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Fig. 6.3: Distribution of counting rates in the signal model for 137Cs and 40K, and
the comparison with the data.
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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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Detector Overview
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Abstract－The	inspection	of	90Sr	concentration	for	a	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	a	sample	based	on	Cherenkov	light	using	silica	aerogel.	The	detector	performance	was	estimated	
by	using	radiative	sources.

• In March, 2011, A Nuclear Accident of the Fukushima Daiichi Nuclear
Plant occurred [1].

• It is difficult to inspect the 90Sr contamination of raw-fresh foods
sample for the chemical extraction method in conventional because it
takes a few weeks – about month to measure [2].

• The inspection of 90Sr concentration for sample in real time (or rapidly)
is focused by a recent study [3].

• We have been developing a detector to measure the radioactivity
concentration of 90Sr in sample based on Cherenkov light using silica
aerogel [4-6].

• The study presents the detector signal model development and the
suppression of environmental radiation by external shielding.
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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
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• A Threshold-type Cherenkov detector using a silica
aerogel (n=1.0411) [7] and wavelength-shifting fibers.

• An effective area: 300×100	mm'

• 40K β rays cannot emit Cherenkov photons.
• Cosmic ray μ is suppressed at zenith angle of 0-90°.

Suppressing	the	Background

Signal	Model	Development

Result	&	Conclusion

6.6. CONCENTRATION

The efficiency for 137Cs and 40K was determined same as for 90Sr. The 2
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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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The detection efficiency was estimated
by the signal model. In threshold of 1, 2,
and 3 σ, the efficiency curves indicate the
detector performance at one hour
measurement.

6.4. CORRECTION OF THE POSITION DEPENDENCE

Table 6.1: The best fit parameter in the signal model

Source α k
90Sr 2.50± 0.50 (6.23± 0.13) Bq−1 h−1

137Cs 0.532± 0.044 (4.77± 0.09)× 10−3 Bq−1 h−1

40K 1.067± 0.106 (1.95± 0.04)× 10−2 Bq−1 h−1

6.4 Correction of the position dependence 2

An effective area of the detector is 300 × 100 mm2. The detector has a 3

response depending on the source position. Because β rays from the 90Sr are 4

emitted isotopically, it is clear that the yields are less at the edge than in the 5

center. The relation of the source position and kSr is shown in Fig. 6.5. The 6

left is two dimension color histogram in the source position X and Y . The 7

right shows a plot of relation between X and kSr. The black, red, green, blue, 8

and yellow lines are for Y = 10, 30, 50, 70, and 90 mm. The coefficient was 9

corrected to be k̃Sr = (4.11± 1.91) Bq−1 h−1 as average of these values. 1

Source position X (mm)
0 50 100 150 200 250 300

So
ur

ce
 p

os
itio

n 
Y 

(m
m

)

0

20

40

60

80

100

)-1
k 

(B
q

0

1

2

3

4

5

6

VETO × AC(M>2) ×SFT 

0 50 100 150 200 250 3000

1

2

3

4

5

6

7

8

9

kk

Source position X(mm)

So
ur

ce
 p

os
iti

on
 Y(
mm

)

Source position X(mm)

K Z
[(B

q^
" ℎ

^"
)

K Z
[(B

q^
" ℎ

^"
)

Y = 10	mm
Y = 30	mm

Y = 50	mm
Y = 70	mm

Y = 90	mm

Fig. 6.5: Source position dependence of kSr.

40

6.3. SIGNAL MODEL

6.3 Signal model 2

The signal model originated from each source was developed based on 3

experimental data. It was considered that the background is consistent with 4

the Poisson distribution. The background is approximated to the Gaussian 5

distribution for a simplify the model. The background distribution ΓBG(n) 6

is given as 7

ΓBG(n) =
1√

2πσ2
BG

exp

(
−(n − νBG)2

2σ2
BG

)
, (6.1)

where n is the number of counting rate, νBG = 35.1 h−1, and σBG = 6.0 h−1. 8

The counting rate distribution for the source x represents as a convolute 9

integration with the background rate of 10

Γx (n) =

∫
dñ φx (ñ) · ΓBG(ñ − n), (6.2)

where x = 90Sr, 137Cs, and 40K. 11

I developed a signal model for the reconstruction of the distribution φx(n), 12

which is given as 13

φx(n) =
e−ν/α2

(ν/α2)n/α
2

Γ (n/α2 + 1 )
, (6.3)

where ν is the mean number of counting rate, α is the deviation factor which 14

was obtained by fitting data, and Γ (n) is the Gamma function. This model 15

was transformed into ν → ν/α2 and n → n/α2 in the Poisson function 16

P (n, ν). 17

The fitting χ2 depending on free parameter α is shown in Fig. 6.2, where 18

χ2 =
∑

i(yi − φ(ni,α))2/σ2
i . The black dots are the χ2(α) and the red line is 19

a quadratic function fitting, which can interpolate between of the dots. The 20

parameters were determined to be αCs = 0.532±0.044 with νCs = 124.1±0.2 21

and αK = 1.067± 0.106 with νK = 9.7± 0.2 as the minimum of χ2 (listed in 22

Table 6.1). 23

As the results of the fitting, the simulated signals φx(n), Γx (n), and 24

ΓBG(n) and the data are shown in Fig. 6.3. The filled red and blue areas 25

are, respectively, the simulated signals φCs(n) and φK(n). The doted black 26

area and the red line are background rate of the data and simulated ΓBG(n), 27

respectively. The hatched red area and magenta line are the counting rate 1
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where 𝑛 is the number of counting rate,
𝜈 = 𝑘𝐴, 𝐴 is radioactive intensity, 𝑘 is the
coefficient (Bq-1 h-1), and 𝛤(𝑛) is the
Gamma function.

Detector background model 𝛤01 𝑛 and the signal model 𝜙3 𝑛 without
background and the signal model 𝛤4 𝑛 with the background were developed
based on experimental data given as

, ,

,

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

33

• γ rays (E>2 MeV) from 214Bi, 40K, 208Tl in concrete of the building
ceiling were observed by BGO γ energy spectra.

• The detector was shield externally by lead and brass blocks.
• By shielding external of the detector, the background rate was

reduced to 35±6 h-1 from 125±9 h-1.
• Neutral cosmic rays (γ shower of neutrons) with continuous energy

cannot be suppress completely by external shielding.

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 energy	spectroscopy	test

4.2. γ-RAYS ENERGY SPECTROSCOPY IN THE AIR

4.2.1 Setup 2

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

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

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

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

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

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

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

with optical grease. 10

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

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

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

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

via a light guide made of acryl. 15

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

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

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

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

13

Shielding external of the detector

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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Lower Limit Estimation
In a case of threshold set to 3σ
• 𝐴CD

EF%/𝑆 = 0.0153	Bq/cm'

at T=1 h, 𝑆	=300 cm2

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

Conclusion
• BGwas suppressedby external shielding.
• Signal model to reproduce the data was

developed.
• Contamination Limit of foods is defined as

100 Bq/kg by Ministry of Health, Labour and
Welfare, Japan.

• Detector performancemeets the requirement.


