the mirror finished
surface by using the adhesive. The length of optical fibers is
assumed more than the length to an optical detector, and the
length is decided finally when the optical fibers are connected
optically with the optical detector arranged on one side or
both sides. After the optical fibers are cut and their end faces
are polished, and connected optically with the detection side
of the optical detector.

[0084] Onthe other hand, after the other side of wavelength
shift fibers led inside the cylindrical substrate, and the end
face is polished to the mirror finished surface, the mirror
finished surface part of reflecting plate made of aluminum cut
in 1.2 mmx1.2 mm corner is bonded to it by using the adhe-
sive. A transparent adhesive S-U made by Konishi Co., Ltd. is
used as the adhesive. The scintillator fluorescence detection
body is completed by this manufacturing process.

[0085] The outer cylindrical neutron scintillator in which
ZnS/°LiF semitransparent scintillator is bonded inside of alu-
minum cylinder of 23 mm in outside diameter, 22.4 mm in
inside diameter, 0.3 mm in thickness, and 20 mm in length is
arranged on this scintillator fluorescence detection body. As
for the size of the neutron detecting element finally com-
pleted, the inside diameter is 18.5 mm, the outside diameter is
23 mm including the working accuracy etc., and the length is
20 mm.

[0086] 28 neutron detecting elements is arranged in the
cylinder for neutron detecting element arrangement in this
Embodiment. The size of the cylinder for neutron detecting
element arrangement is assumed to be 23.4 mm in the inside
diameter, 25.4 mm in the outside diameter, and 1 mm in
thickness. The margins of 20 mm on the side of the optical
detector are provided though the length of detecting elements
is 20 mmx28=560 mm. Accordingly, the total length is 580
mm. The cylinder is made of aluminum of market standard
A5052.
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[0087] In this Embodiment, two optical fibers led out from
the neutron detecting element are collected on one side of the
cylinder for neutron detecting element arrangement and then
the detection processing is carried out. Therefore, the light
shielding is provided on one side of the cylinder by using an
aluminum board. The space in the cylinder of the neutron
detecting element is used as a conduit for optical fibers. Each
of two optical fibers is led to the multichannel optical detec-
tor, arranged in one side of the cylinder for neutron detecting
element arrangement.

[0088] Multi anode photomultiplier tube 7546 made by
Hamamatsu Photonics KK, in which the sensitive area of one
channel is 2 mmx2 mm and which is available in the photon
counting is used as the multichannel optical detector. Because
the gain of 2x10° at the applied voltage 950V is obtained, the
photon counting can be carried out enough.

[0089] Because the fluorescence output from the wave-
length shift fiber is very little, each fluorescence signal output
from the multichannel photomultiplier tube was processed by
using the photon measurement method in this Embodiment.

[0090] Each photon signal output from the photomultiplier
tube is amplified by a photon signal amplifier composed of a
high-speed amplifier, and then converted into a photon digital
pulse signal by a photon signal discrimination circuit com-
posed of a high-speed IC discriminator.

[0091] The photon signal amplifier comprises an amplifier
with the performance of 60 times the gain in band width 200
MHz, composed by using two AD8001 high-speed IC ampli-
fiers made by Analog Devices Inc. for each circuit. The pho-
ton signal discrimination circuit was composed by using
ADS8611 made by Analog Devices Inc. as high-speed IC
discriminator. It is possible to make a photon digital pulse
signal having a pulse time width of about 5 ns as a signal of
one photon by using the electronic circuit composed like this.

[0092] Next, the photon digital pulse signal generated by
the photon output from each photomultiplier tube is taken out
from a synchronization signalizing circuit comprised of gate
circuits as a synchronization photon signal synchronized with
a clock pulse by using the clock pulse of the width which
equals to the pulse time width of the photon digital pulse
signal. The frequency of the clock pulse is assumed to be 100
MHz which generates the same pulse time width as 5 ns pulse
time width of the photon digital pulse signal.

[0093] The count is started based on a start time signal
which is a photon digital pulse signal input first to a photon
digital counter circuit, and carried out during the counting
time which corresponds to the coincidence time in the general
coincidence circuit. The photon integral value which corre-
sponds to two optical fibers is obtained by using two circuits
mentioned above. When an integral value more than the pho-
ton discrimination value set beforehand is obtained from both
circuits during the counting time, a neutron signal is output. In
this Embodiment, a photon discrimination value set corre-
sponding to each photomultiplier tube is five photons.

[0094] In this Embodiment, the counting time is set to the
width of time of 5 pis in order to use fluorescence emitted from
the ZnS:Ag phosphor at incidence of neutron effectively.

[0095] Neutron one-dimensional image data is acquired by
reducing the final signal output number by pairing two optical
fibers led out from each neutron detecting element and per-
forming the above-mentioned signal processing, and causing
the output neutron incidence signal to be five bit data as
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position information in order of the arrangement of the neu-
tron detecting elements, and then sending them to the neutron
image processing apparatus.

Embodiment 4

[0096] The neutron detector which performs one-dimen-
sional detection of neutrons is explained based on Embodi-
ment 4. 120 neutron detecting elements according to Embodi-
ment 1 is arranged in close proximity to each other in the
cylinder for neutron detecting element arrangement. Where,
each neutron detecting element serves as a one-dimensional
position detection body. The space in the cylinder for the
neutron detecting element arrangement is used as a conduit
for optical fibers. Two optical fibers led out from the neutron
detecting element are led to a multichannel optical detector,
arranged on one side of the cylinder for neutron detecting
element arrangement. Two optical fibers from the neutron
detecting element are connected optically with each optical
detector of 16 channel optical detector based on the predeter-
mined coding rule. The fluorescence emitted when the neu-
tron is incident to the neutron scintillator and is captured
therein is detected by two wavelength shift fibers, and the
fluorescence of which the wavelength is shifted is detected by
the multi-channel optical detector based on the coding rule.
The fluorescence signal converted into the pulse signal by
each optical detector is led to the multichannel coincidence
circuit. Two optical detectors which two signals were mea-
sured simultaneously during the predetermined period of
time are specified, and the position of incidence of neutron to
120 neutron detecting elements arranged in the cylinder for
neutron detecting element arrangement is decided based on
the coding rule. The structure of the neutron detecting ele-
ment in this Embodiment is described referring to FIG. 10.
The material and the structure used are the same as Embodi-
ment 1.

[0097] The inner cylindrical neutron scintillator is made by
bonding ZnS/°LiF half transparent type neutron scintillator
made of AST outside of a cylinder of aluminum substrate of
19.5 mm in outside diameter, 18.5 mm in inside diameter, and
0.3 mm in thickness, and 20 mm in length. Two wavelength
shift fibers were coiled 6.7 times in parallel at intervals of 1.5
mm, where the intervals is the distance from the center of one
shift fiber to the center of the other shift fiber.

[0098] In this Embodiment, both connection ends of two
wavelength shift fibers rolled and the corresponding optical
fibers are the end of winding as shown in FIG. 4. Both termi-
nals of two wavelength shift fibers which finished being
rolled are led inside of the cylinder of inner cylindrical neu-
tron scintillator, and are connected with the optical fiber
which leads fluorescence of which the wavelength is shifted
by the wavelength shift fiber to the optical detector (not
shown). The wavelength shift fibers are put in the middle of
the guide tube made of aluminum of 0.8 mm in the inside
diameter, 1.2 mm in the outside diameter, and 2 mm in length
after the end face of the wavelength shift fiber is polished to
the mirror finished surface, and are bonded to the end faces of
the optical fibers similarly polished to the mirror finished
surface by using the adhesive. The length of optical fibers is
assumed more than the length to an optical detector, and the
length is decided finally when the optical fibers are connected
optically with the optical detector arranged on one side or
both sides. After the optical fibers are cut and their end faces
are polished, and connected optically with the detection side
of the optical detector.



US 2015/0097122 Al

[0099] On the other hand, after the other side of wavelength
shift fibers led inside the cylindrical substrate, and the end
face is polished to the mirror finished surface, the mirror
finished surface part of reflecting plate made of aluminum cut
in 1.2 mmx1.2 mm corner is bonded to it by using the adhe-
sive. A transparent adhesive S-U made by Konishi Co., Ltd. is
used as the adhesive. The scintillator fluorescence detection
body is completed by this manufacturing process.

[0100] The outer cylindrical neutron scintillator in which
ZnS/°LiF semitransparent scintillator is bonded inside of alu-
minum cylinder of 23 mm in outside diameter, 22.4 mm in
inside diameter, 0.3 mm in thickness, and 20 mm in length is
arranged on this scintillator fluorescence detection body. As
for the size of the neutron detecting element finally com-
pleted, the inside diameter is 18.5 mm, the outside diameter is
23 mm including the working accuracy etc., and the length is
20 mm.

[0101] 120 neutron detecting elements is arranged in the
cylinder for neutron detecting element arrangement in this
Embodiment. The size of the cylinder for neutron detecting
element arrangement is assumed to be 23.4 mm in the inside
diameter, 25.4 mm in the outside diameter, and 1 mm in
thickness. The margins of 50 mm on the side of the optical
detector are provided though the length of detecting elements
is 20 mmx120=2,400 mm. Accordingly, the total length is
2,450 mm. The cylinder is made of aluminum of market
standard A5052.

[0102] In this Embodiment, two optical fibers led out from
the neutron detecting element are collected on one side of the
cylinder for neutron detecting element arrangement and then
the detection processing is carried out. Therefore, the light
shielding is provided on one side of the cylinder by using an
aluminum board. The space in the cylinder of the neutron
detecting element is used as a conduit for optical fibers. Each
of two optical fibers is led to the multichannel optical detec-
tor, arranged in one side of the cylinder for neutron detecting
element arrangement.

[0103] *Cncodingin Table 1 shown in FIG. 16 is performed
to two optical fibers led out from each neutron detecting
element, and then is connected with the multichannel optical
detector. C of *Cn is mathematical symbol by which the
combination is shown. The number of combinations in *Cn
can be calculated by the expression of nx(n-1)/2. The number
n necessary to achieve 120 kinds shown in Table 1 becomes
16. In a word, the number of channels of photomultiplier tube
necessary for Cn coding for 120 neutron detecting elements
becomes 16 channels. Moreover, the number of optical fibers
connected optically with each photomultiplier tube is 15,
Therefore, when the optical fibers of 0.75 mm in diameter is
bundled in the quadrangle, the physical dimension becomes
about 3 mmx3 mm.

[0104] Multi anode photomultiplier tube H8711 of 16
channels, made by Hamamatsu Photonics K K, in which the
sensitive area of one channel is 4.2 mmx4.2 mm and which is
available in the photon counting is used as the multichannel
optical detector. The sensitive size is one which can be
detected enough because the optical fiber bunch bundled is 3
mmx3 mm. Moreover, because the gain of 107 can be
obtained at the applied voltage 900V, the photon counting can
be carried out enough.

[0105] Because the fluorescence output from the wave-
length shift fiber is very little, each fluorescence signal output
from the multichannel photomultiplier tube was processed by
using the photon measurement method in this Embodiment.
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[0106] Each photon signal output from the photomultiplier
tube 1s amplified by a photon signal amplifier composed of a
high-speed amplifier, and then converted into a photon digital
pulse signal by a photon signal discrimination circuit com-
posed of a high-speed IC discriminator.

[0107] The photon signal amplifier comprises an amplifier
with the performance of 60 times the gain in band width 200
MHz, composed by using two AD8001 high-speed IC ampli-
fiers made by Analog Devices Inc. for each circuit. The pho-
ton signal discrimination circuit was composed by using
ADB611 made by Analog Devices Inc. as high-speed IC
discriminator. It is possible to make a photon digital pulse
signal having a pulse time width of about 5 ns as a signal of
one photon by using the electronic circuit composed like this.
[0108] Next, the photon digital pulse signal generated by
the photon output from each photomultiplier tube is taken out
from a synchronization signalizing circuit comprised of gate
circuits as a synchronization photon signal synchronized with
a clock pulse by using the clock pulse of the width which
equals to the pulse time width of the photon digital pulse
signal. The frequency of the clock pulse is assumed to be 100
MHz which generates the same pulse time width as 5 ns pulse
time width of the photon digital pulse signal.

[0109] The photon digital pulse signal output from multi
anode photomultiplier tube of 16 channels is counted by 16
photon digital counter circuits in a multichannel coincidence
circuit composed of the FPGA element as shown in FIG. 11.
The count is started based on a start time signal which is a
photon digital pulse signal input first from any one of chan-
nels, and is carried out during the counting time which cor-
responds to the coincidence time in the general coincidence
circuit. Two photon digital counter circuits which indicate the
integral value more than the predetermined photon discrimi-
nation value are specified after the counting of each photon
digital counter circuit ends, and the positions of incidence of
neutrons in 120 channels are decided according to the coding
rule. Neutron one-dimensional image data is acquired by
causing the position information of 120 channels to be seven
bit data, reducing a final signal power output number, and
then sending them to the neutron image processing apparatus.
In this Embodiment, a photon discrimination value set corre-
sponding to each photomultiplier tube 1s five photons.
[0110] Inthis Embodiment, the counting time is set to the
width of time of 5 pis in order to use fluorescence emitted from
the ZnS: Ag phosphor at incidence of neutron effectively.

Embodiment 5

[0111] Next, the neutron detector according to Embodi-
ment 5 is explained referring to FIG. 12. 28 neutron detecting
elements according to Embodiment 1 is arranged in close
proximity to each other in the cylinder for neutron detecting
element arrangement. In this case, the round-shaped neutron
shield with the same outside diameter as the neutron detecting
element is arranged between adjacent neutron detecting ele-
ments. As for the neutron shield, the hole is made in the space
in the substrate of the cylinder of the neutron detecting ele-
ment so that the wiring for the optical fiber is possible. Two
optical fibers are led to a multichannel optical detector,
arranged on one side of the cylinder for neutron detecting
element arrangement. Each fluorescence is detected by two
optical detectors, using the optical fibers which led out from
each neutron detecting element as a pair. The fluorescence
signals converted into pulse signals by two optical detectors
are led to a coincidence circuit. When two fluorescence sig-
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nals are measured simultaneously during the predetermined
period of time, a neutron signal is output. The neutron leakage
detection between adjacent neutron detecting elements is pre-
vented, and the position resolution of the one-dimensional
detection is improved according to this Embodiment.

The material and the structure used are the same as Embodi-
ment 1. The inner cylindrical neutron scintillator is made by
bonding ZnS/°LiF half transparent type neutron scintillator
made of AST outside of a cylinder of aluminum substrate of
19.5 mmin outside diameter, 18.5 mm in inside diameter, and
0.3 mm in thickness, and 20 mm in length. Two wavelength
shift fibers were coiled 6.7 times in parallel at intervals of 1.5
mm, where the intervals is the distance from the center of one
shift fiber to the center of the other shift fiber.

[0112] In this Embodiment, both connection ends of two
wavelength shift fibers rolled and the corresponding optical
fibers are the end of winding as shown in F1G. 4. Both termi-
nals of two wavelength shift fibers which finished being
rolled are led inside of the cylinder of inner cylindrical neu-
tron scintillator, and are connected with the optical fiber
which leads fluorescence of which the wavelength is shifted
by the wavelength shift fiber to the optical detector (not
shown). The wavelength shift fibers are put in the middle of
the guide tube made of aluminum of 0.8 mm in the inside
diameter, 1.2 mm in the outside diameter, and 2 mm in length
after the end face of the wavelength shift fiber is polished to
the mirror finished surface, and are bonded to the end faces of
the optical fibers similarly polished to the mirror finished
surface by using the adhesive. The length of optical fibers is
assumed more than the length to an optical detector, and the
length is decided finally when the optical fibers are connected
optically with the optical detector arranged on one side or
both sides. After the optical fibers are cut and their end faces
are polished, and connected optically with the detection side
of the optical detector.

[0113] Onthe other hand, after the other side of wavelength
shift fibers led inside the cylindrical substrate, and the end
face 1s polished to the mirror finished surface, the mirror
finished surface part of reflecting plate made of aluminum cut
in 1.2 mmx1.2 mm corner is bonded to it by using the adhe-
sive. A transparent adhesive S-U made by Konishi Co., Ltd. is
used as the adhesive. The scintillator fluorescence detection
body is completed by this manufacturing process.

The outer cylindrical neutron scintillator in which ZnS/°LiF
semitransparent scintillator is bonded inside of aluminum
cylinder of 23 mm in outside diameter, 22.4 mm in inside
diameter, 0.3 mm in thickness, and 20 mm in length is
arranged on this scintillator fluorescence detection body. As
for the size of the neutron detecting element finally com-
pleted, the inside diameter is 18.5 mm, the outside diameter is
23 mm including the working accuracy etc., and the length is
20 mm.

[0114] 28 neutron detecting elements is arranged in the
cylinder for neutron detecting element arrangement in this
Embodiment. The size of the cylinder for neutron detecting
element arrangement is assumed to be 23.4 mm in the inside
diameter, 25.4 mm in the outside diameter, and 1 mm in
thickness. The margins of 20 mm on the side of the optical
detector are provided though the length of detecting elements
is (20+1)mmx27+20=587 mm in consideration of the shield
of 1 mm in thickness as described later. Accordingly, the total
length is 607 mm. The cylinder is made of aluminum of
market standard A5052.
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[0115] The round-shaped neutron shield is arranged
between the adjacent neutron detecting elements when the
neutron detecting element is placed inside of the cylinder in
this Embodiment. Thereby, the leakage detection of the neu-
tron between adjacent neutron detecting elements is pre-
vented to improve the position resolution at the one-dimen-
sional detection. B,C powder is used as the material of the
neutron shield. And, the shield is made by solidifying the B,C
powder by using an epoxy resin. The mixing ratio of B,C
powder and the epoxy resin are adjusted to the weight ratio of
6:4. The physical dimensions of the shield is 23 mm in diam-
eter and 1 mm in thickness, and a perforated hole of 6 mm in
diameter is punctured into the round-shaped neutron shield as
a space necessary for the wiring of the optical fiber. The
immunity from a thermal neutron was calculated based on the
amount of B,C powder. As a result, it was confirmed to
decrease up to transmittance of 10%.

[0116] Inthis Embodiment, two optical fibers led out from
the neutron detecting element are collected on one side of the
cylinder for neutron detecting element arrangement and then
the detection processing is carried out. Therefore, the light
shielding is provided on one side of the cylinder by using an
aluminum board. The space in the cylinder of the neutron
detecting element is used as a conduit for optical fibers. Each
of two optical fibers is led to the multichannel optical detec-
tor, arranged in one side of the cylinder for neutron detecting
element arrangement. Finally, the size of the cylinder for
neutron detecting element arrangement of the one-dimen-
sional neutron detector of this Embodiment became 25 mmin
the diameter and 607 mm in length. The effective detection
area 1s the size of 22 mmx607 mm.

[0117] Multi anode photomultiplier tube H7546 of 64
channels, made by Hamamatsu Photonics K.K, in which the
sensitive area of one channel is 2 mmx2 mm and which is
available in the photon counting is used as the multichannel
optical detector. Moreover, because the gain of 2x10° can be
obtained at the applied voltage 950V, the photon counting can
be carried out enough. Because the fluorescence output from
the wavelength shift fiber is very little, each fluorescence
signal output from two photormultiplier tube tubes was pro-
cessed by using the photon measurement method in this
Embodiment.

[0118] Each photon signal output from a photomultiplier
tube 1s amplified by a photon signal amplifier composed of a
high-speed IC amplifier, and then it is converted into a photon
digital pulse signal by a photon signal discrimination circuit
composed of the discriminator circuit.

[0119] The photon signal amplifier comprises an amplifier
with the performance of 60 times the gain in band width 200
MHz, composed by using two AD8001 high-speed IC ampli-
fiers made by Analog Devices Inc. for each circuit. The pho-
ton signal discrimination circuit was composed by using
ADB611 made by Analog Devices Inc. as high-speed dis-
criminator IC. It is possible to make a photon digital pulse
signal having a pulse time width of about 5 ns as a signal of
one photon by using the electronic circuit composed like this.

[0120] Next, the photon digital pulse signal generated by
the photon output from each photomultiplier tube is taken out
from a synchronization signalizing circuit comprised of gate
circuits as a synchronization photon signal synchronized with
a clock pulse by using the clock pulse of the width which
equals to the pulse time width of the photon digital pulse
signal. The frequency of the clock pulse is assumed to be 100
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MHz which generates the same pulse time width as 5 ns pulse
time width of the photon digital pulse signal.

[0121] The count is started based on a start time signal
which is a photon digital pulse signal input first to a photon
digital counter circuit, and carried out during the counting
time which corresponds to the coincidence time inthe general
coincidence circuit. Photon integral value which corresponds
10 two optical fibers is obtained by using two circuits men-
tioned above. When an integral value more than the predeter-
mined photon discrimination value is obtained from both
circuits during the counting time, a neutron signal is output. In
this Embodiment, a photon discrimination value set corre-
sponding to each photomultiplier tube is five photons.

[0122] In this Embodiment, the counting time is set to the
width oftime of 5 pis in order to use fluorescence emitted from
the ZnS:Ag phosphor at incidence of neutron effectively.

[0123] Neutron one-dimensional image data is acquired by
reducing the final signal output number by pairing two optical
fibers led out from each neutron detecting element and per-
forming the above-mentioned signal processing, and causing
the output neutron incidence signal to be five bit data as
position information in order of the arrangement of the neu-
tron detecting elements, and then sending them to the neutron
image processing apparatus.

[0124] Theneutron detection efficiency of this one-dimen-
sional neutron detector was measured by using the cali-
fornium radiation source as a neutron source. The configura-
tion of the apparatus for the evaluation test is shown in FIG.
13. The counting distribution to the thermal neutron of this
one-dimensional neutron detector was measured by using the
californium neutron source after the cadmium neutron shield
had been removed first. The one-dimensional neutron detec-
tor was positioned from the moderator system of the cali-
fornium radiation source to 50 cm remote place so that the
neutron beam might almost become parallel. The result of the
counting distribution measurement is shown in FIG. 14. It
was confirmed to be able to make the one-dimensional neu-
tron detector because the distribution of the neutron was able
10 be measured by this detector though the counting value
depends on the quality of the production of the neutron detect-
ing element and changes because of the first trial production.

[0125] Next, after surroundings of the central part of the
one-dimensional neutron detector had been covered with a
cadmium board of 0.7 mm in thickness and 225 mm in length,
the position detection characteristic was measured. The result
of the normalized counting value distribution is shown in
FIG. 15, where the result of the counting value measurement
corresponding to each neutron detecting element is normal-
ized by the result of the counting value measurement when
the neutron detector is not covered with the cadmium neutron
shield. The normalized counting value in the part not covered
1s about 0.2 because the counting time of this measurement is
the time of %5 of measuring time when the cadmium neutron
shield is removed.

[0126] It was confirmed that the detector according to the
present invention is available enough as the one-dimensional
neutron detector from the above-mentioned result.

[0127] Basically, the neutron detecting element of the
present invention comprises: an inner cylindrical neutron
scintillator where a neutron detection body is arranged out-
side of the cylindrical substrate;

[0128] a scintillator fluorescence detection body made by
placing coiled wavelength shift fibers where two wavelength
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shift fibers are wound in parallel along the cylindrical sub-
strate on an inner cylindrical neutron scintillator; and
[0129] anoutercylindrical neutron scintillator where a neu-
tron detection body is arranged inside of the cylindrical sub-
strate, the outer cylindrical neutron scintillator being
arranged on the scintillator fluorescence detection body.
[0130] Inthis structure, the neutron incident on the neutron
detecting element is detected by 4 neutron scintillators.
Therefore, when the neutron scintillator with the detection
efficiency of 40% to the thermal neutron is used, it becomes
possible to obtain ideally a high detection efficiency of 87%,
and thus the detection efficiency equal with that of the current
6 atmospheric pressure one inch position-sensitive *He gas
proportional counter can be obtained.

[0131] The cylindrical neutron detector which can detect
neutrons one-dimensionally is realized by arranging the neu-
tron detecting elements in close proximity to each other in the
cylinder for neutron detecting element arrangement, wiring
optical fibers inside of the cylinder for the neutron scintillator,
and leading them to the optical detector. Because this neutron
detector has the cylindrical body and almost the same neutron
detection efficiency as the positional sensitive *He gas pro-
portional counter, it becomes *He substitution neutron detec-
tor in the meaning of the truth.

What is claimed is:

1. A neutron detector with a neutron detecting element
comprising;

an inner cylindrical neutron scintillator where a neutron
detection body is arranged outside of the cylindrical
substrate;

a scintillator fluorescence detection body made by placing
coiled wavelength shift fibers where two wavelength
shift fibers are wound in parallel along the cylindrical
substrate on said inner cylindrical neutron scintillator;
and

an outer cylindrical neutron scintillator where a neutron
detection body is arranged inside of the cylindrical sub-
strate, the outer cylindrical neutron scintillator being
arranged on the scintillator fluorescence detection body,

whereby the fluorescence signals converted into pulse sig-
nals by two optical detectors are led to a coincidence
circuit, and when two fluorescence signals are measured
simultaneously during the predetermined period of time,
a neutron signal is output.

2. The neutron detector according to claim 1, wherein said
neutron detection body includes a ZnS phosphor, and a neu-
tron converter material which contains °Li or '°B.

3. The neutron detector according to claim 1, wherein two
or more neutron detecting elements are arranged in close
proximity to each other in the cylinder for neutron detecting
element arrangement, the space in the cylinder of the neutron
detecting element is used as a conduit for optical fibers con-
nected to the wavelength shift fibers, and two optical fibers
are led to two optical detectors, arranged on one side or both
sides of the cylinder for neutron detecting element arrange-
ment.

4. The neutron detector according to claim 1, wherein two
or more neutron detecting elements are arranged in close
proximity to each other in the cylinder for neutron detecting
element arrangement, the space in the cylinder of the neutron
detecting element is used as a conduit for optical fibers con-
nected to the wavelength shift fibers, and two optical fibers
are led to two multichannel optical detectors, arranged on one
side or both sides of the cylinder for neutron detecting ele-
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ment arrangement, the space in the cylinder of the neutron
detecting element is used as a conduit for optical fibers, two
optical fibers are led to a multi-channel optical detector,
arranged on one side of the cylinder for neutron detecting
element arrangement, each fluorescence is detected by two
optical detectors, using the optical fibers which led out from
each neutron detecting element as a pair, and the fluorescence
signals converted into pulse signals by two optical detectors
are led to a coincidence circuit, whereby when two fluores-
cence signals are measured simultaneously during the prede-
termined period of time, a neutron signal is output.

5. The neutron detector according to claim 1, wherein two
or more neutron detecting elements are arranged in close
proximity to each other in the cylinder for neutron detecting
element arrangement, the space in the cylinder of the neutron
detecting element is used as a conduit for optical fibers con-
nected to the wavelength shift fibers, and two optical fibers
are led to two multichannel optical detectors, arranged on one
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side or both sides of the cylinder for neutron detecting ele-
ment arrangement, two optical fibers from the neutron detect-
ing element are connected optically with each optical detector
of multi-channel optical detector based on the predetermined
coding rule, the fluorescence emitted when the neutron is
incident to the neutron scintillator and is captured therein is
detected by two wavelength shift fibers, and the fluorescence
of which the wavelength is shifted is detected by the multi-
channel optical detector based on the coding rule, the fluo-
rescence signal converted into the pulse signal by each optical
detector is led to the multichannel coincidence circuit, two
optical detectors which two signals were measured simulta-
neously during the predetermined period of time are speci-
fied, and the position of incidence of neutron to said neutron
detecting elements arranged in the cylinder for neutron
detecting element arrangement is decided based on the cod-
ing rule.
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