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背景

問題点・課題点
• 90Srはアルカリ土類金属なので骨に蓄積する性質を持ちます。

• 食物連鎖を経て高濃度の90Srを摂取する可能性があります。
• 137Csや134Csと比較して放射能あたりの⽣涯被曝線量は1,000倍以上多い
• 90Srを検体ごとに短時間で放射能を測定する必要があります。

• しかし90Srと娘核の90Yはγ線を放出しないため放射線測定が困難です。

研究課題の概要
我々はストロンチウム90に高い感度をもつ検出器「リアルタイムストロンチウム90カウンター」を開
発しました。チェレンコフ光検出を応用することで娘核の90Yから放出される最大2.28 MeVのβ線を
計測し、放射能を測定します。

バックグラウンドとなる核種は137Cs, 134Cs, そして40Kです。いずれもγ線とβ線を放出しますが、
90Yからのβ線だけがチェレンコフ放射条件を満たすような屈折率を持つ物質の一つシリカエアロゲ
ルを使用しました。

波長変換ファイバーを用いて面積拡張とγ線雑音を抑制し、宇宙線除去装置で自然放射能の雑
音を抑制しました。密封線源を用いた試作機の性能評価測定で海水の場合検出限界は1 Bq/kg未
満、海産物の場合は25 Bq/kgが推定されました。実用化を目指して有効面積300	×	100	mm'のデ

モ機を展示します。
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平成28年7月6日（水）～7月7日（木）福島県文化センター 2.3 Veto counter for suppression of cosmic ray

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

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

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

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

Count = Ctrigger ∩CAC ∩Cveto, (1)

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

Fig. 2. The sketch of structure of the real-time 90Sr counter consisting of the trigger counter (trigger) using
scintillating fiber, the aerogel Cherenkov counter (AC) with wavelength shifting fibers (WLSFs), and the veto
counter (veto) for suppression of cosmic ray. The magenta, blue, and black arrows represent the charged parti-
cle, the gamma-ray and knocked out electron, respectively. The yellow cone shape and spreading shape denote
Cherenkov radiation and scintillation emission, respectively.
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window or WLSF. The noise rate depends on the amount of
material present (7.6× 10−3).

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

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

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

C. Cosmic ray veto counter

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

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

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

Count = CSFT ∩ CAC ∩ Cveto, (3)

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

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

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

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

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

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

IV. RESULTS AND DISCUSSIONS

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

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

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

原理
屈折率nの物質中を荷電粒子の速度vが光速c
を上回った時(v>c/n)光が放射される現象をチェ
レンコフ放射と言います。またその時の光をチェ
レンコフ光と言います。
β線（電子）の運動エネルギーKと速度比β=v/c
は以下で表せます。

𝛽 = 	
𝑚+𝑐' + 𝐾 − 𝑚+

'𝑐0

𝑚+𝑐' + 𝐾	
40Kからのβ線でチェレンコフ放射せず、90Yからの
β線が放射する屈折率は1.018~1.042です。
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90Srは半減期28.8年で最大0.54 MeVのβ線を放出し90Yに崩壊します。娘核の90Yは半減期64時
間で最大2.28 MeVのβ線を放出し90Zrに崩壊します。親核より娘核の方が半減期が短いため次第
に放射平衡状態になり２つの核種の放射能が等しくなります。したがって90Yの放射能を測定するこ
とで90Srの放射能が推定できます。

福島県沖漁業が震災以降未だに再開されて
いない一つの原因はストロンチウム90(以降
90Sr)であると考えられています。放射性セシウ
ムは試験的に監視し検体ごとに測定され、厚生
労働省が規定した100 Bq/kgを上回る海産物は
2015年度は4917検体中1検体確認されたと報
告されました。一方90Srは検体平均の結果から
ヒラメ、カレイ、スズキからCsとの比で1/30程度
観測されました。

福島第１原発事故の影響によって福島県漁業
が壊滅的な損害を受けました。2011年からの農
林水産の生産量年代推移では事故発生年度に
米、畜産も被害は受けたものの回復傾向にある。
しかし、魚業は未だに最盛期の生産量へ回復で
きていません。
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最近のノーベル物理学賞受賞者の研究テーマの共通点はチェレンコフ光：2015年、梶田さん
（スーパーカミオカンデ：水チェレンコフ）。2008年小林・益川さん（KEK Belle実験シリカエアロゲル
チェレンコフ）。 2002年、小柴さん（カミオカンデ：水チェレンコフ）。

放射能23.8 kBqの90Sr密封線源、 26.0 kBqの137Cs密封線源、62 Bqの40K線源を用いて性能
評価しました。1時間のバックグラウンド測定では10回試行して190±14カウント計測しました。核
種に置いても同様に計測しました。
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3. Results and Method for Identifying 90Sr

Radioactivity of sources was estimated as,

A(t) = A0exp−t/τln2, (2)

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

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

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

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

ηS r ≡
NS r − NBG

AS rT
, (3)

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

Table I. The absolute efficiencies

parameter value/ Bq−1s−1

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

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

ηK < 1.6 × 10−4

4. Discussion

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

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

N =
(
ηS rA′S r + ηCsA′Cs + ηK A′K

)
mε−1T + NBG, (4)
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𝑁23 	= 	191752	 ± 	1691
𝑁:; 	= 309	 ± 	16															
𝑁< 		= 191	 ± 	31															

測定結果と線源放射能から装置感度ηは以下の
式で評価しました。

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

N′BG =
(
ηCsA′Cs + ηK A′K

)
mε−1T + NBG. (5)

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

Amin
S r =

3
√

NBG + (ηCsA′Cs + ηK A′K)mε−1T

ηS rmε−1T
, (6)

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

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

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

5. Conclusion

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

It was found that the efficiency of 40K is less than 1.6 × 10−4 Bq−1s−1 in the test because the
background rate was large. In future, we plan to fabricate the next detector with an effective area of
10, 000 mm2 or adding veto counters to the side faces for suppression of cosmic muons.
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試料は事前に熱圧縮して厚さ1 mmにします。圧縮率は海水の場合0.01、海産物の場合0.3と仮
定します。有効面積300	×	100	mm'なので圧縮後の試料の最大質量はm=30 gです。この時バッ
クグラウンドと比べて統計的有意に90Srを検出できる限界は以下で評価しました。

結果： 検出限界(海水) 1.8 Bq/kg
(海産物)  53 Bq.kg

福島県漁業再開のためには90Srを検体単位で測定する必要があります。90Srは137Csよりも内
部被曝のリスクは高く、測定が困難です。
リアルタイムストロンチウム90カウンターはチェレンコフ光検出を応用した装置で90Sr(90Y)だけ
に高い感度をもつ計測器です。そのため、90Srの放射能を測定することができます。試作機の性
能試験の結果、検出限界は海水の場合1.8 Bq/kgを達成し、海産物の場合53 Bq/kgを達成しまし
た。
実用化を目指して製造・開発をしています。実用機は有効面積を500	×	200	mm'にすることで

検出限界は1/ 𝑆に比例して向上し海水で1Bq/kg未満、海産物で25Bq/kgが推定されました。実
機を用いて実際に海産物の検体を検査する予定です。

ここでA’Csは基準値の100 Bq/kg, A’Kは海産物の場
合150 Bq/kg, 海水の場合12.1 Bq/kgとします。

生涯被曝線量を評価すると 137Csを
100Bq/kgを毎日摂取したとしても自然放射
能である40Kによる被曝線量である10mSvを
十分に下回っています。一方、90Srで同様に
摂取すると1年で最大100mSv内部被曝する
と推定されました（下図）。


