
Time Variations in Dose Rate and γ Spectrum 
Measured at Tsukuba City, Ibaraki, due to the 
Accident of Fukushima Daiichi Nuclear Power 

Station

Toshiya SANAMI 1,*, Shinichi SASAKI 1, Kazuhiko IIJIMA 1,  
Yuji KISHIMOTO 1 and Kiwamu SAITO 1

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

The time variations in the dose rate and γ spectrum of radioactive nuclides originating from 
the Accident of Fukushima Daiichi Nuclear Power Station were measured at Tsukuba City, 
Ibaraki, during the period from 15th March to 9th April 2011. The radiation dose peaked three 
times during the period from 15th to 16th March (1.27 μSv/h at maximum). The contribution 
of Xe-133 to the dose rate was observed in the γ spectrum obtained from the 5 h measurement 
during the peaks on 15th and 16th March, indicating that radioactive plume passed through 
Tsukuba City at that time. After the peaks, a dose rate increase with rainfall was observed on 
21th March, dominating the integral dose rate measured at Tsukuba City. The dose after the rain-
fall comes from I-131, Cs-134, and Cs-137 that can be observed as peaks in the spectra.
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I. Introduction
Due to an earthquake in the Pacific off the coast of Tohoku, which occurred at 14:56 on 

March 11, 2011 and the ensuing tsunami, Fukushima Daiichi Nuclear Power Station fell into 
a state of station blackout 1). As a result, the nuclear reactors lost coolant and fuel rods were 
exposed, causing a hydrogen explosion. A significant amount of radioactive materials was re-
leased. The range of dispersion of these materials and the nuclide distribution were thought 
to be influenced by the conditions of release, wind direction, surrounding landscape, weather, 
etc. It was necessary to clarify the conditions under which measurements were taken and to 
compile the measured data regarding the radiation dose and radioactivity, such as ambient dose 
equivalent and fallout composition over a wide-ranging area and over different time spans. 

The High Energy Accelerator Research Organization in Oho, Tsukuba-City, Ibaraki-Pre-
fecture focused on the necessity of acquiring such data and started continuous measurement 
of dose rate and pulse-height spectrum using a NaI (Tl) scintillation detector (hereinafter NaI 
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detector) starting at 14:13 on March 14. The dose rate abruptly increased three times before 
dawn on March 15 and another increase in dose was observed on March 21 due to rainfall. The 
variation in the dose rate of γ-rays over time and the time-dependent change of the pulse-height 
spectrum measured using the NaI detector are summarized in this paper. Based on the data, the 
characteristics of the dose rate increase and residual radionuclides were discussed.

II. Measurement Methodology
1. Measurement Location

The measurement location was inside a prefabricated house (for radiation monitoring at the 
site boundary) at the High Energy Accelerator Research Organization in Oho, Tsukuba-City, 
Ibaraki-Prefecture (located 165 km from Fukushima Daiichi Nuclear Power Station by straight-
line distance, 36°08′50″N 140°04′40″E). The monitoring house is shown in Figure 1 and the 
layout is depicted schematically in Figure 2. The house was placed in a wood near an asphalt 
paved road (20 m wide). The distance from the site boundary was 20 m and the distance from 
the asphalt paved road was 5 m. The floor area of the house was 5.2 × 2.3 m and the height was 
2.1 m. The floors, walls, and the roof were made of plywood and steel sheet. The house had two 
windows of 90 × 170 cm each, and a ventilation fan. The ventilation fan operated continuously 
until a power outage on March 22. The installation location of the NaI detector is shown in the 
enlarged drawing in Figure 2. The NaI detector was installed at a height of 120 cm from the 
floor and 6 cm away from the window.

The dose rate was measured at a point inside the monitoring house and at a location outside 
the house using a NaI(Tl) scintillation survey meter at the time of installation and at the times 
when an increase in dose rate occurred. The doses inside were approximately the same as those 
outside; the dose rate level was confirmed for both conditions.

Figure 1    Picture of a monitoring house  
The house was located at the High Energy Accelerator Research Organization at 36°08′50″N, 
140°04′40″E, 165 km south of the Fukushima-Daiichi Nuclear Power Station. A monitoring house 
containing a NaI scintillation detector was placed in a copse at the site.
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2. NaI Detector and Data Recording System

The NaI detector (Bicron, model 2M2/2) had a NaI(Tl) crystal (2 in. diameter × 2 in. thick) 
mounted on the photomultiplier tube. The crystal was covered by a 0.02 in. thick aluminum 
casing coated with white reflective material. The output of the photomultiplier was amplified 
via a pre-amplifier and a main amplifier. The events having a pulse-height greater than a γ-ray 
energy of 118 keV were selected using a single-channel analyzer. Counts of these pulse signals 
were recorded every 10 seconds and continuously written to a compact flash card. The output 
of the main amplifier, pulse height, was analyzed using a multi-channel pulse-height analyzer, 
and the pulse-height spectrum of γ-rays was acquired continuously, with measurement restart 
every 5 hours. Pulse-count data were recorded throughout the period from 14:57 on March 14 
until 0:00 on April 9. The pulse-height spectrum data were acquired during that entire period 
excluding March 20 through March 22 and again from March 29 through March 31.

3. Derivation of Dose Rate

The time-dependent variation in dose rate was estimated based on the pulse-count data ob-
tained by the NaI detector. The compensation of energy dependence in the detection efficiency 
based on the pulse-height signal should be applied to dose measurements using a NaI(Tl) scin-
tillator, but this method was not available during this time because only part of the pulse-height 
distribution was acquired. 

Furthermore, under these measuring conditions, it was likely that the γ-rays from the ex-
isting/adhered radionuclides in/on (1) the atmosphere, (2) the soil surface, and (3) roof, walls, 
windows, etc. of the prefabricated house were measured, so it was difficult to define the de-
tection efficiency because the intensity and energy distribution fluctuated over time. Hence, 
the pulse-count rate was converted to a dose rate by standardizing to the measurement of a 
1 cm dose equivalent on the NaI(Tl) scintillation survey meter implemented with an energy 
compensation circuit. 

As a standard, a NaI(Tl) scintillation survey meter (Hitachi Aloka Medical Ltd., TCS-171, 

Figure 2    Plan view of the monitoring house  
The house was placed on ground consisting of soil. The NaI scintillation detector was placed  
120 cm above the floor, and 6 cm away from a north-facing window.
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hereinafter NaI survey meter) was used. A NaI detector and a NaI survey meter were placed in 
the same position and the time constant was set to 30 seconds. The survey meter readings were 
recorded. The pulse-count rate of the NaI detector was normalized to this value. The normaliza-
tion factor was 5.55 × 10 −4 μSv/h/cps. It was assumed that this normalization factor could vary 
with fluctuations in the γ-ray energy distribution in the field. Hence, regarding the spectra that 
were acquired separately from the count rate and accumulated for 5 hours, a comparison was 
made on the 1 cm dose equivalent rate derived using the G function 2) of the 2 in. diameter × 
2 in. thick NaI scintillation detector. The dose rate based on the above normalization factor was 
consistent with the value derived by the NaI survey meter within a margin of 10%. Based on 
this, the dose rate during the measurement period was determined from the pulse-signal count 
rate, acquired over the entire period, using this normalization factor.

III.  Measured Results
1. Time-Variation of Dose Rate

The time-valiation of dose rate is shown in Figure 3. The lines in the above figure show the 
dose rate converted from the count rate of the NaI detector and the dots indicate the measurement Time Variations in Dose Rate and γ Spectrum Measured at Tsukuba City, Ibaraki, due to the Accident of 

Fukushima Daiichi Nuclear Power Station 
165
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greater than a γ-ray energy of 118 keV were selected using a 
single-channel analyzer. Counts of these pulse signals were 
recorded every 10 seconds and continuously written to a 
compact flash card. The output of the main amplifier, pulse 
height, was analyzed using a multi-channel pulse-height 
analyzer, and the pulse-height spectrum of γ-rays was acquired 
continuously, with measurement restart every 5 hours. 
Pulse-count data were recorded throughout the period from 
14:57 on March 14 until 0:00 on April 09. The pulse-height 
spectrum data were acquired during that entire period 
excluding March 20 through March 22 and again from March 
29 through March 31. 

 
3. Derivation of Dose Rate 
The time-dependent variation in dose rate was estimated 

based on the pulse-count data obtained by the NaI detector. 
The compensation of energy dependence in the detection 
efficiency based on the pulse-height signal should be applied 
to dose measurements using a NaI(Tl) scintillator, but this 
method was not available during this time because only part of 
the pulse-height distribution was acquired.

Fig. 3  (Above) Dose rate for the entire period (from Mar. 12 to Apr. 
9) and its increase from Mar. 14 to Mar. 16. The line shows 
the count rate above the threshold (118 keV equivalent) of the 
NaI scintillation detector. The points represent dose rate 
measured by a NaI scintillation survey meter with an energy 
compensation circuit. The count rate is normalized to the dose 
rate of the survey meter. 
(Below) Rainfall data during the period near the site 
(Simotsuma area) 

 

Figure 3    (Above) Dose rate for the entire period (from Mar. 12 to Apr. 9) and its increase from Mar. 14 to Mar. 
16. The line shows the count rate above the threshold (118 keV equivalent) of the NaI scintillation 
detector. The points represent dose rate measured by a NaI scintillation survey meter with an energy 
compensation circuit. The count rate is normalized to the dose rate of the survey meter.  
(Below) Rainfall data during the period near the site (Simotsuma area)
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by the NaI survey meter made at the same time. The two measurements are consistent with each 
other both in terms of the period of dose rate peaks and other periods having different pulse-
height distributions. It was assumed that the variations in the pulse-height spectrum during this 
period did not seriously influence the conversion. 

It is understood from these charts that the first arrival of the radioactive plume at Tsuku-
ba-City, Ibaraki-Prefecture was at 2:13 on March 15. The first peak was 0.64 μSv/h at 3:56 on 
March 15, the second was 1.27 μSv/h at 8:42 on the same day. On the next day, March 16, a 
peak of 0.44 μSv/h was observed at 8:38, and after that the dose monotonically decreased until 
the rate rise on March 20. In the lower chart of Figure 3, the precipitation data are shown at 
AMEDAS located at Nihongi, Shimotsuma-City, Ibaraki-Prefecture, which is the nearest one 
from the measuring point 3). Rain was observed to fall from March 21 through 23 and on March 
26, and a significant rise in the dose rate was seen on March 21. An increase in the dose rate, 
presumably due to rainfall, was observed after a small peak of 0.27 μSv/h was observed at 13:36 
on March 20, and the dose rate increased to 0.36 μSv/h at 16:53 on March 21. The missing dose 
rate data during this period was caused by a power outage due to the electrical leakage that 
occurred at the monitoring house. The peak component on March 15 and that on March 21 were 
markedly different in terms of the time variation of the dose rate. While the peak component 
on March 15 showed a rapid increase and decrease in the dose rate, that on March 21 showed 
a slow increase and decrease in the dose rate. Accordingly, the increase in the dose rate was 
attributed to the radionuclides that were deposited near the monitoring house. Consequently, 
that increase in the dose rate dominated the dose rate changes after that and the cumulative 
dose at that point. Additionally, rainfall was observed at midnight on March 30, but no obvious 
increase in the dose rate was observed. Based on this observation, it was inferred that there was 
no significant increase in atmospheric radioactivity after the rain that fell on March 21.

It is important to understand the origin of the radioactivity on March 21 for radiological 
protection by elucidating the mechanism by which the dose rate increased due to rainfall.

2.  Time Variation of Pulse-height Spectrum

Typical pulse-height spectra are shown together with the time-variation of the dose rate in 
Figures 4-10. The upper part in each chart shows the time-variation of the dose rate, and the 
marks on the graph indicate the start and stop time of the pulse-height spectrum shown in the 
lower part.

 In the upper panel, the enlarged chart of the time-variation of the dose rate from March 15 
through March 17 shows detail of the period. The measuring energy range of the pulse-height 
spectrum was 3 MeV, but to make the peaks easier to recognize, the range higher than 2 MeV 
was omitted in Figures 4-9.

Figure 4 shows the pulse-height spectrum measured for approximately 4 hours. It shows 
the first increase of dose. Although there is a continuous spectrum due to various γ-ray peaks 
overlapping, the typical γ-ray energies for major nuclides are shown in this figure. The nuclides 
were chosen based on short half-life components that were deduced from the long half-life 
nuclides observed on the pulse-height spectrum after decay-out, the measured data on fallout 
substances in the Tsukuba area 4), and, the data measured by Fukushima-Prefecture 5). This is 
discussed later in the paper.

Figure 5 shows the pulse-height spectrum measured somewhat later than the spectrum shown 
in Figure 4. The time period was 5 hours from 15:15 until 20:19 on March 15. For comparison, 
the spectrum in Figure 4 is also shown. It can be seen from this chart that in this period, the first 
two increases in dose had already ended and the contribution of comparatively short half-life 
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nuclides such as Xe-133 and Te-132 generally decreased. The main peak at 364 keV of I-131 
can be clearly seen for this reason. 

Figure 6 shows the pulse-height spectrum measured from 20:19 on March 15 until 1:22 on 
March 16, immediately before the dose increase. The complete disappearance of Xe-133 can 
be seen. If the half-life of 5.243 days for Xe-133 is also considered, it becomes apparent that 
the variation in the dose rate was caused by the onward migration of Xe-133. An independent 
increase in Xe-133 is observed in Figure 7. The pulse-height spectrum more than 5 hours before 
the peak dose on March 16 indicates that it may be observed before the dose rise.

Figure 8 shows the pulse-height spectrum after the rise in dose on March 16. The  
comparison in the lower chart is the pulse-height spectrum in the period starting from 6:26 and 
ending at 11:29 on March 16, which includes the rise in dose on March 16. The rapid decrease of 
both Xe-133 and a γ-ray component from I-132, having various energy peaks, were clearly ob-
served. Xe-133 was therefore considered a good marker for the instantaneous increase in dose.
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Fig. 5 (Above) Dose rate of the entire period and its magniàca-
tion from 14th to 16th Mar.
The period contains several small dose rate peaks after
the largest peak.
(Below) Energy spectrum for the second period (from
315 15:15 to 315 20:19) in comparison with the àrst
period
Several broad peaks are observed since many gammas
with various energies contribute to the spectrum.

Fig. 4 (Above) Dose rate of the entire period and its magniàca-
tion from 14th to 16th Mar.
The period for energy spectrum shown below is indicated
using two lines with date and time.
(Below) Energy spectrum for the àrst period (from 315
0:37 to 315 4:39)
The period contains the àrst peak of dose rate due to the
accident of Fukushima daiichi Nuclear Power Station.
The energies of major peaks from isotopes identiàed by
the other reports are indicated on the spectrum.
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が一般的であるが，今回は断片的に波高分布が得られてい

るだけなので，この方法は用いることができない。また，

今回の測定体系では空気中，土表面，プレハブの屋

根，壁，窓，等，に存在・付着した放射性核種からの g線

を測定していると考えられるが，それぞれの強度とエネル

ギー分布が経時的に変化していると考えられるので，検出

効率を定義するのは困難である。そこで，すでにエネル

ギー補償回路が組み込んである NaIシンチレーション

サーベイメータの 1 cm線量当量の測定値に規格化するこ

とでパルス計数率を線量率に換算した。

導出の基準としてアロカ製 NaIシンチレーションサー

ベイメータ(日立アロカメディカル株 TCS171，以下 NaI

サーベイメータ)を用いた。NaI検出器と NaIサーベイ

メータを同位置に設置し，時定数を30秒に設定してサー

ベイメータの値を読み取り，この値に NaI検出器のパル

ス信号計数率を規格化した。規格化係数は 5.55e4 mSv/

h/cpsである。この規格化係数は場のガンマ線のエネル

ギー分布の変化により変化することが考えられる。そこ

で，計数率とは別個に得られている 5時間積算の各スペ

クトルに対して，2インチ径，2インチ長の NaIシンチ

レーション検出器の G関数2)を用いて導出した 1 cm線量

当量率と，上記の規格化係数による線量率を比較し，

10以内で一致することを確認した。これにより，測定

期間に渡る線量率は，全期間に渡り得られているデータで

あるパルス信号計数率を，この規格化係数で規格化した値

とすることとした。

III. 測 定 結 果

1. 線量率の経時変化
Figure 3に線量率の経時変化を示す。上図中の線は

NaI検出器の計数率を線量率に換算した線量率であり，点

は同時刻の NaIシンチレーションサーベイメータの測定

値である。2つの測定値は以下に示すように，波高分布形

Figure 4    (Above) Dose rate for the entire period 
and its increase from Mar. 14 to Mar. 16. 
The period for the energy spectrum shown 
is indicated by the two lines with date and 
time.  
(Below) Energy spectrum for the first 
period (from 3–15 0:37 to 3–15 4:39) 
The period contains the first dose rate 
peak due to the accident at the Fukushima 
Daiichi Nuclear Power Station.  
The energies of major peaks from isotopes 
identified by other reports are indicated on 
the spectrum.
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The period contains the àrst peak of dose rate due to the
accident of Fukushima daiichi Nuclear Power Station.
The energies of major peaks from isotopes identiàed by
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Figure 9 shows the pulse-height spectrum (from 19:19 on March 23 until 0:21 on March 24) 
after the rain that fell on March 21. For the purpose of comparison, the pulse-height spectrum 
before the rain (from 11:04 on March 19 until 16:05 on March 19) is shown with the pulse-
height spectrum after the rain. There was no obvious change in the shape of the spectrum before 
and after the rain. The rise in the dose rate after March 21 was clearly understandable as differ-
ent from the rise in dose rate due to the radioactive plume accompanied by Xe-133. However, 
the rise in dose caused by the radioactive plume was only temporary as can be understood from 
the time-dependent fluctuations in the dose rate, but the duration of the rise in dose due to rain 
was long, and as a result, large cumulative values were acquired. The dose rate as of April 9 was 
inferred as being mainly due to the rain that fell on March 21.

Figure 10 shows the comparison of the pulse-height spectrum from 21:47 on March 31 until 
2:49 on April 1 and the spectrum from 16:46 on March 31 through 21:47 on March 31, the mea-
surement period immediately before it. Over this time period, there was no significant change 
in the pulse-height spectrum, instead the absolute value gradually decreased. The observed 
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Fig. 7 (Above) Dose rate of entire period and its magniàcation
from 15th to 17th Mar.
The dose rate in the period increases slightly without any
peak.
(Below) Energy spectrum for the fourth period (from 3
16 1:22 to 316 6:25) in comparison with third period
The diäerence between two spectra is contribution of
Xe133, only, which means that Xe133 can travel
separately without the other activities.

Fig. 6 (Above) Dose rate of entire period and its magniàcation
from 14th to 17th Mar.
The period contains no dose rate peak.
(Below) Energy spectrum for the third period (from 3
15 20:19 to 316 1:22) in comparison with second period
Contribution form Xe133 is completely disappeared af-
ter the peaks.
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状が異なる線量率ピークの時間帯とその他の時間帯の双方

でよく一致しており，この期間の波高分布の変化は換算に

大きな影響を与えるものではないと考えられる。この図よ

り，茨城県つくば市に最初の放射性プルームが到着したの

は 3月15日の2:13であったことがわかる。最初のピーク

は 3月15日3:56に 0.64 mSv/h，次に同日の8:42に 1.27

mSv/hを記録した。翌日の 3月16日には8:38に0.44 mSv/h

のピークが観測され，その後は 3月20日の線量上昇まで

単調に減衰している。Fig. 3の下図には測定場所近郊の茨

城県下妻市二本紀にあるアメダスの降雨データを同期間に

ついて示す3)。降雨は 3月21日から23日の期間と，3月26

日に観測されており，3月11日以降初めての降雨であった

3月21日は線量率も大きく増加していることがわかる。3

月20日の13:36に 0.27 mSv/hの小さいピークが観測された

以後，降雨によるとみられる線量上昇がみられ，3月21日

の16:53には 0.36 mSv/hまで線量率が上昇した。この期間

にみられる線量率のデータ欠損は，降雨によるモニターハ

ウスの漏電に起因する停電のためである。3月15日のピー

ク成分と 3月21日の上昇は線量上昇後の線量率の挙動に

おいて大きく異なる。3月15日のピーク成分は速やかに線

量率が下落したのに対し，3月21日の上昇は緩やかな線量

率の下落を示しており，線量率上昇分は測定場所付近に沈

着した放射性核種によると考えられる。結果としてこの線

量率増加がその後の線量率変化とその場所における積算線

量を支配している。一方 3月30日の夜半にも降雨が観測

されているが，これによる顕著な線量率の増加はない。こ

のことから大気中の放射能は 3月21日の降雨以降は大き

く増加していないことが推察される。

3月21日の放射能の由来を解明することは，降雨による

線量率の増加のメカニズムを理解することにつながり，放

射線防護において重要な課題である。

2. 波高分布の経時変化
Figures 4～10に典型的な波高分布について線量率の経

時変化とともに示す。各図の上段が線量率の経時変化で，

Figure 6    (Above) Dose rate over the entire period 
and its increase from Mar. 14 to Mar. 17.  
The period contains no dose rate peak.  
(Below) Energy spectrum for the third 
period (from 3–15 20:19 to 3–16 1:22) in 
comparison with the second period. The 
contribution from Xe-133 completely dis-
appeared after the peaks.
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Fig. 7 (Above) Dose rate of entire period and its magniàcation
from 15th to 17th Mar.
The dose rate in the period increases slightly without any
peak.
(Below) Energy spectrum for the fourth period (from 3
16 1:22 to 316 6:25) in comparison with third period
The diäerence between two spectra is contribution of
Xe133, only, which means that Xe133 can travel
separately without the other activities.

Fig. 6 (Above) Dose rate of entire period and its magniàcation
from 14th to 17th Mar.
The period contains no dose rate peak.
(Below) Energy spectrum for the third period (from 3
15 20:19 to 316 1:22) in comparison with second period
Contribution form Xe133 is completely disappeared af-
ter the peaks.
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状が異なる線量率ピークの時間帯とその他の時間帯の双方
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ついて示す3)。降雨は 3月21日から23日の期間と，3月26
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の16:53には 0.36 mSv/hまで線量率が上昇した。この期間

にみられる線量率のデータ欠損は，降雨によるモニターハ

ウスの漏電に起因する停電のためである。3月15日のピー

ク成分と 3月21日の上昇は線量上昇後の線量率の挙動に

おいて大きく異なる。3月15日のピーク成分は速やかに線

量率が下落したのに対し，3月21日の上昇は緩やかな線量

率の下落を示しており，線量率上昇分は測定場所付近に沈

着した放射性核種によると考えられる。結果としてこの線

量率増加がその後の線量率変化とその場所における積算線

量を支配している。一方 3月30日の夜半にも降雨が観測

されているが，これによる顕著な線量率の増加はない。こ

のことから大気中の放射能は 3月21日の降雨以降は大き

く増加していないことが推察される。

3月21日の放射能の由来を解明することは，降雨による

線量率の増加のメカニズムを理解することにつながり，放

射線防護において重要な課題である。

2. 波高分布の経時変化
Figures 4～10に典型的な波高分布について線量率の経

時変化とともに示す。各図の上段が線量率の経時変化で，

Figure 7    (Above) Dose rate over the entire period 
and its increase from Mar. 15 to Mar. 17.  
The dose rate in the period increases 
slightly without any peak.  
(Below) Energy spectrum for the fourth 
period (from 3–16 1:22 to 3–16 6:25) in 
comparison with the third period. The dif-
ference between the two spectra is entire-
ly due to the contribution from Xe-133, 
because Xe-133, an inert gas, can travel 
freely with the atmosphere.
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nuclides over this time period were I-131, Cs-134, and Cs-137, and after this the dose rate 
declined according to the half-life of the nuclides.  

3.  Time-Dependent Variation in Peak Components

The time-dependent fluctuations in net yield with regard to each peak component of the 
pulse-height spectrum shown in Figures 4-10 are shown in Figure 11. The peak components 
were classified into four groups: (1) Xe-133 (energy 81 keV, branch ratio 38.4% (only values 
are listed in the following)), (2) I-131 (364 keV, 81.7%), (3) I-132 (523 keV, 16.0%, 630 keV, 
13.3%, 668 keV, 98.7%), Cs-134 (605 keV, 97.6%), Cs-137 (662 keV, 85.1%), (4) I-132 (773 
keV, 75.6%), and Cs-134 (796 keV, 85.5%), taking the measured nuclides, the energy and 
branch ratio of γ-rays, and the energy resolution of the NaI detector into consideration. 

The chart of the peak yield of Xe-133, the second from the top in Figure 11, shows that  
Xe-133 has a high count rate during the dose rate peak period on March 15 and 16 and after that 
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Fig. 9 (Above) Dose rate of entire period
(Below) Energy spectrum for the 18th period (from 3
23 19:19 to 324 0:21) in comparison with 17th period
(from 319 11:04 to 319 16:05)
The 18th period corresponds to after rainfall, the 17th
before rainfall. Both spectra show similar shape each
other, which indicates diäerence of a mechanism increas-
ing dose rate between rainfall and plume.

Fig. 8 (Above) Dose rate of entire period and its magniàcation
from 15th to 17th Mar.
This period corresponds after the dose rate peak on 16th
Mar.
(Below) Energy spectrum for the sixth period (from 3
16 11:30 to 316 16:31) in comparison with àfth period
(from 316 6:26 to 316 11:29)
Contribution form Xe133 is completely disappeared.
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下段の波高分布の測定開始時間と終了時間がマークされて

いる。上段の図中には線量率経時変化の拡大図を 3月15

日から 3月17日の線量率変化の大きい期間について示

す。波高分布の測定エネルギー範囲は 3 MeVまでである

が，Fig. 4～9にはピークを判別しやすくするために 2

MeV以上の領域を省略して示した。

Figure 4は約 4時間測定の波高分布で，最初の線量上

昇を捉えたものである。多くのガンマ線が捉えられており

判然としないが，後に示す短半減期成分が崩壊後の波高分

布から判別できる長半減期核種，つくば地区での降下物測

定データ4)，福島県での測定データ5)などから同定された

主な核種の代表的なガンマ線エネルギーを付記してある。

Figure 5は Fig. 4の後に測定された波高分布である。

期間は 3月15日の15:15から20:19までの 5時間である。

比較のために Fig. 4の波高分布も併記してある。この期

間はすでに始めの 2回の線量上昇が終了したあとであり，

Xe133と Te132を起源とする比較的半減期の短い核種

の寄与が全体的に減少していることがわかる。これにより

I131のメインピーク 364 keVが明瞭にみられる。

Figure 6は 3月16日の線量上昇の直前の，3月15日

20:19から 3月16日1:22までに測定された波高分布である。

Xe133が完全になくなっていることがわかる。Xe133

の半減期が5.243日であることを考え合わせると，線量率

の変化は Xe133の移動によるものであることは明らかで

ある。Xe133は 3月16日の線量ピークの 5時間以上前の

波高分布である Fig. 7において，単独で上昇が観測され

ており，線量上昇に先立ち観測されることがあることがわ

かる。

Figure 8は 3月16日の線量上昇後の波高分布である。

下図に比較されているのは 3月16日の線量上昇を含む期

間である 3月16日の6:26から11:29の波高分布である。

Xe133が速やかに減少しているとともに，I132と推定

される広いエネルギー分布をもつガンマ線成分が相対的に

変化し，各ピーク成分がより明瞭に観察されている。Xe

133はスパイク状の線量上昇のよいマーカーとなると考え

られる。

Figure 8    (Above) Dose rate over the entire period 
and its increase from Mar. 15 to Mar. 17.  
This period corresponds to that after the 
dose rate peak on Mar. 16.  
(Below) Energy spectrum for the sixth 
period (from 3–16 11:30 to 3–16 16:31) in 
comparison with fifth period (from 3–16 
6:26 to 3–16 11:29)  
Contribution from Xe-133 has completely 
disappeared.

167

Fig. 9 (Above) Dose rate of entire period
(Below) Energy spectrum for the 18th period (from 3
23 19:19 to 324 0:21) in comparison with 17th period
(from 319 11:04 to 319 16:05)
The 18th period corresponds to after rainfall, the 17th
before rainfall. Both spectra show similar shape each
other, which indicates diäerence of a mechanism increas-
ing dose rate between rainfall and plume.

Fig. 8 (Above) Dose rate of entire period and its magniàcation
from 15th to 17th Mar.
This period corresponds after the dose rate peak on 16th
Mar.
(Below) Energy spectrum for the sixth period (from 3
16 11:30 to 316 16:31) in comparison with àfth period
(from 316 6:26 to 316 11:29)
Contribution form Xe133 is completely disappeared.
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下段の波高分布の測定開始時間と終了時間がマークされて

いる。上段の図中には線量率経時変化の拡大図を 3月15

日から 3月17日の線量率変化の大きい期間について示

す。波高分布の測定エネルギー範囲は 3 MeVまでである

が，Fig. 4～9にはピークを判別しやすくするために 2

MeV以上の領域を省略して示した。

Figure 4は約 4時間測定の波高分布で，最初の線量上

昇を捉えたものである。多くのガンマ線が捉えられており

判然としないが，後に示す短半減期成分が崩壊後の波高分

布から判別できる長半減期核種，つくば地区での降下物測

定データ4)，福島県での測定データ5)などから同定された

主な核種の代表的なガンマ線エネルギーを付記してある。

Figure 5は Fig. 4の後に測定された波高分布である。

期間は 3月15日の15:15から20:19までの 5時間である。

比較のために Fig. 4の波高分布も併記してある。この期

間はすでに始めの 2回の線量上昇が終了したあとであり，

Xe133と Te132を起源とする比較的半減期の短い核種

の寄与が全体的に減少していることがわかる。これにより

I131のメインピーク 364 keVが明瞭にみられる。

Figure 6は 3月16日の線量上昇の直前の，3月15日

20:19から 3月16日1:22までに測定された波高分布である。

Xe133が完全になくなっていることがわかる。Xe133

の半減期が5.243日であることを考え合わせると，線量率

の変化は Xe133の移動によるものであることは明らかで

ある。Xe133は 3月16日の線量ピークの 5時間以上前の

波高分布である Fig. 7において，単独で上昇が観測され

ており，線量上昇に先立ち観測されることがあることがわ

かる。

Figure 8は 3月16日の線量上昇後の波高分布である。

下図に比較されているのは 3月16日の線量上昇を含む期

間である 3月16日の6:26から11:29の波高分布である。

Xe133が速やかに減少しているとともに，I132と推定

される広いエネルギー分布をもつガンマ線成分が相対的に

変化し，各ピーク成分がより明瞭に観察されている。Xe

133はスパイク状の線量上昇のよいマーカーとなると考え

られる。

Figure 9    (Above) Dose rate over the entire period  
(Below) Energy spectrum for the 18th 
period (from 3–23 19:19 to 3–24 0:21) in 
comparison with 17th period (from 3–19 
11:04 to 3–19 16:05)  
The 18th period corresponds to the time 
after rainfall and the 17th refers to the 
time before rainfall. Both spectra have 
similar shapes, which indicates that the 
mechanism responsible for the increasing 
dose rate following rainfall was different 
from the mechanism that increased the 
dose rate during the plume.
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its count rate remains low. This low count rate was considered to be due to the shape of the pulse-
height distributions near the peak of Xe-133 and the I-131 γ-rays. Thus, it did not indicate the real 
presence of Xe-133. Consequently, most the Xe-133 was measured on March 15 and 16. A small 
increase in the count rate on the order of several cps was measured on March 26 as well, which 
can be attributed to the contribution of Xe-133 based on a comparison between the pulse-height 
spectra during the period before and after, as shown in Figure 12.

The third chart from the top in Figure 11 shows the time-dependent fluctuation of the peak 
yield of I-131. Because it shows a higher count rate compared to other peak components after 
the increase in dose on March 21, it was assumed that it was responsible for a major portion of 
the dose rate. Because the count rate was a greater than 60 cps on March 23, the contribution 
was expected to be less than that of Cs, as shown below in late April after three half-life periods. 
The dotted line in the chart shows the decrease in count rate with a half-life of 8 days. The peak 
count rate was consistent with this dotted line.

The fourth and fifth charts from the top in Figure 11 show the peak count rates of Cs-134, 
137, and I-132. Cs and I were not separated in either of the groups due to the energy resolution 

168

Fig. 11 Relationship between dose rate of entire period (Top
àgure) and peak count rates for g rays of ``Xe133'', ``I
131'', ``I132, Cs134 and Cs137'' and ``I132 and
Cs134'' (4 àgures from the bottom)
The line on I131 plot is one for decay rate with I131
half life. The solid and dotted lines on ``I132, Cs134
and Cs137'' and ``I132 and Cs134'' plots correspond to
decay rates with Te132 half life (3 days, parent of I
132) and Cs134 half life, respectively.

Fig. 10 (Above) Dose rate of entire period
(Below) Energy spectrum for the 41th period (from 3
31 21:47 to 41 2:49) in comparison with 40th period
(from 331 16:46 to 331 21:47)
The 41th spectrum is almost same as previous. The
peaks on the spectrum can be identiàed as gamma rays
from I131, Cs134, Cs137, Cs136 and K40 based on
their energies.
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Figure 9は 3月21日の降雨後の波高分布(3月23日19:19

から 3月24日0:21まで)である。比較のために降雨前の波

高分布(3月19日11:04から 3月19日16:05まで)を合わせて

示す。降雨前と降雨後では波高分布の形状に大きな変化が

ないことがわかる。3月21日以降の線量率上昇は Xe133

を伴う放射性プルームによる線量上昇とは明らかに異なる

ことがわかる。しかし，放射性プルームによる線量上昇は

線量率の経時変化からわかるように一過性のものである

が，降雨による線量上昇は時間が長く，結果として大きな

積算値を与えている。4月 9日現在の線量率は，主として

3月21日の雨に起因するものであることが推察される。

Figure 10は 3月31日の21:47から 4月 1日2:49までの

波高分布をその直前の測定期間である 3月31日の16:46か

ら 3月31日の21:47の波高分布と比較したものである。こ

の頃になると波高分布に大きな変化はみられず，絶対値が

少しずつ減少していく。ここに至って観測されている核種

は，I131，Cs134，Cs137であり。今後は各核種の半

減期に従い線量率が減衰していく。

3. 各ピーク成分の経時変化
Figure 11に Fig. 4～Fig. 10までに示された波高分布

の各ピーク成分に対してネット収量の経時変化を示す。

ピーク成分は測定された核種，ガンマ線のエネルギーと分

岐比，NaI検出器のエネルギー分解能を勘案し， Xe

133(エネルギー 81 keV，分岐比38.4，以下同様)，

I131(364 keV，81.7)， I132(523 keV，16.0，

630 keV，13.3，668 keV，98.7)，Cs134(605 keV，

97.6)，Cs137(662 keV，85.1)， I132(773 keV，

75.6)，Cs134(796 keV，85.5)の 4グループとした。

Figure 11の上から 2番目の Xe133のピーク収量の図

から Xe133は 3月15日および16日の両日の線量率ピー

クの期間において高い計数率を示し，その後は低い計数率

に留まっていることがみて取れる。この低い計数率は

Xe133のピーク周辺の波高分布形状，I131のガンマ線

等に起因するものであると考えられ，実際の Xe133の存

在を示すものではないと考えられる。したがって，ほとん

どの Xe133は 3月15日および16日の両日に計測されて

いる。3月26日にも数 cps程度の少量の計数率上昇が計測

Figure 10    (Above) Dose rate over the entire period 
(Below) Energy spectrum for the 41st 
period (from 3–31 21:47 to 4–1 2:49) in 
comparison with that in the 40th period 
(from 3–31 16:46 to 3–31 21:47)  
The 41st spectrum is almost the same as 
that in the 40th period. Based on their 
energies, the peaks on the spectrum can 
be identified as γ-rays from I-131, Cs-
134, Cs-137, Cs-136 and K-40.

Time Variations in Dose Rate and γ Spectrum Measured at Tsukuba City, Ibaraki, due to the Accident of 
Fukushima Daiichi Nuclear Power Station 
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Fig. 11  Relationship between dose rates over the entire period (top 

figure) and peak count rates for γ-rays of “Xe-133”, “I-131”', 
“I-132, Cs134, and Cs137”, and “I-132 and Cs134” (4 lower 
figures) 
The line on the plot for I-131 shows the decay rate with the 
half-life of I-131. The solid and dotted lines on the plots of 
“I-132, Cs134, and Cs137” and “I-132 and Cs134” correspond 
to the decay rates with the half-lives of Te132 (3 days, parent 
of I-132) and Cs-134, respectively. 

Fig. 10  (Above) Dose rate over the entire period 
(Below) Energy spectrum for the 41st period (from 3-31 21:47 
to 4-1 2:49) in comparison with that in the 40th period (from 
3-31 16:46 to 3-31 21:47) 
The 41st spectrum is almost the same as that in the 40th period. 
Based on their energies, the peaks on the spectrum can be 
identified as γ -rays from I-131, Cs-134, Cs-137, Cs-136 and 
K-40. 

 
 

Figure 9 shows the pulse-height spectrum (from 19:19 on 
March 23 until 0:21 on March 24) after the rain that fell on 
March 21. For the purpose of comparison, the pulse-height 
spectrum before the rain (from 11:04 on March 19 until 16:05 
on March 19) is shown with the pulse-height spectrum after 
the rain. There was no obvious change in the shape of the 
spectrum before and after the rain. The rise in the dose rate 
after March 21 was clearly understandable as different from 
the rise in dose rate due to the radioactive plume accompanied 
by Xe-133. However, the rise in dose caused by the radioactive 
plume was only temporary as can be understood from the 
time-dependent fluctuations in the dose rate, but the duration 
of the rise in dose due to rain was long, and as a result, large 
cumulative values were acquired. The dose rate as of April 09 
was inferred as being mainly due to the rain that fell on March 
21. 

Figure 10 shows the comparison of the pulse-height 
spectrum from 21:47 on March 31 until 2:49 on April 01 and 
the spectrum from 16:46 on March 31 through 21:47 on March 
31, the measurement period immediately before it. Over this 
time period, there was no significant change in the 
pulse-height spectrum, instead the absolute value gradually 
decreased. The observed nuclides over this time period were 
I-131, Cs-134, and Cs-137, and after this the dose rate declined 
according to the half-life of the nuclides. 

 

3.  Time-Dependent Variation in Peak 
Components 

The time-dependent fluctuations in net yield with regard 
to each peak component of the pulse-height spectrum shown in 
Figs. 4-10 are shown in Fig. 11. The peak components were 
classified into four groups: (1) Xe-133 (energy 81 keV, branch 
ratio 38.4% (only values are listed in the following)), (2) I-131 
(364 keV, 81.7%), (3) I-132 (523 keV, 16.0%, 630 keV, 13.3%, 
668 keV, 98.7%), Cs-134 (605 keV, 97.6%), Cs-137 (662 keV, 
85.1%), (4) I-132 (773 keV, 75.6%), and Cs-134 (796 keV, 
85.5%), taking the measured nuclides, the energy and branch 
ratio of γ-rays, and the energy resolution of the NaI detector 
into consideration.  

The chart of the peak yield of Xe-133, the second from 
the top in Fig. 11, shows that Xe-133 has a high count rate 
during the dose rate peak period on March 15 and 16 and after 
that its count rate remains low. This low count rate was 
considered to be due to the shape of the pulse-height 
distributions near the peak of Xe-133 and the I-131 γ-rays. 
Thus, it did not indicate the real presence of Xe-133. 
Consequently, most the Xe-133 was measured on March 15 
and 16. A small increase in the count rate on the order of 
several cps was measured on March 26 as well, which can be 
attributed to the contribution of Xe-133 based on a comparison 
between the pulse-height spectra during the period before and 

Current period
Previous period

Date and time [JST] 

Figure 11    Relationship between dose rates over the 
entire period (top figure) and peak count 
rates for γ-rays of “Xe-133”, “I-131”, 
“I-132, Cs-134, and Cs-137”, and “I-132 
and Cs-134” (4 lower figures)  
The line on the plot for I-131 shows the 
decay rate with the half-life of I-131. 
The solid and dotted lines on the plots 
of “I-132, Cs-134, and Cs-137” and 
“I-132 and Cs-134” correspond to the 
decay rates with the half-lives of Te-132 
(3 days, parent of I-132) and Cs-134, 
respectively.
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of the NaI detector. The solid line in the chart shows the decrease in count rate for a half-life of 
3.2 days (equivalent to the half-life of the parent nuclide, Te-132 of I-132) and the dotted line 
shows that for a half-life of 2 years (equivalent to the half-life of Cs-134). The peak count rates 
in the chart are consistent with the half-life line of 3.2 days before March 28 and the half-life 
line of 2 years after March 28. Based on this, it was understood that I-132 was dominant during 
the period until March 28, while Cs was dominant after March 28. Furthermore, the radioactiv-
ity ratio was estimated based on the peak yields of Cs-137 and Cs-134 using the peak detection 
efficiency of the 2 in. diameter × 2 in. thick NaI scintillator when a point source estimated by 
EGS5 6) was assumed. The ratio of Cs-137 to Cs-134 was 1:1.15 based on the data in the fourth 
and fifth charts of Figure 11 for the period after I-132 decayed. The uncertainty of this value 
was approximately 5%, excluding the factors due to the distribution of radio active nuclides. 
In the future, a more precise ratio of Cs-137 to Cs-134 will be obtained by measuring the 
distribution for radionuclides adhering to the soil, structures, etc. around the measuring point.

IV.  Conclusions
The measurement of γ-rays derived from the Fukushima Daiichi Nuclear Power Station 

was conducted using a NaI scintillation detector in Tsukuba-City, Ibaraki-Prefecture, and the 
time-variation of dose rate and pulse-height spectra were measured. During the measurement 
period, the increase in dose rate due to the radioactive plume in the early stage and later as a re-
sult of rainfall were observed, and the different decay behavior of the two were clarified. Based 
on the pulse-height spectrum during the time when the radioactive plume passed over the city 
in the early stage, it was clarified that the plume contained a large quantity of Xe-133. Xe-133 
was observed on March 26 as well. The pulse-height spectrum before and after the increase in 
dose due to rain that fell on March 21 did not show a significant difference, and it was found 
that I-131, Cs-134, and Cs-137 were the major components. The radioactivity ratio of Cs-134 
to Cs-137 was estimated to be 1:1.15.

We express our gratitude to Mrs. Takeshi Machida, Kenichi Yokota of JREC, who kindly 
cooperated in the calibration of detectors.
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Fig. 12 NaI detector pulse height spectrum for 5 hour period
started from 2011326 2:08 in comparison with previ-
ous one started from 2011325 21:06
The diäerence between two spectra indicates arrival of
Xe133, which indicates additional small amount of gas
release form the nuclear power station.
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されており，これは Fig. 12に示すとおり，前後の期間の

波高分布間の比較から，Xe133の寄与とみられる。

Figure 11の上から 3番目の図は I131のピーク収量の

経時変化を示す。3月21日の線量上昇から他のピーク成分

に比して高い計数率を示していることから，線量率の大部

分を担っていると考えられる。3月23日に 60 cpsあまり

であったので，3半減期後の 4月下旬には次に示す Cs以

下の寄与になると考えられる。図中の点線は半減期 8日

で減少した場合の計数率の推移を示している。ピーク計数

率はこの減衰と極めてよく一致している。

Figure 11の上から 4, 5番目の図は Cs134, 137と I

132のピーク計数率を示している。どちらのグループも

NaI検出器のエネルギー分解能から，Csと Iを分離でき

ていない。図中の実線は半減期3.2日(I132の親核である

Te132の半減期に相当)，点線は半減期 2年(Cs134の

半減期に相当)で減少した場合の計数率の推移を示してい

る。図中のピーク計数率は 3月28日以前は半減期3.2日の

線と，3月28日以降は半減期 2年の線とよく一致してい

る。このことから，3月28日までの期間は I132が支配的

であり，3月28日以降は Csが支配的になっていることが

わかる。また，EGS56)により見積もった点線源を仮定し

た場合の 2インチ径×2インチ長円柱の NaIのピーク検出

効率を用いて，Cs137と Cs134のピーク収量から放射

能比を見積もった。Fig. 11の上から 4, 5番目の図の I

132がほとんど減衰したと考えられる期間のデータから

Cs137Cs134は 11.15であった。この値の不確かさ

は線源との位置関係に起因する要因を除けば，おおよそ 5

程度と推定される。今後，測定場所周辺の土壌，建築物

などに付着した線源分布を測定することにより，より確か

らしい放射能比が得られるものと考えられる。

IV. 結 論

茨城県つくば市における福島第一原子力発電所由来の放

射能によるガンマ線の測定を NaIシンチレーション検出

器を用いて行い，線量率と波高分布の経時変化を測定し

た。測定期間に渡り，初期の放射性プルームによる線量率

増加と，降雨による線量率増加が観測され，両者は異なる

減衰を示すことが明らかになった。初期の放射性プルーム

通過時の波高分布から，プルームに Xe133が多く含まれ

ていることが明らかになった。3月26日にも Xe133が観

測された。3月21日の降雨による線量増加前後の波高分布

は大きく変わらず，I131，Cs134，Cs137が主要成分

であることがわかった。Cs134と Cs137の放射能比は

11.15と推定された。

検出器の校正に協力頂いた日本放射線エンジニアリング

株，町田 武氏，横田健一氏に感謝する。
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