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Abstract: At present, much emphasis is placed on the health risks associated with radioactivity
present in the environment, especially since the accident at the Fukushima Daiichi Nuclear Power
Plant. In this study, a walking survey was conducted in Hirosaki City using a Nal(Tl) scintillation
spectrometer to estimate and map the distribution of the ambient dose equivalent rate to monitor the
radiological safety of the general public in Hirosaki City, where many nuclear facilities are located
nearby. The average (+standard deviation) ambient dose equivalent rate was 0.056 + 0.020 uSv h=1.
By comparison with the measurement data, it was found that the values of 85% of the data obtained
using the walking survey technique deviated within +20% relative to those obtained by spot mea-
surements. Furthermore, the distribution of dose rates obtained in the nighttime survey was not
significantly different from those obtained in the daytime.

Keywords: gamma radiation; ambient dose equivalent rate; distribution map; walking survey
technique

1. Introduction

In March 2011, an accident at Fukushima Daiichi Nuclear Power Plant (FDNPP) re-
leased large quantities of artificial radionuclides that increased the ambient dose equivalent
rates in the environment. Since the accident, the interest of ordinary citizens in environ-
mental radiation has grown, and some are concerned about personal radiation exposure
dose levels from the environment [1]. Hirosaki University is one of the universities that
measured the radiation dose levels around the campus and Hirosaki City after the FDNPP
accident [2,3] to monitor and estimate the radiological hazard to public health. Although
only absorbed dose rates at low levels were observed at Hirosaki University after the
FDNPP accident (comparable to the natural background radiation level) [3], radiation
measurements should be regularly recorded to build data on the amount of chronic general
public exposure to natural radiation, such as cosmic rays, radon, and terrestrial gamma
rays on a daily basis, because exposure to natural background radiation is one of the most
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significant parts of their total exposure to radiation. The regular measurements are more
important for expanding cities and developing countries because rapid urbanization alters
the radiation environment. Usually, the building materials that have been used in the
expansion elevate radiation levels [4-6].

Measurements of the ambient dose equivalent rate that related to natural background
radiation in Hirosaki City can be used to develop a radioactivity database to respond to
and to communicate with the public who are concerned about radiation, because exposure
to natural background radiation is one of the most significant parts of their total exposure
to radiation. Moreover, there are several nuclear facilities located near Hirosaki City, as
shown in Figure 1. Two nuclear power plants (NPPs) and a commercial nuclear fuel
reprocessing plant are located in the northern part of Aomori Prefecture, about 100 km

from Hirosaki City.
139°E 140°E 141°E 142°E
e T ———— . 42°N
2
A Higashidori NPP
£
13
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Reprocessing Plant
40° N

Figure 1. Map of Aomori Prefecture and locations of Hirosaki City, nuclear facilities, and Mt. Iwaki.

Ambient dose equivalent rates were measured in this study to monitor the baseline of
natural radiation doses to the general public in Hirosaki City. A walking survey in Hirosaki
City, mainly in the Hirosaki University and Castle Park areas, was carried out to develop a
detailed distribution map of ambient dose equivalent rates. Additionally, a comparison
was carried out using the obtained data between the walking survey technique and spot
measurements. The accuracy of the walking survey was quantified to evaluate whether the
walking survey technique is applicable. Furthermore, the effect of daytime and nighttime
on the distribution of dose rates was investigated in this study.

2. Materials and Methods
2.1. Outline and Operation of Walking Survey Technique

The walking survey was performed using a gamma-measuring system consisting of a
3in x 3 in cylindrical sodium iodide (Nal(Tl)) scintillation spectrometer (EMF-211; EMF
Japan Co. Ltd.; Himeji, Japan) connected to a portable laptop computer for central data
processing and a global positioning system (GPS) receiver (G-STAR IV model BU-35354;
GlobalSat WorldCom Corp.; New Taipei City, Taiwan) to record location coordinates at each
measuring point. A typical configuration for a walking survey setup is shown in Figure 2.
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The Nal(Tl) spectrometer has been widely used for the detection of ionizing radiation,
especially gamma rays originating from nuclei of radioactive elements. The spectrometer
was installed in a nylon backpack and carried on the operator’s back, approximately 1 m
above the ground. During the walking survey, the gamma count rates and the GPS location
data (latitude and longitude; precision 10 m) were recorded simultaneously at a fixed time
interval of 12 s along the route, based on the precision of the GPS receiver at 10 m and a
walking speed of the operator at around 5 km h~!. Previous research [7] examined the
accuracy and spatial resolution of dose rate mapping at a measurement interval of 12 s and
walking speed of 5 km h~! (average walking speed for Japanese) in a relatively high dose
rate area in Fukushima, and it showed good accuracy and spatial resolution.

EMPFJapan

Laptop Spectrometer

Figure 2. Walking survey system with the GPS and spectrometer carried in the backpack.

Since the gamma counts were measured using a spectrometer inside the backpack
and close to the operator’s body, readings were adjusted by multiplying a correction factor
based on body-shielding of the spectrometer in the backpack. The body-shielding correction
factor (CFpody-sheilding) Was estimated by making spot measurements inside and outside the
backpack on the operator’s back at 10 measurement points in the main campus (Bunkyo
campus) of Hirosaki University and applying an associated correction factor that equated
to the count rates inside the backpack. Following correction, the ambient dose equivalent
rates were calculated using a dose rate conversion factor (DCF) based on the radiation
response of the spectrometer to the reference survey meter (1 in x 1 in cylindrical Nal(Tl)
scintillation, TCS-171; Hitachi, Ltd.; Tokyo, Japan), based on spot measurements at 10 points
on the Bunkyo campus. Notably, these portable Nal(T1) scintillation survey meters have
been generally used in projects of mapping the ambient dose equivalent rate distribution
in Fukushima. This survey meter was calibrated using a '¥Cs source. The calibration
factor was 0.98 for a dose rate range below 1 pSv h~1. At the same time, the ambient dose
equivalent rates were processed together with location information by using free software,
Generic Mapping Tools (GMT) [8], and mapped using the Google Earth software.

2.2. In Situ Gamma Pulse-Height Distribution

At the spot measurement points, in situ gamma-ray pulse-height distributions were
obtained using a 3 in x 3 in Nal(Tl) scintillation spectrometer (EMF-211). Measurements
were conducted 1 m above the ground at each measurement point on 14 September 2022.
The counting time was set to 900 s. A response matrix (22 x 22) unfolded the pulse-
height distribution of gamma rays into the energy spectrum of gamma-ray flux, and then
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dose contributions for each radionuclide were calculated according to previous reports to
discriminate between natural and artificial radionuclides [9-11].

2.3. Survey Areas

The walking surveys were performed in typical public outdoor areas of Hirosaki City
(streets, yards, and gardens), mainly on the Hirosaki University Bunkyo campus and in
Hirosaki Castle Park. On the Bunkyo campus, spot measurements were also performed
using the reference survey meter (TCS-171) at 52 measurement points around the campus.
For the spot measurements using the survey meter, the ambient dose equivalent rate was
measured at 1 m above the ground in four different directions at a single point, with the
time constant of a measurement being 30 s. The spot locations were recorded as coordinates
using the Google Maps application on a smartphone. The surveys were conducted during
14-15 September 2022. The weather was sunny, with clear sky throughout the entire
daytime and nighttime measurement periods. The temperature, humidity, and pressure
during the surveys were monitored using a Thermo Recorder, TR-73U (T&D Corporation;
Tokyo, Japan). The average (£standard deviation) results for temperature, humidity, and
pressure were 26.6 £ 1.4 °C, 57.8 £ 4.0%, and 1009.9 £ 1.5 hPa, respectively.

3. Results and Discussions
3.1. Body-Shielding Correction Factor

Since the count rates from the spectrometer were measured inside the backpack, it
was necessary to estimate the shielding factor of the backpack and the operator’s body
toward gamma rays in order to represent the unshielded external dose rates. The corre-
lation between the count rates inside the backpack (carried on the operator’s back) and
outside (placed on a tripod) is shown in Figure 3. The CFyy-shieiding and the standard
uncertainty values were 1.05 and 0.01, respectively. Thus, the count rate in air (Cyy) at each
measurement point was estimated using Equation (1):

Cout = 1.05C;,, 1)

Using this estimated value, the median and mean values of calculated C,,: were about
5.4% larger than the equivalent measured C;,. Similar results were reported by Ramzaev
et al. [12], who used a similar Nal(Tl) spectrometer, with the placement of the spectrometer
in a backpack on a human reduced the total ambient dose equivalent rate by about 12%
for background measurements at typical outdoor locations, and about 3—4% reduction due
to scattered photons from ¥Cs contamination in the environment. The operator- and
backpack-related reduction effects can be explained by two interrelated processes that occur
with the gamma rays passing through the human body and backpack. First is attenuation of
primary photons, and the second is buildup of photons with low energy. The latter process
substantially compensates a reduction in detection rate for scattered radiation from the
environment [12]. As the result, the mean values of count rate inside the backpack are 5%
lower than those from outside the backpack. The difference between the two measurements
is statistically significant. Therefore, the reduction effects should be considered and used
during the walking survey to expect the lower impact from body-shielding.

The body-shielding values of two operators were compared. Figure 4 shows the scatter
plots between the ratio of the body-shielding values for two operators and the ambient
equivalent dose rates using the survey meter TCS-171 (Dtcg). The ratios approached 1
(0.98 £ 0.03). Therefore, no significant difference was found between different operators
who performed the walking survey in the current study; hence, no correction was required.
However, some research indicated that the body-shielding values depended on the physical
parameters of the operator, such as body weight and height [13].
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Figure 3. Correlation between count rates outside and inside the backpack.
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Figure 4. Scatter plot showing the ratio of two-operator body-shielding values and ambient dose
equivalent rate.

3.2. Ambient Dose Equivalent Rate Conversion Factor

In general, the EMF spectrometer provides the data results in terms of the count rate.
The dose conversion factor (DCF) is required to convert the count rate to the ambient dose
equivalent rate. The DCF was examined at 10 points on the Bunkyo campus by comparing
the results obtained from the spectrometer with those from the reference survey meter.
Figure 5 shows the scatter plot of the ambient dose equivalent rate and the average count
rate obtained from the spot survey. The slope of this regression line was used as the DCF
and was 2.14 x 10~% (uSv h~! cps’l) with a standard uncertainty of 4.01 x 10~°. Based on
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the DCF and CFpody-shielding, the ambient dose equivalent rate (Dout: uSv h~1) at 1 m above
the ground surface was calculated using Equation (2):

Dout = 1.05C;, x 2.14 x 1074 ()

The standard uncertainty of the calculated ambient dose equivalent rate can be deter-
mined as a combined relative standard of the measured value. The standard uncertainty
of the measured value from the EMF spectrometer was 10% at 20 uSv h~1 or less [14].
Relative standard uncertainties for the body-shielding correction factor and the ambient
dose equivalent rate conversion factor were 0.8% and 1.9%, respectively. Therefore, the
estimation value of the combined relative expanded uncertainty (k = 2) for the calculated
ambient dose equivalent rate from Equation (2) was 20.4%.
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Figure 5. Relationship between the EMF spectrometer count rates calibrated with ambient dose
equivalent rates obtained using the survey meter.

3.3. Distribution of Ambient Dose Equivalent Rate

The distribution map of the ambient dose equivalent rate along the walking survey
route in Hirosaki City is shown in Figure 6. This route was drawn based on 1055 data
using the GMT software. A heterogeneous distribution of ambient dose equivalent
rates was observed. The ambient dose equivalent rates in this study were in the range
0.022-0.213 uSv h~! with an average value of 0.056 + 0.020 uSv h~!. The distribution map
of the absorbed dose rate in air obtained from the walking survey in Hirosaki City was
established and is shown in Appendix A. The absorbed dose rates in air were in the range
0.007-0.146 Gy h~!, with an average value of 0.032 + 0.015 uGy h—.

Figure 7 shows comparisons of the absorbed dose rates in air with the ambient dose
equivalent rates obtained from the measurements carried out in Hirosaki City. The results
clearly showed that the absorbed dose rates in air correlated well with the ambient dose
equivalent rates, with the slope of the regression line being about 1.79 4- 0.05 Sv Gy . A
similar value (1.63 Sv Gy !, with a standard error: 0.02 Sv Gy ') was reported by Omori
et al. [15] for outdoor sites in Fukushima City, Japan. Ramzaev and Barkovsky [16] reported
an average ratio of 1.47 Sv Gy ! for wooden houses and asphalt streets.

According to UNSCEAR (2000) [17], the world’s absorbed dose rates in air are in
the range 0.024-0.160 nGy h~1, with an average of 0.057 uGy h~1, which is higher than
the average value obtained in the current study. The average value in the current study
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was also lower than the average absorbed dose rate reported from a Japanese nationwide
survey, for which the average, maximum, and minimum absorbed dose rates in air were
estimated to be 0.050, 0.147, and 0.022 uGy h~!, respectively [18].
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Figure 6. Distribution map of ambient dose equivalent rate in air for Hirosaki City.
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Figure 7. Scatter plot of correlation between absorbed dose rate in air calculated using software
and response matrix method using the spectrometer (EMF-211) and ambient dose equivalent rate
obtained using the survey meter (TCS-171).

The radiation doses from natural background radiation, particularly from terrestrial
radiation in Japan are relatively low compared to other major world cities, especially in
Aomori Prefecture, because the geology of Aomori Prefecture consists of loam and other
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material deposits containing low-level natural radionuclides that are widely distributed
throughout the prefecture, including Hirosaki City [19]. Low average dose rates were
reported in other studies. For example, Iyogi et al. [20] reported an average dose rate of
0.028 uGy h~! for Aomori Prefecture. In 2013, Yoshino et al. [2] carried out a gamma-ray
dose rate survey in Hirosaki City using pocket survey meters. They reported an average
dose rate of 0.031 & 0.008 uGy h~! along the main streets, while in Hirosaki Park it was
0.023 + 0.003 uGy h~!. An average dose rate of 0.024 + 0.003 uGy h~! was observed by
Hosoda et al. [3] from a spot survey on the Bunkyo campus of Hirosaki University.

Figure 6 shows relatively high ambient dose equivalent rates of over 0.060 uSv h™?,
compared to natural background radiation in Japan distributed in the H;, Hy, and Hjs
areas. In the H; area, ambient dose equivalent rates were in the range 0.060-0.079 uSv
h~! with an average value of 0.069 & 0.006 uSv h~1, observed near buildings that were
decorated with granite. Similarly, high ambient dose equivalent rates in the H; (average
value of 0.079 & 0.016 uSv h~!) and Hj (average value of 0.088 & 0.012 puSv h~1) areas were
observed on sidewalks covered with granite slabs. Furthermore, some hotspot locations
(very high dose rate locations > 0.12 uSv h~1) were observed during the current walking
survey (Figure 6 and Table 1), such as the maximum dose rate of 0.213 uSv h~! at location B
(near the nameplate of the Medical School; GPS: 140.464467° E, 40.599320° N), while a dose
rate of 0.144 pSv h~! was recorded at location A (near the University nameplate beside the
main entrance gate of Hirosaki University; GPS: 140.473865° E, 40.589883° N), and a dose
rate of 0.125 was observed at location C (GPS: 140.469362° E, 40.602588° N). At or near these
hotspot locations there are structures or decoration with granite, as shown in Table 1. To
ensure that the high dose rates were the result of the granite material, a Geiger-Miiller (GM)
survey meter (TGS-1146; Hitachi, Ltd.; Tokyo, Japan) was used to estimate the net count
rate from (3-emitters at distances of 0.5 cm and 100 cm from the granite material around
these hotspot locations. Additionally, surface activity was also calculated using the net
count rate obtained at 0.5 cm from the wall surface. The surface activity can be calculated
based on the net count rate divided by the equipment efficiency (0.475), source efficiency
(assumed to be 0.5), and effective area (19.6 cm?). As shown in Table 1, the results clearly
show that the net count rate obtained at 0.5 cm from the granite material was higher than
that obtained at a distance of 100 cm. Furthermore, surface activities of granite materials
were in the range 35-50 mBq cm 2. Additionally, it was found that the ambient dose
equivalent rates were not related to surface activity at each measurement point. Granite
rocks may contain naturally occurring radionuclides that are strongly enriched in uranium
(®38U) and thorium (2Th), compared to soil [21,22] and rocks of basaltic or ultramafic
composition [23,24]. Yousef et al. [25] reported that the annual effective dose of granite rock
samples was higher than world average values.

Table 1. Hotspot locations with radioactive data of building materials nearby.

. Ambient Dose Net Count Rate Surface Fi
Location Equivalent Rate (cpm) Activity 1gure
(uSvh-1) At0.5cm At 100 cm (mBq cm~2)
A 0.144 246 + 55 91 +18 50 + 11
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Table 1. Cont.

. Ambient Dose Net Count Rate Surface Fi
Location Equivalent Rate (cpm) Activity 1gure
(uSvh-1) At05cm  At100 cm (mBq cm~—2)
B 0.213 172 £ 12 110£7 35+2
C 0.125 179 £ 26 89 + 11 36 +5
H, 0.108 188 £ 62 86 + 22 38+13
Hj 0.113 188 £ 11 75+9 38 +2

3.4. In Situ Gamma-Ray Pulse-Height Distribution

After the FDNPP accident in 2011, several artificial radionuclides were measured
in many areas using gamma-ray pulse-height distribution [26]. In the current study, the
gamma-ray pulse-height distributions for the hotspot locations obtained from spot mea-
surements in Hirosaki City were measured, as shown in Figure 8. There were no photon
peaks generated from radioactive cesium (1**Cs and '¥’Cs), which is a major concern re-
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garding radioactive material contamination in the environment due to the nuclear power
plant accident, in these gamma-ray pulse-height distributions. These results demonstrated
that there was no substantial radioactive contamination in Hirosaki City (on the Bunkyo
campus) due to the FDNPP accident.

1 X 10%
1X10' 1
)
<
v
=%
/;\ v
& 1X10° 7 <
= =
- o0
g -]
= 7]
) —_
o I3
1X1071 7 ‘o
1X 1072 1
1X 1073

1000 ' ' 2000 ' ' 3000
Energy (keV)

Figure 8. Gamma-ray pulse-height distributions measured at hotspot locations obtained from spot
measurements.

3.5. Comparison of Dose Rate Distribution Maps between Walking Survey and Spot Measurements

The walking survey and the spot measurements were performed together on the
Bunkyo campus, Hirosaki University, under the established conditions. Figure 9a shows
the dose rate distribution map obtained from the spot measurements at 52 points during a
total measurement time of about 8 h. The ambient dose equivalent rate was in the range
0.038-0.068 uSv h~! with an average value of 0.052 + 0.008 uSv h~! and was highest near
Building 2 of the Faculty of Science and Technology (GPS: 140.47364° E, 40.58758° N)
and lowest in a parking lot (GPS: 140.47193° E, 40.59028° N). In contrast, the dose rate
distribution map obtained from the walking survey, shown in Figure 9b with 389 data
points, required about 4 h to complete the measurements. The ambient dose equivalent
rate was in the range 0.031-0.144 uSv h~!, with an average value of 0.052 + 0.013 pSv h™!
and was highest near the University nameplate at the main entrance gate of Hirosaki Uni-
versity (GPS: 140.473865° E, 40.589883° N) and lowest in a parking lot (GPS: 140.472173° E,
40.590268° N).

Comparatively, the spot measurements and the walking survey provided the same
average values of the ambient dose equivalent rate. However, the ranges in the dose rates
and the locations of the highest dose rates differed. The walking survey covered more
detail and depicted points that were not detected during the spot measurement. Notably,
the walking survey took only about one-half the time required for the spot measurements.

To evaluate the accuracy of the walking survey technique, the relative errors in mea-
surements were calculated based on Equation (3), using the obtained dose rates from spot
measurements as the reference ambient dose equivalent rates:

Dwalk - Dspat

Relative error =
Dspot

®)
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where Dy and Dgpor are the ambient dose equivalent rates obtained from the walking
survey and spot measurements, respectively. In this case, D, was an average of the
walking survey dose rates for the 1-4 data points near a spot measurement point.

002 003 004 005 006 007 008 009 010 020 030
Ambient dose equivalent rate (uSv h'")
A i RO
ko) B | 5 < - i %

0.02 003 004 005 006 007 008 009 010 020 030
Ambient dose equivalent rate (uSv h™")

Figure 9. Dose rate distribution maps on Bunkyo campus, Hirosaki University, obtained using (a)
spot survey technique and (b) walking survey.

The scatter plots of the relative errors in the walking survey measurements (134 points)
and the reference ambient dose equivalent rates obtained from spot measurements (52 points)
on the Bunkyo campus, Hirosaki University, are shown in Figure 10a. The results showed
that most (85% or 44 out of 52) of the relative errors in data points were within £0.2 with
a median value of —0.005. Based on the relative uncertainty in the measurements using
the TCS-171 was 15%, the accuracy of the walking survey technique was comparable
to that of the spot measurements. A few relative errors (8 of 52 data points) were over
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(a)

Relative error

0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5

£0.2. Some were caused by low values of ambient dose equivalent rates and statistical
fluctuation. Another may be caused by the heterogeneous radiation field around the
measurement locations, which showed high relative standard deviation (Figure 10b). The
characteristics of these locations were paved surface with buildings and trees/plants. In
this study, the gamma rays mainly come from the ground and buildings, whereas those
from suspended radon progeny would be a minor component. Shimo et al. [27] reported
that 1 Bq m 2 of radon progeny concentration (equilibrium equivalent radon concentration)
is equivalent to 0.35-0.47 nGy h™!. Taking radon concentration (4.4 Bq m~3) in Aomori
Prefecture [20], equilibrium factor (0.6) in the outdoor environment [17], and the conversion
factor (1.25 Sv Gy 1) [28] into account, the ambient dose equivalent rate originating from
suspended radon progeny was estimated at about 1.1-1.5 nSv h~!. The contribution was
calculated to be about 2.0-2.7% compared to the average ambient dose equivalent rate
observed by the walking survey technique in Hirosaki City. The contribution of suspended
radon progeny was negligible to the ambient dose equivalent rates and their distribution
in this study.

(b) 0.5
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Figure 10. Scatter plots of (a) relative error in walking survey measurements against ambient dose
equivalent rates of spot measurements and (b) relative error in walking survey measurements against

relative standard deviation of spot measurements.

3.6. Comparison of Operation Time between Daytime and Nighttime

The walking surveys during daytime and nighttime utilized the same walking route
around Hirosaki Castle Park. In the daytime, the walking survey was undertaken at
13:00-14:30 p.m. on 15 September 2022. The weather at that time was sunny and clear.
The temperature, humidity, and pressure were on average 26.8 4= 1.5 °C, 60.9 & 3.4%, and
1008.2 £ 1.2 hPa, respectively. The nighttime survey was conducted at 18.30-20.00 p.m.
on the same date. The weather at night was characterized by a light wind and a clear
sky. The temperature, humidity, and pressure were on average 22.3 &= 1.0 °C, 81.0 &= 5.0%,
and 1009.3 & 1.5 hPa, respectively. The ambient dose equivalent rates obtained during the
walking survey during the daytime (395 data points) and the nighttime (319 data points)
were compared, as shown in Figure 11a. During the daytime, the ambient dose equivalent
rates were in the range 0.022-0.213 uSv h~! with an average value of 0.058 4 0.022 pSv h~1.
During the nighttime, the dose rates were in the range 0.026-0.185 uSv h~! with an average
value of 0.059 + 0.023 uSv h~!. There was no significant difference between the distribu-
tion of dose rates during nighttime and daytime, as shown in Figure 11b, based on the
cumulative probability distributions of the ambient dose equivalent rate obtained during
the daytime and nighttime surveys. However, the current result does not imply that the
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operation time for the survey is independent of the measurement time of day. Yoshida
et al. [29] reported the variation in the ambient dose rate on fine days rises from night
until morning and falls during the day. The variation in radiation dose rate at day and
night depends on many factors, such as meteorological conditions, wind speed, and radon
concentration. It should be noted that the variation in gamma dose rate during daytime
and nighttime is small (a few nanoSievert per hour) compared to the background radiation
level, but the variation is not consistent across all locations.
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Figure 11. (a) Box plot of ambient dose equivalent rates during daytime (red block) and nighttime
(blue block). The dotted circles represent outliers of the data. and (b) cumulative probability plot of
ambient dose equivalent rates in air during daytime and nighttime.

4. Conclusions

A walking survey was undertaken using a 3 in x 3 in Nal(Tl) scintillation spec-
trometer in Hirosaki City, Japan, to estimate and map the distribution of ambient dose
equivalent rates in air. The average ambient dose equivalent rates were in the range
0.022-0.213 uSv h~! with an average value of 0.056 &= 0.020 uSv h~! along the walking
route. The distribution map obtained from the walking survey was accurate and correlated
well with the spot measurements. Furthermore, there was no significant difference between
the distribution of dose rates between the daytime and nighttime surveys. Therefore, the
air distribution map of ambient dose equivalent rate obtained in this study provided useful
information to Hirosaki City residents. The information on radiation exposure levels is es-
sential and interesting for developing a radiological protection culture among citizens and
engaging in a dialogue on the issues at stake, such as evacuation orders, decontamination
planning, and retrospective risk analyses following a major radionuclide-release incident.
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Appendix A

Figure Al shows the distribution map of the absorbed dose rate in air along the
walking survey route in Hirosaki City. The estimation of the absorbed dose rate in air used
gamma-ray pulse-height distributions that were unfolded based on a 22 x 22 response
matrix [10,11].

o

S >
A8 Hirosaki park il

1001 002 003 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.2
Absorbed dose rate in air (uGy h™')

Figure A1. Distribution map of absorbed dose rate in air at Hirosaki City.

References

1.

Tamari, Y.; Kuroda, Y.; Miyagawa, R.; Nawa, K.; Sakumi, A.; Sakata, N.; Mizushima, N.; Sakura, O.; Iwamitsu, Y.; Takemura, K,;
et al. A Report That Fukushima Residents Are Concerned about Radiation from Land, Food and Radon. J. Radiat. Res. 2016, 57,
418-421. [CrossRef]

Yoshino, H.; Obara, H.; Maeda, T.; Yamada, A.; Watanabe, K.; Hosoda, M.; Sorimachi, A.; Ishikawa, T.; Tokonami, S. An
Investigation of Gamma-Ray Dose Rate in the Central Area of Hirosaki City, Japan. Radiat. Emerg. Med./Hirosaki Univ. 2013, 2,
72-76.

Hosoda, M.; Fukui, Y.; Pornnumpa, C. Absorbed Dose Rate in Air at the Bunkyo-Cho Campus of Hirosaki University. Radiat.
Emerg. Med./Hirosaki Univ. 2014, 3, 59-62.

Sanusi, M.S.M.; Ramli, A.T.; Hassan, WM.S.W.; Lee, M.H.; Izham, A; Said, M.N.; Wagiran, H.; Heryanshah, A. Assessment of
Impact of Urbanisation on Background Radiation Exposure and Human Health Risk Estimation in Kuala Lumpur, Malaysia.
Environ. Int. 2017, 104, 91-101. [CrossRef] [PubMed]

Inoue, K.; Fukushi, M.; Van Le, T.; Tsuruoka, H.; Kasahara, S.; Nimelan, V. Distribution of Gamma Radiation Dose Rate Related
with Natural Radionuclides in All of Vietnam and Radiological Risk Assessment of the Built-up Environment. Sci. Rep. 2020, 10,
1-14. [CrossRef]


http://doi.org/10.1093/jrr/rrw017
http://doi.org/10.1016/j.envint.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28412010
http://doi.org/10.1038/s41598-020-69003-0

Int. |. Environ. Res. Public Health 2023, 20, 2657 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

Omori, Y.; Sorimachi, A.; Gun-Aajav, M.; Enkhgerel, N.; Oyunbolor, G.; Palam, E.; Yamada, C. Elevation of Gamma Dose Rate
by Construction of the Asian Highway 3 (AH3) between Ulaanbaatar and Sainshand, Mongolia. Radiat. Prot. Dosim. 2019, 184,
127-134. [CrossRef]

Omori, Y.; Sasaki, R.; Otsuki, Y.; Sorimachi, A.; Ishikawa, T. Walking Survey Technique for Ambient Gamma Dose Rate
Measurement Established in Fukushima Medical University. J. Nucl. Sci. Technol. 2022, 59, 1061-1070. [CrossRef]

Wessel, P.; Smith, WH.F.; Scharroo, R.; Luis, J.; Wobbe, F. Generic Mapping Tools: Improved Version Released. Eos Trans. Am.
Geophys. Union 2013, 94, 409-410. [CrossRef]

Radiation Earth Science Laboratory. Introduction of 49 x49 Response Matrix for Environment Gamma Ray Analysis. (Tentative
Translation). Available online: http://www1.s3.starcat.ne.jp/reslnote/ YONQ.pdf (accessed on 21 October 2022).

Minato, S. Diagonal Elements Fitting Technique to Improve Response Matrixes for Environmental Gamma Ray Spectrum
Unfolding. Radioisotopes 2001, 50, 463—471. [CrossRef] [PubMed]

Minato, S. Response Matrix of a 3"phi x 3" Nal(T1) Scintillator for Environmental Gamma Radiation Analysis. Nagoya Kogyo
Gijutsu Shikensho Hokoku Jpn. 1978, 27, 12.

Ramzaev, V.; Bernhardsson, C.; Barkovsky, A.; Romanovich, I.; Jarneborn, J.; Mattsson, S.; Dvornik, A.; Gaponenko, S. A Backpack
Y-Spectrometer for Measurements of Ambient Dose Equivalent Rate, H'x(10), from 137Cs and from Naturally Occurring Radiation:
The Importance of Operator Related Attenuation. Radiat. Meas. 2017, 107, 14-22. [CrossRef]

Yajima, K.; Kurihara, O.; Ohmachi, Y.; Takada, M.; Omori, Y.; Akahane, K.; Kim, E.; Torikoshi, M.; Yonehara, H.; Yoshida, S.; et al.
Estimating Annual Individual Doses for Evacuees Returning Home to Areas Affected by the Fukushima Nuclear Accident. Health
Phys. 2015, 109, 122-133. [CrossRef] [PubMed]

Development and Sales of Radiation Measuring Instruments EMF211 Type Gamma Ray Spectrometer Air Dose Measurement
System Nal(T1). Available online: https:/ /www.emf-japan.com/emf/emf211_airdose.html (accessed on 27 September 2022).
Omori, Y.; Sorimachi, A.; Ishikawa, T. Measurement of Gamma Radiation at Junior High School Sites in Fukushima City. Radiat.
Environ. Med. 2018, 7, 21-27.

Ramzaev, V.; Barkovsky, A. On the Relationship between Ambient Dose Equivalent and Absorbed Dose in Air in the Case of
Large-Scale contaminationof the Environment by Radioactive Cesium. Radiatsionnaya Gygiena Radiat. Hyg. 2015, 8, 6-32.

The United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects of lonizing Radiation: United Nations
Scientific Committee on the Effects of Atomic Radiation: UNSCEAR 2000 Report to the General Assembly, with Scientific Annexes Volume I:
Sources United Nations; The United Nations Scientific Committee on the Effects of Atomic Radiation: Vienna, Austria, 2010.
Furukawa, M.; Shingaki, R. Terrestrial Gamma Radiation Dose Rate in Japan Estimated before the 2011 Great East Japan
Earthquake. Medicine 2012, 1, 11-16.

Hosoda, M.; Inoue, K.; Oka, M.; Omori, Y.; Iwaoka, K.; Tokonami, S.; Obuchi, O. Environmental Radiation Monitoring and
External Dose Estimation in Aomori Prefecture after the Fukushima Daiichi Nuclear Power Plant Accident Management Division,
Japan Nuclear Fuel Limited; 4-108 Aza. Jpn. ]. Health Phys 2016, 51, 41-50. [CrossRef]

Iyogi, T.; Ueda, S.; Hisamatsu, S.; Kondo, K.; Haruta, H.; Katagiri, H.; Kurabayashi, M.; Nakamura, Y.; Tsuji, N. Environmental
Gamma-Ray Dose Rate in Aomori Prefecture, Japan. Health Phys. 2002, 82, 521-526. [CrossRef]

Mason, B.; Moore, C.B. Principles of Geochemistry, 4th ed.; Wiley: New York, NY, USA, 1982.

Rudnick, R.L.; Gao, S. Composition of the Continental Crust. Treatise Geochem. 2003, 3-9, 1-64. [CrossRef]

Faure, G. Principles of Isotope Geology, 2nd ed.; Wiley: New York, NY, USA, 1986.

Menager, M.T.; Heath, M.].; Ivanovich, M.; Montjotin, C.; Barillon, C.R.; Camp, J.; Hasler, S.E. Migration of Uranium from
Uranium-Mineralised Fractures into the Rock Matrix in Granite: Implications for Radionuclide Transport around a Radioactive
Waste Repository. In Proceedings of the 4th International Conference of Chemistry and Migration Behaviour of Actinides and
Fission Products in the Geosphere, Charleston, SC, USA, 12-17 December 1993; pp. 47-83.

Yousef, H.A.; Korany, K.A; Mira, H.I; Hassan, S.F; Saleh, G.M. The Annual Effective Dose of Granite Rock Samples Using Alpha
Track Detector. J. Radiat. Res. Appl. Sci. 2019, 12, 112-117. [CrossRef]

Monzen, S.; Hosoda, M.; Tokonami, S.; Osanai, M.; Yoshino, H.; Hosokawa, Y.; Yoshida, M.A.; Yamada, M.; Asari, Y.; Satoh, K.;
et al. Individual Radiation Exposure Dose Due to Support Activities at Safe Shelters in Fukushima Prefecture. PLoS ONE 2011, 6,
€27761. [CrossRef] [PubMed]

Shimo, M.; Yamaki, K.; Tsujimo, T.; Okamoto, K.; Yoshimoto, T.; Kojima, H.; Mizuma, M. The Influence of the Concentration of
Atmospheric Radon Decay Products on the Environmental Radiation Dose Rate. Jpn. J. Health Phys. 2007, 42, 156-165. [CrossRef]
ICRP. Conversion Coefficients for Use in Radiological Protection against External Radiation; ICRP Publication: London, UK, 1996;
Volume 26.

Yoshidai, H.; Aika, M.; Iki, A.; Ibuki, Y.; Goto, R. Fluctuation Factors of Ambient Dose Rates in the Vicinity of Hamaoka Nuclear
Power Plant. Radioisotopes 2004, 53, 405-413. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1093/rpd/ncy173
http://doi.org/10.1080/00223131.2021.2023370
http://doi.org/10.1002/2013EO450001
http://www1.s3.starcat.ne.jp/reslnote/YONQ.pdf
http://doi.org/10.3769/radioisotopes.50.10_463
http://www.ncbi.nlm.nih.gov/pubmed/36709321
http://doi.org/10.1016/j.radmeas.2017.10.002
http://doi.org/10.1097/HP.0000000000000308
http://www.ncbi.nlm.nih.gov/pubmed/26107433
https://www.emf-japan.com/emf/emf211_airdose.html
http://doi.org/10.5453/jhps.51.41
http://doi.org/10.1097/00004032-200204000-00013
http://doi.org/10.1016/B0-08-043751-6/03016-4
http://doi.org/10.1080/16878507.2019.1618600
http://doi.org/10.1371/journal.pone.0027761
http://www.ncbi.nlm.nih.gov/pubmed/22114685
http://doi.org/10.5453/jhps.42.156
http://doi.org/10.3769/radioisotopes.53.405

	Introduction 
	Materials and Methods 
	Outline and Operation of Walking Survey Technique 
	In Situ Gamma Pulse-Height Distribution 
	Survey Areas 

	Results and Discussions 
	Body-Shielding Correction Factor 
	Ambient Dose Equivalent Rate Conversion Factor 
	Distribution of Ambient Dose Equivalent Rate 
	In Situ Gamma-Ray Pulse-Height Distribution 
	Comparison of Dose Rate Distribution Maps between Walking Survey and Spot Measurements 
	Comparison of Operation Time between Daytime and Nighttime 

	Conclusions 
	Appendix A
	References

