EP 2 386 879 A2

Patent Office

i an  EP 2386 879 A2

o N ARSIl
0 European

(12) EUROPEAN PATENT APPLICATION
(43) Date of publication: (51) IntCl.:
16.11.2011 Bulletin 2011/46 GO1T 3/06 (2006.01)

(21) Application number: 11001589.8

(22) Date of filing: 25.02.2011

(84) Designated Contracting States: + Katagiri, Masaki
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB Kawasaki-shi
GRHRHUIEISITLILTLU LV MC MK MT NL NO Kanagawa 216-0006 (JP)
PL PT RO RS SE SI SK SM TR ¢ Ebine, Masumi
Designated Extension States: Kawasaki-shi
BA ME Kanagawa 216-0006 (JP)
¢ Birumachi, Atsushi
(30) Priority: 26.02.2010 JP 2010042209 Kawasaki-shi
Kanagawa 216-0006 (JP)
(71) Applicants: ¢ Yoribayashi, Yutaka

¢ Japan Atomic Energy Agency Kawasaki-shi
Naka-gun, Kanagawa 216-0006 (JP)
Ibaraki 319-1184 (JP)

* Hoshin Electronics Co., Ltd. (74) Representative: Strehl Schiibel-Hopf & Partner
Kaeasaki-Shi Maximilianstrasse 54
Kanagawa 216-0006 (JP) 80538 Miinchen (DE)

(72) Inventors:

¢ Nakamura, Tatsuya
Kawasaki-shi
Kanagawa 216-0006 (JP)

(54) Neutron image detecting method and neutron image detector using its method

(57)  Aneutron image detection method is disclosed,

which collects a fluorescent light generated by a neutron
incident at a designated position interval in one-dimen- FIG. 1 ] PEUTONSaTLLATOR
sional geometry and determines an incident position of |
the neutron by detecting the collected fluorescent light,
in which the fluorescent light is detected by a photon WAVELENGTH SHIFTING FIBER
counting method; a pulse signal generated by an individ- R L
ual output photon is extracted on the basis of a clock TN
signal generated with the same time interval as the time
width of the pulse signal generated by a single photon; PHOTON SIGNAL AMPLIFIER
a count-value distribution is obtained in terms of incident C'Tclu'?l T
position as variable determined by a single neutron inci- pelroTansGNL
dent by counting the pulse signal output; and a neutron ~ ______________ SRS B E Ea——
incident position is determined by calculating a median aock | [T —
SIGNAL SYNCHRONIZATICN CIRCUIT
point on the basis of the obtained count-value distribu- GENERITING
tion. %

CIRCUIT

MULTI-CHANNEL
PHOTON DIGITAL g{éﬁ;\_
COUNTER CIRCUIT

COUNT-TIME
§TOP GENERATING

TIN5 o=

MEDIAN POINT
CALCULATING CIRCUIT

FPGA CIRCUITRY

NEUTRON INCIDENT POSITION QUTPUT

Printed by Jouve, 75001 PARIS (FR)



1 EP 2 386 879 A2 2

Description
BACKGROUND OF INVENTION

[0001] The present invention relates to a neutron im-
age detecting method for creating one-dimensional or
two-dimensional neutronimages ata high speed and with
increased position accuracy, and relates to a neutron im-
age detector using this method. The present invention
can be applied to various purposes for the measurement
of intense pulsed neutrons in a high-intensity photon ac-
celerator facility (e.g. J-PARC), the evaluation of various
dynamic behaviors in nuclear reactors and fusion reac-
tors, the non-destructive inspection using high permea-
bility of neutrons, andthe physical property measurement
of new materials.

[0002] As for the two-dimensional neutron image de-
tector usedfor neutron scattering experiments using neu-
tron sources generated by a nuclear reactor or an accel-
erator, what have been used include such a detector as
being formed by combining a neutron scintillator or a flu-
orescent neutron detecting sheet formed together with a
fluorescent material and a neutron convertor with a wave-
length shifting fiber (refer to Patent Literatures 1 and 2,
and Non-Patent Literature 1). Such two-dimensional im-
age detector is characterized in that the position infor-
mation is obtained by using a cross-fiber reading method,
including proven methods such as a method for deter-
mining the incident position by using a coincidence count-
ingmethod using such a sheet configurationthatacouple
of wavelength shifting fiber bundles are arranged diago-
nally on the upper surface and the bottom surface of the
fluorescent material sheet or the scintillator plate, a meth-
od for determining the incident position by using a coin-
cidence counting method using such a sheet configura-
tion that couple of wavelength shifting fiber bundles are
arranged diagonally onthe back surface of the scintillator
by improving the cross-fiberreading method, and ameth-
od using such asheetconfigurationthatacouple of wave-
length shifting fiber bundles are arranged diagonally and
that scintillators are arranged on its upper surface and
bottom surface.

[0003] In relation to the method for determining the in-
cident position of neutrons by using a median point cal-
culating method in the same way as the present inven-
tion, what is known as Anger-type camera method uses
such a method in that gamma-rays or fluorescent lights
from the neutron scintillator are detected directly by a
number of photomultipliertubes, andthe incident position
is determined by a median point calculating method on
the basis of the digitized values of the fluorescent light
intensity by using Analog/Digital Converter (hereinafter
referred to as ADC) (for example, refer to Patent Litera-
ture 3).

[0004]

[Patent Literature 1] JP 2000-187007 A
[Patent Literature 2] JP 2002-71816 A
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[Patent Literature 3] JP 2009-8695 A
[0005]

[Non-Patent Literature 1] Nucl. Instr. and Meth.,
A439 (1999) PP. 311-320.

SUMMARY OF INVENTION

[0006] In those conventional two-dimensional image
detectors, the fluorescent light emitted from the scintilla-
tor is converted to the electric signal by the photomulti-
pliertube, andthen the analog pulse signal is output after
amplifying the integrated signal waveform by using the
waveform shaping amplifier, and the peak value of the
obtained analog pulse signal waveform is digitized, and
the position showing the maximum value at the corre-
sponding optical fiber orwavelength shifting fiberisfinally
determined to be the incident position. As those conven-
tional detectors requires ADC circuit for obtaining the dig-
ital values, there is such a disadvantage that the signal
processing circuit becomes complicated and requires an
extraordinary high cost.

[0007] In those conventional one-dimensional detec-
tors, one-dimensional neutron image is obtained in that
the fluorescent light emitted from the scintillators each
separated at regular intervals by reflecting plates are
made led into the photomultiplier tubes by using the op-
tical fibers, and then the signal induced by the fluorescent
light is made integrated, and finally the signal having a
signal value equal to or larger than the predetermined
value is counted to be identifying a single neutron inci-
dent.

[0008] In those neutron image detectors, as there is
no boundary between adjacent pixels due to their con-
figuration in which the wavelength shifting fibers are ar-
ranged on a plane, and, in case of using optical fibers,
asthe fluorescent lights emitted from the fluorescent light
sheet are leaked at the gaps at the reflecting plates and
made scattered and diffused, and then are incident into
two or more wavelength shifting fibers or optical fibers,
uncommon circuit technology is required to determine
the exact incident position. Thus, as described above,
ADC circuit is required principally to determine the inci-
dent position, and, there is resultantly such a disadvan-
tage that the signal processing circuit becomes compli-
cated andrequires an extraordinary high cost. Inaddition,
the accuracy in determining the incident position is not
satisfactory.

[0009] The light transmission efficiency is several per-
cent when the fluorescent light emitted from the scintil-
lator is transmitted through the wavelength shifting fiber
or the optical fiber to the photomultiplier tube. This re-
quires a number of photons sufficiently enough to shape
and amplify the waveform of the signal from the photo-
multiplier tube, and convert the amplified waveform into
the digital signal by using ADC circuit, which may lead
to such a disadvantage that the detection efficiency for
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neutrons decreases.

[0010] In order to redeem those disadvantages, a
method for determining the incident position of neutron
by using a pattern of the photon signals output from the
individual wavelength shifting fibers by using a photon
counting method is developed and used, which still have
such a problem that the exact incident position of neutron
can not determined precisely.

[0011] In addition, in the above described method in
that gamma-rays or fluorescent lights from the neutron
scintillator are detected directly by a number of photom-
ultiplier tubes, and the incident position is determined by
a median point calculating method on the basis of the
digitized values of the fluorescent light intensity by using
ADC, as ADC is required to be used for obtaining the
digital value, there is such a disadvantage that the signal
processing circuit becomes complicated and requires an
extraordinary high cost.

[0012] One aspect of the neutron image detection
method or the neutron image detector based on this
method according to the present invention is based on
the conceptin that, in the neutron image detection meth-
od for collecting a fluorescent light generated by a neu-
tron incident at a designated position interval in one-di-
mensional geometry and determining an incident posi-
tion of the neutron by detecting the collected fluorescent
light, wherein

the fluorescentlight is detected by photon counting meth-
od;

a pulse signal generated by an individual output photon
is extracted on the basis of a clock signal generated with
the sametime interval asthe time width of the pulse signal
generated by a single photon;

a count-value distribution is obtained in terms of incident
position as variable determined by a single neutron inci-
dent by counting the pulse signal output;

a neutron incident position is determined by calculating
a median point on the basis of the obtained count-value
distribution.

[0013] Another aspect of the neutron image detection
method or the neutron image detector based on this
method according to the present invention is based on
the conceptin that, in the neutron image detection meth-
od for collecting a fluorescent light generated by a neu-
tron incident ata designated position interval on a vertical
axis and a hotrizontal axis, respectively, in two-dimen-
sional geometty and determining an incident position of
the neutron by detecting the collected fluorescent light,
wherein

the fluorescentlight is detected by photon counting meth-
od;

a pulse signal generated by an individual photon is ex-
tracted on the basis of a clock signal generated with the
same time interval as the time width of the pulse signal
generated by a single photon;

a count-value distribution is obtained on a vertical axis
and a horizontal axis, respectively, in terms of incident
position as variable determined by a single neutron inci-
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dent by counting the pulse signal output;

a neutron incident position is determined on a vertical
axis and a horizontal axis, respectively, by calculating a
median point on a vertical axis and a horizontal axis, re-
spectively, on the basis of the obtained count-value dis-
tribution.

[0014] Yetanotheraspect ofthe neutronimage detec-
tion method or the neutron image detector based on this
method according to the present invention is based on
the concept in that, the neutron image detection method
for collecting a fluorescent light from a scintillator gener-
ating a fluorescent light upon a neutron incident at a des-
ignated position interval on avertical axisanda horizontal
axis, respectively, in two-dimensional geometry and de-
termining an incident position of the neutron by detecting
the collected fluorescent light or detecting the fluorescent
light directly in two-dimensional geometry wherein

the fluorescent light is detected by photon counting meth-
od;

a pulse signal generated by an individual photon is ex-
tracted on the basis of a clock signal generated with the
same time interval as the time width of the pulse signal
generated by a single photon;

atwo-dimensicnal count-value distribution is obtained in
terms of incident position as variable determined by a
single neutron incident by counting the pulse signal out-
put, or obtained by detecting directly the fluorescent light;
a neutron incident position is determined on a vertical
axis and a horizontal axis, respectively, on the basis of
the obtained two-dimensional count-value distribution.
[0015] The above described position calculation can
be performed in an extremely high speed by applying
exactly FPGA (Field Programmable Gate Array) having
arelatively large number of input pins, enabled by today’s
progressive integrated-circuit technologies. By applying
the median point calculation, the incident position of neu-
tron can be determined precisely.

[0016] Asthe neutronimage detection method and de-
tector according to the present invention include a so-
phisticated scheme for calculating the incident position
of neutron, it will be appreciated that such a large number
of expensive Analog/Digital Converters (ADC) as found
inthe prior art may not be used, butthat the such scheme
may be realized by a small-sized, inexpensive and ded-
icated hardware device. Thus, it will be appreciated that
the neutron image detector according to the present in-
vention may be significantly inexpensive, and also that
the performance speed for creating the neutron image
may be significantly fast.

BRIEF DESCRIPTION OF DRAWINGS

[0017]
FIG.1 is a schematic diagram showing the configu-
ration of the median point calculating circuit in the

one-dimensional neutron image detector.
FIG. 2A is a first half of the flow chart of the median
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point calculation in the one-dimensional neutron im-
age detector and FIG. 2B is a last half of the flow
chart thereof.

FIG. 3 is an illustrative diagram showing the calcu-
lation example of the median point calculation in the
one-dimensional neutron image detector.

FIG. 4 is a schematic diagram showing the configu-
ration of the median point calculating circuit in the
two-dimensional neutron image detector.

FIG. 5A is a first half of the flow chart of the median
point calculation in the two-dimensional neutron im-
age detector, and FIG. 5B is a last half of the flow
chart thereof.

FIG. 6 is a graph showing an example of the peak
analysis result of the median point calculation in the
two-dimensional neutron image detector.

FIG. 7 is a three-dimensional representation of the
peak analysis result of the median point calculation
in the two-dimensional neutron image detector.
FIG. 8 is a schematic diagram showing the configu-
ration of the median point calculating circuit in the
two-dimensional neutron image detector using two-
dimensional processing method.

FIG. 9A is a first half of the flow chart of the median
point calculation in the two-dimensional neutron im-
age detector using two-dimensional processing
method, and FIG. 9B is a last half of the flow chart
thereof.

FIG. 10Ais afirst half of schematic diagram showing
the configuration of the median point calculating cir-
cuit having a photon signal discriminating function in
the two-dimensional neutron image detector, and
FIG. 10Bisalast half of the schematic diagramthere-
of.

FIG. 11Ais afirst half of the flow chart of the median
point calculation having a photon signal discriminat-
ing function in the two-dimensional neutron image
detector, and FIG. 11B is a last half of the flow chart
thereof.

FIG. 12 is a graph showing an example of the peak
analysis result by the median point calculating circuit
having a photon signal disctiminating function in the
two-dimensional neutron image detector in case of
changing the number of photons.

FIG. 13 is a graph showing an example of the im-
provement in the peak position resolution by the me-
dian point calculating circuit having a photon signal
discriminating function in the two-dimensional neu-
tron image detector in case of changing the number
of photons.

FIG. 14A is a first half of the schematic diagram
showing the configuration of the median point calcu-
lating circuit having a function for compensating the
non-linearity in photon countings in the two-dimen-
sional neutron image detector using ZnS:Ag as a
material for the scintillator, and FIG. 14B is a last half
of the schematic diagram thereof.

FIG. 15Ais afirst half of the flow chart of the median
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point calculation having a function for compensating
the non-linearity in photon countings in the two-di-
mensional neutron image detector using ZnS:Ag as
a material for the scintillator, and FIG. 15B is a last
half of the flow chart thereof.

FIG. 16 is a graph showing the result of measuring
the wave-height distribution characteristic of the
photons detected by the photomultiplier in the fluo-
rescent light from the neutron detecting sheet com-
mercially available from AST in England.

FIG. 17 is an explanatory drawing showing the prin-
ciple for compensating the non-linearity in photon
countings in the two-dimensional neutron image de-
tector using ZnS:Ag as a material for the scintillator.
FIG. 18is a graph showing an example of calculating
the correction amount in the photon count number
for compensating the non-linearity in photon count-
ings in the two-dimensional neutron image detector
using ZnS:Ag as a material for the scintillator.

FIG. 19 is a schematic diagram showing the circuit
configuration for removing the multiple countings
due to after-glow by forcing time-delay after the me-
dian point calculation in the two-dimensional neutron
image detector using ZnS:Ag as a material for the
scintillator.

FIG.20Ais afirst half of the flow chart of the operation
in the multiple countings removing circuit shown in
FIG. 19, and FIG. 20B is a last half of the flow chart
thereof.

FIG. 21 is a graph showing the example of the actual
measurement of the count values in case of chang-
ing the delay time in the multiple countings removing
circuit shown in FIG. 19.

FIG. 22 is a graph showing the actual measurement
data illustrating the relation between the multiple
countings fraction due to after-glow and the delay
time based on the experimental values obtained by
forcing time-delay after the median point calculation
inthe two-dimensional neutron image detector using
ZnS:Ag as a matetial for the scintillator.
FIG.23isagraph showingthe example of calculating
the multiple countings due to after-glow based on
the wave-height distribution in the scintillator using
ZnS:Ag fluorescent material.

FIG. 24 is a graph showing the relation between the
optimal delay time and the photon count number
based on the experimental result for the delay time.
FIG.25 is a schematic diagram showing the config-
uration of the median point calculating circuit for cal-
culating the median point without using a circuit for
multiplying the photon synchronization signal and
the corresponding position number values.

FIG. 26 is a flow chart of the calculation process in
the median point calculating circuit shown in FIG. 25.
FIG. 27 is an illustrative diagram showing the calcu-
lation example of the median point calculating circuit
shown in FIG. 25.

FIG. 28 is a schematic diagram showing the config-
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uration of the median point calculating circuit in the
neutron image detector having a semi-transparent
scintillator and a wavelength shifting fiber.

FIG. 29Ais afirst half of the flow chart of the operation
in the median point calculating circuit shown in FIG.
28,and FIG. 29Bis alast half ofthe flow chartthereof.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[Embodiment]
[0018]
(Embodiment 1)

[0019] AsEmbodiment1, FIG. 1illustrates a schematic
diagram showing the configuration of the median point
calculating circuit in the one-dimensional neutron image
detector using a scintillator and a wavelength shifting fib-
er. FIG. 2A and FIG. 2B show flow charts of the median
point calculation in case that the generated fluorescent
light incident into five wavelength shifting fibers upon the
incidence of a neutron. In the flowcharts separated into
A and B generally throughout the specification, A repre-
sentsthe first half of the whole flow chartand B represents
the last half of the flow chart of the whole flow chart. Note
that the end raw of blocks of the flow chart A are found
as the first raw of blocks of the flow chart B in order to
make it easier to understand the connectivity between
the first half and the last half of the whole flow chart. FIG.
3 illustrates an illustrative diagram showing the calcula-
tion example of the median point calculation based on
the basic principle of the present invention. The one-di-
mensional neutron image detector using ascintillator and
a wavelength shifting fiber in this embodiment has the
structure shown below.

[0020] ZnS:Ag/'0B,04 scintillator having a thickness
of 0.3mm is used as the neutron scintillator that emits
the fluorescent light upon the incidence of a neutron. The
wavelength of the fluorescent light emitted from ZnS:Ag-
based fluorescent material has distributed from 390nm
to 520nm, of which the center is 450nm. The life-time of
the short life-time component of the fluorescent light from
ZnS:Ag-based fluorescent material to be used for detect-
ing neutrons substantially is about 0.3 us. BCF-92MC
commercially available from Saint-Gobain K.K., that is
sensitive to the fluorescent light having the wavelength
from 350nm to 440nm and transforms the wavelength of
the fluorescent light into 490nm, is used as the wave-
length shirting fiber. The shape of the wavelength shifting
fiber is made in a right square having one side length of
0.5mm. The one-dimensional neutron image detector
having the effective sensing width of 32mm is formed by
arranging 64 wavelength shifting fibers in one-dimen-
sional geometry, and by arranging ZnS:Ag/19B,0; scin-
tillator above a bundle of those wavelength shifting fibers.
[0021] Asforthe optical detector for detectingthe emit-
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tedfluorescentlight experienced with wavelength shifting
by the wavelength shifting fibers, H7546 commercially
available from HAMAMATSU PHOTONICS K.K. may be
used, that is a 64-channnel photomultiplier tube, each
channel having an effective sensitive area of 2mm x
2mm. The individual photon electric signals output from
this photomultiplier tube are amplified by the photon sig-
nal amplifiers, each composed of a high-speed amplifier,
and then the individual amplified signals are formed as
the photon digital pulse signals by the photon signal dis-
criminating circuit composed of individual discriminator
circuits.

[0022] When detecting the fluorescent lights emitted
from the wavelength shift fibers by using the 64-channel
photomultiplier tube in the above configuration, the pho-
ton signal amplifier and the photon signal discriminating
circuit having an ability to detect the fluorescent lights
using the photon counting method are used. As for the
photon signal amplifier, a couple of ICs, AD8001 com-
mercially available from Analog Devices Inc. are used as
high-speed ICs for the individual circuit and the overall
amplifier is formed as an amplifier having a 60-times-
amplifying gain with its amplifier bandwidth of 200MHz.
As for the photon signal discriminating circuit, AD8611
also commercially available from Analog Devices Inc. is
used as the high-speed discriminator IC. Owing to ap-
plying the electronic circuit so configured as described
above, the photon digital pulse signal having a pulse time
width of about 5ns can be obtained as a single signal per
photon.

[0023] Next, the photon digital pulse signal generated
by the photon output from the individual photomultiplier
tube is extracted as the signal synchronized to the clock
signal having a cycle time adapted to its pulse time width
by using the signal synchronization circuit composed of
the gate circuit, and then the synchronized photon signal
is obtained. The frequency of the clock signal is made
100MHz, generating the same pulse time width of 5ns
because the pulse time width of the photon pulse signal
is 5ns.

[0024] Thelogical "OR" operation is applied to the syn-
chronized photon signals, each synchronized to one an-
other, for all of 64 channels by "OR" circuit at first, and
then, the timing when the pulse signal arrives at first to
the input to "OR" circuit among the photon digital pulse
signals obtained by detection and signal processing upon
the incident of a neutron is defined to be the neutron
incident time, and is made input to the count-time gen-
erating circuit. The count-time generating circuit supplies
this first-arriving pulse signal as the start-time signal to
the multi-channel photon digital counting circuit, which
starts the counting operations at the individual channels.
[0025] The circuit for observing the predetermined
count out time in the count-time generating circuit starts
at the same time, and then this circuit generates a stop
signal upon the predetermined count time reached and
sends the stop signal to the multi-channel photon digital
counting circuit, that terminates the counting operation
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and finally decides the counting values. In this embodi-
ment, the count time is defined to be 1 us corresponding
to three times of 0.3 us, which is the short life-time com-
ponent of the fluorescent light from ZnS:Ag fluorescent
material, so that almost all the short life-time component
of the fluorescent light may be utilized. Thus, the photon
count-value distribution at the center of the neutron inci-
dent position upon the single neutron incident into the
scintillator is obtained in which the total amount of dis-
tributed photons is proportional to the amount of fluores-
cent light.

[0026] In the presentinvention, the incident position in
one-dimensional geometty is determined by calculating
amedian point onthe basis of the obtained photon count-
value distribution. One embodiment of the median point
calculation is described by referring to FIG. 3. In the cal-
culation example below, assume that the fluorescent
lights enter 5 (five) wavelength shifting fibers at the fiber
positions 3 to 5. At first, the integrated count value A
obtained by counting for the single neutron by using the
wavelength shifting fibers is obtained by summing the
count values at the positions 3 to 7, which makes 11 in
this calculation example. Next, the median point count
value summation B is obtained. This summed value is
calculated by summing the values, each obtained indi-
vidually by multiplying the position number value and the
photon count value counted at the relevant position cor-
responding to its position number value. The median
point count value summation makes 54 in this calculation
example. The neutron incident position obtained in case
of applying the median point calculating method is de-
fined as a quotient obtained by dividing the median point
count value summation B by the integrated count value
A, that is, B/A=54/11=4.9. In case of representing the
coordinate value of the incident position in terms of inte-
gernumber, position 5 is obtained asthe incident position
by round-off calculation. In case of an increased accuracy
in the incident position, a real value of 4.9 may be used
as the coordinate value of the incident position.

[0027] Note thatthe weight values forthe photon count
values at the individual positions are uniformly made
equal to 1 in the above calculation example, though it is
allowed that the uneven weight values may be used in
order to increase the position accuracy in case that the
detection characteristics for the fluorescent light is not
uniform.

(Embodiment 2)

[0028] AsEmbodiment2, FIG. 4 illustrates a schematic
diagram showing the configuration of the median point
calculating circuit in the two-dimensional neutron image
detector using a scintillator and a wavelength shifting fib-
er. FIG. 5A and FIG. 5B show flow charts of the median
point calculation in case that the generated fluorescent
light incident into five wavelength shifting fibers for the
vertical axis and the horizontal axis, respectively, upon
the incidence of a neutron. The two-dimensional neutron
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image detector using a scintillator and awavelength shift-
ing fiber in this embodiment has the structure shown be-
low.

[0029] ZnS:Ag/'9B,04 scintillator having a thickness
of 0.3mm is used as the neutron scintillator that emits
the fluorescent light upon the incidence of a neutron. The
wavelength of the fluorescent light emitted from ZnS:Ag
has distributed from 390nm to 520nm at the center of
450nm. The life-time of the short life-time component of
the fluorescent light from ZnS:Ag-based fluorescent ma-
terial to be used for detecting neutrons substantially is
about 0.3 us. BCF-92MC commercially available from
Saint-Gobain K.K., thatis sensitive to the fluorescent light
having the wavelength from 350nm to 440nm and trans-
forms the wavelength of the fluorescent light into 490nm,
is used as the wavelength shitting fiber. The shape of
the wavelength shifting fiber is made in a right square
having one side length of 0.5mm.

[0030] A bundle of wavelength shifting fibers for fetch-
ing count values along the vertical axis is formed by ar-
ranging 64 wavelength shifting fibers in one-dimensional
geometry. Abundle of wavelength shiftingfibers forfetch-
ing count values along the horizontal axis is formed by
arranging 64 wavelength shifting fibers in one-dimen-
sional geometry on the bundle of wavelength shifting fib-
ers for fetching count values along the vertical axis in
one-dimensional geometry in the diagonal direction.
ZnS:Ag/19B,04 scintillator is formed above the bundle of
those wavelength shifting fibers. Owing to this structure,
a two-dimensional neutron detector having the dimen-
sion of the effective sensitive area of 32mm in height and
32mm in width may be formed. As for the optical detector
for detecting the emitted fluorescent light experienced
with wavelength shift by the wavelength shifting fibers,
H7546 commercially available from HAMAMATSU PHO-
TONICS K.K. may be used, that is a 64-channnel pho-
tomultiplier tube for the horizontal axis and the vertical
axis, respectively, each channel having an effective sen-
sitive area of 2mm x 2mm. The individual photon electric
signals output from the photomultiplier tubes for the hor-
izontal axis and the vertical axis, respectively, are ampli-
fied by the photon signal amplifiers, each composed of
a high-speed amplifier for the horizontal axis and the ver-
tical axis, respectively, and then the individual amplified
signals are formed as the photon digital pulse signals for
the horizontal axis and the vertical axis, respectively, by
the photon signal discriminating circuit composed of in-
dividual discriminator circuits.

[0031] When detecting the fluorescent lights emitted
from the wavelength shift fibers by using the 64-channel
photomultiplier tube in the above configuration, the pho-
ton signal amplifier and the photon signal discriminating
circuit having an ability to detect the fluorescent lights
using the photon counting method are used. As for the
photon signal amplifier, a couple of ICs, AD8001 com-
mercially available from Analog Devices Inc. are used as
high-speed ICs for the individual circuit and the overall
amplifier is formed as an amplifier having a 60-times-
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amplifying gain with its amplifier bandwidth of 200MHz.
As for the photon signal discriminating circuit, AD8611
also commercially available from Analog Devices Inc. is
used as the high-speed discriminator IC. Owing to ap-
plying the electronic circuit so configured as described
above, the photon digital pulse signal having a pulse time
width of about 5ns can be obtained as a single signal per
photon.

[0032] Next, the photon digital pulse signal generated
by the photon output from the individual photomultiplier
tube is extracted as the signal synchronized to the clock
signal having a cycle time adaptedto its pulse time width
by using the signal synchronization circuit composed of
the gate circuit, and then the synchronized photon signal
is obtained. The frequency of the clock signal is made
100MHz, generating the same pulse time width of 5ns
because the pulse time width of the photon pulse signal
is 5ns.

[0033] The arithmetic "OR" operation is applied to the
synchronized photon signals output for the vertical axis
and the horizontal axis, respectively, each synchronized
to one another, for all of 64 channels by "OR" circuit at
first, and then, the timing when the pulse signal arrives
atfirsttothe inputto "OR" circuit amongthe photon digital
pulse signals obtained by detection and signal process-
ing upon the incident of a neutron is defined to be the
neutron incident time, and is made input to the count-
time generating circuit . The count-time generating circuit
supplies this first-arriving pulse signal as the start-time
signal to the multi-channel photon digital counting circuit
for the vertical axis and the horizontal axis, respectively,
which startthe counting operations at the individual chan-
nels. The circuit for observing the predetermined count
out time in the count-time generating circuit starts at the
same time, and then this circuit generates a stop signal
upon the predetermined count time reached and sends
the stop signal to the multi-channel photon digital count-
ing circuits for the vertical axis and the horizontal axis,
respectively, that terminate the counting operation and
finally decides the counting values for the vertical axis
andthe horizontal axis, respectively. In this embodiment,
the count time is defined to be 1 us corresponding to
threetimes of 0.3 us, that is the short life-time component
of the fluorescent light from ZnS:Ag fluorescent material,
so that almost all the short life-time component of the
fluorescent light may be utilized. Thus, the photon count-
value distribution at the center of the neutron incident
position upon the single neutron incident into the scintil-
lator is obtained in which the total amount of distributed
photons is proportional to the amount of fluorescent light.
[0034] Inthe presentinvention, the incident position in
two-dimensional geometry is determined by calculating
amedian point onthe basis of the obtained photon count-
value distribution. In one embodiment of the median point
calculation, the neutron incident position in two-dimen-
sional geometry on the vertical axis and the horizontal
axis, respectively, is obtained individually by using the
same method as described by referring to FIG. 3 in Em-
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bodiment 1. The position signals for the vertical axis and
the horizontal axis, each obtained independently, are
supplied to the coincidence counting circuit that judges
whether the position signal for the vertical axis and the
position signal for the horizontal axis establish coinci-
dence by observing that those signals arrive during a
predetermined time window. If their coincidence is
proved to be valid, the neutron incident position signal is
made output as the neutron signal, and if proved to be
invalid, the neutron incident position signal is not made
output. The coincidence count time (coincidence time) is
defined to be 1 us corresponding to three times of 0.3
us, which is the short life-time component of the fluores-
cent light from ZnS:Ag fluorescent material.

[0035] Note also in the description of this embodiment
that the weight values for the photon count values at the
individual positions are uniformly made equal to 1 in the
above calculation example, though it is allowed that the
uneven weight values may be used in order to increase
the position accuracy in case that the detection charac-
teristics for the fluorescent light is not uniform.

[0036] In orderto estimate the characteristics in deter-
mining the neutron incident position of the two-dimen-
sional neutron image detector in this embodiment, neu-
tron irradiation experiment was conducted by using cold
neutrons having a wavelength of 4 A° at CHOP, Pulsed
Neutron Instrument with Disk Chopper, at JRR-3 Re-
search Reactor, Japan Atomic Energy Agency. A Cd
(Cadmium)-based collimator plate having a hole having
a diameter of 1.1 mm is placed in front of the neutron
image detector of this embodiment, and the collimated
neutron beam having a diameter of 1.1mm is made irra-
diated. FIG. 6 shows the comparison between the result
obtained by applying the median point calculating meth-
od according to the present invention to the photon count
distribution obtained by the neutron beam and the result
obtained by applying the pattern matching method in the
prior art to the same photon count distribution obtained
as above. This figure is the result of viewing the two-
dimensional incident position distribution in the horizon-
tal-axis direction.

[0037] The position resolution calculated by the pat-
tern matching method in the prior artis 1.08mm while the
position resolution calculated by the median point calcu-
lating method according to the present invention is
0.92mm, which proves that the position resolution can
be improved by 0.16mm. In the prior artmethod, the peak
profile on the count-value distribution is observed to be
shifted asymmetrically to the left side and the peak po-
sition is also shifted by the displacement corresponding
to the gap between the adjacent wavelength shifting fib-
ers, though the peak profile in the method according to
the presentinvention is observed to be proximate to sym-
metrical Gaussian distribution, and its peak position is
also observed to be located at the center of the distribu-
tion. FIG. 7 shows the three-dimensional image of the
neutron peak obtained by the prior art method and the
three-dimensional image of the neutron peak obtained
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by the median point calculating method according to the
present invention. As described above, it is proved that
the peak profile is improved and that the count-value dis-
tribution is symmetrical in the omni-directions in three-
dimensional geometry in the method according to the
present invention.

(Embodiment 3)

[0038] AsEmbodiment3, FIG. 8illustrates a schematic
diagram showing the configuration of the median point
calculating circuit in the two-dimensional neutron image
detector for determining the incident position of the neu-
tron by detecting the fluorescent light from the scintillator
directly in two-dimensional geometry. Each of FIG. 9A
and FIG. 9B illustrates a flow chart of the median point
calculation based on the basic principle of the median
point calculation in two-dimensional geometry according
to the present invention. The two-dimensional neutron
image detector using a scintillator in this embodiment
has the structure shown below.

[0039] ZnS:Ag/19B,04 scintillator having a thickness
of 0.3mm is used as the neutron scintillator that emits
the fluorescent light upon the incidence of a neutron. The
wavelength of the fluorescent light emitted from ZnS:Ag
has distributed from 390nm to 520nm at the center of
450nm. The life-time of the short life-time component of
the fluorescent light from ZnS:Ag-based fluorescent ma-
terial to be used for detecting neutrons substantially is
about 0.3 us.

[0040] Asthesignalprocessingis appliedtothe photon
countvalues inthe presentinvention, in case of detecting
the photons by using the photomultiplier tube that is a
photoelectric detector sensitive to the light from the scin-
tillator, the photomultiplier measures a bunch of photons,
which makes it difficult to obtain the designated accuracy
in the photon count-value distribution, which will be de-
scribed in detail in Embodiment 5. In order to solve this
problem, an optical plate used for attenuating the light
intensity and also diffusing the light beam is provided in
front of the photomultiplier tube. As the light-intensity at-
tenuation rate for the wavelength shifting fiber having a
high detection efficiency as described in Embodiments
1 and 2 is 4%, the light-intensity attenuation rate in this
embodiment is made 1/25 so as to be the same level of
light-intensity attenuation rate. Though this embodiment
uses the fluorescent light emitted from the scintillator and
attenuated by the optical plate used for attenuating the
light intensity and also diffusing the light beam, it is al-
lowed to using an optical guide method in which the flu-
orescent light may be attenuated by a few ten percents
and detected by the photomultiplier tube.

[0041] As for the photomultiplier tube to be used,
H7546 commercially available from HAMAMATSU PHO-
TONICS K.K. may be used, that is a 64-channnel pho-
tomultiplier tube, each channel having an effective sen-
sitive area of 2mm x 2mm.

[0042] Asthesize ofthe overall effective sensitive area
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of the 64-channnel photomultipliertube is 18.1 mmx 18.1
mm, the size of the neutron scintillator and the light-in-
tensity attenuation filter is made to be 20mm x 20mm.
[0043] When detecting the fluorescent lights by using
the 64-channel photomultiplier tube, the photon signal
amplifier and the photon signal discriminating circuit hav-
ing an ability to detect the fluorescent lights using the
photon counting method are used. As for the photon sig-
nal amplifier, a couple of ICs, AD8001 commercially
available from Analog Devices Inc. are used as high-
speed ICs for the individual circuit and the overall ampli-
fier is formed as an amplifier having a 60-times-amplify-
ing gain with its amplifier bandwidth of 200MHz. As for
the photon signal discriminating circuit, AD8611 also
commercially available from Analog Devices Inc. is used
as the high-speed discriminator IC. Owing to applying
the electronic circuit so configured as described above,
the photon digital pulse signal having a pulse time width
of about 5ns can be obtained as a single signal per pho-
ton.

[0044] Next, the photon digital pulse signal generated
by the photon output from the individual photomultiplier
tube is extracted as the signal synchronized to the clock
signal having a cycle time adapted to its pulse time width
by using the signal synchronization circuit composed of
the gate circuit, and then the synchronized photon signal
is obtained. The frequency of the clock signal is made
100MHz, generating the same pulse time width of 5ns
because the pulse time width of the photon pulse signal
is 5ns.

[0045] The arithmetic "OR" operation is applied to the
synchronized photon signals output, each synchronized
to one ancther, for all of 64 channels by "OR" circuit at
first, and then, the timing when the pulse signal arrives
atfirstto the inputto "OR" circuitamongthe photon digital
pulse signals obtained by detection and signal process-
ing upon the incident of a neutron is defined to be the
neutron incident time, and is made input to the count-
time generating circuit. The count-time generating circuit
supplies this first-arriving pulse signal as the start-time
signal to the multi-channel photon digital counting circuit,
which starts the counting operations at the individual
channels. The circuit for observing the predetermined
count out time in the count-time generating circuit starts
at the same time, and then this circuit generates a stop
signal upon the predetermined count time reached and
sends the stop signal to the multi-channel photon digital
counting circuit, that terminates the counting operation
and finally decides the counting values. In this embodi-
ment, the count time is definedto be 1 x s corresponding
to three times of 0.3 us, that is the short life-time com-
ponent of the fluorescent light from ZnS:Ag fluorescent
material, so that almost all the shott life-time component
of the fluorescent light may be utilized.

[0046] Thus,the photon count-value distribution atthe
center of the neutron incident position upon the single
neutron incident into the scintillator can be obtained in
which the total amount of distributed photons is propor-
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tional to the amount of fluorescent light, as shown in
"Two-dimensional View" illustrated in two-dimensional
geometry at the most upper part of FIG. 8

[0047] Inthe presentinvention, the incident position in
one-dimensional geometty is determined by calculating
amedian point onthe basis of the obtained photon count-
value distribution. One embodiment of the median point
calculation is described by referring to the flow chart of
the median point calculation using two-dimensional
processing method shownin FIG. 9A and FIG. 9B. In this
calculation example, the position having the maximum
countvalue is obtained at first. In the calculation example
below, assume that the position having the maximum
count value is position 5 (five). Next, the median point
calculation is executed for the distinctive 4 (four) direc-
tions criginated at the position 5 as the center, i.e. hori-
zontal direction, diagonal direction 1, diagonal direction
2 and vertical direction.

[0048] For the diagonal direction 1 and the diagonal
direction 2, their diagonal components are made sepa-
rated into the horizontal-axis component and the vertical-
axis component, each contributing scalar components to
form the diagonal component. Using the obtained com-
ponents, their own average values for the individual ver-
tical-axis and horizontal-axis components are calculated
as the incident position on the horizontal axis and the
incident position on the vertical axis, respectively, and
then made output as the neutron incident position.
[0049] Note thatthe weight values forthe photon count
values at the individual positions are uniformly made
equal to 1 in the above calculation example, though it is
allowed that the uneven weight values may be used in
order to increase the position accuracy in case that the
detection characteristics for the fluorescent light is not
uniform.

(Embodiment 4)

[0050] As Embodiment4, FIG. 10A and FIG. 10B illus-
trate schematic diagrams showing the configuration of
the median point calculating circuitin the two-dimension-
al neutron image detector using a scintillator and a wave-
length shifting fiber according to the present invention.
FIG. 11A and FIG. 11B show flow charts of the median
point calculation in case that the generated fluorescent
light incident into five wavelength shifting fibers for the
vertical axis and the horizontal axis, respectively, upon
the incidence of a neutron.

[0051] The two-dimensional neutron image detector
using a scintillator and a wavelength shifting fiber in this
embodiment has the same structure as Embodiment 2.
Note that the additional function including the median-
pointcalculating circuit and its down streaminthe present
invention will be now described.

[0052] At first, the neutron incident position in two-di-
mensional geometry on the vertical axis and the horizon-
tal axis, respectively, is determined individually by the
median point calculation onthe basis of the photon count-
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value distribution obtained by using the same method as
Embodiment 2. The integrated value for the hotizontal-
axis count values and the an integrated value for the hor-
izontal-axis count values, both obtained at median point
calculation, are extracted for the signals to be used for
discrimination, respectively. Next, comparing the inte-
grated value for the horizontal-axis count values with the
preset discrimination value for the horizontal axis, if the
integrated value for the horizontal-axis count values is
equal to or larger than the preset discrimination value for
the horizontal axis, in which the output of AND circuit is
turned "ON", then the incident position on the horizontal
axis is made transmitted to the coincidence counting cir-
cuit. Similarly, comparing the integrated value for the ver-
tical-axis count values with the preset discrimination val-
ue for the vertical axis, if the integrated value for the ver-
tical-axis countvaluesis equalto or larger than the preset
discrimination value for the vertical axis, in which the out-
put of AND circuit is turned "ON", then the incident posi-
tion on the vertical axis is made transmitted to the coin-
cidence counting circuit. The position signals for the ver-
tical axis and the horizontal axis, each transmitted as
described above, are supplied to the coincidence count-
ing circuit that judges whether the position signal for the
vertical axis and the position signal for the horizontal axis
establish coincidence by observing that those signals ar-
rive during a predetermined time window. If their coinci-
dence is proved to be valid, the neutron incident position
signal is made output as the neutron signal, and if proved
to be invalid, the neutron incident position signal is not
made output. The coincidence count time (coincidence
time) is defined to be 1 u s corresponding to three times
of 0.3 u s, that is the life time of the short life-time com-
ponent of the fluorescent light from ZnS:Ag fluorescent
material.

[0053] In this embodiment, the present values for the
position signals for the vertical axis and the horizontal
axis, respectively, are determined and then, the position
signals are judged individually to be valid if the individual
position signals are equal to or larger than the individual
presetvalues. However, itis allowedthat a single present
discrimination value for the photon count value is used
to be compared with the sum of the integrated value for
the horizontal-axis count values and the integrated value
for the vertical-axis count values in order to validate the
position signal for the horizontal axis and the position
signal for the vertical axis.

[0054] In orderto estimate the characteristics in deter-
mining the neutron incident position of the two-dimen-
sional neutron image detector in this embodiment, neu-
tron irradiation experiment was conducted by using cold
neutrons having a wavelength of 4 A at CHOP, Pulsed
Neutron Instrument with Disk Chopper, at JRR-3 Re-
search Reactor, Japan Atomic Energy Agency. A Cd
(Cadmium)-based collimator plate having a hole having
a diameter of 1.1mm is placed in front of the neutron
image detector of this embodiment, and the collimated
neutron beam having a diameter of 1.1mm is made irra-
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diated. FIG. 12 illustrates the measurement and signal
processing result of the neutron beam measured by using
the median point calculating method according to the
present invention in case that the preset discrimination
values for the photon count value for the integrated value
for the horizontal-axis count values and the integrated
value for the vertical-axis count values, respectively, are
made identical to each other, and that the preset discrim-
ination value is made change from 2 to 6. This figure is
the result of viewing the two-dimensional incident posi-
tion distribution in the horizontal-axis direction. This fig-
ure shows the changes of the peak profile in case that
the preset discrimination values for the photon count val-
ue for the integrated value for the horizontal-axis count
values andthe integrated value for the vertical-axis count
values, respectively, are made change from 2 to 6. It is
proved that the peak profile does not change substan-
tially even if the preset discrimination value for the photon
count value changes, and that, as the preset discrimina-
tion value for the photon count value changes, the peak
area decreases and the detection efficiency for the neu-
tron decreases.

[0055] FIG. 13 showsthe analysis result of the position
resolution forthe peak profile forthe preset discrimination
value for the photon count value, the present discrimina-
tion value being changed from 2 to 7. The position res-
olution for the preset discrimination value for the photon
count value being 6 is 0.81mm while the position reso-
lution for the preset discrimination value being 2 is
1.04mm, which proves that the position resolution can
be improved by 0.23mm.

(Embodiment 5)

[0056] As Embodiment5, FIG. 14A and FIG.14B illus-
trate schematic diagrams showing the configuration of
the median point calculating circuitin the two-dimension-
al neutron image detector combining a semi-transparent
scintillator manufactured by mixing ZnS:Ag fluorescent
material, and 6LiF or 19B,04 as a neutron converter and
a wavelength shifting fiber according to the present in-
vention. FIG. 15A and FIG. 15B show flow charts of the
median point calculation in case that the generated flu-
orescent light incident into five wavelength shifting fibers
for the vertical axis and the horizontal axis, respectively,
upon the incidence of a neutron.

[0057] The two-dimensional neutron image detector
using a scintillator and a wavelength shifting fiber in this
embodiment has the same structure as Embodiment 2.
Note that the additional function including the signal syn-
chronization circuit and its down stream in the present
invention will be now described.

[0058] What will be described below is a case of using
a semi-transparent scintillator as a neutron scintillator
manufactured by mixing ZnS:Ag fluorescent material,
and LiF or 19B,04 as a neutron converter. The neutron
detecting sheet commercially available from AST in Eng-
land is used as the neutron scintillator, which is manu-
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factured by using ZnS:Ag as fluorescent material, and
mixing ZnS:Ag and SLiF with amixing ratio of 4:1 by bind-
er material. The thickness of the neutron scintillator is
0.45mm. FIG. 16 shows an example of the measurement
result of the photon pulse-height distribution character-
istics by detecting the fluorescent light from the neutron
scintillator by the photomultiplier tube. It is proved that
the number of photons to be used at the median point
calculation distributes in the range almost in double-fig-
ures from 2 (two) to about 100 (one hundred) when the
photon digital signal is generated upon the neutron inci-
dent detected by the wavelength shifting fiber, as this
neutron scintillator is semi-transparent.

[0059] In such a case as described above, if photons
are generated in a very short period of time, the number
of photons to be measured may not be measured pre-
cisely because several photons are super-positioned on
one another in a designated time window. FIG. 17 shows
the nonlinearity in photon countings and its compensa-
tion method by classifying such photon superposition
phenomena into three cases; extremely many photons
generated, several photons generated, and photons gen-
erated intermittently.

[0060] In case that the number of photons is large, as
shown in FIG. 17, the discrimination output provides a
single digital pulse having a long pulse width, and after
that, several photon signals appear intermittently. The
photon count number corresponding to the long pulse
width of the digital pulse is obtained by using the signal
synchronization circuit with the clock signals. However,
the super-positioned photons can not be measured pre-
cisely.

[0061] Based on the fact that the life-time of the fluo-
rescent light generated from the fluorescent material is
known, and that the relation between the discrimination
levels in the photon signal discriminating circuit and the
continuous pulse width of the digital pulse output from
the photon signal discriminating circuit, the exact number
of photons implied by the super-positioned photon signal
pulses is estimated by using the life-time of the fluores-
cent light. In case that the number of fluorescent lights
is relatively small as shown at the center part of FIG. 17,
the exact number of photons can be also estimated by
compensating the measured number of photons.
[0062] Referringtothe shortlife-time componentofthe
fluorescent light from ZnS:Ag fluorescent material, 0.3 u
s, the exact number of photons implied by the super-
positioned photon signal pulses was estimated based on
the relation between the relation between the discrimi-
nation levels in the photon signal discriminating circuit
andthe continuous pulse width of the digital pulse output
from the photon signal discriminating circuit. A simple
exponential function is used as the life-time decay curve.
The discrimination level is so defined that the photon dig-
ital signal may accommodate the separately identifiable
photon signal output from the amplifier with 90% fraction.
[0063] FIG. 18 shows the relation between the exact
number of incident photons to be estimated according to
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the above described conditions and the measured
number of synchronized and output photons. Asthe ideal
relation between those entities is shown as the propor-
tional line in FIG. 18, the difference between the propor-
tional line and the estimated curve is the number of pho-
tons to be used for compensation. For example, assum-
ing that the exact number of incident photons is 60, the
compensated number to the actually measured number
of photons is 33, which is almost equal to the actually
measured number, 27.

[0064] Inpractical applications, in ordertocompensate
the non-linearity, some compensation and conversion
formula or conversion table may be used for the median
point calculation as shown in the flow chart of median
point calculation in FIG. 15 at the linearity compensation
circuit shown in FIG. 14, and some false pulse may be
generated corresponding to the input photon count num-
bers asshownin FIG. 17 illustrating an explanatory draw-
ing for the principle of compensating the non-linearity.

(Embodiment 6)

[0065] As Embodiment 6, FIG. 19 illustrates a sche-
matic diagram showing the circuit configuration for re-
moving the multiple countings due to after-glow (The life-
time of the short life-time component of the fluorescent
light is 70 u s) after the median point calculation with the
time-delay circuit in the two-dimensional neutron image
detector combining a semi-transparent scintillator man-
ufactured by mixing ZnS:Ag fluorescent material,
and 6LiF or 19B,04 as a neutron converter and a wave-
length shifting fiber according to the present invention.
FIG. 20A and FIG. 20B show flow charts of the process
performed in the circuit configuration example when of
the median point calculation in case that the generated
fluorescent light incident into five wavelength shifting fib-
ers for the vertical axis and the horizontal axis, respec-
tively, upon the incidence of a neutron.

[0066] The two-dimensional neutron image detector
using a scintillator and a wavelength shifting fiber in this
embodiment has the same structure as Embodiment 2.
Note that the additional function including the median-
pointcalculating circuit and its down streaminthe present
invention will be now described.

[0067] What will be described below is a case of using
a semi-transparent scintillator as a neutron scintillator
manufactured by mixing ZnS:Ag fluorescent material,
and LiF or 10B,0,4 as a neutron converter in the similar
manner to Embodiment 5. The neutron detecting sheet
commercially available from AST in England is used as
the neutron scintillator, which is manufactured by using
ZnS:Ag as fluorescent material, and mixing ZnS:Ag
and SLiF with amixing ratio of 4:1 by binder material. The
thickness of the neutron scintillator is 0.45mm. Refer to
FIG. 16 forthe example of the measurement result of the
photon pulse-height distribution characteristics by de-
tecting the fluorescent light from the neutron scintillator
by the photomultiplier tube. It is proved that the number
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of photons to be used at the median point calculation
distributes in the range almost in double-figures from 2
(two) to about 100 (one hundred) when the photon digital
signal is generated upon the neutron incident detected
by the wavelength shifting fiber, as this neutron scintilla-
tor is semi-transparent.

[0068] In such a case as described above, the larger
the number of photons, the more after-glow remain in the
ZnS:Ag fluorescent material, and therefore, the remain-
ing after-glow component causes multiple countings (two
ormore neutron incident countings are obtained per neu-
tron incident) in case of applying the signal processing
using such a photon counting method as the present in-
vention.

[0069] In order to remove such multiple countings, it
is required to make the signal processing circuit into a
ready state for counting the subsequent neutron incident
after completing the previous neutron incident counting.
It is possible to remove such multiple countings not by
making the processing circuit into a ready state immedi-
ately, but by delaying the initiation of the ready state of
the processing circuit with an optimal delay time by using
the delay circuit.

[0070] The probability for the multiple countings can
be obtained by actual measurement by changing the ac-
tual delay time to initiating the ready state of the process-
ing circuit and by observing the multiple countings by
using the actual neutron image detector. FIG. 21 shows
the relation between the delay time and the actual
number of neutron countings as the raw data in the ex-
perimental result. The measurement condition assumes
such a basic case that one or more photons enter the
horizontal axis and one or more photons enters the ver-
tical axis at the neutron image detector. It is observed
that the neutron counting per 100 seconds is 8200 for
the delay time of 2 & s though the neutron counting is
7000 forthe enough delay time of 20 x s. It is proved that
a fraction of multiple countings to the overall countings
is 16% for the delay time of 2 u s.

[0071] FIG. 22 shows a fitting curve showing the rela-
tion between the fraction of multiple countings and the
delay time on the basis of raw data described above.
According to the figure, the fraction of multiple countings
gets to as large as 16% in case of applying the delay time
of 2 u s unconditionally. On the other hand, the fraction
of multiple countings is as low as 1% in case of applying
the delay time of 20 w s, which fails to establish neutron
image detection with a higher counting rate because of
the increased dead time.

[0072] In order to solve such a problem as described
above in the present invention, the delay time is so de-
fined as to correspond to the optimal number of photon
count value on the basis of the overall number of meas-
ured photons in the experiment. As shown in the circuit
configuration illustrated in FIG. 19 and the signal flow
chartillustrated in FIG. 20A and FIG. 20B, the delay time
is so preset at the median point calculating circuit as to
correspond to the sum of the integrated value for the
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vertical-axis photon count values and the integrated val-
ue for the horizontal-axis photon count values, and the
initiation of the ready state for detecting the subsequent
neutron incident is delayed by the delay time.

[0073] The delay time to be preset is determined by
analyzing the experimental result as described below.
The relation between the delay time and the fraction of
multiple countings to the overall countngs is required at
first, which can be prepared by using the relational ex-
pression in FIG. 22 as described above.

[0074] The relation between the overall photon count-
ings and the multiple photon countings is obtained by
normalizing the fraction of multiple countings so that the
fraction of multiple countings may be 0.16 for 2 (two)
photons, assuming that the fraction of multiple countings
is proportional to a square of the number of photons and
using the photon distribution in the ZnS-based scintillator
as shown in FIG. 16. The measurement condition as-
sumes such a basic case that one or more photons enter
the horizontal axis and one or more photons enters the
vertical axis at the neutron image detector. FIG. 23 shows
the relation between the obtained number of photons and
the probability, that is, occurrence rate of multiple count-
ings.

[0075] Assumingthatthe fraction of multiple countings
in the relational expression between the fraction of mul-
tiple countings obtained by referringto FIG. 22 is identical
to the occurrence rate of multiple countings in the rela-
tional expression between the occurrence rate of multiple
countings and the number of photons obtained by refer-
ring to FIG. 23, the relation between the number of pho-
tons andthe required delay time can be obtained by com-
bining those relational expressions. FIG. 24 shows the
computational result. It is proved that the delay time of 2
uscanbe appliedforthe number of photons, 20 or small-
er, and that the delay time should be increased linearly
as the number of photon count number increases from
20 and more.

[0076] By means that this relational expression is im-
plemented as the table or the relational expression into
the delay-time preset circuit shown in FIG. 19, such a
neutron image detector can be realized so that the delay
time may be adjusted in response to the measured
number of photons on the basis of the flow chart shown
in FIG. 20. Owing to this configuration and process, it will
be appreciated that such a two-dimensional neutron im-
age detector having such a performance as being com-
pliant to high-rate counting measurement can be ob-
tained so that the counting loss may be as low as possi-
ble, the multiple countings due to the after-glow in the
ZnS:Ag fluorescent material may be removed.

(Embodiment 7)

[0077] As Embodiment 7, FIG. 25 illustrates a sche-
matic diagram showing the configuration of the median
point calculating circuit in the one-dimensional neutron
image detector using a scintillator and a wavelength shift-
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ing fiber. FIG. 26 shows a flow chart of the median point
calculation in case that the generated fluorescent light
incident into five wavelength shifting fibers upon the in-
cidence of a neutron. FIG. 27 shows a calculation exam-
ple forthe median point calculation based onthe principle
of mappingthe synchronized photon signal tothe position
number value in calculating the median point without us-
ing the multiplication circuit.

[0078] The one-dimensional neutron image detector
using a scintillator and a wavelength shifting fiber in this
embodiment has the same structure as Embodiment 1.
Note that the additional function including the signal syn-
chronization circuit and its down stream in the present
invention will be now described.

[0079] In the median point calculating circuits de-
scribed above in Embodiments 1 to 6, as described in
the calculation example for the median point calculating
circuitshownin FIG. 3, the integrated count value of pho-
tons for the individual position is obtained by adding op-
eration tothe number of photons at the individual position
on the basis of the photon count value at the individual
incident position stored at the multi-channel photon dig-
ital counting circuit. Next, multiplication operation of the
photon count value at the individual position and the cor-
responding position number value is performed and the
resultant products are summed to obtain the photon me-
dian point count value summation. Those calculations
require complicated circuits and computational times,
and thus, it takes a longer time to determine the incident
position on the basis of overall median point calculations,
which fails to establish neutron image detection with a
higher counting rate because of the increased dead time.
[0080] The logical "OR" operation is applied to all the
synchronized photon signals, each synchronized to one
another, for all of 64 channels by "OR" circuit at first, and
then, the timing when the pulse signal arrives at first to
the input to "OR" circuit among the photon digital pulse
signals obtained by detection and signal processing upon
the incident of a neutron is defined to be the neutron
incident time, and is made input to the count-time gen-
erating circuit. The count-time generating circuit supplies
this first-arriving pulse signal as the start-time signal to
the multi-channel photon digital counting circuit which
starts the counting operations at the individual channels
and summing operation for those count values, and also
supplies this start-time signal to the position number val-
ue integrating circuitin orderto start integrating operation
for the position number values.

[0081] All the synchronized photon signals are input
to the multi-channel photon digital counting circuit, and
resultantly the integrated count value of photons can be
obtained. At the same time, all he synchronized photon
signals are input also to the photon synchronization sig-
nal-to position number converting circuit. The photon
synchronization signal-to position numberconverting cir-
cuit generates the position number value corresponding
to the individual incident position for the photon synchro-
nization signal. The individual position number values
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generated above are input to the position number value
integrating circuit, and resultantly the photon median
point count value summation can be obtained.

[0082] The circuit for observing the predetermined
count out time in the count-time generating circuit starts
at the same time, and then this circuit generates a stop
signal upon the predetermined count time reached and
sends the stop signal to the multi-channel photon digital
counting circuit, that terminates the counting operation
andfinally decides the photon count integrated value and
the photon median point count value summation.
[0083] In this embodiment, the count time is defined
to be 1 u s corresponding to three times of 0.3 g s, that
is the life time of the short life-time component of the
fluorescent light from ZnS:Ag fluorescent material, so
that almost all the short life-time component of the fluo-
rescent light may be utilized.

[0084] Next, the neutron incident position can be ob-
tained by dividing the obtained photon median point sum-
mation by the photon count integrated value by using a
division circuit.

[0085] By referring to FIG 27, a calculation example
for the median point calculation according to the present
invention now will be described. In the calculation exam-
ple below, assume that the fluorescent lights enter 5 (five)
wavelength shifting fibers at the fiber positions 3to 5. At
first, the integrated count value A obtained by counting
for the single neutron by using the wavelength shifting
fibers is obtained by summing the count values at the
positions 3 to 7, which makes 11 in this calculation ex-
ample.

[0086] Next, the median point calculation summation
B is obtained. The position number values from 3 to 7
are generated by the synchronized photon signals cor-
responding to the fiber positions 3 to 7, respectively. The
individual generated position number values are made
input to the position number value integrating circuit, in
which the median point calculation summation B is ob-
tained as 54 by summingits input values as shown in the
figure. The neutron incident position obtained in case of
applying the median point calculating method is defined
as a quotient obtained by dividing the median point count
value summation B by the integrated count value A, that
is, B/A=54/11=4.9. In case of representing the coordinate
value of the incident position in terms of integer number,
position 5 is obtained as the incident position by round-
off calculation. In case of an increased accuracy in the
incident position, a real value of 4.9 may be used as the
coordinate value of the incident position. The incident
position obtained in this embodiment is identical to the
result obtained in the embodiment referring to FIG. 3.
[0087] Owingtothe above describedconfigurationand
process, it will be appreciated to provide such a one-
dimensional neutron image detector or atwo-dimension-
al neutron image detector as enabling to obtain the inci-
dent position by the median point calculation without us-
ing any complicated multiplying circuit and integrating
circuit.
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(Embodiment 8)

[0088] As Embodiment 8, FIG. 28 illustrates a sche-
matic diagram showing the configuration of the median
point calculating circuit in the two-dimensional neutron
image detector combining a semi-transparent scintillator
manufactured by mixing ZnS:Ag fluorescent material,
and BLiF or 19B,04 as a neutron converter and a wave-
length shifting fiber according to the present invention.
FIG. 15A and FIG. 15B show flow charts of the median
point calculation in case that, assuming a couple of neu-
trons incident simultaneously, in which one neutron hav-
ing a higher intensity of the fluorescent light, that is, a
larger integrated number of photons is defined as "Neu-
tron 1" and the other neutron is defined as "neutron 2",
the fluorescent light corresponding to Neutron 1 incident
into five wavelength shifting fibers for the vertical axis
and the horizontal axis, respectively, and the fluorescent
light correspondingto Neutron 2 incidentinto three wave-
length shifting fibers for the vertical axis and the horizon-
tal axis, respectively, and then, those neutrons are dis-
criminated.

[0089] The two-dimensional neutron image detector
using a scintillator and a wavelength shifting fiber in this
embodiment has the same structure as Embodiment 2.
Note that the additional function including the signal syn-
chronization circuit and its down stream in the present
invention will be now described.

[0090] What will be described below is a case of using
a semi-transparent scintillator as a neutron scintillator
manufactured by mixing ZnS:Ag fluorescent material,
and BLIF or 19B,0, as a neutron converter. The neutron
detecting sheet commercially available from AST in Eng-
land is used as the neutron scintillator, which is manu-
factured by using ZnS:Ag as fluorescent material, and
mixing ZnS:Ag and SLiF with a mixing ratio of 4:1 by bind-
er material. The thickness of the neutron scintillator is
0.45mm. FIG. 16 shows an example of the measurement
result of the photon pulse-height distribution character-
istics by detecting the fluorescent light from the neutron
scintillator by the photomultiplier tube. It is proved that
the number of photons to be used at the median point
calculation distributes in the range almost in double-fig-
ures from 2 (two) to about 100 (one hundred) when the
photon digital signal is generated upon the neutron inci-
dent detected by the wavelength shifting fiber, as this
neutron scintillator is semi-transparent.

[0091] Asthe photons are detected at two positions in
the vertical axis and the horizontal axis, respectively, at
the neutron image detector in case that a couple of pho-
tons are generated simultaneously (within atime window
for measuring photons) at distinctive positions, it is im-
possible to identify the detection positions, and thus the
neutron signals are not provided in general. Therefore,
counting loss may occur especially in case of the meas-
urement with a higher counting rate.

[0092] In the present invention, in case of using ZnS:
Ag as fluorescent material and SLiF as a neutron con-
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verter, the number of generated photons upon the inci-
dent of a neutron is as many as 2to 100. In case that the
number of photons generated by the incident of a neutron
varies from one neutron to another neutron when a cou-
ple of neutrons incident, the count values for the vertical
axis and the horizontal axis for the individual neutrons
are compared with each other, respectively, a group of
count values having relatively larger values and a group
of count values having relatively smaller values are iden-
tified respectively to correspond to the individual neu-
trons in order to discriminate a couple of neutrons.
[0093] In this embodiment, by referring to FIG. 29A
and FIG. 29B, a flow of the median point calculation by
discriminating a couple of neutrons as well as the asso-
ciated circuit operation will be described below.

[0094] Assume that a couple of neutrons, Neutron 1
and Neutron 2, incident simultaneously, and that the
number of photons generated by Neutron 1 is largerthan
the number of photons generated by Neutron 2. Under
those assumptions, the number of fibers detecting the
photons generated by Neutron 1 in the horizontal axis
and the vertical axis, respectively, is 5 (five), and the
number of fibers detecting the photons generated by
Neutron 2 in the horizontal axis and the vertical axis, re-
spectively, is 3 (three).

[0095] In the subsequent processes, in the similar
manner to Embodiment 2, the photon count-value distri-
butions in the horizontal axis and the vertical axis, re-
spectively can be obtained by using the multi-channel
photon digital counting circuit. In this embodiment, acou-
ple of neutron photon distributions associated with Neu-
tron 1 and Neutron 2 are identified at the two distinctive
positions in the photon count-value distribution in the hor-
izontal axis. Similarly, a couple of neutron photon distri-
butions associated with Neutron 1 and Neutron 2 are
identified at the two distinctive positions in the photon
count-value distribution in the vertical axis.

[0096] Next, the count values for the two incident po-
sitions in the horizontal axis are summed by using the
horizontal-axis two-neutron judgment circuit, and then,
the whole sum NA of photons and the whole sum NB of
photons are obtained, respectively. By comparing the
whole sum NA of photons with the whole sum NB of pho-
tons, the larger one is identified to be the count-value
distribution due to Neutron 1, and the smalleroneis iden-
tified to be the count-value distribution due to Neutron 2.
In case that those whole sums are indistinctive or almost
identical to each other, the neutron signal output is made
NULL. In this embodiment, as the whole sum NA is larger
than the whole sum NB, the whole sum NA is judged to
be contributed by Neutron 1, and the whole sum NB is
judged to be contributed by Neutron 2.

[0097] Similarly, the count values for the two incident
positions in the vertical axis are summed by using the
vertical-axis two-neutron judgment circuit, and then, the
whole sum NC of photons and the whole sum ND of pho-
tons are obtained, respectively. By comparing the whole
sum NC of photons with the whole sum ND of photons,
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the larger one is identified to be the count-value distribu-
tion due to Neutron 1, and the smaller one is identified
to be the count-value distribution due to Neutron 2. In
case that those whole sums are indistinctive or almost
identical to each other, the neutron signal output is made
NULL. Inthis embodiment, as the whole sum ND is larger
than the whole sum NC, the whole sum ND is judged to
be contributed by Neutron 1, and the whole sum NC is
judged to be contributed by Neutron 2.

[0098] Next, using the median point calculating circuit
for horizontal-axis high count integrated value and the
median point calculating circuit for horizontal-axis low
count integrated value, and dividing operation is applied
to the median-point summation and the whole sum of
photon count values, a couple of neutron incident posi-
tions XA and XB are obtained. According to the judgment
result described above, the neutron incident point XA is
determined to be contributed by Neutron 1 and the neu-
tron incident point XB is determined to be contributed by
Neutron 2.

[0099] Next, using the median point calculating circuit
for vertical-axis high count integrated value and the me-
dian point calculating circuit for vertical-axis low count
integrated value, and dividing operation is applied to the
median-point summation and the whole sum of photon
count values, a couple of neutron incident positions YC
and YD are obtained. According to the judgment result
described above, the neutron incident point YD is deter-
mined to be contributed by Neutron 1 and the neutron
incident point YC is determined to be contributed by Neu-
tron 2.

[0100] In order to verify the coincidence of the neutron
incident positions XA and YC, both being contributed by
Neutron 1 associated with a larger number of photons,
the coincidence measurement is performed by using the
coincidence counting circuit. If their coincidence is veri-
fied to be valid, the neutron incident position signal (X1,
Y1) is provided as Neutron 1 signal, and if their coinci-
dence is verified to be invalid, then the neutron incident
position signal is not provided. The coincidence count
time (coincidence time) is definedto be 1 u s correspond-
ing to three times of 0.3 x s, that is the life time of the
short life-time component of the fluorescent light from
ZnS:Ag fluorescent material.

[0101] In order to verify the coincidence of the neutron
incident positions XB and YD, both being contributed by
Neutron 2 associated with a smaller number of photons,
the coincidence measurement is performed by using the
coincidence counting circuit. If their coincidence is veri-
fied to be valid, the neutron incident position signal (X2,
Y2) is provided as Neutron 2 signal, and if their coinci-
dence is verified to be invalid, then the neutron incident
position signal is not provided. The coincidence count
time (coincidence time) is definedto be 1 u s correspond-
ing to three times of 0.3 x s, that is the life time of the
short life-time component of the fluorescent light from
ZnS:Ag fluorescent material.

[0102] Owing to the above described signal process-
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ing, as a couple of neutrons can be discriminated so as
to provide their distinctive position signals upon a couple
of neutrons incident simultaneously into the neutron im-
age detector, it will be appreciated that such a detector
with lower counting loss may be realized even if the neu-
tron incident with a higher counting rate.

[0103] Although two wavelength shifting fibers has
been arranged on one pixel in the examples described
above, it becomes possible to realize a larger area de-
tector and reduce the cost of a two-dimensional image
detector as a whole by arranging three or more wave-
length shifting fibers on one pixel and connecting them
to photomultiplier tubes. In an example of three fibers,
the first and third fibers are connected to photomultiplier
tube 1, and the second fiber is connected to photomulti-
plier 2. Further, in an example of four fibers, the first and
third fibers are connected to photomultiplier tube 1, and
the second and fourth fibers are connected to photom-
ultiplier 2. Even if five or more fibers are used, It is pos-
sible to construct a two-dimensional image detector in a
similar manner.

[0104] Inthe following, the text included in the Figures
is repeated.

(FIG. 2A]

Neutron incidentinto scintillator and fluorescentlightgen-
erated

[0105] Generated fluorescent light incident into five
wavelength shifting fibers as an embodiment

Detecting position P1
Detecting position P2
Detecting position P3
Detecting position P4
Detecting position P5

Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube

Amplifies electric signal and converts it into photon’-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
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digital signal at photon signal discriminating circuit

Clock Generating Circuit
Clock Signal

Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit

Extracts photon signal arriving at first by using OR circuit
and generates start signal
Start Signal

Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit

Generates photon counting time and, generates stop sig-
nal when counting ends Stop Signal

Obtains Photon count value A in the counting time
Obtains Photon count value B in the counting time
Obtains Photon count value C in the counting time
Obtains Photon count value D in the counting time
Obtains Photon count value E in the counting time

[FIG 28]

[0106] Generates photon counting time and, gener-
ates stop signal when counting ends Stop Signal

Obtains Photon count value A In the counting time
Obtains Photon count value B in the counting time
Obtains Photon count value C in the counting time
Obtains Photon count value D in the counting time
Obtains Photon count value E in the counting time
Obtains whole sum D of Photons by summing all the
count values as in A+B+C+D+E=N

Calculates W1 by P1xA=W1

Calculates W2 by P2xB=W2

Calculates W3 by P3xC=W3

Calculates W4 by P4xD=W4

Calculates W5 by P5xE=W5
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Calculates  median-point  summation H
W1+W2+W3+W4+W5=W
Divides median-point summation E by whole sum D of
Photons Obtains Neutron Incident Position at X by me-
dian-point calculation

by

(FIG. 5A]

[0107] Neutronincidentinto scintillator andfluorescent
light generated

Generated fluorescent light incident into five X-axis
wavelength shifting fibers as an embodiment
Generated fluorescent light incident into five Y-axis
wavelength shifting fibers as an embodiment

Detecting position P1
Detecting position P2
Detecting position P3
Detecting position P4
Detecting position P5

Executes the same procedures as for X-axis

Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube

Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit

Photon Synchronization Signal for Y-axis
Clock Generating Circuit
Clock Signal

Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
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Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit

Extracts photon signal arriving at first by using OR circuit
and generates start signal
Start Signal

Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit

Generates photon counting time and, generates stop sig-
nal when counting ends Stop Signal

Obtains Photon count value A in the counting time
Obtains Photon count value B in the counting time
Obtains Photon count value C in the counting time
Obtains Photon count value D in the counting time
Obtains Photon count value E in the counting time

Obtains whole sum D of Photons by summing all the
count values as in A+B+C+D+E=N

Calculates W1 by P1xA=W1

Calculates W2 by P2xB=W2

Calculates W3 by P3xC=W3

Calculates W4 by P4xD=W4

Calculates W5 by P5xE=W5

[FIG. 5B]

[0108] Obtains whole sum D of Photons by summing
all the count values as in A+B+C+D+E=N

Calculates W1 by P1xA=W1
Calculates W2 by P2xB=W2
Calculates W3 by P3xC=W3
Calculates W4 by P4xD=W4
Calculates W5 by P5xE=W5
Calculates  median-point  summation H
W1+W2+W3+W4+W5=W
Divides median-point summation E by whole sum D of
Photons
Obtains Neutron Incident Position X by median-point cal-
culation
Obtains Neutron Incident Position at Y by median-point
calculation
Judges coincidence by coincidence counting circuit
Concludes non-neutron signal
Concludes neutron incident position at X, Y

by
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[FIG. 11A]

[0109] Neutronincidentinto scintillator andfluorescent
light generated

Generated fluorescent light incident into five X-axis
wavelength shifting fibers as an embodiment
Generated fluorescent light incident into five Y-axis
wavelength shifting fibers as an embodiment

Detecting position P1
Detecting position P2
Detecting position P3
Detecting position P4
Detecting position P5

Executes the same procedures as for X-axis

Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube

Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit

Photon Synchronization Signal for Y-axis
Clock Generating Circuit
Clock Signal

Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit

Extracts photon signal arriving at first by using OR circuit
and generates start signal
Start Signal
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Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit

Generates photon counting time and, generates stop sig-
nal when counting ends Stop Signal

Obtains Photon count value A in the counting time
Obtains Photon count value B in the counting time
Obtains Photon count value C in the counting time
Obtains Photon count value D in the counting time
Obtains Photon count value E in the counting time

[FIG. 11B]

[0110] Obtains whole sum D of Photons by summing
all the count values as in A+B+C+D+E=N

Calculates W1 by P1xA=W1
Calculates W2 by P2xB=W2
Calculates W3 by P3xC=W3
Calculates W4 by P4xD=W4
Calculates W5 by P5xE=W5
Calculates  median-point  summation H
W1+W2+W3+W4+W5=W
Divides median-point summation E by whole sum D of
Photons
Obtains Neutron Incident Position X by median-point cal-
culation
Obtains Neutron Incident Position Y by median-point cal-
culation

by

Obtains integrated value of count values
Obtains integrated value of count values

Concludes non-neutron signal

Compare integrated count values with preset discrimina-
tion value for the horizontal axis

Preset discrimination value for the horizontal axis
Concludes non-neutron signal

Compare integrated count values with preset discrimina-
tion value for the vertical axis

Preset discrimination value for the vertical axis

Judges coincidence by coincidence counting circuit
Concludes non-neutron signal

Concludes neutron incident position at X, Y

(FIG. 15A]

[0111] Neutronincidentinto scintillatorand fluorescent
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light generated

Generated fluorescent light incident into five X-axis
wavelength shifting fibers as an embodiment

Performs linearity compensation calculation in case
that 2 or more signals continuously arrive
Performs linearity compensation calculation in case
that 2 or more signals continuously arrive

18

Performs linearity compensation calculation in case
that 2 or more signals continuously arrive
Performs linearity compensation calculation in case
that 2 or more signals continuously arrive

Generated fluorescent light incident into five Y axis 5
wavelength shifting fibers as an embodiment Extracts photon signal arriving at first by using OR circuit
and generates start signal
Detecting position P1 Start Signal
Detecting position P2
Detecting position P3 10 Counts Photon synchronization signal by using pho-
Detecting position P4 ton counting circuit
Detecting position P5 Counts Photon synchronization signal by using pho-
ton counting circuit
Executes the same procedures as for X-axis Counts Photon synchronization signal by using pho-
15 ton counting circuit
Converts Fluorescent light with its wavelength shift- Counts Photon synchronization signal by using pho-
ed into electric signal by using photomultiplier tube ton counting circuit
Converts Fluorescent light with its wavelength shift- Counts Photon synchronization signal by using pho-
ed into electric signal by using photomultiplier tube ton counting circuit
Converts Fluorescent light with its wavelength shift- 20
ed into electric signal by using photomultiplier tube [FIG. 15B]
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube [0112] Extracts photon signal arriving at-first by using
Converts Fluorescent light with its wavelength shift- OR circuit and generates start signal
ed into electric signal by using photomultiplier tube 25 Start Signal
Amplifies electric signal and converts it into photon- Counts Photon synchronization signal by using pho-
digital signal at photon signal discriminating circuit ton counting circuit
Amplifies electric signal and converts it into photon- Counts Photon synchronization signal by using pho-
digital signal at photon signal discriminating circuit 30 ton counting circuit
Amplifies electric signal and converts it into photon- Counts Photon synchronization signal by using pho-
digital signal at photon signal discriminating circuit ton counting circuit
Amplifies electric signal and converts it into photon- Counts Photon synchronization signal by using pho-
digital signal at photon signal discriminating circuit ton counting circuit
Amplifies electric signal and converts it into photon- 35 Counts Photon synchronization signal by using pho-
digital signal at photon signal discriminating circuit ton counting circuit
Photon Synchronization Signal for Y-axis Generates photon counting time and, generates stop sig-
Clock Generating Circuit nal when counting ends Stop Signal
Clock Signal 40
Obtains Photon count value A in the counting time
Extracts Photon synchronization signal from photon Obtains Photon count value B in the counting time
digital signal by using signal synchronization circuit Obtains Photon count value C in the counting time
Extracts Photon synchronization signal from photon Obtains Photon count value D in the counting time
digital signal by using signal synchronization circuit 45 Obtains Photon count value E in the counting time
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit Obtains whole sum D of Photons by summing all the
Extracts Photon synchronization signal from photon count values as in A+B+C+D+E=N
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon 50 Calculates W1 by P1xA=W1
digital signal by using signal synchronization circuit Calculates W2 by P2xB=W2
Calculates W3 by P3xC=W3
Performs linearity compensation calculation in case Calculates W4 by P4xD=W4
that 2 or more signals continuously arrive Calculates W5 by P5xE=W5
55

Calculates  median-point  summation H by
W1+W2+W3+W4+W5=W
Divides median-point summation E by whole sum D of
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Photons

Obtains Neutron Incident Position X by median-point cal-
culation

Obtains Neutron Incident Position Y by median-point cal-
culation

Concludes neutron incident position at X, Y

[FIG. 20A]

[0113] Neutronincidentinto scintillator andfluorescent
light generated

Generated fluorescent light incident into five X-axis
wavelength shifting fibers as an embodiment
Generated fluorescent light incident into five Y-axis
wavelength shifting fibers as an embodiment

Detecting position P1
Detecting position P2
Detecting position P3
Detecting position P4
Detecting position P5

Executes the same procedures as for X-axis

Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube

Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit

Photon Synchronization Signal for Y-axis
Clock Generating Circuit
Clock Signal

Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
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digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit

Extracts photon signal arriving at first by using OR circuit
and generates start signal
Start Signal

Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit

Generates photon counting time and, generates stop sig-
nal when counting ends Stop Signal

Obtains Photon count value A in the counting time
Obtains Photon count value B in the counting time
Obtains Photon count value C in the counting time
Obtains Photon count value D in the counting time
Obtains Photon count value E in the counting time

[FIG. 20B]

[0114] Obtains whole sum D of Photons by summing
all the count values as in A+B+C+D+E=N

Calculates W1 by P1xA=W1
Calculates W2 by P2xB=W2
Calculates W3 by P3xC=W3
Calculates W4 by P4xD=W4
Calculates W5 by P5xE=W5

Calculates  median-point
W1+W2+W3+W4+W5=W
Divides median-point summation E by whole sum D of
Photons

Obtains Neutron Incident Position X by median-point cal-
culation

Obtains Neutron Incident Position Y by median-point cal-
culation

summation H by

Obtains integrated value SX of count values for the
horizontal axis

Obtain the sum of integrated value SX of count val-
ues for the horizontal axis and integrated value SY
of count values for the vertical axis; SX+SY=SS
Obtains integrated value SY of count values for the
vertical axis

Judges coincidence by coincidence counting circuit
Concludes non-neutron signal
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Concludes neutron incident position at X, Y
[FIG 28]

[0115] Neutronincidentinto scintillator andfluorescent
light generated

Generated fluorescent light incident into five wave-
length shifting fibers as an embodiment

Detecting position P1
Detecting position P2
Detecting position P3
Detecting position P4
Detecting position P5

Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube

Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit

Clock Generating Circuit
Clock Signal

Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit

Extracts photon signal arriving at first by using OR circuit
and generates start signal

Converts Photon Synchronization Signal to Position
Number Value Signal by using Photon Synchroniza-
tion Signal-to Position Number Converting Circuit
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Converts Photon Synchronization Signal to Position
Number Value Signal by using Photon Synchroniza-
tion Signal-to Position Number Converting Circuit
Converts Photon Synchronization Signal to Position
Number Value Signal by using Photon Synchroniza-
tion Signal-to Position Number Converting Circuit
Converts Photon Synchronization Signal to Position
Number Value Signal by using Photon Synchroniza-
tion Signal-to Position Number Converting Circuit
Converts Photon Synchronization Signal to Position
Number Value Signal by using Photon Synchroniza-
tion Signal-to Position Number Converting Circuit

Calculates whole sum N of photon count values by sum-
ming individual photon synchronization signals for the
individual positions all together by using Multi-Channel
Photon Digital Counter and Integrating Circuit

Start Signal

Stop Signal

Start Signal

Generates Photon Count Time, andthen Generates Stop
Signal when counting ends

Stop Signal

Calculates median-point summation W by adding posi-
tion numbers by using Position Number Value Integrating
Circuit every time when photon synchronization signal
for the individual position comes in.

Divides median-point summation E by whole sum D of
Photons

Obtains Neutron Incident Position X by median-point cal-
culation

[FIG. 29A]
[0116]

Neutron1 incident into scintillator and fluorescent
light generated (with maximum Photon numbers)
Neutron2 incident into scintillator and fluorescent
light generated (with minimum Photon numbers)

Generated fluorescent light incident into 5 (five) X-
axis wavelength shifting fibers as an embodiment
Generated fluorescent light incident into 3 (three) X-
axis wavelength shifting fibers as an embodiment
Generated fluorescent light incident into 5 (five) Y-
axis wavelength shifting fibers as an embodiment
Generated fluorescent light incident into 3 (three) Y-
axis wavelength shifting fibers as an embodiment

Detecting position P1-5 for horizontal axis
Detecting position P11-13 for horizontal axis
Detecting position P11-13 for vertical axis
Detecting position P21-25 for vertical axis

Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
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ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube
Converts Fluorescent light with its wavelength shift-
ed into electric signal by using photomultiplier tube

Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit
Amplifies electric signal and converts it into photon-
digital signal at photon signal discriminating circuit

Photon Synchronization Signal for Y-axis
Clock Generating Circuit
Clock Signal

Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit
Extracts Photon synchronization signal from photon
digital signal by using signal synchronization circuit

Extracts photon signal arriving at first by using OR circuit
and generates start signal
Start Signal

Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit
Counts Photon synchronization signal by using pho-
ton counting circuit

Generates photon counting time and, generates stop sig-
nal when counting ends Stop Signal

Obtains Photon count distribution A in the counting
time
Obtains Photon count distribution B in the counting
time
Obtains Photon count distribution C in the counting
time
Obtains Photon count distribution D in the counting
time

[FIG. 298]

[0117] Generates photon counting time and, gener-
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ates stop signal when counting ends Stop Signal

Obtains Photon count distribution A in the counting
time
Obtains Photon count distribution B in the counting
time
Obtains Photon count distribution C in the counting
time
Obtains Photon count distribution D in the counting
time

Obtain whole sum NA of Photons by summing count
values

Obtain median point whole sum WA of Photons as
a result of calculation

Obtain whole sum NB of Photons by summing count
values

Obtain median point whole sum WB of Photons as
a result of calculation Obtain whole sum NC of Pho-
tons by summing count values

Obtain median point whole sum WC of Photons as
a result of calculation Obtain whole sum ND of Pho-
tons by summing count values

Obtain median point whole sum WD of Photons as
a result of calculation

Compares whole sum NA of Photons with whole sum NB
of Photons

In case that NA is NB, concludes non-neutron signal out-
put

Obtains neutron incident position XA by diving me-
dian point whole sum WA by whole sum NA of Pho-
tons
Obtains neutron incident position XB by diving me-
dian point whole sum WA by whole sum NA of Pho-
tons
Obtains neutron incident position YC by diving me-
dian point whole sum WC by whole sum NC of Pho-
tons
Obtains neutron incident position YD by diving me-
dian point whole sum WD by whole sum ND of Pho-
tons

Compares whole sum NC of Photons with whole sum ND
of Photons

In case that NC is ND, concludes non-neutron signal out-
put

Incasethat NAis largerthan NB, regards NA as neutron-
1 induced signal and NB as neutron-2 signal
Horizontal-axis incident position judgment circuit
Vertical-axis incident position judgment circuit

Incase that NDis largerthan NC, regards ND as neutron-
1 induced signal and NC as neutron-2 signal

Horizontal-axis XA
Horizontal-axis XB
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Vertical-axis YD
Vertical-axis YC

ing amedian point on a vertical axis and a horizontal
axis, respectively, on the basis of the obtained count-
value distribution.

Judges whether XA and YD for neutron-1 establish co-
incidence by using coincidence counting circuit 5 3.
Concludes non-neutron signal

Judges whether XB and YC for neutron-2 establish co-
incidence by using coincidence counting circuit

Concludes non-neutron signal

A neutron image detection method for collecting a
fluorescent light from a scintillator generating a flu-
orescent light upon a neutron incident at a designat-
ed position interval on a vertical axis and a horizontal
axis, respectively, in two-dimensional geometry and

neutron incident by counting the pulse signal output;
and

aneutronincidentpositionis determined on a vertical
axis and a horizontal axis, respectively, by calculat-

22

10 determining an incident position of the neutron by
Concludes neutron-1 incident position at X1 (XA), detecting the collected fluorescent light or detecting
Y1 (YD) the fluorescent light directly in two-dimensional ge-
Concludes neutron-2 incident position at X2 (XB), ometry wherein
Y2 (YC) the fluorescent light is detected by a photon counting
15 method;
a pulse signal generated by an individual photon is
Claims extracted on the basis of a clock signal generated
with the same time interval as the time width of the
A neutron image detection method for collecting a pulse signal generated by a single photon;
fluorescent light generated by a neutron incident at 20 a two-dimensional count-value distribution is ob-
adesignated position intervalin one-dimensional ge- tained in terms of incident position as vatiable deter-
ometry and determmining an incident position of the mined by a single neutron incident by counting the
neutron by detecting the collected fluorescent light, pulse signal output, or obtained by detecting directly
wherein the fluorescent light; and
the fluorescent light is detected by a photon counting 25 aneutronincidentposition is determined on avertical
method; axis and a horizontal axis, respectively, on the basis
apulse signal generated by an individual output pho- of the obtained two-dimensional count-value distri-
ton is extracted on the basis of a clock signal gen- bution.
erated with the same time interval as the time width
of the pulse signal generated by a single photon; 30 A neutron image detection method for collecting a
a count-value distribution is obtained in terms of in- fluorescent light from a scintillator generating a flu-
cident position as variable determined by a single orescent light upon a neutron incident by using an
neutron incident by counting the pulse signal output; optical fiber or a wavelength shifting fiber arranged
and at a designated position interval in parallel in one-
a neutron incident position is determined by calcu- 35 dimensional geometry and determining an incident
lating a median point on the basis of the obtained position of the neutron by detecting the collected flu-
count-value distribution. orescent light or detecting the fluorescent light with
its wavelength shifted wherein
A neutron image detection method for collecting a the fluorescent light is detected by a photon counting
fluorescent light generated by a neutron incident at 40 method;
a designated position interval on a vertical axis and a pulse signal generated by an individual photon is
a horizontal axis, respectively, in two-dimensional extracted on the basis of a clock signal generated
geometry and determining an incident position of the with the same time interval as the time width of the
neutron by detecting the collected fluorescent light, pulse signal generated by a single photon;
wherein 45 a count-value distribution is obtained in terms of in-
the fluorescent light is detected by a photon counting cident position relative to an individual optical fiber
method; or an individual wavelength shifting fiber as variable
a pulse signal generated by an individual photon is determined by a single neutron incident by counting
extracted on the basis of a clock signal generated the pulse signal output by a counting circuit; and
with the same time interval as the time width of the 50 a neutron incident position is determined by calcu-
pulse signal generated by a single photon; lating a median point on the basis of the obtained
a count-value distribution is obtained on a vertical count-value distribution.
axis and a horizontal axis, respectively, in terms of
incident position as variable determined by a single A neutron image detection method for collecting a
55

fluorescent light from a scintillator generating a flu-
orescent light upon a neutron incident by using an
optical fiber or a wavelength shifting fiber arranged
at a designated position interval on a vertical axis
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and a horizontal axis, respectively, in parallel in two-
dimensional geometry, making one fluorescent light
amount a value collected for the vertical axis and
making the other fluorescent light amount a value
collectedforthe horizontal axis orthogonal to the ver-
tical axis of the optical fiber orthe wavelength shifting
fiber, and determininganincident position ofthe neu-
tron by detecting the fluorescent light collected by
the optical fiber or the wavelength shifting fiber on
the vertical axis and the horizontal axis by using a
vertical light detector and a horizontal light detector
wherein

the fluorescent light is detected by photon counting
method;

apulse signal generated by an individual photon out-
put by the individual light detector is extracted on the
basis of a clock signal generated with the same time
interval as the time width of the pulse signal gener-
ated by a single photon;

a count-value distribution is obtained on a vertical
axis and a horizontal axis, respectively, in terms of
incident position relative to an individual optical fiber
or an individual wavelength shifting fiber as variable
determined by a single neutron incident by counting
the pulse signal output by a counting circuit; and
aneutronincidentpositionis determined on a vertical
axis and a horizontal axis, respectively, by calculat-
ing a median point on a vertical axis and a horizontal
axis, respectively, onthe basis of the obtained count-
value distribution.

A neutron image detection method for collecting a
fluorescent light from a scintillator generating a flu-
orescent light upon a neutron incident by using an
opticalfiber or a light guide arranged at a designated
position interval on a vertical axis and a horizontal
axis, respectively, in parallel in two-dimensional ge-
ometry, and determining an incident position of the
neutron by detecting the collected fluorescent light
by a light detector arranged in two-dimensional ge-
ometry or detecting the fluorescent light directly by
a two-dimensional light detector wherein

the fluorescent light is detected by a photon counting
method;

a pulse signal generated by an individual photon is
extracted on the basis of a clock signal generated
with the same time interval as the time width of the
pulse signal generated by a single photon;

a two-dimensional count-value distribution is ob-
tained in terms of incident position relative to an in-
dividual optical fiber or an individual wavelength
shifting fiber as variable determined by a single neu-
tron incident by counting the pulse signal output by
a counting circuit, or obtained by detecting the fluo-
rescent light directly by the two-dimensional light de-
tector; and

aneutronincidentpositionis determined on a vertical
axis and a horizontal axis, respectively, on the basis

10

15

20

25

30

35

40

45

50

55

23

of the obtained two-dimensional count-value distri-
bution.

The neutron image detector enabling to change a
discrimination level of a neutron signal using a meth-
od according to any one of Claims 4 to 6, wherein,
when a pulse signal is extracted on the basis of a
clock signal generated with the same time interval
as the time width of the pulse signal generated by a
single photon, and a generated pulse signalis count-
ed by a counting circuit, the pulse signal obtained in
synchronized with the used clock signal is counted
during a designated count time;

an integrated count value for a horizontal-axis count
distribution and an integrated count value for a ver-
tical-axis count distribution are obtained;

a hotizontal-axis signal is made valid if the integrated
countvalue forthe horizontal axis is equal to orgreat-
erthan a preset discrimination value for the horizon-
tal axis, and a vertical-axis signal is made valid if the
integrated count value for the vertical axis is equal
to or greater than a preset discrimination value for
the vertical axis; and

the neutron signal is made output if and only if both
the horizontal-axis signal and the vertical-axis signal
are valid.

The neutron image detector using a method accord-
ing to any one of Claims 4 to 6, comptrising a circuit
for adding a predetermined number of pulse signals
accordingtothe number of consecutive pulse signals
so that a neutron incident position may be deter-
mined by compensating the non-linearity in the pho-
ton counting method in case of counting multiple
photons simultaneously if the pulse signal obtained
in synchronized with the used clock signal is con-
secutive whenapulse signal is extracted on the basis
of a clock signal generated with the same time inter-
val as the time width of the pulse signal generated
by a single photon, and a generated pulse signal is
counted by a counting circuit.

The neutron image detector using a method accord-
ing to Claim 5, wherein

in case of using a semi-transparent scintillator man-
ufactured by mixing ZnS:Ag fluorescent material,
and 6LiF or 19B,0,4 as a neutron converter, by using
such a characteristic as a population of fluorescent
light emitted responsive to a single neutron incident
distributes widely owing to semi-transparent feature
of the scintillator, upon a couple of neutrons incident
simultaneously into distinctive positions at the two-
dimensional neutron image detector during a prede-
termined count time, an integrated count number of
vertical-axis count-number distribution and an inte-
grated count number of horizontal-axis count-
number distribution are obtained, and then

a vertical-axis incident position and a horizontal-axis
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incident position, respectively, of a couple of neu-
trons incident simultaneously are determined sepa-
rately by combining a larger vertical-axis integrated
countnumberwith a larger horizontal-axis integrated
count number, and combining a smaller vettical-axis
integrated count number with a smaller horizontal-
axis integrated count number.

The neutron image detector using a method accord-
ing to any one of Claims 4 to 8, wherein

in case of using a semi-transparent scintillator man-
ufactured by mixing ZnS:Ag fluorescent material,
and 6LiF or 19B,0, as a neutron converter, by using
such a characteristic as a population of fluorescent
light emitted responsive to a single neutron incident
distributes widely owing to semi-transparent feature
of the scintillator,

a count-value distribution on a vertical axis and a
horizontal axis, respectively is obtained relative to
an individual optical fiber or an individual wavelength
shifting fiber upon a neutron incident into the scintil-
lator;

an integrated count value for a horizontal-axis count
distribution and an integrated count value for a ver-
tical-axis count distribution are obtained on the basis
of the obtained count-value distribution, and then
whole sum of count values is calculated as a sum of
the integrated count value for the horizontal axis and
the integrated count value forthe horizontal axis; and
a counting operation by a count circuit is made sus-
pended during a time period predetermined on the
basis of the whole sum of count values so that mul-
tiple countings due to after-glow in ZnS:Ag fluores-
cent material may be removed.

The neutron image detector using a method accord-
ing to any one of Claims 4 to 10, wherein

the fluorescent light is detected by photon counting
method;

apulse signal generated by an individual photon out-
put from an light detector corresponding to an indi-
vidual detection position is extracted on the basis of
a clock signal generated with the same time interval
as the time width of the pulse signal generated by a
single photon, and defined to be a synchronization
signal;

a whole sum of photon count values is obtained by
integrating the synchronization signal at the individ-
ual position, and at the same time, a position number
value corresponding to the individual position is
made generated by the synchronization signal for
the individual position;

a whole sum of a medium point calculation value is
obtained by integrating the generated position
number values; and

a median position is obtained by dividing the ob-
tained whole sum of a medium point calculation val-
ue by a whole sum of photon calculation values.
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A neutron image detection method for collecting flu-
orescent light generated by a neutron incident at a
designated position interval in a one- or two-dimen-
sional geometry, and determining an incident posi-
tion of the neutron by detecting the fluorescent light
collected, wherein

the fluorescent light is detected by a photon counting
method,

a pulse signal generated by an individual photon is
extracted on the basis of a clock signal generated
with the same time interval as the time width of the
pulse signal generated by a single photon,

a count value distribution is obtained in terms of in-
cident position as a variable, determined by a single
neutron incident and by counting the pulse signal
output, and

aneutronincidentposition is determined onthe basis
of the obtained count-value distribution,

the method comprising a further feature of any of
claims 110 11.

A neutron image detector adapted to operate in ac-
cordance with any of the preceding claims.
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IN CASE THA
FLUORESCEN LIGH1
INTENSITY IS
EXTREMELY LARGE

\{
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PHOTONS IN THE
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LINEARITY
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IN CASE THAT
MULTIPLE
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LIGHTS ARRIVE
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PHOTONS IN THE
RESULTANT
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IN CASE THAT
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COMPENSATION
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NUMBER OF SYNCHRONIZED PHOTONS
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FIG. 23
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FIG. 25
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FIG. 28
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