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(57) ABSTRACT

This invention enables highly accurate sample analysis by
analyzing energy spectra obtained using a radiation detector,
even under a high dose-rate environment. In a radiation
analysis method disclosed here, first, a spectrum of a sample
(measured spectrum) is measured by a radiation detector
(sample measurement step: S1). The measured spectrum is
obtained for each of different setting conditions, where a
plurality of scintillators having different sizes and a plurality
of shields having different thicknesses are used, respectively.
Next, similar measurement is performed on a reference
source (reference source measurement step: S2). Next, from
reference spectra thus obtained in S2, a background nuclide-
originating component, which is a component originating
from a background nuclide (**’Cs) included in the measured
spectra, is estimated (background nuclide-originating com-
ponent estimation step: S3). Next, a corrected spectrum is
calculated as the difference between the measured spectrum
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and the background nuclide-originating component (cor-
rected spectrum calculation step: S4).

10 Claims, 11 Drawing Sheets
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RADIATION ANALYSIS METHOD,
RADIATION ANALYSIS DEVICE, AND
RADIATION DETECTOR

BACKGROUND
Technical Field

The present invention relates to a radiation analysis
method and a radiation analysis device both for analyzing a
radiation source contained in a sample by measuring a
spectrum of radiation (y-rays, X-rays, and the like), and also
relates to a radiation detector used therein.

Background Art

For detecting the presence of a radionuclide, it is effective
to use a method of detecting radiation (y-rays or the like)
emitted when the nuclide decays, wherein a radiation detec-
tor capable of measuring an energy spectrum of the radiation
is used. In such a case, y-rays are generally used as the
radiation, and since y-rays emitted by different nuclides
generally have different energies, a nuclide present in a
sample can be identified from an energy spectrum of y-rays
detected from the sample (radiation environment). Such a
technology is described, for example, in Patent Document 1.

Known radiation detectors capable of measuring a y-ray
spectrum in the above-described manner include, for
example, the one using a semiconductor element such as of
Ge, CdTe or the like, and the one using a scintillator. In the
latter one, the scintillator emits visible light photons by
absorbing y-ray photons, and the visible light photons are
detected by a photomultiplier tube. In a detector constituted
by combining a scintillator and a photomultiplier tube, in
principle, each time one y-ray photon is detected, a pulse
output with a short duration corresponding to the y-ray
photon is obtained, where the charge amount (or waveform
integral) of the pulse corresponds to energy of the detected
y-ray. Accordingly, a histogram of the charge amount (or
waveform integral) of detected pulses corresponds to a
detected energy spectrum. Even when a plurality of kinds of
nuclides are simultaneously present in a sample, it is pos-
sible to identify the presence of each nuclide if peaks each
corresponding to the energy of a y-ray emitted by the
individual nuclide can be separately identified in the spec-
frum

However, the resolution (energy resolution) in the spec-
trum obtained in the above-described way is determined by
the type of the radiation detector, and it accordingly is
difficult, in practice, to individually identify more than two
kinds of nuclides simultaneously present in the sample,
when they emit y-rays having energies close to each other.
Therefore, in the case of using a scintillator, for example, a
scintillator material to enable obtaining an energy resolution
according to the purpose is selected.

CITATION LIST
Patent Literature

[Patent Document 1] Japanese translation of PCT inter-
national application No. 2016-513256

SUMMARY OF INVENTION
Technical Problem

For example, in measurement on a sample (measurement
environment) associated with a nuclear reactor, there exist
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various radionuclides, among which, for example, the pres-
ence rate of **’Cs is high, and accordingly y-rays emitted by
137Cs are detected in a particularly large amount and are of
a high dose rate. In such an environment, in order to identify
the presence of a radionuclide other than *3’Cs, it is neces-
sary to identify a peak of y-rays emitted by the radionuclide
other than **’Cs in a y-ray spectrum greatly influenced by
the y-rays emitted by '*’Cs.

Further, while '*’Cs emits monochromatic y-rays with an
energy of 662 keV, when detecting the monochromatic
y-rays by a radiation detector in practice, a variety of
components generated in the process of absorbing the mono-
chromatic y-rays by the radiation detector are detected, in
addition to the y-rays with an energy of 662 keV. When the
presence rate of '*’Cs in the sample is high, the additional
components also increase and become obstacles to identifi-
cation of y-rays emitted by other nuclides. For example,
y-rays (X-rays) having a continuous spectrum on the lower
energy side than that due to Compton scattering of the
monochromatic y-rays with an energy of 662 keV are
generated in the scintillator, and the component also is
detected by the radiation detector at the same time.

Further, as described above, the charge amount (or wave-
form integral) of a pulse having appeared as an output of the
radiation detector corresponding to a single y-ray photon
detected therein corresponds to the energy of the y-ray
photon, and a prerequisite for enabling the identification
described here is that individual y-ray photon can be sepa-
rately detected by the radiation detector. In this respect, it is
possible that two or more y-ray photons are detected to yield
a single pulse as a result of their superposition. For example,
when the y-ray dose rate is high and, accordingly, another
y-ray photon is detected during the duration of a pulse
corresponding to a y-ray photon, there may be a case
(pile-up) where a single pulse having a charge amount (or
waveform integral) not corresponding to either of energies
of the two y-ray photons is detected as a result of superpo-
sition of pulses respectively corresponding to the two y-ray
photons. Further, a similar phenomenon (sum effect) occurs
when decay of a nuclide emitting y-rays occurs in two steps,
each emitting y-rays, with a short time constant. In the cases
described above, spurious peaks or background components
corresponding to the pulses are generated in the y-ray
spectrum

When the presence rate of a specific radionuclide (**’Cs)
is particularly high as described above, the above-described
components caused by monochromatic y-rays emitted by the
nuclide are detected at different energies from that of the
monochromatic y-rays, and adversely affect detection of
y-rays emitted by another radionuclide. This adverse effect
is posed even on identification of a radionuclide that emits
y-rays with an energy away from 662 keV, for example,
when the presence rate of *’Cs is high. Such a situation is
similar also when the presence rate is high for a large
number of kinds of radionuclides, not only when the pres-
ence rate is high for a single kind of radionuclide, and
accordingly, similarly occurs in general when analyzing
nuclides by y-ray spectrum analysis under a high dose-rate
environment.

For the reason, it has been desired that analysis of a
sample can be performed with high accuracy by analyzing
an energy spectrum obtained by a radiation detector even
under a high dose-rate envirornment.

The present invention is made in view of the above-
described problem, aiming at providing an invention that
solves the problem.
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Solution to Problem

To solve the above-described problem, the present inven-
tion has been configured as follows.

A radiation analysis method according to the present
invention is a radiation analysis method for identifying a
plurality of kinds of radioactive nuclides simultaneously
contained in a sample by measuring an energy spectrum of
radiation emitted from the sample, which is characterized by
including: defining a plurality of conditions that yield dif-
ferent detection intensities on the same measurement target
as setting conditions in a radiation detector for detecting the
radiation; a sample measurement step of obtaining a mea-
sured spectrum that is an energy spectrum measured on the
sample by the radiation detector; a background nuclide-
originating component estimation step of estimating a back-
ground nuclide-originating component that is a component
originating from a background nuclide corresponding to one
of the nuclides having a largest contribution to the radiation,
from results obtained by performing the measurement by the
radiation detector under respective ones of the setting con-
ditions; a corrected spectrum calculation step of calculating
a corrected spectrum by subtracting the background nuclide-
originating component from the measured spectrum; and
performing analysis of the sample using the corrected spec-
trum.

The radiation analysis method according to the present
invention is characterized by including: a reference source
measurement step of obtaining reference spectra that each
are an energy spectrum obtained by measuring radiation
emitted from a reference source composed of the back-
ground nuclide, under respective ones of the setting condi-
tions; and estimating the background nuclide-originating
component, in the background nuclide-originating compo-
nent estimation step, by comparing the reference spectra
with the measured spectra.

The radiation analysis method according to the present
invention is characterized by that setting of a distance
between the radiation detector and the reference source in
the reference source measurement step is included in the
setting conditions.

The radiation analysis method of the present invention is
characterized by that a plurality of shields for absorbing, and
thereby limiting at different degrees, the radiation entering
the radiation detector are selectively provided in the radia-
tion detector, one at one time, and that the selection among
the shields is included in the setting conditions.

The radiation analysis method according to the present
invention is characterized by that the radiation detector
includes a scintillator that emits light by absorbing the
radiation and a photodetector that detects the light, wherein
the scintillator is the one that is selectively used from among
the ones having different sizes, and that the selection of a
size of the scintillator is included in the setting conditions.

The radiation analysis method according to the present
invention is characterized by that the photodetector is a
photomultiplier tube.

The radiation analysis method according to the present
invention is characterized by that the photomultiplier tube
includes a cathode, an anode, and a plurality of dynodes
between the cathode and the anode, and that the photomul-
tiplier tube is provided with a voltage variation suppressing
means for suppressing variation in a voltage applied
between the anode and a last stage dynode that is the dynode
adjacent to the anode, the variation being caused by increase
in current flowing between the anode and the last stage
dynode at a time of detecting the light.
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The radiation analysis method according to the present
invention is characterized by that the voltage variation
suppressing means suppresses variation in a voltage applied
between the last stage dynode and the dynode adjacent to the
last stage dynode, the variation being caused by increase in
current flowing between the last stage dynode and the
dynode adjacent to the last stage dynode

The radiation analysis method according to the present
invention is characterized by that the background nuclide is
137Cs or *°Co.

A radiation analysis device according to the present
invention is a radiation analysis device for executing the
above-described radiation analysis method, which is char-
acterized by including a calculation unit that calculates the
background nuclide-originating component by executing the
background nuclide-originating component estimation step,
and calculates the corrected spectrum by executing the
corrected spectrum calculation step.

A radiation detector according to the present invention is
a radiation detector constituted by combining a scintillator
that emits light by absorbing radiation and a photomultiplier
tube that detects the light and includes a plurality of dynodes
between a cathode and an anode, the radiation detector being
characterized by that it selectively uses one of a plurality of
scintillators having different sizes as the scintillator, and that
it is provided with a voltage variation suppressing means for
suppressing variation in a voltage applied between the anode
and a last stage dynode that is the dynode adjacent to the
anode, the variation being caused by increase in current
flowing between the anode and the last stage dynode at a
time of detecting the light.

The radiation detector according to the present invention
is characterized by that the voltage variation suppressing
means suppresses variation in a voltage applied between the
last stage dynode and the dynode adjacent to the last stage
dynode, the variation being caused by increase in current
flowing between the last stage dynode and the dynode
adjacent to the last stage dynode.

The radiation detector according to the present invention
is characterized by being selectively provided with a plu-
rality of shields for absorbing, and thereby limiting at
different degrees, the radiation entering the scintillator, one
at one time.

Advantageous Effects of Invention

Being configured as described above, the present inven-
tion enables the sample analysis with high accuracy by
analyzing the energy spectrum obtained by the radiation
detector even under a high dose environment.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an example of a measured spectrum obtained
from a high dose-rate sample.

FIG. 2 is an example of a reference spectrum obtained
from a reference source composed of *”Cs

FIG. 3 is a diagram schematically showing an entire
measurement system for implementing a radiation analysis
method according to the present invention.

FIG. 4 i1s a flowchart illustrating the radiation analysis
method according to the present invention.

FIG. 5 is a flowchart illustrating an example of a back-
ground nuclide-originating component estimation step in the
radiation analysis method according to the present inven-
tion.
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FIG. 6 shows an example of a background nuclide-
induced component and a corrected spectrum calculated in
the radiation analysis method according to the present
invention.

FIG. 7 shows a measured spectrum obtained in the
radiation analysis method according to an example.

FIG. 8 shows reference spectra obtained in the radiation
analysis method according to the example.

FIG. 9A shows a form around peaks of ®°Co in a measured
spectrum obtained in the radiation analysis method accord-
ing to the example.

FIG. 9B is a corrected spectrum corresponding to the form
around peaks of ®°Co in the measured spectrum obtained in
the radiation analysis method according to the example.

FIG. 10 is a diagram schematically showing a configu-
ration of a photomultiplier tube.

DETAILED DESCRIPTION

Hereinafter, a radiation analysis method according to an
embodiment of the present invention will be described. In
the radiation analysis method, from a spectrum of radiation
(y-rays) obtained by a radiation detector, a nuclide having
emitted the radiation is identified. There, even when the
radiation is of a high dose-rate and radiation emitted by a
nuclide to be detected accordingly is not easy to identify in
the spectrum, the identification can be performed with high
accuracy.

Here, it is assumed that a sample to be measured is a part
of the environment of a nuclear facility or a radiation facility
and accordingly has a high radiation dose-rate, where,
particularly, influence of y-rays emitted by **’Cs is greatest
in detected radiation (y-rays). A radiation detector used for
detecting y-rays in the present case is a combination of a
scintillator and a photomultiplier tube, where, when a single
y-ray photon enters the scintillator, pulse-form visible light
(pulsed light) is emitted from the scintillator by its absorbing
the y-ray photon. The pulsed light is detected by the pho-
tomultiplier tube, whose voltage output becomes of a pulse
form corresponding to the pulsed light as described above,
and ideally the charge amount (or waveform integral) of the
pulsed output corresponds to energy of the y-ray photon
absorbed by the scintillator. The scintillator and the photo-
multiplier tube used here are determined such that y-rays in
a target energy range are measured with high efficiency,
which will be described in detail later.

However, particularly under a high dose-rate environ-
ment, there are generated, in practice, not a few components
for which the pulse charge amount (or waveform integral)
does not correspond to the energy of a y-ray photon absorbed
by the scintillator. FIG. 1 is a result of simulating a mea-
surement result under a high dose-rate environment associ-
ated with a nuclear facility or radiation facility. In the figure,
for each of identified peaks, its energy and a nuclide to emit
y-rays of the energy are indicated, where peaks correspond-
ing to y-rays emitted by *’Cs (662 keV), **Cs (604 keV
and 796 keV) and *°K (1408 keV) are observed. While the
y-rays emitted by the nuclides each are monochromatic, they
are recognized in the spectrum each as a distribution with its
peak corresponding to the y-ray energy and having an extent
determined by energy resolution of the detector. Among
them, the peak of **’Cs (662 keV) is most prominent. Here,
besides these peaks, particularly a high intensity continuous
component is recognized on the low energy side, which
includes a component due to Compton scattering of y-rays of
137Cs (662 keV) in the scintillator, such as described before.
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The peak at 1334 keV (twice 662 keV) on the high energy
side is that due to the sum effect of *’Cs (662 keV), such
as described before.

FIG. 2, on the other hand, is a measured spectrum in a
case a '*’Cs source was measured as a reference sample by
a similar detector. Here, the horizontal axis represents the
detector channel corresponding to y-ray energy, and the
vertical axis represents the count (the number of detected
y-rays). Also in this case, a peak (corresponding to 662 keV)
by which monochromatic y-rays of 662 keV emitted by
137Cs is recognized with an extent determined by energy
resolution of the radiation detector is present, and also
present are the above-described continuous component on
the low energy side including the effect of Compton scat-
tering and the above-described peak due to the sum effect.
As the peak due to the sum effect is close to a peak due to
4K, as seen in FIG. 1, it greatly affects detection accuracy
of oK. In FIG. 2, the component on the lower energy side
than the peak at 662 keV (low-energy-side disturbing com-
ponent) includes the component generated by Compton
effect, and the component on the higher energy side than the
peak at 662 keV (high-energy-side disturbing component)
includes the component generated by the sum effect and that
by pile-up and the like. Most of the low-energy-side dis-
turbing component and of the high-energy-side disturbing
component are particularly prominent when the presence
amount of *7Cs is large, and significantly affect identifica-
tion of a peak due to a nuclide other than '*’Cs in FIG. 1

Accordingly, it is expected that, by subtracting the com-
ponents due to '*’Cs such as shown in FIG. 2 from the
spectrum of FIG. 1, a spectrum with a y-ray peak due to a
nuclide other than **’Cs having become prominent can be
obtained. If only a peak of 662 keV is present in the
spectrum of FIG. 2, the task of subtraction is easy, and
thereby the component due to *’Cs can be removed from
the spectrum of FIG. 1. However, in the spectrum of FIG. 2,
in addition to the peak, there are observed such disturbing
components as described above (low-energy-side disturbing
component and high-energy-side disturbing component),
and the disturbing components vary depending on various
conditions and an environment of the measurement. Accord-
ingly, it is general that the disturbing components appearing
in practice in a result of measurement performed under an
actual environment (corresponding to FIG. 1) are different
from the disturbing components in the spectrum of FIG. 2
measured on a reference sample under a different environ-
ment.

Among the disturbing components, the high-energy-side
disturbing component includes a portion generated by the
pile-up and sum effect of y-rays emitted by **’Cs, as
described above. Specifically, the disturbing component
becomes prominent when the count of y-rays emitted by
137Cs (total detection number) per unit time is large. In the
radiation detector used here, a scintillator and a photomul-
tiplier tube are used, as described before, where what is
detected is pulsed light that is emitted when y-rays are
absorbed by the scintillator, and the total detection number
depends on the size of the scintillator and increases with
increasing the scintillator size. Accordingly, when the scin-
tillator is large, intensity of a peak due to a nuclide to be
measured is high in the spectrum, but at the same time the
high-energy-side disturbing component is large. When the
scintillator is small, in contrast, intensity of the peak due to
a nuclide to be measured is low, but at the same time the
high-energy-side disturbing component is small, and even
may be made to be at a negligible level. That is, by varying
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the size of the scintillator, influence of the high-energy-side
disturbing component can be controlled particularly.

The low-energy-side disturbing component in FIG. 2
includes y-rays (X-rays) generated by Compton effect or the
like due to y-rays emitted by '*’Cs and having a lower
energy than that of the y-rays emitted by '*’Cs. This
component is more easily absorbed (its absorption coeffi-
cient in substance is higher) than y-rays emitted by '*’Cs and
the high-energy-side disturbing component, and accordingly
can be reduced by using a shield. That is, by varying the
degree of absorption by varying the thickness of the shield,
influence of the low-energy-side disturbing component can
be controlled particularly

In the above description, simplification has been made to
assume that the high-energy-side disturbing component in
FIG. 2 is dependent on the size of the scintillator, and the
low-energy-side disturbing component is on the thickness of
the shield, but in practice the high-energy-side and low-
energy-side disturbing components each are affected by both
the scintillator size and the shield thickness. Accordingly, it
is possible to reproduce components to subtract from the
spectrum of FIG. 1 (background nuclide-originating com-
ponents), from spectra measured by varying the scintillator
size and the shield thickness in the measurement on a
reference source (**’Cs source) composed of '3’Cs, which is
a nuclide (background nuclide) whose influence is dominant
in such measured spectra (corresponding to FIG. 1). The
background nuclide-originating components include not
only that due to the 662 keV y-rays emitted by *’Cs itself,
but also that caused by the pile-up and sum effect due to the
measurement as described above.

In such a case as that described above where the high-
energy-side disturbing component and the low-energy-side
disturbing component in the spectrum measured on a sample
(measured spectrum) both originate from '*”Cs, it is obvious
that detected intensity of the high-energy-side disturbing
component and that of the low-energy-side disturbing com-
ponent are correlated with detected intensity (peak intensity)
of the monochromatic y-rays at 662 keV emitted by *’Cs.
In that case, when the above-described reference source
(**7Cs source) is measured by the same radiation detector as
that used for measuring the sample, under various conditions
yielding different detected intensities, thus obtaining a mea-
surement result (reference spectrum) for each condition, any
of the reference spectra includes the peak at 662 keV, the
high-energy-side disturbing component, and the low-en-
ergy-side disturbing component. Among the reference spec-
tra, one in which the peak at 662 keV, which is to reflect
137Cs most significantly, has a form closest to that of the
peak at 662 keV in the spectrum of the sample (measured
spectrum) can be estimated to best represent the components
originating from **’Cs included in the measured spectrum.
That is, such a reference spectrum may be determined to be
a background nuclide-originating component. Such param-
eters bringing about results with different detection intensi-
ties when obtaining the reference spectra include the above-
described scintillator size and shield thickness, while the
distance between the radiation detector and the reference
source may be used in the simplest case of such a parameter.

FIG. 3 schematically illustrates an entire measurement
system for implementing the radiation analysis method
described above. In this configuration, there are used a
radiation detector 10 for detecting y-rays, and a computer
(calculation unit) 20 for recognizing a measurement result
(y-ray energy spectrum: spectrum) of the radiation detector
10, performing various kinds of mathematic operations
using the recognized measurement result, and thereby cal-
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culating a background-nuclide-originating component
described above and further calculating a spectrum obtained
by subtracting the background-nuclide-originating compo-
nent from a measured spectrum. In the radiation detector 10,
a combination of a shield 11, a scintillator 12, and a
photomultiplier tube (photodetector) 13 is used, where a
plurality of shields 11 having different thicknesses are
selectively used, one at one time, and, as the scintillator 12,
the ones made of the same material but having different sizes
(different in thickness in the optical-axis direction, or in
width in a direction perpendicular to the optical-axis direc-
tion) are used. The shield 11 is made of, for example, heavy
metal (W or the like), its thickness is set in a range of causing
significant variation between measured spectra (detected
y-ray intensities), and is appropriately set depending on
intensity of radiation (y-rays) emitted by a sample 100.
Details of the scintillator 12 and of the photomultiplier tube
13 will be described later. Pulsed voltage outputs are issued
from the photomultiplier tube 13, as described before, and,
for processing the outputs, the output signals are AD con-
verted at a short time interval (for example, 2 ns or less) in
a signal processing unit 30 and recognized as digital signals
in the computer 20

Using the radiation detector 10, a spectrum of y-rays
emitted by the sample 100 or a reference source 200 is
obtained for each of the scintillators 12 having different sizes
and for each of the shields 11 having different thicknesses,
then stored in a hard disk, a non-volatile memory, or the like
in the computer 20, and then used for the operations. Here,
the reference source 200 is a source composed of the
above-described background nuclide, which has been
described to be *’Cs in the above case, but is set depending
on the sample 100 in practice. The background nuclide is a
nuclide to yield the most prominent peak appearing in a
spectrum of a sample measured by the radiation detector 10
as that shown in FIG. 1, and may be %9Co, besides *"Cs,
when the sample 100 is present in a nuclear reactor envi-
ronment, for example.

FIG. 4 is a flowchart illustrating the radiation analysis
method executed using the above-described configuration.
In the radiation analysis method, first, a spectrum (measured
spectrum) of the sample 100 as that shown in FIG. 1 is
measured by the radiation detector 10 (sample measurement
step: S1). There, as described above, a plurality of scintil-
lators different in size are used as the scintillator 12, a
plurality of shields different in thickness are used as the
shield 11, and a measured spectrum is obtained for each of
the conditions (setting conditions), which is then stored in
the computer 20. FIG. 1 corresponds to one example of such
a measured spectrum.

Next, similar measurement is performed on the reference
source 200 (reference source measurement step: S2), and a
spectrum (reference spectrum) obtained for each setting
condition is stored in the computer 20. Here, as the nuclide
(background nuclide) selected for the reference source 200,
a most dominant nuclide in the measured spectra having
been obtained in the sample measurement step can be
selected. When the background nuclide is known in
advance, the reference source measurement step may be
performed before the sample measurement step. In such a
case, thus measured reference spectra can be commonly
used for measuring different samples 100, that is, the step
need not be performed each time a different sample 100 is
used. FIG. 2 corresponds to one example of such a reference
spectrum.

Next, from the reference spectra obtained in the reference
source measurement step (S2), a background nuclide-origi-
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nating component, which is a component originating from
the background nuclide (**’Cs) in a measured spectrum as
that illustrated in FIG. 1, is estimated as described above
(background nuclide-originating component estimation
step: S3). The background nuclide-originating component
includes, as described above, not only a peak corresponding
to monochromatic y-rays emitted by >’Cs at 662 keV, but
also the disturbing components described above. As an
estimation method for this purpose, various methods may be
selected

FIG. 5 is a flowchart illustrating an example of such a
method. Mathematic operations for the method are per-
formed by the computer 20. Here, sizes of the scintillator 12
and thicknesses of the shield 11 are determined as the
above-described setting conditions of the radiation detector
10, and analysis is performed for each of the setting condi-
tions. First, one of the setting conditions (a combination of
a size of the scintillator 12 and a thickness of the shield 11)
is set (S31). From among the measured spectra and the
reference spectra, respectively, ones measured under the
setting condition are selected, which are subsequently nor-
malized to enable them to correspond to each other. A
variety of methods are used for the normalization, where, for
example, the normalization is performed such that intensity
of the peak at 662 keV corresponding to *’Cs be the same
in both of the spectra (that is, the difference be zero at the
peak energy) (S32). Subsequently, a spectrum of the differ-
ence between the normalized spectra (difference spectrum)
is calculated (S33) and stored in the computer 20. This task
is performed until such a difference spectrum is obtained for
every condition (Yes at S34).

Next, it is identified which one of the setting conditions
(the size of the scintillator 12 and the thickness of the shield
body 11) has given a difference spectrum that is most
appropriate (S35). A criterion for determination in the iden-
tification may also be set as appropriate. For example, when
the sum effect affects much in the spectra, it is considered to
select a spectrum having a smallest amount of component
corresponding to the sum effect, to select a case where a
peak corresponding to the r-ray energy of a nuclide to be
identified is obtained with a highest contrast, or the like.

Thus, a setting condition (the size of the scintillator 12,
the thickness of the shield 11) in accordance with the
background nuclide-originating component is determined,
and a reference spectrum corresponding to the condition is
identified. However, this reference spectrum is a result of
actual measurement, similarly to the measured spectra, and
accordingly has a large statistical error, in general. There-
fore, it is desirable, from this reference spectrum, either to
select a background nuclide-originating component that is
estimated to be most likely, or to construct an interpolated
spectrum. For this purpose, for example, by using modeling
of the vicinity of a peak such as that described in G F Knoll,
“Radiation Detection and Measurement” (Wiley), Chapter
10 (Radiation Spectroscopy with Scintillators), and compar-
ing results obtained by thus fitting the measured results and
the reference spectra, respectively, a most likely reference
spectrum or interpolated spectrum may be determined to be
a background nuclide-originating component. There, for
example, it is possible to use a result obtained by approxi-
mating the peak at 662 keV by a Gaussian distribution,
obtaining a spectrum by adding to thus approximated peak
a linear component with respect to energy, and fitting thus
obtained spectrum to a reference spectrum by the least
squares method. Such modeling may be appropriately set in
accordance with the shape of a reference spectrum. Thus
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obtaining such a result by fitting may be performed in the
stage of calculating a difference spectrum described above
(833).

In the background nuclide-originating component estima-
tion step (S3), a background nuclide-originating component
may also be estimated without using the reference spectra
obtained for respective setting conditions in the reference
source measurement step (S2), but using only the measured
spectra obtained for respective setting conditions in the
sample measurement step (S1). This procedure is particu-
larly effective when the number of setting conditions (the
number of kinds of used scintillators 12 and shields 11) is
large. In this procedure, by calculating a plurality of differ-
ences between the measured spectra for respective setting
conditions, the differences each being, for example, the
difference between measured spectra respectively corre-
sponding to two kinds of scintillators 12 different in size, it
is possible to estimate a background nuclide-originating
component in the case of a scintillator 12 with a certain size.
Such a way of estimation is effective particularly when the
reference spectrum can be approximated with high accuracy
by the above-described model. It is equivalent to estimating
a reference spectrum by obtaining a large number of differ-
ences between the measured spectra for different setting
conditions instead of obtaining the above-described refer-
ence spectra by actual measurement. In this procedure, the
reference source measurement step (S2) is not required,
which enables reduction of time required for the measure-
ment.

Next, as shown in FIG. 4, a corrected spectrum corre-
sponding to the difference between the measured spectrum
and the background nuclide-originating component is cal-
culated (corrected spectrum calculation step: S4). FIG. 6
shows such a background nuclide-induced component B and
a corrected spectrum SP when the result of FIG. 1 is
assumed to be the measured spectrum. In this corrected
spectrum, the component due to **’Cs is reduced, so that
peaks of y-rays emitted by other nuclides (***Cs and *°K in
FIG. 6) become clear. Therefore, by analyzing the corrected
spectrum, composition analysis or the like of the other
nuclides can be performed (corrected spectrum analysis
step: S5).

In the above-described example, the size of the scintillator
12 and the thickness of the shield 11 are specified as the
setting conditions in the radiation detector 10. There, the
shield 11 acts as a filter to cut the low energy side, so that
its thickness affects the form of spectrum. Further, the
material of the shield 11 affects generation of characteristic
X-rays, and accordingly the shield may be constructed to
have a laminated structure with its layers having different
thicknesses and materials. However, when low-energy pho-
tons are excluded from targets to measure, the above-
described measurement may be performed without varying
the structure of the shield 11 but setting it constant (or
without using the shield 11), and varying only the size of the
scintillator 12. It has been described above that a plurality of
thicknesses are set for the shield 11 in order to vary the
degree of radiation absorption, but alternatively a plurality
of materials may be set for the shield 11 for the same
purpose. The radiation detector 10 recognizes energy of each
y-ray photon it detected. In the use described here, the
above-described combination of the scintillator 12 and the
photomultiplier tube 13 is particularly preferred. However,
alternatively, a photodetector capable of recognizing energy
of each y-ray photon it detected, similarly to the photomul-
tiplier tube 13, may be used.
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In the corrected spectrum analysis step (S5), instead of the
nuclide composition analysis, another analysis may be per-
formed. Also in that case, influence of abundantly present
137Cs can be reduced by using the corrected spectrum
described above. While the background nuclide has been
assumed to be '*’Cs in the above-described example, the
same effect can be obtained also when the background
nuclide is assumed to be another one, such as °°Co, depend-
ing on the situation. Further, while y-rays are detected and
their energy spectrum is obtained in the above-described
example, the above-described method may be similarly
employed when a sample analysis is performed using an
energy spectrum of another kind of radiation, such as
neutrons, wherein influence of a specific nuclide is large.

In the flowchart of FIG. 5, the size of the scintillator 12
and the thickness of the shield 11 are determined as setting
conditions. As described before, in the reference source
measurement step (S2), measurement results obtained under
a plurality of conditions to enable measured intensity of the
reference source (**’Cs) by the radiation detector 10 to be
different between different conditions may be used as ref-
erence spectra. A practical procedure in such a case, which
is in accordance with the flowchart of FIG. 4, will be
described below.

In this case, in the sample measurement step (S1), a result
of measurement performed with a certain setting on the side
of the radiation detector 10 (the size of the scintillator 12 and
the thickness of the shield 11) may be used as the measured
spectrum.

Next, in the reference source measurement step (S2),
reference spectra are obtained by measuring the reference
source 200 (background nuclide **’Cs) under a plurality of
conditions (setting conditions) enabling intensities measured
by the radiation detector 10 to be different between the
conditions. As described above, the distance between the
reference source 200 and the radiation detector 10 may be
determined as the setting condition in the present case. That
is, in the reference source measurement step (S2), by per-
forming the measurement a plurality of times, in which the
distance between the reference source 200 and the radiation
detector 10 is varied between the times, a plurality of
reference spectra corresponding to the respective times are
obtained.

Next, in the background nuclide-originating component
estimation step (S3), a form around the 662 keV peak in the
measured spectrum is compared with that in each of the
reference spectra, and one of the reference spectra whose
form around the peak of 662 keV is closest to (is least
different from) that in the measured spectrum may be
estimated to be a background nuclide-originating compo-
nent. Subsequently, as in the above-described example, the
corrected spectrum calculation step (S4) for obtaining a
corrected spectrum from the difference between the mea-
sured spectrum and the background nuclide-originating
component is performed, and then the corrected spectrum
analysis step (S5) is performed

A result practically obtained in the present case will be
described below. While the case of measuring *°K under
presence of '*’Cs has been described in the above-described
example, here is described a case of measuring *°°Co under
presence of **’Cs (background nuclide). FIG. 7 shows the
measured spectrum (S1 in FIG. 4) obtained in the present
case. There, the horizontal axis represents the channel num-
ber (corresponding to the y-ray energy), and energies of
identified peaks are noted. Since the present background
nuclide is **’Cs, the peak of 662 keV is similar to that in the
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example described above. °Co has a peak at 1333 keV,
which substantially overlaps with a sum peak of *’Cs (1334
keV).

Next, reference spectra obtained by measurement on the
background nuclide (**’Cs), varying the distance as
described above, (S2 in FIG. 4) are shown in FIG. 8. There,
the distance (setting condition) is set at seven different
values, and components originating from **’Cs (the peak at
662 keV, a sum peak related to it, and in addition, a
low-energy-side disturbing component and a high-energy-
side disturbing component) are observed, as described
before. Comparing each of the reference spectra with the
measured spectrum (FIG. 7) in terms of the form around the
peak at 662 keV, the second uppermost reference spectrum
in FIG. 8 was found to have a least difference from the
measured spectrum. Accordingly, this reference spectrum
was estimated to represent the background nuclide-originat-
ing component (S3 in FIG. 4).

FIG. 9A shows an enlarged view of the form around 1333
keV in FIG. 7, and FIG. 9B shows a corrected spectrum in
the same energy range calculated using the estimated back-
ground nuclide-originating component (S4 in FIG. 4). In the
corrected spectrum, peaks of °Co (1333 keV, 1173 keV)
became clear. That is, the peaks of °°Co that is the target of
the measurement is clearly obtained by the radiation analysis
method described above.

Next, a configuration of the radiation detector 10 particu-
larly preferably used in the above-described radiation analy-
sis method will be described. As already described, in the
radiation detector 10, the scintillator 12 and the photomul-
tiplier tube 13 are used in combination.

First, a description will be given of a material constituting
the scintillator 12. Preferably, the material has a high den-
sity, for absorbing fy-rays, a short decay time of light
emission, for making pile-up or the like less likely to occur,
and low self-radioactivity, and enables obtaining high
energy resolution. Materials satisfying these requirements
include CeBr; (emission wavelength: 370 nm, decay time:
19 ns, density: 5.1 g/cm®) and Ce-doped LaBr, (emission
wavelength: 380 nm, decay time: 16 ns, density 5.3 g/cm?).
The size of the scintillator 12 is set at a plurality of different
ones, as already described, and may be set to be, for
example, a cube whose edge length is in a range from 4 to
15 mm.

Meanwhile, in the background nuclide-originating com-
ponent estimation step (S3) in FIG. 4, in both the case of
using reference spectra and the case of using only measured
spectra, the task of comparing between spectra (calculating
the difference) is performed. There, it is required that the
scale of energy represented by the horizontal axis of the
spectra of FIGS. 1 and 2 is the same for all the spectra to be
compared. On the other hand, since the spectra respectively
correspond to different setting conditions, absolute values of
y-ray intensity (detection number per unit time) in the
spectra are different between the spectra. The energy corre-
sponds to intensity of current that is output after being
multiplied in the photomultiplier tube 13, according to
pulsed light having entered the photomultiplier tube 13. In
general, in contrast to that intensity of pulsed light emitted
from the scintillator 12 (the charge amount of the pulse or its
waveform integral) is proportional to energy of an absorbed
y-ray, there is not necessarily a good proportional relation, in
the photomultiplier tube 13, between intensity of pulsed
light and intensity of output current, as will be described
below, in which case there occurs variation in the scale of
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energy between such spectra as described above, and as a
result, the above-described analysis cannot be performed
practically

FIG. 10 is a diagram showing a structure of the photo-
multiplier tube 13 and its driving circuit, in a simplified
manner. In the diagram, since the configuration is shown in
the simplified manner, forms of constituents and positional
relations between them are different from practical ones, to
be precise. Further, while only three dynodes are used in the
present example, more dynodes are provided practically. In
the photomultiplier tube 13, when pulsed light (visible light)
is incident from the scintillator 12 as indicated by an arrow
Al, electrons (photoelectrons) are emitted in numbers pro-
portional to intensity of the light, by photoelectric conver-
sion at a photoelectric surface (not shown) on the side of a
cathode 131 in the vacuum. The electrons are focused by a
focus grid 132 as indicated by an arrow A2 and thereby
become incident on the dynode 133, by which more elec-
trons are generated and flow into a dynode 134 at the
following stage. Such electron multiplication is similarly
performed also at dynodes 134 and 135, and electrons thus
sequentially multiplied as indicated by arrows A3, A4, and
A5 finally flow into an anode 136. There, rates of the
multiplication between adjacent dynodes each depend on a
voltage difference between the adjacent dynodes.

Here, practically in the photomultiplier tube 13, a DC
voltage is applied between the cathode 131 and the anode
136, where the DC voltage is divided into portions that are
respectively applied between the dynodes. On the other
hand, as a result of the multiplication, the flow of electrons
(electric current) indicated by the arrows A2 to A5 in FIG.
10 become more larger at more later stages. For example,
Japanese Patent Applications Laid-open No. 1995-142024,
No. 1998-208688 and No. 2010-54364 describe that, in such
a case, as a result of the increase in current flowing between
adjacent dynodes (or between the anode and the adjacent
dynode) at more later stages, a voltage (its absolute value)
applied between adjacent dynodes (or between the anode
and the adjacent dynode) becomes more lower (thus varies)
at a more later stage.

The voltage is generated by division of a voltage of a DC
power supply as described above, and accordingly, when it
becomes lower at a later stage, a potential difference (its
absolute value) between dynodes at the preceding stage is
increased. This causes increase in the multiplication rate at
the preceding stage, and as a result, since the multiplication
rate at a more earlier stage contributes more to the final
electron multiplication rate of the photomultiplier tube 13,
the final electron multiplication rate is increased, compared
to that of when such voltage variation does not occur. There,
in the photomultiplier tube 13, there is not a proportional
relation between the intensity of pulsed light and the inten-
sity of output current, where the intensity of output current
becomes higher than in the case with a proportional relation.

Japanese Patent Applications Laid-open No. 1995-
142024, No. 1998-208688 and No. 2010-54364 each
describe a means for suppressing the decrease of a voltage
applied between the anode 136 and the adjacent dynode 135
(final stage dynode) caused by the increase of current
flowing between the anode and the dynode at a time of
detecting light in the above-described way. The voltage
decrease caused by the current increase is suppressed by
connecting an auxiliary DC power supply to a later-stage
dynode in a technology described in the first one of the
Japanese Patent Applications Laid-open, by using a Cock-
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croft-Walton circuit in the second one, and by using a circuit
having a transistor connected to each dynode in the third
one.

It is particularly preferable to use a photomultiplier tube
13 provided with a means for suppressing voltage variation
such as described above. However, when the linearity in
output described above can be maintained without such a
means for suppressing voltage variation, no such means
need to be used.

REFERENCE SIGNS LIST

10 radiation detector

11 shield

12 scintillator

13 photomultiplier tube
20 computer (calculation unit)
30 signal processing unit
100 sample

131 cathode

132 focus grid

133 to 135 dynode

136 anode

200 reference source

The invention claimed is:

1. A radiation analysis method for identifying a plurality
of'kinds of radioactive nuclides simultaneously contained in
a sample by measuring an energy spectrum of radiation
emitted from the sample,

the radiation analysis method including:

defining a plurality of conditions that yield different
detection intensities on a same measurement target as
setting conditions, in a radiation detector for detecting
the radiation;

a sample measurement step of obtaining a measured
spectrum that is an energy spectrum measured on the
sample by the radiation detector;

a background nuclide-originating component estimation
step of estimating a background nuclide-originating
component that is a component originating from a
background nuclide corresponding to one of the
nuclides having a largest contribution to the radiation,
from results obtained by performing the measurement
by the radiation detector under respective ones of the
setting conditions;

a corrected spectrum calculation step of calculating a
corrected spectrum by subtracting the background
nuclide-originating component from the measured
spectrum; and

performing analysis of the sample using the corrected
spectrum.

2. The radiation analysis method according to claim 1,

including:

a reference source measurement step of obtaining refer-
ence spectra that each are an energy spectrum obtained
by measuring radiation emitted from a reference source
composed of the background nuclide, under respective
ones of the setting conditions; and

estimating the background nuclide-originating compo-
nent, in the background nuclide-originating component
estimation step, by comparing the reference spectra
with the measured spectra.

3. The radiation analysis method according to claim 2,

wherein setting of a distance between the radiation detec-
tor and the reference source in the reference source
measurement step is included in the setting conditions.



US 12,474,492 B2

15

4. The radiation analysis method according to claim 1,

wherein a plurality of shields for absorbing, and thereby
limiting at different degrees, the radiation entering the
radiation detector are selectively provided in the radia-
tion detector, one at one time, and the selection among
the shields is included in the setting conditions.

5. The radiation analysis method according to claim 1,

wherein the radiation detector includes a scintillator that
emits light by absorbing the radiation and a photode-
tector that detects the light,

wherein the scintillators having different sizes are selec-
tively used, any one of them at one time, and

the selection of a size of the scintillator is included in the
setting conditions.

6. The radiation analysis method according to claim 5,

wherein the photodetector is a photomultiplier tube.

7. The radiation analysis method according to claim 6,

wherein the photomultiplier tube includes a cathode, an
anode, and a plurality of dynodes between the cathode
and the anode, and

wherein the photomultiplier tube is provided with a
voltage variation suppressing means for suppressing
variation in a voltage applied between the anode and a
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last stage dynode that is the dynode adjacent to the
anode, the variation being caused by increase in current
flowing between the anode and the last stage dynode at
a time of detecting the light.

8. The radiation analysis method according to claim 7,

wherein the voltage variation suppressing means sup-
presses variation in a voltage applied between the last
stage dynode and the dynode adjacent to the last stage
dynode, the variation being caused by increase in
current flowing between the last stage dynode and the
dynode adjacent to the last stage dynode.

9. The radiation analysis method according to claim 1,

wherein the background nuclide is **’Cs or *°Co.

10. A radiation analysis device for executing the radiation

analysis method according to claim 1,

the radiation analysis device including a calculation unit
that calculates the background nuclide-originating
component by executing the background nuclide-origi-
nating component estimation step, and calculates the
corrected spectrum by executing the corrected spec-
trum calculation step.
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