
Estimation of Radionuclide Concentration in 
Plume Using Pulse Height Distribution Measured 
by LaBr3 Scintillation Detector and Its Response 
to Radionuclides in Plume Calculated with egs5

Hideo HIRAYAMA 1,*, Hiroshi MATSUMURA 1,  
Yoshihito NAMITO 1 and Toshiya SANAMI 1

1 High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba-shi, Ibaraki 305-0801, Japan

A method was presented to estimate radionuclide concentration in plume using the pulse 
height distribution measured by a LaBr3 scintillation detector and its calculated response to 
radionuclides in plume with egs5. Radionuclide concentration was estimated from the ratio 
between the peak count rates corresponding to each radionuclide in the measured pulse height 
distribution on an expressway on March 15 and in the calculated one from each radionuclide in 
plume using the egs5 Monte Carlo code. The pulse height distribution reconstructed based on 
the estimated concentrations agrees well with the measured one at the time that the contribution 
from radionuclides deposited on a ground surface is negligible.
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I. Introduction
The radionuclide concentrations in plumes dispersed over a wide area due to the accident that 

occurred at the Fukushima Daiichi Nuclear Power Plant (hereinafter referred to as “plume”) are 
important in evaluating the internal radiation dose from inhalation. Although the concentration 
of I-131 is particularly important from the perspective of radiation-induced thyroid cancer risk 
assessment, the direct measurement of radionuclide concentrations in plumes was conducted 
only in limited places far from the Fukushima Daiichi Nuclear Power Plant. Therefore, the most 
direct method is estimation from the density of I-131 deposited on the soil surface. However, 
since the half-life of I-131 is as short as about eight days, the measurement data are extremely 
limited compared to that of Cs-134 and Cs-137. As a result, estimating from an atmospheric 
dispersion model and air dose rate, as well as estimating from the analysis of I-139 with a very 
long half-life, have been attempted. Although it is essential to perform evaluation based on an 
atmospheric dispersion model to estimate the concentration distribution over a wide area, to 
increase accuracy, it would be desirable to obtain the data on the concentration of radionuclides, 

 
* Corresponding author, E-mail: hideo.hirayama@kek.jp
DOI : 10.15669/fukushimainsights.Vol.4.233
© 2021 Atomic Energy Society of Japan. All rights reserved.
Originally published in Transactions of the Atomic Energy Society of Japan  (ISSN 1347–2879), Vol. 12, No. 4, p.304–310 
(2013) in Japanese. (Japanese version accepted: October 1, 2013) 

Article

Hideo HIRAYAMA et al.

233



such as I-131, contained in the plumes, but not the air dose rate and the amount of deposition on 
the soil surface. In this paper, we attempted to estimate the concentrations of radionuclides con-
tained in the plumes that passed overhead using the pulse height distribution measured by Mat-
sumura, et al. at expressway service areas (SA), parking areas (PA), some interchanges (IC), and 
junctions (JCT) with a ϕ1.5″ × 1.5″ LaBr3 scintillation spectrometer (manufactured by Canberra, 
IN1KL-1, hereinafter referred to as “LaBr3 detector”) on March 15, 2011 1). We calculated the 
detector response of LaBr3 to the radionuclides in plumes by applying a method 2) whereby the 
photon flux from a plane isotropic source is converted into a point isotropic source, and a plane 
detector to an egs5 3) electromagnetic cascade Monte Carlo code to estimate the concentrations 
of radionuclides in the plumes from the ratio between the peak count rates per Bq/cm3, corre-
sponding to each radionuclide calculated and the corresponding peak count rate measurements.

II. Calculation of the Response of LaBr3 Detector with egs5
1. Photon Spectra of Radionuclides Contained in a Plume 1.3 m above the 

Ground Surface 

The distribution of radionuclides when a plume arrived was assumed to correspond to the 
case where there was a plane isotropic source spreading infinitely and horizontally from the 
ground surface to the plume height (h 0) with a uniform density.

We calculated the photon spectra 1.3 m above the soil surface, assuming that the vertical 
distribution was uniform from the soil surface to h0, by applying the method 2) of converting 
the photon flux from a plane isotropic source into a point isotropic source, and a plane detector 
to egs5 3). To validate this method, Figure 1 shows the comparison between the result of the 
analytical method described in EPA-402-R-93-081 4) and the result of calculation with egs5 for 
the scattered photon spectrum in an infinite air system in which one 100-keV photon is emitted 
per cubic meter every second. In the calculation with egs5, an air density of 0.001205 g/cm3 
was used under 1 atm (atmospheric pressure) at 20°C (hereinafter referred to as “NTP state”). 
As the simulation of an infinite system, h0 was set to ten times of the mean free path of a 100-
keV photon in the air. Both the shape and size of the spectra were found to be identical. Figure 1 
also shows the result of calculating the photon spectrum at a height of 1.3 m taking the soil into 
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Fig. 1 Comparison of energy spectrum of scattered photons for
submersion in a 1 Bq/m3 100 keV contaminated air
source

Fig. 2 Comparison of photon spectrum at 1.3 m above soil sur-
face from I�132 including in 500 m and 2,219 m (10 mfp)
height plume

Fig. 3 Comparison of photon spectrum at 1.3 m above soil sur-
face from I�131 including in plume or deposited on soil
surface

Fig. 4 Air density dependence of photon spectrum at 1.3 m
above soil surface from 200 m plume including I�131
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に広がった面線源がある場合に相当すると仮定する。面等

方線源からのガンマ線束を点等方線源と面検出器に置き換

える手法3)を egs52)に適用し，垂直方向分布は地表から h0
まで一様であるとして，地表 1.3 m位置での光子スペクト

ルを計算した。この手法の妥当性を検証するために，Fig.

1に，100 keV光子を 1 m3 当たり毎秒 1個放出する無限

の 空 気 体 系 中 の 散 乱 線 ス ペ ク ト ル に つ い て ，

EPA�402�R�93�0814)に掲載されている解析的手法による

結果と egs5による計算結果との比較を示す。egs5の計算

において，空気の密度としては，20°Cで 1気圧(以下，

「NTP状態」という。)での 0.001205 g/cm3 を使用した。

無限体系の模擬として h0 は，100 keV光子の空気中での

平均自由行程の10倍に設定した。スペクトルの形・大き

さが，ともによく一致していることが判る。Fig. 1には，

地面を考慮した場合の 1.3 m高さでの結果をあわせて示

す。線源の総量が同じになるように地面を考慮した場合

は，得られた計算結果を 2倍している。線源のエネル

ギーに近い領域はほとんど変わらないが，離れた領域では

地面を考慮すると後方散乱が少なくなっていることが判

る。散乱を受けていない直接線数は，EPA�402�R�93�

081では，5.52×10－3 photons/cm2/secで，地面を考慮し

ていない egs5の結果は，5.50×10－3 photons/cm2/sec，

地面を考慮した 1.3 m高さでの egs5の結果は，6.03×

10－3 photons/cm2/secなので，よく一致しているといえ

る。

プルームの高さ h0 の影響がどこまであるかをみるため

に，エネルギーの高いガンマ線を放出する I�132を含むプ

ルームについて，高さが 500 mの場合と無限の厚さとみ

なせる最も高いエネルギーのガンマ線の空気中での平均自

由行程の10倍に対応する 2,219 mの場合の地表 1.3 mに

おけるスペクトルの比較を Fig. 2に示す。両者の違いは

ほとんどないことが判る。プルームの高さは，100 mから

1,000 mといわれているが，Fig. 2の結果から，以降では

500 m高さまでのプルームを検討の対象とする。

Figure 3に I�131を 1 Bq/cm3 の濃度で含む100, 200お

Figure 1    Comparison of energy spectrum of scattered photons for submersion in a 1 Bq/m3 100 keV contam-
inated air source
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consideration. When the soil was taken into consideration, the calculation result was doubled so 
that the total of the radiation source would be the same. Although there was little change in the 
area close to the energy of the radiation source, it was found that there was less backscattering 
in a remote area when the soil was taken into account. The number of unscattered photons was 
5.52 × 10−3 photons/cm2/sec in the case of EPA-402-R-93-081. The result of egs5 where the soil 
was not considered was 5.50 × 10−3 photons/cm2/sec, and the result of egs5 at a height of 1.3 m 
considering the ground was 6.03 × 10−3 photons/cm2/sec. We can see that they are identical.

To see the impact of plume height h0 from the plume containing I-132, which emits high en-
ergy gamma rays, Figure 2 shows the comparison of spectra at a height of 1.3 m from the soil 
surface between the case where the height is 500 m and the case where the height is 2,219 m, 
which is ten times of the mean free path for the gamma ray with the highest energy in air, and 
is regarded as infinite in thickness. It was found that there was little difference between either 
case. Although the plume height is said to be between 100 m and 1,000 m, based on the result 
shown in Figure 2, the plumes up to 500 m in height are to be studied.

Figure 3 shows the calculated photon spectra at a height of 1.3 m above the soil surface 
from plumes 100, 200, and 500 m high containing I-131 at a concentration of 1 Bq/cm3 in the 
air in NTP state. The figure shows that the scattering portion increases as the plume height 

305

Fig. 1 Comparison of energy spectrum of scattered photons for
submersion in a 1 Bq/m3 100 keV contaminated air
source

Fig. 2 Comparison of photon spectrum at 1.3 m above soil sur-
face from I�132 including in 500 m and 2,219 m (10 mfp)
height plume

Fig. 3 Comparison of photon spectrum at 1.3 m above soil sur-
face from I�131 including in plume or deposited on soil
surface

Fig. 4 Air density dependence of photon spectrum at 1.3 m
above soil surface from 200 m plume including I�131

305LaBr3 シンチレーション検出器の波高分布測定値と egs5によるプルーム中放射性核種の検出器応答を用いたプルーム中放射性核種濃度の推定

日本原子力学会和文論文誌，Vol. 12, No. 4 (2013)

に広がった面線源がある場合に相当すると仮定する。面等

方線源からのガンマ線束を点等方線源と面検出器に置き換

える手法3)を egs52)に適用し，垂直方向分布は地表から h0
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「NTP状態」という。)での 0.001205 g/cm3 を使用した。

無限体系の模擬として h0 は，100 keV光子の空気中での

平均自由行程の10倍に設定した。スペクトルの形・大き

さが，ともによく一致していることが判る。Fig. 1には，

地面を考慮した場合の 1.3 m高さでの結果をあわせて示

す。線源の総量が同じになるように地面を考慮した場合

は，得られた計算結果を 2倍している。線源のエネル

ギーに近い領域はほとんど変わらないが，離れた領域では

地面を考慮すると後方散乱が少なくなっていることが判

る。散乱を受けていない直接線数は，EPA�402�R�93�

081では，5.52×10－3 photons/cm2/secで，地面を考慮し

ていない egs5の結果は，5.50×10－3 photons/cm2/sec，

地面を考慮した 1.3 m高さでの egs5の結果は，6.03×

10－3 photons/cm2/secなので，よく一致しているといえ
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に，エネルギーの高いガンマ線を放出する I�132を含むプ
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Figure 3に I�131を 1 Bq/cm3 の濃度で含む100, 200お

Figure 2    Comparison of photon spectrum at 1.3 m above soil surface from I-132 contained in plumes 500 m 
and 2,219 m (10 mfp) high
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deposited on soil surface
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h 0 increases, but there is little difference between 200 m and 500 m. Figure 3 also shows the 
calculated photon spectrum at a height of 1.3 m from the soil surface when I-131 is distributed 
uniformly over a wide area on the soil surface at a concentration of 2,260 Bq/cm2, where the 
peak gamma ray count rate of 0.364 MeV becomes almost identical to the result for a plume 
500 m high. In the case of ground surface distribution, it was found that the ratio of scattered 
photons to unscattered photons that were emitted from a radionuclide and then were not sub-
jected to scattering was small compared with that from the plume. 

The density of air varies depending on the weather conditions. Figure 4 shows the air densi-
ty dependency of the spectra for a plume 200 m high containing I-131. If the density of the air 
is increased by half without changing the composition, the spectrum changes a little in shape 
but varies almost inversely with the density, as it is 1/1.44 at the peak of 0.365 MeV. This is 
because the attenuation in the air increases due to the increase in the density.

2. Response of LaBr3 Detector

We calculated the absorption energy in the detector based on the assumption that photons 
that have the spectrum calculated in Section II-1 in the air in the NTP state enter a ϕ1.5″ × 1.5″ 
LaBr3 detector uniformly, and also corrected the resolution using the detector performance 
achieving a FWHM of 3.5% relative to 0.662 MeV photons. Based on these calculations, 
we determined the detector response in the case where various nuclides were contained at a 
concentration of 1 Bq/cm3. Figure 5 shows the detector response according to I-131, I-132, 
Cs-134, Te-132, and Xe-133 when the plume height is 100, 200, and 500 m. In the case of 
nuclides other than Xe-133, the detector response is also shown for a height of 1.3 m from the 
soil surface, where respective nuclides are distributed uniformly over a wide area on the soil 
surface at a density which makes major peak count rates almost identical. The lower the energy 
of the gamma rays emitted from various types of radionuclides, the smaller the contribution 
made by distance becomes, showing that the plume height has a smaller impact. The detector 
response to Te-132 shows peaks around 0.04 and 0.03 MeV only in the case of soil surface 
distribution. These peaks are due to the gamma rays emitted by the decay of Te-132 and the 
K X-ray of I. Since the contribution from a region near the detector is relatively large in the 
case of soil surface distribution, the contribution of the low-energy gamma rays and X-rays is 
reflected in the pulse height distribution.

Since La, which is a major constituent of the detector, contains 0.09% of La-138 with a 
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half-life of 1.06 × 1011 years, the LaBr3 detector has a unique background consisting of the 
gamma and beta rays emitted as a result of the decay of La-138. Figure 6 shows the back-
ground pulse height distribution of the detector, which was calculated with egs5 based on the 
decay mode of La-138, assuming that La-138 was distributed uniformly in the LaBr3 detector. 
The detector response calculated had very similar amplitude and shape to the measurement 
value obtained by placing the LaBr3 detector in a lead shield, and it can be said that the result 
of calculation with egs5 reproduced the background due to decay of La-138. In the comparison 
of pulse height distributions performed in Chapter III, the pulse height distributions calculated 
with egs5 include this background unique for the LaBr3 detector.

306

Fig. 5 Comparison of LaBr3 response at 1.3 m above soil surface from I�131(a), I�132(b), Cs�134(c), Te�132(d) and Xe�133(e) includ-
ing plume or deposited on soil surface

306 論 文 (平山，他)

日本原子力学会和文論文誌，Vol. 12, No. 4 (2013)

よび 500 mの高さのプルームが，NTP状態の空気中にあ

る場合の測定高さである地面から 1.3 mでのスペクトルを

示す。プルームの高さ h0 が高くなるにつれ散乱部分が増

えるが，200 mと 500 mではその差は小さいことが判る。

Fig. 3には，広く一様な土壌の表面に，0.364 MeVガン

マ線のピーク計数率が 500 m高さのプルームの結果とほ

ぼ同じになる 2,260 Bq/cm2 の密度で I�131が一様に分布

しているときの地表 1.3 m位置でのスペクトルをあわせて

示す。地表面分布の場合は，プルームの場合と比較して，

放射性核種から放出されその後散乱を受けていない直接線

に対する散乱線の割合が小さいことが判る。

空気の密度は，気象条件により異なる。Fig. 4に，I�

Figure 5    Comparison of LaBr3 response 1.3 m above soil surface from I-131(a), I-132(b), Cs-134(c), Te-
132(d) and Xe-133(e) contained in plume or deposited on soil surface

(a) I-131 (d) Te-132

(c) Cs-134

(b) I-132 (e) Xe-133
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III. Concentration of Radionuclides in Plume
1. Method of Estimating Radionuclide Concentrations

From the measurements of the pulse height distributions, Te-132, I-132, I-131, Xe-133, 
Cs-134, and Cs-136 were detected. To estimate the concentrations of respective radionuclides, 
we used the peaks corresponding to the energies shown in Table 1, which were considered to 
contain fewer gamma rays emitted from other nuclides.

The concentrations of respective nuclides were estimated from the pulse height distribution 
of the LaBr3 detector according to the following procedures:

(1) To determine the peak count rate from which the tail of the nuclide identified from the 
measurement value is deducted (A).

(2) To determine the corresponding peak count rate from which the tail is deducted from the 
detector responses calculated for respective nuclides, as is the case with the measurement value 
(B). This value is the peak count rate per Bq/cm3.

(3) The radionuclide concentration (Bq/cm3) is obtained from B/A.

2. Comparison of the Pulse Height Distributions of LaBr3

Figures 7 and 8 show the comparison between the measured pulse height distributions and 
the reconstructed distributions using the detector responses in the case where the plume height 
was 200 m, and where radionuclides deposited uniformly on the ground surface over a wide 
area at Koriyama-Higashi IC of the Ban-Etsu Expressway (March 15, 15:25–15:26) and at 
Abukuma-Kogen SA of the Ban-Etsu Expressway (March 15, 15:51–15:52). The reconstruc-
tion was based on the assumption that Cs-137, with the same concentration as Cs-134, was 
contained in the plume. Since Xe-133 does not deposit on soil surfaces, it was considered that 
Xe-133 existed in the plumes even in the case of calculation of soil surface contamination. In 
the comparison at Koriyama-Higashi IC, the calculated values had a tendency to be overesti-
mated in the range from 0.081 MeV to 0.228 MeV, but it can be said that the measured pulse 
height distributions were very similar to the reconstructed distributions. On the other hand, in 
the comparison at Abukuma-Kogen SA, the situation is different from Koriyama-Higashi IC 
in that the scattering portion of the pulse height distribution reconstructed at low energy was 

307

Fig. 6 Comparison of LaBr3 detector response due to La�138
between egs5 calculation and measurement inside Pb
shield

Table 1 Gamma�ray energies used for analysis

Radionucide Gamma�ray energy

Xe�133 81 keV
Te�132 228 keV
I�131 365 keV
Cs�134 605 keV
I�132 955 keV
Cs�136 1,048 keV

307LaBr3 シンチレーション検出器の波高分布測定値と egs5によるプルーム中放射性核種の検出器応答を用いたプルーム中放射性核種濃度の推定
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131を含む 200 mプルーム中のスペクトルの空気密度依

存性を示す。組成を変えずに空気の密度を1.5倍にする

と，スペクトルの形はほとんど変わらないが，0.365 MeV

のピークで 1/1.44とほぼ密度に逆比例している。これ

は，密度が大きくなったことにより，空気中での減衰が増

加するためである。

2. LaBr3 検出器の検出器応答

NTP状態の空気中における II�1節で求めたスペクトル

をもつ光子が，1.5″q×1.5″の LaBr3 検出器に一様に入射

するとして検出器中の吸収エネルギーを計算し，0.662

MeV光子に対する FWHMが3.5�であるという検出器の

性能を使って分解能の補正を行い，各核種が 1 Bq/cm3 の

濃度で含まれている場合の検出器応答を求めた。プルーム

の高さが100, 200および 500 mの場合の I�131, I�132, Cs�

134, Te�132および Xe�133による検出器応答を Fig. 5に

示す。Xe�133以外の核種の場合は，広く一様な地表面に

主要なピーク計数率がほぼ同じとなる密度でそれぞれの核

種が一様に分布しているときの地表 1.3 m位置での検出器

応答をあわせて示す。放射性核種から放出されるガンマ線

のエネルギーが低い程遠方からの寄与が小さくなるため，

プルーム高さの影響は小さくなっていることが判る。Te�

132の検出器応答では，地表分布の場合にのみ0.04および

0.03 MeV近辺にピークがみられる。これらは，Te�132

の崩壊に伴い放出されるガンマ線と Iの K X�線によるも

のである。地表分布の場合は，検出器近くの領域からの寄

与が相対的に大きいことから，これらの低エネルギーガン

マ線や X線の寄与が反映した波高分布となっている。

検出器の主要構成元素である Laが，半減期1.06×1011

年の La�138を0.09�含んでいるため，LaBr3 検出器には，

La�138の崩壊に伴い放出されるガンマ線とベータ線によ

る固有バックグラウンドがある。La�138が LaBr3 検出器

中に一様に分布するとして，La�138の崩壊モードに基づ

き egs5で計算した検出器の固有バックグランドを Fig. 6

に示す。求めた検出器応答は，LaBr3 検出器を鉛遮蔽中に

設置して得た測定値と大きさ・形がともによく一致してお

り，egs5による計算結果は，固有バックグラウンドを再

現しているといえる。第 III章で行う波高分布の比較では，

egs5で計算した LaBr3 検出器の固有バックグラウンドを

含んだものを再構築した波高分布とした。

III. プルーム中の放射性核種濃度

1. 放射性核種濃度の推定方法

波高分布の測定値からは，Te�132, I�132, I�131, Xe�

133, Cs�134および Cs�136が検出されている。それぞれ

の放射性核種濃度の推定には，他の核種から放出されるガ

ンマ線の混入が少ないと考えられる Table 1に示すエネ

ルギーに対応するピークを用いた。

LaBr3 検出器の波高分布から各核種の濃度の推定は，次

の手順で行った。

�� 測定値から同定された核種のテール部分を差し引い

たピーク計数率を求める。(A)

�� 各核種について計算で求めた検出器応答から測定値

と同様にテール部分を差し引いた対応するピーク計数率を

求める。(B)この値は，1 Bq/cm3 当たりのピーク計数率

となる。

�� B/Aを求める放射性核種濃度 (Bq/cm3)とする

2. LaBr3 波高分布の比較

磐越自動車道郡山東 IC(3月15日15時25�26分)と磐越自

動車道阿武隈高原 SA(3月15日15時51�52分)での波高分

布の測定値とプルームの高さを 200 mとした場合および

広い領域の地表面に一様に沈着した場合の検出器応答を用

いて再構築した波高分布との比較を Figs. 7および 8に示

す。再構築する際には，Cs�134と同じ濃度の Cs�137が

含まれていると仮定している。Xe�133は地表面等に沈着

しないので，地表面の結果でもプルーム中に存在するとし

ている。郡山東 ICでの比較では，0.081から 0.228 MeV

の領域で計算値が若干過大評価している傾向がみられる

が，全体として測定された波高分布と再構築した波高分布

はよく一致しているといえる。一方，阿武隈高原 SAでの

Figure 6    Comparison of LaBr3 detector response due to La-138 between egs5 calculation and measurement 
inside Pb shield
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significantly larger than the measured one.
Based on the results of the analysis of radionuclides mention in the next section 3, it was 

clear that the concentrations varied markedly with time in both areas, which were located west 
of the Fukushima Daiichi Nuclear Power Plant. The measurement at Abukuma-Kogen SA was 
performed after a certain period of time had elapsed following the passage of the plume con-
taining high concentrations of radionuclides. Therefore, it was surmised that this difference 
could be attributed to the contribution of radionuclides deposited on ground surfaces, etc. when 

Table 1   Gamma-ray energies used for analysis
Radionuclide Gamma-ray energy

Xe-133 81keV
Te-132 228 keV
1-131 365 keV
Cs-134 605 keV
1-132 955 keV
Cs-136 1,048 keV
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Fig. 7 Comparison of LaBr3 pulse-height distribution between
measurement at Koriyama-higashi IC at 15�25 March
15, 2011 and egs5 calculation

Fig. 8 Comparison of LaBr3 pulse-height distribution between
measurement at Abukumakogen SA at 15�51 March
15, 2011 and egs5 calculation

Table 2 Place and time used for the estimation of
radionuclides concentration in plume

Place of
measurement Time Measurement

time

Direction and
distance from
Fukushima
No. 1 NPS

Adatara SA 15�03 60 sec. West 56.0 km
Motomiya IC 15�11 60 sec. West 57.4 km
Koriyama-higashi IC 15�22 60 sec. West 52.4 km
Miharu PA 15�33 60 sec. West 47.5 km
Funehiki-Miharu IC 15�42 60 sec. West 41.7 km
Abukuma-kogen SA 15�51 60 sec. West 38.3 km

Fig. 9 Estimated time variation of concentration at 38.3�57.4
km west direction from Fukushima No. 1 Nuclear Power
Station between 15�03 and 15�51 in March 15, 2011
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比較では再構築した波高分布の低エネルギーでの散乱部分

が測定された波高分布よりかなり大きくなっており，郡山

東 ICとは状況が違っている。3で示す放射性核種濃度の

分析結果から福島第 1原子力発電所から西方向にある両

箇所では時間とともに濃度が急激に変化したと考えられ，

阿武隈高原 SAで測定した時点では高濃度の放射性核種を

含むプルームが通過してから一定時間が経過した後での測

定であるため，高濃度の放射性核種を含むプルームが通過

した際に地表面等に沈着した放射性核種の寄与が相対的に

大きいことが影響してこのような違いが生じたと推測され

る。

3. プルーム中の放射性核種濃度の推定

3月15日の測定値の内，福島第 1原子力発電所から西方

向で 38.3�57.4 kmに位置する Table 2に示す 6ヵ所で測

定された波高分布から放射性核種濃度の推定を行った。各

放射性核種に対応する測定値のピーク計数率がすべてプ

ルームに含まれていた放射性核種によるとした場合の放射

性核種濃度を Table 3に示す。プルームの実効的な高さ

が低い方が放射性核種濃度は高くなるが，その違いは 100

mと 500 mで最も違いが大きい I�132の場合でも30��

下であり，当然のことながら，放射性核種から放出される

ガンマ線のエネルギーが低いほど違いは小さくなる。プ

ルームの実効的な高さを 200 mとした場合の，時刻によ

る濃度変化を Fig. 9に示す。地表等に沈着することがな

い Xe�133がプルームの状況を最もよく反映していると思

われるが，Xe�133から放出されるガンマ線のエネルギー

が 81 keVと低いため，他の核種による散乱線との関係で

波高分布から検出できる濃度の下限が高く，Xe�133がプ

ルーム中に含まれていても濃度が低い場所では 0となっ

ている可能性がある。この図から，西方向に向かったプ

ルームは，15時頃に福島第 1原子力発電所から 50 km近

辺に到達し，15時25分頃に最大の濃度となり，I�131の場

合には，15時50分過ぎには最大時の 1/4程度になったと

推測される。

測定中の天候が霧雨であったことから，プルーム通過に

伴いプルーム中の放射性核種の一部が地上に沈着したと考

Figure 7    Comparison of LaBr3 pulse-height distribution between measurement at Koriyama-higashi IC at 
15:25 March 15, 2011 and egs5 calculation

308

Fig. 7 Comparison of LaBr3 pulse-height distribution between
measurement at Koriyama-higashi IC at 15�25 March
15, 2011 and egs5 calculation

Fig. 8 Comparison of LaBr3 pulse-height distribution between
measurement at Abukumakogen SA at 15�51 March
15, 2011 and egs5 calculation

Table 2 Place and time used for the estimation of
radionuclides concentration in plume

Place of
measurement Time Measurement

time

Direction and
distance from
Fukushima
No. 1 NPS

Adatara SA 15�03 60 sec. West 56.0 km
Motomiya IC 15�11 60 sec. West 57.4 km
Koriyama-higashi IC 15�22 60 sec. West 52.4 km
Miharu PA 15�33 60 sec. West 47.5 km
Funehiki-Miharu IC 15�42 60 sec. West 41.7 km
Abukuma-kogen SA 15�51 60 sec. West 38.3 km

Fig. 9 Estimated time variation of concentration at 38.3�57.4
km west direction from Fukushima No. 1 Nuclear Power
Station between 15�03 and 15�51 in March 15, 2011
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比較では再構築した波高分布の低エネルギーでの散乱部分

が測定された波高分布よりかなり大きくなっており，郡山

東 ICとは状況が違っている。3で示す放射性核種濃度の

分析結果から福島第 1原子力発電所から西方向にある両

箇所では時間とともに濃度が急激に変化したと考えられ，

阿武隈高原 SAで測定した時点では高濃度の放射性核種を

含むプルームが通過してから一定時間が経過した後での測

定であるため，高濃度の放射性核種を含むプルームが通過

した際に地表面等に沈着した放射性核種の寄与が相対的に

大きいことが影響してこのような違いが生じたと推測され

る。

3. プルーム中の放射性核種濃度の推定

3月15日の測定値の内，福島第 1原子力発電所から西方

向で 38.3�57.4 kmに位置する Table 2に示す 6ヵ所で測

定された波高分布から放射性核種濃度の推定を行った。各

放射性核種に対応する測定値のピーク計数率がすべてプ

ルームに含まれていた放射性核種によるとした場合の放射

性核種濃度を Table 3に示す。プルームの実効的な高さ

が低い方が放射性核種濃度は高くなるが，その違いは 100

mと 500 mで最も違いが大きい I�132の場合でも30��

下であり，当然のことながら，放射性核種から放出される

ガンマ線のエネルギーが低いほど違いは小さくなる。プ

ルームの実効的な高さを 200 mとした場合の，時刻によ

る濃度変化を Fig. 9に示す。地表等に沈着することがな

い Xe�133がプルームの状況を最もよく反映していると思

われるが，Xe�133から放出されるガンマ線のエネルギー

が 81 keVと低いため，他の核種による散乱線との関係で

波高分布から検出できる濃度の下限が高く，Xe�133がプ

ルーム中に含まれていても濃度が低い場所では 0となっ

ている可能性がある。この図から，西方向に向かったプ

ルームは，15時頃に福島第 1原子力発電所から 50 km近

辺に到達し，15時25分頃に最大の濃度となり，I�131の場

合には，15時50分過ぎには最大時の 1/4程度になったと

推測される。

測定中の天候が霧雨であったことから，プルーム通過に

伴いプルーム中の放射性核種の一部が地上に沈着したと考

Figure 8    Comparison of LaBr3 pulse-height distribution between measurement at Abukuma-kogen SA at 
15:51 March 15, 2011 and egs5 calculation

Hideo HIRAYAMA et al.
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the passing plume containing high concentrations of radionuclides was relatively large.

3. Estimation of the Concentrations of Radionuclides in Plumes

From the measurement values obtained on March 15, we estimated the concentrations of ra-
dionuclides from the pulse height distributions measured at six places, shown in Table 2, which 
were located 38.3–57.4 km west of the Fukushima Daiichi Nuclear Power Plant. Table 3 
shows the concentrations of radionuclides, and measured peak count rates corresponding to 
respective radionuclides contained in the plumes. Although the radionuclide concentration be-
comes higher as the effective height of the plume is lower, the concentration is as low as 30% 
in the case of I-132, which means the largest difference occurs at 100 m and 500 m. The lower 

Table 3   Estimated upper limit of radionuclide concentration inside plume

Nuclide
Concentration of radionuclide Bq/cm3

Adatara SA (15:03) Motomiya IC (15:11)
100 m plume 200 m plume 500 m plume 100 m plume 200 m plume 500 m plume

Te-132 0.00224 0.00209 0.00206 0.00732 0.00683 0.00675
1-131 0.00190 0.00173 0.00169 0.00564 0.00514 0.00503
1-132 0.00290 0.00245 0.00226 0.00966 0.00814 0.00749

Xe-133 0 0 0 0 0 0
Cs-136 0.000102 0.0000867 0.0000810 0.000418 0.000355 0.000331
Cs-134 0.000268 0.000237 0.000227 0.00105 0.000924 0.000888

Nuclide
Concentration of radionuclide Bq/cm3

Koriyama-Higashi IC (15:25) Miharu PA (15:33)
100 m plume 200 m plume 500 m plume 100 m plume 200 m plume 500 m plume

Te-132 0.0103 0.00962 0.00952 0.00425 0.00396 0.00392
1-131 0.00847 0.00772 0.00755 0.00374 0.00340 0.00333
1-132 0.0138 0.0116 0.0107 0.00559 0.00471 0.00434

Xe-133 0.120 0.118 0.118 0.03306 0.03238 0.03238
Cs-136 0.000418 0.000355 0.000331 0.000158 0.000134 0.000125
Cs-134 0.00170 0.00150 0.00145 0.000945 0.000835 0.000802

Nuclide
Concentration of radionuclide Bq/cm3

Funehiki-Miharu IC (15:42) Abukuma-kogen SA (15 :51)
100 m plume 200 m plume 500 m plume 100 m plume 200 m plume 500 m plume

Te-132 0.00353 0.00329 0.00325 0.00285 0.00266 0.00263
1-131 0.00329 0.00300 0.00293 0.00212 0.00193 0.00189
1-132 0.00478 0.00402 0.00370 0.00345 0.00291 0.00268

Xe-133 0.0317 0.0311 0.0311 0.0124 0.0122 0.0122
Cs-136 0.000195 0.000166 0.000155 0.000102 0.0000867 0.0000810
Cs-134 0.000733 0.000647 0.000622 0.000697 0.000616 0.000592

Table 2   Place and time used for the estimation of radionuclide concentration in plume

Place of measurement Time Measurement time Direction and  distance from  Fukushima 
No. 1 NPP

Adatara SA 15:03 60 sec. West 56.0 km
Motomiya IC 15:11 60 sec. West 57.4 km
Koriyama-higashi IC 15:22 60 sec. West 52.4 km
Miharu PA 15:33 60 sec. West 47.5 km
Funehiki-Miharu IC 15:42 60 sec. West 41.7 km
Abukuma-kogen SA 15:51 60 sec. West 38.3 km
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the energy of the gamma rays emitted from radionuclides, the smaller the difference is. Figure 
9 shows the variation in concentration with time, provided the effective plume height is 200 m. 
Although it seems that Xe-133, which does not deposit on the soil surface, etc. best reflects the 
plume condition, the energy of the gamma rays emitted from Xe-133 is as low as 81 keV. As a 
result, the detection limit of the concentration is high due to the scattered photons from other 
nuclides, and it may possibly be zero at a place where the concentration of Xe-133 is low. From 
this figure, it is estimated that the plume that traveled westwards arrived at a place located ap-
proximately 50 km from Fukushima Daiichi Nuclear Power Plant at around 3:00 p.m., and then 
reached its highest concentration around 3:25 p.m. Furthermore, the concentration of I-131 
dropped to about a quarter of the maximum concentration after 3:50 p.m. 

Since it was drizzling during the measurement, it is considered that some radionuclides 
contained in the plume deposited on the ground surface as the plume passed. Therefore, the 
concentrations shown in Table 3 are the upper limits of the concentrations of radionuclides 
contained in the plumes. Since the measurement described in reference 1 used for estimation 
is not a continuous measurement at a fixed point, it is difficult to estimate the contribution of 
deposition directly from the measured pulse height distributions. In addition, although it is 
considered possible to estimate the contribution of the deposition on the soil surface from 
the difference in the ratio between unscattered and scattered photons (Figure 7), if the 
measurement is performed over a wide area consisting of a single material, such as soil, it is 
too difficult to apply this method because the measurement sites located on an expressway 
are quite different from such conditions. At Adatara SA on the Tohoku Expressway, which 
is one of the six estimation sites, the measurement was also performed on March 16 (twice), 
March 17 and April 8. Although the measurements were performed at the same service area, 
they were not performed continuously at a fixed point. Therefore, we attempted to estimate the 
influence of deposition from the change in the point of measurement under the assumption that 
measurements were not conducted at the same exact point. Table 4 shows the measured peak 
count rates of the respective nuclides, and Figure 10 shows the change over time in the peak 
count rates of Te-132, I-131, Xe-133, and Cs-134. Since the peak count rates of these nuclides 
increased on the evening of March 16, it would appear that another plume arrived during this 
period. It was also found that gaseous I-131 as well as particulate Te-132 and Cs-134 showed 
different change trends over time. In the case of I-131 and Cs-134, the values for which the 
half-life was corrected from the values measured on April 8 based on the assumption of 100% 
deposition on the soil surface were larger than the values measured on March 17. It is possible 
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Fig. 7 Comparison of LaBr3 pulse-height distribution between
measurement at Koriyama-higashi IC at 15�25 March
15, 2011 and egs5 calculation

Fig. 8 Comparison of LaBr3 pulse-height distribution between
measurement at Abukumakogen SA at 15�51 March
15, 2011 and egs5 calculation

Table 2 Place and time used for the estimation of
radionuclides concentration in plume

Place of
measurement Time Measurement

time

Direction and
distance from
Fukushima
No. 1 NPS

Adatara SA 15�03 60 sec. West 56.0 km
Motomiya IC 15�11 60 sec. West 57.4 km
Koriyama-higashi IC 15�22 60 sec. West 52.4 km
Miharu PA 15�33 60 sec. West 47.5 km
Funehiki-Miharu IC 15�42 60 sec. West 41.7 km
Abukuma-kogen SA 15�51 60 sec. West 38.3 km

Fig. 9 Estimated time variation of concentration at 38.3�57.4
km west direction from Fukushima No. 1 Nuclear Power
Station between 15�03 and 15�51 in March 15, 2011
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比較では再構築した波高分布の低エネルギーでの散乱部分

が測定された波高分布よりかなり大きくなっており，郡山

東 ICとは状況が違っている。3で示す放射性核種濃度の

分析結果から福島第 1原子力発電所から西方向にある両

箇所では時間とともに濃度が急激に変化したと考えられ，

阿武隈高原 SAで測定した時点では高濃度の放射性核種を

含むプルームが通過してから一定時間が経過した後での測

定であるため，高濃度の放射性核種を含むプルームが通過

した際に地表面等に沈着した放射性核種の寄与が相対的に

大きいことが影響してこのような違いが生じたと推測され

る。

3. プルーム中の放射性核種濃度の推定

3月15日の測定値の内，福島第 1原子力発電所から西方

向で 38.3�57.4 kmに位置する Table 2に示す 6ヵ所で測

定された波高分布から放射性核種濃度の推定を行った。各

放射性核種に対応する測定値のピーク計数率がすべてプ

ルームに含まれていた放射性核種によるとした場合の放射

性核種濃度を Table 3に示す。プルームの実効的な高さ

が低い方が放射性核種濃度は高くなるが，その違いは 100

mと 500 mで最も違いが大きい I�132の場合でも30��

下であり，当然のことながら，放射性核種から放出される

ガンマ線のエネルギーが低いほど違いは小さくなる。プ

ルームの実効的な高さを 200 mとした場合の，時刻によ

る濃度変化を Fig. 9に示す。地表等に沈着することがな

い Xe�133がプルームの状況を最もよく反映していると思

われるが，Xe�133から放出されるガンマ線のエネルギー

が 81 keVと低いため，他の核種による散乱線との関係で

波高分布から検出できる濃度の下限が高く，Xe�133がプ

ルーム中に含まれていても濃度が低い場所では 0となっ

ている可能性がある。この図から，西方向に向かったプ

ルームは，15時頃に福島第 1原子力発電所から 50 km近

辺に到達し，15時25分頃に最大の濃度となり，I�131の場

合には，15時50分過ぎには最大時の 1/4程度になったと

推測される。

測定中の天候が霧雨であったことから，プルーム通過に

伴いプルーム中の放射性核種の一部が地上に沈着したと考

Figure 9    Estimated time variation of concentration 38.3–57.4 km west of the Fukushima Daiichi Nuclear 
Power Plant between 15:03 and 15:51 in March 15, 2011
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that the deposition due to the arrival of the plume on or after March 17 had an influence on this 
result. Assuming that the result of the measurement performed on  March 17 was due to I-131 
(which exhibited 100% deposition), the count rate of I-131 due to the deposition at the time of 
measurement on March 15 was 13.8 cps, which was equivalent to the peak count rate of 29% 
measured on March 15.

In the case of Miharu PA and Abukuma-Kogen SA on the Ban-Etsu Expressway, only the 
measurement result obtained on April 8 was available on and after March 15. The peak count 
rates of I-131 obtained on March 15 after correcting the half-life were 26.3 cps and 16.0 cps, 
which were 28% and 30% of the peak count rates measured on March 15, respectively. As 
shown in the case of Adatara SA, it is possible that the contribution of the deposition estimated 
according to this method contained the deposition due to the plume that arrived on and after 
March 15. Therefore, it would appear that these values are the maximum values caused by the 
influence of deposition.

Since the measurements at Abukuma-Kogen SA, which are compared in Figure 8, were 
conducted starting at 3:51 p.m., it would appear that measurements were conducted more than 
25 min after the plume with the maximum concentration had passed. Therefore, it can be esti-
mated that the contribution of the radionuclides deposited on the soil surface reached 30%, as 
shown above. It is thought that this is the cause of the low energy scattering component of the 
pulse height distributions reconstructed only by the radionuclide in the plume being larger than 
the measured ones.
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Table 3 Estimated upper limit concentration of radionuclides inside plume

Nuclide

Concentration of radionuclide Bq/cm3

Adatara SA (15�03) Motomiya IC (15�11)

100 m plume 200 m plume 500 m plume 100 m plume 200 m plume 500 m plume

Te�132 0.00224 0.00209 0.00206 0.00732 0.00683 0.00675
I�131 0.00190 0.00173 0.00169 0.00564 0.00514 0.00503
I�132 0.00290 0.00245 0.00226 0.00966 0.00814 0.00749
Xe�133 0 0 0 0 0 0
Cs�136 0.000102 0.0000867 0.0000810 0.000418 0.000355 0.000331
Cs�134 0.000268 0.000237 0.000227 0.00105 0.000924 0.000888

Nuclide

Concentration of radionuclide Bq/cm3

Koriyama-higasi IC (15�25) Miharu PA (15�33)

100 m plume 200 m plume 500 m plume 100 m plume 200 m plume 500 m plume

Te�132 0.0103 0.00962 0.00952 0.00425 0.00396 0.00392
I�131 0.00847 0.00772 0.00755 0.00374 0.00340 0.00333
I�132 0.0138 0.0116 0.0107 0.00559 0.00471 0.00434
Xe�133 0.120 0.118 0.118 0.03306 0.03238 0.03238
Cs�136 0.000418 0.000355 0.000331 0.000158 0.000134 0.000125
Cs�134 0.00170 0.00150 0.00145 0.000945 0.000835 0.000802

Nuclide

Concentration of radionuclide Bq/cm3

Funahiki-Miharu IC (15�42) Abukuma-kogen SA (15�51)

100 m plume 200 m plume 500 m plume 100 m plume 200 m plume 500 m plume

Te�132 0.00353 0.00329 0.00325 0.00285 0.00266 0.00263
I�131 0.00329 0.00300 0.00293 0.00212 0.00193 0.00189
I�132 0.00478 0.00402 0.00370 0.00345 0.00291 0.00268
Xe�133 0.0317 0.0311 0.0311 0.0124 0.0122 0.0122
Cs�136 0.000195 0.000166 0.000155 0.000102 0.0000867 0.0000810
Cs�134 0.000733 0.000647 0.000622 0.000697 0.000616 0.000592

Fig. 10 Time variation of measured peak counts rate for Te�
132, I�131, Xe�133 and Cs�134 at Adatara SA
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えられる。したがって，Table 3に示した濃度はプルーム

中の放射性核種濃度の上限値である。推定に使用した文献

1の測定は，決まった場所での連続的な測定ではないので

波高分布の測定値から沈着の寄与を直接推定することは難

しい。また，測定場所がグラウンドのように同じ材質の広

い場所であれば，Fig. 7で示したように直接線と散乱線の

比の違いから地表沈着の寄与を推定することも可能と思わ

れるが，高速道路上の測定場所は，この条件からかけ離れ

た状況であるため適用することが難しい。推定を行った 6

箇所の内，東北自動車道安達太良 SAでは，3月16日(2

回)，3月17日および 4月 8日にも測定が行われている。

同じ SAでの測定ではあるが，固定点での連続した測定で

はないことから，厳密に同じ場所での測定ではないことを

前提にした上でその変化から沈着の影響を推定することを

試みた。Table 4に，各核種のピーク計数率の測定値を，

Fig. 10に Te�132, I�131, Xe�133および Cs�134のピー

ク計数率の時間変化を示す。16日の夕方にどの核種も増

加していることから，この時間帯にも別のプルームが飛来

したと考えられる。ガス状の I�131と粒子状の Te�132お

よび Cs�134が異なった時間変化をしていることも判る。

I�131と Cs�134について100�地表に沈着によると考え

られる 4月 8日の測定値から半減期補正をした値は，3月

17日の値より大きくなっており，17日以降のプルーム飛

来による沈着が影響している可能性がある。17日の結果

Figure 10    Time variation of measured peak counts rate for Te-132, I-131, Xe-133 and Cs-134 at Adatara SA

Table 4   Measured peak counts rate at Adatara SA

Nuclide
Measured peak count rates (cps)

March 15 15:03 March 16 12:18 March 16 17:30 March 17 11:28 April 8 13:13
Te-132 80.1 ± 3.3 400 ± 6 660 ± 7 381 ± 6 0 ± 0
1-131 47.2 ± 2.6 16 ± 4.5 80.9 ± 5.2 12.2 ± 4.2 2.2 ± 0.4
1-132 5.45 ± 0.8 19.1 ± 1.4 31 ± 1.7 17.3 ± 1.4 0 ± 0

Xe-133 0 ± 0 0 ± 0 33.1 ± 6.4 0 ± 0 0 ± 0
Cs-136 1.1 ± 0.5 2.77 ± 0.92 6.7 ± 1 3.97 ± 0.63 1.18 ± 0.13
Cs-134 5.3 ± 0.3 30.3 ± 0.8 41.2 ± 0.9 23.4 ± 0.7 33.1 ± 0.5
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IV. Conclusions
We estimated the concentrations of radionuclides contained in the plumes when they passed 

over, from the peak count rates corresponding to the radioisotopes of the LaBr3 detector mea-
sured on the expressways inside and outside Fukushima Prefecture on March 15, 2011, and the 
corresponding peak count rates in the plumes containing the radioisotopes calculated with egs5 
at a concentration of 1 Bq/cm3. The pulse height distributions of the LaBr3 detector reconstruct-
ed using the estimated radionuclide concentrations reproduced the measured values almost 
perfectly at places where the contribution of the deposition was considered to be small, thus the 
present method is adequate for estimation. From the radionuclide concentrations estimated at 
six places located 41.7–57.4 km west of Fukushima Daiichi Nuclear Power Plant, we estimated 
the change over time as the plume passed over. Although it is difficult to estimate the influence 
of deposition because it is affected by the plumes that arrived later as well as the conditions 
around the places of measurement, we could estimate that the contribution of the deposition 
of I-131 was up to 30%, as a result of considering the values obtained at three locations where 
measurement was performed at the same place on and after March 15.

Although in this paper we used LaBr3, whose pulse height distribution data were available, it 
is also possible to apply the same method to a NaI(Tl) scintillation detector. If the pulse height 
distribution data obtained at a monitoring post using a NaI(Tl) scintillation detector were to 
be available, it would be possible to evaluate the influence of deposition accurately from the 
change over time in the peak count rates corresponding to respective nuclides. It is expected to 
estimate the concentration of I-131 in the plume immediately after the accident, as well as the 
information on the change in its concentration over time, by the pulse height distribution data 
at a monitoring post together with an atmospheric dispersion model and to use obtained results 
for estimation of internal exposure by I-131.
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