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背景
- 福島原発後、福島漁業が未だ再開しない、原因の一つは90Sr
- 90Srは骨に蓄積するため137Csと比較して摂取は危険
- 新鮮な海産物の短時間での90Sr放射能濃度測定が要求

目的
- １時間で数十Bq/kgの90Srを測定するために低バックグラウンド
- 40Kからのβ線や宇宙線μ由来の雑音を抑制
- 大面積の有効面積
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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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Fig. 5.1: Structure of the prototype detector. Side view (left) and front view
(right).
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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).
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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].
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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
Co., Inc. in 2013, (iii) a special recovery-support program for the Great East
Japan Earthquake in 2014, (iv) the New Technology Development Foundation
and Venture Business Laboratory, Chiba University, and (v) The Ogasawara
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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Silica	aerogel
(n=1.041) Scintillating	fibers	

(φ0.2	mm)

Wavelength-shifting	
fibers	(φ0.2	mm)

Aluminum	 plate

βrays βrays γrays

装置設計 概念図
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4.5. SHIELDING BY LEAD AND BRASS BLOCKS

4.5 Shielding by lead and brass blocks

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

4.3.2 Components of the veto counter prototype

The veto counter system consists of two units. Each unit has one top side
counter, two long side counters, and one short sides counter. The structure
of the veto counter system is shown in Fig. 4.8.
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WLSF	(Y-11,	Double	Cladding	)
>	4	layers,	Reading	by	one	side,
>	Length	of	345	mm	+	200	mm
>	Total	1400	fibers

WLSF	(Y-11,	Double	Cladding	)
>	4	layers,	Reading	by	one	side,
>	Length	of	345	+	200	mm
>	Total	1200	fibers

WLSF	(Y-11,	Double	Cladding	)
>	4	layers,	Reading	by	one	side,
>	Length	of	200	+	300+	300mm
>	Total	800	fibers
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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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H11934−200

• Photocathode
• V23	mm	
• Ultra	Bialkali

• Metal	Channel	Dynode

V30	mm

V23	mm

Y-11

千葉大学　児玉諭士

7

8 ゲルボックス組立

フレーム取付

内箱フレーム1

ゲルボックス（木＋紙製）

シリカエアロゲル　×　9

※取扱にはゴム手袋を着用。

※接着剤等の使用は厳禁。スペー

　サーを挿入し動かないように固
　定。

WLSF（上下反転）

6

引掛り注意

引掛り注意 ※ファイバー、配線等は省略しています。

※シリカエアロゲルの番号および挿入位置は必ず記録してください。

Silica	aerogel

Wavelength-shifting
fibers	light	guide

Gel box.
Black paper on
the bottom.

PMT

PMT

PMT

PMT

10	cm
30	cm

R9880U-210

R9880U-210

R9880U-210

R9880U-210

*

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

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

3.3.2 Detection efficiency

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

3.3.3 Sample

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

30

2. Basic concept an aerogel Cherenkov detector using 
wavelength-shifting fibers
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• Head-on	Type
• Bialkali photocathode
• Line	focused	dynode	

structure

• Head-on	Type
• Ultra	Bialkali

photocathode
• Metal	channel	

dynode	structure

Y-11B-3

Y-11B-3

Optical	models
PMT

1.	90Sr	Counter	開発研究

10	x	10	x	1	cm3
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4.4. ELECTRONICS

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

∏2
j=1 C

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).

90Sr(90Y) 137Cs, 40K Cosmic ray muon
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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 T 0.03 p.e., 
⟨N2⟩ = 1.73 T 0.04 p.e.,
⟨N1 + N2⟩ = 3.49 T 0.04 p.e. 

Coincidence Efficiency
⟨C1	·C2⟩ =59.5 T 0.04% 
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4.3. VETO COUNTER

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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bÜ.L. = 55.0± 0.8

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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5.3. SIGNAL MODEL
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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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𝛤89(𝑛) ≪ 𝜙?@(𝑛) =>	𝛤?@(𝑛) ≈ 𝜙?@(𝑛)

5.2. COUNTING RATE

5.2 Counting rate

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

√
ν), thus giving αBG = 1.01± 0.02.

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

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

5.3 Signal model

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

ΓBG(n) =
1√

2πσ2
BG

exp

{
−(n − νBG)2

2σ2
BG

}
, (5.1)

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

Γx (n) =

∫
dñ φx (̃n) · ΓBG(̃n − n), (5.2)

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

φx(n), which is given as

φx(n) =
e−ν/α2

(ν/α2)n/α
2

Γ (n/α2 + 1 )
, (5.3)

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

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

∑
i{yi − φ(ni,α)}2/σ2

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

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

𝑘?@ = 6.23 ± 0.13	Bq3K	h3K𝛼?@ = 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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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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• These curves show relations between 90Sr
radioactivity and the efficiency for 1, 2, 3σ
threshold condition.

• Typical detection limit is determined to be
𝐴PQRS% satisfying 𝛤?@(𝑛) > 𝛤89(𝑛) + 3𝜎.

• 𝐴PQRS% = 4.6	Bq at 1-hour measuring.

乾燥した海産物サンプルの密度1 g/cm3、
体 積 圧 縮 率 ε=0.3、 厚さ 1 mm、 質 量
m=30 gとすると１時間測定における検出
限界は、

𝐴PQ
RS%	𝑚	𝜀3K = 46	Bq/kg

𝐴 ∝ 𝑆3K; it expected to be
8.4 Bq/kg @S=1 m2

海水における検出限界は

𝐴PQ
RS%	𝑚	𝜀3K = 1.5	Bq/L
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where �r is a radiative correction due the internal bremsstrahlung process (IB) which, by
definition, contributes to RK (unlike the structure dependent process (SD)). A Minimal Super-
Symmetric (SUSY) extension of the SM (MSSM) with R-parity conservation has recently been
considered as a candidate for new physics to be tested by RK [2–4]. In the case of Kl2, in
addition to the W± exchange, a charged Higgs-mediated SUSY lepton flavor violating (LFV)
contribution can be enhanced if accompanied by the emission of a ⌧ neutrino. This e↵ect can
be described as
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where MH+ is the mass of the charged Higgs and �13 (. 10�3) is the term induced by the
exchange of a Bino and a Slepton. Taking �13 = 5 ⇥ 10�4, tan� = 40 and MH+ = 500 GeV,
would yield to a value of RLFV

K = 1.013⇥RSM
K . It is therefore possible to reach a contribution

at the percent level due to possible LFV enhancements arising in SUSY models.

Figure 1. Contributions to RK from (a) SM and (b) LFV SUSY. A charged Higgs-mediated
LFV SUSY contribution can be strongly enhanced by the emission of a ⌧ neutrino.

Recent in-flight decay experiments, such as KLOE [5] and NA62 [6], have measured the RK

ratio leading to a current world average of RK = (2.488 ± 0.010) ⇥ 10�5. The E36 experiment
at the Japan Proton Accelerator Complex (J-PARC) by the TREK (Time Reversal Experiment
with Kaons) collaboration aims to provide a competitive measurement of RK with di↵erent
systematics.

2. RK measurements using stopped K+
at J-PARC

The E36 experiment, which is part of the TREK program at J-PARC, was set up and fully
commissioned at the K1.1BR kaon beam line between fall 2014 and spring 2015. The data
collection was completed by the end of 2015 using an upgraded version of the KEK-PS E246
12-sector superconducting toroidal spectrometer [7] used in a previous T-violation experiment
at KEK [8–10]. The incoming K+ is tagged by the Fitch Cherenkov counter before stopping
and decaying in the active target, which consists of 256 scintillating fibers (3 ⇥ 3 ⇥ 200 mm3)
oriented in the direction of the beam, providing a precise kaon stop location in the transverse
plane. Wrapped around the fiber target is a Spiral Fiber Tracker (SFT), which consists of
two pairs of scintillating fiber ribbons of opposite helicity bundled together around the target,
providing the longitudinal coordinate of the outgoing decay particles [11]. This target+SFT
system is surrounded by 12 time-of-flight counters (TOF1) and 12 aerogel [12] counters (AC)
aligned with the 12 sectors of the toroidal spectrometer and forms the “Central Detector”.
A highy segmented (768 crystals) large acceptance CsI(Tl) photon calorimeter barrel covering
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Candidate Model: 
MSSM with LFV

~	𝑅mno(1 + 0.013max)

𝑔v = 𝑔t?

静止𝐾qを用いた𝛤 𝐾q → 𝑒q𝜈t /𝛤 𝐾q → 𝜇q𝜈v の精密測定実験
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より生成された水素プラズマの中から負水素イオン（H-）を引き出し、電場の力で粒子加速

を担う高周波加速空洞を直線状に並べた LINAC によって初段加速を行っていく。そしてそ

の加速した負水素イオンビームの 400MeV に達した際、RCS の入射部に設置された荷電変換

用炭素被膜を通じて負水素イオンから電子 2つを分離、陽子（H+）に変換したビームを RCS

へと送る。約 20ms の間に周長 300m のシンクトロンを 15000 回程度周回させ、3GeV まで加

速していき、エネルギーの値が 3GeV になったビームを MR へと導いていく。その後、周長

1500の MRシンクロトロン内を約 2秒かけて 32万回ほど周回させ、3Gevから 50GeVまで加

速させる。 

E36実験を行うハドロン実験施設では、MRシンクロトロンで加速された陽子ビームを、遅

い取り出し方法を用いることで 1次ビームとして標的に衝突させる。これにより、K中間子

やπ中間子、ハイペロン、ニュートリノ、ミューオンなどの 2次ビームを発生させて様々な

実験へと活用している。 

 

 

図 2.2 ハドロン実験施設 

 

 ハドロン実験施設内には現在、K1.8、K1.8BR、K1.1BR、KLの計 4つのビームラインが存

在しており（図 2.2）、本実験ではそのうちの K1.1BRビームラインを使用している。 

K1.1BRは、プロダクションターゲットで生成された K+中間子を効率的に K1.1BRエリア

に輸送するビームラインである。このビームラインは、D1-D3までの Bending磁石、Q1-Q8

の収束用 4重極電磁石、高次項の補正のための 6重極、8重極電磁石、π/K分離用の静電

 

図 2.4 E36検出器の概要正面図および側面断面図 

 

 

 

図 2.5 K1.1BRエリアに置かれた E36検出器 

 

2.3 E36 実験における粒子識別および運動量測定 

 

 E36実験において重要となるのは、静止崩壊した K+から放出されてくる荷電粒子を検

出し、その中から Ke2による e+と Kμ2によるμ+を明確に識別して計測を行うことであ

J-PARC Hadron Hall

E36 Detector

Phys. Run: October, 2015 – December,2015

Gap Veto
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Background: 𝐾𝑒2𝛾 (SD)
𝐾𝑒2𝛾: 𝐾q → 𝑒q	𝜈t	𝛾

𝐾q
𝑒q

𝜈t

𝛾

Internal Bremsstrahlung (IB) Structure Dependent (SD)

𝑅mno =
𝛤(𝐾				) + 𝛤(𝐾 		(𝐼𝐵))
𝛤 𝐾				 + 𝛤(𝐾 (𝐼𝐵))

Γ(Ke2γ(SD))	〜 9.4	x	10-6

𝐾q 𝑒q

𝜈t

𝛾
µ2 𝜇2𝛾

𝑒2𝛾𝑒2
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図 2.15 CsIカロリメーターの概略図 

 

7. マルチワイヤプロポーショナルチェンバー（MWPC） 

 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

 

図 2.13 AC 

 

6. CsI(TI)カロリメーター 

 

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

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

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

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

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

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

いる。 

 

図 2.14  CsI(TI)カロリメーター 

𝑒q or	𝜇q

Pre-amplifier

Shaping
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Trigger Pulse	
shaper
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Reference	pulse
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1.
0m
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768	CsI(Tl)	crystal	modules
KEK-PS	E246

J-PARC	E36
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時間分解能評価
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Result	(2):	Timing	resolution	@Pre- &	Post-Pileup
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Advantages
• Non accelerator method
• Enable for versatile EM-calorimeter
• 53 MeV interpolating gap of 1-100 MeV

A new energy calibration method of EM-calorimeters using stopped cosmic-
ray muons was established. The end point of the energy spectrum of the
FADC second signal can be used as the calibration point of 53.2 � 3.2 MeV.
This method is applicable to various calorimeters, and it has been adopted by
the J-PARC E36 experiment.
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• 768 CsI(Tl) crystal modules
• 18 x 18 (28 x 28) mm2 PIN diode 
• Pre-amplifier + Shaping amplifier
• Flash ADC VF48 (25 MHz)
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CsI(Tl) Calorimeter

In this study, a new calibration method for EM-calorimeters was
developed using the Michel spectrum end point of muon decays
($" → %"&'&( ) in the crystal. This method was established by
comparing the experimental data with a Monte Carlo (MC)
simulation.
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Precise Measurement of ;< = L(N" → %"&')/L N" → $"&(
using stopped positive kaons @ J-PARC K1.1BR

Detector
• Beam Cherenkov for N"/P"
• Active Target
• Spiral Fiber Tracker (SFT)
• MWPC (C2, C3, C4�

Flash ADC VF48
manufactured
at TRIUMF

PIN diode 

Condition
• Stopped cosmic-ray muons
• Use of Flash ADC
• Waveform analysis
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• The expected spectra of absolute energy, S'T and S'\, were calculated with
a MC simulation assuming uniform muon stopping in a crystal (blue and red
lines, respectively).

• The experimental data (black dots) were fitted to these simulated spectra by
adjusting the energy gain factor (horizontal scale), mainly using the e+ region
between 20 − 40	MeV. The magenta dotted line is the fitted line.

• A good fit was obtained with cF/def = 18.85/19. The end-point energy of
53.2	 ± 3.2	MeV was determined.

• Right figure shows the time difference distribution between the first and
second pulses under the conditions of 20 < S'T < 80	MeV (closed circles)
and 20 < S'T < 40	MeV (open circles). Using $" dominant events selected
by 20 < S'T < 40	MeV, the exponential decay constant was determined as
W = 2.10 ± 0.04	µs, which is consistent with the known $" life time.
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Advantages
• Non accelerator method
• Enable for versatile EM-calorimeter
• 53 MeV interpolating gap of 1-100 MeV

A new energy calibration method of EM-calorimeters using stopped cosmic-
ray muons was established. The end point of the energy spectrum of the
FADC second signal can be used as the calibration point of 53.2 � 3.2 MeV.
This method is applicable to various calorimeters, and it has been adopted by
the J-PARC E36 experiment.
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• 768 CsI(Tl) crystal modules
• 18 x 18 (28 x 28) mm2 PIN diode 
• Pre-amplifier + Shaping amplifier
• Flash ADC VF48 (25 MHz)
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Setup

CsI(Tl) Calorimeter

In this study, a new calibration method for EM-calorimeters was
developed using the Michel spectrum end point of muon decays
($" → %"&'&( ) in the crystal. This method was established by
comparing the experimental data with a Monte Carlo (MC)
simulation.
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Precise Measurement of ;< = L(N" → %"&')/L N" → $"&(
using stopped positive kaons @ J-PARC K1.1BR

Detector
• Beam Cherenkov for N"/P"
• Active Target
• Spiral Fiber Tracker (SFT)
• MWPC (C2, C3, C4�

Flash ADC VF48
manufactured
at TRIUMF

PIN diode 

Condition
• Stopped cosmic-ray muons
• Use of Flash ADC
• Waveform analysis
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muon life-time: W( = 2.197	µs

• The expected spectra of absolute energy, S'T and S'\, were calculated with
a MC simulation assuming uniform muon stopping in a crystal (blue and red
lines, respectively).

• The experimental data (black dots) were fitted to these simulated spectra by
adjusting the energy gain factor (horizontal scale), mainly using the e+ region
between 20 − 40	MeV. The magenta dotted line is the fitted line.

• A good fit was obtained with cF/def = 18.85/19. The end-point energy of
53.2	 ± 3.2	MeV was determined.

• Right figure shows the time difference distribution between the first and
second pulses under the conditions of 20 < S'T < 80	MeV (closed circles)
and 20 < S'T < 40	MeV (open circles). Using $" dominant events selected
by 20 < S'T < 40	MeV, the exponential decay constant was determined as
W = 2.10 ± 0.04	µs, which is consistent with the known $" life time.
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2.	J-PARC	E36	実験
Ke2γ	Background	study
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2.	J-PARC	E36	実験
Ke2γ	(SD)	Background	study	comparing	with	MC

G4	CsIExp CsI

2017/04/17 Shower	Leakage	Pribrem 2

Primary	Ke2g(SD)	Generation
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(1)	極低放射能測定システム構築・運⽤・
データベース化・新技術開発
(2)	XMASS実験などの研究
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(1)	極低放射能測定システム構築・運⽤・
データベース化・新技術開発

運用・データベース化

• 神岡地下で観測したデータを国際共同研究者が閲覧共有できる
ようなウェブプログラム・アルゴリズムの開発

• 神岡だけでなく様々な土地で収集したデータの
(1)	閲覧・検索機能、
(2)	グラフによるヴィジュアル化、
(3)	全国濃度分布など、毎次更新する環境ツールを構築

• また共同研究者の要望も取り入れて、ユーザビリティの向上
• 地下素核実験、地震予知、ラドンと肺がんの関係など

地下の素核実験だけでなくラドンは地震予知
や肺がんとの関係についてなど、様々な可能
性を持っているので、このプロジェクトでは常
識を裏切るような新たな結果が得られるので
はないかと期待してます。
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(1)	極低放射能測定システム構築・運⽤・
データベース化・新技術開発

新技術開発
• α線だけでなくβ線を測定することで空気中の218Po,214Pb,	214Biを

観測する技術開発の研究
• 空気中のラドン崩壊後、サンプル表面に付着した218Po, 214Pb,	

214Biの放射能濃度を測定することで、間接的に空気中における
これら核種の存在を観測しました。

• この延長線上で空気中の濃度を間接的に推定する手法につい
て研究する計画も持っています。



2017/8/24 23

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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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 =

32

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

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. β-RAYS SURFACE INSPECTION OF SAMPLE SHEETS
ADSORBING 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 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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(1)	極低放射能測定システム構築・運⽤・
データベース化・新技術開発
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ADSORBING RADON PROGENIES

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.
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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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3.3. β-RAYS SURFACE INSPECTION OF SAMPLE SHEETS
ADSORBING 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 =

32

Isotope	j	=	1,	2,	3	are	218Po,	214Pb,	214Bi,	
respectively.
𝜆¤ = 𝜏¤3K:	inverse	of	life	time	of	isotope	j
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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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free	parameters

(1)	極低放射能測定システム構築・運⽤・
データベース化・新技術開発
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(2)	XMASS実験

XMASS-I	のデータ解析
• 解析コードの最適化： 波形模型の開発、パイルアップ補正、時

間分解能向上

• 宇宙線、環境放射能由来バックグラウンドの研究：パイルアップ
補正・波形解析を改善したことによる影響、水中タンクに取り付
けられたPMT情報、各センサー情報を駆使して解析する
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(2)	XMASS実験

XMASS-I.5,	-II	のモンテカルロシミュレーション
• 検出器模型の構築
• 不純物の放射性核種混同によるバックグラウンド推定評価

• PMTを新調
• 検出器拡大による光学的な散乱計算、PMTで観測しうる信号模

型
• 相互作用した点の再構成計算アルゴリズム
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Buck	up
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𝑛¨© =
𝑚ª𝑐w + 𝐾

𝑚t𝑐w + 𝐾 w − 𝑚t
w𝑐«

40K からのβ線でチェレンコフ放射しない屈
折率の閾値は

𝐾 = 1.31	MeVなのでn¨© = 1.041
この屈折率ではEγ=1.53 MeV未満のγ線がコ
ンプトン散乱して反跳した電子もチェレンコフ放
射しない。

refractive index 𝑛

Charged particle

∆𝑣∆𝑡

𝑐∆𝑡/𝑛

cos𝜃¯ =
𝑐
𝑛𝑣 < 1

𝜃¯

Cherenkov photons

(2) エアロゲル・チェレンコフ・カウンター

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

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

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

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

はレイリー散乱によるものである。

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

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

な設計に貢献する。

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

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

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

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

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

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

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

- 7 -
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1.	90Sr	Counter	開発研究

閾値型チェレンコフ検出器

これまでの研究業績

𝑚ª は電子質量

シリカエアロゲル

- SiO2と空気の混合体のように振る舞う個体
- 1.041のような屈折率を実現
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Development	of	Large-Area	Charged	Particle	Detector	
with	Inorganic	Scintillator	Plates	and	Wavelength	Shifting	Fibers

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

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

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

Overview	of	the	Detection	Part

Experimental

Reference

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

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

Absorption	Peak:	351	
nm
Emission	Peak:	450	nm

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

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

Conclusion

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

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

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

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

Absorption	Peak:	430	nm
Emission	Peak:	476	nm

Rough	Estimation	of	the	Position	Resolution

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

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

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

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

Results

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

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

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

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

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

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

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

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

Measurement of light collection efficiency
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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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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

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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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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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 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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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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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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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)

13

𝜀zt± = 0.466 ± 0.004
𝑁S = 1.42 ± 0.03
with	χ´µ¶w = 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

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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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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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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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)

13

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).

1 2 3 4 5 6

5

10

15

20

25

1 2 3 4 5 6

5

10

15

20

25

0 1 2 3 4 5 6

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

!
Z
.[
.

E
ff
ic
ie
n
cy

D	(mm) D	(mm)

É ) = 3.20± 0.17 ×10N"	�
+(1.71± 0.39)

~#/!�Ä = 1.46/4

Average	0.83 ± 0.02

data

Simulation

Fit

10																			20																			30																		40																			50																			60 10																20																30																40																50																60

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)

13

=

Corrected	Efficiency
=	Efficiency	/	0.17



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

Measurement of light collection efficiency

2017/7/25 Real-time	strontium-90	counters	 36

千葉大学博士論文審査公聴会

(b)

2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

�	(cm)

Co
lle
cti
on
	Ef
fic
ien

cy

1 2 3 4 5 6
0.01

0.0105

0.011

0.0115

0.012

0.0125

0.013

0.0135

0.014

Fig. 2.11: Light collection efficiency with the aerogel thickness D.

18

2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

200 300 400 500 600 700 800
4−10

3−10

2−10

1−10

1

10

wls

 = 0.36WLSFεThis is 

wls

Wavelength	†	(nm)

Co
un
ts

! emitted	from	the	
aerogel

!&.(. via	B-3	and	Y-11

!&.(. via	B-3
!&.(. via	Y-11
!&.(. via	Y-11	from	B-3

!&.(. observed	by	PMT

! via	B-3	and	Y-11

D	=	60	mm

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
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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 + 𝜂S
𝐴 = 7.92± 0.76 ×103P
𝛬 = 11.7 ± 1.2	mm
𝜂S = (5.78± 0.80)×103P

1.37± 0.15%
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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.

33

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

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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Concentration

𝐶(𝑡¤): counting	rate
𝑅89: background	rate
Δ𝑡 = 10	min
𝜀?@:	90Sr	eff.	=	 8.68± 0.01 ×10w	Bq3K	h3K
𝜂¼:	ratio	of	90Sr	eff.	to	radon	prog.	eff.	=	0.37
𝑘½ :		correction	coefficient	=	1.15
𝑆:	0.03	mw
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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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Interpretation
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radon decay in the air. 214Pb and 214Bi
produced at the sample.

(2) 218Po, 214Pb, and 214Bi in the air fall the
sample after the radon decay in the air.



3. Background	study	of	environmental	radiation
3.3.	β	rays	surface	inspection	of	sample	sheets	adsorbing	radon	progenies

2017/7/25 Real-time	strontium-90	counters	 38

千葉大学博士論文審査公聴会

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

time (h)
0 2 4 6 8 10 12 14

)-1
C

ou
nt

 ra
te

 (s

0

1

2

3

4

5

run00198

-�L�
/BLLBF#�"MF�LBGF
�PHGF>FLB�D� "MF�LBGF
��K>DBF>

�BE>��A 

,G
MF

L�-
�L

>�
�K

��
 

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 −
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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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Exposure	time	4	h	40	min

Simple	exponential	function	fit
𝑓 𝑡 = 𝐴 exp(−𝑡	𝑙𝑛2	/𝜏K/w) + 𝑅89
𝐴 = 3.22 ± 0.04
𝜏K/w = (0.95 ± 0.02)	h
𝑅89 = (1.02 ± 0.01)	s3K
with	𝜒w/NDF = 0.32/69
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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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(2) 218Po, 214Pb, and 214Bi in the air fall the
sample after the radon decay in the air.
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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.
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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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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.

�*CF

1RCSS

�RPTPT;4*
F*T*ETPR

=KF*�VK*W 5RP2T�VK*W
(		�NN

(	
	�
N
N


)
	�
N
N

+	�NN

)(�NN
)(�NN

(+�NN

)	
	�
N
N


			�NN +	�NN

)(�NN

(+�NN

+	�NN

)(�NN)(�NN

+	�NN

)(�NN

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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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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(1	Bq/m3) • 空気中214Bi 濃度は100 Bq/m3未満。

• コンクリート内部・表面に214Bi, 208Tl,
40Kが存在している。

• 装置内部はできるだけ空間を減ら
すことを要請。



2017/8/24 42

1.	90Sr	Counter	開発研究

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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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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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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• サンプル表面に18 Bq/m2

は無視できない。

• サンプルは空気に曝さな
いで測定する必要がある。
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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.
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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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Fig. 5.3: Distribution of counting rates in the signal model for 137Cs and 40K, and
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5.3 Signal model

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

ΓBG(n) =
1√

2πσ2
BG

exp

{
−(n − νBG)2

2σ2
BG

}
, (5.1)

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

Γx (n) =

∫
dñ φx (̃n) · ΓBG(̃n − n), (5.2)

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

φx(n), which is given as

φx(n) =
e−ν/α2

(ν/α2)n/α
2

Γ (n/α2 + 1 )
, (5.3)

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

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

∑
i{yi − φ(ni,α)}2/σ2

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

As the results of the fitting, the distribution functions φx(n), Γx (n), and
ΓBG(n) were determined as plotted in Fig. 5.3 together with the data. The
filled red and blue areas are, respectively, the deduced signal functions φCs(n)
and φK(n). The doted black area and the red line are background rate of
the data and simulated ΓBG(n), respectively. The hatched red area and ma-
genta line are the counting rate distribution for 137Cs and simulated ΓCs(n),
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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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ê†° = 35.1	h="
Ω†° = 6.0	h="

137Cs40K

137Cs40K

êπ = 9.7 ±0.2
dπ = 1.07 ±0.11

êæà = 124.1± 0.2
dæà = 0.53 ± 0.04

1.	90Sr	Counter	開発研究

線源を用いた性能評価測定
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1.	90Sr	Counter	開発研究

まとめ

• 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	cmw.

• 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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2.	J-PARC	E36	実験
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The timing resolution dose not
depend on the photon energy
strongly.

時間分解能評価
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2.	J-PARC	E36	実験
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時間分解能評価


