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(7) ABSTRACT

A radioactive substance detection device that detects a radio-
active substance being present in a specified direction. A
radiation detection element having a thickness that stops and
detects a characteristic X-ray arriving from a radioactive sub-
stance being present in the specified direction that radiates
both gamma rays and the characteristic X-rays, and allows the
gamma ray arriving from the radioactive substance to pass
through. A screening body having a thickness that screens out
characteristic X-rays of radiation which arrives from direc-
tions other than the specified direction and allows gamma
rays of radiation which arrives from directions other than the
specified direction to pass through.




Patent Application Publication Oct. 9,2014 Sheet1 of 12 US 2014/0299784 A1

FIG.TA
6
5
—o—Csl
4 N
——CdTc
z N
~ 3 —4—BGO
w \K
2 :ﬁ: X »—Nal
. . —%—YAP
0
0.1 1.0 10.0 100.0 1000.0
Thickness (4))
Rl
FIG.1B
5
4 \\\
——Csl
JraaR
> 3 N —&—CdTe
~ N
> / SN —A—BGO
/ § /\,‘__N —se—Nal
iy
1 || &+ —¥—YAP
<Y
0
0.0001 0.001 0.01 0.1 1

Thickness () R2



Patent Application Publication Oct. 9,2014 Sheet2 of 12 US 2014/0299784 A1

FIG.2A

—4— TRANSMITTANCE OF 662 keV —l— SCREEN FACTOR OF 32 keV

120%

100%

80%

60%

40%

20%

0%

Background{20-40keV) of Csl - Imm

il

4

58888

—8-
AT e

’ T

N

(RELATIVE SCALF)

1.2

o
co

o
Fe))

o
=

©
~o

1 10 100
THICKNESS OF STAINLESS (mm)

FIG.2B
d1 d2

0 0.5 1 15 2

THICKNESS OF STAINLESS (A 4)



Patent Application Publication Oct. 9,2014 Sheet 3 of 12 US 2014/0299784 A1

FIG.3A

1000

---- Ba-133

—0Cs-137
100

10

0.1

0.01

P3

----Ba-133
—Cs-137

Energy (keV)



Patent Application Publication Oct. 9,2014 Sheet 4 of 12 US 2014/0299784 A1

FIG. 4
i
H1GH-
VOLTAGE ‘
POWER )
SUPPLY
PEAK SENSITIVE ADC
2 (_____J ( 3 4
: : f Ly
RADIOACTIVE - WAVEFORM | | [
SUBSTANGE “ o smeme | HvuxHabc
DETECTION APLIFIER | awpLirier [T] s/H
DEVICE | piRecTiON i
CONTROL
DRIVING [ ] 10 COMPUTER
UNIT
R : 1?3 18b 1?0 1?d
i
{ STORAGE || conTRoL || o IEDCR
I
el EXTERNAL CONNECTION INTERFACE
DEVICE
(
3

MONITOR




Patent Application Publication

Oct. 9,2014

Sheet 5 of 12

US 2014/0299784 Al

FIG.5B

2]\ 23 (25a 25

25h
\

\
Y
=1
_F / / //
- Wi
S
26a 26 27  25b 25¢
FIG5C
CHARACTERISTIC  GAMMA
‘ YoRAY Ry CHARACTERISTIC
#\ : \ ’ \‘\X—RAY
TRl T \
/ \\\k 3 / §
! /CHARACTER[S\T\[(.\% = / // /

| ===\ //// /) /
<:>( X-RAY_.____ [y /// /, / / / / //

| = [/ 1, / /7 /

| GAMMA " ez [/ / //// /

L RAY ) / 4

,\Y/// /

]



Patent Application Publication

11

Oct. 9,2014 Sheet 6 of 12

US 2014/0299784 Al

(
DIRECTION
CONTROL
DRIVING
UNIT

12
{

CAMERA

INPUT
DEVICE

(
13

FIG. 6
PEAK | .
SENSITIVE
ADC
10
8
COMPUTER
SPECTRO |__,,
PREPARATION
£ UNIT
DIRECT{BN
PEAK |
C?RJﬁPL wLysts |43
UNIT
4 1
) TWO-
CAWERA DINENSIONAL [— 44
IMAGE [HAGE
ACQUISITION|  |PREPARATION
UNIT UNIT
TWAGE |
CONPOSITION|  *°
1 UNIT
{
SWITCHING W
INPUT DISPLAY <!
PROCESSING ol
UNIT
NONITOR



Patent Application Publication Oct. 9,2014 Sheet 7 of 12 US 2014/0299784 A1

FIG.7

2500
G1

134CS, 137CS
2000 7 (32keV + 36 keV)

1500 -+

Counts

1000 -

;
AV,
y
ATAA .
500 m ST ;
\

0 50 100 150

Energy (keV)



Patent Application Publication Oct. 9,2014 Sheet 8 of 12 US 2014/0299784 A1

65




Patent Application Publication Oct. 9,2014 Sheet9 of 12 US 2014/0299784 A1

FIG.9A
%\21\ 2 % 2 25 ¢
: i
s ;
22 <o / // S
=y
2 ] g8 &
4 = 0 o
ool om F
23 —-—=0
29 26 21 25b o
53
Ig
O
'_

FIG.9B
21 25B
% 23
NG '
2 ~<Zpmmmill 1) PRE-AMPLIFIER
A
205

I [==--—=TO HIGH-VOLTAGE POWER SUPPLY
268



16
W HIGH-
26 VOLTAGE |
FONER 5 —JPEAK SENSITIVE ADG |
21C \ 25C SUPPLY ! ] s | 10
b 27 =3 mveroRn | e : ml (
_ |
2 PHOTO- PRE H SHAPING [—— o |
MULTIPLIER AMPLIFIER| (supi 1FIER] ' | S/H .
97 3 —4 ! 6 I
PHOTO- PRE- | [WAVEFDRI] | P/H !
— or
MULTIPLIER AMPLIFIER AWPLIFIER ! S/H i
L] H H : ] H
: 5 : : | MUX | ADC |—
7 e LI [ e Lk |
_ 1
PHOTO- AM;’LRIEFIER— SHAPING |—— or .
MULTIPLIER AMPLIFIER] | [ S/H |
27 3 =g =6 |
PHOTO- PRE- | [WAVEFDRN] | P/H ' | COMPUTER
— or
MULTIPLIER AMPLIFIER : S/H !
L - 1
19~ CAMERA |
| 1nput
1371 DEvICE
{4~ MONITOR

0l 914

uoned[qng uonednddy judyeq

T1JO 01 339YS  $10T ‘6 190

IV $8L66T0/¥10T SN



1D
N HIGH-
VOLTAGE
POWER [ 9 5 —PEAKSENETE ARG " :
21 26 25 SUPPLY ‘PEAK SENSITIVE AI?O . i 10
—3 4 6 . R | (
2 [ pRe- | [WAVEFORN | [ PH i
— 1 or
2 3 —4 | ~—6 I
[ PRE- | [WAVEFORN [ P/H |
— or
L L, i L6 [ MUX | ADC —
_ : i
~PhoTo- N | PRE- | [VAVEFORM| | [ P/A |
T T gL :
2 RN
\\\\\“\\\\\\ﬂ\i 2 4 6 |
g‘g\ PRE- wSAHvAEPF[oNRGM [ PA | | COMPUTER
= TIPLIER £ — or
e AMPLIFIER] |aypi 1FIER] | [ S/H |
- o __ 1
19~ CAMERA | INPUT
1371 bEvICE
14~ MONITOR

H9Id

uoned[qng uonednddy judyeq

T1JOTT339YS  $10T ‘6 190

IV $8L66T0/¥10T SN



Patent Application Publication Oct. 9,2014 Sheet120f12  US 2014/0299784 Al

/m\\&\x\\\\\\\\

126 ’/ ,
/ '\

GAMMA GAMMA
RAY RAY

\\\\\\\ \

_




US 2014/0299784 Al

RADIOACTIVE SUBSTANCE DETECTION
DEVICE, RADIATION SOURCE LOCATION
VISIBILITY SYSTEM, AND RADIOACTIVE

SUBSTANCE DETECTION METHOD

TECHNICAL FIELD

[0001] The present invention relates to a radioactive sub-
stance detection device, aradiation source location visualiza-
tion system, and a radioactive substance detection method
with which a radioactive substance which radiates, for
example, both gamma rays and characteristic X-rays is
detected.

BACKGROUND ART

[0002] Conventionally, a gamma camera is used for identi-
fving the position where a radioactive substance is present in
environments where radiation arrives from a variety of direc-
tions, for example, in a nuclear power plant, a nuclear fuel or
spent nuclear fuel processing facility, or in nuclear emergency
situations. As such a gamma camera, a radiation measure-
ment device is proposed (see Patent Document 1).

[Patent Document 1] Japanese Patent Application Laid-Open
No. 2004-85250

[0003] This radiation measurement device includes a mul-
tiple collimator having a plurality of holes that allow compo-
nents of predetermined directions of gamma rays radiated
from a radioactive substance to pass through, a fluorescent
screen that converts gamma rays having passed through the
multiple collimator to visible light, and a screening container
that covers the multiple collimator and the fluorescent screen
to reduce radiation noise. The radiation measurement device
combines a gamma ray image and an image photographed by
another camera. In this manner, the radiation measurement
device can grasp the condition, size, shape, and position of the
internal radioactive substance as a radiation image for an
object to be measured.

[0004] However, such a radiation measurement device is
disadvantageously very heavy because it detects gamma rays
radiated from the radioactive substance. To be more specific,
in an environment where radiation arrives from a variety of
directions, the screening container needs to screen out gamma
rays arriving from other directions for grasping the direction
from which the gamma rays arrive. For screening out gamma
rays, the screening container needs to use thick lead. Also, for
detecting gamma rays, the fluorescent screen is required to
have sufficient thickness and high density to prevent gamma
rays from passing through.

[0005] For example, in the case of detecting gamma rays
having an energy of 662 keV radiated from **’Cs and grasp-
ing the arriving direction thereof, a fluorescent screen 126
provided in the previous stage of a photomultiplier 27, and a
screening container 125 covering these are as shown in FIG.
12. That is, in the case of screening out gamma rays at an
efficiency of 98%, the screening container 125 has a thickness
of about 34 mm when lead having a specific gravity of 11.3 is
used. When Nal (diameter 50 mm) having a specific gravity
of 3.7 is used as the substance, the fluorescent screen 126 will
have a thickness of about 10 mm for detecting gamma rays at
an efficiency of 8%. So assuming that the radiation measure-
ment device 102 is fabricated to have such a format that the
field of view is 22 degrees by a single collimator 121 having
only one hole that allows a predetermined direction compo-
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nent to pass through, and light emission of the fluorescent
screen by gamma rays is read by a photomultiplier of 65 mm
long, the weight is about 25 kg only by the screening con-
tainer 125 and the fluorescent screen 126, which is heavy to
carry.

[0006] Iflead that forms the screening container were to be
thinned or if the fluorescent screen were to be thinned, the
radiation measurement device would be light in weight. How-
ever, in such a radiation measurement device whose weight is
reduced in this manner, disadvantageously, the accuracy is
significantly impaired. That is, if the thickness of lead of the
screening container is thinned, the radiation measurement
device will detect gamma rays arriving from directions other
than the predetermined direction, whereas if the fluorescent
screen is thinned, the sensitivity will be impaired due to
increased transmission amount of gamma rays. Therefore, in
detecting a radioactive substance radiating gamma rays, thin-
ning the screening container is limited, and also thinning the
fluorescent screen is limited due to the relation with sensitiv-
ity.

SUMMARY OF THE INVENTION

[0007] In light of the aforementioned problems, it is an
object of the present invention to provide a radicactive sub-
stance detection device, a radiation source location visualiza-
tion system, and a radioactive substance detection method,
which are usable in an environment where radiation arrives
from various directions, and which have substantially lower
weight and with which sufficient performance is obtained.

[0008] The present invention provides a radioactive sub-
stance detection device for detecting a radioactive substance
being present in a specified direction in an environment where
radiation arrives from various directions, and the radioactive
substance detection device includes a radiation detection ele-
ment having a thickness which stops and detects characteris-
tic X-rays arriving from the radioactive substance being
present in the specified direction and radiating both gamma
rays and the characteristic X-rays, and which allows the
gamma rays arriving from the radioactive substance to pass
through, and a screening body having a thickness which
screens out characteristic X-rays of radiation which arrives
from directions other than the specified direction, and allows
gamma rays of the radiation which arrives from the directions
other than the specified direction to pass through.

[0009] According to the present invention, it is thus pos-
sible to provide a radioactive substance detection device, a
radiation source location visualization system, and a radioac-
tive substance detection method, which are usable in an envi-
ronment where radiation arrives from various directions, and
have substantially lower weight and with which sufficient
performance is obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIGS. 1A and 1B are explanatory charts by graphs
showing thickness and performance of a radiation detection
element.

[0011] FIGS. 2A and 2B are explanatory charts for explain-
ing changes in screening, transmission and background with
the change in thickness of a screening container.

[0012] FIGS. 3A and 3B are explanatory charts of an
energy spectrum of a radioactive substance for use in identi-
fying the kind of the radioactive substance.
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[0013] FIG. 4 is a block diagram showing a system con-
figuration of a radiation source location visualization system.
[0014] FIGS. 5A to 5C are explanatory views for explain-
ing a constitution of a radioactive substance detection device.
[0015] FIG. 6 is a functional block diagram showing the
function of a computer.

[0016] FIG. 7 is an explanatory chart by a graph showing a
detection result by the radiation source location visualization
system.

[0017] FIG. 81s a screen configuration view of an imaging
image by the radiation source location visualization system.
[0018] FIGS. 9A and 9B are explanatory views showing a
longitudinal section of a radicactive substance detection
device in second and third embodiments.

[0019] FIG. 10 is a block diagram of a radiation source
location visualization system in a fourth embodiment.
[0020] FIG. 11 is a block diagram of a radiation source
location visualization system in a fifth embodiment.

[0021] FIG. 12 is a longitudinal section view showing a
conventional radiation measurement device.

EMBODIMENTS OF THE INVENTION

[0022] In detection of a radioactive substance, it is gener-
ally preferred to detect gamma rays radiated from the radio-
active substance. This is because since gamma rays have high
energy, it is easy to measure from the point of signal-to-noise
ratio ina signal processing circuit of a radiation measurement
device, and background is lower in a gamma ray region of
high energy generally in an environment where gamma rays
are radiated, and a large number of gamma rays are radiated
per one decay of the radioactive substance. However, when
the screening container 1s thinned for reducing the weight of
the gamma camera, the directional sensitivity is impaired
because of transmission of gamma rays, and when the radia-
tion detection element is thinned, the detection sensitivity of
gamma rays is impaired.

[0023] The present inventors made diligent efforts for
reducing the weight of a gamma camera that detects a radio-
active substance. First, the inventors attempted to reduce the
weight of the gamma camera by using a material of light
weight and small size having high detection sensitivity for
gamma rays as a gamma ray detection element to make the
gamma ray detection element compact, and by reducing the
weight of lead for a screening container and a collimator
constituting a screening body. However, in this approach, it is
impossible to significantly reduce the weight, for example, to
make the screening body one-eighteenth or less of the con-
ventional one.

[0024] Then, the present inventors mainly focused on, in
addition to gamma rays radiated from the radioactive sub-
stance, the gamma rays that is generated by scattering of the
gamma rays by a normal substance being present near the
radioactive substance (energy region of mainly around 200
keV). Accordingly, the inventors considered about making
the gamma ray detection element compact by increasing the
count rate of gamma rays by measuring gamma rays includ-
ing these scattered gamma rays of this energy region. As a
result, further increase in sensitivity of the gamma camera is
expected, and weight of lead for the screening container and
the collimator constituting the screening body can be
reduced. However, actually, intensity of the scattered gamma
rays changes depending on the arrangement of a substance
being present around the radioactive substance, and in this
measure, there is a problem that quantity of the radioactive
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substance cannot be measured satisfactorily. In addition, it is
also impossible with this measure to significantly reduce the
weight of the screening body, for example, to one-eighteenth
or less of the conventional one.

[0025] The present inventors further made diligent efforts,
and focused on characteristic X-rays generated from a radio-
active substance. Then, the present inventors attempted to
detect presence of a radioactive substance by detecting the
characteristic X-rays. In general, characteristic X-rays, which
are low in radiation probability and low in energy in compari-
son with gamma rays, are difficult to be measured, and thus
have not been noted heretofore. The present inventors made
the signal processing circuit of the radioactive substance
detection device be able to measure characteristic X-rays ofa
low energy region for detecting characteristic X-rays, and
attempted to further reduce noises. However, there is a prob-
lem that characteristic X-rays cannot be satisfactorily
detected due to high background generated by gamma rays
scattering with the radioactive substance detection device.
[0026] In light of the above, the present inventors made
further diligent efforts, and succeeded in detecting presence
of a radioactive substance with a device of light weight by
employing such a configuration of excluding gamma rays as
much as possible, and conducting detection focusing on char-
acteristic X-rays. Concretely, the present inventors made the
radiation detection element have a thickness that can detect
characteristic X-rays sufficiently while allowing gamma rays
to sufficiently pass through, and made each of the screening
container and the collimator constituting a screening body
have a thickness that screens out characteristic X-rays suffi-
ciently while allowing gamma rays to sufficiently pass
through. As a result, the present inventors succeeded in
detecting presence of a radioactive substance with a screening
body of one-eighteenth lighter than the conventional one by
detecting characteristic X-rays while preventing the back-
ground. The “allow gamma rays to pass through” means that
the proportion of the passing gamma rays in incident gamma
rays is larger than those causing interaction. The “allow
gamma rays to sufficiently pass through” means that 80% or
more of gamma rays pass through, preferably 87% or more of
gamma rays pass through, more preferably 92% or more of
gamma rays pass through, and further preferably 97% or
more of gamma rays pass through. Thickness of the radiation
detection element means a thickness in the direction perpen-
dicular to the plane where radiation enters into the radiation
detection element (hereinafter, referred to as thickness in
incident direction).

[0027] FIGS. 1A and 1B are graphs showing a simulation
result of thickness of the radiation detection element and
performance of the radiation detection element in the case
where detection is conducted by characteristic X-rays having
an energy of 32 keV and 36 keV radiated from cesium having
a mass number of 137 (hereinafter **’Cs) and cesium having
a mass number of 134 (hereinafter *>*Cs). This simulation is
based on the assumption that, with **’Cs and '**Cs placed on
concrete present at a activity ratio of 1:0.9, the *’Cs and
134Cs are detected by characteristic X-rays in the environ-
ment that there are both gamma rays radiated from the two
kinds of cesium and continuous gamma rays that are the
gamma rays scattered by the concrete.

[0028] FIG. 1A represents a lower limit value R, of thick-
ness of the radiation detection element, and FIG. 1B repre-
sents an upper limit value R, of thickness of the radiation
detection element. In both graphs, the horizontal axis repre-
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sents thickness (defined by mean free path A) of the radiation
detection element, and the vertical axis represents a value
(hereinafter, S*/N) obtained by standardizing a ratio between
the square of detection efficiency (hereinafter S) of charac-
teristic X-rays, and noise amount (N) given to the energy
region (20-40 keV) of characteristic X-rays by gamma rays
from "**Cs and "*’Cs at the point where the thickness of the
radiation detection element is 10 mm. In general, as SN
increases, characteristic X-rays can be detected in a shorter
time with higher accuracy, namely at higher sensitivity. Every
graph shows the results using cesium iodide (hereinafter,
Csl), cadmium telluride (hereinafter, CdTe), bismuth ger-
manate (hereinafter, BGO), sodium iodide (hereinafter, Nal),
and yttrium-aluminum-perovskite (hereinafter, YAP) as
materials for the radiation detection element.

[0029] A micro amount of activation substance may be
added to the scintillator for increasing the luminous effi-
ciency. For example, CsI is not limited to pure Csl not con-
taining an activation substance, but may be CsI (Na) or Csl
(T1) which is a scintillator to which a micro amount of sodium
(Na) or thallium (T1) is added as an activation substance. The
activation substance will not be specifically described
because the present invention is established regardless of
presence or absence of an activation substance of the scintil-
lator. In the aforementioned example, CsI means CsI not
containing an activation substance, and CsI (Na) and CsI (T1)
containing an activation substance.

[0030] From the graph of FIG. 1A, it can be said that the
radiation detection element preferably has a specific thick-
ness. In other words, the lower limit value of the thickness of
the radiation detection element (thickness of sensitive part),
as shown as lower limit value R1 in FIG. 1A, is preferably
1.1%, or more in a unit of mean free path in the radiation
detection element (in the substance) (A,) of characteristic
X-rays from the radioactive substance to be measured. This
value leads to 1.5 times efficiency of SN in the case of Csl.
[0031] The upper limit value of thickness of the radiation
detection element (thickness of sensitive part), as shown as
upper limit value R2 in FIG. 1B, is preferably 0.14}., or less
in a unit of mean free path in the radiation detection element
(in the substance) (A,) of the gamma rays that the radioactive
substance to be measured radiates with the highest emission
probability among all of the gamma rays with variety of
energies from the radioactive substance. This value leads to
1.5 times efficiency of S*N in the case of Csl.

[0032] The term “mean free path” means an average dis-
tance until characteristic X-rays or gamma rays cause inter-
actions (photoelectric effect, Compton scattering, electron
pair generation) after incidence to the substance (the same
shall apply hereinafter).

[0033] From the view point of the proportion of character-
istic X-rays that interact with the radiation detection element
to total number of the incident characteristic X-rays, the
thickness of the radiation detection element is preferably such
that 67% or more of characteristic X-rays from the radioac-
tive substance to be measured causes interaction after enter-
ing the detection element, and more preferably such that 78%
or more of the characteristic X-rays causes interaction.
[0034] Further, from the view point of the proportion (here-
inafter, transmittance) of gamma rays that completely fail to
interact with the radiation detection element and pass
through, the thickness of the radiation detection element pref-
erably allows 87% or more of gamma rays with the highest
emission probability among all of the gamma rays with vari-
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ety of energies from the radioactive substance to be measured
to pass through, and more preferably allows 95% or more of
the gamma rays to pass through.

[0035] For example, in a conventional gamma camera, for
imaging a radioactive substance with gamma rays with the
highest emission probability from the radioactive substance
to be measured, a very large thickness of the radiation detec-
tion element is required. In other words, in detecting gamma
rays of 662 keV from '3’Cs using Nal (diameter 50 mm) as
the radiation detection element, for example, the conven-
tional camera requires a thickness of about 0.81%., for obtain-
ing a detection efficiency of 30%, and a larger thickness is
required for further increasing the detection efficiency.
[0036] In contrast to this, the radiation detection element
having a thickness 0of 0.14A, or less can operate in the present
invention, and an efficiency of 80% or more can be easily
obtained for characteristic X-rays. Therefore, it is possible to
substantially reduce the weight of the radiation detection
element.

[0037] Area (hereinafter, sensitive area) of the sensitive
part of the radiation detection element per field of view
defined by the collimator can be appropriate area depending
on the intensity of incident characteristic X-rays. For
example, in measuring a spent nuclear fuel substance at a
close position in a nuclear facility or the like, it is preferred to
make the sensitive area relatively narrow because the inten-
sity of incident X-rays is large, whereas in measuring a radio-
active fallout generated by a nuclear reactor accident or the
like, it is preferred to increase the area to improve the sensi-
tivity because the intensity of incident X-rays is small.
[0038] As to the sensitive area, for achieving a statistical
error of 30% in a measuring time of 1 minute, the sensitive
areais preferably at least 2 cm” ormore, and the effective area
may be 5 cm? or more, the effective area may be 12 cm? or
more, or the effective area may be 96 cm? or more in conduct-
ing measurement in an environment where the air dose rate by
gamma rays at the position of the radiation detection element
Csl is less than 10 pSv/h.

[0039] Also, for example, in measuring in an environment
where the air dose rate by gamma rays at the position of the
radiation detection element CsI is less than 100 uSv/h, the
sensitive area is preferably at least 0.3 cm® or more, and the
effective area may be 1 cm? ormore, the effective area may be
5 cm? or more, the effective area may be 12 cm® or more, or
the effective area may be 96 cm* or more.

[0040] Similarly, in measuring in an environment where the
air dose rate at the position of the radiation detection element
Csl is less than X uSv/h, the sensitive area is preferably at
least (29xX~°°®) em? or more (provided that, X>100 uSv/h).
For other kinds of radiation detection elements, a sensitive
area equivalent to that for Csl is required.

[0041] Inthe case where a longer measurement time and a
larger statistical error are permitted, the sensitive area of the
radiation detection element can be made smaller. The exem-
plified necessary sensitive area is approximately estimated
based on the results of the radiation detection element CsI
having an effective area of 16.6 cm?, thickness of 1 mm, and
energy resolution of 10.5 keV at 32 keV, measured in envi-
ronments where the air dose rate by gamma rays at the Csl
position is 5 uSv/h and 16 pSv/h.

[0042] FIGS. 2A and 2B are explanatory charts for explain-
ing various changes due to change in thickness of the screen-
ing container, and FIG. 2A is a graph showing the relation
between the thickness of the screening container, the screen
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factor of characteristic X-rays, and the transmittance of
gamma rays. Thickness of the screening container means the
thickness of'a wall of a container having one open end and the
other closed end. This graph is calculated by using stainless
(hereinafter SUS) as a material for the screening container.
Here, the characteristic X-rays to be screened out are charac-
teristic X-rays of 32 keV radiated from cesium of **’Cs, and
the gamma rays to be allowed to pass through is gamma rays
of 662 keV radiated from '*7Cs.

[0043] The horizontal axis of the graph represents thick-
ness of the screening container. The vertical axis of the graph
represents screen factor of characteristic X-rays, and trans-
mittance of gamma rays.

[0044] As shown in the drawing, the screening level of
characteristic X-rays by the screening container is about 40%
at a thickness of the screening container of 0.1 mm, and
increases with the thickness of the screening container, and
almost 100% (98% in calculation example) screening can be
achieved at a thickness of 1 mm.

[0045] On the other hand, transmittance of gamma rays is
about 60% when the thickness of the screening containeris 10
mm, and it increases as the thickness of the screening con-
tainer is reduced, and is about 90% at a thickness of 2 mm.
[0046] From these results, when SUS is selected as a mate-
rial, thickness of the screening container is most preferably 1
mm. That is, this thickness can screen out nearly 100% (98%)
of characteristic X-rays of 32 keV, allows gamma rays to pass
through, and can reduce the weight of the screening container.
By employing such a thickness that allows gamma rays to
pass through, reduces the weight, and can sufficiently screen
out characteristic X-rays, it is possible to make the screening
container very light, and to obtain sufficient detection accu-
racy.

[0047] More specifically, thickness of the screening con-
tainer is preferably 1.6\, or more in a unit of mean free path
(A;) of characteristic X-rays from the radioactive substance to
be measured in the screening container, and is preferably
0.22%,, or less in a unit of mean free path (2,) of the gamma
ray radiated with the highest emission probability from the
radioactive substance to be measured in the screening con-
tainer.

[0048] Thickness of the screening container preferably
screens out 80% or more of characteristic X-rays having an
energy of 20 keV to 40 keV, and more preferably screens out
90% or more of the characteristic X-rays, from the view point
of screening out characteristic X-rays.

[0049] Thickness of the screening container desirably
allows 80% or more of gamma rays radiated with the highest
emission probability from the radioactive substance to be
measured to pass through for reducing the weight of the
screening container, preferably allows 87% or more of the
gamma rays to pass through, more preferably allows 92% or
more of the gamma rays to pass through, and further prefer-
ably allows 97% or more of the gamma rays to pass through
from the view point of transmittance of gamma rays.

[0050] For example, in a conventional gamma camera, for
imaging a radioactive substance by gamma rays that are radi-
ated with the highest emission probability from the radioac-
tive substance to be measured, it is necessary to make thick-
ness of the screening container about 4, for screening out
98% of gamma rays. In contrast to this, since the screening
container having a thickness of 0.22h, or less can operate in
the present invention, it is possible to substantially reduce the
weight of the screening container to one-eighteenth or less.
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The screening container of such a thickness reduces the
weight of the screening container and detects characteristic
X-rays with high accuracy, so that a radioactive substance
detection device having light weight and high sensitivity can
be provided.

[0051] Achievement of both weight reduction of the
screening container and sensitivity improvement by setting
the thickness of the screening container at 0.22%,, or less in
this manner will be described using an example in which SUS
1s used for the screening container by referring to FIG. 2B.
FIG. 2B is a graph obtained by calculating the relation
between thickness of SUS (in a unit of mean free path 2., in
SUS of 662 keV) and background amount of 20-40 keV
detected by CsI when both surfaces of the radiation detection
element Csl having a thickness of 1 mm are screened out by
SUS of the same thickness, and one surface of SUS is irradi-
ated with gamma rays of 662 keV from a radiation source
137Cs. This graph gives an indication of the relation between
thickness of the screening container and background amount
in the condition that there is no matter around the radiation
source.

[0052] As shown in this graph, the background peaks at a
thickness of SUS of about 0.5A,. Therefore, decreasing the
thickness of the screening container to 0.223,, or less which is
thin enough to reduce the background is effective for reducing
the background as well as for reducing the weight. To be more
specific, the background can be reduced to 87% of the maxi-
mum value when the thickness of the screening container is
0.220, (d1 in the drawing) and when the thickness of the
screening container is 1.03%, (d2 in the drawing). That 1s, the
points (for example, d1 and d2) appear where the background
can be reduced by an equal amount on the thinner side and on
the thicker side with respect to the thickness of the screening
container where the background amount is maximum. How-
ever, about 4.7 times weight reduction is achieved with the
same background amount in the condition of d1 situated on
the thinner side, than in the condition of d2 situated on the
thicker side.

[0053] Such a way of thinking for thickness of the screen-
ing container is also applied to design of the collimator, and it
is preferred to make the collimator to have a specific thick-
ness.

[0054] In general, a collimator is formed of a plate-like
member having holes, and when it is attached to the screening
container, it allows most of incident radiation and so on from
a specified direction to pass through the holes, and excludes
most of incident radiation and so on from directions other
than the specified direction by the member around the holes.
In other words, the field of view is limited by the collimator.
Inthe case of X-rays and gamma rays, the thickness (effective
thickness) of the collimator is one parameter determining the
field of view of the collimator. Here, the specified direction is
a direction in which measurement is to be made, and is a
direction defined by the collimator and the screening con-
tainer, or a direction defined by the screening container.
[0055] The collimator includes the type provided with one
radiation detection element behind the collimator, and the
type provided with a plurality of radiation detection elements.
[0056] Examples of the former type include a single colli-
mator having one hole (see single collimator 121 in FIG. 12)
and a multiple collimator having a plurality of holes (see
collimator 21 in FIGS. 5A and 5B). The effective thickness
means thickness of the lateral wall of a hole in the single
collimator orin the multiple collimator. In other words, it is an
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average of thicknesses (wall thickness in the direction per-
pendicular to the specified direction) of collimator member at
the point where radiation from arbitrary directions enters in
the collimator member (excluding the cases where incidence
occurs in the front face or the back face on the specified
direction side of the collimator).

[0057] Examples of the latter type include a pinhole colli-
mator and a coded mask type collimator and so on as will be
described later. In a pinhole collimator or a coded mask type
collimator, effective thickness means a plate thickness of the
collimator. In other words, it is an average of thickness (wall
thickness in the direction parallel to the specified direction) of
collimator member at the point where radiation from arbitrary
directions enters in the collimator member (excluding the
cases where incidence occurs on the lateral wall of a hole or
outer circumferential face of the collimator).

[0058] Effective thickness of the collimator is 1.6A5 or
more in a unit of mean free path in the collimator substance
(k) of characteristic X-rays from the radioactive substance to
be measured, and is preferably 0.22.; or less in a unit of mean
free path in the collimator substance (A¢) of gamma rays
radiated with the highest emission probability from the radio-
active substance to be measured.

[0059] Effective thickness of the collimator preferably
screens out 80% or more of characteristic X-rays having an
energy of 20 keV to 40 keV, and more preferably screens out
90% or more of the characteristic X-rays from the view point
of screening out the characteristic X-rays.

[0060] From the view point of transmittance of gamma
rays, effective thickness of the collimator preferably allows
80% or more of the gamma rays with the highest emission
probability from the radioactive substance to be measured to
pass through for reducing the weight of the screening con-
tainer, and preferably allows 87% or more of the gamma rays
to pass through, more preferably allows 92% or more of the
gamma rays to pass through, and further preferably allows
97% or more of the gamma rays to pass through.

[0061] For example, in a conventional gamma camera, for
imaging a radioactive substance with gamma rays with the
highest emission probability from a radioactive substance to
be measured, a large effective thickness of the collimator is
required. That is, the conventional gamma camera requires an
effective thickness of the collimator of about 4 for deter-
mining the arriving direction of gamma rays with an accuracy
of 98%.

[0062] In contrast to this, since the collimator having an
effective thickness of 0.22X or less can operate in the present
invention, it is possible to substantially reduce the weight of
the collimator.

[0063] The signal processing circuit provided on the rear
stage of the radiation detection element is preferably config-
ured to measure a spectrum near a peak of characteristic
X-rays radiated from the radioactive substance over at least
part of the range from 20 keV to 40 keV, and is more prefer-
ably configured to measure over at least the entire range of 20
keV to 40 keV, and for evaluating a peak of characteristic
X-rays more accurately, it is preferably configured to measure
over the entire range of 10 keV to 40 keV and is more pref-
erably configured to measure over the entire range of 10 keV
to S0keV. In particular, by a signal processing circuit capable
of measuring down to 10 keV, the estimation accuracy of
background increases, and peak analytical accuracy is
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improved. Also, by a signal processing circuit capable of
measuring up to 50 keV, it is possible to further increase the
accuracy.

[0064] For example, when **’Cs is to be detected, it is
desired to be configured to measure a spectrum around 32.2
keV (Ba—Ko) and 36.4 keV (Ba—Kf}) which are peaks of
characteristic X-rays radiated during a process that '*’Cs
p~-decays to *"Ba and then decays to *’Ba by nuclear
isomer transition.

[0065] Forexample, when **'1is to be detected, it is desired
to be configured to measure a spectrum around 29.8 keV
(Xe—XKoc) and 33.6 keV (Xe—K§p) which are peaks of char-
acteristic X-rays radiated during a process that **1p~-decays
to '3'"Xe and then decays to '*'Xe by nuclear isomer tran-
sition.

[0066] For example, when '*°"'Te is to be detected, it is
desired to be configured to measure a spectrum around 27.5
keV (Te—Ka) and 31.0 keV (Te—Kp) which are peaks of
characteristic X-rays radiated during a process that ***""Te
decays to '**Te by nuclear isomer transition.

[0067] For example, when *?Te is to be detected, it is
desired to be configured to measure a spectrum around 28.6
keV (I—Ka) and 32.3 keV (I—Kf}) which are peaks of char-
acteristic X-rays radiated during a process that '**Te decays
to 12?1 by B~-decay.

[0068] For example, when '**Ba is to be detected, it is
desired to be configured to measure a spectrum around 31.0
keV (Cs—Ka) and 35.0 keV (Cs—K{f3) which are peaks of
characteristic X-rays radiated during a process that '**Ba
decays to 1**Cs by electron capture.

[0069] Forexample, when ***isto be detected, itis desired
to be configured to measure a spectrum around 27.5 keV
(Te—Ka) and 31.0 keV (Te—K§f) which are peaks of char-
acteristic X-rays radiated during a process that **1 p*-decays
to 12*Te or decays by electron capture.

[0070] Therefore, by employing the configuration of mea-
suring at least part of the range from 20 keV to 40 keV, it is
possible to detect and analyze peaks of the characteristic
X-rays radiated from these radioactive substances.

[0071] Next, a method for identifying the kind of radioac-
tive substances will be described. For those radiating both
gamma rays and characteristic X-rays during the process that
a radioactive substance (parent nuclide) decays to a daughter
nuclide, the present invention makes it possible to detect a
radioactive substance being present in a specified direction
using characteristic X-rays detected in a low energy region
(X-ray region of for example, from 10keV to 50keV), and to
identify the kind of the radioactive substance (atomic number
of daughter nuclide) in that direction. Furthermore, by addi-
tionally using detection of radiation in the high energy region
(gamma ray area of, for example, 60 keV to 1,000 keV), it is
possible to identify the kind of the radioactive substance
being present in the specified direction more specifically. This
will be described in detail below.

[0072] FIG. 3A shows energy spectra spanning 0 to 700
keV of **Baand "*’Cs measured by using cadmium telturide
as the radiation detection element at —=10° C., and FIG. 3B
shows the characteristic X-rays spanning 0 to 60 keV in FIG.
3A in such a manner that the heights of respective peaks are
aligned. In FIGS. 3A and 3B, the vertical axis represents
count, and the horizontal axis represents energy (keV).
[0073] Energy resolution of the cadmium telluride element
used herein is 4 keV at an energy of 32 keV when defined by
full width at half maximum.
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[0074] First, the first method of radioactive substance iden-
tification in specified direction will be described that uses a
low energy region radioactive substance identification
method for identifying the kind of the radioactive substance
(atomic number of daughter nuclide) being present in a speci-
fied direction using radiation in a low energy region. The low
energy region radioactive substance identification method is
executed as a daughter nuclide identification process for iden-
tifying the atomic number of the daughter nuclide of the
radioactive substance being present in the specified direction.
[0075] Asshown in FIG. 3B, in the low energy region, peak
P1(31keV)and peak P2 (35 keV) of the characteristic X-ray
of Cs occurring in association with decay of '**Ba (daughter
nuclide'*3Cs), and peak P3 (32 keV) and peak P4 (36 keV) of
the characteristic X-ray of Ba occurring in association with
decay of '*"Cs (daughter nuclide '*"Ba) arise.

[0076] Small difference between positions of peaks P1, P2
of the characteristic X-ray occurring in association with
decay of ***Ba and positions of peaks P3, P4 of the charac-
teristic X-ray occurring in association with decay of **’Cs is
ascribable to difference in energy between these characteris-
tic X-rays. By knowing positions of the energy peaks, it is
possible to identify the atomic number of the daughter
nuclide of the radioactive substance. That is, energy of a
characteristic X-ray depends exclusively on atomic number
of a daughter nuclide that is generated by decay of a radioac-
tive substance (parent nuclide). Daughter nuclides of **Ba
and '*”Cs after decay are '**Cs and '*"Ba, respectively, and
characteristic X-rays (those having the highest intensities: 31
keV, 32 keV, respectively) corresponding to the atomic num-
bers of the daughter nuclides (Cs, Ba, respectively) will occur.
Therefore, conversely, by measuring energy of a characteris-
tic X-ray, it is possible to know an atomic number of a daugh-
ter nuclide. Although it is generally impossible to know a
parent nuclide from an atomic number of a daughter nuclide,
it is possible to limit the kinds of parent nuclides.

[0077] Since the radiation detection element is surrounded
by the screening body (the screening container and the colli-
mator, or the screening container in the case of lacking a
collimator), the detected characteristic X-rays come from a
radioactive substance being present in the specified direction.
Therefore, it is possible to 1dentify the kind of the radioactive
substance (atomic number of the daughter nuclide) being
presentin the specified direction from the position of the peak
of the characteristic X-ray in the low energy region.

[0078] By improving the energy resolution of the radiation
detection element, the ability to identifying the kind of the
radioactive substance (atomic number of daughter nuclide)
can be improved. For example, in the case of cadmium tellu-
ride, it is possible to improve the energy resolutionto 1 keV or
less by the methods of, for example, cooling cadmium tellu-
ride to further low temperature, optimizing the size of cad-
mium telluride, or using a pre-amplifier having more excel-
lent noise performance. The cooling is a method for
increasing the energy resolution and is not an essential
requirement. Even when the cadmium telluride is used at
room temperature (for example, at 20° C.), it is possible to
discriminate difference in peak position and to identify an
atomic number of a daughter nuclide of a radioactive sub-
stance.

[0079] Next, a high energy region radioactive substance
identification method (identification method of kind (kind of
parent nuclide) of radioactive substance using radiation in the
high energy region) will be described in which presence of a
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radioactive substance in the vicinity of radioactive substance
detection device is recognized using radiation in the high
energy region to identify the kind (kind of parent nuclide).
[0080] In the present invention, the thickness of the radia-
tion detection element is set at such a thickness that allows
gamma rays to sufficiently pass through and can sufficiently
detect characteristic X-rays. The thickness of the screening
body is set at such a thickness that allows gamma rays to
sufficiently pass through and sufficiently screens out charac-
teristic X-rays. Therefore, most of gamma rays in the high
energy region pass through the screening body, and arrive
from every direction to enter the radiation detection element.
Although most of gamma rays in the high energy region pass
through the radiation detection element, part of them interact
with the radiation detection element and are detected. The
data of detection of the part of gamma rays is utilized for
identifying the kind of the radioactive substance (kind of
parent nuclide).

[0081] In identification of the kind of the radioactive sub-
stance (kind of parent nuclide) using gamma rays in the high
energy region, since gamma rays arriving from every direc-
tion are to be detected, it is to be noted that the incident
directions of gamma rays can not be identified. That is, it is to
be noted that the radioactive substances that can be identified
by the high energy region of energy spectra include those
being present in the region of the specified direction where a
radioactive substance can be detected by characteristic
X-rays, and those being present in other region (region where
characteristic X-rays are screened out by the screening body,
and detection is not conducted by characteristic X-rays).
[0082] In the high energy region, as shown in FIG. 3A,
gamma rays that slightly interact with cadmium telluride
form energy spectra S1, S2. The energy spectrum S1 of **Ba
and the energy spectrum S2 of '*’Cs are different in shape.
The energy spectra S1, S2 are inherent in the radioactive
substances, and depend on energy of gamma rays radiated
from the respective radioactive substances.

[0083] Therefore, by observing the shape of the energy
spectrum in the high energy region, it is possible to recognize
presence of a radioactive substance in the vicinity of the
radioactive substance detection device and to identify the
kind (kind of parent nuclide). That is, in the high energy
region, the direction in which a radioactive substance is
present cannot be identified, but the kind (kind of parent
nuclide) of the radioactive substance being present in the
vicinity can be identified. Concretely, templates of individual
parent nuclides registered in a database (data regarding peak)
and the shape of the energy spectrum in the high energy
region are compared, and if there is a template indicating a
degree of coincidence of a predetermined value or more, the
kind of the radioactive substance is identified as the parent
nuclide with the template.

[0084] Further, the second method of radicactive substance
identification in specified direction will be described in which
energy and intensity of characteristic X-rays are estimated by
acharacteristic X-ray peak estimation method using the result
of the kind of the radioactive substance (kind of parent
nuclide) identified by the high energy region radioactive sub-
stance identification method, and the kind of the radioactive
substance being present in the specified direction (kind of
parent nuclide) is identified by a low energy region radioac-
tive substance detailed identification method using the esti-
mation result. The high energy region radioactive substance
identification method is executed as a candidate identification
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process for identifying a candidate for the radioactive sub-
stance being present in the specified direction, and the char-
acteristic X-ray peak estimation method and the low energy
region radioactive substance detailed identification method
are executed as a kind discrimination process for discriminat-
ing the kind of radioactive substance being present in the
specified direction using the identification result by the high
energy region radioactive substance identification method
and the measurement result of the low energy region.

[0085] Respective energy of characteristic X-rays or
gamma rays and a radiation ratio between gamma rays and
characteristic X-rays are inherent in the radioactive sub-
stance. Also, the detection efficiency of gamma rays and
characteristic X-rays are inherent in the radioactive substance
detection device. The characteristic X-ray peak estimation
method estimates energy and intensity of characteristic
X-rays utilizing this law.

[0086] In the characteristic X-ray peak estimation method,
first, using the aforementioned high energy region radioactive
substance identification method, presence of each radioactive
substance in the vicinity of the radioactive substance detec-
tion device is recognized from a gamma ray spectrum in the
high energy region. For this recognized radioactive sub-
stance, energy of each characteristic X-ray is determined, and
based on the radiating ratio between gamma rays and char-
acteristic X-rays, the detection efficiency of gamma rays and
characteristic X-rays, and assumption of distribution condi-
tion of radioactive substance, intensity of each characteristic
X-ray by each radioactive substance is estimated.

[0087] For example, the case where measurement is con-
ducted in the field where two kinds of radioactive substances,
13*Ba and '*7Cs coexist is supposed. From a gamma ray
spectrum of the high energy region, presences of the radio-
active substances '>*Ba and **’Cs in the vicinity of the radio-
active substance detection device are recognized, and energy
and intensity of the characteristic X-rays radiated from the
two kinds of the radioactive substances are estimated. In other
words, for the radioactive substances '**Ba and '*’Cs whose
presences have been recognized, an assumption is made that
for example, the radioactive substances are uniformly distrib-
uted on the ground surface, and energy of characteristic X-ray
radiated from each substance is extracted from a known data-
base. And further an operation using a radiation ratio between
gamma rays and characteristic X-rays and detection effi-
ciency of gamma rays and characteristic X-rays is conducted
to estimate intensity of each characteristic X-ray.

[0088] Next, based on the estimation, a characteristic X-ray
spectrum of the low energy region is analyzed using a low
energy region radioactive substance detailed identification
method. The low energy region radioactive substance
detailed identification method will be described while taking
the field where two kinds of radioactive substances ***Ba and
137Cs coexist as an example. By actively searching peaks of
characteristic X-rays having the estimated energy and inten-
sity (characteristic X-ray peaks of Cs being daughter nuclide
of **Ba and of Ba being daughter nuclide of **”Cs) from the
low energy region (if there is a peak within an acceptable
range confined by the estimated energy and intensity of char-
acteristic X-ray, the peak is regarded as that of the character-
istic X-ray), it is possible to determine presence or absence of
each peak of characteristic X-rays, and intensities of each
peak accurately, and to determine whether or not the radio-
active substance of the kind specified in the high energy
region radioactive substance identification method is present
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in the low energy region. When presence is determined, it is
identified that the radioactive substance of that kind is present
in the specified direction.

[0089] The second method of radicactive substance identi-
fication in specified direction that analyzes the low energy
region by combining the high energy region radioactive sub-
stance identification method, the characteristic X-ray peak
estimation method, and the low energy region radioactive
substance detailed identification method in this manner is
particularly useful when the energy resolution of the radio-
active detection element is comparable to difference in char-
acteristic X-ray energies of each radioactive substance. To be
more specific, in the example of the field where two kinds of
radioactive substances '**Ba and *"Cs coexist as described
above, energy difference in characteristic X-rays is 1 keV.
Meanwhile, characteristic X-ray peaks are close to each other
as shown in FIG. 3B, and are actually observed as a single
peak. The abundance and the kind of the parent nuclide are
not clear only from information of the spectrum of the low
energy region. Therefore, it is difficult to recognize charac-
teristic X-ray peaks of two kinds Cs and Ba derived from
13383 and '*’Cs, and to separate them from each other.
Instead, by identifying the kind of the radioactive substance
(***Ba and '*7Cs) from the high energy region, it is possible
to estimate the energy and the intensity of the characteristic
X-ray, and to detect characteristic X-rays of **Ba and **"Cs
while separating them from each other, and to achieve high
accuracy measurement of characteristic X-ray intensity. In
this case, it is possible to quantify 1**Ba and **’Cs indepen-
dently, and to identify the radioactive substances (parent
nuclide) being present in the specified direction as being
'*3Ba and 7 Cs.

[0090] The second method of radioactive substance identi-
fication in specified direction is able to identify the kind of the
radioactive substance being present in the specified direction
better than in the first method of radioactive substance iden-
tification in specified direction using only the low energy
region radioactive substance identification method, by using
a gamma ray spectrum of the high energy region even when
energy resolution is poor. That is, in the field of the aforemen-
tioned case where ***Ba and '*’Cs coexist, although the
atomic number of daughter nuclide can be identified from the
information of the low energy region used in the first method
of radioactive substance identification in specified direction,
it is just limitation to a certain width (for example, daughter
nuclide is limited to Xe, Cs, Ba, La) because an error occurs
depending on the degree of the energy resolution. However, in
the second method of radicactive substance identification in
specified direction, by measuring a gamma ray spectrum of
the high energy region by the aforementioned high energy
region radioactive substance identification method, it is pos-
sible to identify either one or both of '**Ba and *’Cs as
candidates for the radioactive substance being present in the
specified direction.

[0091] When the energy resolution is excellent, it is pos-
sible to realize the second method of radioactive substance
identification in specified direction that identifies the kind
(parent nuclide) of the radioactive substance being present in
the region of the specified direction by the low energy region
radioactive substance detailed identification method that
combines the result of energy and intensity of characteristic
X-ray estimated by the aforementioned high energy region
radioactive substance identification method and the charac-
teristic X-ray peak estimation method, and a measurement
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result of energy spectrum of characteristic X-ray in the low
energy region. That is, in the field where '**Ba and '*'Cs
coexist, itis possible to identify the atomic number of daugh-
ter nuclide of the radioactive substance as Cs and Ba from the
low energy region, and to identify that '**Ba and "*’Cs are
present in the vicinity of the radioactive substance detection
device from the gamma ray spectrum of the high energy
region, so that the two low energy characteristic X-ray peaks
can be recognized as being derived from '**Ba and **"Cs.
Therefore, it is possible to identify the kind (kind of parent
nuclide) of the radioactive substances being present in the
specified direction as being **Ba and **"Cs.

[0092] Inthe aforementioned example, two kinds of radio-
active substances (***Ba and '3’Cs) are present and their
daughter nuclides (***Cs and *’Ba, respectively) have dif-
ferent atomic numbers. Inthis case, if the energy difference in
characteristic X-rays is comparable to or larger than the
energy resolution of the radiation detection element, it is
possible to identify the kind of the radioactive substance
being present in the specific region (***Ba and *’Cs in this
example), detect the respective quantities separately, and
measure them independently.

[0093] On the other hand, for example, in the example
where 1*7Cs and '**Cs (their daughter nuclides are '*’Ba and
134Ba, respectively) coexist, the atomic number of their
daughter nuclides are identical, and these radiate character-
istic X-rays of the same energy, so that it is impossible to
identify the kind (kind of parent nuclide) of the radioactive
substance being present in the specific region, detect the
respective quantities separately, and quantify them indepen-
dently. However, by conducting the second method of radio-
active substance identification in specified direction using the
gamma ray spectrum of the high energy region, it is possible
to identify better than in the case where only the characteristic
X-ray spectrum of the low energy region is used (the first
method of radioactive substance identification method of
specified direction by the low energy region radioactive sub-
stance identification method). In other words, the first method
of radioactive substance identification in specified direction
by the low energy region radioactive substance identification
method can merely confirm that the daughter nuclide of the
radioactive substance being present in the specified direction
is Ba, but in the second method of radioactive substance
identification in specified direction using information of the
high energy region, it is possible to identify the kind (kind of
parent nuclide) of the radioactive substance as being both of
or either one of *’Cs and '**Cs.

[0094] When only one kind of radioactive substance is
present in the vicinity of the radioactive substance detection
device, it is possible to identify the kind (kind of parent
nuclide) of the radioactive substance from the gamma ray
spectrum of the high energy region by using the second
method of radioactive substance identification in specified
direction, and since the characteristic X-rays detectable in the
low energy region are apparently radiated from the radioac-
tive substance, it is possible to identify the kind (kind of
parent nuclide) of the radioactive substance being present in
the region of the specified direction.

[0095] In the field where three or more kinds of radicactive
substances coexist, it is possible to identify the kind (kind of
parent nuclide) of radioactive substance being present in the
vicinity of the radioactive substance detection device from
the gamma ray spectrum of the high energy region by using
the high energy region radioactive substance identification
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method. If their daughter nuclides have different atomic num-
bers and difference in energy of their characteristic X-ray is
comparable or superior to the energy resolution of the radia-
tion detection element, it is possible to identify the kind of
radioactive substance being present in the region of the speci-
fied direction by the second method of radioactive substance
identification in specified direction. If some of their daughter
nuclides have the same atomic number, it is impossible to
identify the kind (kind of parent nuclide) of radioactive sub-
stance being present in the specific region, to detect respective
quantities separately, and to quantify them independently.
However, in the second method of radioactive substance iden-
tification in specified direction, it is possible to limit the kind
(kind of parent nuclide) of radioactive substance being
present in the region of the specified direction by using the
gamma ray spectrum of the high energy region, and to iden-
tify better than by the first method of radioactive substance
identification in specified direction using only the character-
istic X-ray spectrum of the low energy region.

[0096] As described above, it is possible to identify the
atomic number of the daughter nuclide of the radioactive
substance being present in the specified direction from the
low energy region (the first method of radioactive substance
identification in specified direction by the low energy region
radioactive substance identification method). Further, by ana-
lyzing a peak of the radioactive substance in the low energy
region based on the estimation using the detection result of
the high energy region, it is possible to measure the charac-
teristic X-ray intensity of the radioactive substance more
accurately, and to discriminate the kind (kind of parent
nuclide) of radioactive substance being present in the speci-
fied direction (the second method of radioactive substance
identification in specified direction using the high energy
region and the low energy region).

[0097] Ttis also operable as a simplified air dosimeter by
calculating the energy amount absorbed to the radiation
detection element from the energy spectrum using both the
spectrum of the low energy region (spectrum of characteristic
X-ray region) and the spectrum of the high energy region
(zgamma ray spectrum of the high energy region).

[0098] Inthis manner, itis possible to provide a radioactive
substance detection device that detects a radioactive sub-
stance accurately, identifies the kind of the radioactive sub-
stance, and is very light in weight.

[0099] One embodiment of the present invention will be
described below together with drawings.

First Embodiment

[0100] FIG. 4 is a block diagram showing a system con-
figuration of a radiation source location visualization system
1.

[0101] The radiation source location visualization system 1
includes a radioactive substance detection device 2, a pre-
amplifier 3, a waveform shaping amplifier 4, a peak sensitive
ADC 5 (a sample-and-hold circuit or peak-hold circuit 6, (a
multiplexer 7), ADC 8), a high-voltage power supply 9, a
computer 10, a direction control driving unit 11, acamera 12,
an input device 13, and a monitor 14. The illustrated radiation
source location visualization system 1 shows an example of a
single elemental module.

[0102] The radioactive substance detection device 2 is a
device that detects a radioactive substance by detecting char-
acteristic X-rays, and operates under power supply from the
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high-voltage power supply 9. A signal measured in the radio-
active substance detection device 2 is transmitted to the pre-
amplifier 3 of rear stage.

[0103] The pre-amplifier 3 amplifies a received signal.
[0104] The waveform shaping amplifier 4 is embodied by a
high-pass filter and/or a low-pass filter, and shapes the wave-
form of a signal received from the pre-amplifier 3 and trans-
mits the signal to the peak sensitive ADC 5 of rear stage. As a
result, it is possible to narrow down the bandwidth of the
signal to be detected, and to remove noises.

[0105] The peak sensitive ADC 5 is also called a peak
sensing ADC, and detects a peak (maximum value of ana-
logue wave height) of signal received from the waveform
shaping amplifier 4 by the sample-and-hold circuit or peak-
hold circuit 6, and converts the signal to a digital signal
(digital numerical value) by the ADC 8, and transmits the
digital signal to the computer 10 of rear stage. Between the
sample-and-hold circuit or peak-hold circuit 6 and the ADC8,
the multiplexer 7 is provided if it is necessary. To this multi-
plexer 7, other devices are connected to the input if it is
necessary.

[0106] Thehigh-voltage power supply 9 supplies the radio-
active substance detection device 2 with high voltage power
required for operation of the radioactive substance detection
device 2.

[0107] The computer 10 includes an external connection
interface 10a such as a USB port and a serial port for connec-
tion of an external device, a storage unit 105 embodied by a
hard disc or a flash memory, a control unit 10¢ having CPU
and ROM and RAM, and a storage medium processing unit
10d for conducting reading/writing from/to a storage medium
such as CD-ROM.

[0108] To the computer 10, the peak sensitive ADC 5, the
direction control driving unit 11, the camera 12 for acquiring
a still image, the input device 13 embodied by a mouse and a
keyboard or a touch panel or the like, for accepting operation
input by a user, and the monitor 14 embodied by a liquid
crystal display or a CRT display, for displaying an image are
connected. The direction control driving unit 11 drives to
control the directions of the radioactive substance detection
device 2 and the camera 12. In this control driving, the direc-
tion control driving unit 11 controls so that the radicactive
substance detection device 2 and the camera 12 are directed in
the same direction.

[0109] Inthe computer 10, according to the program stored
in the storage unit 105, the control unit 10c executes various
operations and operation controls of various devices, and
executes counting, image processing and so on of a digital
signal received from the peak sensitive ADC 5. The details
will be described later.

[0110] The signal processing in the radioactive substance
detection device 2, the pre-amplifier 3, the waveform shaping
amplifier 4, and the peak sensitive ADC 5 is configured to be
able to detect characteristic X-ray peaks of 20-40 keV and the
peripheral energy region 10-50 keV, and additionally
50-1000 keV.

[0111] FIGS.5A and 5C are explanatory views for explain-
ing a constitution of the radioactive substance detection
device 2. FIG. 8A is a perspective view showing a schematic
constitution of the radioactive substance detection device 2,
FIG. 5B is a longitudinal section view showing a schematic
constitution of the radioactive substance detection device 2,
and FIG. 5C is an explanatory longitudinal section view

Oct. 9,2014

explaining passing/screening of characteristic X-rays and
gamma rays for the radioactive substance detection device 2.

[0112] As shown in FIG. 5B, the radioactive substance
detection device 2 has a screening container 25 having a
cylindrical lateral wall 255, an opening 25 on one side, and
a bottom 25¢ on the other side. The screening container 25 is
formed of SUS having a thickness of 1 mm.

[0113] To the opening 25a of the screening container 25, an
approximately cylindrical collimator 21 (multiple collima-
tor) is attached without any gap therebetween. The collimator
21 is formed of SUS, and has a plurality (19 in this example)
of holes 22 that are arranged regularly. Thickness of the
collimator 21 may be 1 mm, however, in the present embodi-
ment, the thickness (thickness in the longitudinal direction of
the cylinder) is 25 mm. The hole 22 has ¢10 mm, and an
interim part 23 (effective thickness) between neighboring
holes 22 is 1 mm. The collimator 21 determines an angular
resolution (full width at half maximum) of +7.75°, and a
maximum field of view of +21.8°. The angular resolution and
the maximum field of view determined by the collimator 21
can be set at arbitrary values by changing the diameter of the
hole 22 and the thickness of the collimator 21 in the longitu-
dinal direction (arriving direction of radiation). Also, the
number of the holes 22 of the collimator 21 may be any value,
and the number may be 1 (single collimator).

[0114] Thickness of the collimator 21 (effective thickness)
is configured to be 1.6\ or more in a unit of mean free path
(As) of characteristic X-rays of a radioactive substance to be
measured in the collimator 21.

[0115] Thickness of the interim part 23 between the holes
22 of the collimator 21, namely, the effective thickness of the
collimator is configured to be 1.6/ or more in a unit of mean
free path (As) of characteristic X-rays radiated from a radio-
active substance to be measured in the collimator 21, and to be
0.22)4 or less in a unit of mean free path () of gamma rays
radiated at the highest proportion from a radioactive sub-
stance to be measured in the collimator 21.

[0116] These collimator 21 and screening container 25
function as a screening body.

[0117] Inside the screening container 25, a disc-like radia-
tion detection element 26 is provided close to the back surface
of the collimator 21, and also a photomultiplier 27 is pro-
vided. In other words, from the arriving direction of radiation,
the collimator 21, the radiation detection element 26, and the
photomultiplier 27 are arranged in sequence.

[0118] As the radiation detection element 26, a scintillator
is used in the present embodiment, and concretely, it is
formed of Csl into a shape of $50 mm and 1 mm thick. The
energy resolution of the radiation detection element 26 is 10.5
keV (full width at half maximum) at 32.2 keV.

[0119] For enabling measurement of characteristic X-rays
(Ba—Ka: 32.2keV, Cs—Ka: 31.0keV, Xe—Koau: 29.8 keV,
I—Ka: 28.6 keV, Te—Kau: 27.5 keV) radiated from either
one or more than one of gamma ray radiating nuclides (here-
inafter, radioactive substance) including barium, cesium,
xenon, iodine, and tellurium as detection examples, the radia-
tion detection element 26 measures spectra in the vicinity of
peaks of these characteristic X-rays over at least part of the
range from 20 keV to 40 keV. For accurate measurement, it
can measure over the range from 10 keV to 50 keV. For
identifying the kind of the radioactive substance more spe-
cifically, it can measure over the range of 50-1000 keV.
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[0120] Inthe radiation detection element 26, the part where
characteristic X-rays having passed through the hole 22 of the
collimator 21 enter is a sensitive part 26a.

[0121] The photomultiplier 27 amplifies incident light
inside and outputs it as an electric signal. When radiation
enters the scintillator such as CsI which is the radiation detec-
tion element 26 and the scintillator emits light, the photomul-
tiplier 27 converts the light to electrons and amplifies them to
generate an electric signal.

[0122] The radioactive substance detection device 2 con-
figured in this manner detects characteristic X-rays arriving
from the specified direction Y as indicated by the arrow, as
shown in FIG. 5C, and does not detect characteristic X-rays
arriving from other directions and most of gamma rays from
every direction. In other words, since the radiation detection
element 26 1s surrounded by the screening container and the
collimator, the angle of incidence of characteristic X-rays is
limited within the range of region E by the hole 22 of the
collimator 21. By the incident characteristic X-rays, the
radiation detection element 26 emits light, and the light is
detected as an electric signal by the photomultiplier 27.
[0123] Characteristic X-rays arriving from other directions
are screened out by the collimator 21 and the screening con-
tainer 25, so that they will not cause light emission of the
radiation detection element 26 and will not be detected.
[0124] Since most of gamma rays from every direction do
not interact with the collimator 21 and the screening container
25, and also do not interact with the screening container 25
and the radiation detection element 26, they are not detected.
Therefore, gamma rays are prevented from interrupting
detection of characteristic X-rays.

[0125] Inthis manner, by the radiation detection element 26
and the photomultiplier 27, and the signal processing circuits
(3, 4. 5) by the pre-amplifier 3, the waveform shaping ampli-
fier 4, and the peak sensitive ADC 5, shown in FIG. 4, energy
information of characteristic X-rays radiated from radioac-
tive substances and incident intensity of characteristic X-rays
are acquired.

[0126] FIG. 6 shows a functional block diagram when the
control unit 10¢ operating according to the program in the
storage unit 105 functions as respective functional means in
the computer 10 (see FIG. 4).

[0127] As functional blocks of the computer 10, a direction
control unit 40, a camera image acquisition unit 41, a spec-
frum preparation unit 42, a peak analysis unit 43, a two-
dimensional image preparation unit 44, an image composi-
tion unit 45, a switching input processing unit 46, and an
image display unit 47 are provided.

[0128] The direction control unit 40 controls driving of the
direction driving control unit 11, and controls the direction of
the camera 12 and the direction of the radioactive substance
detection device 2 (see F1G. 4). Concretely, first, direction of
the camera 12 is controlled and an imaging range is defined.
Then the imaging range of the camera 12 is divided into a
plurality of regions in a matrix (lattice) form, and the radio-
active substance detection device 2 is directed to one of the
regions. After completion of detection of the region, the
radioactive substance detection device 2 is directed to the next
region. By repeating this direction control, the direction con-
trol unit 40 is able to detect characteristic X-rays radiated
from radioactive substances for every region divided into a
matrix form.

[0129] The camera image acquisition unit 41 acquires a
camera image photographed from the camera 12 (see FIG. 4).
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This camera image acquisition unit 41 is configured to
acquire astill image from the camera 12, but the configuration
1s not limited to this. For example, the camera image acqui-
sition unit 41 may be configured to have a video camera in
place of the camera 12, and acquire a motion image (video
image) imaged by the video camera.

[0130] The spectrum preparation unit 42 processes data
received from the peak sensitive ADC 5 and prepares an
energy spectrum.

[0131] The peak analysis unit 43 finds out a single peak of
characteristic X-ray from the spectrum received from the
spectrum preparation unit 42, and determines its net count.
Alternatively, in the field where a plurality of radioactive
substances coexist, the peak analysis unit 43 finds out a plu-
rality of peaks formed by a plurality of characteristic X-rays
when the energy resolution is excellent, and finds out a peak
compositely formed by a plurality of characteristic X-rays
when the energy resolution is not excellent, and calculates the
net count.

[0132] The peak analysis unit 43 also functions as a radio-
active substance discrimination unit that executes the above-
described first method of radioactive substance identification
in specified direction by a daughter nuclide identification
process, and executes the above-described second method of
radioactive substance identification in specified direction by a
candidate identification process and a kind discrimination
process. The peak analysis unit 43 that executes the daughter
nuclide identification process identifies the kind of daughter
nuclide by the low energy region radioactive substance iden-
tification method (first process of radioactive substance iden-
tification in specified direction). The peak analysis unit 43
that executes the candidate identification process identifies
the kind of parent nuclide by the above-described high energy
region radioactive substance identification method. The peak
analysis unit 43 that executes the kind discrimination process
estimates energy and intensity of characteristic X-ray by the
above-described characteristic X-ray peak estimation
method, and discriminates the kind of radioactive substance
in the specified direction by the above-described low energy
region radioactive substance detailed identification method
(second process of radioactive substance identification in
specified direction).

[0133] Thetwo-dimensional image preparationunit 44 pre-
pares an image showing direction to a radioactive substance
based on the net count of characteristic X-ray peaks in the
peak analysis unit 43. This image may be, for example, a
matrix image. In other words, since presence of radioactive
substance in each region is detected by the radioactive sub-
stance detection device 2, driving direction driving control
unit 11 by the direction control unit 40, it is possible to
prepare a matrix image that indicates quantity of radioactive
substance for each region by filling each region at a density
corresponding to the detection level.

[0134] The spectrum preparation unit 42 transmits a plural-
ity of spectrum images obtained in respective regions divided
into a matrix form (16 spectrum images in this embodiment)
to the image display unit 47.

[0135] The image composition unit 45 prepares a compos-
ite image by composition of a photographed image acquired
in the camera image acquisition unit 41, and a matrix-like
two-dimensional image prepared in the two-dimensional
image preparation unit 44. In this manner, the position on the
matrix where a radioactive substance is detected and the
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position of the radioactive substance in the photographed
image are brought into correspondence with each other.
[0136] The switching input processing unit 46 accepts an
operation input for switching the image to be displayed on the
monitor 14 between a spectrum image and an obtained image
(operation input via the input device 13).

[0137] The image display unit 47 displays the spectrum
image shown in F1G. 7 and the obtained image shown in FIG.
8 on the monitor 14. In response to an operation input by the
switching input processing unit 46, if the spectrum image is
designated and one of the regions divided into a matrix form
is designated, the spectrum image as shown in FIG. 7 is
displayed, and if the two-dimensional image is designated,
the composite image as shown in FIG. 8 is displayed.
[0138] In this manner, it is possible to detect characteristic
X-rays, to display the spectrum image of radioactive sub-
stances in the graph shown in FIG. 7, and to display the
detection position in the composite image in a matrix form as
shown in FIG. 8.

[0139] FIG. 7 is a graph showing a spectrum of detected
radiation. The horizontal axis represents energy (keV) and the
vertical axis represents the number of counts of radiation.
Graph G1 shows an example of measurement directed to the
direction in which a radioactive substance is present (con-
tamination direction), and graph G2 shows an example of
measurement directed to the direction in which a radioactive
substance is not present (non-contamination direction).
[0140] The radiation source location visualization system 1
used for the measurement for this graph utilizes R10131
available from Hamamatsu Photonics K.K. as the photomul-
tiplier 27 shownin FIG. 4, type 595H available from CLEAR-
PULSE CO.,LTD. as the pre-amplifier 3, type 4417 available
from CLEAR-PULSE CO., LTD. as the waveform shaping
amplifier 4, 8100A available from AMPTEK as the peak
sensitive ADC 5, and C9619-01 available from Hamamatsu
Photonics K.K. as the high-voltage power supply 9.

[0141] As shown in this graph, in the detection directed to
the non-contamination direction, no radioactive substance is
detected, however, in the detection directed to the contami-
nation direction, peak P detecting 32 keV and 36 keV from
134Cs and '*’Cs is observed. Accordingly, a characteristic
X-ray of 32 keV and 36 keV from **Cs and '*’Cs can be
detected. In this manner, the monitor 14 that displays a spec-
trum of radiation functions as a peak output unit that outputs
a peak of characteristic X-ray.

[0142] This detection of peak P may be executed by the
control unit 10¢ of the computer 10 (see FIG. 4). To be more
specific, template data is preliminarily stored in the storage
unit 105 of the computer 10 (see F1G. 4). Then the control unit
10c calculates a projecting amount of the measurement data
(spectrum of detected radiation) from the template data, and
detects the position (energy (keV)) where the projecting
amount 1s largest as peak P. The template data may be such
data that a graph shape without peak P as is graph G2 is
approximated by a predetermined function (for example,
quartic function) from the low energy region to the high
energy region. A plurality of template data may be used, and
in particular, in such an environment that a wide mountain-
shaped peak (the one having a peak position between 60 keV
and 250 keV, full width at half maximum between 60 keV and
200 keV, and not being a line gamma ray peak or a charac-
teristic X-ray peak) appears more strongly than peak P on the
high energy side of peak P, for example, because of abun-
dance of ordinary substances around the radioactive sub-
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stance (around radiation source), data of a predetermined
function having a shape following the wide mountain-like
peak part can be employed as the template data. The line
gamma ray peak means a peak having energy corresponding
to the excitation level difference of the nucleus of the radio-
active substance (daughter nuclide).

[0143] As aresult, the control unit 10c is able to detect peak
P appropriately even when the wide mountain-shaped peak
onthe high energy side of peak P is stronger than peak P. Also,
by determining an area (net count) of the part (peak P periph-
eral part) projecting from the template data in the measure-
ment data, it is possible to calculate the amount of the radio-
active substance being present in the specified direction
which is the detection direction of the characteristic X-ray.
The control unit 10¢ that outputs peak P detected in this
manner also functions as a peak output unit.

[0144] In this detection of peak P, the control unit 10c also
executes identification ofthe kind of radioactive substance. In
this case, the control unit 10¢ identifies candidates for the
kind of radioactive substance in the gamma ray region by the
above-described candidate identification process, and dis-
criminates the kind of radioactive substance being present in
the specified direction among the candidates in the character-
istic X-ray region by the kind discrimination process. The
control unit 10¢ that executes identification of the kind of
radioactive substance functions as a radioactive substance
discrimination unit.

[0145] FIG. 8 is a screen explanatory view showing a com-
posite image 60. In the composite image 60, on a photo-
graphed image 61 photographed by the camera 12, a two-
dimensional image 62 of a matrix form where each cell is
filled according to the characteristic X-ray intensity is super-
posed (translucent composition). The two-dimensional
image 62 is divided into a plurality of cells (16 in the depicted
example), and characteristic X-ray intensity is displayed for
each cell. For example, a first intensity display part 63 having
high characteristic X-ray intensity, a second intensity display
part 64 having lower characteristic X-ray intensity, and a third
intensity display part 65 where radiation is little detected are
displayed. This makes it possible to check how much radio-
active substance is present in what region. In this manner, the
monitor 14 that displays characteristic X-ray intensity func-
tions as a composite image output unit that outputs a com-
posite image.

[0146] The color of filling display of each region differs
depending on the kind of the discriminated radioactive sub-
stance. The kind of the radioactive substance indicated by
each color is displayed on the screen. Alternatively, it is
indicated by an appropriate method, for example, it is indi-
cated in a manual, separately. The identified kind of radioac-
tive substance may be clearly shown on the screen. The two-
dimensional image 62 may be prepared for each
discriminated kind of radioactive substance. In this case, the
monitor 14 may perform display appropriately, for example,
various kinds of two-dimensional images 62 may be switch-
able with a switching button, or a plurality of two-dimen-
sional images 62 may be displayed side-by-side in a single
screen.

[0147] With the above constitution, the radicactive sub-
stance detection device 2 is able to measure a radioactive
substance radiating gamma rays and characteristic X-rays
and to create an image of distribution of the radioactive sub-
stance with sufficient performance and with a very light-
weight configuration. In other words, in contrast to the con-
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ventional case where thick lead and scintillator are used, the
radioactive substance detection device 2 allows reduction in
weight of the screening body to at least about one-eighteenth
or less of the conventional one by the thin screening container
25 (for example, SUS of 1 mm thick) and the thin collimator
21, and the thin radiation detection element 26 (for example,
CsI of 1 mm thick). Further, by optimization of the screening
body (screening container 25 and collimator 21), the weight
of the screening body can be reduced to one-fiftieth or less of
the conventional one. For obtaining 98% of the screen factor
of the screening body in detecting **’Cs, a conventional
gamma camera requires lead of 34 mm, however, the radio-
active substance detection device 2 realizes weight reduction
of about one-fifties ([34 mmxspecific gravity of lead 11.3]/[1
mmxspecific gravity of SUS 7.9]) of the conventional one
while the screening body has equivalent directive property
with the conventional one because 98% of screen factor of the
screening body can be realized by 1 mm of SUS. The radio-
active substance detection device 2 is able to recognize at
least presence of a radioactive substance, and to create an
image of distribution of radioactive substance, and can
achieve quantification of radioactive substance or identifica-
tion of the kind of radioactive substance as is necessary.
[0148] Furthermore, the screening container 25 may have
such a thickness that is useless for screening out gamma rays
arriving from every direction, and is unusable in a conven-
tional technique. The thickness 23 between the holes 22 of the
collimator 21, namely the effective thickness of the collima-
tor may be such a thickness that is useless for screening out
gamma rays arriving from every direction, and is unusable in
a conventional technique. In addition, the radiation detection
element 26 may have such a thickness that is useless for
detecting gamma rays, and is unusable in a conventional
technique. With such a thickness, a radioactive substance that
radiates gamma rays can be detected by utilizing character-
istic X-ray.

[0149] The signal processing circuits (3, 4, 5) (see FIG. 4)
detect a spectrum in the vicinity of a peak of characteristic
X-ray (for example, 32 keV to 36 keV in the case of "*’Cs).
By selecting characteristic X-rays as a target to be measured
in this manner, it is possible to thin the screening container 25,
thin the radiation detection element 26, and reduce the weight
of the collimator 21 as described above. Also, with such
signal processing circuits (3, 4, 5), it is possible to provide the
radioactive substance detection device 2 having excellent
sensitivity.

[0150] Theradiation detection element 26 is formed so that
the thickness of the sensitive part with respect to the incidence
direction of the characteristic X-ray is 1.1A; or more in a unit
of mean free path (i) of characteristic X-rays of the radio-
active substance to be measured in the substance used for the
radiation detection element 26, and the gamma rays radiated
with the highest emission probability among all of the gamma
rays with variety of energies from a radioactive substance to
be measured is in the range of 0.142., or less ina unit of mean
free path (A, ) in the substance used for the radiation detection
element 26. As a result, it is possible to suppress the back-
ground and improve the sensitivity to characteristic X-rays.
[0151] The screening container 25 is formed to have a
thickness that is 1.6A, or more in a unit of mean free path (A,)
in the screening container 25 of characteristic X-rays of the
radioactive substance to be measured, and 0.22, or less ina
unit of mean free path (A,) in the screening container 25 of
gamma rays radiated with the highest emission probability
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among all of the gamma rays with variety of energies from a
radioactive substance to be measured. As a result, it is pos-
sible to improve the sensitivity to characteristic X-rays while
reducing the weight.

[0152] Thickness 23 between the holes 22 of the collimator
21, namely the effective thickness of the collimator is formed
within the range of 1.6A5 or more in a unit of mean free path
(As) in the substance of the collimator 21 of the characteristic
X-rays of the radioactive substance to be measured and
0.22) 4 or less in a unit of mean free path (A¢) in the substance
of the collimator 21 of the gamma ray radiated with the
highest emission probability among all of the gamma rays
with variety of energies from a radioactive substance to be
measured. As a result, it is possible to improve the sensitivity
to characteristic X-rays while reducing the weight.

[0153] The signal processing circuits (3, 4, 5) can measure
from 10keV to S0keV. As a result, it is possible to accurately
measure nuclides (radioactive substances) of barium, cesium,
xenon, iodine, and tellurium that radiate gamma rays and
characteristic X-rays simultaneously by utilizing character-
istic X-rays.

[0154] Also, the radiation source location visualization
system 1 is able to display the position where a nuclide of
radioactive substance is present in the composite image 60
(see FIG. 8). As aresult, it is possible to check the position of
the radiation source on the image, and to easily identify the
contamination position. Further, the radiation source location
visualization system 1 is able to display the spectrum of the
detected radiation as graph G1 (see FIG. 7).

[0155] Since the radiation detection element 26 only has to
stop and detect characteristic X-rays, even with a material
such as CdTe having technical difficulty in operating the
radiation detection element at high performance while keep-
ing large area by having large thickness (for example, up to
about 5 mm thick for CdTe), it can be utilized with optimum
thickness (for example, 1 mm thick).

[0156] Also, itis possible to achieve detection efficiency of
about 80% or more (95% for 32 keV of 1*’Cs in the case of 1
mm of CsI) for characteristic X-rays by the radioactive sub-
stance detection device 2, and to detect '*’Cs at a comparable
count efficiency to a conventional gamma camera, with very
lightweight compared with the conventional one.

[0157] To be more specific, radiation probabilities of
gamma rays of 662 keV and characteristic X-rays of 32 keV
per one decay of *’Cs are 85.1% and 5.6%, respectively.
Many conventional gamma cameras that are already brought
into practical use aim at detecting gamma rays of 662 keV
whose radiation probability is as high as 85.1%, and the
detection efficiency for 662 keV of 1*’Cs is about 5% to 10%.
This conventional gamma camera will achieve a detection
efficiency of about 30% if a fluorescent screen of large size
(for example, Nal of 50 mm diameterx30 mm thick) is used,
however, such a configuration will interfere with use because
the weight of the screening body surrounding the fluorescent
screen further increases.

[0158] In contrast to this, the radioactive substance detec-
tion device 2 of the present invention can achieve detection
efficiency of as high as about 80% or more although it is
intended to detect characteristic X-rays whose radiation prov-
ability per one decay of **’Cs is 5.6%, which is smaller than
that of gamma rays. As a result, the radioactive substance
detection device 2 can detect **’Cs at a comparable count
efficiency to a conventional gamma camera, with a configu-
ration that is much lighter than the conventional gamma cam-
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era. Further, since the radioactive substance detection device
2 is much lighter than a conventional gamma camera, it is
possible to easily double, quintuple, decuple, or further
increase the sensitive area of the radioactive substance detec-
tion element or the number of the radioactive substance detec-
tion device without worrying about the weight, and to
increase the sensitivity.

[0159] Further, the radioactive substance detection device 2
is able to suppress the background and lower the detection
limit by employing a specific thickness of the radiation detec-
tion element 26 even in an environment where gamma rays
arrive from various directions, and to measure characteristic
X-rays (in particular, those having energy amount of 20 keV
to 40 keV) with high sensitivity that are conventionally diffi-
cult to be measured.

[0160] By enabling the signal processing circuit to measure
spectrum from 10keV, it is possible to increase the estimation
accuracy of background in the vicinity of characteristic X-ray
peak, and to determine the net count of characteristic X-rays
accurately.

[0161] Also, by selecting the thickness of the screening
container 25 and the thickness 23 between the holes 22 of the
collimator 21 at specific thicknesses, the radioactive sub-
stance detection device 2 realizes significant weight reduc-
tion compared with a conventional gamma camera while
realizing sufficient sensitivity for the direction in which a
radioactive substance is present.

[0162] Further, by embodying the radiation detection ele-
ment 26 by Csl of 1 mm thick, the following general perfor-
mance for radiation can be obtained.

<X-Ray (32 keV)>

[0163] Probability of interaction is high (95% of the
entirety stops completely).

<Gamma Ray (662 keV)>

[0164] Probability of interaction is low (97% of the entirety
passes through without interacting).

[0165] Byembodying the screening container 25 by SUS of
1 mm thick, the following general performance for radiation
can be obtained.

<X-Ray (**"Cs-32 keV)>

[0166] Probability of interaction is high (98% of the
entirety stops completely).

<Gamma Ray (**’Cs-662 keV)>

[0167] Probability of interaction is low (94% of the entirety
passes through without interacting).

[0168] Further, it is possible to usually direct the radioac-
tive substance detection device 2 and the camera 12 in the
same direction by the direction control driving unit 11 and the
direction control unit 40. By sequentially changing the direc-
tion of the camera 12 together with the radioactive substance
detection device 2 by control driving or manually so that the
imaging ranges neighbor, and arranging composite images of
photographed image and two-dimensional image in each
direction side by side and combining them in the image com-
position unit 45, it is also possible to obtain a panoramic
composite image that is wider than the imaging range and the
detection range.

[0169] While the direction control driving unit 11 and the
direction control unit 40 are configured to be driven under
control of the computer 10, they may be configured to be
driven manually. In this case, such a configuration may be
applicable that the direction control driving unit 11 and the
direction control unit 40 are not provided, and measurement
direction is inputted to the input device 13 while determining
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the direction by means of a mechanical direction fixing tool
not using an electric signal. Also in this case, it is possible to
prepare and display a composite image by using the radiation
source location visualization system 1 configured by a single
element module.

Second Embodiment

[0170] FIG. 9A is a longitudinal section view of a radioac-
tive substance detection device 2A in a second embodiment.
The radioactive substance detection device 2A is provided
with a filter 29 on the front face side (on the side opposite to
the photomultiplier 27 with respect to the radiation detection
element 26) of the collimator 21. The filter 29 may be a filter
that suppresses noises for improving the sensitivity to char-
acteristic X-rays, and may be, for example, an acrylic plate
that screens out f-rays. Concretely, a disc-like acrylic plate
having, for example, a thickness of 6 mm, an area as same as
that of the radiation detection element 26, and a diameter of
50 mm can be used.

[0171] Since other constituents of the radioactive substance
detection device 2A are as same as those of the first embodi-
ment, the same constituent is denoted by the same reference
numeral, and detailed description thereof will be omitted.

[0172] By using the filter 29 as described above, it is pos-
sible to remove noises and to improve the sensitivity to char-
acteristic X-rays. In particular, when an acrylic plate is used,
[-rays that are likely to become noises can be screened out,
and the sensitivity to characteristic X-rays can be further
improved.

[0173] The filter 29 is not limited to one, but plural kinds of
filters may be provided.

[0174] As the filter 29, one that screens out characteristic
X-rays and f-rays may be used. In this case, for example, a
disc-like SUS plate having a thickness of 1 mm, a diameter of
50 mm and an area as same as that of the radiation detection
element 26 can be used. In the case of using the filter 29 that
also screens out characteristic X-rays as described above, by
taking a difference between a measurement result in the state
where the filter 29 is attached and a measurement result in the
state where the filter 29 is detached, it is possible to remove
noises and to pick up a peak of characteristic X-ray. In other
words, since in the measurement result in the state where the
filter 29 is attached, noises by gamma rays can mainly be
measured, it is possible to pick up only characteristic X-rays
by taking a difference from the measurement result in the
state where the filter 29 is detached.

Third Embodiment

[0175] FIG. 9B is a longitudinal section view showing a
radioactive substance detection device 2B using a semicon-
ductor in place of the scintillator as the radiation detection
element 26. As shown in the drawing, a radiation detection
element 26B is covered with a screening container 25B, and
the collimator 21 is attached to the front face (opening) of the
screening container 25B.

[0176] The radiation detection element 26B is formed of a
semiconductor such as CdTe.

[0177] The radiation detection element 26B is connected to
the high-voltage power supply 9 (see FIG. 4) and the pre-
amplifier 3 (see FIG. 4), and its direction is controlled by the
direction control device 11.
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[0178] Since other constituents are as same as those of the
firstembodiment, the same constituent is denoted by the same
reference numeral, and detailed description thereof will be
omitted.

[0179] Even with such a configuration, the same operation
and effect as those in the first embodiment can be obtained.
[0180] Unlike the first embodiment, since a device for read-
ing out a fluorescent screen such as a photomultiplier is no
longer required in a third embodiment, the screening body
can be made more compact.

Fourth Embodiment

[0181] FIG. 10 is a block diagram showing a system con-
figuration of a radiation source location visualization system
1C in a fourth embodiment. The radiation source location
visualization system 1C shows an example of amulti-element
module.

[0182] In the radioactive substance detection device 2C,
pairs of radiation detection elements 26 and photomultipliers
27 are arranged in plural in one screening container 25C in
such a manner that detection planes of the radiation detection
elements 26 are aligned on the same plane.

[0183] A collimator 21C (front plate) is a pinhole collima-
tor composed of a thin material having such a thickness that
allows gamma rays to sufficiently pass through while suffi-
ciently screening out characteristic X-rays, and is provided
with a hole 22C at one point in the vicinity of the center.
[0184] Thickness (effective thickness) of the collimator
21C is formed in the range of 1.6\ or more in a unit of mean
free path (.,) of characteristic X-rays of the radioactive sub-
stance to be measured in the substance of the collimator 21C,
and 0.22M or less in a unit of mean free path (A) of gamma
rays radiated at the highest proportion from the radioactive
substance to be measured in the substance of the collimator
21C. As a result, it is possible to improve the sensitivity to
characteristic X-rays while reducing the weight.

[0185] To each of the plurality of photomultipliers 27, the
high-voltage power supply 9, the pre-amplifier 3, and the
waveform shaping amplifier 4 are connected. In the rear stage
of the waveform shaping amplifier 4, the peak-hold circuit or
sample-and-hold circuit 6, and the multiplexer 7 are provided,
and signals from every waveform shaping amplifiers 4 are
switched and processed. Also, each peak-hold circuit or
sample-and-hold circuit 6 may be provided with an individual
ADC (corresponding to ADC 8) without provision of the
multiplexer 7, and a method of transmitting output from each
ADC to the computer 10 may be eniployed.

[0186] Unlike the first embodiment, the radioactive sub-
stance detection device 2C does not have the direction control
driving unit 11 (see FIG. 4) and the direction control unit 40
(see FIG. 6). [n addition, the imaging range of the camera 12
and the detection range by the radioactive substance detection
device 2C are coincident, and the detection range of the
radioactive substance detection device 2C is divided into a
matrix form, and one detection range of the radiation detec-
tion element 26 and the photomultiplier 27 corresponds to
one cell of the matrix. The image composition unit 45 (see
FIG. 6) prepares a composite image by superposing each cell
of two-dimensional image on one photographed image.
[0187] Since other constituents are as same as those of the
first embodiment, the same constituent is denoted by the same
reference numeral, and detailed description thereof will be
omitted.
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[0188] Even with such a configuration, the same operation
and effect as those in the first embodiment can be obtained.
[0189] By employingamulti-element module, it is possible
to detect through a piece of processing which direction the
characteristic X-rays from the radioactive substance come
from. In other words, by discriminating the one of the radia-
tion detection elements that has responded to a characteristic
X-ray, it can be identified that the radiation comes from the
direction of the straight line connecting the front face of the
responded radiation detection element 26 to the hole 22C and
from the range defined by the sizes of the radiation detection
element 26 and the hole 22C.

[0190] Similarly to the first embodiment, the direction con-
trol driving unit 11 and the direction control unit 40 may be
provided. In this case, it is also possible to obtain a panoramic
composite image that is wider than the imaging range and the
detection range.

[0191] Also, in the radioactive substance detection device
2C, the collimator 21C may be a coded mask type collimator
(front plate) formed with a plurality of holes 22C in a desired
arrangement. The arrangement of holes of the coded mask
type collimator and so on in this case may be an arrangement
and so on as described in the document “New family of binary
arrays for coded aperture imaging” (APPLIED OPTICS, Vol.
28, No. 20, 15 Oct. 1989, 4344-4352, Stephen R. Gottesman
and E. E. Fenimore).

Fifth Embodiment

[0192] FIG. 11 is a block diagram showing a system con-
figuration of a radiation source location visualization system
1D in a fifth embodiment. The radiation source location visu-
alization system 1D shows an example of a multi-element
module.

[0193] The radiation source location visualization system
1D has a plurality of radioactive substance detection devices
2, which are fixed in such a manner that they are directed in
different directions. In the rear stage of each radioactive sub-
stance detection device 2, one pre-amplifier 3, waveform
shaping amplifier 4, and peak-hold circuit or sample-and-
hold circuit 6 are provided. In the rear stage of the peak-hold
circuit or sample-and-hold circuit 6, the multiplexer 7 is pro-
vided, and signals from every waveform shaping amplifier 4
are processed by signal switching. Also, each peak-hold cir-
cuit or sample-and-hold circuit 6 may be provided with an
individual ADC (corresponding to ADC 8) without provision
of the multiplexer 7, and a method of transmitting output from
each ADC to the computer 10 may be employed.

[0194] Since other constituents are as same as those of the
first embodiment, the same constituent is denoted by the same
reference numeral, and detailed description thereof will be
omitted.

[0195] Even with such a configuration, the same operation
and effect as those in the first embodiment can be obtained.
Further, by employing a multi-element module as described
above, it is possible through a piece of processing to detect
from which direction the characteristic X-ray emitted from
the radioactive substance comes. In other words, by knowing
from which radioactive substance detection device 2 the
detection is made, it can be determined that radiation is
detected from the front of the radioactive substance detection
device 2 by which the detection is made.

[0196] Such a configuration is also possible that the plural-
ity of radioactive substance detection devices 2 are provided,
and part of the radioactive substance detection devices 2 are
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provided with the filter 29 (see FIG. 9A) for screening char-
acteristic X-rays and p-rays described in the second embodi-
ment.

[0197] In this case, it is possible to accurately detect char-
acteristic X-rays in a short time by detecting noise compo-
nents by gamma rays in the radioactive substance detection
device 2 to which the filter 29 is attached, and detecting
characteristic X-rays and noise component by gamma rays in
the radioactive substance detection device 2 to which the filter
29 1s not attached, and by taking a difference. In other words,
it is possible to complete the detection by conducting both
measurements with and without the filter 29 at once without
necessity of conducting the measurements while attaching
the filter 29 and then detaching the same.

[0198] The present invention is not limited to the configu-
ration of the above-described embodiments, and many
embodiments can be obtained.

[0199] Forexample, while a scintillator or a semiconductor
is used as the radiation detection element 26, a semiconductor
cooled by a cooling device or the like may also be used.
[0200] As the material of the screening container, not only
SUS but appropriate substances that screen out characteristic
X-rays such as materials containing brass or lead may be
used.

[0201] The radioactive substance detection devices 2, 2A,
2B, 2C and the radiation source location visualization sys-
tems 1, 1C, 1D may also be used as a contamination detection
device for detecting contamination by a radioactive sub-
stance.

[0202] By using the screening containers 25, 258, 25C
without using a collimator, each of the radioactive substance
detection devices 2, 2A, 2B, 2C may be configured to deter-
mine a specified direction to be measured. Also in this case, it
is possible to detect a radioactive substance in the specified
direction that is not screened out by the screening containers
25, 25B, 25C, and to discriminate the kind of the radioactive
substance.

INDUSTRIAL APPLICABILITY

[0203] The present invention is applicable to the use of
determining the direction in which a radioactive substance
radiating gamma rays and characteristic X-rays is present,
and the quantity of the radioactive substance, and to other
various uses of detecting a radioactive substance.

1. A radioactive substance detection device that detects a
radioactive substance being present in a specified direction,
the device comprising:

a radiation detection element having a thickness that stops
and detects characteristic X-rays arriving from a radio-
active substance being present in the specified direction
that radiates both gamma rays and the characteristic
X-rays, and allows the gamma rays arriving from the
radioactive substance to pass through; and

a screening body having a thickness that screens out char-
acteristic X-rays of radiation which arrive from direc-
tions other than the specified direction and allows
gamma rays of radiation which arrive from directions
other than the specified direction to pass through.

2. The radioactive substance detection device according to

claim 1, farther comprising:

a peak output unit that outputs a peak of the characteristic
X-ray detected by the radiation detection element.

3. The radioactive substance detection device according to

claim 2, wherein the radiation detection element measures a
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spectrum in the vicinity of the peak of the characteristic X-ray
at least over 20 keV to 40 keV.

4. The radioactive substance detection device according to
claim 1, wherein the radiation detection element is formed to
have a thickness of a sensitive part with respect to an incident
direction of a characteristic X-ray in the range of 1.1A, or
more in a unit of mean free path (A,) of the characteristic
X-ray of the radioactive substance to be measured in a sub-
stance used as the radiation detection element, and 0.14A, or
less in a unit of mean free path (A,) of a gamma ray radiated
at the highest probability from the radioactive substance to be
measured in the substance used as the radiation detection
element.

5. The radioactive substance detection device according to
claim 1, wherein the screening body is formed to have a
thickness in the range of 1.6\, or more in a unit of mean free
path () of acharacteristic X-ray of the radioactive substance
to be measured in a screening body substance, and 0.22%,, or
less in a unit of mean free path (A,) of a gamma ray radiated
at the highest probability from the radioactive substance to be
measured in the screening body.

6. The radioactive substance detection device according to
claim 5, wherein the screening body includes either one or
both of a screening container that screens out the periphery of
the radiation detection element, and a collimator disposed on
the side of a detection object of the radiation detection ele-
ment, and the thickness of the screening body means:

thickness of an interim part between holes when the

screening body is a multiple collimator formed of a
plurality of holes;
thickness of a lateral wall of a hole when the screening
body is a single collimator having only one hole;

thickness of a front plate provided with a hole when the
screening body is a pinhole collimator which have one
hole and is provided with a plurality of radiation detec-
tion elements behind,;

thickness of a front plate provided with a hole when the

screening body is a coded mask type collimator which
have a plurality of holes and is provided with a plurality
of radiation detection elements behind; and

thickness of a lateral wall positioned at least laterally ofthe

radiation detection element when the screening body is
the screening container.

7. The radioactive substance detection device according to
claim 1, further comprising:

a storage unit that stores a template for use in analysis of the

peak of the characteristic X-ray; and

an analysis unit that analyzes the peak of the characteristic

X-ray by using the template and the spectrum measured
by the radiation detection element,

wherein the template is data having a peak part that is

positioned at 60-250 keV on the higher energy side than
energy of the characteristic X-ray region, and is stronger
than the peak of the characteristic X-ray.

8. The radioactive substance detection device according to
claim 1, further comprising:

a radioactive substance discrimination unit that executes a

candidate identification process for identifying a candi-
date of the kind of the radioactive substance by using a
spectrum of a gamma ray region of the spectrum
detected by the radiation detection element, and
executes a kind discrimination process for discriminat-
ing the kind of the radioactive substance in the specified
direction by discriminating, by using a spectrum of a
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characteristic X-ray region of the spectra detected by the
radiation detection element, whether the radioactive
substance identified by the candidate identification pro-
cess is present in the spectrum.

9. A radiation source location visualization system com-
prising:

a plurality of the radioactive substance detection devices

according to claim 1;

a camera that images the specified direction and acquires a
photographed image;

a two-dimensional imaging unit that prepares a two-di-
mensional image for each detection region on the basis
ofthe amounts of radioactive substance detected by each
of the plurality of radioactive substance detection
devices;

a composition unit that prepares a composite image by
registering and combining the photographed image and
the two-dimensional image; and

a display unit that displays the composite image.

10. A radioactive substance detection method using the
radioactive substance detection device according to claim 1,
the method comprising the steps of:

measuring a spectrum in the vicinity of a peak of a char-
acteristic X-ray; and

recognizing at least presence of the radioactive substance
based on the spectrum.
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