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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 V. 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?.

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 x 1 cm X 1 cm (GR-1
manufactured by Kromek)? 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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Figure 2 Measurement points of photon spectra above the operating floor of unit 3 reactor

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: @4, etc.), the photoelectric peaks formed
by the 0.662 MeV y-rays from '*’Cs and the 0.605 MeV and 0.8 MeV y-rays from '**Cs were
observed. On the other hand, no photoelectric peak formed by y-rays from radioactive Cs was
observed on the spent fuel pool (@) and iron shield plate on the DS pit (2D), etc. In addition,
at all measurement positions, no photoelectric peak formed by y-rays from any radioactive
nuclide, other than *’Cs and '3*Cs, was observed. From these results, it is estimated that the
radiation dose on the operating floor is attributable to '¥’Cs and '**Cs.

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 % and the model. Subsequently, the energy resolution of
the CdZnTe semiconductor detector was evaluated using the pulse height distribution relative
to the y-rays from a '*’Cs radiation source in order to broaden the calculated response using
the Gaussian distribution, which could reproduce the measured pulse height distribution ®. 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.

* 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 3 Pulse height spectra measured above the operating floor of unit 3 reactor

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®. For the 23 positions excluding measurement position
{1, 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 *’Cs and '**Cs 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®. 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
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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

Table 1 Relationship between the angle and the energy of Compton scattered photons

Sca“ermgafgle 90 105 120 135 150 165 180

degrees

(%Egg;) Scattered photon energy [MeV]
(0.6163; MeV) 0.288 0.252 0.225 0.206 0.194 0.187 0.184
(0'63;%316\,) 0.277 0.243 0.218 0.200 0.189 0.182 0.180
(O.ISHAD%ZV) 0.312 0.269 0.239 0.218 0.204 0.196 0.194
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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 y-rays from any radioactive nuclides, other than '*’Cs 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.

We would like to express our deep gratitude for the advice and cooperation of the officials of
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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