
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 [6]. 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 [7].

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 [8].
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 [7, 9].

A method of 90Sr radioactivity measurement based on Cherenkov radi-

2

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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Chapter 5 2

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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• シリカエアロゲル(n=1.0411)[3]と波長変換ファイバー
を用いた閾値型チェレンコフ検出器[4,5].

• 40K β raysはチェレンコフ放射しない設計[4]

• 有効面積: 300×100	mm'

• θ = 0-90o入射の宇宙線ミューオンを99.9%除去

環境放射能による背景雑音の調査

検査方法

性能評価と結果

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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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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• コンクリート内の 214Bi, 40K, 208Tlからの γ線
(Eγ>2MeV)が観測された。

• 装置外部遮蔽で抑制可能。
• 中性宇宙線(γ線、中性子)が装置の背景頻度の
最小限界を決定する。

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線エネルギースペクトラム測定

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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装置の外部遮蔽
検出限界 In a case of threshold set to 3σ
• 𝐴789:%/𝑆 = 0.0153	Bq/cm'

at T=1 h, 𝑆	=300 cm2

P4-09

ー概要ー海産物の放射能汚染は深刻で90Sr濃度の測定は遅れているのが現状である。化学的抽出法では試料を全て灰にして検
査するため販売に向かず、数週間〜１ヶ月の検査時間を要す[1]。我々は即時に90Sr放射能濃度を測定する装置を開発してきた。
チェレンコフ放射測定を基に設計され、１時間でサンプルに100 Bq/kgの濃度があるか判別できた。本研究は装置性能をさらに向上
し、検出限界は46 Bq/kgに減少した。

Chapter 1

Introduction

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

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

1
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(0.54	MeV)

β線
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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
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KAKENHI Grant number 25610049, (ii) the Nuclear Safety Institute of
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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と137Csの被曝線量係数 [2]

• 𝐴789:%𝜀/𝑚 = 46	Bq/kg
for dried seafood sample
𝜀 = 0.3, 𝑚 = 30	g	,T=1 h, 𝑆	=300 cm2

乾燥させた薄いペースト状

試料 300	mm

1 mm

• 化学抽出処理を一切行わない
• 魚の背びれ・尾びれなど
• １時間カウント数から90Sr濃度を測定
• サーベイメータのような簡単な取り扱い

装置の下にセットする

28.8年 64時間


