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• Optical plastic fibers
• Trapping efficiency determined by a

ratio between a refractive indices of core
and cladding.

26.7S
72.4S

Single cladding Double cladding

5.4%
(one	side)

3.1%
(one	side)

Core n=1.59
(Polystyrene)

Cladding n=1.49
(Polymethyl-
methacrylate)

Cladding n=1.42
(Fluorinated 
polymer)

Development	of	Large-Area	Charged	Particle	Detector	
with	Inorganic	Scintillator	Plates	and	Wavelength	Shifting	Fibers

Takahiro	MIZUNO,	Yusaku EMOTO,	Kento.	FUJIHARA,	Hiroshi	ITO,	Hideyuki	KAWAI,	Shota	
KIMURA,	and	Atsushi	KOBAYASHI

Graduate	School	of	Science,	Chiba	University,	Chiba-city,	Chiba-prefecture,	Japan

Abstract - We propose a large-area charged particle detector for high energy physics experiments. This detector includes inorganic
scintillation crystals and wavelength shifting fibers, which enables us to detect charged particles with higher position resolution and
lower cost than those of conventional photo detectors and drift chambers.

Overview	of	the	Detection	Part

Experimental

Reference

We measured the number of photoelectrons
by changing the number of layers of WLSF.
The setup of the experiment is shown on the
left and the scintillation crystals and the
WLSFs used in this experiment is shown below.
Photomultiplier tubes of R9880U-210 series
manufactured by Hamamatsu Photonics K.K.
are used as the photodetectors, which have
spectral response in the wavelength range of
230 nm to 700 mm[1].

La-GPS	(C&A	Corporation)[2]
Chemical	Composition:	
(La0.75Ga0.24Ce0.01)2Si2O7
Emission	wavelength:	390	to	410	nm
Density:	5.3	g/cm3

Absorption	Peak:	351	
nm
Emission	Peak:	450	nm

We propose the large-area charged particle detector with inorganic
scintillator plates and wavelength shifting fibers. It is confirmed that
photons from La-GPS can be read out with WLSF B-3 (300) MJ and Y-11
(300) MJ. When using B-3 (300) MJ, the more photoelectrons can be
obtained and 1 WLSF layer is enough for detecting 10 photoelectrons
with both sides reading. The same result is obtained when using high-
growth-rate La-GPS. By using these inorganic crystals, “high position
resolution” and “lower cost” detector can be made. The position
resolution is smaller than 1.068 mm.
In addition, photo detectors are suitable for measurements at high
event rate. This detector may take the place of other detectors like drift
chambers in high energy physics experiments.

[1]	Hamamatsu	Photonics	K.K.,	Photomultiplier	tube	R9880U-210
Available:	https://www.hamamatsu.com/jp/en/R9880U-210.
[2]	C&A	Corporation,	Product	Information.	Available:	www.c-and-a.jp/GPS.html

Conclusion

We	are	grateful	to	Assoc.	Prof.	K.	Kamada and	Prof.	A.	
Yoshikawa,	Tohoku	University	for	providing	scintillation	
crystals.

Acknowledgment
The distribution of number of
photoelectrons detected (0.50 mm La-GPS
crystal, 6 layers Y-11 (300) MJ WLSF on
one-side reading)

Several	Layers	of	WLSF	
� A	kind	of	an	optical	fibers
� They	absorb	the	light	of	the	particular	wavelength	and	emit	longer	
wavelength	light.	
� The size of the effective area is 1 m x 1 m.
One WLSF layer is composed of 5000 fibers of 0.2 mm in diameters.

An	Inorganic	Scintillation	Crystal
� Scintillation light is released when
charged particles pass thorough the crystal.
� The light with smaller incident angle than
the critical angle goes outside the crystal.
� Its high density enables us to detect
charged particles with higher position
resolution; the emission region gets
smaller as the crystal thinner.

Absorption	Peak:	430	nm
Emission	Peak:	476	nm

Rough	Estimation	of	the	Position	Resolution

High-growth-rate	La-GPS	(right	side)
�A	scintillator	which	is	crystalized	at	the	higher	rate	than	the	conventional	one.
�It	contains	micro	bubble	and	is	not	transparent	completely.
�Much	more	reasonable	than	the	conventional	one.

As a result of 6 times measurements, the position resolution is 1.068
� 0.017 mm in sigma. This value is expected to be smaller if using
strips composed of less number of fibers.

Left:	Y-11	(300)	MJ	WLSF	(Kuraray)[3]

Right:	B-3	(300)	MJ	WLSF	(Kuraray)[3]

Results

� The	number	of	photoelectrons	is	saturated	at	13.55 for	La-GPS.
�When	using	B-3	and	0.50	mm	La-GPS	crystal,	1WLSF	layer	is	enough	for	
detecting	10	photoelectrons	with	both	sides	reading.
(better	result	than 3	layers	for	1.0	mm	crystal[4])
� The	number	of	photoelectrons	is	saturated	at	13.79	for	0.55	mm	high-
growth-rate	La-GPS	(12.54 for	0.50	mm	high-growth-rate	La-GPS).
�When	using	B-3	and	0.50	mm	high-growth-rate	La-GPS	crystal,	1WLSF	
layer	is	enough	for	detecting	10	photoelectrons	with	both	sides	reading.
� Detection	efficiencies	are	98.3	to	98.6%	for	La-GPS	crystal	97.0%	for	
high-growth-rate	La-GPS	crystal	(one-side	reading).

Averaged number of photoelectrons
detected by changing the number of WLSF
layers (0.50 mm La-GPS crystal, Y-11 (300) MJ
WLSF)

� The	number	of	photoelectrons	is	saturated	at	6.55 for	La-GPS.
�When	using	Y-11 and	0.50	mm	La-GPS	crystal,	3WLSF	layers	are	enough	
for	detecting	10	photoelectrons	with	both	sides	reading.

Averaged number of photoelectrons
detected by changing the number of WLSF
layers (0.50 mm La-GPS crystal, B-3 (300)
MJWLSF)

Averaged number of photoelectrons
detected by changing the number of WLSF
layers (0.55 mm High-growth-rate La-GPS
crystal, B-3 (300) MJWLSF)

! = 71.42()	
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The	position	resolution	is	estimated	using	10	WLSFs	strips.	Each	strip	is	
composed	of	5	fibers	(1.0	mm	width).

[3]	Wavelength	Shifting	Fibers,	Kuraray.	Available:	kuraraypsf.jp/psf/ws.html
[4]	T.	Mizuno	et	al.	“Development	of	Large-Area	Charged	Particle	Detectors	with	High	Position	Resolution	
and	Low	Cost”,	2006	IEEE	Nuclear	Science	Symposium	Conference.
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The	position	resolution	is	estimated	using	10	WLSFs	strips.	Each	strip	is	
composed	of	5	fibers	(1.0	mm	width).
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[4]	T.	Mizuno	et	al.	“Development	of	Large-Area	Charged	Particle	Detectors	with	High	Position	Resolution	
and	Low	Cost”,	2006	IEEE	Nuclear	Science	Symposium	Conference.

Kuraray	Y-11(300)MJ B-3(300)MJ

20.4S 69.6S

Double	cladding	
φ0.2	mm

Optical	models
Wavelength-shifting fibers

3. Background	study	of	environmental	radiation
3.3.	β	rays	surface	inspection	of	sample	sheets	adsorbing	radon	progenies
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3.3. β-RAYS SURFACE INSPECTION OF SAMPLE SHEETS
ADSORBING RADON PROGENIES

3.3 β-rays surface inspection of sample sheets
adsorbing radon progenies

3.3.1 Setup

The setup is shown in Fig. 3.3. The β rays emitted from the hermetically-
sealed air inside a box were measured using a β-ray counter based on scin-
tillating fibers (Fig. 3.4) with a veto counter system for suppressing cosmic-
muon events. These counters were covered by lead blocks with a thickness
of 32 mm for the suppression of external gamma rays from 214Bi, 208Tl, and
40K in the concrete. With this thickness, 85% of these backgrounds could be
suppressed at Eγ = 2 MeV.

The detector used scintillating fibers (Kuraray SCSF-78MJ), and PMTs
(Hamamatsu R9880U-210) on both ends. The effective area of scintillating
fibers was 30× 10 cm2 (see Fig. 3.3.).
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Fig. 3.3: Setup for the β ray measurement. A schematic of cross section of the
detector.

29

10	cm
30	cm

Polyethylene

3.3. β-RAYS SURFACE INSPECTION OF SAMPLE SHEETS
ADSORBING RADON PROGENIES

Fig. 3.4: The β-ray counter based on scintillating fibers with an effective area of
30× 10 cm.

3.3.2 Detection efficiency

A 90Sr source with 23.6 kBq was set under the β-ray counter for the
estimation of the detection efficiency. The event rate NSr was (2.049 ±
0.002)× 107 h−1. The detection efficiency was deduced to be (8.68± 0.01)×
102 Bq−1 h−1 by calculating (NSr −NBG)/ASrT , where NBG is the number of
background without the source, ASr is radioactivity of the source, and T is the
measuring time. NBG was measured in advance to be (3.67±0.14)×103 h−1,
where the error represents a standard deviation of 60 measurements.

3.3.3 Sample

The sample sheets used were made of 11-µm thick polyethylene with a
size of 30 × 10 cm2 and a density of 1.4 g/cm3. The samples were left on
an aluminium plate connected to the earth in a windless room for a few
hours before being inspected because the adsorption effect is dependent on
the static electricity. In brief, the adsorption effect of natural drops of radon
progenies on the sample surface was measured purely. In order to gain the
radon progenies yield in the measurement ten layers of sheets were set in the
detector.

30

Scintillating	fibersScintillating	fibers
φ0.2	mm
30U10	cm2
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Original Cherenkov spectrum

Cherenkov spectrum 
from the aerogel
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• Absorption spectra have peaks at 350 nm
(B-3) and 450 nm (Y-11).

• Use of two types of fibers allows to
extend wavelength range to absorb
Cherenkov photons.
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The	position	resolution	is	estimated	using	10	WLSFs	strips.	Each	strip	is	
composed	of	5	fibers	(1.0	mm	width).

[3]	Wavelength	Shifting	Fibers,	Kuraray.	Available:	kuraraypsf.jp/psf/ws.html
[4]	T.	Mizuno	et	al.	“Development	of	Large-Area	Charged	Particle	Detectors	with	High	Position	Resolution	
and	Low	Cost”,	2006	IEEE	Nuclear	Science	Symposium	Conference.
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Abstract - We propose a large-area charged particle detector for high energy physics experiments. This detector includes inorganic
scintillation crystals and wavelength shifting fibers, which enables us to detect charged particles with higher position resolution and
lower cost than those of conventional photo detectors and drift chambers.

Overview	of	the	Detection	Part

Experimental

Reference

We measured the number of photoelectrons
by changing the number of layers of WLSF.
The setup of the experiment is shown on the
left and the scintillation crystals and the
WLSFs used in this experiment is shown below.
Photomultiplier tubes of R9880U-210 series
manufactured by Hamamatsu Photonics K.K.
are used as the photodetectors, which have
spectral response in the wavelength range of
230 nm to 700 mm[1].

La-GPS	(C&A	Corporation)[2]
Chemical	Composition:	
(La0.75Ga0.24Ce0.01)2Si2O7
Emission	wavelength:	390	to	410	nm
Density:	5.3	g/cm3

Absorption	Peak:	351	
nm
Emission	Peak:	450	nm

We propose the large-area charged particle detector with inorganic
scintillator plates and wavelength shifting fibers. It is confirmed that
photons from La-GPS can be read out with WLSF B-3 (300) MJ and Y-11
(300) MJ. When using B-3 (300) MJ, the more photoelectrons can be
obtained and 1 WLSF layer is enough for detecting 10 photoelectrons
with both sides reading. The same result is obtained when using high-
growth-rate La-GPS. By using these inorganic crystals, “high position
resolution” and “lower cost” detector can be made. The position
resolution is smaller than 1.068 mm.
In addition, photo detectors are suitable for measurements at high
event rate. This detector may take the place of other detectors like drift
chambers in high energy physics experiments.

[1]	Hamamatsu	Photonics	K.K.,	Photomultiplier	tube	R9880U-210
Available:	https://www.hamamatsu.com/jp/en/R9880U-210.
[2]	C&A	Corporation,	Product	Information.	Available:	www.c-and-a.jp/GPS.html
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crystals.
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The distribution of number of
photoelectrons detected (0.50 mm La-GPS
crystal, 6 layers Y-11 (300) MJ WLSF on
one-side reading)

Several	Layers	of	WLSF	
� A	kind	of	an	optical	fibers
� They	absorb	the	light	of	the	particular	wavelength	and	emit	longer	
wavelength	light.	
� The size of the effective area is 1 m x 1 m.
One WLSF layer is composed of 5000 fibers of 0.2 mm in diameters.

An	Inorganic	Scintillation	Crystal
� Scintillation light is released when
charged particles pass thorough the crystal.
� The light with smaller incident angle than
the critical angle goes outside the crystal.
� Its high density enables us to detect
charged particles with higher position
resolution; the emission region gets
smaller as the crystal thinner.

Absorption	Peak:	430	nm
Emission	Peak:	476	nm

Rough	Estimation	of	the	Position	Resolution

High-growth-rate	La-GPS	(right	side)
�A	scintillator	which	is	crystalized	at	the	higher	rate	than	the	conventional	one.
�It	contains	micro	bubble	and	is	not	transparent	completely.
�Much	more	reasonable	than	the	conventional	one.

As a result of 6 times measurements, the position resolution is 1.068
� 0.017 mm in sigma. This value is expected to be smaller if using
strips composed of less number of fibers.

Left:	Y-11	(300)	MJ	WLSF	(Kuraray)[3]

Right:	B-3	(300)	MJ	WLSF	(Kuraray)[3]

Results

� The	number	of	photoelectrons	is	saturated	at	13.55 for	La-GPS.
�When	using	B-3	and	0.50	mm	La-GPS	crystal,	1WLSF	layer	is	enough	for	
detecting	10	photoelectrons	with	both	sides	reading.
(better	result	than 3	layers	for	1.0	mm	crystal[4])
� The	number	of	photoelectrons	is	saturated	at	13.79	for	0.55	mm	high-
growth-rate	La-GPS	(12.54 for	0.50	mm	high-growth-rate	La-GPS).
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The	position	resolution	is	estimated	using	10	WLSFs	strips.	Each	strip	is	
composed	of	5	fibers	(1.0	mm	width).
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Kuraray	Y-11(300)MJ B-3(300)MJ

Double	cladding	
φ0.2	mm

千葉大学　児玉諭士
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4.1. THRESHOLD-TYPE CHERENKOV COUNTER

4.1 Threshold-type Cherenkov counter

The threshold-type aerogel Cherenkov counter is characterised by the
application of two kinds of the wavelength-shifting fibers (Kuraray B-3 and
Y-11) with different absorption-wavelength regions.

It has nine tiles of silica aerogel (with the size of 96×96×10 mm3), which
has the mean refractive index of 1.0411, density of 0.15 g/cm3, and transmis-
sion length of 40.8 mm at 400-nm wavelength. The properties of these silica
aerogel tiles are listed in Table 4.1.

Table 4.1: Properties of the silica aerogel tiles. The error of the mean value indi-
cates scattering of the value.

Tile Refractive index Transmission length (mm)
MEC4-1a 1.0408 41.0
MEC4-1b 1.0411 38.6
MEC4-1c 1.0412 39.2
MEC4-2a 1.0414 40.9
MEC4-2b 1.0414 41.2
MEC4-2c 1.0414 41.7
MEC4-3a 1.0408 41.7
MEC4-3b 1.0410 41.4
MEC4-3c 1.0411 41.7
Mean 1.0411±0.0002 40.8±1.1

These tiles were arranged into three layers. In this prototype detector,
the silica aerogel has two functions of the Cherenkov radiator and a shielding
matter for the range measurement. The thickness of 3 cm was selected so as
to stop the β rays from 40K with Kmax = 1.31 MeV.

On the downstream side of the silica aerogel, there are two-layers of sheets
of B-3 on top and two-layers of sheets of Y-11 at bottom both with 0.2-mm
diameter and the double cladding structure. An effective area of the fiber
sheets is 300× 100 mm2. The both ends of the fibers are connected to total
four PMTs (Hamamatsu R9880U-210).

37

Silica	aerogel

Wavelength-shifting
fibers	light	guide

Gel box.
Black paper on
the bottom.

PMT

PMT

PMT

PMT

Properties	of	the	aerogel	tiles	

10	cm
30	cm

R9880U-210

R9880U-210

R9880U-210

R9880U-210

4. Design	of	a	prototype	detector
4.1.	Threshold-type	Cherenkov	counter

*
*	at	400	nm
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Cherenkov photons

(2) エアロゲル・チェレンコフ・カウンター

　エアロゲル・チェレンコフカウンター（AC）はシリカエアロゲルを輻射体にした粒子識別装置のひ

とつ。シリカエアロゲルは SiO2と空気の物質量を調合することで任意の屈折率(1.003〜1.26)を決

定することが出来る(図 6)。初号機に据え付けたエアロゲルの屈折率は 1.045 ± 0.001である。

図 6. シリカエアロゲル（屈折率 1.05）。隣の１円硬貨は比較のため。うっすら青みがかっているの

はレイリー散乱によるものである。

　チェレンコフ光読出しに通常光電子増倍管を用い、光子をひとつずつ測定する。波長変換ファイ

バーのライトガイドを経由することで有効面積に対して光電子増倍管の使用数を削減でき、安価

な設計に貢献する。

　波長変換ファイバーは光ファイバーに波長変換物質を含んだ材質で、ファイバー側面から特定

の波長の光を吸収し、波長を伸ばして再発光、その後全反射条件を満たした光を両末端へ伝搬す

る性質をもつ。Kuraray社の波長変換ファイバー(型番：B-3(300)MJ）は紫外線を吸収し、青い光

を発光する。同じく型番：Y-11(300)MJは青い光を吸収し、緑の光を発光する。チェレンコフ光読出

しには２種類の波長変換ファイバーを B-3, Y-11の層構造をもつライトガイドを用いた。チェレンコ

フ光は波長の２乗に反比例した連続的な波長スペクトラムをもち、B-3で全反射条件を満たさず

漏れた光は下層の Y-11で最吸収される。したがって、１種類の波長変換ファイバーを用いるより 

- 7 -
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A.3. NOISE RATIO
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Fig. A.1: Setup of calibration test for PMTs. Schematic for diagram (top), picture
of the setup (bottom left), and output signals checked by the oscilloscope
(bottom right).

discrete signals were observed by photoelectron effect in the single photon
region. The gap between the pedestal and the 1 p.e. peak corresponds to
the gain µ(V ) given as

µ(V ) =
(M1 −M0)kC

|e| , (A.1)

where M0 and M1 are the ADC values for pedestal and 1 p.e. peak, respec-
tively, kC is the CAMAC ADC conversion coefficient (∼ 0.26 pC/ADC), and
e is the elementary charge. This gain depends on supplied voltage as

µ(V ) = αV β. (A.2)

In Fig. A.2 (right top), the black dots are data and the red line is the fitting
function of Eq. (A.2), where α = (1.3 ± 1.0) × 10−5, β = 3.9 ± 0.1 with
χ2/NDF = 3.03/9. The measurement accuracy was σµ/µ < 8%, which was
determined as a deviation with the data and fitting function.

A.3 Noise ratio

According to the measured gain, the photoelectrons distribution is shown
in Fig. A.3 (left), which is a dark count. The noise ratio was defined as 0.5-
p.e. efficiency of dark count. The supplied voltage dependence for the noise
ratio is shown in Fig. A.2 (right), and the noise ratio was less than 10−4.
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素粒子物理と標準模型
素粒子: 物質を構成する最小単位

標準模型: 素粒子の振舞いを記述する理論体系

クォーク&レプトン: 物質を構成

ゲージ粒子: 力を媒介

ヒッグス粒子: 質量起源

• 2012年にATLAS&CMS実験で発見
（ノーベル賞へ）

多くの実験結果を精度良く説明

問題点: ダークマターやニュートリノ質量（振動）を説明できないなど...
⇒ 標準模型を超えた物理があるはず

標準模型の精密検証と、新しい物理（素粒子）の探索

LHC, Belle, T2K, KamLand-Zen, DeeMe, ANKOK, NEWAGE... 
など世界各地で様々な実験を行っている
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J-PARC	E36hŪ
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J-PARC	E36Â)N

(D~0.511	MeV/c2

(E~105.6	MeV/c2

(G~493	.7	MeV/c2

5? → Q?CR	(5R))

B?	from	5D)	&D = 246.8	MeV/%
+?	from	5E)	&E = 235.5	MeV/%
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J-PARC	E36Â)N

��K+Ò
• K1.1BR	beamline
• Beam	Cherenkov
• K+ stopping	 target

���
��
• MWPC	(C2,	C3,	C4Ȋ
• Spiral	Fiber	Tracker	(SFT)
• Thin	trigger	counter	(TTC)

����
• TOF	(TOF1,	TOF2)
• Aerogel	Cherenkov	 (AC)
• Pb glass	counter	(PGC)

	���
• CsI(Tl)	
• Gap	veto	(GV)
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ǌǇȃǕȁȆǡǋȂȄǖǱÂ)N

transmission length–refractive index scatter graph shown in Ref.
[10]. The reference square aerogel tile had ΛT¼23.5 mm.

4.4. Dimensions

The dimensions of the produced aerogel bars met our require-
ments. The longitudinal length of the bars ranged from 176.3 to
177.8 mm for the 30 crack-free aerogel bars, which was consistent
with our expectation (i.e., 178 mm). The lower- (upper-) base
length of the cross-sectional trapezoid of the upstream (down-
stream) layer was 24.0–24.5 (45.5–46.4) mm, which is in good
agreement with the requirements (i.e., 24.8 (46.2) mm). As shown
in Fig. 13, the upstream aerogel bar was flushed with the down-
stream one; thus, they will form a radiator unit in the counter
module.

The mean longitudinal shrinkage ratio was 0.972, close to our
expectation of 0.975, where the longitudinal length of the mold
was taken to be 182.25 mm based on the actual measurement.
Fig. 14 shows the refractive index as a function of the longitudinal
shrinkage ratio. There is a tendency for the refractive index to
increase with decreasing longitudinal shrinkage ratio. In addition,
the refractive index depends on the wet gel lot in which it was

synthesized, especially between the first and third lots. This could
be due to the difference in room temperature during the produc-
tion process. The third lot was fabricated in a slightly high-
temperature environment (24–261C) compared with the first lot
(21–241C).

5. Conclusion

We have developed hydrophobic silica aerogel with n¼1.08 to
be used as a radiator in threshold-type Cherenkov counters. These
counters are meant to separate the positrons from positive muons
with a momentum of approximately 240 MeV/c produced by kaon
decays in the J-PARC TREK/E36 experiment. The requirements for
the Cherenkov radiator were determined by the results of test
beam experiments and the design of the counter configuration.
We have described a method for producing aerogel bars with a
trapezoidal cross-section and a length of 18 cm to fit the barrel
region surrounding the kaon stopping target of the TREK/E36
detector system. Production of the aerogel bars for the actual
detector made up of 12 counter modules was successfully per-
formed by dividing each radiator volume into two layers with a
total thickness of 4 cm. The block dimensions and optical para-
meters, including a transmission length at 400 nm wavelength of
approximately 20 mm, have been measured and found suitable for
use in the actual detector.

Fig. 11. Measurement setup in the light-shielded chamber of the Hitachi U-4100
spectrophotometer. Light transmission along the aerogel thickness direction was
measured. The bottom surface of the aerogel (see Fig. 8) corresponding to the
upstream side in the AC counter was placed at the upstream side of the spectro-
photometer. The distance between the aerogel's downstream surface and the
entrance of a light-integrating sphere was set to be 10 cm.

Fig. 12. Transmittance curve for a typical aerogel (t¼19.9 mm) as a function of
wavelength. Circles show the transmittance measured every 10 nm, and the solid
curve shows the fit with T ¼ A exp ð#Ct=λ4Þ. The parameters obtained from the
fitting were A¼ 0:98870:001 and C ¼ 0:0122070:00005 μm4=cm.

Fig. 13. Upstream aerogel bar stacked on top of a downstream one. The long-
itudinal length and total thickness are approximately 18 cm and 4 cm, respectively.

Fig. 14. Refractive index measured at λ¼405 nm as a function of longitudinal
shrinkage ratio for each of the 30 crack-free aerogel bars and one reference square
tile. The aerogel bars are classified based on their wet-gel synthesis lot, indicated by
different symbols.

M. Tabata et al. / Nuclear Instruments and Methods in Physics Research A 795 (2015) 206–212 211

18	cm

4 cm

ǘȀǏǌǇȃǕȁ

PMT

PMT

eƭŭƪƬƐμƭưƾưƕp�èƳȑ

5? → Q?CR	(5R))

B?	from	5D)	&D = 246.8	MeV/%
+?	from	5E)	&E = 235.5	MeV/%

100 200 300 400 500 600 700 800 900 10000

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

p	(MeV/c)

!

p

K

π

e

μ βμ=0.912

nth <	1.095

n	=	1.08



2017/10/27
28

`Ŗ`eǜǸǨȇ�ģ:\(ā�`)

2.	ď¿hŪÂ)N
CsI(Tl)ǏȃȀǺȇǟ

TDC
0 50 100 150 200 250

A
D
C

0

200

400

600

800

1000

1200

(run,n,x,y)=(3994,0,13,16)

0 50 100 150 200 250

6−

4−

2−

0

2

4

6

Graph

1200

1000

800

600

400

200

0

0

Data
Fitting	function

50 100 150 200 250
TDC/40	ns

AD
C

4
0
-4

TDC
0 50 100 150 200 250

ADC

0

200

400

600

800

1000

1200

(run,n,x,y)=(3994,0,13,16)

0 50 100 150 200 250

6−

4−

2−

0

2

4

6

Graph

>ℎ

ǌǪȁǒȇŀÉ

0 20 40 60 80 100 120 140 160 180 2000

1000

2000

3000

4000

5000

6000

7000

ene

2017/9/12 8

}��o��p»ÑÎÉÔÁÔÓºÆÏ½Ôd;

!L; !" → 7"%L :	Kinetic	energy	153	MeV	peak	for	stopped	muon

0.15 0.2 0.25 0.3 0.35 0.40

5

10

15

20

25

30

35

(mod,ch)=(1,7)

Integral=184

L2,(3)

k=0.218

csi6

149,630	events

1	crystal	energy	coefficient

Co
un
ts
/b
in

Co
un
ts
/M

eV

Energy	(MeV)

M	 = 	(153 − Qt)	/ℎCsI	(MeVXY)

250− 200− 150− 100− 50− 0 50 100 150 200 2500

200

400

600

800

1000

0

5

10

15

20

25

corr rise time (ns) - height (adc), Post Pileup, 63-tp-64   

@K
(Y) − @Z[\	(ns)

Am
pl
itu

de
	ℎ

Cs
I(
AD

C) Q = M	ℎ^_`
μ=144.28	MeV	
σ=6.83	MeV	(4.73%)
Q = M	ℎ^_` + Qa
μ=152.98	MeV	
σ=4.02	MeV	(2.63%)

σT=9.7	ns!L;

(768	crystals)

0 50 100 150 200 2500

200

400

600

800

1000

(n,x,y,id)=(935,16,44,2)(n,x,y,id)=(935,16,44,2)

TDC/40	ns

AD
C

Post	Pileup

@K(Y) @K(;)

ℎ;
ℎY

2017/3/19 H.	ITO,	J-PARC	E36	EXPERIMENT

 

 

図 2.15 CsIカロリメーターの概略図 

 

7. マルチワイヤプロポーショナルチェンバー（MWPC） 

 

 前述の SFTとともに通過粒子の通過点を検出し、磁場に対する曲がり具合から粒子の

運動量を算出する。本実験で使用する MWPCはカソード読み出し式の MWPCであり、直径

が 20μmの金メッキタングステン線を 2mm間隔に 100本張ったアノード面、カプトン基

膜上 Cu ストライプをチェンバーの長辺方向に 9mm×720mm で 20 本と短辺方向に

9mm×200mm で 72本にそれぞれ 1mm間隔で張ったカソード面によって構成されている。

荷電粒子が通過した際、MWPC内部に密閉された気体が電離し、その時生ずる電子がアノ

ードワイヤー方へ移動していく。その後ワイヤー周辺に発生している電場によって加速

された電子は電子雪崩を引き起こす。このアノードでの電子雪崩の影響で誘起された電

荷をカソード面で読むことで、荷電粒子がどのワイヤーの付近を通過したのかをアノー

ドワイヤーの間隔よりも精密な位置分解能で判別することが可能である。E36 実験では

MWPC内部を満たす気体としてアルゴンとエタンを使用した。E36実験では E246での MWPC

を踏襲し、超伝導トロイダル磁石の磁極間の入り口前に 1か所（C2）、磁極間出口側に 2

か所（C3、C4）の 3 か所、全 12Gap で計 36 か所設置した。そしてより精度の良い測定

を行うために 4か所目の位置検出器である SFTを追加したほか、C3と C4間の固定間隔

を E246の時よりも 41.5mm増やし、そのために必要な Al製の金具を新たに制作した。 

 

図 2.13 AC 

 

6. CsI(TI)カロリメーター 

 

 セントラルディテクター内に納められた計 768 個に及ぶヨウ化セシウム(CsI(Tl))結

晶を使用した光子検出器。CsI 結晶に光子や電子が入射した際に電磁シャワーという現

象を起こすのを利用し、その光量を電気信号に変換して読み出すことにより光子や電子

のエネルギー値を測定する。本実験で使用するカロリメーターには超伝導トロイダル磁

石の各 Gapに相当する方向に窓が開けられており。全体の立体角の 75%を押さえている。

KIB e2γや KIBμ 2γといった崩壊モードより放出されるγ線を検出する役割を担って

いる。 

 

図 2.14  CsI(TI)カロリメーター 
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window or WLSF. The noise rate depends on the amount of
material present (7.6× 10−3).

The WLSF light guide using two types of fibers (B-3 and
Y-11) can collect Cherenkov light efficiently in comparison to
a single type of fiber (B-3 or Y-11) because Cherenkov light
has a continuous spectrum with intensity proportional to 1/λ2.
In addition, it allows for the reabsorption of light emitted from
the B-3 layer at the Y-11 layer.

A 1.18-2.28 MeV beta-ray emits Cherenkov light in the
aerogel and is detected by the PMTs via WLSFs. Below
1.17 MeV, Cherenkov light is not emitted. WLSFs have a
core with a refractive index of 1.59 and threshold velocity
ratio of 0.629 for Cherenkov conditions in the fibers. A
1.17 MeV beta-ray can travel through the aerogel to a depth
of approximately 2.5 cm, at which point it stops. Therefore,
silica aerogel can function as both a Cherenkov radiator and
shielding material. When a 662 keV gamma-ray is emitted,
secondary electrons are produced through Compton scattering
in the aerogel, with maximum kinetic energies of 477 keV.
Therefore, the Cherenkov conditions are not satisfied at the
index of the aerogel with the electron. If gamma-rays interact
within the fiber, a false positive can be observed.

Fig. 1. Installed silica aerogel and the WLSFs light guide coupled with PMTs.

C. Cosmic ray veto counter

A veto counter was added to the device to suppress events
occurring from cosmic rays. The veto counter comprised a
plastic scintillator, WLSFs, and a PMT. The scintillator was
5 mm×400 mm×200 mm, which fully covered the effective
area. WLSFs used in the veto counter were the same as the
ones described above, i.e., Y-11(300)MJ with a diameter of
0.2 mm. WLSFs were connected to four side faces of the
scintillator, bundling both end fibers into one. The PMT was
connected to the bundled fibers, which allowed for detection
of scintillation light. When the cosmic ray passing though the
center of the veto counter was a muon, the mean number of
photoelectrons observed by the PMT was 6.6.

D. Electronics
The electronics for the Sr-90 counter were based on NIM

(Nuclear Instrument Modules) unit. Three logical signals from
each function, SFT, AC, and veto counters, are transferred to
the final counting system. The equation is given as

Count = CSFT ∩ CAC ∩ Cveto, (3)

where CSFT , CAC , and Cveto are counting signals of the SFT,
AC, and veto counters, respectively.

III. IDENTIFICATION OF SR-90/Y-90
The identification of a beta-ray originating from Y-90 in

the presence of other radiation sources is shown in Fig.2.
In the case of Sr-90/Y-90, the SFT reacts with the beta-ray,
Cherenkov light is emitted in the aerogel, WLSFs absorb
the Cherenkov light, and the PMTs detect the light via the
fibers through re-emission and the total reflection condition.
A shielding block (aluminum of thickness of 10 mm) stops
the beta-ray before it reaches the veto counter.

This detector is insensitive to beta- and gamma-ray emitting
radioisotopes such as Cs-137. Beta-rays below 1.17 MeV acti-
vate the SFT but do not cause the emission of Cherenkov light
and stop in the aerogel, with an index of 1.0485. Gamma-rays
with 0.662 MeV energies produce secondary electrons with
maximum kinetic energies of 0.447 MeV through Compton
scattering in the aerogel, which does not satisfy the Cherenkov
conditions as the electrons have a maximum velocity ratio
of 0.92. When the photon interacts with the fibers, the de-
tector can provide a false positive. However, the use of a
photoreceiver comprising WLSFs with fewer substances can
potentially suppress a portion of these events. This detector is
also insensitive for K-40, as with Cs-137.

In addition, this detector is insensitive for radioisotopes
emitting a beta-ray and two gamma-rays, such as Cs-134. It is
difficult to detect Y-90 in an energy spectrum with a Cs-134
background using conventional methods, as the total energy
of the beta-ray and two gamma-rays emitted from Cs-134 is
2.058 MeV. As only the detection of beta-rays satisfies the
Cherenkov conditions, this counter has the advantage of being
insensitive for other radiation sources, such as Cs-134.

Finally, a cosmic ray event can be suppressed by the veto
counter.

IV. RESULTS AND DISCUSSIONS

A real-time Sr-90 counter prototype was produced (see
Fig. 3) with an effective area of 300 mm × 100 mm. Its
performance was evaluated using radioactive sources defined
by the Japan Radioisotope Association, such as Sr-90/Y-90 (25
kBq) and Cs-137 (25 kBq).

A. Absolute efficiency for each radionuclide
An absolute efficiency is defined as the ratio of count rate

and an activity of a sample in the counter. The efficiency
was estimated in the following manner: (a) the background
rate was measured for an hour, (b) each radiation source was
placed in the center of the detector, (c) the number of counts

REPIC ŭŗŦŠ
ƂŻŰƉũ
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2.3 Veto counter for suppression of cosmic ray
A veto counter was set over the AC to suppress cosmic muons. Since a shielding block (made of

Aluminum) was set between the veto counter and the AC, it is clear that the electrons emitted from
the sample cannot enter the veto counter. The veto counter consists of a plastic scintillator bar with a
size of 400 mm × 200 mm × 5 mm, WLSFs and a PMT. WLSFs were connected to four side faces
of the scintillator, bundling both ends of the fibers into one. The PMT was connected to the bundled
fibers, which allowed for detection of scintillation light. In a bench test using cosmic muons, the mean
number of photoelectrons observed by the PMT was 6.6.

2.4 Design of the detector
Fig. 2 shows a design of the detector. The sample is grinded to a paste with thickness of about

1 mm, and it is set under the trigger counter. The silica aerogel tiles with a thickness of 10 mm
were stacked into three layers to stop the beta ray with 1.31 MeV. Electrons, which emitted from
gamma-ray with the energy less than 1.53 MeV by Compton scattering, do not satisfy the condition
of Cherenkov radiation in the silica aerogel with an index of 1.042.

Three logical signals from each function, the trigger, the AC, and the veto counters, are transferred
to the final counting system. The logic is given as

Count = Ctrigger ∩CAC ∩Cveto, (1)

where Ctrigger, CAC , and Cveto are signal counts of the trigger counter, the AC, and the veto counters,
respectively.

Fig. 2. The sketch of structure of the real-time 90Sr counter consisting of the trigger counter (trigger) using
scintillating fiber, the aerogel Cherenkov counter (AC) with wavelength shifting fibers (WLSFs), and the veto
counter (veto) for suppression of cosmic ray. The magenta, blue, and black arrows represent the charged parti-
cle, the gamma-ray and knocked out electron, respectively. The yellow cone shape and spreading shape denote
Cherenkov radiation and scintillation emission, respectively.
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3. Results and Method for Identifying 90Sr

Radioactivity of sources was estimated as,

A(t) = A0exp−t/τln2, (2)

where A0 is defined as 37 kBq (±20% (sys)) by the Japan Radioisotope Association, t is the years
passed after they were calibrated, τ is physical half life-time. The 90Sr activity (AS r) and 137Cs activity
(ACs) were calculated as 23.8 ± 1.0 (stat) ± 4.7 (sys) kBq and 26.0 ± 1.0 (stat) ± 5.2 (sys) kBq,
respectively.

As 40K source, pure potassium chloride (KCl) was adopted. KCl has stable mass and activity of
16.6 Bq/g by 40K. The KCl having pureness of over 99.5% was made by Hayashi Pure Chemical
Ind. Ltd. [14]. Its activity was calibrated by using the 90Sr source; the linearity of 15.5 ± 2.3 (stat) ±
0.8 (sys) Bq/g was obtained in a mass of ranging from 1 to 4 g. The KCl source with a mass of 4 g
(62 ± 9 Bq) was used in the test.

The number of counts of background (NBG) was obtained 190 ± 14 for an hour at 10 times. Each
source was set under the center of the detector. NS r, NCs and NK were obtained 191752 ± 1691,
309±16 and 191±31, respectively. Nx is number of counts for an hour by using each source x, where
x is 90Sr,137 Cs, or40K. Their errors were estimated as standard errors.

An absolute detection efficiency is defined as the ratio of count rate and an activity of a sample
in the counter. The efficiency of the radionuclides (η) is given as

ηS r ≡
NS r − NBG

AS rT
, (3)

where NS r is the number of counts on the 90Sr source, NBG is the number of counts of background,
AS r is the activity of 90Sr source and T is 3600 seconds. Each efficiency are shown in Table I.

Table I. The absolute efficiencies

parameter value/ Bq−1s−1

ηS r (2.24 ± 0.02 (stat)+0.56
−0.38 (sys)) × 10−3

ηCs (1.27 ± 0.23 (stat)+0.32
−0.22 (sys)) × 10−6

ηK < 1.6 × 10−4

4. Discussion

The inspected sample should be basically heated, compressed to a thickness of 1 mm. The de-
tector has an effective area of 300 cm2. The maximum mass of the heated sample with 1 g/cm3 can
be measured is 30 g. The seafood and seawater have water of approximately 70% and 99% or more,
respectively; The compressibility are assumed as 0.3 (seafood) and 0.01 (seawater). For example, the
sample has 137Cs of 100 Bq/kg, which the amount defined by Japanese Government. In nature, the
seafood and the seawater have 40K of approximately 150 Bq/kg and 12.1 Bq/kg, respectively. In this
section, the detection limit of 90Sr activity is discussed.

The activity of 90Sr, 137Cs, and 90K including the sample with unit mass are defined as A′S r,
A′Cs, and A′K , respectively, where A′Cs is 100 Bq/kg and A′K is 150 Bq/kg (seafood) or 12.1 Bq/kg
(seawater). When the sample is set in the detector, the count number is given as by:

N =
(
ηS rA′S r + ηCsA′Cs + ηK A′K

)
mε−1T + NBG, (4)
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where m denotes the sample mass of 30 g, ε is compressibility of 0.3 (seafood) or 0.01 (seawater), T
is inspection time of 3600 seconds. The count number of background is given as by:

N′BG =
(
ηCsA′Cs + ηK A′K

)
mε−1T + NBG. (5)

The detection limit of the activity of 90Sr (Amin
S r ) is derived by:

Amin
S r =

3
√

NBG + (ηCsA′Cs + ηK A′K)mε−1T

ηS rmε−1T
, (6)

where its condition is based on the Kaiser theorem, k=3, and N > N′BG + 3
√

N′BG. As the result, the
detection limit is estimated 53 Bq/kg (seafood) and 1.8 Bq/kg (seawater).

Therefore, the detector can determine whether there is 90Sr over 1.8 Bq/kg in seawater, and
the performance is almost enough for inspection of seawater. But it is not enough for inspection of
seafood. It is clear that the detection limit depends on the mass of the sample from the equation (6);
extending effective area improves the performance. Further, the veto counter was set over the AC;
it was found that the veto counter could not suppress muons come from side faces. Scintillator bars
adding to side faces, the performance would be improved.

5. Conclusion

We reported the progress on development of the detector based on Cherenkov radiation. The
prototype detector has an effective area of 300 mm × 100 mm, and has the sensitivity to 90Sr and
insensitivity to 40K, 137Cs, and cosmic muons. The detector would be applied for measuring radioac-
tivity of 90Sr and would help the recovery of fisheries in Fukushima.

It was found that the efficiency of 40K is less than 1.6 × 10−4 Bq−1s−1 in the test because the
background rate was large. In future, we plan to fabricate the next detector with an effective area of
10, 000 mm2 or adding veto counters to the side faces for suppression of cosmic muons.
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Fig. 2. The sketch of the structure of the real-time 90Sr counter comprising the trigger counter (trigger)
using scintillating fibers, the aerogel Cherenkov counter (AC) with wavelength-shifting fibers (WLSFs), and
the veto counter (veto) for suppression of cosmic rays. The magenta, blue, and black arrows represent the
charged particle, gamma ray and knocked-out electron, respectively. The yellow cone shape and spreading
shape denote Cherenkov radiation and scintillation emission, respectively.

where NSr is the number of counts on the 90Sr source, NBG is background counts, ASr is the activity
of the 90Sr source, and T = 3600 s. Table I shows the efficiencies for 90Sr, 137Cs and 40K.

Table I. Absolute efficiencies.

Parameter Value (Bq−1s−1)
ηSr [2.24 ± 0.01 (stat) ± 0.44 (sys)] × 10−3

ηCs [1.27 ± 0.08 (stat) ± 0.25 (sys)] × 10−6

ηK [5.05 ± 2.40 (stat) ± 0.15 (sys)] × 10−5

4. Discussion

The sample under inspection should basically be heated and compressed to a thickness of 1 mm.
The detector has an effective area of 300 cm2. For a sample density of 1 g/cm3, 30 g is the maximum
mass of heated sample that can be measured. Seafood and seawater are approximately 70% and 99%
or more pure water, respectively, and the compressibility is 0.3 for seafood and 0.01 for seawater.
As per the Japanese Government, the sample should have an activity of 100 Bq/kg due to 137Cs. In
nature, seafood and the seawater have an activity due to 40K of approximately 150 and 12.1 Bq/kg,
respectively. In this section, we discuss the detection limit of 90Sr activity.

The activity of 90Sr, 137Cs, and 90K in a unit-mass sample are labeled A′Sr, A′Cs, and A′K, respec-
tively. We assume A′Cs = 100 Bq/kg and A′K = 150 (12.1) Bq/kg for seafood (seawater). When the
sample is placed in the detector, the count is given by

N =
(
ηSrA′Sr + ηCsA′Cs + ηKA′K

)
mε−1T + NBG, (3)
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cosTU =
G
AP < 1
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Cherenkov photons

(2) エアロゲル・チェレンコフ・カウンター

　エアロゲル・チェレンコフカウンター（AC）はシリカエアロゲルを輻射体にした粒子識別装置のひ

とつ。シリカエアロゲルは SiO2と空気の物質量を調合することで任意の屈折率(1.003〜1.26)を決

定することが出来る(図 6)。初号機に据え付けたエアロゲルの屈折率は 1.045 ± 0.001である。

図 6. シリカエアロゲル（屈折率 1.05）。隣の１円硬貨は比較のため。うっすら青みがかっているの

はレイリー散乱によるものである。

　チェレンコフ光読出しに通常光電子増倍管を用い、光子をひとつずつ測定する。波長変換ファイ

バーのライトガイドを経由することで有効面積に対して光電子増倍管の使用数を削減でき、安価

な設計に貢献する。

　波長変換ファイバーは光ファイバーに波長変換物質を含んだ材質で、ファイバー側面から特定

の波長の光を吸収し、波長を伸ばして再発光、その後全反射条件を満たした光を両末端へ伝搬す

る性質をもつ。Kuraray社の波長変換ファイバー(型番：B-3(300)MJ）は紫外線を吸収し、青い光

を発光する。同じく型番：Y-11(300)MJは青い光を吸収し、緑の光を発光する。チェレンコフ光読出

しには２種類の波長変換ファイバーを B-3, Y-11の層構造をもつライトガイドを用いた。チェレンコ

フ光は波長の２乗に反比例した連続的な波長スペクトラムをもち、B-3で全反射条件を満たさず

漏れた光は下層の Y-11で最吸収される。したがって、１種類の波長変換ファイバーを用いるより 
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(n=1.041) Scintillating	fibers	
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4.5. SHIELDING BY LEAD AND BRASS BLOCKS

4.5 Shielding by lead and brass blocks

This detector was shielded externally by lead and brass blocks for the
suppression of γ rays emitted from 214Bi and 208Tl in the surrounding concrete
blocks (see Fig. 4.12). The lead plates with 32-mm thickness were set under
the detector. On the short sides, lead blocks with 50-mm thickness were set.
On the long sides, lead plates with 32-mm thickness were set on the the brass
blocks with 50-mm thickness. On the top of the detector, lead plates with
32-mm thickness were put on the the brass blocks with 25-mm thickness.
The densities of lead and brass are 11.35 and 8 g/cm3, respectively, and the
total attenuation coefficient for 2-MeV γ rays is 4.5×10−2 g/cm2. Thus, 3.2-
cm thick lead, 5-cm thick lead, and 5-cm thick brass suppressed 2-MeV γ
rays with the fraction of 83.5%, 92.4%, and 83.7%, respectively. For 99%
suppression of the γ rays, 9-cm thick lead and 13-cm thick brass would be
required.
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Fig. 4.12: A schematic of cross section with side view (left) and front view (right)
for shielding by lead and brass blocks.
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4.3. VETO COUNTER

4.3.2 Components of the veto counter prototype

The veto counter system consists of two units. Each unit has one top side
counter, two long side counters, and one short sides counter. The structure
of the veto counter system is shown in Fig. 4.8.
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Fig. 4.8: Structure of the veto counter.

The top side counter is a block with a size of 200× 350× 20 mm3 made
of four layers of the plastic scintillator with a thick of 5 mm. Wavelength-
shifting fiber (Kuraray Y-11(300)MJ) sheets were connected to the both side
faces of the block using an optical cement (G-Tech EJ-500). The wavelength-
shifting fibers were imbedded in a groove on the front face, and two grooves on
the back face. The long side counter is a block with a size of 200×50×15 mm3

made of three layers of scintillator. The Y-11 fibers were connected to both
side faces using optical cement. The short side counter is a block with a size
of 200×50×10 mm3 made of two layers of scintillator. The Y-11 fibers were
also connected to both side faces using optical cement.

One of these fiber ends was connected to a PMT (Hamamatsu H11934-
200). The opposite end was connected to a reflector. The light propagation
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Silica	aerogel

Wavelength-shifting
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3.3. β-RAYS SURFACE INSPECTION OF SAMPLE SHEETS
ADSORBING RADON PROGENIES

Fig. 3.4: The β-ray counter based on scintillating fibers with an effective area of
30× 10 cm.

3.3.2 Detection efficiency

A 90Sr source with 23.6 kBq was set under the β-ray counter for the
estimation of the detection efficiency. The event rate NSr was (2.049 ±
0.002)× 107 h−1. The detection efficiency was deduced to be (8.68± 0.01)×
102 Bq−1 h−1 by calculating (NSr −NBG)/ASrT , where NBG is the number of
background without the source, ASr is radioactivity of the source, and T is the
measuring time. NBG was measured in advance to be (3.67±0.14)×103 h−1,
where the error represents a standard deviation of 60 measurements.

3.3.3 Sample

The sample sheets used were made of 11-µm thick polyethylene with a
size of 30 × 10 cm2 and a density of 1.4 g/cm3. The samples were left on
an aluminium plate connected to the earth in a windless room for a few
hours before being inspected because the adsorption effect is dependent on
the static electricity. In brief, the adsorption effect of natural drops of radon
progenies on the sample surface was measured purely. In order to gain the
radon progenies yield in the measurement ten layers of sheets were set in the
detector.

30

2. Basic concept an aerogel Cherenkov detector using 
wavelength-shifting fibers
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4.5. SHIELDING BY LEAD AND BRASS BLOCKS

4.5 Shielding by lead and brass blocks

This detector was shielded externally by lead and brass blocks for the
suppression of γ rays emitted from 214Bi and 208Tl in the surrounding concrete
blocks (see Fig. 4.12). The lead plates with 32-mm thickness were set under
the detector. On the short sides, lead blocks with 50-mm thickness were set.
On the long sides, lead plates with 32-mm thickness were set on the the brass
blocks with 50-mm thickness. On the top of the detector, lead plates with
32-mm thickness were put on the the brass blocks with 25-mm thickness.
The densities of lead and brass are 11.35 and 8 g/cm3, respectively, and the
total attenuation coefficient for 2-MeV γ rays is 4.5×10−2 g/cm2. Thus, 3.2-
cm thick lead, 5-cm thick lead, and 5-cm thick brass suppressed 2-MeV γ
rays with the fraction of 83.5%, 92.4%, and 83.7%, respectively. For 99%
suppression of the γ rays, 9-cm thick lead and 13-cm thick brass would be
required.
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Fig. 4.12: A schematic of cross section with side view (left) and front view (right)
for shielding by lead and brass blocks.
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5.5. DETECTION EFFICIENCY AND LIMIT

one-hour measurement. The efficiency for 137Cs and 40K was determined in
the same way as for 90Sr. The least radioactivity satisfying 50% and 90%
efficiency in 1, 2, and 3 σ thresholds were determined (Table 5.2).

The detection limit has been often defined as the minimum radioactivity
satisfying the relation of ⟨ΓSr(n)⟩ > ⟨ΓBG(n)⟩+ 3σ, where σ is the standard
deviation of ΓBG(n). Therefore, the detection limit corresponds to the lower
limit of 50% efficiency in the 3-σ threshold condition (A′5%

3σ ).
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Fig. 5.7: Detection efficiency as a function of the 90Sr radioactivity related to the
threshold condition at one-hour measurement.

Table 5.2: Least radioactivity A′ for 50% and 90% efficiency in one-hour measure-
ment when the threshold is set at 1σ, 2σ, and 3σ.

Source Efficiency Least Radioactivity A′ (Bq)
1σ 2σ 3σ

90Sr 50% 1.4 3.0 4.6
90% 5.4 7.6 9.6

137Cs 50% 1.3 ×103 2.5 ×103 3.8 ×103

90% 3.1 ×103 4.5 ×103 5.8 ×103
40K 50% 0.32 ×103 0.65 ×103 0.94 ×103

90% 0.80 ×103 1.12 ×103 1.44 ×103
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5.5. DETECTION EFFICIENCY AND LIMIT

5.5 Detection efficiency and limit

The detection efficiency of the prototype was estimated using the signal
model. It is assumed that the threshold was set on the count rate at 3 σ from
the mean of the background rate. The background and the corrected signal
of 10-Bq 90Sr are shown in Fig. 5.6. The blue line is the background, the red
hatched area is the histogram of count rate of 90Sr (the mean at 74.9 h−1),
and the red double-hatched area represents the events with count rate above
the threshold. These histograms are normalized to have an integral of 1.
The ratio of the events above the threshold in total signals was defined as
the detection efficiency of 90Sr, which is therefore η3σ(10 Bq) = 91.6± 0.3%
for 10-Bq 90Sr.
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Fig. 5.6: Distribution of the background and 10-Bq 90Sr counting rate at one hour
measurement.

The detection efficiency dependence on the 90Sr radioactivity for one-hour
measurement is shown in Fig. 5.7. The black, red, and green dot represent,
respectively, the efficiency curves for the threshold conditions of 1 σ, 2 σ, and
3 σ. The least 90Sr radioactivity A′ satisfying the efficiency of more than 50%
was determined to be A′50%

1 σ = 1.4 Bq, A′50%
2σ = 3.0 Bq, and A′50%

3σ = 4.6 Bq.
Similarly, the least 90Sr radioactivity satisfying the efficiency over more 90%
was determined to be A′90%

1σ = 5.4 Bq, A′90%
2σ = 7.6 Bq, and A′90%

3σ = 9.6 Bq.
The least radioactivity indicates the observable lower limit in the sample at

55

• These curves show relations between 90Sr
radioactivity and the efficiency for 1, 2, 3σ
threshold condition.

• Typical detection limit is determined to be
aijkl% satisfying W\](A) > WXY(A) + 3o.

• aijkl% = 4.6	Bq at 1-hour measuring.
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5.5. DETECTION EFFICIENCY AND LIMIT

one-hour measurement. The efficiency for 137Cs and 40K was determined in
the same way as for 90Sr. The least radioactivity satisfying 50% and 90%
efficiency in 1, 2, and 3 σ thresholds were determined (Table 5.2).
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radioactivity and the efficiency for 1, 2, 3σ
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Fig. 5.3: Distribution of counting rates in the signal model for 137Cs and 40K, and
the comparison with the data.
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5.2 Counting rate

One hour counting rate measurement was repeated dozens of times, a
histogram of one-hour count was produced. The background rate without a
source, and the counting rates for the source of 90Sr, 137Cs and 40K are shown
in Fig. 5.1, as black, blue, red, and green histogram, respectively. The sources
were set under the center of the detector for the one-hour measurement.
The background rate without sources was NBG = (35.2 ± 6.0) h−1 by the
Gaussian fitting of the peak with χ2/NDF = 4.73/11, where NDF is the
number of degrees of freedom. Typically, this distribution of background is
considered as a Poisson distribution, P (n, ν) = e−ννn/n!, where n is counting
rate and ν is mean counting rate. Since n is large, the distribution P (n, ν) is
approximated by a Gaussian distribution. Because the statistical variation
can be changed by the fluctuation effect of the detector, the distribution was
analysed considering the deviation from the Poisson function. The deviation
factor α was given as the ratio of the standard deviation σ to square root of
the mean ν (α = σ/

√
ν), thus giving αBG = 1.01± 0.02.

The counting rate for 90Sr was NSr = (1.45 ± 0.01) × 105 h−1 by the
Gaussian fitting with χ2/NDF = 12.1/18 and αSr = 2.80 ± 0.22, where the
contribution from the background was negligible.

The counting rates for 137Cs and 40K were NCs = (159 ± 8) h−1 and
NK = (45.1 ± 6.9) h−1, respectively. The contribution from the background
cannot be negligible in the calculation of α for these sources, therefore, it
was necessary to to subtract the background contribution.
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5.3 Signal model

The “signal model” originated from each source was developed based on
experimental data. The background peak form is consistent with the Poisson
distribution as indicated by small χ2/NDF. The background was treated to
as a Gaussian distribution ΓBG(n) to simplify the model

ΓBG(n) =
1√

2πσ2
BG

exp

{
−(n − νBG)2

2σ2
BG

}
, (5.1)

where n is the number of counting rate, νBG = 35.1 h−1, and σBG = 6.0 h−1.
The counting rate distribution for the source x represents as a convolute
integration with the background rate of

Γx (n) =

∫
dñ φx (̃n) · ΓBG(̃n − n), (5.2)

where x = 90Sr, 137Cs, and 40K.
I developed the signal model for the reconstruction of the distribution

φx(n), which is given as

φx(n) =
e−ν/α2

(ν/α2)n/α
2

Γ (n/α2 + 1 )
, (5.3)

where ν is the mean number of counting rate, α is the deviation factor which
was obtained by fitting data, and Γ (n) is the Gamma function. This model
performs the transformation ν → ν/α2 and n → n/α2 in the Poisson function
P (n, ν).

The χ2 dependence on the free parameter α is shown in Fig. 5.2, where
χ2 =

∑
i{yi − φ(ni,α)}2/σ2

i . The black dots are the χ2(α) and the red line
is a quadratic fitting function which can interpolate the dots. The best fit
αs were determined to be αCs = 0.532 ± 0.044 with νCs = 124.1 ± 0.2 and
αK = 1.067 ± 0.106 with νK = 9.7 ± 0.2 as the minimum of this quadratic
curve (listed in Table 5.1).

As the results of the fitting, the distribution functions φx(n), Γx (n), and
ΓBG(n) were determined as plotted in Fig. 5.3 together with the data. The
filled red and blue areas are, respectively, the deduced signal functions φCs(n)
and φK(n). The doted black area and the red line are background rate of
the data and simulated ΓBG(n), respectively. The hatched red area and ma-
genta line are the counting rate distribution for 137Cs and simulated ΓCs(n),
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5.4. CORRECTION OF THE POSITION DEPENDENCE

Table 5.1: The best fit parameter in the signal model

Source α k (Bq−1 h−1)
90Sr 2.50± 0.50 6.23± 0.13
137Cs 0.532± 0.044 (4.77± 0.09)× 10−3

40K 1.067± 0.106 (1.95± 0.04)× 10−2

5.4 Correction of the position dependence

The effective area of the detector is 300 × 100 mm2. The detector has
a response depending on the source position. Because β rays from the 90Sr
source are emitted isotopically, it is clear that the yield is less at the edge
than at the center. The relation of the source position and kSr is shown in
Fig. 5.5. The left is the two-dimensional color-histogram for position X and
Y . The right shows kSr as a function of X. The black, red, green, blue,
and yellow bars are for Y = 10, 30, 50, 70, and 90 mm, respectively. The
coefficient was corrected to be k̃Sr = (4.11±1.91) Bq−1 h−1 taking an average
of these values.
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Fig. 5.3: Distribution of counting rates in the signal model for 137Cs and 40K, and
the comparison with the data.
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5.3 Signal model

The “signal model” originated from each source was developed based on
experimental data. The background peak form is consistent with the Poisson
distribution as indicated by small χ2/NDF. The background was treated to
as a Gaussian distribution ΓBG(n) to simplify the model
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φx(n), which is given as

φx(n) =
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(ν/α2)n/α
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Γ (n/α2 + 1 )
, (5.3)

where ν is the mean number of counting rate, α is the deviation factor which
was obtained by fitting data, and Γ (n) is the Gamma function. This model
performs the transformation ν → ν/α2 and n → n/α2 in the Poisson function
P (n, ν).

The χ2 dependence on the free parameter α is shown in Fig. 5.2, where
χ2 =

∑
i{yi − φ(ni,α)}2/σ2

i . The black dots are the χ2(α) and the red line
is a quadratic fitting function which can interpolate the dots. The best fit
αs were determined to be αCs = 0.532 ± 0.044 with νCs = 124.1 ± 0.2 and
αK = 1.067 ± 0.106 with νK = 9.7 ± 0.2 as the minimum of this quadratic
curve (listed in Table 5.1).

As the results of the fitting, the distribution functions φx(n), Γx (n), and
ΓBG(n) were determined as plotted in Fig. 5.3 together with the data. The
filled red and blue areas are, respectively, the deduced signal functions φCs(n)
and φK(n). The doted black area and the red line are background rate of
the data and simulated ΓBG(n), respectively. The hatched red area and ma-
genta line are the counting rate distribution for 137Cs and simulated ΓCs(n),
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dñ φx (̃n) · ΓBG(̃n − n), (5.2)

where x = 90Sr, 137Cs, and 40K.
I developed the signal model for the reconstruction of the distribution

φx(n), which is given as

φx(n) =
e−ν/α2

(ν/α2)n/α
2

Γ (n/α2 + 1 )
, (5.3)

where ν is the mean number of counting rate, α is the deviation factor which
was obtained by fitting data, and Γ (n) is the Gamma function. This model
performs the transformation ν → ν/α2 and n → n/α2 in the Poisson function
P (n, ν).

The χ2 dependence on the free parameter α is shown in Fig. 5.2, where
χ2 =

∑
i{yi − φ(ni,α)}2/σ2

i . The black dots are the χ2(α) and the red line
is a quadratic fitting function which can interpolate the dots. The best fit
αs were determined to be αCs = 0.532 ± 0.044 with νCs = 124.1 ± 0.2 and
αK = 1.067 ± 0.106 with νK = 9.7 ± 0.2 as the minimum of this quadratic
curve (listed in Table 5.1).

As the results of the fitting, the distribution functions φx(n), Γx (n), and
ΓBG(n) were determined as plotted in Fig. 5.3 together with the data. The
filled red and blue areas are, respectively, the deduced signal functions φCs(n)
and φK(n). The doted black area and the red line are background rate of
the data and simulated ΓBG(n), respectively. The hatched red area and ma-
genta line are the counting rate distribution for 137Cs and simulated ΓCs(n),

51

ê†° = 35.1	h="
Ω†° = 6.0	h="

137Cs40K

137Cs40K

êπ = 9.7 ±0.2
dπ = 1.07 ±0.11

êæà = 124.1± 0.2
dæà = 0.53 ± 0.04

2017/7/25 Real-time	strontium-90	counters	 51

5.3. SIGNAL MODEL

0 20 40 60 80 100 120 140 160 180 2000

2

4

6

8

10

12

14

cshistcshist

Background
137Cs (26.0±0.5 kBq)
40K (498±2 Bq)

BCD(8)

Counting	rate	8 (h-1)

C
ou

nt
/b

in

BEF(8)
HEF(8)
BG(8)
HG(8)

Fig. 5.3: Distribution of counting rates in the signal model for 137Cs and 40K, and
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Fig. 5.3: Distribution of counting rates in the signal model for 137Cs and 40K, and
the comparison with the data.
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5.2. COUNTING RATE

5.2 Counting rate

One hour counting rate measurement was repeated dozens of times, a
histogram of one-hour count was produced. The background rate without a
source, and the counting rates for the source of 90Sr, 137Cs and 40K are shown
in Fig. 5.1, as black, blue, red, and green histogram, respectively. The sources
were set under the center of the detector for the one-hour measurement.
The background rate without sources was NBG = (35.2 ± 6.0) h−1 by the
Gaussian fitting of the peak with χ2/NDF = 4.73/11, where NDF is the
number of degrees of freedom. Typically, this distribution of background is
considered as a Poisson distribution, P (n, ν) = e−ννn/n!, where n is counting
rate and ν is mean counting rate. Since n is large, the distribution P (n, ν) is
approximated by a Gaussian distribution. Because the statistical variation
can be changed by the fluctuation effect of the detector, the distribution was
analysed considering the deviation from the Poisson function. The deviation
factor α was given as the ratio of the standard deviation σ to square root of
the mean ν (α = σ/

√
ν), thus giving αBG = 1.01± 0.02.

The counting rate for 90Sr was NSr = (1.45 ± 0.01) × 105 h−1 by the
Gaussian fitting with χ2/NDF = 12.1/18 and αSr = 2.80 ± 0.22, where the
contribution from the background was negligible.

The counting rates for 137Cs and 40K were NCs = (159 ± 8) h−1 and
NK = (45.1 ± 6.9) h−1, respectively. The contribution from the background
cannot be negligible in the calculation of α for these sources, therefore, it
was necessary to to subtract the background contribution.
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Fig. 5.1: The background rates and count rate of 137Cs and 40K (left) and 90Sr
(right).
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5.3. SIGNAL MODEL

5.3 Signal model

The “signal model” originated from each source was developed based on
experimental data. The background peak form is consistent with the Poisson
distribution as indicated by small χ2/NDF. The background was treated to
as a Gaussian distribution ΓBG(n) to simplify the model

ΓBG(n) =
1√

2πσ2
BG

exp

{
−(n − νBG)2

2σ2
BG

}
, (5.1)

where n is the number of counting rate, νBG = 35.1 h−1, and σBG = 6.0 h−1.
The counting rate distribution for the source x represents as a convolute
integration with the background rate of

Γx (n) =

∫
dñ φx (̃n) · ΓBG(̃n − n), (5.2)

where x = 90Sr, 137Cs, and 40K.
I developed the signal model for the reconstruction of the distribution

φx(n), which is given as

φx(n) =
e−ν/α2

(ν/α2)n/α
2

Γ (n/α2 + 1 )
, (5.3)

where ν is the mean number of counting rate, α is the deviation factor which
was obtained by fitting data, and Γ (n) is the Gamma function. This model
performs the transformation ν → ν/α2 and n → n/α2 in the Poisson function
P (n, ν).

The χ2 dependence on the free parameter α is shown in Fig. 5.2, where
χ2 =

∑
i{yi − φ(ni,α)}2/σ2

i . The black dots are the χ2(α) and the red line
is a quadratic fitting function which can interpolate the dots. The best fit
αs were determined to be αCs = 0.532 ± 0.044 with νCs = 124.1 ± 0.2 and
αK = 1.067 ± 0.106 with νK = 9.7 ± 0.2 as the minimum of this quadratic
curve (listed in Table 5.1).

As the results of the fitting, the distribution functions φx(n), Γx (n), and
ΓBG(n) were determined as plotted in Fig. 5.3 together with the data. The
filled red and blue areas are, respectively, the deduced signal functions φCs(n)
and φK(n). The doted black area and the red line are background rate of
the data and simulated ΓBG(n), respectively. The hatched red area and ma-
genta line are the counting rate distribution for 137Cs and simulated ΓCs(n),
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éëí = êëí/lëí

éëí = 6.23 ± 0.13	Bq="	h="dëí = 2.50 ± 0.50

5.4. CORRECTION OF THE POSITION DEPENDENCE

Table 5.1: The best fit parameter in the signal model

Source α k (Bq−1 h−1)
90Sr 2.50± 0.50 6.23± 0.13
137Cs 0.532± 0.044 (4.77± 0.09)× 10−3

40K 1.067± 0.106 (1.95± 0.04)× 10−2

5.4 Correction of the position dependence

The effective area of the detector is 300 × 100 mm2. The detector has
a response depending on the source position. Because β rays from the 90Sr
source are emitted isotopically, it is clear that the yield is less at the edge
than at the center. The relation of the source position and kSr is shown in
Fig. 5.5. The left is the two-dimensional color-histogram for position X and
Y . The right shows kSr as a function of X. The black, red, green, blue,
and yellow bars are for Y = 10, 30, 50, 70, and 90 mm, respectively. The
coefficient was corrected to be k̃Sr = (4.11±1.91) Bq−1 h−1 taking an average
of these values.
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Fig. 5.5: Source position dependence of kSr.

54

(¥ = Sr)



2017/10/27 42

`Ŗ`eǜǸǨȇ�ģ:\(ā�`)

3.	íX měØg

ǚǦȃȄǡǊǹ90ǏǊȄǟȇƲ�

Q[ǗȄǲȁ30	g

4e�)Òƭ	.Ʊ90SrǄØƪƧQ[Ǘ
ȄǲȁǄǚǓȀȇǩȄǔ

£Bq/kgƲ90SrƚhŚƱØgƭƛǀƙÂı

ǗȄǲȁĕĮ£ǄƧƺƬ�ěĲ�

ÕïåȆîŬũJƱėƛ�ƗƬǚǓȀȇǩ
ȄǔÂ¾

ÜÙƱh�ō#ȈȈ



2017/10/27 43

`Ŗ`eǜǸǨȇ�ģ:\(ā�`)

3.	íX měØg

ĈÍ�214BiØg

• 90SrØgƱƘƞǀǭǢǓǔǿǊȄǧ
ƚíX�214BiƮ208TlƙƾƲγĖ

• 1.5	MeV��ƲγĖƲǖȄǲǦȄ¢�
• >ĿşcƲǌǪȁǒȇƳ1.31	MeV��

• ǿǧȄƳĈÍ�ƱdR
• vZ�Po,	Pb,	BiƳSŢƱƣƝġƩǀȑ
• ĈÍ�ƱPo,	Pb,	BiƚÝƪƬƕǀƳƤ

• ǿǧȄH'ƱƽǀĨ²ĖŎ 1.1	mSv
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The radon has the main decay chain of 222Rn → 218Po → 214Pb →13

214Bi → 214Po → 210Pb (see Fig. 1). 222Rn emits an α ray with 5.49 MeV14

(the half life of τ1/2 = 3.8 days). 218Po emits an α ray with 6.00 MeV (τ1/2 =15

3.10 min). 214Pb emits a β ray with the maximum energy of 0.671 MeV and16

γ ray with 0.05, 0.24, 0.30, and 0.35 MeV (τ1/2 = 26.8 min). 214Bi emits17

a β ray with the maximum energy of 3.27 MeV and γ ray with 0.61, 0.77,18

0.93, 1.12, 1.24, 1.37, 1.76, and 2.20 MeV (τ1/2 = 19.9 min). 214Po emits19

an α ray with 7.69 MeV (τ1/2 = 1.64× 10−4 s). The half life of 210Pb is20

τ1/2 = 22.3 yr. Because the radionuclides with shorter life were investigated21

in the present study, 210Pb was regarded stable. It is considered that the22

radon stays in air as rare gas atoms and the radon progenies (Po, Pb, and23

Bi) fall onto the ground being captured by dust or aerosol in air [4–6], where24

the progeny may be an ion or monoatomic molecule. The probability of the25

progeny adsorption to the aerosol and the fall velocity of the aerosol v are26

not understood well.27

*214Biからのγ線がmaximum energyになっていたのは609, 1,740, 2,20028

keVと幾つもエネルギー準位があるから。なので、それらの数値を全部書29

き出した。30
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0.30	MeV 19.3%
0.35	MeV 37.6%

0.61	MeV 45.5%
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0.93	MeV		 3.1%
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2.20	MeV			 5.1%

Fig. 1: Radon decay chain list with half life τ1/2 and emitting particles. The radon
progeny adsorbed in the air dust or aerosol fall on the sample in the experiment.

The radionuclides of 214Pb and 214Bi, which emit β or γ rays, were31

focused on In order to study their behavior in the air. A surface contami-32

nation measurement of a sample placed indoor was performed using a low33

2

ǿǧȄf¿ƳǌǇȃǞȁƱHûƠǁƬġ�ƣǀ.
HûèƳǃƙƪƬưƕ.
ĈÍ�Ʊf¿ƚÝƪƬƕǀ@ě�ƚƔǀ.

sampling	 time	T
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SCSF-78MJ), and the PMTs (Hamamatsu R9880U-210). The fiber sheet69

was covered by aluminum sheets (inner side) and black polyvinyl chloride70

sheets (outer side) for light shielding and alpha rays shielding. The effective71

area of scintillating fibers was 30 × 10 cm2 (see Fig. 3.). The veto counter72

was made of plastic scintillator, wavelength-shifting fibers (Kuraray Y-11),73

and PMTs (Hamamatsu H11934-200). It covered the top and four sides of74

the scintillating-fiber counter. These counters were covered by lead blocks75

with a thick of 32 mm for suppressing events of external gamma rays from76

214Bi, 208Tl, and 40K in the concrete. With this thickness, 85% of these77

background could be suppressed at Eγ = 2 MeV.78

��� ���
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?>OBA�K-�LH>OPF#�O#F-PFHH>PK1O

�#F-PFHH>PF-D�CF?B1O

	�
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;1>8

;1>8

;1>8

Fig. 2: Schematic cross section view of the low background β-ray detector.

2.3. Detection efficiency79

A 90Sr source with an activity ASr of 23.6 kBq was set under the scin-80

tillating counter for the estimation to determine detection efficiency ε. The81

counting rate RSr was (2.049 ± 0.002) × 107 h−1, where the error is the82

standard deviation of 10 measurements. This deviation means a fluctua-83

tion by measurement uncertainty which was dominated than a static er-84

ror of RSr in this system. The detection efficiency was deduced to be85

ε = (RSr − RBG)/ASr = (8.68 ± 0.01) × 102 Bq−1 h−1, where RBG is the86

background rate without the source and was measured in advance to be87

(3.67 ± 0.14) × 103 h−1, where the error represents the standard deviation88

of 60 measurements.89

ここまで、今里さんに英語をみてもらった 2017.10.0390

4
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Fig. 4: Counting rate of β rays. The time dependence of counting rate for the polyethy-
lene sample. t is the elapsed time since the sample set. Open circles are data. Red solid
line is a fitting function. Green dashed line is a base line.

3.2. Radon progenies surface density117

The surface density of the radon progenies radioactivity on the sample118

A is given as119

A =
1

S

∑

j

λjx
(j)
0 , (8)

where S is the effective area of 30× 10 cm2. As a result, this polyethylene120

sample sheet which was exposed for T = 4 h 40 min has the surface density121

of A = (286± 25) Bq m−2 for the radon progenies in a layer.122

The relation between the sampling time T in the room air and the surface123

density A on the polyethylene sheet is shown in Fig. 5. The black open cir-124

cles are data. The red curve is fitting function of f(T ) = A0{1− exp(−ΛT )}125

as the sampling time T , where A0 = (264± 16) Bq m−2 is a saturation den-126

sity for the radon progenies and Λ = (9.52±1.32)×10−1 h−1 is the saturation127

time constant in χ2/NDF=21.6/11. As a result, the progeny-density fall flux128

of average v in the room air was obtained to be (251 ± 38) Bq m−2 h−1 as129

v = A0Λ. When exposed to the air for a sufficient time, falling the aerosol130

7

Fig. 3: The β-ray counter based on scintillating fibers with an effective area of 30 cm×
10 cm.

3. Results and discussions91

3.1. Time spectra of the count rate92

The measured time spectrum of β rays for the polyethylene sheets which93

was exposed for the sampling time T of 4 h 40 min in the room air is shown94

in Fig. 4. The black open circles are data. The red curve is the fitting95

function96

f(t) =

{
A1 ε

α
1 + A2 ε

β
2 + A3 ε

βγ
3

}
ηSrkρ
2εSr

+ RBG, (1)

where t is an elapsed time since the sample set, Aj is radioactivity of the
progeny (j = 1, 2, and 3 represent 218Po, 214Pb, and 214Bi, respectively),
and it is calculated as follow differential equations.

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

A1(t) = −dN1(t)

dt
= λ1N1(t) (2)

A2(t) = −dN2(t)

dt
= λ2N2(t)− λ1N1(t) (3)

A3(t) = −dN3(t)

dt
= λ3N3(t)− λ2N2(t), (4)

where N(t) is the number of the progeny j related to the elapsed time t97

and the initial number is Nj(t = 0) = x(j)
0 . This x(j)

0 is the number of the98

progeny j on the sample at just time that the sample set under the detector99

and is free parameter for the fitting. λj = 1/ln2 τ (j)1/2 is the inverse of life100

5

Fig. 3: The β-ray counter based on scintillating fibers with an effective area of 30 cm×
10 cm.
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5

time for the progeny j, where λ1 = 7.76 × 10−3 s−1, λ2 = 8.97 × 10−4 s−1,101

and λ3 = 1.21× 10−3 s−1. The activity Aj was calculated as follow.102

A1 = λ1x
(1)
0 e−λ1t, (5)

A2 =
λ1x

(1)
0

λ2 − λ1

{
λ1e

−λ1t − λ2e
−λ2t

}
+ λ2x

(2)
0 e−λ2t, (6)

A3 =
λ1λ2x

(1)
0

(λ3 − λ1)(λ3 − λ2)

{
λ1e

−λ1t − λ2e
−λ2t − λ3e

−λ3t

}

+
λ2x

(2)
0

λ3 − λ2

{
λ2e

−λ2t − λ3e
−λ3t

}
+ λ3x

(3)
0 e−λ3t. (7)

εj and εSr are the detection efficiencies for the particles (α, β, and γ103

rays) from the progeny j and the 90Sr source, which includes the accep-104

tance by calculating with a Monte Carlo (MC) simulation, GEANT4. εα1105

is the efficiency for α rays from 218Po and was calculated to be 0.0001. εβ2106

is the efficiency for β rays from 214Pb and was calculated to be 0.0591.107

εβγ3 is the efficiency for β and γ rays from 214Bi and was calculated to be108

0.2051. εSr is the detection efficiency for β rays from 90Sr and 90Y and was109

calculated to be 0.3161. The factor 2 represents the effect of radioactive110

equilibrium. ηSr is the efficiency for 90Sr source which was estimated to be111

(8.89± 0.04)× 102 Bq−1 h−1 experimentally.112

Table 1: Efficiencies by MC simulation, inverse of life time, and experimental detection
efficiency of 90Sr for the fitting.

εα1 = 0.0001 λ1 = 7.76× 10−3 s−1

εβ2 = 0.0591 λ2 = 8.97× 10−4 s−1

εβγ3 = 0.2051 λ3 = 1.21× 10−3 s−1

εSr = 0.3161 ηSr = (8.89± 0.04)× 102 Bq−1 h−1

Because ten polyethylene sheets were stacked, the efficiencies for β rays113

at the top and bottom layer are difference. kρ is the correction coefficient114

for the difference between the inner layers and top layers for polyethylene115

which was calculated to be 1.15 by the MC simulation.116

6
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which was calculated to be 1.15 by the MC simulation.116

6

kρ=1.15

Measuring	 time

pq
(r)… t=0	sƭǗȄǲȁƱ�ûơƬƕƧ¿ąƲ£
ǱǈǢǦƲFree	Parameters



2017/10/27 47

`Ŗ`eǜǸǨȇ�ģ:\(ā�`)

3.	íX měØg

8 (h)

9(
Bq

m-
2 )

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

50

100

150

200

250

300

Graph

Fig. 5: The relation between the sampling time in the air and the radioactivity con-
centration on the polyethylene sheet. Open circles are data. The red line is a fitting
function.

214Pb and 214Bi at T = 0 h. This result suggests that the aerosol contains169

218Po, 214Pb, and 214Bi in the room air after the radon decay. Thus, the170

radioactive dose by inhalation of not only the radon but also the progenies171

should be estimated for the health risk, e.g., the potential of occurring lung172

cancer in non-smoker.173

In a case of the scenario (2), an initial radioactivity ratio of 218Po :174

214Pb : 214Bi was determined by the fitting. The black, red, and blue dashed175

lines are the fitting curves for 218Po, 214Pb, and 214Bi, respectively. As a176

result, the initial ratio was 218Po : 214Pb : 214Bi = 1.0± 0.1 : 12± 1 : 13± 1.177

This is near to the ratio of τ (j)1/2 and it is considered that the ratio implies178

an abundance ratio of the progenies in the air.179
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Fig. 4: Counting rate of β rays. The time dependence of counting rate for the polyethy-
lene sample. t is the elapsed time since the sample set. Open circles are data. Red solid
line is a fitting function. Green dashed line is a base line.

3.2. Radon progenies surface density117

The surface density of the radon progenies radioactivity on the sample118

A is given as119

A =
1

S

∑

j

λjx
(j)
0 , (8)

where S is the effective area of 30× 10 cm2. As a result, this polyethylene120

sample sheet which was exposed for T = 4 h 40 min has the surface density121

of A = (286± 25) Bq m−2 for the radon progenies in a layer.122

The relation between the sampling time T in the room air and the surface123

density A on the polyethylene sheet is shown in Fig. 5. The black open cir-124

cles are data. The red curve is fitting function of f(T ) = A0{1− exp(−ΛT )}125

as the sampling time T , where A0 = (264± 16) Bq m−2 is a saturation den-126

sity for the radon progenies and Λ = (9.52±1.32)×10−1 h−1 is the saturation127

time constant in χ2/NDF=21.6/11. As a result, the progeny-density fall flux128

of average v in the room air was obtained to be (251 ± 38) Bq m−2 h−1 as129

v = A0Λ. When exposed to the air for a sufficient time, falling the aerosol130
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Fig. 6: Relation between the ratio λjx
(j)
0 /

∑
j λjx

(j)
o and the sampling time T . •, ◦, and

△ represent data of 218Po 214Pb, and 214Bi, respectively. The solid lines represent the
scenario that only 218Po falls onto the sample. The dashed lines represent the fitting
curves for the scenario that there are not only 218Po but also 214Pb and 214Bi in the air.

4. Conclusions180

１）部屋の中の 実際の radon の濃度 (Crad) については何か知見があり181

ますか？測ることは難しいですか？仮に僕が referee ならば、それを聞きま182

す。183

45 Bq m-3 でもいいですが、結果に対応して重要なパラメターだと思いま184

す。エアロゾルに吸着しない割合についての言及があります。降下速度と185

A0 とCrad から吸着割合は評価できませんか？ 逆に吸着率を 100% と仮定186

すれば Crad の下限値を評価できる？187

２）重力場中でのブラウン運動的な非散乱体であるエアロソルの降下は、等188

速運動になっていると思うのですが、その辺りを考えたことはありますか？189

いずれにしても v = A0 は「平均速度」の意味合いですね？190

３）45 Bq/m3 を仮定して、効果速度 xxx [m / Hr] （本当の速度）にも換191

算してみませんか？192
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218Po:	214Pb:	214Bi
=	1.0Ǝ0.1:	12Ǝ1:	13Ǝ1

218Po:	214Pb:	214Bi	=	1:0:0
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ƸƮƺ

• ĂuùÑÜÃ�ĞƲƧƺƲǚǦȃȄǡǊǹ90ǏǊȄǟȇǄ
ŕ"TǌǇȃǕȁǡǋȂȄǖǱÂ)NǄUƱơƬŒõơƧƑ

• Óő]�ǱǆǉǭȇǄðƕƬ¶2ŢĆǄ��ơƬƐÕïå
ƱƘƕƬÂ)ŗóƳ46 Bq/kgƮĲ�ƠǁƧ.

• hŚƱ90SrǄǗȄǲȀȄǔƣǀƧƺƲýćƚaƸƪƧ.

• Ě¯ŝţǄĶƵǀƮĈÍ�214BiƱƫƕƬÍƱưƿƨơƧƑ

• ǗȄǲȁǘȇǦØgÒƳǌǇȃǞȁƱHûƠǁƧǿǧȄf¿
ǄĜãġ�ƭ�ŜơƐβĖƭĬØƣǀƑ

• ƟƲhŪƭĈÍ�Ʊf¿Po, Pb, BiƳÝƪƬƕǀƟƮǄ«ƾ
ƙƱơƧƑ

• ǌǇȃǞȁƱƘƞǀf¿ƲHûèØgƲƧƺƲhŪĮò�.


