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Abstract

In this thesis work, a new type of detector was developed in order to measure
strontium-90 (*°Sr) in real time. This detector based on Cherenkov radiation
detection can measure a radioactivity concentration of °Sr in a test sample,
e.g., food or water, within measuring time of one hour. A novel method to
read Cherenkov light from an aerogel radiator via wavelength-shifting fibers
was adopted. I studied the basic mechanism of the detection of Cherenkov
photons from silica aerogel via wavelength-shifting fibers. The light collection
efficiency for the fibers to absorb Cherenkov photons was estimated by several
test experiments and simulation calculations. By using this technology, the
effective area of inspection could be extracted while suppressing accidental
noise due to radiation such as vy rays from radioactive isotopes in the sample.
I studied the background from environmental radiation and its influence on
the detector performance. Although the result suggested the existence of
bismuth-214 ('Bi) (a radon progeny) in the air, it was found that the impact
can be negligible. I produced a prototype detector. It consists of a threshold-
type Cherenkov detector using silica aerogel with refractive index of 1.0411
and light guides by means of wavelength-shifting fibers, a trigger counter
using scintillating fibers, cosmic-ray veto counters using plastic scintillators,
and external lead and brass shielding blocks. The effective area was 300 x
100 mm?. The detector performance was estimated using radioactive sources,
9Sr, caesium-137 (137Cs), and potassium-40 (*°K). The “signal model” was
developed to reproduce detector performance and detection efficiency was
estimated with the simulated *°Sr signal of a few Bq. The detection limit
achieved 46 kg/Bq for a dried seafood sample at one-hour measurement in
the detector. This value is lower than the contamination allowance of 100
Bq/kg in food specified by the Ministry of Health, Labour and Welfare,
Japan, in 2012. The developed detector can be applied to the official real
time inspection of *°Sr contamination.
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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 37Cs and ?°Sr even 6 years after the
accident. [2,3].

In the decay chain of ®°Sr—0Y—%7r, 9Sr decays to *°Y by emitting a 3
ray (maximum energy of K., = 0.54 MeV) with a half life of 28.8 yr and the
daughter (°Y) decays further to ®°Zr by emitting a 3 ray (K. = 2.28 MeV)
with a half life of 64 h [4]. The [-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 °Y, and the radioactivity of *°Y is close to that
of 2Sr. The International Commission on Radiological Protection (ICRP)
estimated the effective dose coefficient of °Sr (°Y) and '37Cs for adults to
be 2.4 x 1078 Sv/Bq and 4.6 x 1072 Sv/Bq, respectively [5]. Strontium is
an alkali earth metal (same as calcium) and tends to accumulate in the bone
and remain there for long time. In the red marrow, the dose coefficients
of 9°Sr and 37Cs were estimated as 1.6 x 1077 Sv/Bq and 4.4 x 1072 Sv/Bq,
respectively, namely the coefficient of *°Sr is 36 times higher than 37Cs. This
ratio increases with decreasing age, reaching an estimated maximum value
of 126 in infants [5].
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Fig. 1.1: Energy spectrum of § ray from ?°Sr and Y.

1.1 Conventional method of ?Sr radioactiv-
ity measurement

The conventional method of measurement of °Sr concentration is based
on chemical extraction after a sample is burned and becomes ash, and it usu-
ally takes 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 to measure the radioactivity concentration
of %°Sr rapidly in real time [7].

In the methods to measure the end-point of the *°Y B-rays energy spec-
trum using a calorimeter or a magnetic spectrometer, it is very difficult to
identify the end point in the presence of cosmic rays and environmental ra-
diations [8]. In the range measurement method, the detection is limited by
accidental backgrounds. It was reported that the detection limit for *°Sr
concentration is a few Bq/g in a 10-min measurement in water, which corre-
sponds to 500-1,000 Bq/kg for a one-hour measurement [7,9].

A method of ?°Sr radioactivity measurement based on Cherenkov radi-
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ation was reported [10], in which the detection efficiency of 37Cs was sup-
pressed to (2-4)x107% in comparison with that of “’Sr by using a silica
aerogel radiator with a refractive index of n = 1.047 and a cosmic-ray veto
counter [11-14]. The detection efficiency was 0.024 in a 3-hour measurement
and the detection limit of 0.3 Bq was determined for an effective area of
5 x 5 cm? [14].

1.2 This study and motivations

In the present work, I developed a threshold-type Cherenkov detector to
measure ’Sr concentration based on using a silica acrogel but with wavelength-
shifting fiber light readout in order to achieve higher sensitivity to Y f rays
than to other # and 7 rays in a shorter measurement time of one hour, prac-
tically in real time.

In the conventional detector, a photomultiplier tube (PMT) was set on
one end of the aerogel radiator. The PMT is exposed to  or v rays from
other radionuclides in the sample or in the environment giving rise to acci-
dental backgrounds. In the present study, a challenging scheme to install a
Cherenkov detector system using wavelength-shifting fiber light readout was
proposed in order to suppress such noises. Although the detection efficiency
of %9Sr is reduced by using the fibers, this study aims to detect only 3 rays
from °Y by the suppressing other accidental background substantially.

The 8 rays from Y emit Cherenkov photons in the aerogel with energy
loss. The number of emitted photons was made clear, the light collection
efficiency in the wavelength-shifting fibers light guide was determined, and
the final number of photoelectrons observed in the PMT was measured in
this study.

As an environmental natural radioactivity, 2**Bi which is one of the radon
progenies emits [ rays with K.« = 3.27 MeV. Its influence the detector on
was investigated by measuring the 2'“Bi concentration on the sample surface
and in the air.

The prototype detector was produced together with cosmic-ray veto coun-
ters on the top and four sides. The detector performance was estimated using
radioactive sources. The “Sr source had a radioactivity of 23-24 kBq. The
behaviour of the output signal from the detector for the source was investi-
gated and a “signal model 7 was developed to reproduce the performance.
The detection efficiency corresponding to a few Bq °Sr source and a lower
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limit of radioactivity were estimated by using this model.

This thesis presents (1) a basic concept of the aerogel Cherenkov de-
tector using wavelength-shifting fibers, (2) the investigation of the effect of
background from the environment, (3) the prototype detector structure and
specifications, and (4) the performance of prototype detector.



Chapter 2

Basic concept of an aerogel
Cherenkov detector using
wavelength-shifting fibers

In this Chapter, the basic principle of the threshold-type aerogel Cherenkov
detector is presented and the functions of the components are described.
The light collection efficiency of the wavelength-shifting fibers for Cherenkov
photons was estimated in a cosmic-ray test and simulation calculation. The
suppression of accidental noise using the fibers was studied with radioactive
sources.

2.1 Cherenkov radiation

When a charged particle passes through matter of refractive index n with
a velocity v faster than the light velocity ¢/n, photons are emitted in the
direction with an opening angle 6 from the particle path. The Cherenkov
angle O¢ is given as cosfc = c¢/vn. Thus, there is a threshold for velocity v
or index n for the Cherenkov radiation.

The relation between the kinetic energy K of a  ray and the threshold
of refractive index ny, is given as

C
Ngph = — =
v

Rl




2.2. SILICA AEROGEL

where m, is the electron mass. This threshold condition for 3 rays from K
with K. = 1.31 MeV is ny, = 1.041. If n > ny,, the most serious source of
background may be “°K because potassium is commonly contained in most
samples in nature.

The number of Cherenkov photons is given as

1 800 nm d\
N =2ral | 1— — 2.2
™ ( NQBQ) /200 am A% 22

where « is the fine-structure constant, L is the radiator matter thickness
that the electron passes through, f = v/c, A is the wavelength of emitted
photons, and the integrated region is the range from the near ultra-violet
(UV) to visible-light (200-800 nm).

2.2 Silica aerogel

To satisty this requirement for the Cherenkov condition, silica aerogel
was adopted as the radiator, which is SiO, and has a low density, a low
refractive index, and high transparency for visible light. The aerogel with
a refractive index of 1.003-1.25 can be produced by controlling the volume
ratio of SiOy and air [15-18]. Further, aerogel without a hydrophilic property
was developed by a hydrophobic treatment [19], thus constant density and
refractive index for a long term of dozen years were obtained.

Cherenkov photons have a spectrum inversely proportional to the square
of wavelength (Eq. 2.2). However, aerogel has a lower transmittance in the
near UV range (200-380 nm). These spectra are shown in Fig. 2.1. The
green line is the original Cherenkov spectrum normalized to 1 at 200 nm.
The black lines are the transmittance 7'(A) depending on the wavelength for
the aerogel thickness of 1-6 cm. It is given as

T(\) = Aexp ( St) , (2.3)
where A is the amplitude (A = 1), C = 5.33 £0.03 ym*/cm [19], t = 1-6
cm is the thickness of the aerogel. It is mentioned that this transmittance
indicates the percentage of photons going straight ahead, in which optical ab-
sorption and scattering in the aerogel is not considered individually. The red
lines are the spectra of Cherenkov photons passing through the depth of 1-6
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cm in the aerogel. This is calculated as the product of the original Cherenkov
spectrum and the transmittance. Therefore, the effective Cherenkov photons
spectrum has a peak at 300-500 nm. This spectrum curve is used in a simula-
tion to understand the optical collection efficiency of the wavelength-shifting
fibers.

1
0_9_ ......................... ...................... ...................... .................. D e
0.8\ ....................... ....................... ................... ..................... ........................
: : : 6 cm :
5CI1'1 .............................................
4cmi
Transmittance

Original Cherenkov spectrum

Intensity

Cherenkov spectrum emitted
from aerogel

A eSsereessieatn ==

N4 cm™5cm 6 cm ; ;
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

400 500 600 700 800

Wavelength (nm)

Fig. 2.1: The original Cherenkov spectrum (green), transmittances for aerogel
thickness t = 1-6 cm (black), and spectra of effective Cherenkov pho-
tons emerging from the aerogel of 1-6 cm (red).
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2.3 Wavelength-shifting fibers

A wavelength-shifting fiber is an optical plastic fiber including wavelength-
shifter in the core. The wavelength of the Cherenkov photon entering the
fiber is red-shifted and the photon is re-emitted isotopically. The photons
satisfying the total reflection condition at the boundary between the core and
the cladding are propagated to the ends of fibers and observed by PMTs.

A typical fiber has a single cladding structure. Because the refractive
indices of the core (with polystyrene) and the cladding (with polymethyl-
methacrylate) are 1.59 and 1.49, respectively, the critical angle is 69.6° ac-
cording to the Snell-Descartes law (the law of refraction). As a consequence,
the percentage satisfying the total reflection condition in re-emitted photons
is 6.2%, which is defined as the trapping efficiency. A double cladding fiber
has an outer cladding structure (fluorinated polymer with a refractive index
of 1.42) in addition to the single cladding structure, with a result of higher
trapping efficiency of 10.8% (with a critical angle of 72.4°). Thus, the double
cladding fibers were used, for which the trapping efficiency is approximately
1.74 times higher than in the single cladding fibers.

In this study, two-types of fibers, Kuraray B-3 and Y-11, were used, which
have 0.2-mm diameter and the double cladding structure. Their absorption
and emission spectra are shown in Fig. 2.2. The blue and green lines are B-3
and Y-11, respectively. Positive and negative spectra represent the emission
and absorption, respectively. In the primary test, fiber sheets with a size of
10 x 5 cm? were made using these fibers, and two layers of B-3 sheet were
arranged on the top and two layers of Y-11 sheet at the bottom. The B-3 fiber
has higher priority and was set on the top because the Cherenkov spectrum
from the aerogel match as the B-3 absorption region and it emits photons
with a short wavelength where the PMTs have a large quantum efficiency.
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Intensity
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Fig. 2.2: The emission (up) and absorption (down) spectra of wavelength-shifting
fiber B-3 and Y-11.
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2.4 Photomultiplier tubes

In this study, Hamamatsu R9880U-210, H11934-200, and R1250-03 were
used for PMTs. The efficiency depends on wavelength as shown in Fig. 2.3.
R1250-03 with a bialkali photocathode (the red dots) has maximum quan-
tum efficiency of 22% at 350-400 nm. The effective photo-cathode area has
a 120-mm diameter. R9880U-210 and H11934-200 with an ultra bialkali
photocathode (the black dots) have maximum quantum efficiency of 40% at
320-400 nm. The effective photo-cathode areas of R9880U-210 and H11934-
200 are 8 mm in diameter and a square of 26.2 mm, respectively.

RI88OU-210 --veeeveeee-
H11934-200

125003 T

—
S

Quantum efficiency

1 0—2 Il Il Il Il I Il Il Il Il I Il Il Il Il I Il Il Il Il I Il Il I’ Il I Il Il Il Il

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 2.3: PMT quantum efficiency of R1250-03 (red) and R9880U-210 and H11934-
200 (black) as a function of the wavelength.

10
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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 experiment data and simulation cal-
culations. In the experiment, cosmic-ray muons have an energy of a few
GeV and the velocity close to the light velocity (8 ~ 1). Thus, the yield of
Cherenkov photons is large. In the simulation, I developed a spectra model
(described above) and compared with the data.

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

The box in which the aerogel is mounted was attached to an inner re-
flection mirror made of aluminised Mylar film. The Cherenkov photons are
guided to the outlet by a 45-degree reflector to downstream. The outlet size
was 5 X 10 cm?, on which (a) a 5-inch PMT (R1250-03) or (b) a wavelength-
shifting fiber sheet with four PMTs (R9880U-210) were connected.

Cosmicray muon Cosmic ray muon

(a)

Silica aerogel

Wavelength-shifting
fibers

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 the 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,v) = e "k /k! expected for the pedestal peak. The mean

11
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number of photoelectrons (V,,..) (= v) was estimated by fitting. The pedestal
events were approximately 17% of the total. It is considered that there are
also processes not emitting Cherenkov photons 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.

2E D =10 mm 18E- D =20 mm oF D =30 mm
20— | - C
3 (Nyo)=49 +02 | "¢ (Npo)=86+02 | f {Npe) =108 03
b 2 | 2°% 2/NDF = 29.5/37
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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 (N, . ) 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 (N,.) tends to increase proportionally
with D. In the simulation, the number of photoelectron N, . observed with
the PMT is given as

A) TN L) - eret
\2
where L is the path length of the Cherenkov photon in the aerogel, A is

the wavelength, eqr(\) is the quantum efficiency of the PMT used (R1250-
03), T'(A, L) is the transmittance in the aerogel which is transformed from

Ny = 270t / i Ee! + Ny, (2.4)
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2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

t to L/cosfc (see Eq. 2.3), eyt is the reflection factor, Ny 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, . and Ny were
determined to be 0.466+0.004 and 1.42+0.03, respectively, with x2, = 30.7
between the data and simulations. The observed number of photoelectrons
is proportional to the thickness, and the slope is (3.20 +0.17) x 10~! mm™1.

The average detection efficiency is 83 + 2% as shown in Fig. 2.6 (right).

(Np.e.)
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+(1.714 0.39)

X2 /NDF = 1.46/4

Efficiency

09F
08F
07F
061
05E
0.4
=
02F

-
0.1

IS S S

-

!

Average 0.83 + 0.02
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Fig. 2.6: Mean number of photoelectrons (I, ..) (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 Néjg 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 0.264-0.02,
0.23 £0.02, 0.09 4 0.01, and 0.10 & 0.01, respectively. The total numbers of
photoelectrons > i NI(;Q, in the aerogel thickness D = 10-60 mm are shown
in Fig. 2.8. The mean N, . was analyzed in the scheme of Poisson func-
tion P(k,v) by regarding the inefficiency to be corresponding to P(k = 0,v)
which is just exp(—v). Since (N,.) = v in the Poisson distribution, the
relation was obtained as

(Npe) = v = —In(inefficiency). (2.5)
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2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

Further, the pedestal events have accidental noise with the fraction of
17% same as in the method of direct PMT readout. The detection efficiency
corrected for the efficiency/0.83 depends on the thickness D and is shown in
Fig. 2.9 (left). The relation between (N,.) and D is also shown in Fig. 2.9
(right). The black dots are the data and the red line is the fitting function of
(0.8540.11) (1—exp{—D/(27.246.5) })+0.060+0.012 with x*/NDF = 3.92/4.
The blue open circles are the simulations. In the simulation, the absorption
and re-emission factor in the wavelength-shifting fibers is unknown, thus the
factor was determined by comparing N,. with the data. The number of
photoelectrons observed via the fibers is given as

T()\, L) * Eref
Np.e. = 2’/TOé/d>\dLT

{ gcore ()‘ /\ )EtrangE(/\ )d)\/
1
+ égcorc (/\ N ) (?;mll()\/ AN)( 5trap>5trap€QE(/\”)d/\”

+ (1 - gcoro )gg{)rcll(/\v )‘H)gtrangE(/\//)d/\”}
+  No, (2.6)

where eqg(A) is the quantum efficiency of the PMT (R9880U-210), geore(A, A')
is the absorption and re-emission factor in the core of wavelength-shifting
fibers B-3 and Y-11, ey, is the trapping efficiency of 10.8%, and N is
the number of photoelectrons originated from Cherenkov radiation in the
air observed via the fibers. This factor geewe(A, ') is the operator in the
simulation to red-shift the wavelength from A to A" as shown Fig. 2.2 and it is
assumed that the percentage of both factors is the same for B-3 and Y-11. In
the curly brackets of Eq. 2.6, the first term represents the Cherenkov photons
which meet the conditions to be absorbed in the B-3 fiber, red-shifted, re-
emitted isotopically, satisfying the total reflection condition in the fiber, and
then finally observed in the PMT. When the Cherenkov photon does not
satisfy the total reflection condition in the B-3 fiber, it leaks out from the fiber
and cannot be observed by the PMT. The second term denotes the leaking
photon from the B-3 fiber but are absorbed by one of the Y-11 fibers under
the the B-3 sheets, further red-shifted, and then observed. The acceptance
factor is 1/2. The Cherenkov photon unabsorbed in a B-3 fiber enters the
Y-11 fiber sheets. The third term represents the Cherenkov photons observed
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2.5. MEASUREMENT OF LIGHT COLLECTION EFFICIENCY

in the PMT via the Y-11 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 geore = 0.435 £ 0.003 and
Ny = 0.148 4 0.006 with x2. = 6.6.
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Fig. 2.9: The corrected detection efficiency (left) and mean number of photoelec-
trons (Np..) (right) depending on the aerogel thickness D.

As a result, the transmission characteristics of the Cherenkov photons
from the silica aerogel to the PMT could be understood. An optical simu-
lation 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 originating from
cosmic-ray muons in the aerogel with a thickness of 60 mm for both cases of
direct PMT readout 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 the 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 reach the fibers tends to decrease depending on the
aerogel thickness. Therefore, the collection efficiency increases depending
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Fig. 2.10: Spectra of Cherenkov photons emitted from the aerogel (black), photo-
electrons observed by PMT directly (yellow) and via the B-3 and Y-11
fibers (red), which is composed of B-3 (blue), Y-11 (green), and the
leakage from B-3 to Y-11, and photons collected by B-3 and Y-11 fibers

(cyan).

on the aerogel thickness as shown in Fig. 2.11, where the open circles are
the simulation data and the red line is a fitting function of (7.92 £+ 0.76) x
1073(1—exp(—D/(11.74£1.2)))+(5.7840.80) x 10~3. The collection efficiency
saturates at 1.37 £+ 0.15%.
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Fig. 2.11: Light collection efficiency versus the aerogel thickness D.
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2.6. IMPACT OF CHARGED PARTICLES PASSING THROUGH THE
FIBERS

2.6 Impact of charged particles passing through
the fibers

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

Cosmic ray muon

Fig. 2.12: Setup (left) and distribution of photoelectrons (right).

It is assumed that the Cherenkov photons are emitted in the fibers when
the cosmic-ray muon passes through the fibers. The fiber has a 0.2-mm
diameter, a refractive index of 1.59, and a density of 1.06 g/cm?® in the
core. A sheet consists of four layers. In the simulation, an average 82.7
Cherenkov photons were emitted from the fibers and it was predicted that
(Npe.) = 0.17 should be observed by the PMTs connected to both ends of the
fibers. Therefore, this data is not consistent with the simulation calculation.
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2.7. CHERENKOV PHOTONS FROM SR AND Y 3 RAYS

It was found that the wavelength-shifting fibers emit photons by different
principles from Cherenkov radiation when a charged particle passes through
the fiber. It is considered that the wavelength shifter in the fiber has an
emission property similar to the scintillation radiation.

2.7 Cherenkov photons from “’Sr and Y 3
rays

I estimated the number of Cherenkov photons from ?°Sr and °Y 3 rays
and the photoelectrons observed in the PMT using the simulation model
prepared above.

The energy spectrum of *°Sr and °Y /3 rays has a continuous distribution
as shown in Fig. 1.1. The [ rays lose energy in the silica aerogel passing
through there, and eventually they do not satisfy the Cherenkov condition,
e.g., 2.28-MeV [ ray which passed through the aerogel of 8-mm length or
more becomes K < 1.31 MeV and emits no Cherenkov photons. It was
calculated that the 2.28-MeV f ray emits a total of approximately 16 photons
in the aerogel. The relation between K., and the number of Cherenkov
photons N in the simulation is shown in Fig. 2.13 (left). The percentage
distribution of N emitted by *°Sr and Y B rays depends on the [-ray
energy spectrum as shown in Fig. 2.13 (right).

A test was performed in order to observe Cherenkov photons from the
aerogel by Y 8 rays. The wavelength-shifting fiber light guide was set to
the downstream of three layers of the aerogel tiles with n = 1.041. A trig-
ger counter sheet made of a scintillating fiber with 0.2-mm diameter was
set to the upstream of the aerogel and a 23.6 kBq °Sr source was put on
the upstream of the trigger counter, namely the photoelectrons of the PMT's
connected to the fibers were measured when a Y 3 ray passes through the
trigger counter. A black sheet was put between the aerogel and the fibers
for optical shielding. The events with Cherenkov photons from the aerogel
were observed by comparison of the data with and without the optical shield-
ing. Fig. 2.14 (left) shows the distribution of photoelectrons with (magenta)
and without the optical shielding (black). The peak at 6-8 p.e. suggests
events which emit photons when the § rays enter the fibers. The difference
of these distribution is shown in Fig. 2.14 (right). The red line is a fitting
function which has a Gaussian function for the pedestal and also a Poisson
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2.8. ACCIDENTAL NOISE BY 37CS v RAYS
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Fig. 2.13: Relation between [-ray energy Kp.x and the number of emitted
Cherenkov photons N in the silica aerogel with n = 1.041 (left) and
percentage distribution of the number of Cherenkov photons N from
the silica aerogel by ?°Sr and °Y 3 rays (right).

function. For the Gaussian function, a mean value of 0.00 £0.10 and a stan-
dard deviation of 0.10 4 0.02 were determined, and for the Poisson function,
v =0.7240.13 and a = 0.24+0.12 were determined with y?/NDF = 66.3/33
for the combined functions.

As a result of integration of the fitted Poisson function, the Cherenkov
photons from the aerogel by *°Y /3 rays could be observed to be 2.4+1.3 s7*
using the wavelength-shifting fibers. This result was consistent with a pre-
dicted count rate of 2.35 s~1 by the simulation calculation, when the radioac-
tivity of "°Sr source is 23.6 kBq, the experimental acceptance is 9.9%, and
the calculated efficiency is 5.04 x 107 for °Sr and *°Y. This efficiency was
calculated from (1) the coefficient of 1.84 x 1072 from N to (N, .. ) observed by
the PMT via B-3 and Y-11 fibers and (2) the relation between the detection
efficiency and (N, .) (see Eq. 2.5).

2.8 Accidental noise by ¥"Cs ~ rays

I investigated the responses to accidental v rays in the cases of direct
PMT readout and via the wavelength-shifting fibers. It is known that 37Cs
emits a 662-keV v ray 2.55 ms after the 5 decay with a branching ratio of
94.4% [4].

In a setup, a 5-inch PMT (R1250-03) or the fiber light guide of B-3
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Fig. 2.14: Distribution of photoelectrons with and without the optical shielding
using the wavelength-shifting fibers (left) and the difference of these
data (right).

and Y-11 were set on the downstream of the trigger counter and a 3"Cs
source was put on the upstream of the trigger counter. The distribution of
photoelectrons is shown in Fig. 2.15. The black and red are, respectively,
the data in the case of the 5-inch PMT readout and of the fiber light guide.
The detection efficiency with 0.5-p.e. threshold for the direct PMT and fiber
readout were 0.91+0.02% and 0.10+0.01%. The ratio of efficiencies for direct
PMT reading to that for fibers reading was 11.0 4+ 1.1% and was defined as
the accidental noise ratio.

When the v rays hit the entrance window and photocathode of the PMT,
noise signals are produced. In the entrance window, electrons which are
knocked out by the v rays emit Cherenkov photons. In the photo-cathode,
knocked out electrons produce noise signals directly. When the ~ rays hit
the fiber, knocked out electrons can emit photons in the fibers.

The probability of «-ray interaction depends on the amount of substance.
The entrance window of PMT has a density of 2.6 g/cm? and a thickness of
2-3 mm. The fiber light guide has a density of 1.06 g/cm? and a thickness of
0.8 mm. The material ratio of the fiber to the entrance window of 11-16%
corresponds to the ratio of the probability for v rays and can explained the
experimental accidental noise ratio. Therefore, it was demonstrated that the

method of fiber light guide can suppress the accidental v rays more effectively
than the direct PMT method.
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Fig. 2.15: Distribution of photoelectrons for '37Cs v rays in direct PMT readout
(black) and B-3 and Y-11 fibers readout (red) for those events with
Npe. > 0.5 (black and red hatched areas).

2.9 Result

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

in comparison with the method of direct PMT read-out. For an actual S-ray
sample inspection, it is required to extend the effective area. In this case
also the method of fiber light guide can suppress the noise increase due to
the extension of the effective area.
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Chapter 3

Background study of
environmental radiation

In the measurement of a few Bq °Sr radioactivity, the environmental
radiation can become the background noise. At first, since the cosmic-ray
muon is known well, this is described succinctly in this Chapter. There are
2387 and ?*?Th in building concrete and the v rays with E, > 2 MeV from
214Bj and 2°8T1 as the progenies can be observed. After 222Rn decays in the
air, the radon progenies may fall on the sample surface. It is possible that
the 8 ray from 2'Bi as the progenies with K .x = 3.27 MeV become uback-
ground noise. Furthermore, the air may contain 2'“Bi. In this Chapter, the
influence of the background noise on detector performance are investigated.

3.1 Cosmic-ray muons

Cosmic-ray muons pass through the detector in this background study
and emit Cherenkov photons in the silica aerogel since the velocity is close
to the light velocity. Cosmic-ray veto counters made of plastic scintillators
were set on four sides of the Cherenkov detector as well as over the detector
because the cosmic-ray muons come not only from the top of the zenith angle
but also from the side. The veto counters are required to have a detection
efficiency of more than 99.9% for cosmic-ray muons.
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3.2. 7-RAYS ENERGY SPECTROSCOPY OF THE AIR

3.2 ~v-rays energy spectroscopy of the air

It is known that there is ?*?Rn in the air, which is one of the progenies
in the 28U decay chain. The half life is 3.8 days. It emits alpha rays of
5.49 MeV [4]. The average annual radiative dose is estimated as 1.15 mSv
for the radon inhalation with the mean concentration of 45 Bq/m? in the
air [20]. Bismuth-214, as one of the ?*Rn progenies, emits beta rays with
a maximum energy of 3.27 MeV, which satisfies the Cherenkov condition.
Thus, the estimate of the radioactive dose has to take into account this
contribution, if 2'*Bi stays in the air.

3.2.1 Setup

The energy spectrum of gamma rays originating from the radioactive
isotopes in the air was measured indoors and outdoors. The experimental
setup in the case of outdoors is shown in Fig. 3.1.

A BGO (BiyGes0O42) scintillator with a size of 50-mm diameter, 50-mm
depth, and density of 7.10 g/cm® was used as the detector. Teflon sheets
were attached to the top and side faces as diffuse reflectors, and the bottom
surface was connected to a PMT (Hamamatsu R6231) with optical grease.

In order to suppress the cosmic-ray muon background three veto counters
were placed on the top, front, and back sides of the BGO crystal. Each
one of the veto counters consisted of a plastic scintillator with a size of
200 x 100 x 5 mm?3 and a PMT (Hamamatsu H1161) was connected on both
ends via light guides made of Acryl.

Twenty four layers of lead plates with the size of 990 x 392 x 4 mm? (96-
mm thick) were set under these detectors in order to suppress the background
gamma rays from the surrounding concrete structure. Brass blocks with a
thickness of more than 50 mm were also used as the top and side shielding.

3.2.2 Monte Carlo simulation

For comparison with the results of the tests, the energy spectra of gamma
rays emitted from radionuclides 2'4Bi, 2°T1, and °K in the BGO detector
were calculated with a Monte Carlo (MC) simulation code of GEANT4, in
which the energy resolution o depending on E was considered. In the box
of the radiative shield with brass and lead blocks, the background from the
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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 indoors and outdoors are shown in Fig. 3.2.
The red and blue solid lines are the experimental data indoors and outdoors
on the roof, respectively. The energy flux above 3 MeV that were observed
commonly indoors and outdoors is understood to be bremsstrahlung v rays
from cosmic-ray muons mainly. The red dashed line presents the flux of
the bremsstrahlung + rays. The green, magenta, and cyan dashed lines are
the MC-calculated yields for 214Bi, 9K, and 2%8T1, respectively, assuming a
concentration of 1 Bq/m?® in the air. The black line is the subtraction of
the neutral cosmic rays from the data indoors. As a result, the peaks from
214Bi, YK, and 2%®T1 were observed at 1,720 keV, 1,462 keV, and 2,600 keV,
respectively, indoors, however these peaks were not observed outdoor on the
roof. The reason is considered to be the fact that there is a concrete ceiling
which contains 21*Bi, 4°K, and 2°8T1 over the detector indoor but not outdoor.

It was found that the noise of gamma rays from concrete and cosmic
ray -y shower (consistent with ref. [21]) is dominant for the observation of
v rays emitted from 2'Bi in the air. For the 1,720-keV peak observation,
the detection limit of ?!Bi concentration is estimated to be 100 Bq/m?
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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, 4°K, and 2°8T1 with 1 Bq/m3 in the air are also
shown.

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

Although the 2“Bi radioactivity was not observed this time, its upper
limit was determined to be 100 Bq/m? in the air in the presence of neutral
cosmic ray background. This level of background from 2Bi in the air is
negligible to measure *°Sr concentration in the detector with air volume of
5-10 L because the 2!4Bi concentration corresponds to approximately 0.5-1
Bq in the sample.

In this study, the accidental noise was due to the events of v rays with
E, > 2 MeV emitted from 2'Bi and 2*®Tl in concrete blocks rather than
that from 2'Bi in the air. Thus, the detector should be shielded externally.
However, it is not easy to suppress most of these events with the consequence
that high energy neutral cosmic rays sets a limit in the measurement.
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3.3 [-rays surface inspection of sample sheets
adsorbing radon progenies

3.3.1 Setup

The setup is shown in Fig. 3.3. The (8 rays emitted from the hermetically-
sealed air inside the box were measured using a [-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 2“Bi, 2°8T1, and
40K in the concrete. With this thickness, 85% of these backgrounds could be
suppressed at £, = 2 MeV.

The detector used scintillating fibers (Kuraray SCSF-78MJ), and PMTs
(Hamamatsu R9880U-210) on both ends. The effective area of the scintillat-
ing fibers was 30 x 10 cm? (see Fig. 3.3.).
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Fig. 3.3: Setup for the 8 ray measurement. A schematic cross section of the de-
tector.
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Fig. 3.4: The B-ray counter based on scintillating fibers with an effective area of
30 x 10 cm.

3.3.2 Detection efficiency

A 9Sr source with 23.6 kBq was set under the -ray counter for the
estimation of the detection efficiency. The event rate Ns, was (2.049 +
0.002) x 107 h™'. The detection efficiency was deduced to be (8.68 & 0.01) x
102 Bq~! h™! by calculating (Ns; — Npa)/As, T, where Npg is the number
of background event without the source, As, is the radioactivity of the
source, and 7' is the measuring time. Npg was measured in advance to
be (3.67+£0.14) x 103 h™!, where the error represents the standard deviation
of 60 measurements.

3.3.3 Sample

The sample sheets used were made of 11-pum thick polyethylene with a
size of 30 x 10 cm? and a density of 1.4 g/cm?®. The samples were placed
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. In order to gain the
radon progenies yield in the measurement, ten layers of sheets were set in
the detector.
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3.3.4 Monte Carlo simulation

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

3.3.5 Time spectra of count rate

The measured time spectrum of the polyethylene sheets which were ex-
posed for 4 h 40 min in the roomair is shown in Fig. 3.5. The black
dots are data, the red curve is the fitting for three radioisotopes in the
chain 2®¥*Po —24 Pb —2" Bi, the green dashed line is the background
rate, and the blue dashed line is a simple exponential function of (3.22 +
0.04) exp(—t/In2 11/2) + 1.02 £ 0.01 with 715 = (0.95 4 0.02) h and with a
fit quality with x?/NDF = 0.32/69. The red function is given as

/\1)\2I81)
t = exp(—Aqt
f() ()\1_)\2)()\1_)\3> p( 1)
)\1/\2.1‘81) )\QZE(()Q)
+ + exp(—Aot
<(A2—A1)<A2—A3) N ) PN
)\1/\21’(()1) )\2&7(()2) (3)
—Ast
+<(>\2_>\1)<)\2_)\3)+)\3_)\2+x0 exp(—Ast)
+RBG7 (31)

where \; = 1/In2 7'1 /2, 7o) is the initial intensity of count rate for each radon

progeny, and j = 1, 2, and 3 represent *'*Po, 21*Pb, and *"Bi, respectively.
Tl% are half lives of 2P0 (3.1 min), 2"Pb (26.8 min), and ?*Bi (19.9 min),
respectively.

3.3.6 Radioactivity concentration

The concentration of radioactivity in the sample A is given as

k
A= Z — Rpa) At ng (3.2)
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Fig. 3.5: Result of the S-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(t;) and Rpg are the counting number of signal and background
for 10 min, At is 10 min, g, is the estimated detection efficiency for ?°Sr,
n. = 0.37 is the ratio of the “°Sr efficiency to that for the radon progenies,
k, is the correction coefficient, and S is the effective area of 30 x 10 cm?. 7.
was estimated by calculating the detection efficiency for these radionuclides
in a MC simulation calculation. k, = 1.15 is the correction for the difference
between the inner layers and top layers in the polyethylene sheet. As a result,
this polyethylene sample sheet had the concentration of contamination of
(17.945.8) Bq/m? in a layer, where the error contains the standard deviation
of background rate, a fluctuation of the counting error, and the uncertainty
of counts due to 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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cles are data and the red curve is the fitting function of (17.9 £+ 0.5){1 —
exp(—(t/(1.68+0.06) h))} with the exposure time ¢ with x?/NDF = 631/11.
As a result, it was observed that the amount of radioactive concentration
related to radon progenies exponentially is depending on the period 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 count rate result, the half life was determined by a simple expo-
nential fitting. This indicates a fluctuation of the ratio of radon progenies
(18P0, 21Pb, and 2'Bi) on the sample sheet just before inspection. Figure
3.7 shows the relation between the time constant (half life) and the exposure
time. The open circles are data. The 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 in the sample becomes constant.
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Fig. 3.7: Result of the S-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 :c((]l), :1:'82), and xé3) in Eq. 3.1 are, respectively, the

initial intensity of count rate for 2'¥Po, 2'4Pb, and 2Bi. It is implied that
the ratio of 2" : 2 : 2% is the concentration ratio of 218Po:214Ph:214B;
attached to the sample just before inspection. The relation between the
ratio and the exposure time for the sample put on an Al plate is shown in
Fig. 3.8. The black, red, and blue dots are the ratio of radon progenies 2'8Po,
214Ph, and 2B, respectively. The reason why the error for t < 1 h is large
is statistics due to small concentration of radioactivity on the sample. The
ratio of 218Po just after the exposure shows a significant existence of '*Po
on the sample, while those of 2!4Pb and 2!“Bi are dominant after one hour.

Here, a scenario is considered that only 2'¥Po falls on the sample just after
the radon decays in the air, namely there is no radon progenies in the air.
The black, red, and blue solid lines are the behaviour of 2'8Po, 2'“Pb, and

214Bi on the sample in this scenario as shown in Fig. 3.8, respectively. This
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result suggests that we should reject the scenario clearly that *'8Po is only
falling. Because, the 2!¥Po, 2Pb, and ?'Bi should be in the radioactive
equilibrium condition only if 2'®*Po is adsorbed and decays on the sample.
Therefore, it is suggested that there are not only 2!¥Po but also 2'“Pb and
214Bi in the air. The best fit scenario for exposure time ¢ > 1 h is showed as
the dashed lines in Fig. 3.8, where the ratio is 2!8Po:214Ph:2Bi=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/m?
were attached to the sample sheets. It is not negligible to inspect with a
large effective area, thus the sample should be not exposed to the air. It
is suggested Indirectly that there are the radon progenies in the air. This
suggestion could be a clue for a search for reason of lung cancer occurring
in non-smokers by attributing in to the exposures to the radon progenies by
inhalation.
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Chapter 4

Design of a prototype detector

I produced a prototype detector after some prototyping [22-24]. The
cross section of this detector is shown in Fig. 4.1, which is composed of (1) a
threshold-type aerogel Cherenkov detector using wavelength-shifting fibers,
(2) a trigger counter using scintillating fibers, and (3) cosmic-ray veto coun-
ters using plastic scintillators and wavelength-shifting fibers. In addition,
it is shielded using lead and brass blocks to suppress the background noise
originated from environmental radiation. In this section, the specification of
each component of this prototype detector is described in detail.

700 mm

Plastic scintillator

7

fibers
m)

| _Silica
(n=1.

ngth- —

S\\I0mm| [oeeeq

>
10 mm

eroge
411)

Scintillating fibers
(¢0.2mm)

170 mm
§ 20 mm
TWaveI
Cherenkov (Sgl(f)tlzn
radiation .
P -
000000005, )
15mm | ! :\ 15 mm
! Brays s
Oﬂsr(‘JOY) '
.'Q—Vl
. 100mmi
Side view

Fig. 4.1: Structure of the prototype detector.
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4.1. THRESHOLD-TYPE CHERENKOV COUNTER

4.1 Threshold-type Cherenkov counter

The threshold-type aerogel Cherenkov counter is characterised by the
application of two kinds of wavelength-shifting fibers (Kuraray B-3 and Y-
11) with different absorption-wavelength regions.

It has nine tiles of silica aerogel (96x96x10 mm?®) with a mean refrac-
tive index of 1.0411, density of 0.15 g/cm?, and the transmission length of
40.8 mm at 400-nm wavelength. The properties of these silica aerogel tiles
are listed in Table 4.1.

Table 4.1: Properties of the silica aerogel tiles. The error of the mean value indi-
cates scattering of the value.

Tile Refractive index Transmission length (mm)
MEC4-1a 1.0408 41.0
MEC4-1b 1.0411 38.6
MEC4-1c 1.0412 39.2
MEC4-2a 1.0414 40.9
MEC4-2b 1.0414 41.2
MEC4-2c 1.0414 41.7
MEC4-3a 1.0408 41.7
MEC4-3b 1.0410 41.4
MEC4-3c 1.0411 41.7
Mean 1.04114+0.0002 40.8+1.1

These tiles were arranged into three layers. In this prototype detector,
the silica aerogel has two functions as a Cherenkov radiator and a shielding
matter for range measurement. The thickness of 3 cm was selected so as to
stop the 3 rays from K with K. = 1.31 MeV.

On downstream side of the silica aerogel, there are two-layers of B-3
sheets on top and two-layers of Y-11 sheets on the bottom, both with 0.2-
mm diameter and the double cladding structure. The effective area of the
fiber sheets is 300 x 100 mm?. Both ends of the fibers are connected to four
PMTs (Hamamatsu R9880U-210) os shown in Fig. 4.1.
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4.2 'Trigger counter

The trigger counter was placed 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 S rays emitted from *°Y in the
fibers. The (-ray 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 x 100 mm?. The ends of the fibers were connected to
PMTs (Hamamatsu R9880U-210).
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The number of photoelectrons

Fig. 4.2: Distribution of the number of photoelectrons observed in the trigger
counter with Y.

The number of photoelectrons observed in PMT connected to each end
of the fibers N; and N5 and the sum of both ends N; + Ny are shown in
Fig. 4.2, when 3 rays from °Y pass through these scintillating fibers. The
black, red and green histograms represent Ny, N1, and N; 4+ N, respectively.
Mean numbers are (N;) = 1.9540.03 p.e., (Ny) = 1.73+0.04 p.e., and
(N7 + No) =3.49+£0.04 pee.
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For suppressing the accidental background originating from PMT thermal
noises, the coincidence of two PMTs on the both ends was used as a trigger
signal at charged particle incident. The detection efficiency for the § rays was
estimated to be 59.5 4 0.04% for the threshold of 0.5 p.e. It was calculated
as (C1 - Cq) in binary logic, namely C; = 1 (N; > 0.5) or 0 (otherwise).

4.3 Veto counter

The veto counter is required to cover the trigger and Cherenkov counters.
It was produced based on a system using plastic scintillators and wavelength-
shifting fibers.

4.3.1 Primary test of the veto counter using cosmic-
ray muons

In order to understand the veto counter system using plastic scintillators
and wavelength-shifting fiber light guides, a primary test was performed using
cosmic-ray muons.

The setup is described below (see Fig. 4.3). Plastic scintillator plates with
a size of 100 mm (width) x 100 mm (long) x 5 mm (thick) were manufactured
by Oyokoken kyogyo Co., Ltd, Japan. Its four side faces were polished but
the top and the bottom faces were not polished. The two polished side faces
were connected to fiber-sheet light guides using wavelength-shifting fibers,
Kuraray Y-11, with a diameter of 0.2 mm. One end of the fiber bundle
with a polished surface was connected to a PMT (Hamamatsu R9880U-210).
The other end was covered with an aluminized Mylar sheet as a reflection
mirror. Two trigger counters with an effective area of 50 x 50 mm? were set
above and below the center of the plastic scintillator plate, where the trigger
counters consisted of scintillating fibers connected to a PMT (Hamamatsu
R9880U-210).

The signals from the trigger counter were input to a coincidence module
via a discriminator module whose output signal was a NIM-logical pulse
with 10-ns width. The output from the coincidence module was used as a
DAQ trigger. The signal from the detector with plastic scintillator and the
wavelength-shifting fibers were synchronized with the trigger signal. Thus,
an event in the trigger indicated cosmic-ray muon passing through the area
overwrapped with the trigger counters.
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Fig. 4.3: Setup in the primary test of the veto counter.

The mean number of photoelectron was observed to be 4.95+0.05 and the
detection efficiency was estimated as 95.8 + 1.3% for a threshold of 0.5 p.e.
(see Fig. 4.4) for the case in which the Y-11 fibers were 190 mm long and
four layers were stacked in the light guide. Single cladding fibers Y-11(300)J
were used and the plastic scintillator plate was covered with aluminum foil.

The attenuation length in the plastic scintillator was measured from the
relation between the number of photoelectrons via the WLSFs and the width
of the scintillator which were 100, 200, 300, and 400 mm. The trigger coun-
ters were placed above and below the center of the scintillator plate. The
attenuation length was determined to be 312 £ 15 mm by the exponential
function fitting of the data. Similarly, the attenuation length of the Y-11 fiber
was measured from the relation between the number of photoelectrons and
the propagation length along the fibers which were 190, 240, and 520 mm.
As a result, the attenuation length was determined to be 523 4+ 4 mm.

Different wrapping materials were tested. The materials used were alu-
minum foil (Al), white paper, white tape made of Teflon, black sheets made
of vinyl chloride. In addition, the case of Al attached to the top and the bot-
tom faces as well as white tape attached to the four side faces were tested.
The scintillator size was 100 x 100 x 5 mm?® and the Y-11 length was 190 mm.
The result is shown in Fig. 4.5. The largest photoelectron yield was obtained
in the case of aluminum foils, i.e., a better light collection was obtained by
reflecting photons at the top and the bottom.
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Fig. 4.4: Distribution of photoelectrons observed through the wavelength-shifting
fibers when cosmic ray muons passed through the plastic scintillator
plate. The cyan filled histogram represents the triggered events over
the threshold of 0.5 p.e.

The photon trapping efficiency (10.8%) in the double cladding Y-11(300)M.J
fiber was calculated in an optics simulation calculation to be 1.7 times higher
than that in the single cladding (6.4%) fiber. The photon yield for the Y-11
fibers with double cladding was measured, where the plastic scintillator size
was 100 x 100 x 5 mm?, and the fiber length was 210 mm, and the scin-
tillator was covered with the aluminum foil. As a result, the mean number
of photoelectrons observed was 8.14 £+ 0.12 and the detection efficiency was
determined to be 98.4 4 2.0% for a threshold of 0.5 p.e. The experimental
ratio R..q of photon trapping between two type of cladding was given as

_ Naexp(=Li/})

Rejoq = —2——1 2 4.1
PN exp(—La/N) (1)

where V; 5 is the number of photoelectrons in each cladding, L, o is the fiber
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Fig. 4.5: The numbers of photoelectrons in comparison of materials covering the
scintillator.

length, and A is the attenuation length of the Y-11 fiber. The deserved ratio
Ra.q = 1.71 £ 0.03 is consistent with the simulation calculation.

The dependence of the mean number of photoelectrons on the scintillator
thickness was measured by stacking the scintillators of 5 mm thickness (up
to a maximum of four plates), where the same Y-11 light guide and of length
280 mm and width 20 mm was used the scintillator part was covered with Al
foil. In the case of the 20-mm scintillator thickness, the number of photoelec-
trons increased to 26.9 4 0.2 and the detection efficiency became 99.713-3%.
The relation is sufficiently linear with a slope coefficient of (1.3040.02) mm™*
(see Fig. 4.6).

Optical grease (Saint-Gobain BC630) was used to attach the two side
scintillators faces to the Y-11 sheets. The grease had a density of 1.06 g/cc, a
refractive index of 1.465, and a flat transmission coefficient of approximately
95% in the wavelength range of 280-700 nm. When the grease was put in
the gap between these scintillators, the mean number of photoelectrons was
30.1 £ 0.6, and the detection efficiency became 100t2%, and there was no
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Fig. 4.6: Relation between the numbers of photoelectrons and the scintillator

thickness.

event below threshold (see Fig. 4.7 left). In addition, when the grease was
also placed in the gap between the scintillators and the Y-11 fibers, the mean
number of photoelectrons increased to 36.7 4+ 0.3 with a detection efficiency

8 10 12

of 10019% (see Fig. 4.7 right).
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gap between these scintillators (left) and further in the gap between the
scintillators and the Y-11 fibers (right).
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4.3.2 Components of the veto counter prototype

The veto counter system consists of two units. Each unit has one top side
counter, two long side counters, and one short sides counter. The structure

of the veto counter system is shown in Fig. 4.8.

The veto counter unit
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(® Top side

(DShort side @ Long side ® Top side
£ € c 9 9
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+——> —  »
50 mm 50 mm 200 mm

Fig. 4.8: Structure of the veto counter.

The top side counter is a block with a size of 200 x 350 x 20 mm? made of
four layers of the plastic scintillator with a thickness of 5 mm. Wavelength-
shifting fiber (Kuraray Y-11(300)MJ) sheets were connected to both side
faces of the block using 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 x 50 x 15 mm?
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 x 50 x 10 mm? made of two layers of scintillator. The Y-11 fibers were
also connected to both side faces using optical cement.

One of these fiber ends was connected to a PMT (Hamamatsu H11934-
200). The opposite end was connected to a reflector. The light propagation
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4.3. VETO COUNTER

length in the fibers was approximately 300 mm. The veto counter had an
inner volume of 170 x 680 x 50 mm?.

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 N, . is shown in Fig. 4.9 (left). A mean number (N,.) = 55.0£0.8
was observed when the muons passed through the center of the unit. The
right figure shows the relation between (N, ) 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 4+ 25 mm, and 50 + 25
mm. As a result, the mean number of photoelectrons was observed to be
50-60 at any position; 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 N, .. in the veto counter (left) and the relation
between the mean N, . and the muon-hit position (right).
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4.4. ELECTRONICS

4.4 Electronics

The PMTs were supplied with 1200 V by high voltage supply units
(REPIC RP-1637BS). All PMT signals in this detector were fed to discrim-
inators (REPIC RP-1637AS). The coincidence signals of the trigger counter
and the Cherenkov counter without a hit in the veto counter were counted
under the condition of H?:l C;-r“g =1 for the trigger, Z?:l C¢ > 2 for the
Cherenkov counter, and Z?zl C]Veto > 1 for the veto counter. Here, C; = 1
(N; > 0.5) or 0 (other).

\\ Trigger counte

(300 x 100 mm

HV

Discrimnator Discriminator | rRp_1637BS
RPL1637AS  [EAEES ' S RP-1637AS B

Fig. 4.10: Picture of the prototype detector and electronics hardwares.
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Fig. 4.11: The signal logics.
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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 y rays emitted from 2“Bi and ?°T1 in the surrounding concrete
blocks (see Fig. 4.12). Lead plates with 32-mm thickness were placed under
the detector. On the short sides, lead blocks with 50-mm thickness were
placed. On the long sides, lead plates with 32-mm thickness were placed on
the the brass blocks of 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/cm?, respectively.
The total attenuation coefficient for 2-MeV « rays in lead is 4.5x1072 g/cm?.
Thus, 3.2-cm thick lead, 5-cm thick lead, and 5-cm thick brass suppressed
2-MeV ~ rays with the fraction of 83.5%, 92.4%, and 83.7%, respectively.
For 99% suppression of the v rays, 9-cm thick lead and 13-cm thick brass
would be required.

32 mm 32 mm
«> -«
N 32 mm 32 mm
g iiﬁ\\&\\\\\\\\\\\\\\\&\\\\\ Lead AN \w\ \\\\\\\\\\\\\k\ NN
N t
= 25 mm Brass 25 r% m c
RN £
£ 3
I o
= 32mm Prototype 32 mm
- i detector N Y N\
—
50 mm 200mm 50 mm 50 mm 1000 mm 50 mm
Side view Front view

Fig. 4.12: A schematic cross section with side view (left) and front view (right) for
shielding by lead and brass blocks.
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Chapter 5

Performance of the prototype
detector

The performance of the prototype detector was estimated using radioac-
tive sources of °Sr, 137Cs, and “°K is presented in this Chapter. They were
placed one by one under the center of the detector, and the one hour count-
ing rate was measured dozens of times. The purpose of the detector was to
identify a sample that may contain °Sr. In a performance test of the pro-
totype detector, the sensitivity, namely the limit of °Sr concentration, was
determined for different threshold conditions. The tail of counting rate his-
togram, which is lower than the threshold was regarded as the in-efficiency of
9Sr detection. Then, the “signal model” to describe the detection efficiency
was developed based on the experimental data.

5.1 Radioactivity of sources

Radioactive sources of Sr, 137Cs (delivered by Japan Radioisotope As-
sociation (JRA)), and °K (described below) were used in this test. The
radioactivities of *°Sr and '¥7Cs were calculated to be 23.6 £ 0.3 kBq and
26.0 £ 0.5 kBq, respectively, from the initial calibration of 37 kBq at JRA
for both.

Because K sources are not available commercially, potassium chloride
(KCI1) was used as the “°K source. The KCI sample had a mass of 30.0 £0.1 g
and a radioactivity of 498 & 2 Bq from “°K. It was obtained from Hayashi
Pure Chemical Ind., Ltd. with a purity = 99.5%.
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5.2. COUNTING RATE

5.2 Counting rate

The one hour counting rate measurement was repeated dozens of times
and a histogram of THE one-hour count was produced. The background
rate without a sources, and the counting rates for the source of °Sr, ¥7Cs
and YK are shown in Fig. 5.1, as the black, blue, red, and green histogram,
respectively. The sources were placed under the center of the detector for the
one-hour measurement. The background rate without sources was Npg =
(35.2£6.0) h™! by a Gaussian fitting of the peak with x?/NDF = 4.73/11,
where NDF' is the number of degrees of freedom. Typically, this background
distribution is regarded as a Poisson distribution, P(n,v) = e~*v"/n!, where
n is the counting rate and v is the mean counting rate. Since n is large, the
distribution P(n,v) is approximated by a Gaussian distribution. Because
the statistical variation can be changed by fluctuation effects of the detector,
the distribution was analysed considering the deviation from the Poisson
function. The deviation factor a was introduced as the ratio of the standard
deviation o to the square root of the mean v (« = o/4/v), thus giving
apg = 1.01 £ 0.02.

The counting rate for %°Sr was Ng, = (1.454-0.01) x 105 h=! by a Gaussian
fitting with x?/NDF = 12.1/18 and ag, = 2.80+0.22, where the contribution
from the background was negligible.

The counting rates for ¥’Cs and K were Ngg = (159 4+ 8) h™! and
Nk = (45.1 £6.9) h™!, respectively. The contribution from the background
is not negligible in the calculation of « for these sources; therefore, it was
necessary to subtract the background contribution.

5.3 Signal model

The “signal model” was developed based on the experimental data. The
background peak form is consistent with a Poisson distribution as indicated
by the small x?/NDF. The background was treated as a Gaussian distribu-
tion I'gg(n) to simplify the model

1 (n — I/B(;)2}
Iga(n) = ———expy ———— ¢, 5.1
BG( ) \/@ p{ 20_]23G ( )

where n is the counting rate, vpe = 35.1 h™!, and ogg = 6.0 h™!. The
counting rate distribution for the source z can be represented as a convolute
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5.3. SIGNAL MODEL
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Fig. 5.1: The background rates and count rate of 1¥"Cs and “°K (left) and *°Sr
(right).

integration with the background rate
Iy(n) :/dﬁ ¢z (1) - I'pa(n —n), (5.2)

where 2 = 99Sr, 137Cs, and “°K.
I developed the signal model for the reconstruction of the distribution
¢.(n), which is given as

671//052 (V/a2)n/a2

I'(nja?+1) "~

Gz(n) = (5.3)
where v is the mean counting rate, « is the deviation factor which was ob-
tained by fitting data, and I'(n) is the Gamma function. This model performs
the transformation v — v/a? and n — n/a? in the Poisson function P(n,v).

The x? dependence on the free parameter « is shown in Fig. 5.2, where
X2 = YAy — ¢(ni, ) }?/o?. The black dots are the x?(«) and the red line
is a quadratic fitting function which can interpolate the dots. The best fit
as were determined to be ag, = 0.532 £ 0.044 with vo, = 124.1 £ 0.2 and
ag = 1.067 £ 0.106 with vg = 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 ¢, (n), I;(n), and
I'sg(n) were determined. These are as plotted in Fig. 5.3 together with
the data. The filled red and blue areas are, respectively, the deduced signal
functions ¢cs(n) and ¢k (n). The doted black area and the red line are the
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5.3. SIGNAL MODEL

Fig. 5.2: Fitting x? depending on the free parameter o for ¥7Cs (left) and °K
(right).

background rate of the data and the simulated I'sg(n), respectively. The
hatched red area and magenta line are the counting rate distribution for
137Cs and simulated I'cg(n), respectively. The hatched green area and the
blue line are the counting rate distribution for K and simulated Ik(n),
respectively.

It is considered that the mean counting rate v is proportional to the
radioactivity intensity of the source A, i.e., v = kA. The coefficient for 37Cs
and K are ko, = (4.77 £0.09) x 1072 Bq~! h™! and kg = (1.95 £ 0.04) x
1072 Bq~! h!, respectively.

For Sr ag, and kg, were measured with increasing the intensity of the
radioactivity as shown in Fig. 5.4 left and right, respectively. The black dots
are the data. kg, tends to decrease with the increase of the mean counting rate
v. It is considered that there is a source position dependence of the sensitivity
in the detector because the added sources were away from the detector center
as the intensity of radioactivity is increased. A dependence of ag, on v was
not observed. Therefore, the average of values of ag, = 2.504+0.50 and kg, =
6.23+£0.13 Bq~! h~! were obtained. In Fig 5.4, the red line is the mean value
and hatched red area represents the standard deviation. Therefore, in the
measurement of the “°Sr concentration, the prototype detector can suppress
the accidental background from '37Cs and ‘K by factors of k¢, /ks, = (7.65+
0.21) x 107* and kg /ks, = (3.13 £ 0.09) x 1073, respectively.
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SIGNAL MODEL
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Source position Y (mm)

5.4. CORRECTION OF THE POSITION DEPENDENCE

Table 5.1: Best fit parameter in the signal model

Source a k (Bq~'h™1)

05y 2.50 = 0.50 6.23+0.13
B70s  0.5324+0.044  (4.77 +0.09) x 1073
WK 1.067+£0.106 (1.95+0.04) x 1072

5.4 Correction of the position dependence

The effective area of the detector is 300 x 100 mm?2. The detector has

a response depending on the source position. Because 3 rays from the *°Sr
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 ks, is shown
in Fig. 5.5. The left panel shows the two-dimensional color-histogram for
position X and Y. The right figure shows kg, 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 kg, = (4.11£1.91) Bq~* h~!
taking an average of these values.
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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 count rate threshold was set at 30 from the
mean of the background rate. The background and the corrected signal of
10-Bq ?°Sr are shown in Fig. 5.6. The blue line is the background, the red
hatched area is the histogram of the **Sr count rate (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 signal was defined as the
detection efficiency of °Sr, which is therefore 73, (10 Bq) = 91.6 & 0.3% for
10-Bq *°Sr.
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Fig. 5.6: Distribution of the background and 10-Bq ?°Sr counting rate at one hour
measurement.

The detection efficiency dependence on the °Sr radioactivity for a one-
hour measurement is shown in Fig. 5.7. The black, red, and green dots
represent, respectively, the efficiency curves for the threshold conditions of
1o, 20, and 30. The least *°Sr radioactivity A’ satisfying the efficiency of
more than 50% was determined to be A”%% = 1.4 Bq, A% = 3.0 Bq, and
AR0% = 4.6 Bq. Similarly, the least *°Sr radioactivity satisfying the efficiency
over more 90% was determined to be A% = 54 Bq, AY"% = 7.6 Bq, and

lo

A% = 9.6 Bq. The least radioactivity indicates the observable lower limit
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5.6. CONCENTRATION

in the sample for a one-hour measurement. The efficiency for 137Cs and *°K
was determined in the same way as for ?°Sr. The least radioactivity satisfying
50% and 90% efficiency for 1, 2, and 3 o thresholds were thus determined
(Table 5.2).

The detection limit has often been defined as the minimum radioactivity
satisfying the relation of (I's,(n)) > (I'sg(n)) + 30, where o is the standard
deviation of I'gg(n). Therefore, the detection limit corresponds to the lower
limit of 50% efficiency in the 3-¢ threshold condition (AZ°%).
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Fig. 5.7: Detection efficiency as a function of the ?°Sr radioactivity related to the
threshold condition for a one-hour measurement.

5.6 Concentration

In the current detector, the effective area is S = 30 x 10 cm?, and thus
the detection lower limit of concentration was A5°%/S = 0.0153 Bq/cm?.
In the B-rays contamination inspection, the °Sr concentration in a sample
should be measured after the sample was dried and made into a thin paste
because otherwise the [ rays deposit energy in the sample.

Here, it is assumed that the density of the sample is 1 g/cm?®. Because ap-
proximately 70% of the seafood sample volume is water, it is considered that
the sample volume is compressed to 30% by drying, namely the compression
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5.7. RESULTS

Table 5.2: Least radioactivity A" for 50% and 90% efficiency in a one-hour mea-
surement when the threshold is set at 1o, 20, and 30.

Source Efficiency Least Radioactivity A’ (Bq)

lo 20 30
908y 50% 1.4 3.0 4.6
90% 54 7.6 9.6

137Cs 50% 1.3 x10° 2.5 x10®° 3.8 x10°
90% 3.1 x10° 4.5 x10> 5.8 x10°
K 50% 0.32 x10% 0.65 x10® 0.94 x10°
90% 0.80 x10% 1.12 x10% 1.44 x10?

factor is € = 0.3. When the dried sample thickness is 1 mm, the upper limit
of the weight which can be measured by the prototype detector is m =30 g
(corresponding to the original of m/e = 100 g). Therefore, the lower limit
to detect “°Sr concentration in a one-hour measurement was estimated to
be AP%%c/m = 46 Bq/kg. This limit is lower than the food contamination
permissible limit of 100 Bq/kg defined by Ministry of Health, Labour and
Welfare, Japan, in 2012 [25].

Furthermore, in the case of seawater, the lower limit of dried seawater in
a one-hour measurement is estimated to be AP%%¢/m = 1.5 Bq/L with the
original volume of m/e = 3 L, because it is of most made of water (99% or
more) with the compression factor e = 0.01 by drying. On the other hand,
the samples have potassium in nature. For example, seawater has 0.39 g/L of
K™ ions on average, thus giving “°K activity of 12.1 Bq/L, since the specific
radioactivity of “°K is 2.6 x 10° Bq/g and the “°K isotopic abundance is
0.117%. Because the detection efficiency is 13, (36.3 Bq) = 0.23% for the 3 L
seawater, the influence of *°K is negligibly small for the °Sr measurement.

5.7 Results

The detector performance was given in terms of the detection efficiency
curve (see Fig. 5.6) using the signal model developed based on data. Because
the ratio of kgs/ks, and ki /ks, are 107* — 1073, the detector can observe (3
rays from Y effectively even in the presence of the backgrounds of 1¥7Cs and
40K For the inspection of the radioactivity contamination of a sample, the
detection limit of “°Sr can be reduced by decreasing the threshold, however
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the probability of misidentification will increase.
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Chapter 6

Summay

The basic properties of a Cherenkov detection system for *°Sr using sil-
ica aerogel and wavelength-shifting fibers have been studied by several test
experiments and simulation calculations. The optical collection efficiency for
the fibers to absorb Cherenkov photons from the side face and to propagate
to both ends was estimated to be 1.0-1.4%. The Cherenkov photons from
the aerogel by Y were observed to be 2.4 1.3 s7! using a 23.6 kBq *°Sr
source. This result was consistent with the simulated value of 2.35 s™! using
(1) the models of ?Sr and ?°Y S-rays energy spectra, (2) the optical spectra
of emitted Cherenkov photons, and (3) the wavelength-shifting absorption
and emission spectra. It was found in the prototype test that the system
using wavelength-shifting fibers can suppress the accidental noise down to
11.0 £ 1.1% due to the extended effective detector area in comparison with
the conventional method of direct-PMT readout.

The environmental radiation which affects the detector performance was
investigated. The « rays from 2“Bi, 2T, and °K in the building concrete
wall or floor were observed in the energy spectroscopy using a BGO crystal.
The Cherenkov detector should suppress the v rays from these radioisotopes
in the %°Sr contamination inspection of the samples. In a test measurement
on the roof, it was found that the ?*Bi concentration was less than 100
Bq/m? in air. For inspection of “’Sr in the detector with air volume of
5-10 L, the concentration of approximately 0.5-1 Bq is negligible. The
rays originating from the radon progenies in the air was measured using
polyethylene sample sheets which were exposed in the windless room air.
The surface concentration was saturated to 18 Bq/m? with the time that the
samples were exposed in the room air. It was found that this effect is not
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negligible, thus the sample should be exposed to the air. The adsorption ratio
among 218Po, 214Pb, and 2!*Bi on the sample sheets were estimated from the
decay curve of the counting rate. This result suggests that we can reject the
scenario that only 28Po falls just after the radon decay in the air. Namely,
the potential of internal exposures by inhalation of the radon progenies in
the air is indicated. This suggestion would be a clue to clear the occurring
mechanism of the lung cancer among the non-smokers in the future.

The prototype detector was produced and its performance was estimated
using radioactive sources. Cosmic-ray veto counters were placed on top and
four sides of the Cherenkov detector, and they had an efficiency of more
than 99.9% for cosmic-ray muons. Furthermore, the detector was shielded
externally using lead and brass blocks for the suppression of environmental
radiation. In the performance estimation, the one-hour counting rates were
measured using ?°Sr, 137Cs, and °K sources a dozen times. A “signal model”
which reproduces these counting rate histograms was developed. The source
position dependence of the sensitivity was corrected. The detection limit
of °Sr in a one-hour measurement was determined to be 4.6 Bq using this
model, where the detection limit was defined as the lower limit of 50% ef-
ficiency in a 3-o threshold condition (A5%%). The detectable concentration
lower limit was calculated to be 46 Bq/kg for dried seafood samples, thus it
was demonstrated that the current prototype detector can be applied to the
inspection of ’Sr contamination. In the future, a large-size detector would
be produced with an improvement to reduce the lower limit by enlarging
the detector effective area, since the concentration lower limit is inversely
proportional to the effective area.
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Appendix A
PMT Calibration

In this study, Hamamatsu PMTs, (1) R1250-03, (2) R9880U-210, and
(3) H11934-200, were used. In this appendix, the gain calibration, the noise
estimation are described.

A.1 Setup

Fig. A.1 (top) shows the setup of the PMT calibration test. The high
voltage of 1.2-1.4 kV was supplied to the PMT (R9880U-210). The analog
signal from the PMT anode was input to CAMAC ADC. The LED with 365
nm was used as a light source in the test. A function generator (Agilent
33250A) gave a pulse current to the LED for emission photons with 1 kHz.
Another output of the function generator (TTL-Type logic signal) with the
same timing as the current pulse was converted to a MIN logic pulse using
a TTL-NIM converter module. This logical signal was adjusted to 200-ns
width with a gate generator module and fed to the ADC Gate as a trigger
signal.

In the oscilloscope view shown in Fig. A.1 (bottom right), the magenta
and yellow lines are the trigger and PMT analog signal, respectively. This
signal corresponds to 1 p.e. and has pulse height of approximately 50 mV.

A.2 Gain

The ADC distribution is shown in Fig. A.2 (left). The red lines are
Gaussian fitting functions for the pedestal and for the 1 p.e. peak. The
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Fig. A.1: Setup of calibration test for PMTs. Schematic for diagram (top), picture
of the setup (bottom left), and output signals checked by the oscilloscope
(bottom right).

discrete signals were observed by photoelectron effect in the single photon

region. The gap between the pedestal and the 1 p.e. peak corresponds to
the gain (V') given as

(M; — My)kc

M) ==

where My and M, are the ADC values for pedestal and 1 p.e. peak, respec-
tively, k¢ is the CAMAC ADC conversion coefficient (~ 0.26 pC/ADC), and
e is the elementary charge. This gain depends on supplied voltage as

w(V) =aVP. (A.2)

In Fig. A.2 (right top), the black dots are data and the red line is the fitting
function of Eq. (A.2), where a = (1.3 £ 1.0) x 107°, 8 = 3.9 £+ 0.1 with
x?/NDF = 3.03/9. The measurement accuracy was o, /u < 8%, which was
determined as a deviation with the data and fitting function.

: (A.1)

A.3 Noise ratio

According to the measured gain, the photoelectrons distribution is shown
in Fig. A.3 (left), which is a dark count. The noise ratio was defined as 0.5-
p.e. efficiency of dark count. The supplied voltage dependence for the noise
ratio is shown in Fig. A.2 (right), and the noise ratio was less than 1074
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A.3. NOISE RATIO
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Appendix B

Energy calibration and
resolution of the BGO detector

The energy calibration of the BGO detector was performed using 37Cs,
137Na, and %°Co sources. The energy spectra of these radioisotopes are shown
in Fig. B.1. The blue, black, magenta, and green histograms represent 37Cs,
2Na, % Co, respectively, and the background without source is also shown as
"no source”. Peaks are seen at 511 keV and 1,274 keV for 2Na, 662 keV for
137Cs, and 1,173 keV and 1,332 keV for °Co. Sum energy peaks are 1,785
keV for ?2Na and 2,505 keV for ®°Co. The relation between the ADC value
and the energy is confirmed to be linear as ADC= kE, + Const with the
conversion coefficient k of 0.43 £0.01 ADC/keV.

The light yield of the BGO crystal is dependent on the temperature. The
temperature coefficient of k£ was measured using the temperature change
during a day to be (—9.2 +£1.2) x 1073/°C.

The relative energy resolution is estimated as the ratio of the standard
deviation o to the deposit energy FE,, where op was extracted from the
calibration peaks. The relation (og/E,) is shown in Fig. B.2. The data are
fitted to a function of op/E, = (23.3+£0.1 MeV)E, ™' 4 (3.0240.02) x 1072,
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Fig. B.1: Energy calibration of the BGO detector using 37Cs, 22Na, and %°Co.
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Fig. B.2: Relative energy resolution as a function of energy. The dots are data
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og/E, = (23.34+0.1 MeV)/E, + (3.02 £0.02) x 1072,
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