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ZNS FLUORESCENT MATERIAL AND
MANUFACTURING METHOD THEREOF

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a Zinc Sulfide acti-
vated with Silver (ZnS:Ag) based fluorescent material for
detecting particle beams which enables to detect particle
beams such as alpha rays efficiently, and also relates to manu-
facturing method thereof. More specifically, the present
invention relates to Zinc Sulfide activated with Silver (ZnS:
Ag) based fluorescent material for detecting particle beams
which attains to have a low sensitivity to gamma rays (elec-
tron beams) exiting as background in detecting particle
beams such as alpha rays in order to reduce the decay time for
measurement with a high detection efficiency and to reduce
the quantity of afterglow which may disturb the measurement
with a high detection efficiency, and also relates to manufac-
turing method thereof.

[0002] The Zinc Sulfide activated with Silver (ZnS:Ag)
based fluorescent material represented by P11 fluorescent
material conventionally and commercially available has such
characteristics as having a lower sensitivity to gamma rays
existing as background in comparison with other types of
scintillators, and also yielding a larger quantity of fluores-
cence in response to particle beams such as alpha ray.
[0003] ZnS:Agbased fluorescent material has been used as
the fluorescent material for neutron scintillators for detecting
alpha rays conventionally or since 1950’s in order to detect
neutrons by way of detecting *He and alpha rays emitted by
nuclear reactions betweenneutron and °Li used as the neutron
converter as in

n+0Li->3He+a, or

in order to detect neutrons by way of detecting ’ Li and alpha
rays emitted by nuclear reaction between neutron and '°B
used as the neutron converter as in

n+'B->"Lira

[0004] As ZnS:Ag based fluorescent material represented
by P11 fluorescent material has such a disadvantage as pro-
viding a larger quantity of afterglow, it is difficult with this
type of fluorescent material to realize measurements with a
high detection efficiency. In addition, ZnS: Ag based fluores-
cent material has generically a gamma-ray sensitivity, which
yields a background in detecting particle beams such as alpha
ray and detecting neutrons through neutron converters.

[0005] In Patent Literature 1 “Particle Ray Detector and
Neutron Detector using ZnS based Fluorescent Material”,
irradiation experiments for confirming that the fluorescence
spectrum in alpha-ray irradiation is different from the fluo-
rescence spectrum in gamma-ray irradiation to ZnS:Ag, Cl
based fluorescent materials conventionally manufactured.
were performed by using ***Am as a radiation source for
alpha rays, and using another radiation source for 60 keV
gamma rays by covering the surface of the radiation source
for alpha rays with a thin plate in order to remove the effect of
alpha rays Note that Patent Literature 1 uses the term of
“ZnS:Ag, Cl based fluorescent material” in order to refer to
the fluorescent material, and that P11 fluorescent material,
etc. used generally in commercial products, is labelled simply
as ZnS:Ag. This difference in labelling with or without “C1”
comes from the fact that Sodium Chloride (NaCl) is used
generally as a flux in fabricating ZnS:Ag based fluorescent
materials, and thus “Cl1” is added in case of labelling more
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precisely. Patent Literature 1 discloses a fluorescence spec-
trum diagram showing that the fluorescence spectrum
obtained by alpha-ray irradiation is different from the fluo-
rescence spectrum obtained by gamma-ray irradiation, which
is incorporated in FIG. 1in the present invention as reference.
It is proved in FIG. 1 that the spectral intensity of the fluo-
rescence spectrum increases globally at the short wavelength
range at 420 nm or below 420 nm.

[0006] FIG. 2 shows alpha-ray irradiation fluorescence
spectra for 1109-041 ZnS:Ag—Cl fluorescent material
manufactured by Nichia Corporation and P11 ZnS:Ag fluo-
rescent material commercially available in market. As under-
stood from FIG. 2, it can be confirmed that both spectra show
an identical fluorescence spectrum and those fluorescent
materials have identical characteristics.

[0007] InPatent Literature 1, the sensitivity to gamma rays
may bereduced by detecting only the wavelength range at 420
nm or shorter in the fluorescence spectrum shown in FIG. 1 by
using the optical filter in order to reduce the detected intensity
of gamma ray, and the decay time may be reduced by reducing
the effect of afterglow.

[0008] [Patent Literature 1] JP 2005-300479 A

BRIEF SUMMARY OF THE INVENTION

[0009] Even in the invention according to Patent Literature
1, the detectable quantity of fluorescence may be reduced by
half, and the sensitivity to gamma-rays may still remain and
the fluorescence spectrum region containing afterglow may
still extend to more than half of the overall fluorescence
spectrum region. Thus, the invention according to Patent Lit-
erature 1 cannot attain fully the object, that is, reducing the
sensitivity to gamma rays and reducing the influence of after-
glow.

[0010] As for the neutron image detectors using neutron
scintillators which are used for the neutron-scattering experi-
mental equipment at pulsed-neutron research facilities using
particle accelerators such as J-PARC in Japan, ISIS in United
Kingdom and SNS in United States of America, any neutron
image detector that enables a neutron imaging measurement
while further reducing the sensitivity to gamma rays and
attaining a measurement with a higher detection efficiency is
required in order to increase the measurement accuracy in
experimental studies for neutron scattering and to fit for the
enhanced power output of particle accelerators.

[0011] A *He gas-filled neutron detector which has been
conventionally used as a main detector for the neutron-scat-
tering experimental equipment has advantageously a lower
sensitivity to gamma rays, but cannot fit for the measurement
with a high detection efficiency to be considered as one of
major challenges in detecting pulsed neutrons, and thus it is
expected for neutron image detectors using neutron scintilla-
tors to solve this problem, and related R&D works are pur-
sued in European and American countries.

[0012] Inorder to detect alpha rays emitted in association
with fused nuclear fuels under the background environment
with extremely high-intensity gamma rays or beta rays, for
example, inside a nuclear reactor vessel or inside a nuclear
reactor building at post-accident, it is required to reduce the
gamma-ray sensitivity in ZnS: Ag based fluorescent materials
down to such a level as being substantially insensitive to
gamma rays.

[0013] Tt is required to detect neutrons under the back-
ground environment with extremely high-intensity gamma
rays or beta rays in order to monitor that fused nuclear fuels
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melted down inside the reactor pressure vessel may reach a
state of criticality for some reason. There is one possible
method for detecting and measuring neutrons by using con-
ventional ZnS/°LiF neutron scintillators mounted on the top
of radiation-resistant optical fiber, in which it is required to
reduce the gamma-ray sensitivity in ZnS:Ag based fluores-
cent materials down to such a level as being substantially
insensitive to gamma rays.

[0014] An object of the present invention is to provide a
Zinc Sulfide activated with Silver (ZnS: Ag) based fluorescent
material for detecting particle beams, having a lower gamma-
ray sensitivity and providing lower afterglow, and being spe-
cialized for the purpose of detecting particle beams, and also
relates to its manufacturing method.

[0015] A reproduction experiment, identical to the experi-
ment disclosed in Patent Literature 1 “Particle Ray Detector
and Neutron Detector Using ZnS-based Fluorescent Mate-
rial” and intended for confirming that the fluorescence spec-
trum in alpha-ray irradiation is different from the fluores-
cence spectrum in gamma-ray irradiation with respect to ZnS:
Ag, Cl based fluorescent materials, was performed; a
fluorescence spectrum by alpha-ray irradiation (hereinafter
referred to as “alpha-ray irradiation fluorescence spectrum’)
and a fluorescence spectrum by gamma-ray irradiation (here-
inafter referred to as “gamma-ray irradiation fluorescence
spectrum”) was obtained, and then, after normalization by
scaling zero (0) to one (1) for the minimum and maximum
values of the individual spectral intensities, a fluorescence
spectrum indicating a sensitivity only to alpha rays (herein
referred to “alpha-ray sensitive fluorescence spectrum”) was
obtained finally by subtracting the normalized gamma-ray
sensitive fluorescence spectrum from the normalized alpha-
ray irradiation fluorescence spectrum.

[0016] FIG. 3 shows acomposite line diagram including an
alpha-ray irradiation fluorescence spectrum, a gamma-ray
sensitive fluorescence spectrum and an alpha-ray sensitive
fluorescence spectrum. According to the experimental result,
it was able to be confirmed that there existed any alpha-ray
sensitive fluorescence spectrum and its peak wavelength was
around 410 nm. According to further analysis of this experi-
mental result, it was confirmed that the quantity of fluores-
cence (that is, an integral value of spectral intensities) of
alpha-ray sensitive fluorescence spectrum is approximately
29% of the quantity of fluorescence for the alpha-ray irradia-
tion fluorescence spectrum. This means that, in case of irra-
diating alpha-rays to the conventional ZnS:Ag based fluores-
cent material, it was able to be confirmed that the resultant
fluorescence spectrum was obtained so that gamma-ray sen-
sitive fluorescence spectrum by 71% and alpha-ray sensitive
fluorescence spectrum by 29% may be synthesized.

[0017] The fact that, in the above described alpha-ray sen-
sitive fluorescence spectrumi, the sensitivity to gamma ray is
significantly low and the decay time is short, and the quantity
of afterglow is also significantly small is disclosed also in the
Patent Literature 1 “Particle Ray Detector and Neutron
Detector Using ZnS-based Fluorescent Material.”

[0018] Thus, in order to solve the problems by the present
invention, it is required to develop ZnS: Ag based fluorescent
materials in which the quantity of fluorescence in alpha-ray
sensitive fluorescence spectrum is increased to be equal to or
larger than 29% of the quantity of fluorescence in alpha-ray
irradiation fluorescence spectrum. It is desired ultimately that
the quantity of fluorescence in gamma-ray irradiation fluo-
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rescence spectrum is made almost to zero and the resultant
fluorescence spectrum is composed only by alpha-sensitive
fluorescence spectrum.

[0019] More specifically, Zinc Sulfide activated with Silver
(ZnS:Ag) based fluorescent material for detecting particle
beams in one aspect of the present invention (hereinafter
referred to as “first fluorescent material”) has such a charac-
teristic feature that fluorescence having the wavelengths from
320 nm to 580 nm is emitted in response to alpha-ray irradia-
tion, and its fluorescence spectrum has a peak wavelength
from 395 nm to 410 nm.

[0020] Zinc Sulfide activated with Silver (ZnS:Ag) based
fluorescent material for detecting particle beams in another
aspect of the present invention (hereinafter referred to as
“second fluorescent material”) is Zinc Sulfide activated with
Silver (ZnS:Ag) based fluorescent material having such a
characteristic feature as indicating a fluorescence spectrum
composed of fluorescence spectrum component correspond-
ing to the fluorescence light emitted from the first fluores-
cence material in response to alpha-ray irradiation, and a
fluorescence spectrum component corresponding to the fluo-
rescence spectrum having a wavelength from 380 nm to 560
nm is emitted in response to gamma-ray or electron beam
irradiation, and its fluorescence spectrum has a peak wave-
length from 435 nm to 450 nm, in which the quantity of the
former fluorescence spectrum is 0.35 times larger than or 1
time less than the quantity of the synthesized overall fluores-
cence spectrum.

[0021] A manufacturing method of the first fluorescent
material has such a characteristic feature that, in manufactur-
ing the first fluorescent material, Zinc Sulfide (ZnS) as a main
raw material, Silver (Ag) as an activating material, and a flux
used for reducing a calcination temperature are calcined with
Sulfur (S), or either of Strontium Sulfide (SrS) and Calcium
Sulfide (CaS)as Sulfide of Alkaline earth material, or Lithium
Sulfide (Li,S) as Sulfide of Alkaline metal, or mixture of
Sulfur (S) and either of Strontium Sulfide (SrS) and Calcium
Sulfide (CaS) as Sulfide of Alkaline earth material, as an
add-in material.

[0022] A manufacturing method of the second fluorescent
material has such a characteristic feature that, in manufactur-
ing the second fluorescent material, Zinc Sulfide (ZnS) as a
main raw material, Silver (Ag) as an activating material, and
a flux used for reducing a calcination temperature are cal-
cined with Sulfur (8S), or either of Strontium Sulfide (SrS)and
Calcium Sulfide (CaS) as Sulfide of Alkaline earth material,
or Lithium Sulfide (Li,S) as Sulfide of Alkaline metal, or
mixture of Sulfur (S) and either of Strontium Sulfide (SrS)
and Calcium Sulfide (CaS) as Sulfide of Alkaline earth mate-
rial, as an add-in material.

Effect of the Invention

[0023] By using Zinc Sulfide activated with Silver (ZnS:
Ag) based fluorescent material for detecting particle beams
according to the present invention, as it may be allowed to
provide a low sensitivity to gamma-ray (electron beam) exit-
ing as background in detecting particle beams such as alpha-
rays to reduce the decay time for a measurement with a high
detection efficiency and to reduce the intensity of afterglow
which may disturb a measurement with a high detection effi-
ciency, it will be appreciated that particle beams such as alpha
rays may be detected effectively even under such a severe
environment as the inside of a nuclear reactor vessel or the
inside of a nuclear reactor building at post-accident phases.
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BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0024] FIG. 1 A line graph representing the fluorescence
spectrum shown in Patent Literature 1 (Prior Art).

[0025] FIG. 2 A line graph representing the alpha-ray irra-
diation fluorescence spectrums of the fluorescent material in
Patent Literature 1 and P11 fluorescent material publically
available (Prior Art).

[0026] FIG. 3 A line graph representing three types of fluo-
rescence spectra of the conventional ZnS:Ag fluorescent
material; alpha-ray irradiation fluorescence spectrum,
gamma-ray irradiation fluorescence spectrum and alpha-ray
sensitive irradiation florescence spectrum.

[0027] FIG. 4 A line graph representing fluorescence spec-
tra of the conventional 7ZnS:Ag fluorescent material in
response to gamma-ray irradiation, electron beam irradiation
and ultraviolet-ray irradiation.

[0028] FIG. 5 A line graph representing alpha-ray irradia-
tion fluorescence spectra of ZnS:Ag fluorescent materials,
each having different quantities of Zinc Sulfide.

[0029] FIG. 6 A line graph representing alpha-ray irradia-
tion fluorescence spectra of ZnS:Ag fluorescent materials,
each having different quantities of Sulfur.

[0030] FIG. 7 Another line graph similar to FIG. 6.

[0031] FIG. 8 A line graph representing alpha-ray irradia-
tion fluorescence spectra of ZnS:Ag fluorescent materials
without Sulfur added, and with Sulfur added by 0.5% and 1%,
respectively.

[0032] FIG. 9 A line graph representing alpha-ray irradia-
tion fluorescence spectra of the first fluorescent material with
Sulfuradded by 5% according to the present invention and the
fluorescent material in the prior art.

[0033] FIG. 10 A line graph representing gamma-ray irra-
diation fluorescence spectra of the first fluorescent material
with Sulfur added by 5% according to the present invention
and the fluorescent material in the prior art.

[0034] FIG. 11 A line graph representing alpha-ray irradia-
tion fluorescence spectra of the first fluorescent material with
Sulfuradded by 5% according to the present invention and the
fluorescent material in the prior art.

[0035] FIG.12 Aline graph representing alpha-ray irradia-
tion fluorescence spectra of the first fluorescent material with
Strontium Sulfide added by 0.6% and the fluorescent material
with Sulfur added by 5% according to the present invention.
[0036] FIG. 13 A line graph representing alpha-ray irradia-
tion fluorescence spectrum and gamma-ray irradiation fluo-
rescence spectrum of the first fluorescent material with Stron-
tium Sulfide added by 0.6% according to the present
invention.

[0037] FIG. 14 A diagram representing alpha-ray signal
waveforms of the first fluorescent material with Strontium
Sulfide added by 0.6% and the first fluorescent material with
Sulfur added by 5% according to the present invention.
[0038] FIG. 15 A line graph representing three types of
fluorescence spectra of the second fluorescent material with
Strontium Sulfide added by 0.175% according to the present
invention.

[0039] FIG. 16 A line graph representing gamma-ray irra-
diation fluorescence spectrum of the second fluorescent mate-
rial with Strontium Sulfide added by 0.175% according to the
present invention.

[0040] FIG. 17 A diagram representing alpha-ray signal
waveforms of the second fluorescent material with Strontium
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Sulfide added by 0.175% and the first fluorescent material
with Sulfur added by 5% according to the present invention.
[0041] FIG. 18 A line graph representing alpha-ray irradia-
tion fluorescence spectra showing one experimental result for
manufacturing the second fluorescent material.

[0042] FIG. 19 A line graph representing alpha-ray irradia-
tion fluorescence spectra showing another experimental
result for manufacturing the second fluorescent material.
[0043] FIG. 20 A line graph representing alpha-ray irradia-
tion fluorescence spectra showing yet another experimental
result for manufacturing the second fluorescent material.
[0044] FIG. 21 A line graph representing alpha-ray irradia-
tion fluorescence spectra of the first fluorescent material with
Strontium Sulfide added by 0.25% and the first fluorescent
material with Strontium Sulfide added by 0.6% according to
the present invention.

[0045] FIG. 22 A line graph representing alpha-ray irradia-
tion fluorescence spectra of the first fluorescent material with
Sulfur added by 2% and Strontium Sulfide added by 1% and
the first fluorescent material with Sulfur added by 5% accord-
ing to the present invention.

[0046] FIG.23 A line graph representing alpha-ray irradia-
tion fluorescence spectra of the first fluorescent material with
Sulfur added by 2% and Strontium Sulfide added by 0.5% and
the first fluorescent material with Sulfur added by 5% accord-
ing to the present invention.

[0047] FIG. 24 A line graph representing three types of
fluorescence spectra of the second fluorescent materials with
Calcium Sulfide added by 5% according to the present inven-
tion.

[0048] FIG. 25 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Sodium Chloride as a flux.

[0049] FIG. 26 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Sodium Chloride as a flux.

[0050] FIG. 27 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Lithium Bromide as a flux.

[0051] FIG. 28 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Potassium Bromide as a flux.

[0052] FIG. 29 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Rubidium Bromide as a flux.

[0053] FIG. 30 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Cesium Bromide as a flux.

[0054] FIG. 31 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Lithium Fluoride as a flux.

[0055] FIG. 32 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Calcium Chloride as a flux.

[0056] FIG. 33 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Cerium Chloride as a flux.

[0057] FIG. 34 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Strontium Chloride as a flux.

[0058] FIG. 35 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Magnesium Bromide as a flux.
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[0059] FIG. 36 A line graph representing three types of
fluorescence spectra of the second fluorescent material using
Barium Bromide as a flux.

[0060] FIG.37 Aline graph representing alpha-ray irradia-
tion fluorescence spectra of three types of fluorescent mate-
rials manufactured in the calcination process using three
types of graphite crucibles, each provided with a hole having
diameters of 0.7 mm, 1 mm and 1.4 mm, respectively at the
center of the lid.

[0061] FIG. 38 A line graph representing alpha-ray irradia-
tion fluorescence spectra of three types of fluorescent mate-
rials manufactured in the calcination process by changing the
quantity of Lithium Chloride used as a flux.

[0062] FIG. 39 A line graph representing alpha-ray irradia-
tion fluorescence spectra of five types of fluorescent materials
manufactured in the calcination process by changing the
quantity of Silver Nitrate as an activating material.

[0063] FIG. 40 A line graph representing alpha-ray irradia-
tion fluorescence spectra of fluorescent materials fabricated
with different types of cover gasses.

[0064] FIG. 41 A line graph representing alpha-ray irradia-
tion fluorescence spectra of fluorescent materials manufac-
tured in the calcination process by using Strontium Bromide
as a flux and changing the calcination time.

[0065] FIG. 42 A line graph representing alpha-ray irradia-
tion fluorescence spectra of fluorescent materials manufac-
tured in the calcination process by using Magnesium Bro-
mide as a flux and changing the calcination time.

[0066] FIG.43 A line graph representing alpha-ray irradia-
tion fluorescence spectra of five types of fluorescent materials
manufactured in the calcination process by changing the
quantity of Sulfur as an add-in material.

[0067] FIG. 44 A line graph representing alpha-ray irradia-
tion fluorescence spectrum of fluorescent material with
Strontium Sulfide added by 0.6%, and for comparison, irra-
diation fluorescence spectra of five types of fluorescent mate-
rials manufactured in the calcination process by changing the
quantity of Sulfur as an add-in material.

[0068] FIG. 45 A line graph representing an analytical
result for identifying the first fluorescent material and the
second fluorescent material.

[0069] FIG. 46 A line graph representing alpha-ray irradia-
tion fluorescence spectra of fluorescent materials with Sulfur
added by 0.6% and with Sulfur added by 5%.

[0070] FIG. 47 A line graph representing alpha-ray irradia-
tion fluorescence spectra of six types of fluorescent materials
manufactured in the calcination process by changing the
quantity of Strontium Sulfide as an add-in material.

[0071] FIG. 48 A line graph representing alpha-ray irradia-
tion fluorescence spectra of six types of fluorescent materials
manufactured in the calcination process by changing the
quantity of Strontium Sulfide as an add-in material.

[0072] FIG. 49 A line graph representing an analytical
result of gamma-ray irradiation experiment for identifying
the first fluorescent material.

[0073] FIG. 50 A diagram illustrating a comparison result
for the fluorescent material shown in FIG. 49 and the fluores-
cent material similar to one shown in FIG. 49.

[0074] FIG. 51 A line graph representing changes in the
short decay time and the photon number in response to alpha
rays in case of changing the quantity of Strontium Sulfide as
an add-in material.

[0075] FIG. 52 A correlation diagram representing a rela-
tion between the photon number and the short decay time
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estimated by analyzing signal waveforms so obtained by irra-
diating alpha rays to the fluorescent material according to the
present invention.

[0076] FIG.53 A line graph representing normalized alpha-
ray irradiation fluorescence spectra of fluorescent materials
manufactured in the calcination process by changing the
quantity of Sulfur as an add-in material.

[0077] FIG. 54 A correlation diagram representing a rela-
tion between the quantity of add-in material in the fluorescent
material manufactured in the calcination process by changing
the quantity of Sulfur as an add-in material, and the alpha-ray
detection factor.

[0078] FIG. 55 A line graph representing normalized alpha-
ray irradiation fluorescence spectra of fluorescent materials
manufactured in the calcination process by changing the
quantity of Strontium Sulfide as an add-in material.

[0079] FIG. 56 A correlation diagram representing a rela-
tion between the quantity of add-in material in the fluorescent
material manufactured in the calcination process by changing
the quantity of Strontium Sulfide as an add-in material, and
the alpha-ray detection factor.

[0080] FIG. 57 A correlation diagram representing a rela-
tion between the quantity of add-in material in the fluorescent
material manufactured in the calcination process by changing
the quantity of Strontium Sulfide as an add-in material, and
the short decay time.

[0081] FIG. 58 A line graph representing alpha-ray irradia-
tion fluorescence spectra of fluorescent materials fabricated
by changing the calcination time.

[0082] FIG. 59 A correlation diagram representing a rela-
tion between the photon numbers and the short decay time for
each add-in material, Sulfur and Sulfide, separately.

[0083] FIG. 60 A correlation diagram representing a rela-
tion between the photon numbers and the short decay time for
each flux, Alkaline metal and Alkaline earth metal, separately.
[0084] FIG. 61 A correlation diagram representing a rela-
tion between the photon numbers and the short decay time for
each flux, Chloride and Bromide, separately.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0085] A basic idea of the present invention now will be
described in order to support a better understanding of the
present invention before describing specifically the indi-
vidual preferred embodiments of the present invention. As for
ZnS:Ag based fluorescent material represented by P11 fluo-
rescent material, it was found that there was few research
result for fluorescence spectrum in case of irradiating alpha
rays in existing patents, and scientific and technical papers.
This might be due to the fact that ZnS:Ag based fluorescent
material represented by P11 fluorescent material has been
normally used for emitting blue lights in TV displays, and its
fluorescent emission characteristic has been evaluated by
using electron beams or ultraviolet rays. For reference, F1G. 4
shows fluorescence spectra obtained by irradiating gamma
rays, electron beams and ultraviolet rays to 1109-041 ZnS:
Ag—Cl fluorescent material manufactured by Nichia Corpo-
ration. It is found in those irradiation results that any global
increase in the spectral intensity of the fluorescence spectrum
cannot be observed at the shorter wavelength range at 420 nm
or below 420 nm in the fluorescence spectrum obtained in
response to alpha-ray irradiation.

[0086] At the first step of study, assuming that sodium (Na)
used as a flux may have any influence, the change in the alpha
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ray irradiation fluorescence spectrum was observed by
increasing the quantity of several add-in materials for several
types of sodium compound represented by NaCl, and it was
proved, however, that its result is not different from the result
in the alpha-ray irradiation to the conventional P11 fluores-
cent materials.

[0087] At the second step of study, we assumed the possi-
bility that Zinc Sulfide as base material may have any influ-
ence. An irradiation experiment was performed by selecting
zine sulfide (ZnS) as a main raw material, silver (Ag) as an
activating material, and Lithium Chloride as a flux enabling a
calcination process at the relatively low temperature, and by
adding Sulfur (S) as an add-in material, and by adding Zinc
Chloride (ZnCl,) as another add-in material considered not to
become any problem even in adding Chloride (Cl) chemically
bonded with Zinc (Zn) for the purpose of reducing the mass
fraction of Sulfur. Calcination process was performed under
the same condition by changing the weight fraction of Sulfur
to Zinc Sulfide from 2% to 0% and by changing the weight
fraction of Zinc Chloride from 0% to 1%. By segmenting the
alpha-ray irradiation fluorescence spectrum of the obtained
ZnS:Ag fluorescent material into three regions, a region
including a larger quantity of Sulfur, a region including a
smaller quantity of Sulfur, and a region including Zinc
mainly, fluorescence spectra for the individual regions are
shown in FIG. 5, FIG. 6 and FIG. 6 by normalizing the
observed maximum values in the spectra to 1 (one) in order to
compare the shape of fluorescent spectra for those regions.
Details of this experiment will be explained in Embodiment
7.

[0088] Itwas confirmed from the result of those calcination
experiments that the intensity of alpha-ray sensitive fluores-
cence spectrum can be increased by increasing the quantity of
added Sulfur s, in which the ratio of the quantity of Sulfur to
the quantity of Zinc in Zinc Sulfide as the base material is
made increase from 1:1 to 1:1+s. In addition, it was also
confirmed that the intensity of alpha-ray sensitive fluores-
cence spectrum can be decreased by adding Zinc more.
[0089] Tt became clear, however, from the trial and experi-
mental manufacturing with various parameters being
changed that it is significantly difficult to control the ratio of
the quantity of Sulfur to the quantity of Zinc so that an
intended alpha-ray irradiation fluorescence spectrum after the
calcination process may be obtained practically with the pre-
pared calcination material, because the ratio may signifi-
cantly change dependent of the type of flux material being
used and its quantity, the type of add-in material being used
such as Sulfur and its quantity, the condition of the crucible,
and the calcination temperature and the calcination period of
time.

[0090] Under an extreme condition, for example, without
adding Sulfur at the calcination process, it is certainly pos-
sible to manufacture ZnS:Ag based fluorescent materials for
detecting particle beams by applying a calcination process to
7ZnS:Ag fluorescent material sensitive to alpha rays like the
second fluorescent material and ZnS: Ag fluorescent material
emitting fluorescent lights indicating a fluorescence spectrum
including gamma-ray sensitive fluorescence spectrum by
increasing the calcination temperature nearly up to 1000° C.
For example, in case of applying a calcination process for 2
hours with a calcination temperature at 940° C. by using
lithium bromide (LiBr) as a flux having a melting point as low
as 552° C., alpha-ray irradiation fluorescence spectra for
three types of ZnS:Ag fluorescent materials manufactured
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without Sulfur added, with Sulfur added by 0.5% and with
Sulfur added by 1% are shown in FIG. 8, in which their
maximum values are normalized to be 1 (one). Even in case
not adding Sulfur, it is proved that ZnS:Ag based fluorescent
materials for detecting particle beams in which the fraction of
alpha-ray sensitive fluorescence spectrum to alpha-ray irra-
diation fluorescence spectrum is increased to be 0.44 large
enough in comparison with the value 0.29 for the conven-
tional ZnS:Ag fluorescent materials can be manufactured, if
flux having a significantly low melting point is used. How-
ever, in such a manufacturing process, it is required to control
the quantity of Sulfur after completing the calcination process
by means of controlling the sublimation conditions for Sulfur
and Zinc included in Zine Sulfide, and thus it is very difficult
to control precisely the ratio, 1+s:1, between the quantity of
Sulfur and the quantity of Zinc after completing the calcina-
tion process.

[0091] Measurements of fluorescence spectra obtained by
irradiating alpha rays and gamma rays according to the
present invention were performed by using the following
equipment and by applying the following conditions.

[0092] Measuring Apparatus: Fluorescence Spectropho-
tometer F-2500 manufactured by Hitachi, Ltd.

[0093] Fluorescence Slit: having slit spacing fixed at 20
nm. Owing to this configuration, the unit for the intensity of
fluorescent light at alpha-ray irradiation is identical to the unit
for the intensity of fluorescent light at gamma-ray irradiation.
[0094] Wavelengths of Excited Lights at Ultraviolet-Ray
Irradiation: 340 nm

[0095] Alpha Ray Source for Alpha-Ray Irradiation:
**'Am alpha source manufactured by Amersham, United
Kingdom (having a diameter of 5 mm¢ and a source intensity
of 1 MBq approximately)

[0096] Gamma Ray Source for Gamma-Ray Irradiation:
irradiating 60 keV gamma rays by arranging an alpha-ray
shield composed of four aluminum foils (each having a thick-
ness of 12 um) on ***Am alpha source manufactured by
Amersham, United Kingdom (having a diameter of 5 mm¢
and a source intensity of 1 MBq approximately)

Embodiment 1

[0097] InEmbodiment 1, what will be described is ZnS:Ag
based fluorescent material for detecting particle beams, as a
basis for the present invention, which fluorescence lights
having the wavelengths from 320 nm to 600 nm are emitted in
response to alpha-ray irradiation, and its fluorescence spec-
trum has a peak at the wavelengths from 395 nm to 410 nm.
[0098] One example of steps in manufacturing ZnS:Ag
based fluorescent material for detecting particle beams in this
embodiment will be described below. Detailed steps will be
described by referring to a manufacturing method described
in Embodiment 3 and following Embodiments.

[0099] 50 g of Zinc Sulfide (ZnS) is used as a main raw
material. Silver (Ag) as an activating material is used in the
form of Silver Nitrate (AgNo;) and added by the weight
fraction of 0.015% to the quantity of Zinc Sulfide. Lithium
Chloride (LiCl) having a melting point at 613° C. is used as a
flux and added by the weight fraction of 6% to the quantity of
Zinc Sulfide. Sulfur (S) having a melting point at 388° C. and
a boiling point at 445° C. is used, and added by the weight
fraction of 5% to the quantity of Zinc Sulfide. 20 cc of dis-
tilled water is added to and mixed with the above materials,
and then is dried.
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[0100] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 30 mm¢, a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of 30 mm¢
and a length of 30 mm. A hole having a diameter of 1 mmg is
provided at the center of the 1id in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0101] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Flectric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd which has a maximum operating
temperature at 1100° C., was used. The calcination process
was performed in the following conditions.

[0102] Calcination Temperature: 820° C.

[0103] Cover Gas: CO, flowing at a flow rate of 2 liters per
minute

[0104] Calcination Period of Time: 2 hours

[0105] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams is finally obtained. The color of the
obtained ZnS:Ag based fluorescent materials for detecting
particle beams exhibits light yellowish-brown rather than
white.

[0106] Fluorescent emission characteristics of ZnS:Ag
based fluorescent materials for detecting particle beams were
studied with respect to alpha-ray irradiation and gamma-ray
irradiation. The samples to be used to measure the fluorescent
emission characteristics were prepared by applying a double-
sided tape manufactured by Nitoms, Inc. onto the cover glass
for microscope specimens (plane size: 18 mmx18 mm, thick-
ness: 0.15 mm), then and coating ZnS: Ag based fluorescent
material powder on one side of the double-sided tape. Owing
to this operation, it will be appreciated that ZnS:Ag based
fluorescent material particles may be coated almost uni-
formly onto one side of the double-sided tape. Inapplying this
preparatory method, the measurement error to the quantity of
fluorescence in response to alpha-ray irradiation (that is, an
integral value of the intensity of fluorescence in a fluores-
cence spectrum) is £10%.

[0107] Incaseofalpha-ray irradiation, the alpha-ray source
is located 0.3 mm apart from the specimen. In case of gamma-
ray irradiation, gamma-rays were irradiated in the configura-
tion in which an alpha-ray shielding plate manufactured by
joining four Aluminum foils, each having a thickness of 12
pm, is inserted. The fluorescent light emitted by alpha-ray
irradiation is emitted though the opposite surface of the cover
glass. Measurements of fluorescence spectra obtained by
alpha-ray irradiation and gamma-ray irradiation were per-
formed in the configuration in which those measurement
samples are located at the position where the individual
sample is to be set up in the excitation light irradiation system
of the fluorescence photometer.

[0108] FIG. 9 shows the alpha-ray irradiation spectrum of
7ZnS:Ag based fluorescent material for detecting particle
beams with Sulfur added by 5% and the alpha-ray irradiation
spectrum of ZnS:Ag based fluorescent material (Type 1109-
041, manufactured by Nichia Corporation) prepared for ref-
erence. [t is found that ZnS: Ag based fluorescent material for
detecting particle beams with Sulfur added by 5% in this
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embodiment emits fluorescent lights having the wavelengths
from 320 nm to 600 nm and that its peak wavelength is 401
nm. In comparison for the shape of alpha-ray irradiation
fluorescence spectrum for the fluorescent material, Type
1109-041, manufactured by Nichia Corporation, it is found
that a global increase in the spectral intensity of the alpha-ray
fluorescence spectrum observed at the wavelength around
400 nm for the fluorescent material, Type 1109-041, manu-
factured by Nichia Corporation corresponds to the alpha-ray
irradiation spectrum of ZnS:Ag based fluorescent material for
detecting particle beams in this embodiment. In addition, the
quantity of fluorescence (an integral value of the intensity of
fluorescence in a fluorescence spectrum) emitted from ZnS:
Ag based fluorescent material for detecting particle beams in
this embodiment was obtained so as to become 72% of the
quantity of fluorescence emitted from the fluorescent mate-
rial, Type 1109-041, manufactured by Nichia Corporation.

[0109] Next, a result of irradiating gamma-rays to ZnS:Ag
based fluorescent material with Sulfur added by 5% will
described below. As the sensitivity to gamma rays was very
low in this fluorescent material, for the intensity of fluores-
cence at individual wavelengths were obtained by repeating
gamma-ray irradiation measurements 100 times and averag-
ing the measured values. FIG. 10 shows a line diagram for
comparing the gamma-ray irradiation spectra measured for
this fluorescent material and the conventional ZnS:Ag based
fluorescent material (Type 1109-041, manufactured by
Nichia Corporation.) It is proved that the quantity of fluores-
cence emitted from ZnS:Ag based fluorescent material for
detecting particle beams with Sulfur added by 5% in this
embodiment is significantly small and its peak wavelength is
about 410 nm, and that its shape of fluorescence spectra is
very similar to the shape of alpha-ray irradiation fluorescence
spectrum shown in FIG. 9. Thus, in case of ZnS:Ag based
fluorescent material, Type 1109-041, manufactured by
Nichia Corporation, as its alpha-ray irradiation fluorescence
spectrum plotted for reference extends in wavelengths from
350 nm to 550 nm and its peak wavelength is 450 nm, it is
proved that the fluorescence spectrum from ZnS:Ag based
fluorescent material for detecting particle beams in this
embodiment is apparently different from the gamma-ray irra-
diation fluorescence spectrum from the conventional fluores-
cent material. As a result, it was able to be confirmed that
7ZnS:Ag based fluorescent material in this embodiment was
such a fluorescent material that its fluorescence is emitted in
the excitation mechanism different from the fluorescence
observed in the gamma-ray irradiation spectrum of the con-
ventional ZnS: Ag based fluorescent material.

[0110] It was also confirmed that the quantity of fluores-
cence (an integral value of the intensity of gamma-ray fluo-
rescence light) emitted from ZnS:Ag based fluorescent mate-
rial in this embodiment is significantly as low as 4.4% of the
quantity of fluorescence emitted from ZnS:Ag based fluores-
cent material, Type 1109-041, manufactured by Nichia Cor-
poration, and that ZnS:Ag based fluorescent material in this
embodiment has a significantly low sensitivity to gamma
rays. According to the fact that ZnS:Ag based fluorescent
material in this embodiment has a significantly low sensitivity
to gamma rays, it can be confirmed that ZnS:Ag based fluo-
rescent material for detecting particle beams in this embodi-
ment has an excitation mechanism in response to alpha rays
and gamma rays different from the conventional ZnS:Ag
based fluorescent materials.



US 2015/0267109 Al

[0111] Then, fluorescence lifetime characteristic with
respect to alpha rays was measured by measuring pulse sig-
nals obtained by irradiating alpha rays to ZnS:Ag based fluo-
rescent material for detecting particle beams in this embodi-
ment by using an oscilloscope. As the specimen for
measurement, the samples prepared in the above described
method were used. As for the alpha-ray radiation source, an
alpha-ray radiation source having a diameter of 10 mm¢
which was prepared by electrodeposition of **' Am having a
source intensity of 3.7 MBq on the effective region as radia-
tion source was used, and then, the measurement was per-
formed by irradiating alpha rays to the specimen in the con-
figuration that a shielding plate with a hole having a diameter
of 0.4 mm ¢ was placed in front of the alpha-ray radiation
source in order to reduce the substantial source intensity to 1
kBq or lower. Alpha ray irradiation signals were detected by
the photomultiplier arranged at one side of the measurement
sample. As for the photomultiplier, Type R1924 photomulti-
plier manufactured by Hamamatsu Photonics K.K. was used
and operated at an applied voltage of 1000V. Alpha-ray fluo-
rescence signals so obtained were collected as waveform data
by using Type LT344 oscilloscope manufactured by LeCroy
Corporation. Measurements were performed with data col-
lection conditions including a voltage resolution of 100
mV/div, a time-mesh resolution of 1 ps/div, a trigger level of
32 mV and a sampling frequency of 500 MHz.

[0112] FIG. 11 shows the alpha-ray signal waveform
obtained by averaging a set of 2000 measured signals for
7ZnS:Ag based fluorescent material with Sulfur added by
0.5% and the alpha-ray signal waveform measured for the
conventional ZnS: Ag based fluorescent material (Type 1109-
041, manufactured by Nichia Corporation) for comparison.
In contrast to the conventional ZnS:Ag based fluorescent
material which provides a signal waveform extending after 1
Os due to afterglow, it was able to be confirmed that to
7ZnS:Ag based fluorescent material for detecting particle
beams according to the present invention provides a signal
waveform indicating that almost all the fluorescence (herein
referred to Photon) are emitted within 1 ps and the quantity of
fluorescence emitted after 1 us is significantly small.

[0113] Fluorescence lifetime characteristic was analyzed
on the basis of obtained signals in order to study the effect of
afterglow. As it is said conventionally that the decay time
corresponding to the short-period spectrum component of
fluorescence light emitted from 7ZnS:Ag fluorescent material
is 1 ps or shorter, “Short-decay time” is defined to be elapsed
time until the integral signal voltage reaches the value corre-
sponding to the 0.632 (equivalent to 1-¢™') times larger than
the total signal value obtained by integrating from Osto 1 ps.
“Long-decay time” is defined to be an elapsed time until the
integral signal voltage reaches the value corresponding to
0.632 (equivalent to 1-e') times larger than the total signal
value obtained by integrating from 0 s to 8 s corresponding
to the decay time for the long-period spectrum component
corresponding to afterglow. Note that a simple expression
“decay time” in this embodiment refers to “short-decay time.”

[0114] As aresult of analysis, as for the decay time of from
ZuS:Ag fluorescent material according to the present inven-
tion, the short-decay time was estimated to be 0.181 ps and
the long-decay time was estimated to be 0.295 ps. In com-
parison with the conventional ZnS:Ag fluorescent material,
the fluorescence lifetime characteristic according to the
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present invention is significantly improved in terms of short-
decay time being reduced to be 66% and long-decay time
being reduced to be 17%.
[0115] In order to estimate quantitatively the influence of
afterglow remaining in the time domain, “afterglow ratio”
was defined to be the value obtained by dividing the value of
the total signal voltage obtained by integrating from Os to 8 pis
by the value of the total signal voltage obtained by integrating
from 05 to 1 ps, and then afterglow ratio was calculated. As a
result, it was proved in this embodiment that the signal volt-
age decays almost after 1 us and the afterglow ratio is esti-
mated to be 1.14 which means that the afterglow component
almost disappears so as 1o be as low as 10%, and in contrast,
it is proved in the conventional ZnS:Ag fluorescent material
that the afterglow ratio is estimated to be 1.66 which means
that the afterglow component remains to be more than 60%
even after 8 ps.
[0116] As described above, it was able to be confirmed that
ZnS:Ag based fluorescent material with Sulfur added by 5%
for detecting particle beams has a significantly low sensitivity
to gamma rays and also its decay time is short, and provides
significantly small amounts of afterglow.
[0117] As another embodiment, one example of steps in
manufacturing ZnS:Ag based fluorescent material for detect-
ing particle beams as the first fluorescent material by adding
Strontium Sulfide (SrS) as sulfide to be add-in material is
shown. Detailed steps will be described by referring to a
manufacturing method described in Embodiment 3 and fol-
lowing Embodiments.
[0118] 50 gof Zinc Sulfide are used as a main raw material.
Silver as an activating material is used in the form of Silver
Nitrate and added by the weight fraction of 0.015% to the
quantity of Zinc Sulfide. Lithium Chloride (LiCl) is used as a
flux and added by the weight fraction of 6% to the quantity of
Zinc Sulfide. Strontium Sulfide having a melting point at
2002° C. is used as an add-in material, and added by the
weight fraction of 0.6% to the quantity of Zinc Sulfide. 20 cc
of distilled water is added 1o and mixed with the above mate-
rials, and then is dried.
[0119] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 10 mmg¢, a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to be a diameter of 10 mm¢
and a length of 30 mm. A hole having a diameter of 1 mmg¢ is
provided at the center of the 1id in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0120] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Electric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd was used. The calcination pro-
cess was performed in the following conditions.

[0121] Calcination Temperature: 820° C.

[0122] Cover Gas: CO, flowing at a flow rate of 2 liters
per minute
[0123] Calcination Period of Time: 2 hours
[0124] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams is finally obtained. The color of the
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obtained ZnS:Ag based fluorescent materials for detecting
particle beams exhibits light yellowish-brown rather than
white.

[0125] Fluorescent emission characteristics of ZnS:Ag
based fluorescent material for detecting particle beams were
studied with respect to alpha-ray irradiation and gamma-ray
irradiation. The samples to be used to measure the fluorescent
emission characteristics were prepared by applying the above
described method. Measurements of fluorescence spectra
obtained by alpha-ray irradiation and gamma-ray irradiation
were performed in the configuration in which those measure-
ment samples were located at the position where the indi-
vidual sample was to be set up in the excitation light irradia-
tion system of the fluorescence photometer. Measurements of
fluorescence spectra were performed by using the above
described method.
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that alpha-ray sensitive fluorescence spectra may be generally
categorized into two types of fluorescence spectra as
described above. As for another parameters for categorization
of shapes of alpha-ray irradiation fluorescence spectrum in
addition to the peak wavelength, Sulfur-type and Sulfide-type
are defined on a hypothetical basis as listed in Table 1, in
which Sulfur-type, represented by Sulfur add-in materials,
refers to alpha-ray irradiation fluorescence spectrum having a
shape with its fluorescent intensity increasing slightly and
globally in the longer wavelength range, and Sulfide-type,
represented by Strontium Sulfide add-in materials, refers to
alpha-ray irradiation fluorescence spectrum having a shape
approximately similar to a symmetrical Gaussian distribu-
tion. Li,S added materials formed as Sulfide of Alkaline
metal exhibited Sulfur-type.

TABLE 1
Calcination
Add-in Material Flux Conditions Peak
Weight Weight Temper- Wave- Fluorescence

Sample Fraction Fraction ature Time  length Spectrum
Number Material to ZnS (%) Material to ZnS (%) “C) (Hour) (nm) Type

1 S 5 LiCl 6 820 2 401.0 Sulfur Type

2 SrS 0.5 LiCl 6 820 2 398.0 Sulfide Type

3 SrS 1 SrBr, 2 920 3 403.0 Sulfide Type

4 SrS 0.8 BaBr, 3 920 3 405.0 Sulfide Type

5 siS+S  1(SIS), 28) LiCl 6 820 2 4020 Sulfur Type

6 SIS+ S 1(81%), 1(8) SrBr, 6 920 3 402.5 Sulfur Type

7 SIS+S  05(S1),2(8) LiCl 2 820 3 4000 Sulfur Type

8 S 0.25 LiCl 6 820 3 401.0 Sulfur Type

[0126] FIG. 12 shows the alpha-ray irradiation fluores-
cence spectrum of ZnS:Ag based fluorescent material for
detecting particle beams with Strontium Sulfide added by
0.6% and the alpha-ray irradiation fluorescence spectrum of
ZuS:Ag based fluorescent material for detecting particle
beams with Sulfur added by 5% as described in Embodiment
1 for reference.

[0127] Tt was proved that ZnS: Ag based fluorescent mate-
rial for detecting particle beams with Strontium Sulfide added
by 0.6% in this embodiment emits fluorescent lights having
the wavelengths from 320 nm to 580 nm and that its peak
wavelength is 398 nm. In contrast, as shown in the first
embodiment, ZnS:Ag based fluorescent material for detect-
ing particle beams with Sulfur added by 5% in this embodi-
ment emits fluorescent lights having the wavelengths from
320 nm to 580 nm and that its peak wavelength is 401 nm. In
comparing those spectra, it is proved that both effective wave-
length ranges of fluorescence emitted from those fluorescent
materials are almost identical to each another and their peak
wavelengths are almost identical to each another, but it is
proved that the shapes of fluorescence spectra are different
from each another, and the spectral intensity of the fluores-
cence spectrum of ZnS:Ag based fluorescent material with
Sulfur added by 5% increases more globally at the longer
wavelength range in comparison with ZnS:Ag based fluores-
cent material with Strontium Sulfide added by 0.6%.

[0128] Through studies of alpha-ray sensitive fluorescence
spectra of eight (8) types of first fluorescent materials accord-
ing to Claim 1, manufactured by using various types of fluxes
and add-in materials according to the manufacturing methods
in Embodiments 3 and following embodiments, it is proved

[0129] Next, a result of irradiating gamma-rays to ZnS:Ag
based fluorescent material with Strontium Sulfide added by
0.6% will described below. As the sensitivity to gamma rays
was very low in this fluorescent material, for the intensity of
fluorescence at individual wavelengths were obtained by
repeating gamma-ray irradiation measurements 100 times
and averaging the measured values. FIG. 13 shows a line
diagram for comparing the gamma-ray irradiation spectra
measured for this fluorescent material and the above
described alpha-ray irradiation fluorescence spectrum. By
comparing the alpha-ray irradiation fluorescence spectrum
with the gamma-ray irradiation spectrum, it is proved that
their shapes of fluorescence spectra, their wavelength ranges
of fluorescence, and their peak wavelengths are identical to
each other, and thus two spectra are the same with respect to
those fluorescence characteristics.

[0130] Incomparison with gamma-ray irradiation fluores-
cence spectrum of ZnS:Ag based fluorescent material, Type
1109-041, manufactured by Nichia Corporation, it is proved
that the wavelength range of fluorescence and its peak wave-
length in this embodiment are completely different, and the
quantity of fluorescence is significantly small. It was able to
be confirmed that the quantity of fluorescence (an integral
value of the intensity of fluorescence in the fluorescence
spectrum) emitted from the fluorescent material in this
embodiment is significantly as low as 4.5% of the quantity of
fluorescence emitted from the fluorescent material, Type
1109-041, manufactured by Nichia Corporation, and that the
fluorescent material in this embodiment has a significantly
low sensitivity to gamma rays.
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[0131] As aresult, it was able to be confirmed that ZnS:Ag
based fluorescent material for detecting particle beams in this
embodiment is such a fluorescent material that its fluores-
cence is emitted in the excitation mechanism different from
the conventional ZnS: Ag based fluorescent material.

[0132] Then, decay time with respect to alpha rays was
measured by measuring pulse signals obtained by irradiating
alpha rays to ZnS: Ag based fluorescent material for detecting
particle beams in this embodiment by using an oscilloscope.
Measurements of fluorescence spectra were performed by
using the above described method.

[0133] FIG. 14 shows the alpha-ray signal waveform
obtained by averaging a set of 2000 measured signals for
7ZnS:Ag based fluorescent material for detecting particle
beams with Strontium Sulfide added by 0.6% and the alpha-
ray signal waveform measured for ZnS: Ag based fluorescent
material for detecting particle beams with Sulfur added by
5% described in the first embodiment for comparison. The
signal waveform from ZnS:Ag based fluorescent material for
detecting particle beams with Strontium Sulfide added by
0.6% and the signal waveform from ZnS:Ag based fluores-
cent material for detecting particle beams with Sulfur added
by 5% were identical to each other, and thus it was able to be
confirmed again that most of the photons were emitted within
1 us and the number of photons emitted after 1 ps was sig-
nificantly small.

[0134] Fluorescence lifetime characteristic is analyzed ono
the basis of obtained signals in order to study the effect of
afterglow. The above described method for analysis was used.
As aresult of analysis, as for the decay time of from ZnS: Ag
fluorescent material according to the present invention, the
short-decay time is estimated to be 0.124 ps and the long-
decay time is estimated to be 0.254 ps. In comparison with the
conventional ZnS:Ag fluorescent material, the fluorescence
lifetime characteristic according to the present invention was
significantly improved in terms of short-decay time being
reduced to be 45% and long-decay time being reduced to be
14%.

[0135] Ttis proved in this embodiment that the signal volt-
age decays almost after 1 (s and the afterglow ratio is esti-
mated to be 1.08 which means that the afterglow component
almost disappears so as to be less than 10%, and in contrast,
it is proved in the conventional ZnS:Ag fluorescent material
that the afterglow ratio is estimated to be 1.66 which means
that the afterglow component remains to be more than 60%
even after 8 ps. It is found that those characteristics are the
same as ZnS:Ag fluorescent material for detecting particle
beams with Sulfur added by 5%.

[0136] As described above, it was able to be confirmed that,
similarly to ZnS:Ag based fluorescent material with Sulfur
added by 5% for detecting particle beams as described above,
7nS:Ag based fluorescent material with Strontium Sulfide
added by 0.6% for detecting particle beams had a signifi-
cantly low sensitivity to gamma rays and also its decay time
was short, and provided significantly small amounts of after-
glow.

[0137] Insumming up this embodiment, peak wavelengths
of alpha-ray sensitive fluorescence spectra for eight types of
first fluorescent materials manufactured by using various
types of fluxes and add-in materials according to Embodi-
ments 3 thorough 8 and their associated major manufacturing
conditions are listed in Table 1. According to those results, it
is proved that the peak wavelength considered to be one of
most important parameters for identifying to ZnS: Ag based
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fluorescent material for detecting particle beams as the first
fluorescent material changes in the range from 395 mmto 410
mm with its manufacturing conditions. It was also proved by
studying those experimental results in detail that the fluores-
cent material including Halide used as a flux with Chloride
had a peak wavelength a little shorter than the fluorescent
material with Bromide.

[0138] The shape ofthe fluorescence spectrum obtained by
alpha-ray irradiation to ZnS:Ag based fluorescent material
for detecting particle beams as the first fluorescent material is
now referred to as “alpha-ray sensitive fluorescence spec-
trum”, which will be used in the description in Embodiment 2
and following Embodiments.

Embodiment 2

[0139] In Embodiment 2, what will be described is Zinc
Sulfide activated with Silver (ZnS:Ag) based fluorescent
material for detecting particle beams showing a synthesized
fluorescence spectrum including

[0140] a spectral component corresponding to the above
described alpha-ray sensitive fluorescence spectrum, that is,
the fluorescence spectrum for the fluorescence lights having
wavelengths from 320 nm to 580 nm emitted in response to
alpha-ray irradiation to ZnS:Ag based fluorescent material
for detecting particle beams as the first fluorescent material,
and having a peak wavelength from 395 nm to 410 nm;
[0141] and a spectral component corresponding to the fluo-
rescence spectrum (herein referred to gamma-ray sensitive
fluorescence spectrum) for the fluorescence lights having
wavelengths from 380 nm to 560 nm emitted in response to
gamma-ray or electron beam irradiation, and having a peak
wavelength from 435 nm to 450 nm, in which the quantity of
the synthesized fluorescence is 0.35 times larger than or less
than | (one) time of the quantity of fluorescence for the later
component. Note that the fraction of the quantity of fluores-
cence of alpha-ray sensitive fluorescence spectrum to the
quantity of the synthesized fluorescence is defined and
referred to as “alpha-ray detection factor” in the following
description.

[0142] As the color of ZnS:Ag based fluorescent material
for detecting particle beams described in Embodiment 1
exhibits light yellowish-brown rather than white, in case of
using this ZnS: Ag based fluorescent material as neutron scin-
tillator by being mixed with °LiF or '°B,0, acting as a neu-
tron converter, the transmittance for fluorescence may be
reduced due to coloring of light yellowish-brown, and hence,
if the thickness of the neutron scintillator is made larger in
order to increase the detection efficiency, the fluorescent gen-
erated in the depths of the neutron scintillator having a defi-
nite value of thickness are not emitted from the surface of the
neutron scintillator, which resultantly reduces the detection
efficiency, and thus it is substantially difficult to increase the
thickness of the neutron scintillator.

[0143] In order to solve this problem, according to the
phenomena found in developing ZnS:Ag based fluorescent
material for detecting particle beams described in Embodi-
ment 1 that, as the calcination process is performed by chang-
ing the quantity of Sulfur or Sulfide as an add-in material, the
degree of coloring in ZnS:Ag based fluorescent material in
the calcination process increases in proportion to the quantity
of add-in materials, a manufacturing method for ZnS:Ag
based fluorescent material for detecting particle beams is
developed so that the degree of coloring in ZnS:Ag based
fluorescent materials may not become an obstacle to its appli-
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cation to neutron scintillators. In addition, though ZnS:Ag
based fluorescent material for detecting particle beams manu-
factured by this method may have a little influence by after-
glow, the quantity of fluorescence in alpha-ray irradiation
fluorescence spectrum increases advantageously in compari-
son with the quantity of fluorescence in ZnS:Ag based fluo-
rescent materials as the first fluorescent material.

[0144] One example of steps in manufacturing ZnS:Ag
based fluorescent material for detecting particle beams in this
embodiment will be described below. Detailed steps will be
described by referring to a manufacturing method described
in Embodiment 3 and following Embodiments.

[0145] 50 g of Zinc Sulfide are used as a main raw material.
Silver as an activating material is used in the form of Silver
Nitrate and added by the weight fraction of 0.015% to the
quantity of Zinc Sulfide. Lithium Chloride is used as a flux
and added by the weight fraction of 6% to the quantity of Zinc
Sulfide. Strontium Sulfide is as an add-in material. In a spe-
cific embodiment, Strontium Sulfide is added by the weight
fraction of 0.175% to the quantity of Zinc Sulfide. 20 cc of
distilled water is added to and mixed with the above materials,
and then is dried.

[0146] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 30 mm¢, a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of 30 mm¢
and a length of 30 mm. A hole having a diameter of 1 mm¢ is
provided at the center of the 1id in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0147] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Electric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd was used. The calcination pro-
cess was performed in the following conditions.

[0148] Calcination Temperature: 820° C.

[0149] Cover Gas: CO2 flowing at a flow rate of 2 liters
per minute

[0150] Calcination Period of Time: 2 hours

[0151] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS: Ag based fluorescent material for
detecting particle beams is finally obtained. The color of
7ZnS:Ag based fluorescent materials for detecting particle
beams manufactured by this manufacturing method changes
from light yellowish-brown nearly to white as the quantity of
Sulfur or Sulfide as an add-in material decreases. The color of
7n8S: Ag based fluorescent material exhibits significantly light
yellowish-brown.

[0152] Fluorescence characteristics of ZnS:Ag based fluo-
rescent material for detecting particle beams so obtained as
described above were studied with respect to alpha-ray irra-
diation and gamma-ray irradiation. The samples to be used to
measure the fluorescence characteristics were prepared by
applying the method described in Embodiment 1. Measure-
ments of fluorescence spectra obtained by alpha-ray irradia-
tion and gamma-ray irradiation were performed in the con-
figuration in which those measurement samples are located at
the position where the individual sample is to be set up in the
excitation light irradiation system of the fluorescence pho-
tometer.
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[0153] As for the alpha-ray irradiation fluorescence spec-
trum so obtained for ZnS:Ag based fluorescent material
manufactured in the calcination process by adding Strontium
Sulfide by 0.175%, and the gamma-ray irradiation fluores-
cence spectrum so obtained by irradiating gamma-rays, their
normalized fluorescence spectra were obtained by normaliz-
ing their observed maximum values to 1 (one), and then, an
alpha-ray sensitive fluorescence spectrum was obtained by
subtracting the gamma-ray irradiation fluorescence spectrum
from the alpha-ray irradiation fluorescence spectrum, and
thus FIG. 15 shows those three types of fluorescence spectra
so obtained. Note that, as for the gamma-ray irradiation fluo-
rescence spectrum used for subtracting operation, as a
gamma-ray irradiation fluorescence spectrum cannot be
obtained with a sufficient accuracy because the thickness of
the sample, prepared by the same method as used in preparing
the samples for alpha-ray irradiation measurement, is very
mall, the gamma-ray irradiation measurement was performed
by using a sample having a thickness 10 times larger than the
sample for the alpha-ray irradiation measurement. In the fol-
lowing embodiments, as for the fluorescence spectra used for
subtracting operation, fluorescence spectra obtained by such
amethod as described above were used.

[0154] Ttis proved that ZnS:Ag based fluorescent material
for detecting particle beams with Strontium Sulfide added by
0.175% in this embodiment emits fluorescent lights having
the wavelengths from 320 nm to 580 nm in response to
alpha-ray irradiation. Onthe other hand, itis difficult to define
its peak wavelength because the fluorescence spectrum
includes the component of alpha-ray sensitive fluorescence
spectrum and the component of gamma-ray sensitive fluores-
cence spectrum, and its peak part may be shaped to be flat
according to the fraction between those components. In this
embodiment, the peak wavelength was able to be determined
to be 410 nm because the fraction of the component of alpha-
ray sensitive fluorescence spectrum was larger, and thus its
peak is able to be recognized easily.

[0155] FIG. 16 shows gamma-ray irradiation fluorescence
spectrum obtained by irradiating gamma-rays to ZnS:Ag
based fluorescent material for detecting particle beams with
Strontium Sulfide added by 0.175%. The peak wavelength is
430 nm, which was proved to be shifted to the wavelength
slightly shorter than the peak wavelength, 450 nm, of ZnS:Ag
based fluorescent material, Type 1109-041, manufactured by
Nichia Corporation. It was able to be also confirmed that the
quantity of fluorescence (an integral value of the intensity of
fluorescent lights in the fluorescence spectrum) emitted from
ZnS:Ag based fluorescent material for detecting particle
beams in this embodiment is as low as 40% of the quantity of
fluorescence emitted from ZnS:Ag based fluorescent mate-
rial, Type 1109-041, manufactured by Nichia Corporation,
and thus ZnS:Ag based fluorescent material for detecting
particle beams in this embodiment has a significantly low
sensitive to gamma rays.

[0156] Inthis embodiment, the fraction of alpha-ray sensi-
tive irradiation fluorescence spectrum to alpha-ray irradiation
fluorescence spectrum was proved to be 0.64%, and thus, it
was able to be confirmed that the quantity of fluorescence of
alpha-ray sensitive fluorescence spectrum was about twice as
large as the quantity of fluorescence of gamma-ray sensitive
fluorescence spectrum. In addition, the quantity of fluores-
cence (an integral value of the intensity of fluorescence in a
fluorescence spectrum) emitted from ZnS:Ag based fluores-
cent material in this embodiment was 105% of the quantity of
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fluorescence emitted from ZnS:Ag based fluorescent mate-
rial, Type 1109-041, manufactured by Nichia Corporation,
and thus they were almost identical to each other.

[0157] Then, fluorescence lifetime characteristic with
respect to alpha rays was measured by measuring pulse sig-
nals obtained by irradiating alpha rays to ZnS:Ag based fluo-
rescent material for detecting particle beams in this embodi-
ment by using an oscilloscope. The evaluation method
described in Embodiment 1 was used.

[0158] FIG. 17 shows the alpha-ray signal waveform
obtained by averaging a set of 2000 measured signals for
7nS:Ag based fluorescent material for detecting particle
beams with Strontium Sulfide added by 0.175% together with
the alpha-ray signal waveform measured for ZnS: Ag based
fluorescent material for detecting particle beams with Sulfur
added by 5% described in Embodiment 1 for comparison. It
can be confirmed in ZnS:Ag based fluorescent material for
detecting particle beams in this embodiment that most of the
fluorescence is emitted within 1 ps and the number of photons
emitted after 1 s is significantly small. It is also proved that
the quantity of fluorescence emitted after 1 ps only increases
slightly in contrast to ZnS:Ag based fluorescent material for
detecting particle beams with Strontium Sulfide added by 5%
described in Embodiment 1.

[0159] Decay time characteristic was analyzed on the basis
of obtained signals in order to study the effect of afterglow.
The analysis method described in Embodiment 1 was used.
[0160] As aresult of analysis, as for the decay time of from
7ZnS:Ag fluorescent material for detecting particle beams
according to the present invention, the short-decay time is
estimated to be 0.227 ps and the long-decay time is estimated
to be 0.527 ps. In comparison with the conventional ZnS: Ag
fluorescent material, the fluorescence lifetime characteristic
according to the present invention was significantly improved
in terms of short-decay time reduced to be 83% and long-
decay time reduced to be 30%. As for the afterglow ratio, as
the alpha-ray irradiation fluorescence spectrum includes the
component of the conventional fluorescence spectrum, it was
confirmed that the afterglow ratio increased slightly up to
1.27 in comparison with ZnS:Ag fluorescent material for
detecting particle beams as the first fluorescent material
described in Embodiment 1.

Embodiment 3

[0161] Inthis embodiment, three examples of manufactur-
ing method for ZnS:Ag fluorescent materials for detecting
particle beams as the first fluorescent material and the second
fluorescent materials will be described; a manufacturing
method for ZnS:Ag fluorescent materials for detecting par-
ticle beams as the first fluorescent material by adding Lithium
Sulfide (L1,S) as an add-in material together with Zinc Sul-
fide as a main raw material, Silver as an activating material,
and flux, a manufacturing method for ZnS:Ag fluorescent
material for detecting particle beams as the first fluorescent
material by adding mixture of Sulfur and Strontium as an
add-in material, and a manufacturing method for ZnS:Ag
fluorescent material for detecting particle beams as the sec-
ond fluorescent material by adding Calcium Sulfide (CaS) as
an add-in material.

[0162] A result of studying an influence of the introduction
of Sulfur to Zinc Sulfide over the component of alpha-ray
sensitivity fluorescence spectrum is described at first before
describing details of the manufacturing methods. An experi-
ment was performed in which a calcination process was
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applied by changing the quantity of Sulfur from 0% to 5% by
weight only using Zinc Sulfide and Silver as an activating
material without flux added. The calcination temperature was
820° C. The median grain size of Zinc Sulfide used was 8 pm.
As for Zinc Sulfide used as a main raw material in Embodi-
ment 1 through Embodiment 8, its median grain size was 8 m
except in a special case to be described below. F1G. 18 shows
aresult of measurement of alpha-ray irradiation fluorescence
spectrum for ZnS:Ag fluorescent materials obtained in this
experiment. There were almost no changes in Alpha-ray irra-
diation fluorescent spectra even by changing the quantity of
added Sulfur from 0% to 5%.

[0163] An experiment identical to the same experiment as
described above was performed by changing the median grain
size of Zinc Sulfide to 3 um so that the contact area for Zinc
Sulfide to Sulfur may increase, that is, the effective surface
area of ZnS may increase, and by increasing the calcination
temperature up to 920° C. so that Sulfur may be introduced
easily into Zinc Sulfide. FIG. 19 shows a result of measure-
ment of alpha-ray irradiation fluorescence spectrum for ZnS:
Ag fluorescent materials obtained in this experiment. It was
able to be confirmed that the component of alpha-ray sensi-
tive fluorescence spectrum increases as well as its peak posi-
tion was shifted to the shorter wavelength range if'the quantity
of Sulfur so added exceeds 1.5% interm of weight fraction. It
was able to be confirmed, therefore, that the component of
alpha-ray sensitive fluorescence spectrum increases as the
component of Sulfur increased. It was able to be also con-
firmed from those experimental results that the quantity of
Sulfur to be introduced was significantly small if flux is not
used in the calcination process with Sulfur added as an add-in
material, and that a good effect by using flux in introducing
Sulfur or Sulfide was obtained definitely.

[0164] As there was an expetience in increasing the quan-
tity of flux as an expecting method for increase the component
of alpha-ray sensitive fluorescence spectrum, a calcination
process was performed at the calcination temperature of 920°
C. without Sulfur added, and by adding Sodium Chloride
(NaCl) conventionally used as a flux by the weight fraction
10% of the weight of ZnS which was approximately two
times larger as compared with conventional method. FIG. 20
shows the fluorescence spectrum obtained by irradiating
alpha rays in this embodiment, and the fluorescence spectra of
P11 fluorescent material and 1109-041 ZnS: Ag—Cl fluores-
cent material manufactured by Nichia Corporation, those
measured for comparison. The alpha-ray irradiation fluores-
cence spectrum identical to that of the conventional ZnS:Ag
fluorescent material was obtained. According to this experi-
mental result, it was able to be confirmed again that the
component of alpha-ray sensitive fluorescence spectrum can-
not be increased only by increasing the quantity of Sodium
Chloride as a flux, and that the component of alpha-ray sen-
sitive fluorescence spectrum can be increased substantially by
adding Sulfur or Sulfide.

[0165] Based on the experimental results described above,
an embodiment of manufacturing method for ZnS: Ag based
fluorescent material for detecting particle beams as the first
fluorescent material prepared by applying the calcination pro-
cess with Lithium Sulfide (Li,S) added as Sulfide of alkaline
metal by the weight fraction of 0.25% to the quantity of Zinc
Sulfide will be described below.

[0166] 50 gof Zinc Sulfide are used as a main raw material.
Silver (Ag) as an activating material is used in the form of
Silver Nitrate and added by the weight fraction of 0.015% to
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the quantity of Zinc Sulfide. Lithium Chloride is used as a flux
and added by the weight fraction of 6% to the quantity of Zinc
Sulfide. Lithium Chloride having a melting pointat 613° C. is
used as an add-in material, and added by the weight fraction
of 0.25% to the quantity of Zinc Sulfide. 20 cc of distilled
water is added to and mixed with the above materials, and
then is dried.

[0167] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 10 mm¢, a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to be a diameter of 10 mmg
and a length of 30 mm. A hole having a diameter of 1 mmg¢ is
provided at the center of the lid in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0168] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Flectric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd which has a maximum operating
temperature at 1100° C. was used. The calcination process
was performed in the following conditions.

[0169] Calcination Temperature: 820° C.

[0170] Cover Gas: CO, flowing at a flow rate of 2 liters per
minute

[0171] Calcination Period of Time: 3 hours

[0172] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams is finally obtained. The color of the
obtained ZnS:Ag based fluorescent materials for detecting
particle beams exhibits light yellowish-brown rather than
white.

[0173] Fluorescent emission characteristics of ZnS:Ag
based fluorescent materials so obtained were studied with
respect to alpha-ray irradiation and gamma-ray irradiation.
The samples to be used to measure the fluorescent emission
characteristics were prepared by applying the method
described in Embodiment 1. Measurements of fluorescence
spectra obtained by alpha-ray irradiation and gamma-ray irra-
diation were performed in the configuration in which those
measurement samples are located at the position where the
individual sample is to be set up in the excitation light irra-
diation system of the fluorescence photometer.

[0174] FIG. 21 shows the alpha-ray irradiation fluores-
cence spectrum of ZnS:Ag based fluorescent material for
detecting particle beams with Lithium Sulfide added by
0.25% together with the alpha-ray irradiation spectrum of
7ZnS:Ag based fluorescent material for detecting particle
beams with Strontium Sulfide added by 0.6% as described in
Embodiment 1 prepared for comparison. It is proved that
7ZnS:Ag based fluorescent material for detecting particle
beams with Lithium Sulfide added by 0.25% in this embodi-
ment has the wavelengths from 320 nm to 580 nm and that its
peak wavelength is 401 nm in its alpha-ray irradiation spec-
trum. In contrast, ZnS:Ag based fluorescent material for
detecting particle beams with Strontium Sulfide added by
0.6% in Embodiment 1 embodiment has the wavelengths
from 320 nm to 580 nm and that its peak wavelength is 398
nm. In comparing those spectra, it was proved that the spec-
tral intensity of the fluorescence spectrum of ZnS:Ag based
fluorescent material for detecting particle beams with
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Lithium Sulfide added by 0.25% increases slightly at the
longer-wavelength range globally.

[0175] As the second embodiment, an embodiment for a
manufacturing method for ZnS:Ag fluorescent materials for
detecting particle beams as the first fluorescent material by
adding mixture of Sulfur and Strontium Sulfide as add-in
materials will be described.

[0176] Manufacturing steps were applied in the same con-
dition as the steps described above except the quantity of
mixture of Sulfur and Strontium Sulfide as add-in materials
and the calcination temperature.

[0177] 50 gof Zine Sulfide are used as a main raw material.
Silver as an activating material is used in the form of Silver
Nitrate and added by the weight fraction of 0.015% to the
quantity of Zinc Sulfide. Lithium Chloride (LiCl) is used as a
flux and added by the weight fraction of 6% to the quantity of
Zinc Sulfide. Mixture of Sulfur and Strontium Sulfide is used
as add-in materials, in which Sulfur is added by the weight
fraction of 2% to the quantity of Zinc Sulfide, and Strontium
Sulfide is added by the weight fraction of 1% to the quantity
of Zinc Sulfide. 20 cc of distilled water is added to and mixed
with the above materials, and then is dried.

[0178] Calcination process was performed at the calcula-
tion temperature of §20° C. The color of the obtained ZnS:Ag
based fluorescent materials for detecting particle beams
exhibited light yellowish-brown rather than white.

[0179] Fluorescent emission characteristics of ZnS:Ag
based fluorescent material for detecting particle beams so
obtained were studied with respect to alpha-ray irradiation.
The samples to be used to measure the fluorescent emission
characteristics were prepared by applying the method
described in Embodiment 1. Measurements of fluorescence
spectra obtained by alpha-ray irradiation were performed in
the configuration in which those measurement samples are
located at the position where the individual sample is to be set
up in the excitation light irradiation system of the fluores-
cence photometer.

[0180] FIG. 22 shows the alpha-ray irradiation fluores-
cence spectrum of ZnS:Ag based fluorescent material for
detecting particle beams with mixture of Sulfur added by 2%
and Strontium Sulfide added by 1% being added as add-in
materials together with the alpha-ray irradiation spectrum of
ZnS:Ag based fluorescent material for detecting particle
beams with Sulfur added by 5% as described in Embodiment
1 for comparison. It is found that alpha-ray irradiation fluo-
rescence spectrun of ZnS: Ag based fluorescent material with
mixture of Sulfur added by 2% and Strontium Sulfide added
by 1% being added as add-in materials in this embodiment
has the wavelengths from 320 nm to 580 nm and that its peak
wavelength is 401 nm in its alpha-ray irradiation spectrum. In
contrast, ZnS:Ag based fluorescent material for detecting
particle beams with Sulfur added by 5% in Embodiment 1 has
the wavelengths from 320 nm to 580 nm and that its peak
wavelength is 402 nm. In comparing those spectra, it was able
to be confirmed that those spectrums are formed as the first
fluorescence spectrum and their peak wavelengths are almost
identical to each other, though the spectral intensity of the
fluorescence spectrum in this embodiment increases slightly
and more globally at the longer wavelength range.

[0181] Another ZnS:Ag based fluorescent material for
detecting particle beams was manufactured by the calcination
process under the same conditions as those described above,
in which mixture of Sulfur and Strontium Sulfide was used as
add-in materials, and the mixture ratio was different from that
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in the previous embodiment, that is, Sulfur was added by the
weight fraction of 2% to the quantity of Zinc Sulfide, and
Strontium Sulfide was added by the weight fraction of 0.5%
1o the quantity of Zinc Sulfide.

[0182] Fluorescence characteristics of ZnS:Ag based fluo-
rescent material for detecting particle beams so obtained with
mixture of Sulfur added by 2% and Strontium Sulfide added
by 0.5% being added were studied with respect to alpha-ray
irradiation. The samples to be used to measure the fluorescent
emission characteristics were prepared by applying the
method described in Embodiment 1. Measurements of fluo-
rescence spectra obtained by alpha-ray irradiation were per-
formed in the configuration in which those measurement
samples were located at the position where the individual
sample was to be set up in the excitation light irradiation
system of the fluorescence photometer.

[0183] FIG. 23 shows an alpha-ray irradiation fluorescence
spectrum of ZnS:Ag based fluorescent material for detecting
particle beams with mixture of Sulfur added by 2% and Stron-
tium Sulfide added by 0.5% being added as add-in materials,
together with the alpha-ray irradiation fluorescence spectrum
of ZnS:Ag based fluorescent material for detecting particle
beams with Sulfur added by 5% as described in Embodiment
1 for comparison. It is found that the alpha-ray irradiation
fluorescence spectrum of ZnS:Ag based fluorescent material
for detecting particle beams with mixture of Sulfur added by
2% and Strontium Sulfide added by 0.5% being added as
add-in materials in this embodiment has the wavelengths
from 320 nm to 580 nm and that its peak wavelength is 400
nm in its alpha-ray irradiation spectrum. Compared with ZnS:
Ag based fluorescent material for detecting particle beams
with Sulfur added by 5% as described in Embodiment 1, it
was proved that the quantity of fluorescence in the fluores-
cence spectrum in this Embodiment decreased at a shorter
wavelength rage in contrast to the above described alpha-ray
irradiation fluorescence spectrum of ZnS:Ag based fluores-
cent material for detecting particle beams with mixture of
Sulfur added by 2% and Strontium Sulfide added by 1%.

[0184] According to the result described above, it was
proved that, in case of manufacturing ZnS: Ag based fluores-
cent material for detecting particle beams as the first fluores-
cence material, a fluorescence spectrum almost identical to
the fluorescence spectrum obtained by adding Sulfur by 5%
as shown in Embodiment 1 was able to be obtained.

[0185] At the last part of the description of Embodiment 3,
a manufacturing method for manufacturing ZnS:Ag based
fluorescent material for detecting particle beams as the sec-
ond fluorescence material by adding Calcium Sulfide (CaS)
as an add-in material will be described.

[0186] Manufacturing steps were applied in the same con-
dition as the steps described above except the quantity of
Calcium Sulfide as an add-in material to be added to ZnS and
the calcination temperature.

[0187] 50 gof Zinc Sulfide are used as a main raw material.
Silver as an activating material is used in the form of Silver
Nitrate and added by the weight fraction of 0.015% to the
quantity of Zinc Sulfide. Lithium Chloride (LiCl) is used as a
flux and added by the weight fraction of 6% to the quantity of
Zinc Sulfide. Calcium Sulfide is used as add-in material, in
which Calcium Sulfide is added by the weight fraction of 5%
to the quantity of Zinc Sulfide. 20 cc of distilled water is
added to and mixed with the above materials, and then is
dried.
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[0188] Calcination process was performed at the calcula-
tion temperature of 920° C. because the melting point of
Calcium Sulfide is as high as 2400° C. The color of the
obtained 7ZnS:Ag based fluorescent materials for detecting
particle beams exhibited extremely light yellowish-brown.
[0189] Fluorescent emission characteristics of ZnS:Ag
based fluorescent material for detecting particle beams were
studied with respect to alpha-ray irradiation and gamma-ray
irradiation. The samples to be used to measure the fluorescent
emission characteristics were prepared by applying the
method described in Embodiment 1. Measurements of fluo-
rescence spectra obtained by alpha-ray irradiation and
gamma-ray irradiation were performed in the configurationin
which those measurement samples were located at the posi-
tion where the individual sample was to be set up in the
excitation light irradiation system of the fluorescence pho-
tometer.

[0190] As for the alpha-ray irradiation fluorescence spec-
trum so obtained for ZnS:Ag based fluorescent material
manufactured in the calcination process by adding Calcium
Sulfide by the weight fraction of 5% to the quantity of Zinc
Sulfide, and the gamma-ray irradiation fluorescence spec-
trum o obtained by irradiating gamma-rays, their normalized
fluorescence spectra were obtained by normalizing their
observed maximum values to 1 (one), and then, an alpha-ray
sensitive fluorescence spectrum was obtained by subtracting
the gamma-ray irradiation fluorescence spectrum from alpha-
ray irradiation fluorescence spectrum. FIG. 24 shows those
three types of fluorescence spectra so obtained.

[0191] It was proved that the alpha-ray detection factor
representing the fraction of the quantity of fluorescence in
alpha-ray sensitive spectrum to the quantity of fluorescencein
alpha-ray irradiation fluorescence spectrum was 0.71%. The
quantity of fluorescence (an integral value of the intensity of
fluorescence in a fluorescence spectrum) emitted from ZnS:
Ag based fluorescent material for detecting particle beams
was obtained by 90% of the quantity of fluorescence emitted
from the fluorescent material, Type 1109-041, manufactured
by Nichia Corporation.

Embodiment 4

[0192] In this embodiment, in the manufacturing method
described in Embodiment 3, a manufacturing method will be
described in which LiX, NaX, KX, RbX, CsX (in which X
represents Cl, Br and F) as Halide of Alkaline metal including
Sodium Chloride which has been conventionally used for
reducing the calcination temperature, MgX and CaX, SrX,
BaX and CeX (in which X represents Cl, Br and F) as Halide
of Alkaline earth metal are added by the weight fraction of 2%
to 8% to the quantity of Zinc Sulfide.

[0193] In manufacturing ZnS:Ag fluorescent materials,
Sodium Chloride and Barium Chloride (BaCl) have been
used conventionally as fluxes, in which “Cl” is added as
ZnS:Ag, Cl in case of labelling more precisely.

[0194] Inthis embodiment, easily available materials were
used as fluxes by selecting among candidate materials includ-
ing LiX, NaX, KX, RbX, CsX (in which X represents Cl, Br
and F) as Halide of Alkaline metal including Sodium Chlo-
ride which has been conventionally used for reducing the
calcination temperature, MgX and CaX, SrX, BaX and CeX
(in which X represents Cl, Br and F) as Halide of Alkaline
earth metal. In this selection, considering the melting point of
material to be an important factor, as the melting point of
Bromine is generally low and the melting point of Chloride is
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higher, and the melting point of Fluoride is the highest, as for
Chloride of Alkaline metal or Alkaline earth metal having a
higher melting point, Bromine of the same Alkaline metal or
Alkaline earth metal was selected.

[0195] As Lithium Chloride was the most easily available
material among candidate materials, Lithium Chloride was
used in Embodiments 1 to 3, and Embodiments 5 to 8.
[0196] What will be described below are embodiments in
case of using, as for Halide of Alkaline metal, Sodium Chlo-
ride (NaCl) and Rubidium Chloride (RbCl) as Chloride,
Lithium Bromide (LiBr), Potassium Bromide (KBr),
Rubidium Bromide (RbBr) and Cesium Bromide (CsBr) as
Bromide, and Lithium Fluoride (LiF) as Fluoride, each being
as a flux.

[0197] 50 g of Zinc Sulfide are used as a main raw material.
Silver as an activating material is used in the form of Silver
Nitrate and added by the weight fraction of 0.015% to the
quantity of Zinc Sulfide. Seven types of materials described
above are used as fluxes and added by the weight fraction of
6% to the quantity of Zinc Sulfide. Sulfur (S) or Sulfide is
used as an add-in material, and, as for the adding quantity, the
weight fractions to the quantity of Zinc Sulfide shown in
Table 2 are added. 20 cc of distilled water is added to and
mixed with the above materials, and then is dried.
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[0201] Cover Gas: CO, flowing at a flow rate of 2 liters
per minute

[0202] Calcination Period of Time: Period of time shown
in Table 2 used

[0203] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent materials for
detecting particle beams are finally obtained

[0204] Measurement samples were prepared for seven
types of ZnS:Ag fluorescent materials for detecting particle
beams so obtained by the calcination process by using seven
types of flux, Sodium Chloride and Rubidium Chloride,
Lithium Bromide (LiBr), Potassium Bromide (KBr),
Rubidium Bromide (RbBr), Cesium Bromide (CsBr), and
Lithium Fluoride (LiF), and then, measurements of fluores-
cence spectra obtained by alpha-ray irradiation were per-
formed in the configuration in which those measurement
samples were located at the position where the individual
sample was to be set up in the excitation light irradiation
system of the fluorescence photometer. Alpha-ray irradiation
fluorescence spectra for those seven types of ZnS:Ag fluores-
cent materials for detecting particle beams so obtained are
shown in FIG. 25 to FIG. 30 by normalizing the observed

TABLE 2
Calcination
Add-in Material Flux Conditions
Weight Weight Temper- Alpha-ray
Sample Fraction Fraction ature Time  Detection
Number Material to ZnS (%) Material to ZnS (%) (°CJ) (Hour) Rate
1 S 2 NaCl 6 920 3 0.73
2 S 2 RbCl 6 920 3 0.43
3 S 2 LiBr 6 820 2 0.63
4 S 2 KBr 6 920 3 0.45
5 S 2 RbBr 6 920 3 0.45
6 S 2 CsBr 3 920 3 0.39
7 S 2 LiF 6 940 3 0.49
8 S 2 CaCl, 6 920 3 0.43
9 S 2 CeCl, 3 920 3 0.71
10 S 2 SrCl, 3 920 3 0.7
11 N 2 MgBr, 6 920 3 0.69
12 S 2 BaBr, 3 920 3 0.67

[0198] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 30 mm¢, a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of 30 mm¢
and a length of 30 mm. A hole having a diameter of 1 mm[]
1s provided at the center of the lid in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.

[0199] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Electric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd which has a maximum operating
temperature at 1100° C., was used. The calcination process
was performed in the following conditions.

[0200] Calcination Temperature: Temperature shown in
Table 2 used

maximum values in the spectra to 1 (one) in order to compare
the shapes of alpha-ray irradiation fluorescent spectra.

[0205] As the result of analyzing alpha-ray fluorescence
spectra so obtained, alpha-ray detection factors representing
the fractions of the quantity of fluorescence in alpha-ray
sensitive fluorescence spectra to the quantity of fluorescence
in their corresponding gamma-ray sensitive fluorescence
spectra are shown in Table 2. As any value of alpha-ray
detection factors became equal to or larger than its target
value, 0.3, it was able to be confirmed that ZnS: Ag fluorescent
materials for detecting particle beams as the second fluores-
cent material can be manufactured with those types of fluxes.

[0206] What will be described below are embodiments in
case that, as for Magnesium and Halide of Alkaline metal,
Calcium Chloride (CaCl,), Cerium Chloride (CeCl;) and
Strontium Chloride (SrCl,) as Chloride, and Magnesium
Bromide (MgBr,) and Barium Bromide (MaBr,) as Bromide
are used for fluxes.

[0207] The same manufacturing steps as described above
were applied, in which the quantity of Sulfur as an add-in
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material and the calcination temperature as the manufactur-
ing conditions are shown in FIG. 2.

[0208] Measurement samples were prepared for seven
types of ZnS: Ag fluorescent materials for detecting particle
beams so obtained by the calcination process by using five
types of fluxes, Calcium Chloride, Cerium Chloride, Stron-
tium Chloride, Magnesium Bromide and Barium Bromide,
and then, measurements of fluorescence spectra obtained by
alpha-ray irradiation were performed in the configuration in
which those measurement samples were located at the posi-
tion where the individual sample was to be set up in the
excitation light irradiation system of the fluorescence pho-
tometer.

[0209] Alpha-ray irradiation fluorescence spectra for those
five types of ZnS: Ag fluorescent materials for detecting par-
ticle beams so obtained are shown in FIG. 32 to FIG. 36 by
normalizing the observed maximum values in the spectra to 1
(one) in order to compare the shapes of alpha-ray irradiation
fluorescent spectra. As the result of analyzing alpha-ray fluo-
rescence spectra so obtained, the fractions of the quantity of
fluorescence in alpha-ray sensitive fluorescence spectra to the
quantity of fluorescence in alpha-ray sensitive fluorescence
spectra are shown in Table 2. As the value of every fraction
became equal to or larger than its target value, 0.35, it was
able to be confirmed that ZnS:Ag fluorescent materials for
detecting particle beams as the second fluorescent material
can be manufactured with those types of fluxes.

[0210] As described above, as alpha-ray detection factor
representing the fraction of the quantity of alpha-ray sensitive
fluorescence spectrum to the quantity of alpha-ray irradiation
fluorescence spectrum can be controlled by using Alkaline
metal, Magnesium (Mg) and Alkaline earth metal as a flux,
and by adding Sulfur or Strontium Sulfide as Sulfide, it was
able to be confirmed that ZnS:Ag fluorescent materials as the
first fluorescent materials for detecting particle beams and
7Zn8S: Ag fluorescent materials as the second fluorescent mate-
rials for detecting particle beams, both with their alpha-ray
detecting factors being potentially 1 (one) can be manufac-
tured.

Embodiment 5

[0211] In this embodiment, what will be described is a
manufacturing method in case of manufacturing ZnS:Ag
fluorescent material for detecting particle beams as the sec-
ond fluorescent material by applying the manufacturing
methods described in Embodiment 3 and Embodiment 4,
which is characterized by that

[0212] calcination materials are prepared by mixing Zinc
Sulfide as a main raw material, Silver (Ag) as an activating
material, flux used for reducing the calcination temperature,
and Sulfur or Sulfide used as an add-in material;

[0213] a crucible composed of graphite, with its whole
periphery being closed and having a hole with a small diam-
eter at the center of the lid of the crucible in order to release a
part of sublimate substances generated from the calcination
materials inside the crucible during the calcination process is
used; and

[0214] after providing the calcination materials inside the
graphite crucible, a calcination process is applied at the tem-
perature between the temperature value higher than the melt-
ing point of flux and the temperature value of 1000° C. or
lower which is sufficiently lower than the sublimation tem-
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perature of ZnS, and for the calcination period of time from 2
hours to 3 hours while supplying gasses of low oxygen con-
centration as cover gas.

[0215] InEmbodiment 1 through Embodiment 4, what has
been already described is such an example that

[0216] a crucible composed of graphite, with its whole
periphery being closed and having a hole with a small diam-
eter at the center of the lid of the crucible in order to release a
part of sublimate substances generated from the calcination
materials inside the crucible during the calcination process is
used; and

[0217] after providing the calcination materials inside the
graphite crucible, a calcination process is applied at the tem-
perature between the temperature value higher than the melt-
ing point of flux and the temperature value of 1000° C. or
lower which is sufficiently lower than the sublimation tem-
perature of ZnS, and for the calcination period of time from 2
hours to 3 hours while supplying gasses of low oxygen con-
centration as cover gas.

[0218] Inthis embodiment, what will be described at first is
an influence to alpha-ray irradiation fluorescence spectra of
7ZnS:Ag fluorescent material given by changing the size of
hole provided at the center of the lid of the crucible composed
of graphite, with its whole periphery being closed, in order to
release a part of sublimate substances generated from the
calcination materials inside the crucible during the calcina-
tion process.

[0219] A small-sized hole provided in order to release apart
of sublimate substances generated from the calcination mate-
rials inside the graphite crucible is considered to serve as an
important role, in the reaction process between Zinc Sulfide
and sublimate substances originated from Zinc Sulfide, flux,
and Sulfur and Sulfide as add-in materials, specifically sub-
limate substances composed of Sulfur and Zinc remaining
inside the graphite crucible during the calcination process, by
keeping an optimum balance between their remaining
amount inside the crucible and their released amount from the
crucible.

[0220] 50 gof Zinc Sulfide are used as a main raw material.
In this example of the present invention, Zinc Sulfide having
amedian grain size of 8 um was used. Silver as an activating
material is used in the form of Silver Nitrate and added by the
weight fraction of 0.015% to the quantity of Zinc Sulfide.
Barium Bromine (BaBr,) is used as a flux and added by the
weight fraction of 6% to the quantity of Zinc Sulfide. Sulfur
is used as an add-in material, and added by the weight fraction
0f 2% to the quantity of Zinc Sulfide. 20 cc of distilled water
is added to and mixed with the above materials, and then is
dried.

[0221] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm[J] and a length of 50 mm, an inner
diameter of 30 mm[ ], a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. A hole is provided at the center of
the 1id in order to release a part of sublimate substances
generated from the calcination materials inside the crucible.
Three lids were prepared by providing each hole having a
diameter of 0.7 mm, 1 mm and 1.4 mm, respectively. Thus,
three types of graphite crucible were prepared by providing
dried calcination materials inside the crucibles and closing
the lids.

[0222] The graphite crucible is held into the electric fur-
nace and the calcination process is applied. As for the electric
furnace, EBlectric Furnace KDF-S70 type manufactured by
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DENKEN Co., Ltd was used. The calcination process was
performed in the following conditions.

[0223] Calcination Temperature: 920° C.

[0224] Cover Gas: CO, flowing at a flow rate of 2 liters per
minute

[0225] Calcination Period of Time: 2 hours

[0226] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams was finally obtained.

[0227] Measurement samples are prepared for three types
of ZnS:Ag fluorescent materials so obtained by the calcina-
tion process by using Barium Bromide as a flux by the weight
fraction of 6% and Sulfur as an add-in material by the weight
fraction of 2%, and then measurements of fluorescence spec-
tra obtained by alpha-ray irradiation and gamma-ray irradia-
tion were performed in the configuration in which those mea-
surement samples are located at the position where the
individual sample is to be set up in the excitation light irra-
diation system of the fluorescence photometer. Alpha-ray
irradiation fluorescence spectra for those three types of ZnS:
Ag fluorescent materials so obtained are shown in FIG. 37 by
normalizing the observed maximum values in the spectra to 1
(one) in order to compare the shapes of alpha-ray irradiation
fluorescent spectra. It is proved that the quantity of fluores-
cence of the component of alpha-ray sensitive fluorescence
spectrum corresponding to the wavelength range at 420 nm or
shorter in alpha-ray irradiation fluorescence spectrum
increases as the size of hole provided at the lid of the graphite
crucible increases.

[0228] From this experimental result, it was able to be
confirmed that the quantity of fluorescence in a part of alpha-
ray sensitive fluorescence spectrum of ZnS:Ag fluorescent
materials was able to be controlled by using a crucible com-
posed of graphite, with its whole periphery being closed and
having a hole with a small diameter at the center of the lid of
the crucible in order to release a part of sublimate substances
generated from the calcination materials inside the crucible
during the calcination process. Alpha-ray detection factor
was obtained by analyzing alpha-ray fluorescence spectra so
obtained. According to the analytical result, as the alpha-ray
detection factor became 0.56 and reached a value higher than
the target value 0.35 if a graphite crucible with a lid having a
hole having a diameter of 1.4 mm was used, it was able to be
confirmed that ZnS:Ag fluorescent materials for detecting
particle beams as the second fluorescent material can be
manufactured.

[0229] According to the above results, it was able to be
confirmed that intended ZnS:Ag fluorescent materials for
detecting particle beams was able to be manufactured by the
calcination process by means of providing a hole at the center
of the 1id of the graphite crucible in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible, and controlling the quantity of subli-
mate substances by selecting the type of add-in materials and
their quantities as parameters.

[0230] As for another embodiment of manufacturing
method, an influence to ZnS:Ag fluorescent materials for
detecting particle beams due to the quantity of Lithium Chlo-
ride as an add-in material for flux was studied. The above
described manufacturing method was used. Silver as an acti-
vating material was used in the form of Silver Nitrate and
added by the weight fraction 0f 0.015% to the quantity of Zinc
Sulfide. Sulfur as an add-in material was added by the weight
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fraction of 2% to the quantity of Zinc Sulfide, and Lithium
Chloride as a flux was added by 2%, 4%, 6% and 8%, respec-
tively, and thus four types of calcination materials were pre-
pared. The calcination temperature was set to be 820° C., and
the calcination process was applied for two hours.

[0231] FIG. 38 shows alpha-ray irradiation spectra for four
types of ZnS:Ag fluorescent materials for detecting particle
beams with Lithium Chloride added by 2%, 4%, 6% and 8%,
respectively. Though a part of alpha-ray sensitive fluores-
cence spectrum decreased significantly in case of adding the
least quantity of Lithium Chloride, 2%, it was able to be
confirmed that identical effects was able to be obtained for the
other cases. Thus, it was able to be confirmed that the quantity
of Lithium Chloride added as a flux was preferably from 4%
to 8%.

[0232] As for yet another embodiment of manufacturing
method, an influence to ZnS:Ag fluorescent materials for
detecting particle beams finished after applying the calcina-
tion process due to the quantity of Silver Nitrate as an acti-
vating material was studied. The above described manufac-
turing method was used, Sulfur as an add-in material was
added by the weight fraction of 2% to the quantity of Zinc
Sulfide, Lithium Chloride as a flux was added by the weight
fraction of 6% to the quantity of Zinc Sulfide, and Silver as an
activating material was used in the form of Silver Nitrate and
added by the weight fractions of 0.005%, 0.008%, 0.012%,
0.025% and 0.045%, respectively, to the quantity of Zinc
Sulfide, and five types of calcination materials are prepared.
The calcination temperature was set to be 720° C., and the
calcination process was applied for two hours.

[0233] FIG. 39 shows alpha-ray irradiation spectra for five
types of ZnS:Ag fluorescent materials for detecting particle
beams with Silver as an activating material added in the form
of Silver Nitrate by the weight fractions of 0.005%, 0.008%,
0.012%, 0.025% and 0.045%, respectively, to the quantity of
Zinc Sulfide. Though a part of alpha-ray sensitive fluores-
cence spectrum decreased significantly in case of adding the
least quantity of Silver, 0.005%, it was able to be confirmed
that identical effects was able to be obtained for the other
cases. In addition, in case of adding the maximum quantity of
Silver, 0.045%, 7ZnS:Ag fluorescent material obtained after
applying the calcination process exhibited coloring. Thus, it
was able to be confirmed that the quantity of Silver Nitrate
added as an activating material was preferably from 0.008%
0 0.025%.

[0234] In the above described embodiments of the present
invention, though Carbon Dioxide gas (CO,) were used as
cover gas of low oxygen concentration to be supplied into the
electric furnace in the calcination process for ZnS:Ag fluo-
rescent materials, what was performed for this embodiment is
an experiment for confirming that ZnS:Ag fluorescent mate-
rials can be manufactured by the calcination process in case of
supplying Nitrogen gas (N,) as another cover gas.

[0235] Lithium Chloride (LiCl) was used as a flux and
added by the weight fraction of 6% to the quantity of Zinc
Sulfide, and Sulfur is used as an add-in material and added by
the weight fraction of 2% to the quantity of Zinc Sulfide. The
calcination temperature is 920° C. in either case, and other
conditions are the same as those in the above described
embodiments.

[0236] Alpha-ray irradiation fluorescence spectra for two
types of ZnS:Ag fluorescent materials for detecting particle
beams so obtained in the calcination process by supplying
Carbon Dioxide gas and Nitrogen gas, respectively, as cover
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gas are shown in FIG. 40 by normalizing the observed maxi-
mum values in the spectra to 1 (one) in order to compare the
shapes of alpha-ray irradiation fluorescent spectra. It can be
confirmed that for a part of alpha-ray sensitive fluorescence
spectrum in the fluorescence spectrum for both types of ZnS:
Ag fluorescent materials decreases substantially though the
quantity of fluorescence in alpha-ray sensitive fluorescence
spectrum corresponding to the case of using Nitrogen gas is
relatively large, and hence that the alpha-ray detection factor
1s equal to or more than 0.35. From this experimental result,
it was able to be confirmed that ZnS: Ag fluorescent materials
for detecting particle was able to be manufactured by using
either Carbon Dioxide gas or Nitrogen gas as cover gas.
[0237] As the last part of this embodiment, experiments
were performed for studying an influence of the difference in
the calcination time over the alpha-ray sensitivity fluores-
cence spectrum ZnS:Ag fluorescent materials for detecting
particle beams so obtained in the calcination process with the
calcination times of 2 hours and 3 hours and two types of
fluxes. Strontium Bromide (SrBr,) and Magnesium Bromide
(MgBr,) were used as fluxes and added by the weight fraction
of 6% to the quantity of Zinc Sulfide, and Sulfur was used as
an add-in material and added by the weight fraction of 2% to
the quantity of Zine Sulfide. The calcination temperature was
920° C. in either case.

[0238] Alpha-ray irradiation fluorescence spectra for those
two types of ZnS: Ag fluorescent materials for detecting par-
ticle beams so obtained in the calcination process for two
hours and three hours, respectively, and by using Strontium
Bromide and Magnesium Bromide as fluxes are shown in
FIG. 41 and FIG. 42 by normalizing the observed maximum
values in the spectra to 1 (one) in order to compare the shapes
of alpha-ray irradiation fluorescent spectra. For both types of
fluxes, it was able to be confirmed that the quantities of
fluorescence in alpha-ray sensitive fluorescence spectrum
included in alpha-ray irradiation fluorescence spectrum
increased by extending the calcination time from two hours to
three hours. From this experimental result. it was able to be
confirmed that the alpha-ray detection factor of ZnS: Ag fluo-
rescent material for detecting particle beams was able to be
controlled by changing the calcination time.

[0239] In conclusion, it was able to be confirmed that
intended ZnS:Ag fluorescent materials for detecting particle
beams as the first or second fluorescent material was able to
be manufactured in the calcination process under such con-
ditions that, Zinc Sulfide were used as a main raw material,
and Silver Nitrate was added as Silver used as an activating
material by the weight fraction 0.008% through 0.025% to the
quantity of Zinc Sulfide, and a flux was added by the weight
fraction from 2% through 8% to Zinc Sulfide (ZnS) as a main
raw material, and Sulfur or Strontium Sulfide was added as an
add-in material selectively to the intended ZnS:Ag fluores-
cent materials for detecting particle beams as the first or
second fluorescent material, and Carbon Dioxide gas or
Nitrogen gas were used as cover gas, and the calcination
temperature was set to 1000° C. by considering the melting
point of flux, and the calcination time was set to be from 2
hours to 3 hours.

Embodiment 6

[0240] In this embodiment, what will be described is a
manufacturing method for manufacturing ZnS:Ag fluores-
cent materials for detecting particle beams as the first fluo-
rescent material having a different decay time by applying the
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manufacturing methods described in Embodiment 3,
Embodiment 4 and Embodiment 5, by changing the quantity
of Sulfur and Strontium Sulfide as Sulfide added as add-in
materials together with Zinc Sulfide used as a main raw
material, Silver as an activating material and flux used for
reducing the calcination temperature.

[0241] What will be described at first is a case of using
Sulfide as an add-in material. 50 g of Zinc Sulfide are used as
amain raw material. Silver as an activating material is used in
the form of Silver Nitrate and added by the weight fraction of
0.015% to the quantity of Zinc Sulfide. Lithium Chloride is
used as a flux and added by the weight fraction of 6% to the
quantity of Zinc Sulfide. Sulfur is used as an add-in material,
and added by the weight fraction of 2%, 2.5%, 3%, 4%, 5%
and 8% to the quantity of Zinc Sulfide. 20 cc of distilled water
1s added to and mixed with the above materials, and then is
dried.

[0242] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 30 mm¢, a bottom thickness of 10 mm and a Iid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of30 mm¢
and a length of 30 mm. A hole having a diameter of 1 mmg is
provided at the center of the 1id in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0243] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Flectric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd was used. The calcination pro-
cess was performed in the following conditions.

[0244] Calcination Temperature: 820 ¢

[0245] Cover Gas: CO, flowing at a flow rate of 2 liters per
minute

[0246] Calcination Period of Time: 2 hours

[0247] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams is finally obtained. The color of the
obtained ZnS:Ag based fluorescent materials for detecting
particle beams exhibits light yellowish-brown rather than
white.

[0248] The samples were prepared for five types of ZnS:Ag
based fluorescent materials for detecting particle beams
manufactured in the calcination process by changing the
quantity of Sulfur used as an add-in material. Measurements
of fluorescence spectra in response to alpha-ray irradiation
and gamma-ray irradiation were performed in the configura-
tion in which those measurement samples were located at the
position where the individual sample was to be set up in the
excitation light irradiation system of the fluorescence pho-
tometer.

[0249] FIG. 43 shows alpha-ray irradiation spectra for five
types of ZnS:Ag fluorescent materials for detecting particle
beams. Itis proved that the quantity of fluorescence decreases
as the quantity of Sulfur as an add-in material increases.
[0250] Alpha-ray irradiation fluorescence spectra are
shown in FIG. 44 by normalizing the observed maximum
values in the spectra to 1 (one) in order to facilitate the
comparison of changes in the shapes of alpha-ray irradiation
fluorescent spectra. Alpha-ray sensitive fluorescence spec-
trum with respect to the case of adding Strontium Sulfide as
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Sulfide by the weight fraction of 0.6% as add-in material is
added in FIG. 43 for comparison.

[0251] As for changes in fluorescence spectra due to the
added quantity of Sulfur as an add-in material, it was proved
that the intensity of the fluorescence spectrum increased
slightly at the longer wavelength range globally for the
weight fraction of Sulfur being added by 2% and that the
spectral intensity ofthe fluorescence spectrum did not change
for the weight fraction of Sulfur being added by 2.5% or
larger. Thus, note that the quantity of Sulfur corresponding to
the final measurement for the fluorescence spectrum in case
of adding Sulfur was the weight fraction of 8%. It was able to
be confirmed that, in the shape of fluorescence spectra, the
intensity of the fluorescence spectrum increased slightly at
the longer wavelength range globally in contrast to the fluo-
rescence spectrum, added in the line graph shown in FIG. 44,
for comparison in case of adding Strontium Sulfide by the
weight fraction of 0.6%.

[0252] As for the fluorescence spectrum of the fluorescent
material with Sulfur being added by the weight fraction of
2.5%, as a global increase in its spectral intensity was rela-
tively larger in comparison with other weight fractions, this
might be considered to be contributed by the spectral com-
ponent of the second fluorescent material, and thus, an ana-
lytical study was performed for separating alpha-ray irradia-
tion fluorescence spectrum into the components of gamma-
ray irradiation fluorescence spectrum and the component of
alpha-ray sensitive spectrum. The analytical result is shown
in FIG. 45. It was proved that the alpha-ray detection factor
representing the fraction of alpha-ray sensitive spectrum to
alpha-ray irradiation fluorescence spectrum, was 0.84, and
that the fluorescent material with Sulfur being added by the
weight fraction of 2.5% was substantially formed as ZnS: Ag
based fluorescent material for detecting particle beams hav-
ing a fluorescence spectrum provided by the second fluores-
cent material.

[0253]  As for the confirmation whether ZnS: Ag based fluo-
rescent material for detecting particle as the first fluorescent
material can be formed finally, it can be confirmed by judging
whether the peak wavelength of the fluorescence spectrum
obtained by gamma-ray irradiation is close to 450 nm which
1s the peak wavelength of the fluorescence spectrum obtained
by gamma-ray irradiation to the conventional P11 fluorescent
material, or is close to 400 nm which is originated from the
gamma-ray sensitivity at a part of fluorescence spectrum cor-
responding to the alpha-ray sensitive fluorescence spectrum
according to the present invention.

[0254] Gamma-ray irradiation experiments are performed
for the quantity of Sulfur added by the weight fractions of
2.5% and 5%. FI1G. 46 shows gamma-ray irradiation fluores-
cence spectra so obtained.

[0255] From the experimental result, it is proved that the
quantity of fluorescence for the quantity of Sulfur added by
the weight fraction of 2.5% and 5% is significantly as low as
5% and 2.5%, respectively in comparison with the result of
gamma-ray irradiation to P11, and that the peak wavelength
ofthe fluorescence spectrum is about 410 nm. It was able to be
consequently confirmed that ZnS: Ag fluorescent material for
detecting particle as the first fluorescent material was
obtained in case of adding Sulfur by the weight fraction of
2.5% or larger.

[0256] What will be described next is a case of using Stron-
tium Sulfide as an add-in material. 50 g of Zinc Sulfide are
used as a main raw material. Silver as an activating material is
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used in the form of Silver Nitrate and added by the weight
fraction of 0.015% to the quantity of Zinc Sulfide. Lithium
Chloride is used as a flux and added by the weight fraction of
6% to the quantity of Zinc Sulfide. Sulfur is used as an add-in
material, and added by the weight fraction of 2%, 2.5%, 3%,
4%, 5% and 8% to the quantity of Zinc Sulfide. 20 cc of
distilled water is added to and mixed with the above materials,
and then is dried.

[0257] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60mm[] and a length of 50 mm, an inner
diameter of 30 mm[], a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of 30
mm[] and a length of 30 mm. A hole having a diameter of 1
mm[] is provided at the center of the lid in order to release a
part of sublimate substances generated from the calcination
materials inside the crucible. Dried calcination materials are
introduced inside the graphite crucible, and the 1id is closed.
[0258] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Electric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd was used. The calcination pro-
cess was performed in the following conditions.

[0259] Calcination Temperature: 820° C.

[0260] Cover Gas: CO, flowing at a flow rate of 2 liters per
minute

[0261] Calcination Period of Time: 2 hours

[0262] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams is finally obtained. The color of the
obtained ZnS:Ag based fluorescent materials for detecting
particle beams exhibits light yellowish-brown rather than
white.

[0263] The samples were prepared for six types of ZnS:Ag
based fluorescent materials for detecting particle beams
manufactured in the calcination process by changing the
quantity of Strontium Sulfide used as an add-in material.
Measurements of fluorescence spectra in response to alpha-
ray irradiation and gamma-ray irradiation were performed in
the configuration in which those measurement samples are
located at the position where the individual sample was to be
set up in the excitation light irradiation system of the fluores-
cence photometer. FIG. 47 shows alpha-ray irradiation spec-
tra for six types of ZnS: Ag fluorescent materials for detecting
particle beams. It is proved that the quantity of fluorescence
decreases as the quantity of Strontium Sulfide as an add-in
material increases.

[0264] Alpha-ray irradiation fluorescence spectra are
shown in FIG. 48 by normalizing the observed maximum
values in the spectra to 1 (one) in order to facilitate the
comparison of changes in the shapes of alpha-ray irradiation
fluorescent spectra.

[0265] As for changes in fluorescence spectra due to the
added quantity of Strontium Sulfide as an add-in material, it
was proved that the spectral intensity of the fluorescence
spectrum increased slightly at the longer wavelength range
globally for the weight fraction of Strontium Sulfide being
added by 0.25%, but that as the spectral intensity of the
fluorescence spectrum did not change for the weight fraction
of Strontium Sulfide by 0.4% or larger. For the quantity of
Strontium Sulfide by the weight fraction of 4% or larger,
another component of the fluorescence spectrum having a
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peak wavelength of 360 nm is observed through more detail
study of the fluorescence spectrum, and thus it was confirmed
that a new mechanism for generating fluorescence was
formed by adding the quantity of Strontium Sulfide being
added in the same way as the case of adding Sulfur as
described above. As found practically in FIG. 47, it is sub-
stantially difficult to detect particle beams by using the fluo-
rescent material with Strontium Sulfide being added by 4% or
more in which the quantity of fluorescence becomes signifi-
cantly small. Thus, an effective fluorescence spectrum to be
usable for detecting particle beams in case of adding Stron-
tium Sulfide is practically limited to one obtained in case of
adding Strontium Sulfide up to 1%.

[0266] The fact that ZnS:Ag based fluorescent material for
detecting particle beams as the first fluorescent material is
obtained substantially was confirmed by the same method as
the method described above in case of using Sulfur as an
add-in material. Gamma-ray irradiation experiments are per-
formed for the quantity of Strontium Sulfide added by the
weight fraction of 0.25%. FIG. 49 shows a gamma-ray irra-
diation fluorescence spectrum so obtained.

[0267] From the experimental result, it was proved that the
quantity of fluorescence for the quantity of Strontium Sulfide
added by the weight fraction of 0.25% was significantly as
low as 10% in comparison with the result of gamma-ray
irradiation to P11 fluorescent material, and that the peak
wavelength of the fluorescence spectrum was about 410 nm.
It was able to be consequently confirmed that ZnS:Ag fluo-
rescent material for detecting particle beams was obtained as
the first fluorescent material in case of adding Strontium
Sulfide by the weight fraction of 0.25% or larger.

[0268] As it was proved that ZnS:Ag fluorescent material
for detecting particle beams with Strontium Sulfide being
added by the weight fraction of 0.25% belongs to the first
fluorescent material, its fluorescence spectrum is now com-
pared with the fluorescence spectrum of the fluorescent mate-
rial with Sulfur being added by the weight fraction of 8%
which has the similar spectral shape. Comparison result is
shown in FIG. 50. Those spectral shapes are identical to each
other.

[0269] As animportant conclusion of the present invention
derived from the above described results, it was able to be
confirmed that the fluorescence spectrum ultimately obtained
by adding Sulfur as an add-in material is not a fully effective
fluorescence spectrum, but in case of adding Strontium Sul-
fide, ZnS:Ag fluorescent material for detecting particle
beams providing the similar fluorescence spectrum was able
to be manufactured by adding Strontium by the weight frac-
tion 0f 0.25%. Though the shape of fluorescence spectrum of
7nS: Ag fluorescent material for detecting particle beams as
the first fluorescent material was categorized as Sulfur-type or
Sulfide-type defined on a hypothetical basis in Embodiment
1, it was able to be confirmed that Sulfur-type merely corre-
sponds to the fluorescent material of Sulfide-type with a less
quantity of add-in material, and thus Sulfur-type is an inter-
mediate state to an ultimate state for providing an effective
fluorescence spectrum.

[0270] Then, fluorescence lifetime characteristic with
respect to alpha rays was measured by measuring pulse sig-
nals obtained by irradiating alpha rays to ZnS:Ag based fluo-
rescent material for detecting particle beams in this embodi-
ment by using an oscilloscope. The evaluation method
described in Embodiment 1 was used.
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[0271] FIG. 51 shows a line diagram obtained by plotting
the photon number (the number of photons emitted in 1 [Jm)
and the short decay time (time corresponding to the quantity
of fluorescence emitted in 1 (Jm) obtained by averaging a set
0f 2000 measured signals in relative to the quantity of Stron-
tium Sulfide being added as parameter. It is proved that the
decay time and the short decay time decrease as the quantity
of quantity of Strontium Sulfide being added increases. FIG.
51 shows the correlation between the photon number and the
short decay time. It is proved that there is a proportional
relationship the photon number and the short decay time.
Note that, as for plotting the line diagrams in FIG. 51 and FIG.
52, measurement results for fluorescent materials with Stron-
tium Sulfide being added by the weight fractions 0.1%, 0.5%,
0.75% and 6% to Zinc Sulfide were additionally plotted.
[0272] From this experimental result, it was able to be
confirmed that ZnS:Ag fluorescent material for detecting par-
ticle beams as the first fluorescent material having a shorter
decay time while having a smaller photon number was able to
be manufactured by increasing the quantity of Strontium
Sulfide being added in case that such fluorescent material as
having a shorter decay time was required for the measurement
with high detection efficiency.

[0273]  As for the case of using Sulfur as an add-in material,
comparing alpha-ray irradiation fluorescence spectra shown
in FIG. 43 and FIG. 47, it is proved that the quantity of
fluorescence decreases as the quantity of Sulfur being added
increases in the same way as using Strontium Sulfide, and
thus it can be confirmed that ZnS:Ag fluorescent materials for
detecting particle beams as the first fluorescent material hav-
ing a shorter decay time while having a smaller photon num-
ber can be manufactured similarly by increasing the quantity
of Sulfur being added.

Embodiment 7

[0274] In this embodiment, what will be described is a
manufacturing method for manufacturing ZnS:Ag fluores-
cent materials for detecting particle beams as the second
fluorescent material in Embodiment 3, Embodiment 4 and
Embodiment 5, characterized by that the alpha-ray detection
factor, representing the fraction of alpha-ray sensitive fluo-
rescence spectrum to gamma-ray sensitive fluorescence spec-
trum, is set as the target value in manufacturing to be equal to
or more than 0.35, and less than 1 by changing the quantity of
Sulfur and Strontium Sulfide as Sulfide added as add-in mate-
rials together with Zinc Sulfide used as a main raw material,
Silver as an activating material, and a flux.

[0275] What will be described at first is a case of using
Sulfur as an add-in material. 50 g of Zinc Sulfide are used as
amain raw material. Silver as an activating material is used in
the form of Silver Nitrate and added by the weight fraction of
0.015% to the quantity of Zinc Sulfide. Lithium Chloride is
used as a flux and added by the weight fraction of 6% to the
quantity of Zinc Sulfide. Sulfur is used as an add-in material,
and added by the weight fraction of 0.05%, 0.1%, 0.15%,
0.175% and 0.2% to the quantity of Zinc Sulfide. 20 cc of
distilled water is added to and mixed with the above materials,
and then is dried.

[0276] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 30 mm¢, a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of30 mm¢
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and a length of 30 mm. A hole having a diameter of 1 mmg¢ is
provided at the center of the 1id in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0277] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Electric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd was used. The calcination pro-
cess was performed in the following conditions.

[0278] Calcination Temperature: 820° C.

[0279] Cover Gas: CO, flowing at a flow rate of 2 liters per
minute

[0280] Calcination Period of Time: 2 hours

[0281] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS: Ag based fluorescent material for
detecting particle beams is finally obtained. The color of the
obtained 7ZnS:Ag based fluorescent materials for detecting
particle beams exhibits light yellowish-brown rather than
white.

[0282] Thesamplesare prepared for seven types of ZnS: Ag
based fluorescent materials for detecting particle beams
manufactured in the calcination process by changing the
quantity of Sulfur used as an add-in material together with
Lithium Chloride as a flux, and then measurements of fluo-
rescence spectra in response to alpha-ray irradiation and
gamma-ray irradiation are performed in the configuration in
which those measurement samples are located at the position
where the individual sample is to be set up in the excitation
light irradiation system of the fluorescence photometer.
Alpha-ray irradiation fluorescence spectra for six types of
7ZnS:Ag based fluorescent materials for detecting particle
beams are shown in FIG. 53 by normalizing the observed
maximum values in the spectra to 1 (one) in order to facilitate
the comparison of changes in the shapes of alpha-ray irradia-
tion fluorescent spectra.

[0283] FIG. 54 shows the alpha-ray detection factor
obtained by analyzing alpha-ray irradiation spectra so
obtained in relative to the quantity of Sulfur added as param-
eter. As all values for the alpha-ray detection factor become
equal to or larger than its target value, 0.35, it was able to be
confirmed that ZnS:Ag fluorescent materials for detecting
particle beams as the second fluorescent material can be
manufactured by changing the quantity of Sulfur being
added.

[0284] What will be described next is a case of using Stron-
tium Sulfide as an add-in material. 50 g of Zinc Sulfide are
used as a main raw material. Silver as an activating material is
used in the form of Silver Nitrate and added by the weight
fraction of 0.015% to the quantity of Zinc Sulfide. Lithium
Chloride is used as a flux and added by the weight fraction of
6% to the quantity of Zinc Sulfide. Strontium Sulfide is used
as an add-in material, and added by the weight fraction of
0.05%, 0.1%, 0.15%, 0.175% and 0.2% to the quantity of
Zinc Sulfide. 20 cc of distilled water is added to and mixed
with the above materials, and then is dried.

[0285] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 30 mm¢, a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of 30 mm¢
and a length of 30 mm. A hole having a diameter of 1 mm¢ is
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provided at the center of the 1id in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0286] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Electric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd was used. The calcination pro-
cess was performed in the following conditions.

[0287] Calcination Temperature: 820° C.

[0288] Cover Gas: CO, flowing at a flow rate of 2 liters per
minute

[0289] Calcination Period of Time: 2 hours

[0290] After sintered materials obtained after the calcina-

tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams is finally obtained. The color of the
obtained ZnS:Ag based fluorescent materials for detecting
particle beams exhibits light yellowish-brown rather than
white.

[0291] The samples were prepared for six types of ZnS:Ag
based fluorescent materials for detecting particle beams
manufactured in the calcination process by changing the
quantity of Strontium Sulfide used as an add-in material
together with Lithium Chloride as a flux, and then measure-
ments of fluorescence spectra in response to alpha-ray irra-
diation and gamma-ray irradiation were performed in the
configuration in which those measurement samples are
located at the position where the individual sample was to be
set up in the excitation light irradiation system of the fluores-
cence photometer. Alpha-ray irradiation fluorescence spectra
for six types of ZnS:Ag based fluorescent materials for
detecting particle beams are shown in FIG. 55 by normalizing
the observed maximum values in the spectra to 1 (one) in
order to facilitate the comparison of changes in the shapes of
alpha-ray irradiation fluorescent spectra.

[0292] FIG. 56 shows the alpha-ray detection factor
obtained by analyzing alpha-ray irradiation spectra so
obtained in relative to the quantity of Strontium Sulfide being
added as parameter. As the values for the alpha-ray detection
factor become equal to or larger than its target value, 0.35, it
was able to be confirmed that ZnS: Ag fluorescent materials
for detecting particle beams as the second fluorescent mate-
rial can be manufactured by changing the quantity of Stron-
tium Sulfide being added.

[0293] Then, fluorescence lifetime characteristic with
respect to alpha rays was measured by measuring pulse sig-
nals obtained by irradiating alpha rays to ZnS:Ag based fluo-
rescent material for detecting particle beams in this embodi-
ment by using an oscilloscope. The evaluation method
described in Embodiment 1 was used.

[0294] FIG. 57 shows the decay time (time corresponding
to the quantity of fluorescence emitted in 1 pm) obtained by
averaging a set of 2000 measured signals in relative to the
quantity of Strontium Sulfide being added as parameter. It is
proved that the decay time decreases as the quantity of quan-
tity of Strontium Sulfide being added increases.

[0295] From the above described measurement results, it
was confirmed that ZnS:Ag fluorescent materials for detect-
ing particle beams as the second fluorescent material can be
manufactured by changing the quantity of quantity of Sulfur
and Strontium Sulfide as Sulfide, those being added.
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Embodiment 8

[0296] In this embodiment, what will be described is a
manufacturing method for manufacturing ZnS:Ag fluores-
cent materials for detecting particle beams as the second
fluorescent material in Embodiment 3, Embodiment 4 and
Embodiment 5, characterized by that the alpha-ray detection
factor, representing the fraction of alpha-ray sensitive fluo-
rescence spectrum to alpha-ray irradiation fluorescence spec-
trum, as the target value in manufacturing is set to be equal to
or more than 0.35 and less than 1 (one) by changing the
calcination temperature to be set before the calcination pro-
cess in which Zinc Sulfide used as a main raw material, Silver
as an activating material, and flux are mixed together with
Sulfur added as an add-in material.

[0297] 50 g of Zinc Sulfide are used as a main raw material.
Silver as an activating material is used in the form of Silver
Nitrate and added by the weight fraction of 0.015% to the
quantity of Zinc Sulfide. Lithium Chloride having the melting
point at 8000¢ is used as a flux and added by the weight
fraction of 6% to the quantity of Zinc Sulfide. Sulfur is used
as an add-in material, and added by the weight fraction of 2%
1o the quantity of Zinc Sulfide. 20 cc of distilled water is
added to and mixed with the above materials, and then is
dried.

[0298] As for the crucible composed of graphite with its
whole periphery being closed, a graphite crucible having an
outer diameter of 60 mm¢ and a length of 50 mm, an inner
diameter of 30 mm[], a bottom thickness of 10 mm and a lid
thickness of 10 mm is used. The net volume for accommo-
dating the materials is designed to have a diameter of 30 mm¢
and a length of 30 mm. A hole having a diameter of 1 mmg is
provided at the center of the 1id in order to release a part of
sublimate substances generated from the calcination materi-
als inside the crucible. Dried calcination materials are intro-
duced inside the graphite crucible, and the 1id is closed.
[0299] Next, the graphite crucible is held into the electric
furnace and the calcination process is applied. As for the
electric furnace, Electric Furnace KDF-S70 type manufac-
tured by DENKEN Co., Ltd was used. The calcination pro-
cess was performed in the following conditions.

[0300] Calcination Temperature: four types of calcination
temperatures 780° C., 800° C., 850° C. and 920° C. used for
the calcination process

[0301] CoverGas: CO, and N, gasses flowing at a flow rate
of 2 liters per minute

[0302] Calcination Period of Time: 2 hours

[0303] After sintered materials obtained after the calcina-
tion process were ground to powder, and further after rinsing
the powder by water, ZnS:Ag based fluorescent material for
detecting particle beams is finally obtained.

[0304] Samples were prepared for four types of ZnS:Ag
based fluorescent materials for detecting particle beams
manufactured in the calcination process by using Sulfur as an
add-in material with the weight fraction of 2% and by chang-
ing the calcination temperatures 780° C., 800° C., 850° C. and
920° C., and then, measurements of fluorescence spectra in
response to alpha-ray irradiation were performed in the con-
figuration in which those measurement samples were located
at the position where the individual sample was to be set up in
the excitation light irradiation system of the fluorescence
photometer. FIG. 58 shows changes in the shapes of alpha-ray
irradiation fluorescent spectra for four types of ZnS:Ag based
fluorescent materials so obtained.
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[0305] The alpha-ray detection factors obtained by analyz-
ing four types of alpha-ray irradiation spectra so obtained
were 0.39,0.45,0.65 and 0.78. As the result, it was confirmed
that ZnS:Ag fluorescent materials for detecting particle
beams as the second fluorescent material and having an
intended alpha-ray detection factor can be manufactured by
changing the calcination temperature if the calcination pro-
cess is applied with the calcination temperature increased by
750° C. or higher.

Embodiment 9

[0306] ZnS:Ag fluorescent materials for detecting particle
bearms as the first and second fluorescent materials described
in Embodiment 1 thorough Embodiment 8 were manufac-
tured in the calcination processes under various manufactur-
ing conditions with different calcination temperatures and
different calcination times in which Sulfur or Sulfide was
used as an add-in material to Zinc Sulfide, and Halide of
Alkaline metals or Halide of Alkaline earth materials were
used as fluxes.

[0307] Based on the analytical results of ZnS:Ag fluores-
cent materials for detecting particle beams as the first and
second fluorescent materials described in Embodiment 1
thorough Embodiment 8 manufactured in the calcination pro-
cesses under various manufacturing conditions, the correla-
tion between the decay time as an important parameter rep-
resenting physical states of ZnS:Ag fluorescent materials for
detecting particle beams and the quantity of fluorescence,
decreasing as the quantity of Sulfur or Strontium Sulfide as
add-in material increases, was studied by changing the quan-
tity of Sulfur or Strontium Sulfide added as an add-in material
in terms of add-in materials (Sulfur, Sulfide), flux (Alkaline
metal, Alkaline earth metal) and flux (Chloride, Bromine) as
parameters. Table 3 shows combinations of the types of add-
in materials and the types of fluxes used in ZnS:Ag fluores-
cent materials for detecting particle beams, and the short
decay times and the quantities of fluorescence, those actually
used in the study.

TABLE 3
Weight Fraction of
Sample Add-in  Add-in Material Short Decay  Photon
Number Material (%)_ Flux Time (us)  Number
1 S 1.2 NaBr 0.187 25050
2 S 2 CeCly 0.175 26887
3 S 2 BaBr, 0222 37903
4 S 2 RbBr, 0215 22947
5 S 2 CaCl, 0.209 40120
6 S 3 LiCl 0.227 33218
7 S 4 LiCl 0.175 25703
8 N 5 LiCl 0.181 23911
9 S 8 LiCl 0.146 8783
10 SiS 0.6 LiCl 0.124 8216
11 SiS 0.8 BaBr, 0.131 9648
12 SiS 1 SrBr, 0212 26469
13 Sis 2 NaCl 0.200 33147
14 SrS 2 MgBr, 0216 39628
15 CaS 5 LiCl 0.209 42179
16 Li,S 0.25 LiCl 0.183 13082
17 SrS+S 0.5(S18), 2(S) LiCl 0.168 29022
18 SrS+8 1(5r8), 2(S) LiCl 0213 45675

[0308] FIG. 59 shows the correlation between the photon
number corresponding to the quantity of Sulfur or Sulfide
being added and the decay time, obtained separately for Sul-
fur-type and Sulfide-type as add-in materials. FIG. 60 shows
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the correlation between the photon number corresponding to
the quantity of Sulfur or Sulfide being added as an add-in
material and the decay time, obtained separately for Alkaline
metal and Alkaline earth metal used as fluxes. FIG. 61 shows
the correlation between the photon number corresponding to
the quantity of Sulfur or Sulfide being added as an add-in
material and the decay time, obtained separately for Chloride
and Bromide used as fluxes.

[0309] According to three correlation diagrams so
obtained, it was confirmed that there is no significant differ-
ence in the correlation even if using different types of add-in
materials or different types of fluxes, and that a correlation
can be obtained so that the decay time may increase in pro-
portion to an increase in the photon number.

[0310] From the above described results, it is concluded
that the decay time as an important parameter representing
the physical states of ZnS: Ag fluorescent materials for detect-
ing particle beams depends only on the quantity of Sulfur
directly added into Zinc Sulfide as an add-in material or the
quantity of Sulfur added as Sulfide as an add-in material, and
that there is no dependency or a little dependency, if any, on
the difference in the types of add-in material, Sulfur or Sul-
fide, the difference in the types of flux, Alkaline metal or
Alkaline earth metal, and the difference in the types of flux,
Chloride or Bromide.

[0311] Thus, it can be concluded that the characteristics of
ZuS: Ag fluorescent materials for detecting particle beams as
the first and second fluorescent materials may be determined
by the quantity of Sulfur introduced finally into Zinc Sulfide
after completing the calcination process, and may have little
dependency on the types of add-in materials and the types of
fluxes, or calcination conditions.

What is claimed is:

1. A Zinc Sulfide activated with Silver based fluorescent
material for detecting particle beams, said fluorescent mate-
rial emitting fluorescence with wavelengths from 320 nm to
580 nm in response to alpha-ray irradiation, and with a peak
wavelength from 395 nm to 410 nm.

2. A Zinc Sulfide activated with Silver (ZnS:Ag) based
fluorescent material for detecting particle beams showing a
synthesized fluorescence spectrum including

a spectral component for a fluorescence spectrum with
wavelengths from 320 nm to 600 nm emitted in response
to alpha-ray irradiation, and with a peak wavelength
from 395 nm to 410 nm; and

a spectral component for a fluorescence spectrum with
wavelengths from 380 nm to 560 nm emitted in response
to gamma-ray or electron beam irradiation, and with a
peak wavelength from 435 nm to 450 nm,

wherein an intensity of the fluorescence spectrum for the
former component is 0.35 times larger than or less than
1 (one) time of an quantity of the synthesized fluores-
cence spectrum.

3. A manufacturing method of Zinc Sulfide activated with
Silver based fluorescent material for detecting particle beams
wherein

in manufacturing Zinc Sulfide activated with Silver (ZnS:
Ag) based fluorescent material for detecting particle
beams according to claim 1,

Zinc Sulfide (ZnS) as a main raw material, Silver (Ag)asan
activating material, and a flux used for reducing a calci-
nation temperature are calcined with Sulfur (S), or either
of Strontium Sulfide (SrS) and Calcium Sulfide (CaS) as
Sulfide of Alkaline earth material, or Lithium Sulfide
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(Li,S) as Sulfide of Alkaline metal, or mixture of Sulfur
(S) and either of Strontium Sulfide (SrS) and Calcium
Sulfide (CaS) as Sulfide of Alkaline earth material, those
as add-in materials.

4. A manufacturing method of Zinc Sulfide activated with
Silver based fluorescent material for detecting particle beams
wherein

in manufacturing Zine Sulfide activated with Silver (ZnS:
Ag) based fluorescent material for detecting particle
beams according to claim 2,

Zinc Sulfide (ZnS) as a main raw material, Silver (Ag) as an
activating material, and a flux used for reducing a calci-
nation temperature are calcined with Sulfur (S), or either
of Strontium Sulfide (StS) and Calcium Sulfide (CaS) as
Sulfide of Alkaline earth material, or Lithium Sulfide
(Li,S) as Sulfide of Alkaline metal, or mixture of Sulfur
(S) and either of Strontium Sulfide (SrS) and Calcium
Sulfide (CaS) as Sulfide of Alkaline earth material, those
as add-in materials.

5. The manufacturing method according to claim 3,

wherein

LiX, NaX, KX, RbX, CsX (X representing Cl. Br and F) as
Halide of Alkaline metal used as a flux for reducing a
calcination temperature; or

MgX; or

CaX, SrX, BaX and CeX (X representing Cl, Br and F) as
Halide of Alkaline earth metal are added by a weight
fraction 0f2% to 8% to a quantity of Zinc Sulfide (ZnS),
and Zinc Sulfide activated with Silver based fluorescent
material for detecting particle beams is manufactured in
a calcination process.

6. The manufacturing method according to claim 4,

wherein

LiX, NaX, KX, RbX, CsX (X representing Cl. Br and F) as
Halide of Alkaline metal used as a flux for reducing a
calcination temperature; or

MgX; or

CaX, SrX, BaX and CeX (X representing Cl, Br and F) as
Halide of Alkaline earth metal are added by a weight
fraction 0f2% to 8% to a quantity of Zinc Sulfide (ZnS),
and Zinc Sulfide activated with Silver based fluorescent
material for detecting particle beams is manufactured in
a calcination process.

7. The manufacturing method according to claim 3,

wherein

a calcination material is prepared by mixing Zinc Sulfide as
a main raw material, Silver (Ag) as an activating mate-
rial, a flux used for reducing a calcination temperature,
and Sulfur or Sulfide used as an add-in material;

a crucible composed of graphite, with its whole periphery
being closed and having a hole with a small diameter at
a center of a lid of the crucible in order to release a part
of a sublimate substance generated from the calcination
material inside the crucible during a calcination process
is used; and

after providing the calcination material inside the crucible
composed of graphite, the calcination process is applied
at a temperature between a temperature value higher
than a melting point of the flux and a temperature value
of 1000° C. or lower which is sufficiently lower than a
sublimation temperature of ZnS, while supplying a gas
with low oxygen concentration as a cover gas.

8. The manufacturing method according to claim 4,

wherein
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acalcination material is prepared by mixing Zinc Sulfide as
a main raw material, Silver (Ag) as an activating mate-
rial, a flux used for reducing a calcination temperature,
and Sulfur or Sulfide used as an add-in material;

a crucible composed of graphite, with its whole periphery
being closed and having a hole with a small diameter at
a center of a lid of the crucible in order to release a part
of a sublimate substance generated from the calcination
material inside the crucible during a calcination process
is used; and

after providing the calcination material inside the crucible
composed of graphite, the calcination process is applied
at a temperature between a temperature value higher
than a melting point of the flux and a temperature value
of 1000° C. or lower which is sufficiently lower than a
sublimation temperature of ZnS, while supplying a gas
with low oxygen concentration as a cover gas.

9. The manufacturing method according to claim 3,

wherein

Zinc Sulfide (ZnS) as a main raw material, Silver (Ag) asan
activating material, and a flux used for reducing a calci-
nation temperature are calcined with Sulfur (8), or either
of Strontium Sulfide (SrS) and Calcium Sulfide (CaS) as
Sulfide of Alkaline earth material, or Lithium Sulfide
(Li,S) as Sulfide of Alkaline metal, or mixture of Sulfur
(S) and either of Strontium Sulfide (SrS) and Calcium
Sulfide (CaS) as Sulfide of Alkaline earth material, as an
add-in material, and

Zinc Sulfide activated with Silver based fluorescent mate-
rial for detecting particle beams, having a different
decay time, is manufactured in a calcination process by
changing a quantity of an add-in material.

10. The manufacturing method according to claim 4,

wherein
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Zinc Sulfide (ZnS) as a main raw material, Silver (Ag) as an
activating material, and a flux used for reducing a calci-
nation temperature are calcined with Sulfur (S), or either
of Strontium Sulfide (StS) and Calcium Sulfide (CaS) as
Sulfide of Alkaline earth material, or Lithium Sulfide
(Li,S) as Sulfide of Alkaline metal, or mixture of Sulfur
(S) and either of Strontium Sulfide (SrS) and Calcium
Sulfide (CaS) as Sulfide of Alkaline earth material, as an
add-in material, and

Zinc Sulfide activated with Silver based fluorescent mate-
rial for detecting particle beams, having a fraction of
alpha-ray sensitive fluorescence spectrum to alpha-ray
irradiation fluorescence spectrum being equal to or more
than 0.35 and less than 1, is manufactured in a calcina-
tion process by changing a quantity of an add-in mate-
rial.

11. The manufacturing method according to claim 4,

wherein

Zinc Sulfide (ZnS) as a main raw material, Silver (Ag) as an
activating material, and a flux used for reducing a calci-
nation temperature are calcined with Sulfur (S), or either
of Strontium Sulfide (StS) and Calcium Sulfide (CaS) as
Sulfide of Alkaline earth material, or Lithium Sulfide
(Li,S) as Sulfide of Alkaline metal, or mixture of Sulfur
(S) and either of Strontium Sulfide (SrS) and Calcium
Sulfide (CaS) as Sulfide of Alkaline earth material, as an
add-in material, and

Zinc Sulfide activated with Silver based fluorescent mate-
rial for detecting particle beams, in which an intensity of
the fluorescence spectrum for the former component is
0.35 times larger than or less than 1 (one) time of an
quantity of the synthesized fluorescence spectrum, is
manufactured in a calcination process by changing a
quantity of an add-in material.

* 0k %k k%
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