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57) ABSTRACT

The characteristics of the phosphor ZnS:Ag,Cl which has a
considerably high fluorescence yield in response to incident
particles thus allowing for their easy detection are used as
such and combined with the finding that the fluorescence
components in the range of shorter wavelengths are short-
lived, which led to an improvement of counting character-
istics, hence allowing for high-rate measurements of par-
ticles. When B370 was used as an optical filter to pick up
fluorescence components shorter than 450 nm, the decay
time of short-lived fluorescence components could be
reduced from 370 ns to 200 ns.
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Fig. 3
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Fig. 4
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Fig. 6
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Fig. 8
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PHOSPHOR ZnS: Ag, Cl
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PARTICLE DETECTOR AND NEUTRON
DETECTOR THAT USE ZINC SULFIDE
PHOSPHORS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to an improvement in
the counting characteristics of a particle detector and a
neutron detector that use ZnS phosphors.

[0002] Conventional detectors of particles such as alpha
particles or conventional neutron detectors which detect
neutrons indirectly by detecting the particles emitted from
the neutron converter °Li or '°B have in most cases used
ZnS phosphors since they have considerably high fluores-
cence yields in response to incident particles and the short-
lived components of fluorescence have decay times of only
200-300 ns.

[0003] However, the fluorescence from ZnS phosphors
contains the long-lived components that contribute “after-
glow” effects as shown in FIG. 12. Hence, the mean life of
fluorescence from ZnS phosphors is said to range from 70 to
100 us. On account of those long-lived components, the
incidence of high-rate particles or neutrons can cause a
“pile-up” of pulses, making it difficult to measure accurate
counting rates (see Hoshasen Handbook, 2nd Ed.)

[0004] As the operation of the high-intensity pulsed neu-
tron source using a high-intensity proton accelerator has
made a progress in recent years, the ranges of the intensity
of pulsed neutrons and the neutron energy produced have
both expanded and it is now essential to develop a detector
that is capable of convenient neutron detection and two-
dimensional neutron imaging without being saturated even if
neutrons are incident at high rates. Measurement of particles
at high counting rates is also essential in experiments using
an accelerator or a nuclear reactor. In the measurement of
neutrons or particles, they must be detected with reduced
effects of gamma rays as the background. Detection of
particles with the least possible quantities of gamma rays as
the background is also indispensable to observations of dark
matter or cosmic rays.

SUMMARY OF THE INVENTION

[0005] In the present invention, the characteristics of ZnS
phosphors such as ZnS:Ag and ZnS:Cu which have consid-
erably high fluorescence yields in response to incident
particles thus allowing for their easy detection, are used as
such and combined,with the finding of the present inventors
that the fluorescence components in the range of shorter
wavelengths are short-lived. This led to an improvement of
counting characteristics, allowing for high-rate measure-
ments of particles or neutrons.

[0006] In addition, in order to detect particles or neutrons
as distinguished from gamma rays or electron beams,
another finding of the present inventors was utilized, that
was, those components of the fluorescence emitted from the
phosphor ZnS:Ag,Cl which were in the range of shorter
wavelengths had lower yields of fluorescence in response to
gamma rays or electrons than to the incident particles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 shows a particle detector comprising
ZnS:Ag,Cl which is a particle detecting element coupled to
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the optical filter B370 which passes wavelengths shorter
than about 450 nm and which in turn is coupled to a
photomultiplier tube;

[0008] FIG. 2 shows a circuit for measuring the wave-
length dependency of the life of fluorescence from ZnS:Ag,
Cl;

[0009] FIG. 3 is a graph comparing the waveforms of
output signals from the photomultiplier tube in response to
incident particles on ZnS:Ag,Cl between two cases, one
using B370 as an optical filter and the other case using no
optical filter;

[0010] FIG. 4 shows a neutron detector comprising a
neutron detecting scintillator which is a mixture of the
phosphor ZnS:Ag,Cl with the neutron converter °LiF and
which is coupled to the optical filter B370 which passes
wavelengths shorter than about 450 nm and which in turn is
coupled to a photomultiplier tube;

[0011] FIG. 5 is a graph comparing the waveforms of
output signals from the photomultiplier tube in response to
incident neutrons on ZnS:Ag,Cl between two cases, one
using B370 as an optical filter and the other case using no
optical filter;

[0012] FIG. 6 shows a detector of particles as distin-
guished from gamma rays, comprising ZnS:Ag,Cl which is
a particle detecting element coupled to an optical filter
which in turn is coupled to a photomultiplier tube;

[0013] FIG. 7 is a graph comparing the wavelength spec-
tra of fluorescence from the phosphor ZnS:Ag,Cl in
response to alpha particles and gamma rays;

[0014] FIG. 8 shows a neutron detector that uses a mixture
of the phosphor ZnS: Ag,Cl with the neutron converter °LiF
as a neutron detecting scintillator and which is capable of
detecting neutrons as distinguished from gamma rays;

[0015] FIG. 9 shows the layout of a particle detector
which detects independently the long- and short-wavelength
components of the fluorescence from the phosphor ZnS:Ag,
Cl while simultaneously counting gamma rays as they are
distinguished from the incident particles;

[0016] FIG. 10 shows diagrammatically a particle detec-
tor that uses a wavelength shifting fiber for selection of a
particular fluorescence wavelength region;

[0017] FIG. 11 is a graph comparing the short-wavelength
region of a fluorescence spectrum from the phosphor
ZnS:Ag,Cl with the absorption spectrum region of the
wavelength shifting fiber BCF-99-33; and

[0018] FIG. 12 is a graph showing the waveforms of
output signals from the conventional phosphor ZnS:Ag,Cl in
response to incident alpha particles.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0019] The present invention is described below in detail
with reference to examples.

EXAMPLE 1

[0020] In this example, a particle detector using the phos-
phor ZnS:Ag,Cl as a particle detecting element is described
with reference to FIG. 1.
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[0021] The particle detector shown in FIG. 1 comprises
ZnS:Ag,Cl as the particle detecting element coupled to the
optical filter B370 which passes wavelengths shorter than
about 450 nm and which in turn is coupled to a photomul-
tiplier tube.

[0022] The wavelength dependency of the life (decay
time) of fluorescence from ZnS:Ag,Cl was measured with a
circuit shown in FIG. 2. The particle source was Am-241
emitting alpha particles of 5.4 MeV. The phosphor ZnS:Ag,
Cl was mixed with an organic adhesive and applied to a
glass plate in an amount of 5 mgjcm?® Thereafter, the
fluorescence emitted from ZnS:Ag,Cl was selectively passed
through various optical filters having different transmission
wavelength ranges and detected with a photomultiplier tube
(R647P of HAMAMATSU PHOTONICS K.K.) The wave-
forms of output signals were measured with a digital oscil-
loscope. The measured signal waveforms were analyzed to
determine the decay time of fluorescence. The results are
shown in Table 1. For determining the decay time of
fluorescence, 0.8 us was used as the range for analysis. It
was verified that the fluorescence components of shorter
wavelengths had shorter decay times.

TABLE 1

Decay time Characteristics of Fluorescence in the Presence of Optical
Filters Having Different Transmission Wavelength Ranges

Optical filter Transmission range Decay time (ns)

None 362
Fv026 380420 nm 125
B370 350450 nm 176
B390 350470 nm 258
Y440 2440 nm 418
[0023] Thus, in Example 1, B370 passing shorter wave-

lengths than about 450 nm was used as an optical filter in
order to shorten the decay time of fluorescence without
unduly reducing its yield. As is clear from the signal
waveforms shown in FIG. 3, the decay time of fluorescence
was 176 ns, a considerable improvement over the value of
362 ns which was observed when no optical filter was used.
The same experiment was conducted with the phosphor
ZnS:Ag,Al and the decay time was 292 ns, a considerable
improvement over the value of 421 ns which was observed
when no optical filter was used.

EXAMPLE 2

[0024] In this example, a neutron detector is described
with reference to FIG. 4. Amixture of the phosphor ZnS:Ag,
Cl with the neutron converter °LiF was used as a neutron
detecting scintillator and the short decay time of the short-
wavelength component of fluorescence from the scintillator
was utilized to improve the counting characteristics of the
detector.

[0025] The neutron detector shown in FIG. 4 comprises
the mixture of the phosphor ZnS:Ag,Cl with the neutron
converter °LiF as a neutron detecting scintillator which is
coupled to the optical filter B370 which passes wavelengths
shorter than about 450 nm and which in turn is coupled to
a photomultiplier tube (R647P of HAMAMATSU PHOTO-
NICS KK.) The wavelength dependency of the life of
fluorescence from ZnS:Ag,Cl was measured with a circuit
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shown in FIG. 2. The neutron detecting scintillator was
prepared by mixing 60 mg/em? of ZnS:Ag,Cl and 15 mg/cm
of the neutron converter °LiF with an organic adhesive and
applying the mixture to an aluminum plate. After installing
the neutron detecting scintillator, the detector was irradiated
with thermal neutrons from Am-Li. The signal waveforms of
the fluorescence emitted from ZnS:Ag,Cl were measured
with a digital oscilloscope. Thus, in Example 2, B370
passing shorter wavelengths than about 450 nm was used as
an optical filter in order to shorten the decay time of
fluorescence without unduly reducing its yield. As is clear
from the signal waveforms shown in FIG. 5, the decay time
of fluorescence was 238 ns, a considerable improvement
over the value of 391 ns which was observed when no
optical filter was used. For determining the life of fluores-
cence, 0.8 us was used as the range for analysis.

EXAMPLE 3

[0026] In this example, a particle detector that uses the
phosphor ZnS:Ag,Cl as a particle detecting element and
which can detect particles as distinguished from gamma rays
is described with reference to FIG. 6.

[0027] The particle detector shown in FIG. 6 is capable of
detecting particles as distinguished from gamma rays and it
comprises ZnS:Ag,Cl as a particle detecting element
coupled to FV026 as an optical filter that passes wavelengths
shorter than about 420 nm and which in turn is coupled to
a photomultiplier tube.

[0028] An experiment was made to confirm that the wave-
length spectrum of fluorescence from ZnS:Ag,Cl changed
between the cases of inputting alpha particles and gamma
rays. The incident alpha particles were those of 5.4 MeV
emitted from Am-241 and the incident gamma rays were
those of 60 keV which were also emitted from Am-241 but
which were made free from the effects of alpha particles by
means of a thin sheet put on the surface of the source
Am-241. The results of the experiment are plotted in FIG.
7, the data were normalized to eliminate the energy-depen-
dent differences. It was thus confirmed that the component
of emitted fluorescence which was in the region of short
wavelengths had a lower fluorescence yield in response to
gamma rays than to particles. The difference was particu-
larly great at wavelengths shorter than 420 nm. This was
why FV026 was employed as the optical filter in Example 3.
The design of Example 3 enables detection of particles as
distinguished from gamma rays.

EXAMPLE 4

[0029] In this example, a detector of neutrons as distin-
guished from gamma rays is described with reference to
FIG. 8. The detector uses a mixture of the phosphor ZnS:Ag,
Cl with the neutron converter °LiF as a neutron detecting
element.

[0030] In view of the need to provide better transmission,
20 mg/em” of ZnS:Ag,Cl and 5 mg/ecm? of SLiF were mixed
with an organic adhesive and the mixture was applied to an
aluminum plate. In Example 4, FV026 was employed as the
optical filter since the difference in fluorescence yield was
particularly great at wavelengths shorter than 420 nm. The
design of Example 4 enables detection of neutrons as
distinguished from gamma rays.
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EXAMPLE 5

[0031] In this example, a particle detector is described
with reference to FIG. 9. It can detect independently the
long- and short-wavelength components of fluorescence
emitted from the phosphor ZnS:Ag,Cl while simultaneously
counting gamma rays or electron beams as they are distin-
guished from the incident particles.

[0032] The particle detector shown in FIG. 9 comprises
the phosphor ZnS: Ag,Cl which is coupled to a light diffusing
block that diffuses the fluorescence so that it can be detected
at two sites, one of which is provided with the optical filter
B370 that passes wavelengths shorter than about 450 nm for
detecting the short-wavelength component and the other site
is provided with optical filter Y440 that passes wavelengths
longer than about 440 nm. Two photomultiplier tubes
(R647P of HAMAMATSU PHOTONICS K.K.) are pro-
vided behind the respective optical filters and the ratio
between the signals for the short- and long-wavelength
components is determined with a division circuit. The output
signal is passed through pulse height discriminators; since
particles have high ratio and gamma rays have low ratio, the
two kinds of radiation can be distinguished in counting.

EXAMPLE 6

[0033] In this example, a particle detector that is charac-
terized by using a wavelength shifting fiber for selection of
a particular fluorescence wavelength region is described
with reference to FIG. 10.

[0034] The particle detector shown in FIG. 10 uses
ZnS:Ag,Cl as a particle detecting element which is coupled
to BCF-99-33, a wavelength shifting fiber custom made by
Bicron, U.S.A. which has an absorption wavelength band
between 380 nm and 420 nm. As shown in FIG. 11, the
short-wavelength region of the fluorescence spectrum from
ZnS:Ag,Cl is in good agreement with the absorption spec-
trum region of BCF-99-33, the particle detector of Example
6 undergoes reduced effects of gamma rays.

1. A particle detector which is improved in counting
characteristics by relying upon the fact that the short-
wavelength component of fluorescence from the phosphor
ZnS: Ag, X wherein X is chlorine Cl or aluminum Al has a
short decay time.

2. A neutron detector which uses a mixture of the phos-
phor ZnS: Ag, X wherein X is chlorine Cl or aluminum Al
and the neutron converter °Li or °B and which is improved
in counting characteristics by relying upon the fact that the
short-wavelength component of fluorescence from the phos-
phor has a short decay time.
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3. A particle detector capable of detecting particles as
distinguished from gamma rays or electron beams by relying
upon the fact that the short-wavelength component of fluo-
rescence as emitted from the phosphor ZnS: Ag, Cl has a
lower fluorescence yield in response to gamma rays or
electron beams than to particles.

4. A neutron detector which uses a mixture of the phos-
phor ZnS: Ag, Cl and the neuiron converter °Li or *°B and
which is capable of detecting neutrons as distinguished from
gamma rays or electron beams by relying upon the fact that
the short-wavelength component of fluorescence as emitted
from the phosphor ZnS: Ag, Cl has a lower fluorescence
yield in response to gamma rays or electron beams than to
neutrons.

5. The particle detector or neutron detector according to
claim 3, which detects independently the short—and long—
wavelength components of fluorescence as emitted from the
phosphor ZnS: Ag, Cl and which is capable of simulta-
neously counting gamma rays or electron beams as they are
distinguished from the incident radiation.

6. The particle detector or neutron detector according to
claim 1, which uses a wavelength shifting fiber for selecting
a particular fluorescence wavelength region

7. The particle detector or neutron detector according to
claim 4, which detects independently the short—and long—
wavelength components of fluorescence as emitted from the
phosphor ZnS: Ag, Cl and which is capable of simulta-
neously counting gamma rays or electron beams as they are
distinguished from the incident radiation.

8. The particle detector or neutron detector according to
claim 2, which uses a wavelength shifting fiber for selecting
a particular fluorescence wavelength region.

9. The particle detector or neutron detector according to
claim 3, which uses a wavelength shifting fiber for selecting
a particular fluorescence wavelength region.

10. The particle detector or neutron detector according to
claim 4, which uses a wavelength shifting fiber for selecting
a particular fluorescence wavelength region.

11. The particle detector or neutron detector according to
claim 5, which uses a wavelength shifting fiber for selecting
a particular fluorescence wavelength region.

12. The particle detector or neutron detector according to
claim 7, which uses a wavelength shifting fiber for selecting
a particular fluorescence wavelength region.
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