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A rapid and simple method to measure the concentration of 90Sr in water by measuring β-rays 
from 90Y was presented. Under the situation that 90Sr/ 90Y, 134Cs and 137Cs are the main radionu-
clides included in the water sample, only β-rays from 90Y can transmit through 1.5-mm-thick 
polyethylene. From this fact, it is possible to measure β-rays from 90Y using a β-ray detector, 
such as the GM-counter, set beneath the 1.5-mm-thick bottom of the water bottle containing the 
sample with 90Sr/ 90Y. The acrylic resin collimator having 0 cm, 1.00 cm, 1.50 cm or 3.00 cm 
diameter was made to detect β-rays at the fixed region of the GM-counter used. Contributions 
from bremsstrahlung produced by β-rays and γ-rays from radionuclides such as 134Cs and 
137Cs/137mBa are removed by subtracting the count rate measured with a 1.00 cm acrylic resin 
collimator without a hole as the background count rate. The developed method was studied us-
ing the bottle routinely used at the Fukushima Daiichi Nuclear Power Plant. It was confirmed 
that the developed method can be applied to measure the 90Sr concentration in water to the order 
of several Bq/cm3 if 134Cs and 137Cs concentrations are less than or equal to the 90Sr/ 90Y concen-
tration.
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I. Introduction
At Fukushima Daiichi Nuclear Power Plant (hereinafter referred to as “1F”), measurement 

of the radioactive concentration of 90Sr in numerous water samples containing 90Sr in a wide 
range of radioactive concentrations is required. The radioactive concentrations of 90Sr to be 
measured range widely from the effluent standard level (3 × 10−2 Bq/cm3) to several tens of 
MBq/cm3. The types of water to be measured vary, including water retained in the nuclear reac-
tor building, RO concentrated water from which Cs is eliminated using a cesium removing sys-
tem (SARRY) (hereinafter referred to as “RO concentrated water”), water treated with various 
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nuclide removal equipment (ALPS), and stagnant water in the weir of the RO concentrated 
water tank. These water samples contain not only 90Sr and 90Y but also 134Cs and 137Cs at various 
radioactive concentrations. In addition, it is conceivable that the achievement of radioactive 
equilibrium between 90Sr and 90Y and the chemical dissolved state varies significantly among 
water samples. For water samples that are to be discharged, it is necessary to measure the 
radioactivity concentration of 90Sr even for water samples containing 90Sr at high radioactive 
concentrations that cannot be discharged. Tokyo Electric Power Co. measures 90Sr in these wa-
ter samples using a radioactive strontium analysis method requiring multistep chemical separa-
tion 1), a method of separating and concentrating 90Sr through a chemical operation that allows 
90Sr to be measured using a β nuclide analysis device 2), a simplified measurement method for 
separating and measuring 90Sr with cation paper 3), and a total beta method 4).

The former two methods not only require chemical separation and advanced measuring tech-
nologies but also take a substantial amount of time to obtain measurement results, thus they 
are not suitable for emergency response. The cation paper method has a drawback in that it is 
largely dependent on the amount of dissolved ions and the dissolved state. Given this back-
ground, the total beta measurement method has been used thus far to estimate the radioactive 
90Sr concentration in numerous water samples generated at 1F.

However, as described in the introduction of “Gross beta measurement method” 4), the total 
beta method is intended for the measurement of environmental samples and is used to check 
if the radioactive concentration is below the effluent standard. Its primary purpose is to deter-
mine whether another measurement is necessary or not. From the viewpoint of measuring the 
concentration of Sr-90/Y-90, which has a high radioactive concentration that cannot be drained, 
this method is not an appropriate one. Under such circumstances, a method that enables a 
wide range of radioactive 90Sr concentrations to be measured rapidly and easily needs to be 
developed.

The method proposed in this study measures water samples containing 90Sr/90Y, 134Cs, and 
137Cs as major radioactive nuclides in predetermined containers using a GM counter tube 
without performing any pretreatment. This is a new measurement method enables 90Sr to be 
measured rapidly and easily at a concentration of more than several Bq/cm3 by conducting the 
measurement twice at an interval of approximately 5 h even if the secular equilibrium of 90Sr 
and 90Y in the solution has not yet been confirmed. In addition to the measurement methods 
adopted by Tokyo Electric Power Co., the rapid analysis method 5) for discriminating radio-
nuclides utilizing the difference in energy of β-rays using a liquid scintillation counter is also 
available. However, this method is intended to measure radionuclides in effluent and requires 
three or four days, despite its name. Because this method requires no chemical operation and 
can measure water samples placed in containers, it can be used to establish a system for measur-
ing many samples in combination with a robotic operation and it is also possible to significantly 
shorten the time required to determine the radioactive 90Sr concentration in numerous water 
samples generated at 1F.

The following section provides an outline of this method and the results of studying radioac-
tive concentrations using known water samples containing 90Sr/90Y, 134Cs, or 137Cs.
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II. Determining the 90Sr Concentration in Water by Measuring 
β-rays from 90Y

1. Outline of the Method

The following is a method to determine the radioactive 90Sr concentration from the radio-
active concentration of 90Y obtained by measuring the number of β-rays from 90Y using water 
samples containing 90Sr/90Y, 134Cs, and 137Cs as the main radionuclides. It is based on the fact 
that β-rays from 90Sr, 134Cs, and 137Cs can be screened out by a 1.5-mm-thick (or more) polyeth-
ylene plate and that the maximum range for β-rays from 90Y is 1 g/cm2. 

Specifically, a water sample containing 90Sr/90Y is placed in a container with an approxi-
mately 1.5-mm-thick bottom, and the number of β-rays is measured in the range limited by 
a GM counter tube using a β-ray detector equipped with a 1-cm-thick acrylic collimator. In 
addition, the count rate of β-rays from 90Y is determined by deducting the count rate based 
on the bremsstrahlung X-rays generated because the γ- and β-rays from 134Cs, 137Cs/137mBa, 
etc. are present in the water sample as background while blocking the β-rays from 90Y with a 
1-cm-thick acrylic plate with no opening. The count rates of the β-rays from 90Y are converted 
into radioactive concentrations using the conversion coefficient obtained from water samples 
with known radioactive concentrations. If it has not yet been confirmed that 90Sr and 90Y have 
achieved secular equilibrium, the measurement is conducted twice under the same conditions 
at an interval of approximately 5 h to determine the 90Sr concentration from the 90Y concen-
tration obtained using the parent nuclide and daughter nuclide relation between 90Sr and 90Y. 
In this case, the information on the achievement of radioactive equilibrium between 90Sr and 
90Y during the first measurement can be obtained together from the 90Sr and 90Y concentrations 
acquired during the first measurement.

2. β-Emitting Radionuclides to be Measured

Water containing 90Sr/90Y that cannot be discharged because of high radioactive concen-
trations, generated at 1F, includes retained water such as RO concentrated water, revetment 
groundwater, and water related to leakage of reserved water, etc. The radionuclide in RO con-
centrated water obtained by removing cesium from stagnant water at turbine building consist 
mainly 90Sr/90Y, except tritium, and 134Cs, 137Cs, 54Mn, 60Co, 106Ru/106Rh and 125Sb at a con-
centration of one-thousandth or less of the 90Sr/90Y concentration 6). In the case of revetment 
groundwater, 90Sr/90Y occur at the highest radioactive concentrations except for tritium, and 
there are cases in which 134Cs and 137Cs also occur at the same concentration in some areas. In 
addition, there are cases in which 54Mn, 60Co, 106Ru/106Rh, and 125Sb are also present at a con-
centration of one-thousandth of 90Sr/90Y 7). Immediately after the accident, 89Sr emitting β-rays 
with a maximum energy of 1.495 MeV were at a level equal to 90Sr. However, this nuclide can 
be ignored because its half-life period of 50.53 d and 28 half-life periods have already passed. 
Concerning these nuclides as detected, Table 1 shows the maximum energy and emission rate 
of β-rays as well as the energy and emission rate of γ-rays 8). The nuclides that emit β-rays with 
a maximum energy of 1 MeV or higher in addition to 90Y are 60Co, 106Rh as a progeny nuclide 
of 106Ru, and 137Cs. The radioactive concentrations of 60Co and 106Ru/106Rh occurring in water 
samples to be measured are not greater than one-thousandth of the radioactive concentrations of 
90Sr/90Y, thus their contributions can be ignored in the measurement of β-rays. In addition, be-
cause water samples containing 90Sr/90Y that cannot be discharged because of high radioactive 
concentrations are also included in the measuring objects, the contribution of β-rays from 40K, 
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which is a form of natural radioactivity, can also be ignored. 
Based on such circumstances, a method for measuring the β-rays in water samples contain-

ing 90Sr/90Y, 134Cs, and 137Cs as the main nuclides was studied.

3. How to Separate β-rays from 90Sr, 134Cs, and 137Cs in the Water Samples as 
well as β-rays from 90Y

Except for the β-rays with a maximum energy of 1.176 MeV from 137Cs with an emission 
rate of 5.6%, the maximum energy of the β-rays from 90Sr, 134Cs, and 137Cs is 0.6 MeV or 
lower. The maximum range of the β-rays of 0.6 MeV was calculated to be 0.2 g/cm2 using the 
following equation 9):

R(g/cm2) = 0.407 E1.38  (1)

where E is the maximum energy of the β-rays expressed in MeV. However, the maximum range 
of the β-rays from 90Y with a maximum energy of 2.25 MeV is 1.05 g/cm2 as determined using 
the following equation 9):

R(g/cm2) = 0.542 E − 0.133  (2)

143水中 90Sr放射能濃度の 90Yβ線測定による迅速簡便測定法

日本原子力学会和文論文誌，Vol. 14, No. 3 （2015）

より9），0.2 g/cm2である。Eは，MeV単位のβ線の最大
エネルギーである。一方，最大エネルギーが 2.25 MeVで
ある 90Yのβ線の最大飛程は，
　R（g/cm2）＝0.542 E－0.133 （ 2）
より9），1.05 g/cm2である。これらの数字は，あくまでβ 
線の最大エネルギーに対するものであること，これらの核
種が水中に含まれている場合には，水中でエネルギーが減
少することも考慮する必要があるので実効的な飛程とは異
なる。より実態に近い減衰を調べるために，電磁カスケー
ドモンテカルロ計算コード egs510）を用いて，1 Bq/cm3の
放射能濃度の 90Sr, 90Y, 134Csまたは 137Csを含む 1.5 cm厚
の試料水から出てくるβ線のポリエチレン透過量を計算
した。F1発電所の水試料では考慮の必要はないが，参考
のために 89Srのβ線についてもあわせて計算した。3.4％
の塩分を含む密度 1.035 g/cm3の海水中に，これらの核種
が含まれている場合についてもあわせて計算した。計算で
は，ポリエチレンの外側に達した電子数を計算しているの

で，β線との散乱により発生した二次電子および制動輻射
X線による二次電子も含まれている。結果を Fig. 1に示
す。図から明らかなように，90Yと同じ放射能濃度の 90Sr, 
134Csあるいは 137Csが存在している場合でも，1.5 mm 
（0.136 g/cm2）のポリエチレン透過後のそれぞれのβ線数
は，90Yのβ線数の 1/100以下である。通常の水と海水の
違いは，ほとんどみられなかった。したがって，対象とな
る 134Csおよび 137Csの放射能濃度が 90Yの濃度と同程度
以下であるとすると，1.5 mm以上の厚さのポリエチレン
透過後のβ線を測定することにより，90Yのβ線数を計測
することができると考えられるa）。

4. 制動輻射 X線およびγ線の影響の除去
β線の測定器は，感度の違いはあるが，γ線や X線にも
感度をもっている。水中の 90Srおよび 90Yのβ線により
水や容器等で制動輻射 X線が発生すること，試料水中に
様々な濃度の 134Csや 137Cs/137mBa等のγ放出核種が含ま

Table 1　 β-rays and γ-rays from main radionuclides identified in water samples at the Fukushima Daiichi Nuclear Power 
Station

Nuclide Half-life Decay mode
Maximum β-ray
energy （MeV）

Emission rate
γ-ray energy
（MeV）

Emission rate

54Mn 312.03 d EC 1.0 0.836 1.0

60Co 5.2713 y β－
0.318 0.999 1.173 0.999
1.491 0.0012 1.333 1.0

90Sr 28.79 y β－ 0.546 1.0
90Y 64.00 h β－ 2.28 1.0
106Ru 373.59 d β－ 0.0394 1.0

106Rh 29.80 s β－

2.407 0.100 0.512 0.204
3.029 0.081 0.662 0.099
3.541 0.786 1.05 0.016
Others Others

125Sb 2.75856 y β－

0.0953 0.134 0.176 0.069
0.125 0.058 0.38 0.015
0.131 0.179 0.428 0.298
0.241 0.016 0.463 0.106
0.303 0.404 0.601 0.178
0.446 0.072 0.607 0.05
0.622 0.136 0.636 0.113
Others 0.671 0.018

Others

134Cs 2.065 y β－

0.0888 0.273 0.563 0.084
0.415 0.025 0.569 0.154
0.658 0.702 0.605 0.976
Others 0.796 0.866

0.802 0.087
1.365 0.03
Others

137Cs 30.1671 y β－
0.514 0.944
1.176 0.056

137mBa 2.532 m IT 0.662 0.851

Table 1    β-rays and γ-rays from main radionuclides identified in water samples at the Fukushima Daiichi 
Nuclear Power Station
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These figures are different from the effective ranges because they are just relative to the max-
imum energy of the β-rays and the energy decreases in water if these nuclides occur in water. 
To more closely examine the attenuation of the actual situation, we calculated the amount of 
β-rays originating from a water sample that can transmit a polyethylene plate 1.5 cm thick con-
taining 90Sr, 90Y, 134Cs, or 137Cs at a concentration of 1 Bq/cm3, using egs5 10) the electromagnetic 
cascade Monte Carlo code. For reference, we also calculated the β-rays from 89Sr although 
they do not need to be considered in the case of water samples collected at 1F. In addition, we 
also performed a calculation for the case where these nuclides occur in seawater having a salt 
content of 3.4% and a density of 1.035 g/cm3. Because the number of electrons that reached 
the outside of the polyethylene plate was determined in the calculation, the secondary electrons 
generated because of scattering with β-rays and those generated by bremsstrahlung X-rays were 
also included. Figure 1 shows the results. As is clear from the figure, even when 90Sr, 134Cs, or 
137Cs with the same radioactive concentration as 90Y is present, the number of β-rays from the 
respective nuclide after transmitting the 1.5-mm-thick (0.136 g/cm2) polyethylene plate is less 
than one-hundredth of the number of β-rays from 90Y. There was little difference found between 
fresh water and seawater. Therefore, assuming that the radioactive concentrations of 134Cs and 
137Cs measured are lower than the concentration of 90Y, the number of β-rays from 90Y can be 
obtained by measuring the β-rays after penetrating the polyethylene plate a.

4. Elimination of the Influence of Bremsstrahlung X-Rays 
and γ-Rays

β-ray measuring instruments can also sense γ-rays and X-rays, although the sensitivity 

a Although different from the environment covered by this method, if 90Sr and 90Y are present at the same concentration, the 
result of the measurement conducted according to this method overestimates the concentration of 90Y. According to Figure 1, 
the number of β-rays from 89Sr after penetrating a 1.5-mm-thick polyethylene plate is approximately 30% of the number of the 
β-rays of 90Y. Therefore, the concentration of 90Y which is in secular equilibrium with 90Sr is overestimated by approximately 
30%. Even if the concentration of 89Sr was the same as that of 90Sr when the accident occurred, the concentration of 89Sr 
decreases to less than 0.7% of that of 90Sr over one year. Therefore, the overestimation of the concentration of 90Y will be 
approximately 0.2% in the secular equilibrium state or approximately 2% even in an extreme case where only 10% equilibrium 
is achieved. 

Figure 1    Calculated β-ray flux with egs5 from 1.5 cm pure-water or sea-water including 90Sr, 90Y, 89Sr, 134Cs, 
or 137Cs with concentration of 1 Bq/cm3 as a function of polyethylene thickness inserted
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varies. Because bremsstrahlung X-rays are generated in water or a container by the β-rays from 
90Sr and 90Y in water and γ-rays are emitted when various concentrations of γ-emitting nuclides 
such as 134Cs and 137Cs/137mBa occur in a water sample, it is necessary to deduct the count rates 
based on the γ-rays and bremsstrahlung X-rays (hereinafter referred to as “photons”) as back-
ground to measure the number of β-rays.

The high-energy β-rays from 90Y can also be screened out using a 1-cm-thick acrylic plate, 
which is thicker than the maximum range. Although photons are slightly attenuated by an acryl-
ic plate 1 cm thick, the attenuation rate is much lower than that of β-rays. Thus, the results of 
the measurement after penetration through the acrylic plate can be used as the background 
count rates based on photons.

5. Relation between the Radioactive Concentration of 90Sr and that of 90Y in 
Water Samples

If it has been confirmed that 90Sr and 90Y in a water sample have achieved secular equilibri-
um, the radioactive 90Sr concentration can be determined from the radioactive 90Y concentration 
obtained during the first measurement. Even if they have not yet achieved secular equilibrium, 
conducting the second measurement after a certain period (approximately 5 h) enables the 
radioactive 90Sr concentration to be obtained.

Because the 90Sr and 90Y half-life periods are 28.79 y and 64.00 h, respectively, their decay 
constants are 2.75 × 10−6 (h−1) and 1.08 × 10−2 (h−1), respectively.

Assuming the number of atoms of 90Sr and 90Y per cm3 at time t = 0 is NSr-90 (0) and NY-90 (0), 
respectively, the number of atoms of 90Y per cm3 after t hours NY-90 (t) is calculated as follows:

 
(3)

Because λY-90 ≫ λSr-90, assuming λY-90 − λSr-90 ≈ λY-90, the equation becomes as follows: 

 
(4)

where, AY-90 (0) and AY-90 (t) are the radioactive concentrations of 90Y at time t = 0 and t, respec-
tively, and ASr-90 (0) is the radioactive 90Sr concentration at time t = 0. Based on equation (4), the 
radioactive concentration is calculated as follows:

 
(5)

If the measurement is conducted at an interval of 5 h, it is calculated as follows:

 
(6)

Actually measuring AY-90 (0) and AY-90 (t) enables the radioactive 90Sr concentration to be deter-
mined using equation (6).
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6. Achievement of Radioactive Equilibrium between 90Sr and 90Y in a Solution

The achievement of radioactive equilibrium between 90Sr and 90Y in a sample can possibly 
be used as information for determining the history of the contaminated water. In the measure-
ment conducted according to this method, not only can the 90Sr concentration in a sample be 
measured but also the achievement of radioactive equilibrium between 90Sr and 90Y at the time 
of the first measurement as follows:

The radioactivity ratio of 90Y to 90Sr at t = 0 is determined by equation (5) as follows:

 
(7)

Although f can be determined as a value using equation (7) regardless of the value of t, it is 
possible that it may not be because of the influence of the statistical error of the counted value, 
if the measurement interval is short, when these nuclides are near radioactive equilibrium. The 
ratio of AY-90 (t) to AY-90 (0) is determined using equations (4) and (5) with f as a parameter as 
follows:

 

(8)

Figure 2 show the changes in AY-90 (t)/AY-90 (0) because of f when t is 5, 10, and 24 h. As 
shown in the figure, it is necessary to conduct the second measurement after at least 10 h and 
preferably 24 h to precisely determine the value of f when f is 0.5 or greater.

When 90Sr and 90Y are present in water, a bias in concentration may be caused by the forma-
tion of colloids and adsorption to suspended solids mainly because of a difference in chemical 
properties. In addition, immediately after the water is treated with a separation device utilizing 
the difference in chemical properties of both of the nuclides, there are cases in which the value 
of f becomes greater than 1 and there are also cases in which it is less than 1. Although this 
does not affect the result of the radioactive 90Sr concentration, if the value of f is greater than 1, 
attention needs to be paid to the achievement of radioactive equilibrium between 90Sr and 90Y 
in the solution.

Figure 2    Increase in 90Y concentration after t hours as a function of the equivalent ratio between 90Y and 90Sr
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III. Measurement System
1. β-Ray Detector

Although there are various types of β-ray detectors, it is desirable if they can be handled 
easily because they are used for routine measurements. In the demonstration experiment de-
scribed below, we used a TGS-146B 11) (Hitachi-Aloka Medical) equipped with a large-area 
end-window organic GM tube utilized in contamination inspections as a β-ray detector, con-
sidering its sensitivity to β-rays. For precise measurement of the β-rays from 90Y in a solution, 
the positional relation between the solution, which is a radiation source, and the detector is 
important. To detect the β-rays in the fixed range of the detector, we fabricated a 1.00-cm-thick 
acrylic collimator and used it during the experiment. We designed a jig to make the collimator 
center coincide with the centers of the GM detector as well as the water sample container at 
all times. We used four types of collimators; those with diameters of 1.00 cm, 1.50 cm, and 
3.0 cm and one with no opening, for BG measurement. Figure 3 shows the collimator and 
jig used. The aluminum holder shown in the figure is the jig used to place the container in a 
predetermined position.

2. Container Used

Because numerous samples were measured, we adopted the container that is routinely used 
at 1F for water samples as shown in Figure 4 (white JK wide mouth bottle manufactured by 
Kokugo 12), hereinafter referred to as a “T-container”). The T-container is made of polyethylene 
and has a bottom face the center of which is 1.5  mm thick and with a periphery that is 1.0 mm 
thick. The button face functions as a shield that eliminates the β-rays from the nuclides other 
than 90Y. We conducted the measurement on a 25-cm3 water sample with the aforementioned 
concentration in the T-container. The water surface height was approximately 1.6 cm. Because 
the maximum range of 90Y, which has the widest range, is 1 cm in water, it is believed that the 
water surface height does not influence the measurement result as long as it is 1 cm or higher.

During the measurement conducted to examine the influence of the uneven bottom face, we 
also used a U8 container, which is commonly used in radioactive sample measurement, having 
a bottom surface of constant thickness,.
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Fig. 3  Picture of acrylic resin collimators and aluminum holder used 

for measurement 
 
 

 
Fig. 4  Schematic diagram of T-bottle used 

Figure 3   Picture of acrylic resin collimators and aluminum holder used for measurement
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3. Points to Note when Preparing Samples

The method is based on the premise that 90Y generated by the decay of 90Sr is uniformly 
distributed in a water sample. The radioactive isotopes occurring in a water sample undergoing 
measurement, such as 134Cs, 137Cs, 90Sr, etc., are considered to be present in the carrier-free state 
and neutral in most cases, but there are also neutral or slightly alkaline solutions such as RO 
concentrated saltwater 13). It has been reported that carrier-free elements do not display their 
original physicochemical behavior and cause uneven solutions because of the formation of col-
loids and adsorption to suspended solids in some cases 14,15). In particular, it is well known that 
carrier-free 90Y causes uneven solutions because of the formation of colloids and adsorption to 
suspended solids when the solutions are alkaline 14,16).

In RO concentrated saltwater, it has been shown that not only 90Y but also other nuclides are 
present in the colloidal state or they are adsorbed to fine particles at a high rate 13).

To secure the uniformity of 90Y, which is important for this measurement method, in a water 
sample for measurement, it is essential to:

(1) acidify the solution to inhibit the generation of colloids and
(2) add a small amount of carrier to prevent adsorption to fine particles.
In the demonstration experiment described in the following section, we acidified the water 

samples containing 90Sr/90Y, 134Cs, or 137Cs with hydrochloric acid (approximately pH = 1) and 
added the carriers of Cs, Sr, and Y.

IV. Demonstration Experiment and Results
1. Radiation Source Samples and Measurement Method Used

To validate this method, we conducted an experiment using 90Sr/90Y solutions in the ra-
dioactive equilibrium state, which were adjusted to the radioactive concentrations of 138.0, 
523.9, 5,244, and 11,660 Bq/cm3 as well as 134Cs and 137Cs solutions adjusted to the radioactive 
concentrations of 7,405 and 10,800 Bq/cm3, respectively. These were all hydrochloric acid 
solutions of 0.1 M, and the carrier concentrations of the strontium chloride and yttrium chlo-
ride were adjusted to be 0.05 mg/g in the 90Sr/90Y solutions and 0.1 mg/g in the 134 Cs and 137Cs 
solutions. The radioactive 90Sr/90Y concentrations in the solutions were measured according 
to the efficiency tracer method using a liquid scintillation counter. However, the radioactive 
concentrations of 134Cs and 137Cs were measured using the γ-ray spectrometry method with a 

Figure 4   Schematic diagram of T-bottle used
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high-purity germanium semiconductor detector whose counting efficiency was calibrated in 
advance. The expanded uncertainties of the radioactive concentrations (coverage factor of 2) 
were 1.4% in the case of 90Sr/90Y and 11,660 Bq/cm3 and 1.5% in the case of the other nuclides.

The measurement was conducted three times for each combination of container and colli-
mator, and the dead times were corrected using the dead time (225 μs) measured in advance 
according to the two-source method.

2. Variation in Results Depending on Container Type

Because the measurement is based on the premise of the use of a T-container but not a spe-
cial dedicated container as described in Section III-2, it was feared that the variation in the bot-
tom thicknesses of T-containers used might have possibly caused a variation in measurement 
results. To examine the degree of variation, we conducted a measurement using 20 samples 
containing 90Sr/90Y at a concentration of 523.9 Bq/cm3. The containers used were designated, 
“No. 1 Type” and “No. 2 Type”, and there was a slight difference in weight between the two 
types. We also examined if a difference in type influenced the result. Figure 5 shows the results 
obtained for the collimators with diameters of 1.50 cm and 3.00 cm. The lengths of the error 
bars in the figure represent statistical uncertainties of the count rates for 1 min. Of course, 
because the variation in measurement results is affected by statistical uncertainty, the variation 
increases when a collimator having a smaller diameter is used. This measurement showed that 

Figure 5    Count rate unevenness of 90Y β-rays from water including 90Sr/90Y with concentration of 
523.9 Bq/cm3 due to T-bottle used (a) 1.50 cm diameter collimator, (b) 3.00 cm diameter collimator

394

INSIGHTS CONCERNING THE FUKUSHIMA DAIICHI NUCLEAR ACCIDENT Vol. 4



the variations when a 3.00-cm-diameter collimator  and 1.50-cm-diameter collimator were used 
were 1.5% and 3.0%, respectively, which proved to be the same as the statistical uncertainty. 
No systematic difference was observed between the No. 1 and No. 2 types. From the aforemen-
tioned result, it was concluded that the influence of the variation among T-containers could be 
ignored.

3. Influence of the Bottom Face Structure of the T-Container

As shown in Figure 4, the T-container used in the measurement has a bottom face that is 
not flat but raised and thicker in the center. To examine the influence of this structure on count 
rates, we compared the results of the measurement conducted using a T-container containing 
90Sr/90Y to a concentration of 523.9 Bq/cm3 and a U8 container with a flat bottom face with the 
number of β-rays at the collimator exit calculated using egs5. The calculation using egs5 was 
made to determine the number of β-rays per second at the collimator exit when a 1.00-cm-thick 
acrylic collimator is placed behind 1.5-mm-thick polyethylene plate, assuming the amounts of 
90Sr and 90Y in the water sample are uniform. The T-container is composed of polyethylene and 
its bottom face is 1.5 mm thick at its center and 1.0 mm thick along its periphery.

The U8 container is composed of polystyrene and has a bottom surface with a uniform thick-
ness of 1.5 mm. Table 2 shows a comparison between the measured and calculated values for 
various collimator diameters. Although the difference from the calculation result was less than 
10% for both types of containers, the measured values of the U8 container are generally in 
better agreement with the calculated values because the calculation was conducted assuming the 
bottom face of the U8 container. The count values of the U8 container were higher for the colli-
mators with diameters of 1.00 cm and 1.50 cm, apparently because of the influence of the center 
part of the T-container, which was slightly raised. However, the count values of the T-container 
were higher for the collimator with a diameter of 3.00 cm, apparently because of the contribution 
of the thin polyethylene along the periphery of the bottom face of the T-container. From the 
aforementioned results, it is believed that the shape of the bottom face of the T-container, which 
is not flat, has a certain influence on the results but does not become a major factor of uncertainty 
as long as the conversion coefficient is determined for the container to be used.

4. Influence of Radioactive Cesium

To examine the influence of γ-rays when 134Cs and 137Cs/137mBa occur in water samples, 
we conducted a measurement using water samples containing 7,405 Bq/cm3 of 134Cs or 
10,800 Bq/cm3 of 137Cs/137mBa. Table 3 shows the comparison between the count rates based 
on the β-rays from 90Y per 10 kBq/cm3 and the count rates of 134Cs or 137Cs/137mBa. Regardless 
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で，底面厚さは中心部では 1.5 mm，周辺部では 1.0 mm
の厚さである。U8容器は，ポリスチレン製で，低面の厚
さは一様で 1.5 mmである。Table 2にコリメータの直径
を変えた場合の測定値と計算値の比較を示す。どちらの容
器も計算結果との違いは 10％以下であるが，計算が U8
容器の底面を想定していることもあり，U8容器の方が全
体的によく一致している。直径 1.00 cmおよび 1.50 cm
のコリメータの場合に U8容器の計数値の方が高いのは，
T-容器の中央部が若干盛り上がっている影響と思われる。
一方，直径 3.00 cmのコリメータで，T-容器の計数値の
方が高くなっているのは，T-容器の底面の周辺部のポリ
エチレンの厚さが薄いことが寄与していると思われる。以
上の結果から，T-容器の底面形状が平坦でないことは，
結果に一定の影響があるものの，使用する容器を用いて換
算係数を決定しておけば大きな不確かさ要因にはならない
と考えられる。

4.　放射性セシウムの影響
　試料水中に 134Csや 137Cs/137mBaが含まれている場合の 
γ線の影響を調べるために，7,405 Bq/cm3の 134Csまたは
10,800 Bq/cm3の 137Cs/137mBaを含む試料水を用いて測定
を行った。Table 3に，10 kBq/cm3当たりの 90Yのβ線
による計数率と 134Csまたは 137Cs/137mBaの計数率の比較
を示す。どのコリメータの場合でも，134Csおよび 137Cs/ 
137mBaの計数率は，90Yのβ線の計数率の 4％以下であ

るb）。直径 3 cmのコリメータを使用した場合について，
egs5を用いて，134Csおよび 137Csのγ線の 1 cmのアクリ
ルによる減衰を計算した。1.5 mmのポリエチレンの背後
に 1 cmのアクリルがある場合とない場合のγ線のエネル
ギーの比は，134Csと 137Cs/137mBaともにいずれも 0.95で
あった。一方，直径 3 cmのコリメータと開口部のない
1 cmのアクリルの場合の計数率の比は，134Csでは 0.85
で 137Cs/137mBaでは 0.78と計算で得られた透過するエネ
ルギーの減衰より大きくなっている。この理由は，Fig. 1
から明らかな様に，1.5 mmのポリエチレンの背後では，
わずかであるが透過したβ線があり，β線とγ線に対する
GM検出器の感度の違いからβ線の影響が主として影響
しているためである。このことは，137Cs/137mBaの方が減
衰が大きいことからも確認できる。したがって，1 cmの
アクリルによるγ線の減衰は，egs5で得られた 5％程度
であると考えられる。
　134Csまたは 137Csの濃度が 90Sr/90Yの濃度より高い場
合には，γ線の影響が増えるが，この場合には，以下の方
法で過大評価を避けることができる。ただし，100倍以上
になると，134Csおよび 137Csのβ線の寄与が無視できな
くなるので，この方法による補正は適用できない。
　⑴　Ge検出器等により水溶液中の 134Csおよび 137Csの
濃度を測定する。（多くの場合，この濃度測定は行われて
いると考えられる。）
　⑵　それぞれの濃度と濃度から計数率への換算係数 
（Table 3より，直径 3.00 cmのコリメータの場合，134Cs： 
0.0062, 137Cs/137mBa：0.0038 cps per Bq/cm3）を用いて，
134Csおよび 137Cs/137mBaのγ線による計数率をもとめる。
　⑶　コリメータでの計数率から開口部のないコリメータ
での測定率を引いた計数値からさらに上記で求めた計数値
を差し引いた値を，90Yのβ線による計数率とする。

5.　 計数率と 90Y濃度との直線性の確認と 90Yのβ
線計数率から濃度への換算係数の決定

　本手法による 90Y放射能濃度と GM検出器の計数率の
関係を調べるために，濃度 138.0, 523.9, 5,244および 
11,660 Bq/cm3の 90Sr/90Yを含む試料を用いた測定を

b） 直径 1.00 cmのコリメータで，マイナスの値になっているの
は，コリメータで得られた計数値から開口部のない 1.00 cm厚
さのアクリルの場合の計数値を差し引いたためであり，実質両
者が同じということを示していると考えられる。

Table 2　 Comparison between measured count rate and 
number of β-rays calculated with egs5

Diameter of
collimator 
（cm）

Type of
bottole

Count rate 
（A） cps for 
524.6 Bq/cm3

egs5 calculation 
（B） β-rays for 

524.6 Bq/cm3
A/B

1
T-bottole

U8
 4.5±0.3
 4.9±0.2

5.0±0.2
0.91
0.97

1.5
T-bottole

U8
14.4±0.9
15.4±0.4

15.8±0.3
0.91
0.98

3
T-bottole

U8
89±2

82.8±0.6
90±1

0.99
0.92

Table 3　Comparison of count rate between 134Cs, 137Cs and 90Sr/90Y

Colimator diameter
cps for 10 kBq/cm3

90Y （A） 134Cs （B） 137Cs/137mBa （C） （B）/（A） （C）/（A）

1.00 cm 86.8±1.1　 －4.92±2.29 －4.80±0.57 ― ―
1.50 cm 　276±0.3 　7.22±1.76 　2.25±1.20 2.6％ 0.8％
3.00 cm 1,824±13　  61.6±3.1  38.2±2.6 3.4％ 2.1％

Table 2   Comparison between measured count rate and number of β-rays calculated with egs5
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of which collimator was used, the count rates of 134Cs and 137Cs/137mBa were less than 4% of the 
count rates of the β-rays from 90Y  b. For the case in which a collimator with a diameter of 3 cm 
was used, we calculated the attenuation of the γ-rays from 134Cs and 137Cs caused by a 1-cm-
thick acrylic plate using egs5. The ratio of the energy of γ-rays with and without the 1-cm-
thick acrylic plate behind the 1.5-mm-thick polyethylene plate was 0.96 for both 134Cs and 
137Cs/137mBa. However, the ratio of the count rate when a collimator with a 3-cm diameter and 
1-cm-thick acrylic plate with no opening were used was 0.85 for 134Cs and 0.78 for 137Cs/137mBa, 
larger than the attenuation of the penetrating energy calculated. As is clear from Figure 1, this 
was mainly due to the influence of β-rays originating from the difference in the sensitivity of 
the GM detector to β-rays and γ-rays because a small number of penetrating β-rays was present 
behind the 1.5-mm-thick polyethylene plate. This can also be confirmed as the attenuation of 
137Cs/137mBa is greater. Therefore, the attenuation of γ-rays caused by the 1-cm-thick acrylic 
plate is approximately 5% of the value calculated using egs5.

Although the influence of γ-rays increases when the concentration of 134Cs or 137Cs is higher 
than that of 90Sr/90Y, overestimation can be avoided using the following method in this case. 
However, in the case where the concentration is 100 times or higher, the correction using this 
method cannot be applied because the contribution of the β-rays from 134Cs and 137Cs cannot 
be ignored.

(1) Measure the 134Cs and 137Cs concentrations in an aqueous solution using a Ge detector. 
(This concentration measurement is performed in many cases.).

(2) Determine the count rate of the γ-rays from 134Cs and 137Cs/137mBa using the concentra-
tions of respective nuclides and the coefficients for converting from concentration to count rate. 
(According to Table 3, 134Cs: 0.0062, 137Cs/137mBa: 0.0038 cps per Bq/cm3, using a 3.00-cm-di-
ameter collimator)

(3) Determine the count rate of the β-rays originating from 90Y by deducting the count value 
previously determined from the count value obtained by deducting the measurement rate of the 
collimator with no opening from the count rate of the collimator.

5. Confirmation of Linearity with Respect to Count Rate and 90Y Concentration 
as well as Determination of the Coefficient for Converting from the Count 
Rate of β-Rays from 90Y to Concentration

To examine the relation between the radioactive concentration of 90Y obtained according to 
this method and the count rate of the GM detector, we conducted a measurement using samples 
containing 90Sr/90Y at a concentration of 138.0, 523.9, 5,244, and 11,660 Bq/cm3.

Figure 6 shows the results. Superior linearity was observed for all collimator diameters. The 
count rates per Bq/cm3 for the collimators with a diameter of 1.0 cm, 1.50 cm, and 3.00 cm 

b The reason why the value is negative in the case of the collimator with a diameter of 1.00 cm is because the count value obtained 
when a 1.00-cm-thick acrylic plate with no opening was used was deducted from the count value obtained when the collimator 
was used, and it is considered that both are practically the same.
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の厚さである。U8容器は，ポリスチレン製で，低面の厚
さは一様で 1.5 mmである。Table 2にコリメータの直径
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器も計算結果との違いは 10％以下であるが，計算が U8
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算係数を決定しておけば大きな不確かさ要因にはならない
と考えられる。

4.　放射性セシウムの影響
　試料水中に 134Csや 137Cs/137mBaが含まれている場合の 
γ線の影響を調べるために，7,405 Bq/cm3の 134Csまたは
10,800 Bq/cm3の 137Cs/137mBaを含む試料水を用いて測定
を行った。Table 3に，10 kBq/cm3当たりの 90Yのβ線
による計数率と 134Csまたは 137Cs/137mBaの計数率の比較
を示す。どのコリメータの場合でも，134Csおよび 137Cs/ 
137mBaの計数率は，90Yのβ線の計数率の 4％以下であ

るb）。直径 3 cmのコリメータを使用した場合について，
egs5を用いて，134Csおよび 137Csのγ線の 1 cmのアクリ
ルによる減衰を計算した。1.5 mmのポリエチレンの背後
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ギーの比は，134Csと 137Cs/137mBaともにいずれも 0.95で
あった。一方，直径 3 cmのコリメータと開口部のない
1 cmのアクリルの場合の計数率の比は，134Csでは 0.85
で 137Cs/137mBaでは 0.78と計算で得られた透過するエネ
ルギーの減衰より大きくなっている。この理由は，Fig. 1
から明らかな様に，1.5 mmのポリエチレンの背後では，
わずかであるが透過したβ線があり，β線とγ線に対する
GM検出器の感度の違いからβ線の影響が主として影響
しているためである。このことは，137Cs/137mBaの方が減
衰が大きいことからも確認できる。したがって，1 cmの
アクリルによるγ線の減衰は，egs5で得られた 5％程度
であると考えられる。
　134Csまたは 137Csの濃度が 90Sr/90Yの濃度より高い場
合には，γ線の影響が増えるが，この場合には，以下の方
法で過大評価を避けることができる。ただし，100倍以上
になると，134Csおよび 137Csのβ線の寄与が無視できな
くなるので，この方法による補正は適用できない。
　⑴　Ge検出器等により水溶液中の 134Csおよび 137Csの
濃度を測定する。（多くの場合，この濃度測定は行われて
いると考えられる。）
　⑵　それぞれの濃度と濃度から計数率への換算係数 
（Table 3より，直径 3.00 cmのコリメータの場合，134Cs： 
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134Csおよび 137Cs/137mBaのγ線による計数率をもとめる。
　⑶　コリメータでの計数率から開口部のないコリメータ
での測定率を引いた計数値からさらに上記で求めた計数値
を差し引いた値を，90Yのβ線による計数率とする。

5.　 計数率と 90Y濃度との直線性の確認と 90Yのβ
線計数率から濃度への換算係数の決定

　本手法による 90Y放射能濃度と GM検出器の計数率の
関係を調べるために，濃度 138.0, 523.9, 5,244および 
11,660 Bq/cm3の 90Sr/90Yを含む試料を用いた測定を

b） 直径 1.00 cmのコリメータで，マイナスの値になっているの
は，コリメータで得られた計数値から開口部のない 1.00 cm厚
さのアクリルの場合の計数値を差し引いたためであり，実質両
者が同じということを示していると考えられる。

Table 2　 Comparison between measured count rate and 
number of β-rays calculated with egs5
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collimator 
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Count rate 
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524.6 Bq/cm3

egs5 calculation 
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were 0.00871, 0.0277, and 0.181 cps, respectively.
From the measurement results, coefficients for converting from count rate to concentration 

using the least squares method were obtained as follows:
A collimator with a diameter of 1.00 cm: 115 ± 0.4 Bq/cm3 per cps
A collimator with a diameter of 1.50 cm: 36.2 ± 0.1 Bq/cm3 per cps
A collimator with a diameter of 3.00 cm: 5.52 ± 0.04 Bq/cm3 per cps

Figure 6    Relation between 90Sr/90Y concentration and count rate of 90Y β-rays 
(a) 1.00 cm diameter collimator, (b) 1.50 cm diameter collimator, (c) 3.00 cm diameter collimator
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6. Detection Limit of This Method

The detection limit is expressed as follows:

 (9)

Where n is the count rate of the detection limit (cps), k is the confidence level, t is the sample 
measurement time, tb is the background measurement time, and nb is the background count rate 
(cps). The measuring environment background level of the location in which the demonstration 
experiment was conducted when no sample was placed was 1.3 cps. The background level of 
the measurement site at 1F may possibly be several times higher. In this method, the count rates 
of the photons through a collimator with no opening needs to be included in the background 
count rate. Because the background count rate of the bremsstrahlung X-rays based on the β-rays 
from 90Sr/90Y occurring in a water sample is approximately 0.0007 (cps per Bq/cm3), the back-
ground of the measuring environment becomes dominant when the concentration of 90Sr/90Y 
is 1,800 Bq/cm3 or less. In addition, because the background count rates based on γ-rays for 
134Cs and 137Cs/137mBa are 0.036 and 0.014 (cps per Bq/cm3), respectively, the background of 
the measuring environment dominates when the concentration of 134Cs is 35 Bq/cm3 or less 
and that of 137Cs/137mBa is 91 Bq/cm3 or less. Assuming that k is 3 and the water sample and 
background measurement time is 10 min when the background of the measuring environment 
is dominant, the detection limit count rate is 0.21 cps when the background level of the mea-
suring environment is 1.3 cps and it is 0.31 cps when the background level is 3 cps. Based on 
the conversion coefficient of the 3-cm-diameter collimator with the highest sensitivity of 5.52 
(Bq/cm3 per cps), the respective detection limit radioactive concentrations correspond to 1.1 
and 1.7 (Bq/cm3). Of course, although the detection limit is dependent on the 134Cs and 137Cs 
concentrations in the water sample as well as the background level of the measuring environ-
ment, it can be stated that the detection limit based on this method is only several Bq/cm3 if 
the contribution of the γ-rays from 134Cs and 137Cs is less than the background of the measuring 
environment.

V. Conclusions
Under the condition where the main nuclides occurring in a water sample are 90Sr/90Y, 134Cs, 

and 137Cs, we proposed a new method that allows a wide range of radioactive 90Sr concentra-
tions to measured quickly and easily without the need for any special operations by conducting 
a measurement using a water sample containing 90Sr/90Y placed in a container. Based on the 
results of a demonstration experiment conducted using water samples, the radioactive concen-
trations of which were precisely evaluated, and the T-containers used routinely at 1F, we drew 
the following conclusions:

(1) The variation among T-containers used at 1F is within the range of statistical uncertainty 
and does not affect the result.

(2) The bottom face structure of the T-container, which is not flat, caused a slight difference 
from the case in which the U8 container with a flat bottom face was used. However, because 
the influence is small, the uncertainty of the result is not affected as long as the “conversion 
coefficient” is determined in advance for the container to be used.

(3) The contribution of bremsstrahlung X-rays generated by β-rays in the water samples 
and containers can be eliminated by deducting the count rate based on the collimator with no 
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opening as the background.
(4) The influence of the γ-rays from 134Cs or 137Cs/137mBa occurring in the water samples 

is 4% or less of the count value based on the β-rays from 90Y having the same radioactive 
concentration. If the radioactive concentration of 134Cs or 137Cs is 100 times or less than that of 
90Sr/90Y, the overestimation of 90Y can be avoided by deducting the count rate of γ-rays based 
on the radioactive concentration of 134Cs or 137Cs from the count value of the β-rays from 90Y.

(5) The relation between the count rate of the GM detector and the radioactive 90Y concen-
tration achieves superior linearity in a wide range of radioactive 90Y concentrations regardless 
of the diameter of the collimator.

(6) Even if it has not yet been confirmed that 90Sr and 90Y in a water sample have achieved 
secular equilibrium, conducting the measurement twice at an interval of approximately 5 h 
enables the radioactive 90Sr concentration to be obtained. 

(7) If the contribution of the γ-rays from 134Cs and 137Cs/137mBa is less than the background 
level of the measuring environment when the collimator with a diameter of 3.00 cm with the 
highest sensitivity is used, the minimum detectable radioactive concentration is only several 
Bq/cm3, although it depends on the background level of the measuring environment.

From these results, it would appear that this method could be used to measure the radioactive 
90Sr concentration occurring in many water samples over a wide range of concentrations, which 
need to be measured at 1F, but the following needs to be noted when applying this method in 
the field.

(1) This method is based on the premise that 90Y generated by the decay of 90Sr is uniformly 
distributed in a water sample. Therefore, it is required to “acidify the solution to inhibit the gen-
eration of colloids and to add a small number of carriers to prevent adsorption to fine particles.”

(2) It is necessary to determine the dead time of the GM detector to be used in advance 
according to the two-source method as well as to correct the dead time in the measurement 
results. 

(3) Because the sensitivity may vary among GM detectors even if they are made by the 
same manufacturer, the conversion coefficient of the GM detector needs to be determined using 
a sample with a known radioactive concentration in the same manner as the demonstration 
experiment or determined in a similar manner with the TGS-146B used in this demonstration 
experiment.

(4) If the radioactive concentration of 90Sr/90Y in a solution is very high, it is not appropriate 
to use the GM detector for the measurement of the β-rays from 90Y because the correction of 
dead time becomes significant. In such a case, a collimator with a smaller diameter c and a 
measuring instrument that can measure β-rays without being influenced by the dead time (such 
as an ionization chamber type survey meter that can be easily handled) needs to be used. It is 
necessary to determine the conversion coefficient using a sample with a known concentration 
in the same manner as in this study.

(5) To obtain precise information regarding the achievement of radioactive equilibrium be-
tween 90Sr and 90Y in a water sample, it is necessary to conduct measurements for at least 10 h, 
preferably at an interval of 1 day.

(6) This method can be used under the condition where 90Sr/90Y, 134Cs and 137Cs occur as 
the main nuclides, such as in the water samples currently obtained at 1F. If a water sample 
containing nuclear fuel materials is obtained in the course of future decommissioning work, it 
will be necessary to examine the relative ratio of the nuclides occurring to determine whether 

c In the case of a 1 cm collimator with the smallest diameter used in this study, the upper limit of measurement is 105 Bq/cm³ if 
setting an upper limit of 1,000 cps. In the calculation of egs 5, it is possible to measure up to 2 × 10 6 Bq/cm³ in the case of a 
collimator with a diameter of 0.4 cm.
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this method can be applied or not. 
For 1F, it is very important to control 90Sr, and it is necessary to quickly and precisely 

measure the radioactive 90Sr concentration in water samples. Although the water samples with 
a radioactive concentration of several Bq/cm3 or higher can be the measuring objects, because 
no chemical operation is required and the measurement can be conducted with water samples 
placed in containers, it is possible to establish a system for many samples in combination with 
robotic operation. It is also expected that applying this method will significantly shorten the 
time needed to obtain a result and improve precision as well.
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