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• Fukushima Nuclear Accident, March, in 2011.

• 90Sr (𝜏"/$=28.8 yr) and 137Cs (𝜏"/$=30.2 yr) are focused in the recent study.

• Decay chain: Sr'( → Y'( → Zr'( .

• 90Y radioactivity is close to that of 90Sr by radioactive equilibrium.

• Strontium is an alkali earth metal and tends to accumulated into the bone.

• Measurement of 10-Bq/kg 90Sr is required rapidly.

千葉大学博士論文審査公聴会

1.1. CONVENTIONAL METHOD OF 90SR RADIOACTIVITY
MEASUREMENT
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Fig. 1.1: Energy spectrum of β ray from 90Sr and 90Y.

1.1 Conventional method of 90Sr radioactiv-
ity measurement

A conventional method of measurement of 90Sr concentration is based
on a chemical extraction after a sample was burned and became to ash and
it takes usually a few weeks or one month [5]. Therefore, it is required to
improve the contamination inspection in the case of raw-fresh foods. Recent
studies have been focusing on the method how to measure the radioactivity
concentration of 90Sr rapidly in real time [6].

In the methods to measure the end-point of 90Y β-rays energy spectrum
using a calorimeter or a magnetic spectrometer, it is very difficult to identify
the end point in the presence of cosmic rays and environmental radiation [7].
In the range measurement methods, the detection is limited by accidental
backgrounds. It was reported that the detection limit for 90Sr concentration
is a few Bq/g in a 10-min measurement in water, which corresponds to 500-
1,000 Bq/kg in one-hour measurement [6, 8].

A method of 90Sr radioactivity measurement based on Cherenkov radia-
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6.6. CONCENTRATION

The efficiency for 137Cs and 40K was determined same as for 90Sr. The 2

minimum radioactivity satisfying 50% and 90% efficiency in 1, 2, and 3 σ 3

thresholds were determined (listed in Table 6.2). 1
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Fig. 6.7: Detection efficiency related to the threshold and 90Sr radioactivity at one
hour measurement.

Table 6.2: Minimum radioactivity satisfying efficiency of 50% and 90% in threshold
of 1 σ, 2 σ, and 3 σ at one hour measurement.

Source Efficiency 　　 Minimum Radioactivity 　
　　　 　　　 1 σ 2 σ 3 σ　
90Sr 50% 1.4 Bq 3.0 Bq 4.6 Bq

90% 5.4 Bq 7.6 Bq 9.6 Bq
137Cs 50% 1.3 kBq 2.5 kBq 3.8 kBq

90% 3.1 kBq 4.5 kBq 5.8 kBq
40K 50% 0.32 kBq 0.65 kBq 0.94 kBq

90% 0.80 kBq 1.12 kBq 1.44 kBq
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Prototype detector 3

I produced a prototype detector. A structure of this detector of cross 4

section is shown in Fig. 5.1. This detector is composed of (1) a threshold- 5

type aerogel Cherenkov counter using wavelength-shifting fibers, (2) a trig- 6

ger counter using scintillating fibers, and (3) cosmic-rays veto counters using 7

plastic scintillators and wavelength-shifting fibers. In addition, it is shielded 8

using lead blocks to suppress background noise originated from the environ- 9

mental radiation. In this section, the specification of each component in the 10

prototype detector is presented in detail. 1
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5.5. SHIELDING BY LEAD AND BRASS BLOCKS
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Fig. 5.11: 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. SHIELDING BY LEAD AND BRASS BLOCKS

the Cherenkov counter without a hit in the veto counter were counted un- 2

der the condition of
∏2

j=1 C
Trig
j = 1 for the trigger,

∑4
j=1 C

AC
j ≥ 2 for the 3

Cherenkov counter, and
∑2

j=1 C
Veto
j ≥ 1 for the veto counter. Here, Cj = 1 4

(Nj > 0.5) or 0 (other). 5
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Fig. 5.10: Picture of the prototype detector and electronics hardwares. This de-

tector was turn over for the installation of the components.

5.5 Shielding by lead and brass blocks 6

This detector was shielded externally by lead and brass blocks for the 7

suppression of γ rays emitted from 214Bi and 208Tl in the concrete blocks (see 8

Fig. 5.11). The lead plates with 32-mm thick were set under the detector. 9

On the short sides, lead blocks with 50-mm thick were set. On the long sides, 10

lead plates with 32-mm thick were set on the the brass blocks with 50-mm 11

thick. On the top of the detector, lead plates with 32-mm thick are put on 12

the the brass blocks with 25-mm thickness. The densities of lead and brass 13

are 11.35 and 8/g cm3, respectively. The total attenuation coefficient for 14

2-MeV γ rays is 4.5×10−2 g/cm2. Thus, 3.2-cm thick lead, 5-cm thick lead, 15

and 5-cm thick brass suppressed 2-MeV γ rays of 83.5%, 92.4%, and 83.7%, 16

respectively. For 99% suppression of the γ rays, 9-cm thick lead and 13-cm 17

thick brass would be required. 1
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4.3. β-RAYS SURFACE INSPECTION OF THE SAMPLE SHEETS
ADSORBING RADON PROGENIES
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Fig. 4.2: Measured BGO energy spectra indoor (red) and on the roof (blue) and
the expanded spectrum corrected for cosmic ray background (black). Ex-
pected yield of 214Bi, 40K, and 208Tl with 1 Bq/m3 in the air are also
shown.

Eγ > 2MeV emitted from 214Bi and 208Tl in concrete blocks rather than 2

that from 214Bi in the air. Thus, the detector should be shielded externally. 3

However, it is not every to suppress most of those events with the consequence 4

that twigs energy neutral cosmic rays est a limit in the measurement. 5

4.3 β-rays surface inspection of the sample 6

sheets adsorbing radon progenies 7

4.3.1 Setup 8

The setup is shown in Fig. 4.3. The β rays emitted from the hermetically- 9

sealed air inside a box were measured using a β-ray counter based on scin- 10

tillating fibers (Fig. 4.4) with a veto counter system for the suppression of 1

15

Kmax=2.28	MeV Kmax=1.31	MeV

BGO	γ|ÊÙåÍëÓÞÎØãà`3

4.2. γ-RAYS ENERGY SPECTROSCOPY IN THE AIR

4.2.1 Setup 2

The energy spectrum of the gamma rays originated from radioactive iso- 3

topes in the air was measured indoor and outdoor. The experimental setup 4

in the case of outdoor is shown in Fig. 4.1. 5

A BGO (Bi4Ge3O12) scintillator with the size of 50-mm diameter and 50- 6

mm depth, and the density of 7.10 g/cm3 was used as the detector. Teflon 7

sheets were attached to the top and side faces as diffuse reflectors, and the 8

bottom surface was connected to a photomultiplier tube (Hamamatsu R6231) 9

with optical grease. 10

In order to suppress background cosmic ray muons three veto counters 11

were placed on the top, front, and back sides of the BGO crystal. One of the 12

veto counter consisted of a plastic scintillator with the size of 200×100×5 mm 13

and photomultiplier tubes (Hamamatsu H1161) were connected on both ends 14

via a light guide made of acryl. 15

Twenty four layers of lead plates with the size of 990× 392× 4 mm3 were 16

set under these detectors in order to suppress the background gamma rays 17

from the surrounding concrete structure. Brass blocks with a thickness of 18

more than 50 mm were used also as the top and side shielding. 1
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Fig. 4.1: Setup of the BGO detector on the roof of the building. A schematic of
cross section (left) and a picture of the setup on the roof (right).

13

�}º-���
U��m In a case of threshold set to 3σ
• 678

9:%/= = 0.0153	Bq/cm'

at T=1 h, =	=300 cm2

P4-09

ëV�ë]jdºD5�XR»^�µ90Sra=º`3»�Â´©Áº¬geµ¨Á¦�0oB�[µ»�GÄ�´b¹¯´U
S°Á³½�+¹$«±¥E���ìéNºUSJ�Ä�°[1]¦?§»�J¹90SrD5�a=Ä`3°Á�}Ä�n¯´³¦
ÖÉæèÐÛD5`3Ä(¹��®Â¥ìJ�µÑèÜå¹100 Bq/kgºa=¬¨Á«��µ³¦Pqv»�}>�Ä®¿¹$�
¯¥U��m»46 Bq/kg¹_7¯³¦

Chapter 1

Introduction

A severe nuclear accident occurred at the Fukushima Daiichi Nuclear
Plant in March, 2011, and radioisotopes spread around Japan and over the
Pacific Ocean [1]. There is still a problem of radioactivity contamination of
seafood by long-lives isotopes such as 137Cs and 90Sr even 6 years after the
accident. [2, 3].

In the decay chain of 90Sr→90Y→90Zr, 90Sr decays to 90Y by emitting
β ray (maximum energy of Kmax = 0.54 MeV) with the half life of 28.8 yr
and the daughter (90Y) decays further to 90Zr by emitting β ray (Kmax =
2.28 MeV) with the half life of 64 h [4]. β-ray energy spectrum from this decay
chain is shown in Fig. 1.1. There is a radioactive equilibrium already to decay
due to shorter life time of 90Y, and the radioactivity of 90Y is close to that
of 90Sr. The International Commission on Radiological Protection (ICRP)
estimated the effective dose coefficient of 90Sr (90Y) and 137Cs for adults to
be 2.4× 10−8 Sv/Bq and 4.6× 10−9 Sv/Bq, respectively [5]. Strontium is an
alkali earth metal (same as calcium) and tend to accumulate into the bone
and remain there for long time. In the red marrow, the dose coefficients
of 90Sr and 137Cs were estimated as 1.6× 10−7 Sv/Bq and 4.4× 10−9 Sv/Bq,
respectively, namely the coefficient of 90Sr is 36 times higher than 137Cs. This
ratio increases with decreasing age, reaching an estimated maximum value
of 126 in infants [5].

1
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6.5. DETECTION EFFICIENCY AND LIMIT

6.5 Detection efficiency and limit 2

The detection efficiency of the prototype was estimated using the signal 3

model. It is assumed that the threshold was set on the count rate of 3 σ from 4

the mean of the background rate. The background and the corrected signal 5

of 10-Bq 90Sr are shown in Fig. 6.6. The blue line is the background, the red 6

hatched area is the histogram of count rate of 90Sr (the mean of 74.9 h−1), 7

and the red double hatched area represents the events with count rate over 8

the threshold. These histograms have an integral of 1. A ratio of the events 9

over the threshold in total signals was defined as the detection efficiency 90Sr. 10

Therefore, this efficiency is η3σ(10 Bq) = 91.6± 0.3% for 10-Bq 90Sr. 11
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Fig. 6.6: Distribution of the background and 10-Bq 90Sr counting rate at one hour
measurement.

The detection efficiency related to the threshold and 90Sr radioactivity 12

at one hour measurement is shown in Fig. 6.7. The black, red, and green 13

dot represent, respectively, the 90Sr efficiency curves of 1 σ, 2 σ, and 3 σ. 14

The minimum 90Sr radioactivity A′ satisfying the efficiency more than 50% 15

was determined to be A′50%
1 σ = 1.4 Bq, A′50%

2σ = 3.0 Bq, and A′50%
3σ = 4.6 Bq. 16

Similarly, the minimum 90Sr radioactivity satisfying the efficiency over more 17

90% was determined to be A′90%
1σ = 5.4 Bq, A′90%

2σ = 7.6 Bq, and A′90%
3σ = 18

9.6 Bq. The minimum radioactivity indicates the observable lower limit in 19

the sample at one hour measurement. 1
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Measuring Radioactivity of 90Sr based on
Cherenkov Radiation in Real Time

Hiroshi Ito, Yusaku Emoto, Kento Fujihara, Hideyuki Kawai, Shota Kimura, Satoshi Kodama, Takahiro Mizuno
and Makoto Tabata

Abstract—In March, 2011, a nuclear accident of the Fukushima
Daiichi Nuclear Plant occurred, which radioisotopes spread
around Japan and the Pacific Ocean. The inspection of 90Sr
concentration for sample in real time (or rapidly) is focused
by a recent study. We are developing a detector to measure the
radioactivity concentration of 90Sr in sample based on Cherenkov
light using silica aerogel. The detector performance was estimated
by using radiative sources such as 90Sr, 137Cs, and 40K. As a
result, the detection efficiency of other nuclides (137Cs and 40K)
is enough less than that of 90Sr for contamination inspection.

Index Terms—Beta-ray Detectors, Cherenkov Detectors, Radi-
ation Environment, Strontium-90

I. INTRODUCTION

IN March, 2011, a nuclear accident of the Fukushima
Daiichi Nuclear Plant occurred, which radioisotopes spread

around Japan and the Pacific Ocean [1]. Recently after late
6 yr since the accident, It has been a problem the radioactivity
contamination of seafood by isotope such as 137Cs and 90Sr,
which have relatively long half life [2], [3]. Recent study is
focuses to method how to measure radioactivity concentration
of 90Sr for the sample in real time or rapidly [4]. We are
developing a detector to measure the concentration of 90Sr
based on Cherenkov detection [5]–[7]. In this paper, the
detector overview and performance is provided.

II. DETECTOR OVERVIEW

The detector to measure the radioactivity of 90Sr consists
of a trigger counter using scintillating fibers, a threshold
type Cherenkov counter using silica aerogel and wavelength-
shifting fibers, and a veto counter to suppress events originated
cosmic rays using plastic scintillator and wavelength-shifting
fibers. The prototype with an effective area of 300× 100 cm2

was produced [5]. Strontium-90 decays to 90Y with emitting
a beta ray with max. kinetic energy of 0.55 MeV (half life
of 28.8 y), and 90Y decays to stabled 90Zr with emitting a
beta ray with max. kinetic energy of 2.28 MeV. Strontium-90
and 90Y become to radiation equilibrium condition, and 90Sr
radioactivity approximates to 90Y that. The silica aerogel with
a refractive index of 1.041±0.001 [9] is used in the detector

Manuscript received 15 July, 2017; This work was supported by (i) JSPS
KAKENHI Grant number 25610049, (ii) the Nuclear Safety Institute of
Technology via publicly offered research for the Chubu of Electric Power
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Foundation for the Promotion of Science and Engineering in 2016.

H. Ito is with the Graduate of School of Science, Chiba University, Chiba,
268-8522, Japan (e-mails: hiroshi@hepburn.s.chiba-u.ac.jp).

for suppress events related beta rays emitted from 40K as
background. The detector can observe only beta rays related
90Y in principle because Cherenkov photons are emitted when
the relation between charged particle velocity ratio β = v/c
and the refractive index n satisfy β > 1/n, where relation
between β, electron mass m, and kinetic energy of beta ray
K is given as,

β =

√
(m+K)2 −m2

m+K
(1)

As the limit of detector, the background rate is determined
by accidental noise such as gamma rays with energy over
few MeV.

III. PERFORMANCE ESTIMATION

The results of count rates for 90Sr, 137Cs, 40K, and no
source are shown in Fig. 1. The black, red, green, and blue
histograms are, respectively, no source, 137Cs of 1 kBq, 40K of
1 kBq, 90Sr of 1 kBq. The background rate without radioactive
source (black) is estimated 35.2±6.0 h−1, where the histogram
represents a total 60 times of 1 h measurement. The count
rate of 90Sr, 137Cs, and 40K (blue, red, green) are estimated
(4.14 ± 0.39) × 103 h−1, 41.5 ± 5.5 h−1, 54.7 ± 7.6 h−1.
As a result, in the same radioactivity, the detector has higher
sensitivity to 90Sr than 137Cs and 40K.
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Fig. 1. The count rate for 90Sr, 137Cs, 40K, and no source.

Here, the detection limit is discussed. The models repro-
ducing experimental signals are shown in Fig. 2. The red and
green lines reproduce the signal for background and the 90Sr
radioactivity of 40, 80, 120, 160, 200 Bq/kg. It assume that

90Sr¶137Csº�L|��E [2]
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9:%K/L = 46	Bq/kg
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1.1. Conventional method of 90Sr radioactivity measurement
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• Conventionalmethod based on a Chemical extraction.
• Sample is burned and become ash, it takes to measure a few week – a month.
• It is difficult to measure 90Sr concentration of raw-fresh foods rapidly.

• End-pointmethod
• Magnetic Spectrometer, Calorimeter.
• It is difficult to determine the end-point because Environmental radiation make

be background noise.

• Range method
• Counting β and γ rays, non-calorimeter, suppressing β rayswith low energy.
• Lower limit: a few Bq/g in 10-min measuring (500-1000 Bq/kg @1-h measuring).

• Cherenkov radiationmethod
• Using silica aerogel (n=1.047), Eff.(β(137Cs))/Eff.(β(90Y)) = (2-4)×10=$ .
• An effective area: 5×5	cm$, detection limit of 0.3 Bq.

• 40K is most background



1. Introduction
1.2. This study and motivations 
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Purpose: measurement of 10 Bq/kg 90Sr at 1 hour in
environmental radiationsuch as 40K.

Precise	β	rays	inspection	=	Large	size	detection
e.g.	100×20	cm$

Sample	1	kg	(5-mm	thick)
10	Bq/kg
0.1%	eff.

BG rate should be less than a few
count rate at 1 hour for detection
10-Bq 90Sr significantly.

First	Type	1.	Direct	PMT

5-inch	PMT

β	rays

Count	rate	is	more	than	100	cph.
- PMT	thermal	noise	is	a	few	kHz.
- Accidental	γ noises

It	is	not	possible	 to	inspect	90Sr	precisely	by	using	a	large	PMT.
1) Ring	Image	Cherenkov	 (RICH)

… cost,	Cherenkov	angle=11.4°,	noise	rate.
2) Reduce	the	amount	of	substance	of	photo-device.

… using	wavelength-shifting	 fibers,	 threshold	 type.

PMT Cosmic-ray	veto
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• I developed a threshold-type Cherenkov detector to measure
90Sr concentration using silica aerogel (n=1.041) and
wavelength-shifting fibers.

• I studied a basicmechanismof the Cherenkovdetector.

• I studied background of environmental radiation, particularly
214Bi as the radon progenies.

• I produced a prototype detectorwith S=300 cm2.

• The performancewas estimated using radioactive sources.
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wavelength-shifting fibers

Cherenkov radiation
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𝑛DE =
𝑐
𝑣 =

𝐸
𝑝𝑐

=
𝑚L𝑐$ + 𝐾

𝑚O𝑐$ + 𝐾 $ −𝑚O
$𝑐Q

It is required for 40K β rays to not emit
Cherenkov photons.

A threshold of refractive index is given as

where 𝑚L is electron mass, 𝐾 is β ray kinetic
energy (MeV). In a case of 𝐾 = 1.31	MeV,
nDE = 1.041.

In this index, knocked out e- by Compton
scattering of γ ray with Eγ < 1.53 MeV is not
satisfy the Cherenkov condition in the areogel.

refractive index 𝑛

Charged particle

∆𝑣∆𝑡

𝑐∆𝑡/𝑛

cos𝜃Y =
𝑐
𝑛𝑣 < 1

𝜃Y

Cherenkov photons



2. Basic concept an aerogel Cherenkov detector using 
wavelength-shifting fibers

Silica aerogel
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(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 -

粒子線物理学研究室 内部資料

• Silica aerogel is a material as Si02 + Air.
• Properties:

(1) Low density (0.1〜0.2 g/cm3)
(2) Low refractive index
(3) high transparency for the visible light

• Index control: 1.003 < n < 1.25
• Without a hydrophilic properties by a

hydrophobic treatment

¥1	coin

96	mm

96
	m
m



2. Basic concept an aerogel Cherenkov detector using 
wavelength-shifting fibers

Detection Mechanism
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Sample	(1-mm	thick)

90Sr(90Y) 137Cs,	40K Cosmic-ray		μ

Silica	aerogel
(n=1.041) Scintillating	fibers	

(φ0.2	mm)

Wavelength-shifting	
fibers	(φ0.2	mm)

Aluminum	plate

βrays βrays γrays
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wavelength-shifting fibers

Accidental noise by 137Cs γ rays
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2.9. RESULT
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Fig. 2.15: Distribution of photoelectrons for 137Cs γ rays in direct PMT reading
(black) and B-3 and Y-11 fibers reading (red) for those events with
Np.e. > 0.5 (black and red hatched areas).

2.9 Result

The model which explains the light transmittance in the aerogel, the
spectra of Cherenkov photons, absorption and re-emission of the wavelength-
shifting fibers were developed for the simulation in order to reproduce the ex-
perimental data using cosmic-ray muons. The optical collection efficiency of
the B-3 and Y-11 fibers for Cherenkov photons was estimated to be 1.0–1.4%
using these models. When the cosmic-ray muons pass through the fibers, the
number of photoelectrons which cannot be explained by Cherenkov radia-
tion in the fibers was observed. It was found that the wavelength-shifting
fiber has also a property similar scintillation radiation. It was calculated
maximum 16 Cherenkov photons are emitted from 90Y β ray in the silica
aerogel with n = 1.041. The Cherenkov photons originated from 90Y β rays
via the fiber light guide were observed, where the data was consistent with
the simulation calculation. It was demonstrated that the method using the
wavelength-shifting fibers can suppress the accidental γ rays more effectively

23

PMT

β	rays β	rays
γ rays γ rays

137Cs 137Cs

137mBa

137Ba

β	0.54	MeV

β	1.14	MeV
γ 0.66	MeV

(94.4%)

(5.6%)

5-inch	PMT
R1250-03

e- e-
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23

PMT

β	rays
γ rays

ratio	=	eff(fiber)	 /	eff(5-inch	PMT)
=	0.1%/0.91%
=	0.11

β	rays
γ rays

0.8	mm

2-3	mm
5-inch	PMT
entrance	window

B-3	&	Y-11	sheets

2.6	g/cm3

Thickness Density

1.06	g/cm3 ratio	=	 (.>	[[
".(\	]/^[_ ÷

$=a	[[
$.\	]/^[_

=	0.11-0.16	

e- Entrance	
window

5-inch	PMT
R1250-03
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• Optical models were developed to understand wavelength-shifting
fibers collection system for Cherenkov photons by reading PMT.

• The model’s parameters fixed with experimental data.

• Collection efficiency of the fibers was estimated using the models.

Optical	models
Cherenkov	photons
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The number of emitted photons is given as

𝑁 = 2𝜋𝛼𝐿 1 −
1

𝑛$𝛽$
g

𝑑𝜆
𝜆$

>((

$((

where 𝛼 is fine-structure constant, 𝐿 is path length
of the particle, β = 𝑣/𝑐, 𝜆 is the wavelength of
emitted photons.

Wavelength 𝜆 (nm) 

Optical	models
Cherenkov	photons
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Original Cherenkov 
spectrum

Transmittance

Effective Cherenkov 
spectrum

1 cm
2 cm

3 cm 4 cm
5 cm

6 cm

1 cm

2 cm
3 cm

4 cm 5 cm 6 cm

Wavelength 𝜆 (nm) 

• The transmittance T(𝜆) is given as

T 𝜆 = 𝐴exp
−𝐶𝑡
𝜆Q

where the amplitude is A=1, C = 5.33 ±
0.03	µm/cm, t =1−6 cm.

• The effective Cherenkov spectrum has a peak
at 300−500 nm

,

Optical	models
Silica aerogel transmittance
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• Optical plastic fibers
• Trapping efficiency determined by a

ratio between a refractive indices of core
and cladding.

26.7°
72.4°

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()	
+),.,-. /
01 2.,32 /

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	number	of	photoelectrons	is	saturated	at	13.79	for	0.55	mm	high-
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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).
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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	
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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.

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

20.4° 69.6°

Double	cladding	
φ0.2	mm

Optical	models
Wavelength-shifting fibers
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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.

Development	of	Large-Area	Charged	Particle	Detector	
with	Inorganic	Scintillator	Plates	and	Wavelength	Shifting	Fibers
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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.
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layers (0.50 mm La-GPS crystal, B-3 (300)
MJWLSF)
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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.

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()	
+),.,-. /
01 2.,32 /

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.

Kuraray	Y-11(300)MJ B-3(300)MJ
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2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

2.5 Measurement of light collection efficiency

I estimated the light collection efficiency of the wavelength-shifting fibers
for Cherenkov photons by comparing experimental data and simulation cal-
culations. In the experimental, cosmic-ray muons have the energy of a few
GeV, and the muon velocity is close to light velocity (β ∼ 1). Thus, the
yield of Cherenkov photons is large. In the simulation, I developed the spec-
tra models (described above) and compared with the data.

A schematic view of the setup is shown in Fig. 2.4. Maximum six tiles of
the aerogel with an average refractive index of 1.05 and a size of 100× 50×
10 mm3 was used in the test. Four trigger counters using a plastic scintillator
were put above and below the aerogel. A coincidence event of four signals
implies a muon passing through the overlapping area of 50× 30 mm2.

The box in which the aerogel is mounted was attached to an inner reflec-
tion mirror made of aluminised Mylar. The Cherenkov photons are guided to
outlet by a 45-degree reflector to downstream. The outlet size was 5×10 cm2,
on which (a) a 5-inch PMT (R1250-03) or (b) a wavelength-shifting fiber sheet
with four PMTs (R9880U-210) were set.
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!�A !�A

!�A!�A
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!�A
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Fig. 2.4: Schematics of cosmic-ray test setup. (a) A direct PMT method and (b)
wavelength-shifting fiber method.

Fig. 2.5 shows the distribution of number of photoelectrons observed with
the 5-inch PMT when cosmic-ray muons pass through the aerogel with a
thickness of D = 10–60 mm. These histograms are consistent with the Pois-
son function: P (k, ν) = e−ννk/k! expect for the pedestal peak. The mean
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Fig. 2.4: Schematics of cosmic-ray test setup. (a) A direct PMT method and (b)
wavelength-shifting fiber method.

Fig. 2.5 shows the distribution of number of photoelectrons observed with
the 5-inch PMT when cosmic-ray muons pass through the aerogel with a
thickness of D = 10–60 mm. These histograms are consistent with the Pois-
son function: P (k, ν) = e−ννk/k! expect for the pedestal peak. The mean
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number of photoelectrons ⟨Np.e.⟩ (= ν) was estimated by fitting. The pedestal
events were approximately 17% of the total. It is considered that there are
processes not to emit Cherenkov photons also in the coincidence events of
four trigger counters, e.g., the events with two muons passing through both
trigger counters at upstream and downstream simultaneously.
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Fig. 2.5: Number of photoelectrons observed by the 5-inch PMT for the aerogel
Cherenkov detector, when cosmic ray muons pass through the aerogel
with difference thickness from D=10 to 60 mm.

The mean number ⟨Np.e.⟩ observed by fitting with a Poisson function is
shown in Fig. 2.6 (left), which depends on the aerogel thickness D. The black
dots are the data, the blue open circles are simulations, and the red line is
the fitting function. The observed ⟨Np.e.⟩ tends to increase proportionally
with D. In the simulation, the number of photoelectron Np.e. observed with
the PMT is given as

Np.e. = 2πα

∫
dλdL

εQE(λ) · T (λ, L) · εref
λ2

+N0, (2.4)

where L is the pass length of the Cherenkov photon in the aerogel, λ is
the wavelength, εQE(λ) is the quantum efficiency of PMT used (R1250-03),
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number of photoelectrons ⟨Np.e.⟩ (= ν) was estimated by fitting. The pedestal
events were approximately 17% of the total. It is considered that there are
processes not to emit Cherenkov photons also in the coincidence events of
four trigger counters, e.g., the events with two muons passing through both
trigger counters at upstream and downstream simultaneously.
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the PMT is given as
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εQE(λ) · T (λ, L) · εref
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+N0, (2.4)

where L is the pass length of the Cherenkov photon in the aerogel, λ is
the wavelength, εQE(λ) is the quantum efficiency of PMT used (R1250-03),
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number of photoelectrons ⟨Np.e.⟩ (= ν) was estimated by fitting. The pedestal
events were approximately 17% of the total. It is considered that there are
processes not to emit Cherenkov photons also in the coincidence events of
four trigger counters, e.g., the events with two muons passing through both
trigger counters at upstream and downstream simultaneously.
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2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

T (λ, L) is the transmittance in the aerogel which is transformed from t to
L/ cos θC (see Eq. 2.3), εref is the reflection factor, N0 is the number of
photoelectrons by Cherenkov radiation in the air, and the integral region
is 200–800 nm. In order to be consistent with the data, εref and N0 were
determined to be 0.466±0.004 and 1.42±0.03, respectively, with χ2

min = 30.7
between the data and simulations. The observed number of photoelectrons
was proportional to the thickness, and the slope is (3.20±0.17)×10−1 mm−1.
The average detection efficiency is 83± 2% as shown in Fig. 2.6 (right).
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Fig. 2.6: Mean number of photoelectrons ⟨Np.e.⟩ (left) and the detection efficiency
at the 0.5-p.e. threshold (right) depending on D.

In the method using wavelength-shifting fibers, both ends of the fibers
were connected to four PMTs (R9880U-210) and red-shifted Cherenkov pho-

tons were observed by the PMTs. The distribution of N (j)
p.e. observed by the

PMTj is shown in Fig. 2.7, for j = 1–4 and aerogel thickness of D = 60 mm.
The detection efficiencies of PMT1–4 at the 0.5-p.e. threshold are 0.26±0.02,
0.23± 0.02, 0.09± 0.01, and 0.10± 0.01, respectively. The total numbers of
photoelectrons

∑
j N

(j)
p.e. in the aerogel thickness D = 10–60 mm are shown

in Fig. 2.8. The mean Np.e. was analyzed in the scheme of Poisson func-
tion P (k, ν) by regarding the inefficiency to be corresponding to P (k = 0, ν)
which is just exp(−ν). Since ⟨Np.e.⟩ = ν in the Poisson distribution, the
relation was obtained as

⟨Np.e.⟩ ≡ ν = −ln(inefficiency). (2.5)
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𝜀wOx = 0.466 ± 0.004
𝑁( = 1.42 ± 0.03
with	χ[z{$ = 30.7

(a)

Pedestal event (17%) was accidental
noise such as two muons hit those
trigger counters simultaneously.
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2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

2.5 Measurement of light collection efficiency

I estimated the light collection efficiency of the wavelength-shifting fibers
for Cherenkov photons by comparing experimental data and simulation cal-
culations. In the experimental, cosmic-ray muons have the energy of a few
GeV, and the muon velocity is close to light velocity (β ∼ 1). Thus, the
yield of Cherenkov photons is large. In the simulation, I developed the spec-
tra models (described above) and compared with the data.

A schematic view of the setup is shown in Fig. 2.4. Maximum six tiles of
the aerogel with an average refractive index of 1.05 and a size of 100× 50×
10 mm3 was used in the test. Four trigger counters using a plastic scintillator
were put above and below the aerogel. A coincidence event of four signals
implies a muon passing through the overlapping area of 50× 30 mm2.

The box in which the aerogel is mounted was attached to an inner reflec-
tion mirror made of aluminised Mylar. The Cherenkov photons are guided to
outlet by a 45-degree reflector to downstream. The outlet size was 5×10 cm2,
on which (a) a 5-inch PMT (R1250-03) or (b) a wavelength-shifting fiber sheet
with four PMTs (R9880U-210) were set.
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!�A !�A

!�A!�A

#MOM*E�EITRKIO

!�A
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!�A
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CE;IOI4KVL�8LM-VM4K
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Fig. 2.4: Schematics of cosmic-ray test setup. (a) A direct PMT method and (b)
wavelength-shifting fiber method.

Fig. 2.5 shows the distribution of number of photoelectrons observed with
the 5-inch PMT when cosmic-ray muons pass through the aerogel with a
thickness of D = 10–60 mm. These histograms are consistent with the Pois-
son function: P (k, ν) = e−ννk/k! expect for the pedestal peak. The mean
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2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

fiber. The simulation was compared with the data in the region from D = 10
to 60 mm. In order to be consistent with the data, the free parameters were
determined to be gcore = 0.435±0.003 andN0 = 0.148±0.006 with χ2

min = 6.6.
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Fig. 2.9: The corrected detection efficiency (left) and mean number of photoelec-
trons ⟨Np.e.⟩ (right) depending on the aerogel thickness D.

As a result, the transmission characteristics of the Cherenkov photons
from the silica aerogel to PMT could be understood. An optical simulation
model made the collection efficiency of the wavelength-shifting fibers clear,
in particular, for the combination of B-3 and Y-11. Fig. 2.10 shows the
simulation spectra of Cherenkov photons and photoelectrons originated from
cosmic-ray muons at the aerogel with thickness of 60 mm for both cases
of direct PMT reading and via the wavelength shifting fibers. The black
and cyan lines are the spectra of Cherenkov photons from the aerogel and
those photons collected in the B-3 and Y-11 fibers, respectively. The yellow
and red lines are the photoelectrons observed by PMT directly and via the
fibers, respectively. The blue, green, and magenta lines are, respectively, the
photoelectrons from B-3, Y-11, and for the case of the photons which leaked
into Y-11 from B-3.

The optical collection efficiency was defined as the ratio of the number
of photons emitted from both ends of the fibers to the number of photons
entering the side face of the fibers. The number of Cherenkov photons with
shorter wavelength that reaches the fibers tends to decrease depending on the
aerogel thickness. Therefore, the collection efficiency increases depending
on the aerogel thickness as shown in Fig. 2.11, where the open circles are
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T (λ, L) is the transmittance in the aerogel which is transformed from t to
L/ cos θC (see Eq. 2.3), εref is the reflection factor, N0 is the number of
photoelectrons by Cherenkov radiation in the air, and the integral region
is 200–800 nm. In order to be consistent with the data, εref and N0 were
determined to be 0.466±0.004 and 1.42±0.03, respectively, with χ2

min = 30.7
between the data and simulations. The observed number of photoelectrons
was proportional to the thickness, and the slope is (3.20±0.17)×10−1 mm−1.
The average detection efficiency is 83± 2% as shown in Fig. 2.6 (right).
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Fig. 2.6: Mean number of photoelectrons ⟨Np.e.⟩ (left) and the detection efficiency
at the 0.5-p.e. threshold (right) depending on D.

In the method using wavelength-shifting fibers, both ends of the fibers
were connected to four PMTs (R9880U-210) and red-shifted Cherenkov pho-

tons were observed by the PMTs. The distribution of N (j)
p.e. observed by the

PMTj is shown in Fig. 2.7, for j = 1–4 and aerogel thickness of D = 60 mm.
The detection efficiencies of PMT1–4 at the 0.5-p.e. threshold are 0.26±0.02,
0.23± 0.02, 0.09± 0.01, and 0.10± 0.01, respectively. The total numbers of
photoelectrons

∑
j N

(j)
p.e. in the aerogel thickness D = 10–60 mm are shown

in Fig. 2.8. The mean Np.e. was analyzed in the scheme of Poisson func-
tion P (k, ν) by regarding the inefficiency to be corresponding to P (k = 0, ν)
which is just exp(−ν). Since ⟨Np.e.⟩ = ν in the Poisson distribution, the
relation was obtained as

⟨Np.e.⟩ ≡ ν = −ln(inefficiency). (2.5)
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Fig. 2.11: Light collection efficiency with the aerogel thickness D.
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Fig. 2.10: Spectra of Cherenkov photons emitted from the aerogel (black), photo-
electrons observed by PMT directly (yellow) and via the B-3 and Y-11
fibers (red), which is composed of B-3 (blue), Y-11 (green), and the
leakage from B-3 to Y-11, and photons collected by B-3 and Y-11 fibers
(cyan).

the simulation data and the red line is a fitting function of (7.92 ± 0.76) ×
10−3(1−exp(−D/(11.7±1.2)))+(5.78±0.80)×10−3. The collection efficiency
saturates to 1.37± 0.15%.
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𝐴(1 − exp −𝐷/𝛬 + 𝜂(
𝐴 = 7.92± 0.76 ×10=a
𝛬 = 11.7 ± 1.2	mm
𝜂( = (5.78± 0.80)×10=a

1.37± 0.15%
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2.6. IMPACT OF CHARGED PARTICLES PASSING THROUGH THE
FIBERS

2.6 Impact of charged particles passing through
the fibers

A test was performed to investigate the impact of charged particle hitting
of the wavelength-shifting fibers using the setup as shown in Fig. 2.12 (left).
Two layers of B-3 sheets on the top and two layers of Y-11 sheets on the
bottom were set with optical shielding by black papers. The both ends of
the B-3 and Y-11 fibers were connected to four PMTs (R9880U-210). Four
scintillating detectors were put upstream and downstream of the Y-11 and
B-3 fibers as the trigger counters. The number of photoelectrons is shown in
Fig. 2.12 (right) when the cosmic-ray muon pass through the B-3 and Y-11
fibers. The blue histogram is the data. The red line is a fitting function of
AP (k/α, ν/α), where A is an amplitude, P (k, ν) is the Poisson function, and
α is a free parameter. As a result of fitting, A = 80.6± 4.8, ν = 5.71± 0.09,
and α = 2.18± 0.13 were obtained with χ2/NDF = 222/184. Therefore, the
mean number of photoelectrons of 5.71± 0.09 and the detection efficiency of
98.0± 2.0% at the 0.5-p.e. threshold were obtained in the test.
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Fig. 2.12: Setup (left) and distribution of photoelectrons (right).

It is assumed the Cherenkov photons are emitted in the fibers when the
cosmic-ray muon passes through the fibers. The fiber has a 0.2-mm diameter,
a refractive index of 1.59, and a density of 1.06 g/cm3 in the core. A sheet con-
sists of four layers. In the simulation, average 82.7 Cherenkov photons were
emitted from the fibers and it was predicted that ⟨Np.e.⟩ = 0.17 is observed
by PMTs connected to both ends of the fibers. Therefore, this data is not
consistent with the simulation calculation. It was found that the wavelength-
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𝑁�.L.
L�� = 5.71 ± 0.09

𝑁�.L.�z[ Cherenkov = 0.17

It was considered that wavelength-
shifting fiber has a property of
scintillation radiation.
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2.8. ACCIDENTAL NOISE BY 137CS γ RAYS
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Fig. 2.14: Distribution of photoelectrons with and without the optical shielding
using the wavelength-shifting fibers (left) and the difference of these
data (right).

put on the upstream of the trigger counter. Distribution of photoelectrons is
shown in Fig. 2.15. The black and red are, respectively, the data in the case of
the 5-inch PMT reading and of the fiber light guide. The detection efficiency
in 0.5-p.e. threshold for the direct PMT and fiber reading were 0.91± 0.02%
and 0.10± 0.01%. A ratio of efficiencies for the direct PMT reading to that
for the fibers reading was 11.0± 1.1% defined as the accidental noise ratio.

When the γ rays hit the entrance window and photocathode of PMT,
the noise signals are produced. In the entrance window, electrons which are
knocked out by the γ rays emit Cherenkov photons. In the photo-cathode,
knocked out electrons . In the fibers, the electrons yielded by the γ rays
interacting with the fibers can emit photons.

The probability of γ-ray interaction depends on the amount of substance.
The entrance window of PMT has the density of 2.6 g/cm3 and the thickness
of 2–3 mm. The fiber light guide has the density of 1.06 g/cm3 and the
thickness of 0.8 mm. The volume ratio of the fiber to the entrance window
of 11–16% corresponds to the ratio of the probability for γ rays and can
explained the experimental accidental noise ratio. Therefore, it was demon-
strated that the method of fiber light guide can suppress the accidental γ
rays more effectively than the direct PMT method.

22

β	ray

90Sr	(90Y)

Aerogel

Y-11
B-3

β	ray

90Sr	(90Y)
Scintillating	fibers

n=1.041
Aerogel
n=1.041

Optical	shielding



2. Basic concept an aerogel Cherenkov detector using 
wavelength-shifting fibers

Cherenkov photons from 90Sr and 90Y β rays

2017/7/25 Real-time	strontium-90	counters	 28

千葉大学博士論文審査公聴会

2.8. ACCIDENTAL NOISE BY 137CS γ RAYS

DO*�E:A6VK*-TY;
_yBgbcac]CflMrmpokTsnddecyb^`i[aeh@

Num. of photoelectrons
0 10 20 30 40 50

-1
 s-1

C
ou

nt
 b

in

3−10

2−10

1−10

1

10

210

310

410

1− 0 1 2 3 4 5 6 70

1

2

3

4

5

6

diffhist

!&.(.

Co
un
ts	
		s

-1

!&.(.

Co
un
ts	
		s

-1

90Sr	90Y	β	rays
90Sr	90Y	β	rays
optical	shielding

Subtracting	data
Fitting	function
Gaussian	function
Poisson	function

Fig. 2.14: Distribution of photoelectrons with and without the optical shielding
using the wavelength-shifting fibers (left) and the difference of these
data (right).

put on the upstream of the trigger counter. Distribution of photoelectrons is
shown in Fig. 2.15. The black and red are, respectively, the data in the case of
the 5-inch PMT reading and of the fiber light guide. The detection efficiency
in 0.5-p.e. threshold for the direct PMT and fiber reading were 0.91± 0.02%
and 0.10± 0.01%. A ratio of efficiencies for the direct PMT reading to that
for the fibers reading was 11.0± 1.1% defined as the accidental noise ratio.

When the γ rays hit the entrance window and photocathode of PMT,
the noise signals are produced. In the entrance window, electrons which are
knocked out by the γ rays emit Cherenkov photons. In the photo-cathode,
knocked out electrons . In the fibers, the electrons yielded by the γ rays
interacting with the fibers can emit photons.

The probability of γ-ray interaction depends on the amount of substance.
The entrance window of PMT has the density of 2.6 g/cm3 and the thickness
of 2–3 mm. The fiber light guide has the density of 1.06 g/cm3 and the
thickness of 0.8 mm. The volume ratio of the fiber to the entrance window
of 11–16% corresponds to the ratio of the probability for γ rays and can
explained the experimental accidental noise ratio. Therefore, it was demon-
strated that the method of fiber light guide can suppress the accidental γ
rays more effectively than the direct PMT method.
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percentage distribution of the number of Cherenkov photons N from
the silica aerogel by 90Sr and 90Y β rays (right).

Poisson function. For the Gaussian function, the mean value of 0.00 ± 0.10
and the standard deviation of 0.10±0.02 were determined, and for the Poisson
function, ν = 0.72±0.13 and α = 0.24±0.12 were determined with χ2/NDF
= 66.3/33 for combined functions.

As a result of integration of the fitted Poisson function, the Cherenkov
photons from the aerogel by 90Y β rays could be observed at 2.4±1.3 s−1 us-
ing the wavelength-shifting fibers. This result was consistent with a predicted
count rate of 2.35 s−1 by the simulation calculation, when the radioactivity of
90Sr source is 23.6 kBq, the experimental acceptance is 9.9%, and the calcu-
lated efficiency is 5.04× 10−4 for 90Sr and 90Y. This efficiency was calculated
from (1) the coefficient of 1.84 × 10−3 from N to ⟨Np.e.⟩ observed by PMT
via B-3 and Y-11 fibers and (2) the relation between the detection efficiency
and ⟨Np.e.⟩ (see Eq. 2.5).

2.8 Accidental noise by 137Cs γ rays

I investigated responses to accidental γ rays in the cases of direct PMT
reading and via the wavelength-shifting fibers. It is known that 137Cs emits
a 662-keV γ ray 2.55 ms after the β decay with 94.4% of branching ratio [4].

In a setup, a 5-inch PMT (R1250-03) or the fiber light guide of B-3 and Y-
11 were set on the downstream of the trigger counter and a 137Cs source was
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Poisson function. For the Gaussian function, the mean value of 0.00 ± 0.10
and the standard deviation of 0.10±0.02 were determined, and for the Poisson
function, ν = 0.72±0.13 and α = 0.24±0.12 were determined with χ2/NDF
= 66.3/33 for combined functions.

As a result of integration of the fitted Poisson function, the Cherenkov
photons from the aerogel by 90Y β rays could be observed at 2.4±1.3 s−1 us-
ing the wavelength-shifting fibers. This result was consistent with a predicted
count rate of 2.35 s−1 by the simulation calculation, when the radioactivity of
90Sr source is 23.6 kBq, the experimental acceptance is 9.9%, and the calcu-
lated efficiency is 5.04× 10−4 for 90Sr and 90Y. This efficiency was calculated
from (1) the coefficient of 1.84 × 10−3 from N to ⟨Np.e.⟩ observed by PMT
via B-3 and Y-11 fibers and (2) the relation between the detection efficiency
and ⟨Np.e.⟩ (see Eq. 2.5).

2.8 Accidental noise by 137Cs γ rays

I investigated responses to accidental γ rays in the cases of direct PMT
reading and via the wavelength-shifting fibers. It is known that 137Cs emits
a 662-keV γ ray 2.55 ms after the β decay with 94.4% of branching ratio [4].

In a setup, a 5-inch PMT (R1250-03) or the fiber light guide of B-3 and Y-
11 were set on the downstream of the trigger counter and a 137Cs source was
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Count	rate
=𝐴����・Ω・	η
=	2 ×	23.6	kBq・0.099・5.04×10=Q
=	2.35	s-1,

where	η = ∫𝑑𝑁	𝑑𝑁�.L.exp −𝛿 𝑁 𝜀(𝑁 → 𝑁�.L.)
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• Aerogel (n=1.0411): Kth=1.31 MeV, Eγ(thr.)=1.53MeV.
• Accidental noise can be reduce to 11% using the fibers than 5-

sinch PMT reading.
• Optical modelswere developed for the Cherenkovdetector.

1. Cherenkov spectrum
2. Silica aerogel transmittance
3. Wavelength-shifting fibers absorption& emission spectrum
4. PMT quantumefficiency
5. Fix with cosmic-ray test

• Light collection efficiency was determined to be 1.0-1.4%.
• Cherenkov photons by 90Y β rays were observed using the aerogel

and B-3 & Y-11.
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3. Analysis and results

Cherenkov photons appear as peaks in the PMT-MWPC time
difference of the first PMT hit (Fig. 2). The number of hit PMT
channels is determined by counting the number of hits within a
90 ns time window, which corresponds to (!2s). An additional cut
has been made on the time difference between the first hit and
the concerned hit on the PMT (Fig. 3). Since all the Cherenkov
photons are prompt, the off time hits which might be attributed to
nonsimultaneous cross-talk hits are thus suppressed.

For 90Sr source the distribution of a number of hit channels per
event is shown in Fig. 4a. The number of random coincidences is
consistent with an estimate based on the count rate on the MWPC
and the dark current count rate on the PMTs (around 10 Hz per
channel), and can be neglected. The apparatus is, however, also
triggered by cosmic charged particles. While the particles within
the geometrical acceptance are detected by the scintillation
detector (70%), the others still contribute to the signal. To account
for this, the data were also collected without the source. The
distribution of the number of hit channels per event is shown for
events without a signal in the scintillation detector in Fig. 4b. Note
that it has a higher mean number of hits than the distribution of
the 90Sr source.

The resulting background rate of the events without the
scintillation signal amounts to 40 events per hour and can be
neglected for high activity samples, while it remains the reason
for the relatively high minimum detectable activity [7]:

Amin ¼
3þ 3:29

ffiffiffiffiffiffiffiffi
Nbt

p

Zat
(1)

which is determined for measurement time t, background rate Nb

and MWPC geometrical acceptance Za. For the case of realistic 3 h

measurement it amounts to 0.3 Bq. The normalized background
distribution should be thus subtracted from the low activity
sample distribution.

Four sources were used in order to calibrate the system. 42K
and 32P were produced by neutron activation with the TRIGA
reactor at the Jožef Stefan Institute, while 90Sr/90Y and 137Cs were
purchased from Amersham. Activities were estimated from data
given by the producers as well as from the MWPC count rates and
the corresponding solid angle. Among the sources used, 32P are
90Sr/90Y are pure b-emitters, while 137Cs and 42K also emit the g’s.
The resulting distribution of the number of hit channels per event
is show in Fig. 5. All but the 137Cs distribution agree with the
simulation. Although the 137Cs b end-point energy is below the
Cherenkov threshold, some counts have been registered also for
this isotope. They are due to photons coming from the radiator
box, as has been verified by covering the aerogel photon exit
window with black paper which resulted in a considerable
reduction of the count rate.

The relative efficiency for the detection of particular source is
determined by dividing the number of events with hits by the
total number of events registered by the MWPC. The resulting
efficiency for tested sources is shown in Fig. 6; for detecting 90Sr it
amounts to 0.024. Note that the efficiency is a steep function of
the beta spectrum end-point energy.
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Fig. 1. The apparatus for measuring the 90Sr activity.
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• It was considered that 40K is not to be background because knocked
out e- from γ ray (1.46 MeV) dose not satisfy the Cherenkov condition
in the aerogel (n=1.041).

• Thorium include in the concrete blocks of the buildings. Radon
progenies attach on surface in the environmental.

• Knocked out e- from γ rays (Eγ>1.53 MeV) emitted from 214Bi and 208Tl
can satisfy the Cherenkov condition there.

• Average of radon (222Rn) concentration in the air is 45 Bq/m3.

• Here, radon progenies (particularly 214Bi) in the air were focused by
the study.

• 214Bi emits β rays (max. 3.27 MeV).
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3.2. γ-RAYS ENERGY SPECTROSCOPY OF THE AIR
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Fig. 3.1: Setup of the BGO detector on the roof of the building. A schematic of
cross section (left) and a picture of the setup on the roof (right).

external gamma rays can be estimated. The results are shown in Fig. 3.2
together with experimental data.

3.2.3 Results

The measured energy spectra indoor and outdoor are shown in Fig. 3.2.
The red and blue solid lines are experimental data indoor and outdoor on
the roof, respectively. The energy flux above 3 MeV that were observed
commonly indoor and outdoor is understood as neutral cosmic rays such as
γ rays or neutrons. The red dashed line presents the flux of the neutral comic
rays. The green, magenta, and cyan dashed lines are the MC-calculated yield
for 214Bi, 40K, and 208Tl, respectively, assuming a concentration of 1 Bq/m3

in the air. The black line is the subtraction of the neutral cosmic rays from
the data at indoor. As a result, the peaks from 214Bi, 40K, and 208Tl indoor
were observed at 1,720 keV, 1,462 keV, and 2,600 keV, respectively, however
these peaks were not observed outdoor on the roof. The reason is considered
to be the fact that there is concrete ceiling which contains 214Bi, 40K, and
208Tl over the detector indoor but no ceiling outdoor.

It was found that the noise of gamma rays from concrete and cosmic ray
γ shower (been consistent with ref. [21]) is dominant for the observation of γ
rays emitted from 214Bi in the air. For the 1,720-keV peak observation, the
detection limit of 214Bi concentration is estimated to be 100 Bq/m3 in the air
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Fig. 3.2: Measured BGO energy spectra indoor (red) and on the roof (blue) and
the expanded spectrum corrected for cosmic ray background (black). Ex-
pected yield of 214Bi, 40K, and 208Tl with 1 Bq/m3 in the air are also
shown.

by suppressing the background events from cosmic ray muons and gamma
rays emitted from the concrete. The radon concentration in the air has been
measured to be 4–184 Bq/m3 all over the world [20].

Although the 214Bi radioactivity was not observed in this time, its upper
limit was determined to be 100 Bq/m3 in the air in the presence of neutral
cosmic ray background. This level of background from 214Bi in the air is
negligible to measure the 90Sr concentration in a sample with the weight
of dozens g because 214Bi concentration is corresponding to approximately
10−4 Bq in the sample.

In this study, the accidental noise is due to the event by γ rays with
Eγ > 2 MeV emitted from 214Bi and 208Tl in concrete blocks rather than
that from 214Bi in the air. Thus, the detector should be shielded externally.
However, it is not easy to suppress most of those events with the consequence
that high energy neutral cosmic rays sets a limit in the measurement.
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Results

• 214Bi concentration in the air is less than 100 Bq/m3.

• Gap between sample and trigger counter should be
less than 1 cm.

• The air in space under the sample should be removed
out.
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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.
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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.
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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.
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Fig. 3.5: Result of the β-rays inspection. The time spectrum of count rates for the
polyethylene sample.

ηε = 0.37 is the ratio of the 90Sr efficiency to that for the radon progenies,
kρ is the correction coefficient, and S is the effective area of 30× 10 cm2. ηε
was estimated by calculating the detection efficiency for these radionuclides
in MC simulation. kρ = 1.15 is the correction for the difference between the
inner layers and top layers in the polyethylene. As a result, this polyethylene
sample sheet has the concentration of contamination of (17.0±5.8) Bq/m2 in
a layer, where the error contains the standard deviation of background rate,
a fluctuation of counting error, and the uncertainty of the number of counts
by a dead time between the sample set and start time.

3.3.7 Impact of exposure time in the air

The relation between the exposure time in the air and the radioactivity
concentration on the polyethylene sheet is shown in Fig. 3.6. Open cir-
cles are data and the red curve is the fitting function of (17.9 ± 0.5){1 −
exp(−(t/(1.68±0.06) h))} as the function of exposure time t with χ2/NDF =
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631/11. As a result, it was observed that the amount of radioactive concen-
tration related to radon progenies exponentially depending on the time that
the sample was exposed in the air.
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Fig. 3.6: The relation between the exposure time in the air and the radioactivity
concentration on the polyethylene sheet.

3.3.8 Decay time constant

In the result of count rate, the half life was determined by a simple ex-
ponential fitting. This indicates a fluctuation of the ratio of radon progenies
(218Po, 214Pb, and 214Bi) on the sample sheet at just before inspection. Figure
3.7 shows the relation between the time constant (half life) and the exposure
time. The opened circles are data. A red lines represent the average half
life and standard deviation when the sample was exposed over one hour; the
time constant was observed to be (39.5 ± 2.2) min. Therefore, the ratio of
radon progenies on the sample become to constant with a saturation.
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3.3.4 Monte Carlo simulation

In the β-ray inspection, a difference occurred in the detection efficiency
between the β rays emitted from the top surface and the inner of the stacked
sample sheets. The correction coefficient for this difference in each sheet was
calculated by the MC simulation calculation.

3.3.5 Time spectra of count rate

The measured time spectrum of the polyethylene sheets is shown in
Fig. 3.5. The black dots are data, the red curve is the fitting for three ra-
dioisotopes in the chain: 218Po →214 Pb →214 Bi, the green dashed line is the
background rate, and the blue dashed line is a simple exponential function
which is (3.22±0.04) exp(−t/ln2 τ1/2)+1.02±0.01 with τ1/2 = (0.95±0.02) h
in χ2/NDF = 0.32/69. The red function is given as

f(t) =
λ1λ2x

(1)
0

(λ1 − λ2)(λ1 − λ3)
exp(−λ1t)

+

(
λ1λ2x

(1)
0

(λ2 − λ1)(λ2 − λ3)
+

λ2x
(2)
0

λ3 − λ2

)
exp(−λ2t)

+

(
λ1λ2x

(1)
0

(λ2 − λ1)(λ2 − λ3)
+

λ2x
(2)
0

λ3 − λ2
+ x(3)

0

)
exp(−λ3t)

+RBG, (3.1)

where λj = 1/ln2 τ (j)1/2, x0
(j) is the initial intensity of count rate for each radon

progeny, and j = 1, 2, and 3 represent 218Po, 214Pb, and 214Bi, respectively.
τ (1)1/2, τ

(2)
1/2, and τ (3)1/2 are half lives of 218Po (3.1 min), 214Pb (26.8 min), and

214Bi (19.9 min), respectively.

3.3.6 Radioactivity concentration

The concentration of radioactivity on the sample A is given as

A =
∑

j

(C(tj)−RBG)∆tj
ηεkρ
εSrS

, (3.2)

where C(tj) and RBG are the count rates of signal and background rate for 10
min, ∆t is in unit of 10 min, εSr is the estimated detection efficiency for 90Sr,
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Fig. 3.5: Result of the β-rays inspection. The time spectrum of count rates for the
polyethylene sample which is exposed for 4 h 40 min in the roomair.

where C(tj) and RBG are the count rates of signal and background rate for 10
min, ∆t is in unit of 10 min, εSr is the estimated detection efficiency for 90Sr,
ηε = 0.37 is the ratio of the 90Sr efficiency to that for the radon progenies,
kρ is the correction coefficient, and S is the effective area of 30× 10 cm2. ηε
was estimated by calculating the detection efficiency for these radionuclides
in MC simulation. kρ = 1.15 is the correction for the difference between the
inner layers and top layers in the polyethylene. As a result, this polyethylene
sample sheet has the concentration of contamination of (17.9±5.8) Bq/m2 in
a layer, where the error contains the standard deviation of background rate,
a fluctuation of counting error, and the uncertainty of the number of counts
by a dead time between the sample set and start time.

3.3.7 Impact of exposure time in the air

The relation between the exposure time in the air and the radioactivity
concentration on the polyethylene sheet is shown in Fig. 3.6. Open cir-
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Fig. 3.5: Result of the β-rays inspection. The time spectrum of count rates for the
polyethylene sample.

ηε = 0.37 is the ratio of the 90Sr efficiency to that for the radon progenies,
kρ is the correction coefficient, and S is the effective area of 30× 10 cm2. ηε
was estimated by calculating the detection efficiency for these radionuclides
in MC simulation. kρ = 1.15 is the correction for the difference between the
inner layers and top layers in the polyethylene. As a result, this polyethylene
sample sheet has the concentration of contamination of (17.0±5.8) Bq/m2 in
a layer, where the error contains the standard deviation of background rate,
a fluctuation of counting error, and the uncertainty of the number of counts
by a dead time between the sample set and start time.

3.3.7 Impact of exposure time in the air

The relation between the exposure time in the air and the radioactivity
concentration on the polyethylene sheet is shown in Fig. 3.6. Open cir-
cles are data and the red curve is the fitting function of (17.9 ± 0.5){1 −
exp(−(t/(1.68±0.06) h))} as the function of exposure time t with χ2/NDF =
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Fig. 3.5: Result of the β-rays inspection. The time spectrum of count rates for the
polyethylene sample which is exposed for 4 h 40 min in the roomair.

where C(tj) and RBG are the count rates of signal and background rate for 10
min, ∆t is in unit of 10 min, εSr is the estimated detection efficiency for 90Sr,
ηε = 0.37 is the ratio of the 90Sr efficiency to that for the radon progenies,
kρ is the correction coefficient, and S is the effective area of 30× 10 cm2. ηε
was estimated by calculating the detection efficiency for these radionuclides
in MC simulation. kρ = 1.15 is the correction for the difference between the
inner layers and top layers in the polyethylene. As a result, this polyethylene
sample sheet has the concentration of contamination of (17.9±5.8) Bq/m2 in
a layer, where the error contains the standard deviation of background rate,
a fluctuation of counting error, and the uncertainty of the number of counts
by a dead time between the sample set and start time.

3.3.7 Impact of exposure time in the air

The relation between the exposure time in the air and the radioactivity
concentration on the polyethylene sheet is shown in Fig. 3.6. Open cir-
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Fig. 3.7: Result of the β-rays inspection. The time fluctuation of count rates for
the polyethylene sample.

3.3.9 The ratio of radon progenies on the sample

The free parameters x(1)
0 , x(2)

0 , and x(3)
0 in Eq. 3.1 are, respectively, the

initial intensity of the count rate for 218Po, 214Pb, and 214Bi. It is implied
the ratio of x(1)

0 : x(2)
0 : x(3)

0 is the concentration ratio of 218Po:214Pb:214Bi
attached on the sample just before inspection. The relation between the
ratio and the exposure time for the sample put on the Al plate is shown in
Fig. 3.8. The black, red, and blue dot are the ratio of radon progenies 218Po,
214Pb, and 214Bi, respectively. The reason why the error for t < 1 h is large
is small statistics due to the concentration of radioactivity on the sample.
The ratio of 218Po just after the exposure shows significant existent of 218Po
on the sample, while those of 214Pb and 214Bi are dominant after one hour.

Here, it is considered that the scenario in a case of 218Po only falling
on the sample just after the radon decay in the air, namely there is no
radon progenies in the air. The black, red, and blue solid lines are the
behaviour of 218Po, 214Pb, and 214Bi on the sample in this scenario as shown
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in Fig. 3.8, respectively. This result suggests to reject the 218Po only falling
scenario clearly. Because, the 218Po, 214Pb, and 214Bi should be to radioactive
equilibrium condition if the 218Po only adsorbs and decays on the sample.
Therefore, it is suggested a potential that there are not only 218Po but also
214Pb and 214Bi in the air. The best fit scenario in exposure time t > 1 h shows
as the dashed lines in Fig. 3.8, where the ratio is 218Po:214Pb:214Bi=3:30:5.

Exposured time (h)
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Th
e 

in
iti

al
 n

um
be

r o
f r

ad
on

 p
ro

ge
ni

es

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

	�
��
	�(�G

	�
�B

�PHGKM->�LBE>��A 
��

LBG
�G

"�-
� 

GF
�H

-G
#>

FB
>K

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
218Po	only	falling	scenario

The	best	fit	scenario

Fig. 3.8: The relation between the ratio and the exposure time for polyethylene
samples.

3.3.10 Result

As a result, it was found that the radon progenies of (17.9± 0.5) Bq/m2

were attached to the sample sheets. Because the progenies reduces to unob-
servable amount by sealing the box for 4 hour, 214Bi cannot be a background
for the measurement of the 90Sr concentration. It is suggested that there are
the radon progenies in the air Indirectly. The suggestion could be a clue for
a search of the lung cancer occurring in non-smokers from the impact and
exposures by inhalation of the radon progenies.
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Fig. 3.5: Result of the β-rays inspection. The time spectrum of count rates for the
polyethylene sample.

ηε = 0.37 is the ratio of the 90Sr efficiency to that for the radon progenies,
kρ is the correction coefficient, and S is the effective area of 30× 10 cm2. ηε
was estimated by calculating the detection efficiency for these radionuclides
in MC simulation. kρ = 1.15 is the correction for the difference between the
inner layers and top layers in the polyethylene. As a result, this polyethylene
sample sheet has the concentration of contamination of (17.0±5.8) Bq/m2 in
a layer, where the error contains the standard deviation of background rate,
a fluctuation of counting error, and the uncertainty of the number of counts
by a dead time between the sample set and start time.

3.3.7 Impact of exposure time in the air

The relation between the exposure time in the air and the radioactivity
concentration on the polyethylene sheet is shown in Fig. 3.6. Open cir-
cles are data and the red curve is the fitting function of (17.9 ± 0.5){1 −
exp(−(t/(1.68±0.06) h))} as the function of exposure time t with χ2/NDF =
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Fig. 3.5: Result of the β-rays inspection. The time spectrum of count rates for the
polyethylene sample which is exposed for 4 h 40 min in the roomair.

where C(tj) and RBG are the count rates of signal and background rate for 10
min, ∆t is in unit of 10 min, εSr is the estimated detection efficiency for 90Sr,
ηε = 0.37 is the ratio of the 90Sr efficiency to that for the radon progenies,
kρ is the correction coefficient, and S is the effective area of 30× 10 cm2. ηε
was estimated by calculating the detection efficiency for these radionuclides
in MC simulation. kρ = 1.15 is the correction for the difference between the
inner layers and top layers in the polyethylene. As a result, this polyethylene
sample sheet has the concentration of contamination of (17.9±5.8) Bq/m2 in
a layer, where the error contains the standard deviation of background rate,
a fluctuation of counting error, and the uncertainty of the number of counts
by a dead time between the sample set and start time.

3.3.7 Impact of exposure time in the air

The relation between the exposure time in the air and the radioactivity
concentration on the polyethylene sheet is shown in Fig. 3.6. Open cir-
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Result
• It was found that radon progenies of (17.9 ± 0.5)	Bq/m$ were

attached to the sample sheets.

• 214Bi on the sample is not negligible, and it is required to not
expose sample into the air.

• This result suggested to reject the scenario in the case of 218Po
only fallingon the sample after the radon decays in the air.

• Therefore, it is suggested that there are the radon progenies in
the air Indirectly.

• The suggestion could be a clue for a search of the lung cancer
occurring in non-smokers from the impact and exposures by
inhalation of the radon progenies.
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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).
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4.2. TRIGGER COUNTER

4.2 Trigger counter

The trigger counter was set under the Cherenkov counter. It consists
of a sheet made of scintillating fibers (Kuraray SCSF-78MJ) with 0.2-mm
diameter with only small energy loss of the β rays emitted from 90Y in the
fibers. The β-rays detector used for the environment background measure-
ment (Chap. 3) was adopted as the trigger counter (see Fig. 3.4). The
effective area was 300× 100 mm2. The ends of the fibers were connected to
PMTs (Hamamatsu R9880U-210).
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Fig. 4.2: Distribution of number of photoelectrons observed in the trigger counter
with 90Y.

The number of photoelectrons observed in each PMT connected to each
end of the fibers N1 and N2 and the sum of both ends N1 +N2 are shown in
Fig. 4.2, when β rays from 90Y pass through these scintillating fibers. The
black, red and green histograms represent N1, N1, and N1+N2, respectively.
Mean numbers are ⟨N1⟩ = 1.95± 0.03 p.e., ⟨N2⟩ = 1.73± 0.04 p.e., and
⟨N1 +N2⟩ = 3.49± 0.04 p.e.
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⟨N1⟩ = 1.95 ± 0.03 p.e., 
⟨N2⟩ = 1.73 ± 0.04 p.e.,
⟨N1 + N2⟩ = 3.49 ± 0.04 p.e. 

Coincidence Efficiency
⟨C1	·C2⟩ =59.5 ± 0.04% 
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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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length in the fibers is approximately 300 mm. The veto counter has an inner
volume of 170× 680× 50 mm3.

4.3.3 Performance

The uniformity of photon yields was measured by using cosmic-ray muons
passing through the veto counter. The distribution of the photoelectron
number Np.e. is shown in Fig. 4.9 (left). The mean number ⟨Np.e.⟩ = 55.0±0.8
was observed when the muons passed through at the center of the unit. The
right figure shows the relation between ⟨Np.e.⟩ and the muon-hit position x
along the Y-11 fibers. The open black circles, red squares, and green triangles
are, respectively, the data for y = 150 ± 25 mm, 100 ± 25 mm, and 50 ± 25
mm. As a result, the mean number of photoelectrons was observed to be
50-60 at any positions; thus, this veto counter has sufficient performance for
the suppression of cosmic-ray-muon events.
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Fig. 4.9: Number of photoelectrons Np.e. in the veto counter (left) and a relation
between the mean Np.e. and the muon-hit position (right).
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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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4.4 Electronics

The PMTs were supplied with 1200 V by a high voltage supply units
(REPIC RP-1637BS). All signals of PMTs in this detector were fed to dis-
criminators (REPIC RP-1637AS). The coincidence signals of the trigger and
the Cherenkov counter without a hit in the veto counter were counted un-
der the condition of
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Trig
j = 1 for the trigger,

∑4
j=1 C

AC
j ≥ 2 for the

Cherenkov counter, and
∑2

j=1 C
Veto
j ≥ 1 for the veto counter. Here, Cj = 1

(Nj > 0.5) or 0 (other).
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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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5.2. 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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5.2.	Counting	rate		

90Sr	source			… 23.6 ± 0.3	kBq
137Cs	source	… 26.0 ± 0.5	kBq

delivered by Japan Radioisotope Association .

40K	source			… 498 ± 2	Bq in	potassium	chloride	(KCl).
The	KCl with	a	mass	of	30.0 ± 0.1	g.
A	purity	of	≿ 99.5%.

Gaussian	 fit
𝑁 ¡ = 35.2± 6.0	h="

Gaussian	 fit
𝑁¹ = 45.1± 6.9	h="

Gaussian	 fit
𝑁º» = 159 ± 8	h="

Gaussian	 fit
𝑁º» = (1.45± 0.01)×10¼	h="
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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

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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𝜈 ¡ = 35.1	h="
𝜎 ¡ = 6.0	h="

137Cs40K

137Cs40K

𝜈¹ = 9.7 ±0.2
𝛼¹ = 1.07 ±0.11

𝜈¾� = 124.1± 0.2
𝛼¾� = 0.53 ± 0.04
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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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𝑘�� = 𝜈��/𝐴��

𝑘�� = 6.23 ± 0.13	Bq="	h="𝛼�� = 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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(𝑥 = Sr)
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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
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5.5.	Detection	efficiency	and	limit	

Sr

• Mean counting rate is 74.9 h-1 using 10-Bq
90Sr in the signal model.

• The source position dependence for the
coefficient k was corrected.

• In a case of 3σ threshold setting, this
detection eff. is estimated to be 91.6 ±
0.3% for 10-Bq 90Sr.

𝜈	 = 𝑘��Â𝐴�� = 74.9	h="

𝐴�� = 10	Bq
𝜂aÃ(10	Bq)= 91.6±0.3%

Sr Sr

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

• Typical detection limit is determined to be
𝐴aÄ¼(% satisfying 𝛤��(𝑛) > 𝛤 ¡(𝑛) + 3𝜎.

• 𝐴aÄ¼(% = 4.6	Bq at 1-hour measuring.
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5. Performance	of	the	prototype	detector
5.6.	Concentration	

- Compression	 factor	is	𝜀 = 0.3

- Density	of	sample	is	1	g/cm3
𝐴aÄ
¼(%	𝑚	𝜀=" = 46	Bq/kg

at 1-hour measurement.

The food contamination permissible limit of 100
Bq/kg defined by Ministry of Health, Labour and
Welfare, Japan, in 2012.

𝐴 ∝ 𝑆="; it expected to be 8.4 Bq/kg @S=1 m2

- Sample	thickness	is	1	mm
- Sample	weight	is	m	=	30	g	
(corresponding	 to	the	original	
of	m/ε =	100	g).

Furthermore, in the case of seawater, the lower limit of dried
seawater in 1-hour measurement is estimated to be
𝐴aÄ
¼(%	𝑚	𝜀=" = 1.5	Bq/L, where ε = 0.01.

Here, it is assumed that

Detection limit of surface concentration is
𝐴aÄ
¼(%/𝑆 = 0.0153	Bq/cm$, where 𝑆 = 300	cm$ .

- Sample	was	dried.
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5. Performance	of	the	prototype	detector
5.6.	Results	

• Signal models were developed based on experimental test using
the sources.

• The efficiency curves were estimated as the detector
performance.

• The detection limit was estimated to be 4.6 Bq.

• The detection limit of surface concentration was estimated to be
0.0153 Bq/cm2.

• The detection limit of weight concentration was estimated to be
46 Bq/kg (seafood) and 1.5 Bq/kg (seawater) at 1-hour
measurement in the prototype detector.



6. Summary
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• It is important to measure 90Sr concentration in food because intake of 90Sr is
dangerous than 137Cs, and the method of measuring 90Sr rapidly is focused.

• Wavelength-shifting fiber system was adopted because it is not possible to inspect
10-Bq/kg 90Sr by a large PMT reading Cherenkov photons directly.

• The light collection efficiency was estimated to be 1.0-1.4% for Cherenkov photons.

• The Cherenkov photons by 90Y β rays was observed using the fibers.

• 214Bi as the radon progenies in the air was not observed in the limit of 100 Bq/m3.
The radon progenies on the sample sheets was not observed 18 Bq/m2. It was
found that the detector design should be performed the care for these 214Bi.

• I produced a prototype detector with an effective area of 30×10	cm$.

• The detection limit of weight concentration at 1-hour measurement was estimated
to be 46 Bq/kg (seafood) and 1.5 Bq/kg (seawater). By extending to effective area
of 1 m2, it is expected to be 8.4 Bq/kg (seafood).
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