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Photon energy spectra were measured above the operating floor of unit 3 reactor at the 
Fukushima Daiichi Nuclear Power Station by using a CdZnTe semiconductor spectrometer. The 
spectrometer was installed in a lead collimator to measure the photons from the area directly 
below the detector. The collimator and spectrometer were lifted up by a huge crane and set 
above the operating floor. The photon spectra were derived by unfolding the pulse height spectra 
measured using the spectrometer. The response function of the spectrometer was calculated with 
the MCNP-4C code and was used as an input parameter of the unfolding code MAXED. It was 
found from the photon energy spectra that low-energy photons with energy below 0.4 MeV were 
dominant above the operating floor. These spectra are fundamental data for evaluating the dose 
reduction effect by setting up shields on the operating floor.
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I. Introduction
The Unit 3 reactor at Fukushima Daiichi Nuclear Power Station was severely damaged by 

hydrogen explosions due to an accident attributed to the Great East Japan Earthquake that 
occurred on March 11, 2011 1). In preparation for the reactor decommissioning, rubble removal 
and decontamination have progressed at the operating floor on the fifth floor of the Unit 3 
reactor (hereinafter referred to as “operating floor”) and the removal of fuel from the spent fuel 
pool has been scheduled. For fuel removal, several tasks have been planned to be conducted 
remotely. However, some tasks need to be conducted through manned operations, such as the 
installation of the basement girder. Since the operating floor continues to produce a high dose 
rate due to the high-density contamination caused at the time of the explosion, dose reduction 
through decontamination measures have been implemented, such as peeling the floor surface 
on the assumption of surface contamination, and removing the rubble. However, sufficient 
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reduction has not yet been achieved. Therefore, the installation of a shield for further dose 
reduction is planned 2). 

The Secretariat of the Nuclear Regulation Authority assumed that high-density contamina-
tion might be observed at places other than the surfaces, such as the lower surface of the shield 
plug located on top of the reactor, which could be a radiation source. If a place other than the 
surfaces is contaminated, the contribution of scattered rays with low energy will be increased 
by penetration through the concrete, etc. Therefore, we attempted to measure the energy spectra 
of the photon beams emitted upwards from the operating floor surface in order to confirm the 
assumption described above. The spectra thus obtained not only enable the determination of the 
exposure dose of workers in more detail, but also could be the basic data required to optimize 
the thickness and material of the shield to be installed.

II. Measuring Method
We used a CdZnTe semiconductor detector with a crystal size of 1 cm × 1 cm × 1 cm (GR-1  

manufactured by Kromek) 3) for the measurement of photon beam energy spectra. By installing a 
CdZnTe semiconductor in a lead collimator (with a diameter of 0.8 cm), we eliminated the pho-
ton beams entering from the periphery and measured only the photon beams emitted upwards 
from the operating floor surface. Figure 1 shows the layout of the collimator and detector.

The collimator was equipped with a tablet PC for data acquisition and mobile Wi-Fi router 
to measure the spectra, while monitoring the status remotely. The collimator and the detector 
were lifted with a 600-t crane and moved to the measurement position on the operating floor of 
the Unit 3 reactor so that the sensitive volume of the CdZnTe detector was located at a height 
of approximately 50 cm above the operating floor surface. As typical samples of locations on 
the operating floor, 24 positions were selected, mainly on the shield plug on top of the reactor, 
where the dose rate is considered to be particularly high and a major radiation source, as shown 
in Figure 2. We conducted measurements at these 24 positions on November 19, 2015.
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Figure 1   Schematic drawing of the lead collimator and the CdZnTe semiconductor spectrometer
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III. Measurement Results
Figure 3 shows the pulse height distribution of the CdZnTe semiconductor detector mea-

sured at a height of 50 cm above the reactor shield plug, spent fuel pool and the iron shield 
plate on the DS pit. At the joint of the plug (Example: ㉔, etc.), the photoelectric peaks formed 
by the 0.662 MeV γ-rays from 137Cs and the 0.605 MeV and 0.8 MeV γ-rays from 134Cs were 
observed. On the other hand, no photoelectric peak formed by γ-rays from radioactive Cs was 
observed on the spent fuel pool (⑬) and iron shield plate on the DS pit (㉑), etc. In addition, 
at all measurement positions, no photoelectric peak formed by γ-rays from any radioactive 
nuclide, other than 137Cs and 134Cs, was observed. From these results, it is estimated that the 
radiation dose on the operating floor is attributable to 137Cs and 134Cs.

IV. Derivation of Photon Energy Spectra
The photon energy spectra were derived by unfolding the pulse height distribution mea-

sured by the CdZnTe detector.  The response of the detector, which was used in the unfolding 
procedure, was calculated as follows. First, a calculation model was created by simulating the 
structures of the CdZnTe semiconductor detector and collimator as closely as possible. Then, 
the response of the detector to the photons that passed through the collimator was calculated 
using the Monte Carlo code MCNP-4C 4) and the model. Subsequently, the energy resolution of 
the CdZnTe semiconductor detector was evaluated using the pulse height distribution relative 
to the γ-rays from a 137Cs radiation source in order to broaden the calculated response using 
the Gaussian distribution, which could reproduce the measured pulse height distribution a. The 
response function of the CdZnTe semiconductor detector was created by changing the energy 
of incident photons by up to 1.5 MeV at 10-keV increments to calculate the pulse height distri-
bution relative to the photon beams of a total of 150 energies.

a Compared to the photons entering from the front face of the detector (on the collimator side), the photons entering from the rear 
face (top) of the detector tend to cause lower resolution due to the scattering substances such as the electrical circuit. In this 
report, we created the response function assuming the photons entered from the front face.
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Figure 2    Measurement points of photon spectra above the operating floor of unit 3 reactor
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For unfolding the pulse height distribution, we used MAXED code, which was developed 
by PTB (Physikalisch-Technische Bundesanstalt, Germany) and included in the UMG-3.3 code 
package. MAXED code is based on the principle of the maximum entropy method and can 
estimate the photon energy spectrum, thus reproducing the measured pulse height distribution 
by using the above response function 5). For the 23 positions excluding measurement position 
⑪, where the influence of the pile-up could not be ignored due to the high counting rate, we 
derived the energy spectra of the photon beams that were emitted upwards from the operating 
floor surface as shown in Figure 4.

The vertical axis shows the fluence rate per unit area of the photons entering the CdZnTe 
semiconductor detector through the lead collimator with a diameter of 0.8 cm.

V. Discussion
From the photon energy spectra shown in Figure 4, the contribution of the scattered rays 

with decreased energy of 0.4 MeV or lower was large and the influence of the direct radiations 
from 137Cs and 134Cs was low at all positions. This result suggests that the contamination source 
is not only on the operating floor surface, but also in deeper areas, such as the lower part of the 
shield plug 6). The dose reduction effect of the iron shield placed on the operating floor surface 
increases as the photon beam energy decreases. Therefore, when the thickness of the shield is 
determined based on the assumption of direct radiation with high energy, the dose reduction 
effect of the iron shield may be greater than expected in an environment where the contribution 
of scattered rays is large, as described above.

As shown in Figure 4, peaks were observed in the scattered rays at approximately 0.07 MeV 
and 0.2 MeV, on and around the shield plug. The peak at 0.07 MeV is caused by the charac-
teristic X-rays of lead generated in the collimator. Table 1 shows the relation between the 
scattering angle based on Compton scattering and the energy of the scattered rays. As shown 
in Figure 1, since no shield plate for the CdZnTe semiconductor detector was placed on top 
of the collimator, this structure enabled photons scattering downwards in the air in the upper 
portion of the collimator to enter the detector. Among the scattering angles shown in Table 1, 
the angle of approximately 180° corresponds to the position directly above the collimator, and 
the energy of the scattered rays is 0.18–0.2 MeV in this case. Since this energy of the scattered 

Figure 3    Pulse height spectra measured above the operating floor of unit 3 reactor
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Figure 4    Photon energy spectra derived by unfolding the pulse height spectra measured 
above the operating floor of unit 3 reactor

132 速　　報（谷村，他）
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果を Fig. 4に示す。なお，縦軸は直径 0.8 cmの鉛製コリ
メータを通過して CdZnTe半導体検出器に入射した光子
の単位面積当たりのフルエンス率を表す。

V. 考　　察

　Figure 4の光子線エネルギースペクトルから，すべて
の箇所において，0.4 MeV以下のエネルギーが低下した
散乱線の寄与が大きく，137Csおよび 134Csからの直接線
の影響は小さいことがわかる。この結果は，オペフロ床表
面ではなく，例えば，シールドプラグの下部等の深部に汚
染源があることを示唆している6）。オペフロ床面に設置さ
れる鉄製遮蔽体の厚さは，エネルギーが高い直接線を想定
して設定されているが，鉄製遮蔽体の線量低減効果は，光
子線エネルギーが低いほど大きくなるため，上述の散乱線
の寄与が大きい環境では，直接線として想定した以上の線
量低減効果が得られる可能性がある。
　Figure 4に示すとおり，シールドプラグおよびその周
辺においては，散乱線の中に 0.07 MeVと 0.2 MeV付近
にピークが観測されている。0.07 MeV付近のピークは，
コリメータ中で発生した鉛の特性 X線である。Table 1
にコンプトン散乱による散乱角度と散乱線のエネルギーの
関係を示す。Fig. 1に示したように，コリメータの上部に
は，CdZnTe半導体検出器用の遮蔽体が設置されていない
ため，コリメータ上部の空気中で下方に散乱された光子線
は検出器に入射することが可能な構造となっている。
Table 1の散乱角度で 180°付近がコリメータ直上に対応
しており，この場合の散乱線のエネルギーは 0.18～0.2  
MeVとなる。この散乱線のエネルギーは，Fig. 4で観測
された 0.2 MeV付近のピークとエネルギーが合致するこ
とから，0.2 MeV付近に観測されたピークは，コリメー
タ直上で散乱された光子線によるものであると考えられ
る。

VI. ま　と　め

　CdZnTe半導体検出器と鉛製コリメータを用いて，福島
第一原子力発電所 3号機オペフロ上の光子線エネルギー
スペクトルを測定した。その結果，137Csまたは 134Cs以
外の放射性物質からのγ線光電ピークは観測されず，放射
性 Csが主要な線源であることが推測された。また，中性
子・光子輸送モンテカルロコードMCNP-4Cの応答解析
およびMAXEDコードによるアンフォールディング処理
により導出した光子線エネルギースペクトルの分析結果か
ら，低エネルギーの散乱成分の寄与が大きく，直接線の影
響は小さいことが確認された。得られた光子線エネルギー
スペクトルは，オペフロ上に設置する遮蔽体の線量低減効
果を評価するために必要な基礎データとなる。今後，散乱
線を詳細に評価し，その結果に基づき，線量に大きく寄与
する線源位置を推定する。

　本測定は，原子力規制庁，高エネルギー加速器研究機
構，東京電力，東芝および鹿島 JVの関係者の助言，協力
を得て実施することができました。ここに深く謝意を表し
ます。

― 参 考 文 献 ―

1） Tokyo Electric Power Company, Fukushima Nuclear Acci-
dent Analysis Report, Tokyo Electric Power Company （20 
Jun 2012）.  
＜URL: http://www.tepco.co.jp/en/press/corp-com/release/
betu12_e/images/120620e0104.pdf＞

2） Tokyo Electric Power Company, Removal of nuclear fuel 
from spent fuel pool of unit 3 reactor at Fukushima Daiichi 
Nuclear Power Station, Handout for the 36th Commission 
on Supervision and Evaluation of the Specified Nuclear 
Facility （1 Jul 2015）, ［in Japanese］. ＜URL: http://www.
nsr.go.jp/data/000112688.pdf＞

3） Kromek Group PLC, GR1 Spec Sheet; Revision 10, Kromek 
Group PLC （2015）. ＜URL: http://www.kromek.com/index.
php/products/nuclear-technology/czt/gr1-gamma-ray-spec-
trometer＞

4） J. F. Briesmeister （ed.）, MCNP―A General Monte Carlo N-
Particle Transport Code, Version 4C, LA-13709-M, Los 
Alamos National Laboratory （2000）.

5） M. Reginatto, P. Goldhagen, S. Neumann, “Spectrum un-
folding, sensitivity analysis and propagation of uncertain-
ties with the maximum entropy deconvolution code 
MAXED,” Nucl. Instr Meth. A476, 242-246 （2002）.

6） Secretariat of Nuclear Regulation Authority, Investigation 
of Radiation Sources on Operating Floor of unit 3 Reactor at 
Fukushima Daiichi Nuclear Power Station, Handout for the 
38th Commission on Supervision and Evaluation of the 
Specified Nuclear Facility （18 Dec 2015）, ［in Japanese］.  
＜URL: http://www.nsr.go.jp/data/000133830.pdf＞

Table 1　 Relationship between angle and energy of 
Compton scattered photons

Scattering angle
［degrees］ 90 105 120 135 150 165 180

Nuclide
（Energy） Scattered photon energy ［MeV］

137Cs
（0.662 MeV） 0.288 0.252 0.225 0.206 0.194 0.187 0.184

134Cs
（0.605 MeV） 0.277 0.243 0.218 0.200 0.189 0.182 0.180

134Cs
（0.8 MeV） 0.312 0.269 0.239 0.218 0.204 0.196 0.194

Table 1   Relationship between the angle and the energy of Compton scattered photons
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rays corresponds to the peak at approximately 0.2 MeV observed in Figure 4, it would appear 
that the peak observed at approximately 0.2 MeV is because of the photon beams scattered in 
the air above the collimator. 

VI. Summary
We measured the photon energy spectra on the operating floor of the Unit 3 reactor at Fuku-

shima Daiichi Nuclear Power Station using a CdZnTe semiconductor detector and lead colli-
mator. No photoelectric peak of the γ-rays from any radioactive nuclides, other than 137Cs and 
134Cs, was observed and it was estimated that radioactive Cs was the main source. In addition, 
from the analysis of the photon energy spectra derived from the response analysis of MCNP-4C 
code and the unfolding process with MAXED code, it was confirmed that the low-energy scat-
tered component made a large contribution and the influence of direct radiation was low. The 
photon beam energy spectra obtained could be the basic data required for evaluating the dose 
reduction effect of a shield plate placed on the operating floor. In future studies, we will eval-
uate scattered rays in detail to estimate the location of the radiation source that contributes the 
most to the radiation dose based on the evaluation results.
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the Secretariat of the Nuclear Regulation Authority, High Energy Accelerator Research Organi-
zation, Tokyo Electric Power Company, Toshiba and Kashima JV in this study.
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